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Abstract 
 
 

NMR imaging (MRI) and localized NMR spectroscopy are powerful techniques for non-

invasively characterizing fluids in opaque porous materials, particularly those used for 

gas phase catalytic reactions. Transport processes of gases such as diffusion, dispersion, 

and flow can be investigated by fast NMR methods despite short effective transverse 

relaxation times in porous media. This project aims at developing novel and optimizing 

existing NMR measurement methods for the non-invasive characterization of liquids 

and gases in porous materials. The project comprises the development and application 

of MRI, in particular diffusiometry and velocimetry techniques that allow investigations 

required for optimizing heterogeneous catalytic gas phase reactions. Thus, optimized 

NMR methods were applied to determine the local velocity fields, molecular diffusion, 

dispersion, and temperature.  

Two major components of mass transport, diffusion and flow of gases, were investigated 

as preparatory studies for the analysis of gas phase reactions. To perform these investi-

gations, measurement techniques were developed and optimized based on the specific 

demands in catalytic gas phase reactions taking place in monolithic structures. The 

measurements enabled the spatially resolved characterization of mass transport in such 

opaque systems by determining vital engineering parameters including temperature, 

composition of substances, velocity fields as well as molecular diffusion and dispersion 

of gas in catalyst supports. A 7-Tesla NMR imaging system (Bruker Biospec 70/20 

USR) was used to develop methods and to perform measurements. 

A spatially resolved NMR method for measuring the probability function of molecular 

displacement was developed to characterize diffusion and dispersion of thermally po-

larized gases in open-cell foams with different pore densities. The apparent diffusion 

coefficients and dispersion coefficients of thermally polarized methane were measured 
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under off-flow and flow conditions, respectively. Additionally, the influence of mechan-

ical and diffusional dispersion at various flow rates (0.1-2.25 L·min-1, sample diameter: 

25 mm) was investigated. The 3D MR velocimetry (MRV) measurements of gas flow 

in regular and irregular monolithic catalyst supports were conducted using an optimized 

spin-echo based phase-contrast MRV sequence. The obtained MRV data of thermally 

polarized methane gas were compared to numerical simulations performed for the iden-

tical samples. Finally, an optimized diffusion-weighted (DW) MRI technique was used 

for the in situ analysis of temperature in the catalyst supports. Using 3D DW-MRI to 

measure the temperature dependent diffusion coefficients of ethylene glycol, glycerol, 

and the temperature stable ionic liquid Pyr13 [TFSI] allowed to use capillaries filled 

with these liquids as NMR thermometers for a broad temperature range. Measurements 

were performed in a temperature range from 20 to 160 °C and allowed to obtain the 

axial temperature profiles in catalyst supports. 
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Zusammenfassung 
 

NMR-Bildgebung (MRI) und lokalisierte NMR-Spektroskopie sind leistungsstarke 

Techniken zur nicht-invasiven Charakterisierung von Flüssigkeiten in opaken porösen 

Materialien, insbesondere solchen, die für katalytische Gasphasenreaktionen verwendet 

werden. Transportprozesse von Gasen wie Diffusion, Dispersion und Strömung können 

trotz kurzer effektiver transversaler Relaxationszeiten in porösen Medien mit schnellen 

NMR-Methoden untersucht werden. Ziel dieses Projektes ist die Entwicklung neuartiger 

und die Optimierung bekannter NMR-Messmethoden zur nicht-invasiven Charakteri-

sierung von Flüssigkeiten und Gasen in porösen Materialien. Das Projekt umfasst die 

Entwicklung und Anwendung von Methoden der MRI, insbesondere zu Diffusions- und 

Geschwindigkeitsmessungen, die Untersuchungen zur Optimierung heterogener kataly-

tischer Gasphasenreaktionen ermöglichen. So wurden optimierte NMR-Methoden zur 

Bestimmung der lokalen Geschwindigkeitsfelder, der molekularen Diffusion, der Dis-

persion und der Temperatur eingesetzt.  

Zwei Hauptkomponenten des Massentransports, die Diffusion und die Strömung von 

Gasen, wurden als vorbereitende Studien für die Analyse von Gasphasenreaktionen un-

tersucht. Zur Durchführung dieser Untersuchungen wurden Messtechniken entwickelt 

und optimiert, die die spezifischen Anforderungen bei katalytischen Gasphasenreaktio-

nen in monolithischen Strukturen berücksichtigen. Die Messungen ermöglichten die 

ortsaufgelöste Charakterisierung des Massentransports in solchen opaken Systemen 

durch die Bestimmung wichtiger technischer Parameter wie Temperatur, Stoffzusam-

mensetzung, Geschwindigkeit sowie molekulare Diffusion und Dispersion des Gases in 

den Katalysatorträgern. Zur Methodenentwicklung und zur Durchführung von Messun-

gen wurde ein 7-Tesla-NMR-Tomograph (Bruker Biospec 70/20 USR) eingesetzt. 
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Eine ortsaufgelöste NMR-Methode zur Messung der Wahrscheinlichkeitsverteilung der 

Molekülverschiebung wurde entwickelt, um die Diffusion und Dispersion thermisch po-

larisierter Gase in offenzelligen Schäumen mit unterschiedlichen Porendichten zu cha-

rakterisieren. Die Diffusionskoeffizienten und Dispersionskoeffizienten von thermisch 

polarisiertem Methan wurden ohne und mit Fluss gemessen. Zusätzlich wurde der Ein-

fluss der mechanischen und diffusionalen Dispersion bei verschiedenen Strömungsge-

schwindigkeiten (0.1-2.25 L-min-1, Probendurchmesser: 25 mm) untersucht. Die Mes-

sungen zur 3D-MR-Velocimetrie (MRV) von Gasströmen in regelmäßigen und unre-

gelmäßigen monolithischen Katalysatorträgern wurden mit einer optimierten, auf einem 

Spin-Echo basierenden Phasenkontrast-MRV-Sequenz durchgeführt. Die an thermisch 

polarisiertem Methangas gemessenen MRV-Daten wurden mit für die identischen Pro-

ben durchgeführten numerischen Simulationen verglichen. Schließlich wurde eine opti-

mierte diffusionsgewichtete (DW) MRI-Technik für die in-situ-Analyse der Temperatur 

in den Katalysatorträgern eingesetzt. Die 3D-DW-MRI-Messungen der temperaturab-

hängigen Diffusionskoeffizienten von Ethylenglykol, Glycerin und der temperaturstabi-

len ionischen Flüssigkeit Pyr13 [TFSI] ermöglichten es, mit diesen Flüssigkeiten ge-

füllte Kapillaren als NMR-Thermometer für einen breiten Temperaturbereich einzuset-

zen. Die Messungen wurden in einem Temperaturbereich von 20 bis 160 °C durchge-

führt und ermöglichten, axiale Temperaturprofile in den Katalysatorträgern zu bestim-

men. 
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Preface 
The present Ph.D. project entitled as ‘NMR methods for the characterization of 

mass transport and reaction processes in porous materials’ has been approved by 

the doctoral committee of the faculty of chemistry/biology at the University of 

Bremen in July 2017. The results of these investigations were obtained when I 

was an employee of the faculty as a research assistant from October 2016 to Sep-

tember 2019. The project aims at developing novel and optimizing existing NMR 

methods, including Magnetic Resonance Spectroscopic Imaging (MRSI), MR ve-

locimetry (MRV), MR diffusiometry, and MR thermometry for the non-invasive 

characterization of thermally polarized gases in porous ceramics. The porous ce-

ramics investigated in this project are mainly regular and irregular monolithic cat-

alyst supports used in heterogeneously catalyzed gas phase reactions, such as 

methanation of CO or CO2 or hydrogenation of ethylene.  Liquids have also been 

investigated in some cases.  

Being a chemical engineer, I have tried to answer some practical questions in the 

field of reaction engineering by developing NMR methods in an interdisciplinary 

group through learning NMR concepts and consequently finding potential solu-

tions to investigate mass transport in heterogeneously catalyzed gas phase reac-

tions. This work comprises both methodological developments and applications, 

in close cooperation with other colleagues in the graduate school supported by the 

German Research Foundation (DFG) in the frame of the Research Training Group 

GRK 1860 “Micro-, meso- and macro-porous nonmetallic Materials: Fundamen-

tals and Applications” (MIMENIMA). The thesis is divided into seven chapters. 

The content of chapters 2, 3, and 5 have earlier been published by the author of 

this dissertation as the main contributor. 
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The basic principles of NMR are described in Chapter 1 to help the readers who 

are not familiar with NMR better understand and follow the discussion and argu-

mentation given in the next chapters. In addition, a brief overview on the necessity 

of investigating mass transport in the field of chemical engineering, such as diffu-

sion, dispersion, flow, and temperature is given in this chapter. 

Chapter 2 is intended to measure the most fundamental property of mass 

transport, effective diffusion in the absence of flow. An optimized pulsed field 

gradient stimulated echo (PFG-STE) pulse sequence with free volume selection is 

developed to investigate the propagator of thermally polarized methane gas within 

commercial monolithic catalyst supports, including open-cell foams and honey-

combs. In this chapter, a clear effect of the type of monolith, its pore size and 

coating on the effective gas diffusion coefficient and the apparent tortuosity for a 

given observation time was found. The idea of developing such a local analysis is 

to extend the measurements to more complex flow conditions, i.e., flow of gas in 

the monoliths. 

In Chapter 3 a pore-scale analysis of axial and radial dispersion coefficients of 

the gas flow in macroporous foam monoliths using NMR-based displacement 

measurements is carried out. The influence of mechanical and diffusional disper-

sion at various flow rates in open-cell foams is also characterized. By observing 

the transition from diffusional dispersion to mechanically driven dispersion of gas, 

it is found that diffusional dispersion plays an important role, even at higher flow 

rates after a transition from Darcy to Darcy-Forchheimer regime. The comparative 

study between commercial foams shows the capacity of the optimized PFG-STE 

sequence in the investigation of morphological properties of open-cell foams such 

as open porosity, window size, and flow rate on gas dispersion. 
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Full field velocity mapping of thermally polarized gases in monolithic structures 

was performed in Chapter 4. The NMR measurements aim at improving and val-

idating numerical predictions for flow fields in monoliths. Regular and irregular 

monoliths were investigated by using an optimized phase contrast spin echo-based 

MRI sequence. Chapters 2 to 4 are complementary to the exhaustive analysis of 

mass transport in the monolithic catalyst supports both in macro- and micro-scale 

ranges. 

A 3D DW-MRI approach is suggested for temperature measurements in heteroge-

neously catalyzed systems that occur at high temperature ranges in Chapter 5. 

This approach introduces three liquids, ethylene glycol, glycerol, and the temper-

ature stable ionic liquid Pyr13 [TFSI] (decomposition temperature 400 °C) as 

NMR thermometers to measure temperature profiles in catalyst supports in a 

broad temperature range (20-160 °C). 

Some improvable aspects of each individual investigation explained in former 

chapters are discussed in Chapter 6. Finally, two ideas for further investigation of 

mass transport in porous media are discussed in the outlook section (Chapter 7).  

The possibility of MRI of multiphase flow in porous media is discussed in the first 

part of the chapter. The obtained velocity fields for single-phase Newtonian and 

non-Newtonian liquids were compared to numerical simulations as a preparatory 

study to show the feasibility of the idea to extend the ongoing investigations in 

the future. Besides, NMR relaxation time measurements for supported catalysts 

used in methanation reaction are discussed. The results were obtained during a 

visit to the School of Chemical Engineering and Analytical Science at the Univer-

sity of Manchester in 2018. The idea of this investigation is to correlate relaxation 

times to the performance of supported catalysts as they are sensitive to their sur-

rounding environment i.e., the interaction with pore walls. 
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Chapter 1 

Introduction 
 

1.1. NMR basics 
NMR basics are introduced in this chapter. Three essential equations that allow under-

standing the principles behind an NMR measurement, Larmor equation, Curie’s law, 

and Bloch equation are discussed. The introduction also covers the description of a sim-

ple spin-echo sequence to understand an NMR measurement using visualized and sim-

plified schematic representations. Afterwards, NMR techniques for the investigation of 

mass transport in porous media are discussed; in our case, regular and irregular mono-

lithic catalyst supports used in heterogeneously catalyzed gas phase reactions. Detailed 

descriptions of NMR principles can be found in the literature [1–4]. 

 

1.1.1.  Nuclear spin and magnetic moment 

In order to describe the properties of the nuclear spin angular momentum, quantum me-

chanics must be used. The spin exists as an inherent form of angular momentum carried 

by atomic nuclei [5], and can be described by the spin quantum number !, which is an 

integer multiple of  !". In a magnetic field "#⃗ # = (0,0, "#), the component of the nuclear 

angular momentum in *-direction has only discrete values described by magnetic quan-

tum number +	 = 	−	!, −	!	 + 1,… , ! − 1, !. 
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The magnitude of the nuclear angular momentum is given by 

 
|2| = 3!(! + 1)	ℏ  (1.1) 

 
with the reduced Planck constant ℏ = 6.5821·10−16 eV·s. 

The nuclear magnetic moment 5⃗ is associated with the nuclear spin, where the gyro-

magnetic ratio 6 is a characteristic quantity of the atomic nucleus. 

 
5⃗ = 62#⃗   (1.2) 

 
In the present study, we focus on 1H NMR based on two reasons. First, the 1H atom is 

by far the most frequently existing atom in nature. The high abundance of 1H in human 

cells has often been the basics for in vivo applications. This is also the case in many 

processes in the field of chemical engineering including reactions dealing with hydrogen 

containing materials. Second, 1H has the largest gyromagnetic ratio of all stable isotopes 

which leads to a higher Signal-to-Noise ratio (SNR ∝ γ3). The gyromagnetic ratios of 

some nuclei are given in Table 1.1. 

 

Table 1.1. Gyromagnetic ratios of nuclei used in NMR. 

Nucleus γ / 2π [MHz·T-1] 

1H 42.576 
2D 6.53593 
3He -32.434 
13C 10.705 
14N 3.0766 
15N -4.3156 
17O -5.7716 
19F 40.0593 
31P 17.235 
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1.1.2. Atomic nucleus in a magnetic field 

In a static magnetic field "#, the nuclear spin precesses around the external magnetic 

field, since the external magnetic field exerts a torque on the magnetic moment. This 

phenomenon is called ‘Larmor precession’. 

The magnetic energy of the magnetic moment 5⃗	in a magnetic field "#	can be written 

as a function of magnetic moment 

 
8 = −5⃗ 	 · "#⃗ # = −6	+	ℏ	"#  (1.3) 

 
and the energy difference between the two states of a two-energy-level system (! = !

") 

can be described by 

 
∆8 = ℏ	;# = ℏ · <# = ℏ	6 · "#   (1.4) 

 
1.1.3.  Macroscopic magnetization 

The distribution of the magnetic moments in a macroscopic sample with different spin 

energy states is described by the Boltzmann statistics. In Eq. 1.5,  =!"
#

 and ="
#
 describe 

the number of spins with high (! = −
!
") and low (! = !

") energy level, respectively. 

 
=$!
"
=!
"

= >?@	(−
ℏ;#
A%B

)  (1.5) 

 
with the Boltzmann constant A%= 8.6173·10-5 eV·K-1. Since in most of the cases 

ℎ;# ≪ A% T the above relations can be rewritten as: 

 
&!"
#
&"
#
= 1 − ℏ($)%*

= 1 −
+ℏ%$
)%*

  (1.6) 

 
Accordingly, the spin population difference in the static magnetic field is given by 
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∆= = ="
#
− =!"

#
= ="

#
	 · E1 −

&!"
#
&"
#
F ∝ 	

+ℏ%$
)%*

  (1.7) 

 
It can be concluded that even at a very high external magnetic field just a few ppm of 

the total number of spins can be polarized at room temperature. This is why NMR is 

generally considered as an insensitive technique. However, the net magnetization vector 

which represents this small population difference can provide much useful information 

regarding the chemical structure, molecular dynamics, and spatial distribution. 

The nuclear spin magnetization can be described by the Curie law (Eq. 1.8), which is 

based on nuclear spin and Boltzmann distribution. The equation defines the relation be-

tween equilibrium magnetization (G##⃗ #) and the magnetic field strength ("#⃗ #). In Eq. 1.8,  

B stands for temperature, and H is the number of nuclei. According to Curie’s law, a 

linear relationship between G##⃗ # and the number of nuclei and "# can be assumed [2]. 

 

G##⃗ # = H
6"ℏ"	!(! + 1)

3	A%B
	"#⃗ #  (1.8) 

 
A higher magnetic field increases the population difference between the energy level of 

spins. Therefore, a stronger magnetic field may provide more information about a spin 

system by increasing the population difference. However, it should be mentioned, using 

low magnetic fields one can measure various transport properties in porous media, as it 

will be discussed later in the final chapter of this thesis (Chapter 7). 

1.1.4.  Dynamics of magnetization 

So far, we have discussed the advantages of polarization of proton spins. However, 

merely polarizing the spins would not allow us to get the required information of the 

spin system. To acquire useful information in NMR measurements, precession of spins 

under the magnetization G##⃗ # needs to be disturbed for a certain period of time. Radio 

frequency (RF) pulses are used to cause the disturbance in the precession of spins around 

the static magnetic field. Therefore, according to the investigated system, symmetric or 

asymmetric pulses with a duration range of microseconds to some seconds are used. The 
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RF field imposes an additional resonant magnetic field "! acting perpendicular to the 

main static field "# and rotates the magnetization out of its equilibrium position along  

"#. "! may be written as: 

 
"#⃗ !(J) = "!	(J)	KLM;J	?⃗ −	"!	(J)	MN=;J	O⃗  (1.9) 

 
For spins with an angular frequency ;, a RF pulse of duration J, flips the magnetization 

by a certain flip angle (FA) given by 

 

P = 6	Q "!(J)
-&

#
	RJ  (1.10) 

 
The pulse duration and its shape can be customized based on application and material 

or system. As a result of a 90° RF excitation pulse, the macroscopic magnetization is 

flipped into the transversal plane (Fig. 1.1, S to T) precessing around the *-axis, i.e., "#⃗ # 

for a certain time until it returns the equilibrium state. Fig. 1.1b shows the net G# im-

mediately after the RF pulse, where the magnetization vector performs a coherent or in 

phase precession in the ?O-plane and around the *-axis. Soon after the net magnetization 

starts to de-phase and returns to the equilibrium state before an RF pulse applied again. 

 
Figure 1.1. Effect of RF excitation pulse on the net magnetization in a coordinate sys-

tem rotating with ; (c.f., Eq. 1.15). 

 

Here, the next essential equation to understand NMR rises to describe time-dependence 

magnetization: 
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RG##⃗

RJ
= G##⃗ × 6"#⃗ (J) 

 
(1.11) 

 
The cross product of magnetic field and magnetization also shows that the magnetic 

moment can be described with angular resonance frequency. Solving Eq. 1.11 gives two 

components of magnetization vector in ?- and O-axes 

 
G. = G##⃗ # sin(;#J),  G/ = G##⃗ # cos(;#J)  (1.12) 

 
The total magnetization vector can be written as a combination of both compounds as 

follows: 

 
G##⃗ -0-12 = G##⃗ # exp	(N	;#J)  (1.13) 

 
Under a static magnetic field "# and an applied RF pulse of strength "!, the time de-

pendency of magnetization vector can be described by 

 
RG.(J)
RJ

= 6[_G/(J)"#` −	G3(J)"!	MN=;J	] 

RG/(J)
RJ

= 6[(G3(J)"!KLM;J) −	G.(J)"#	MN=;J	] 

45'(-)
4- = 6[	G.(J)"!	MN=;J − (G3(J)"!KLM;J)]                                                      (1.14)                    

 
In order to solve the system of equations, a coordinate system rotating with ; is often 

used (?’, O’, *). 

 
	G.8 = G.	KLM;J − G/	MN=;J 

	G/8 = G.	MN=;J + G/	KLM;J 

	G38 = G3                                                                                                                      (1.15) 

 
The components of magnetization after considering the rotating frame are given in Eq. 

1.16: 
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RG8.(J)
RJ

= (;# − ;)G8/(J) 

	
RG8/(J)
RJ

= (;# − ;)G8.(J) + 6G83(J)"! 

	
45('(-)

4- = −6G8/(J)	"!                                                                                          (1.16)      

 
1.1.5.  Bloch equation and relaxation times 

The temporal behavior of the macroscopic magnetization G(J) during and after excita-

tion is described in good approximation by the Bloch equation. The Bloch equation de-

scribes the magnetization (G##⃗ ) as a vector and a function of NMR relaxation times B! 

and B" (Eq. 1.17). In Eq. 1.17 the vector product G##⃗ × "#⃗ # corresponds to the torque 

exerted on the magnetization by the external magnetic field. After dislocation from the 

equilibrium position, the transverse component of the magnetization precedes with Lar-

mor frequency ;# = 	6 "#, which is identical with the resonance excitation frequency. 

 
RG##⃗

RJ
= 6(G##⃗ × "#⃗ #) −

G##⃗ 3 −G##⃗ #
B!

−
G##⃗ . +G##⃗ /

B"
  (1.17) 

 
The terms B! and B" are called longitudinal relaxation time and transversal relaxation 

time, respectively. NMR relaxation times can characterize the dynamics of molecules 

and are sensitive to the surrounding environment, which could be a human cell or a pore 

in porous media. Different porous structures will cause different relaxation properties 

based on the surface chemistry, pore size and, if present, paramagnetic species in the 

pores. 

The longitudinal relaxation time or spin-lattice relaxation time B! is characteristic for 

the time needed for the net magnetization to recover after an RF pulse towards the equi-

librium value G#. In other words, B! shows the interaction or energy transfer between 

the spins and the surrounding. Considering Eq. 1.18, the longitudinal component of 

magnetization can be described as: 

 

G3(J) = G3(0)>
$ -
*" +G#(1 − >

$ -
*")  (1.18) 
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The transversal relaxation time or spin-spin relaxation time B", however, describes the 

exponential decay of the transverse magnetization towards zero. Magnetization in the 

transverse plane can be described by a complex number, i.e., 

 
G./ =	G. + NG/                            (1.19) 

 
With resonance frequency c#	=	

($
"9 , B" can be described as following: 

 

G./(J) = G./(0)	N	exp	(−
J
B"
− N2ec#J)  (1.20) 

 
B! and B" are critical parameters in investigating heterogeneous catalysts since the cat-

alyst pores have impact on species flowing inside them acting as reactants or products. 

Thus, one can describe the interaction of materials in the pores by measuring NMR 

relaxation times [6]. 

 
1.1.6.  Application of NMR gradient coils in NMR measurements 

An additional magnetic field in the *-direction is generated by a magnetic field gradient 

f⃗ = (f. , f/ , f3). In the presence of such a gradient an additional magnetic field " =

"# + ":  is expected at coordinate g⃗ 	= 	 (?, O, *) given by 

 
"(g⃗) = "# + f⃗ · g⃗  (1.21) 

 
By multiplying with ɣ, the angular momentum frequency is given by 

 
ω(r⃗) = 6	|"(g⃗)| = 6	(k"#⃗ #k + f⃗ · g⃗ )                     (1.22) 

 
Using magnetic field gradients one can obtain useful information on spatial displace-

ment or spatial distribution of spins in an arbitrary orientation. Thus, the usage of gra-

dients allows for 3D characterization of flow and diffusion of liquid or gases in porous 

media. Details are described in Chapters 2, 3, and 4. 
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1.1.7.  Signal detection 

In an NMR measurement, the signal is obtained as an electrical voltage induced in the 

receiver coil by the precession of the net magnetization after RF excitation and is stored 

as a Free Induction Decay (FID). In other words, the transverse components of magnet-

ization induce a sine wave voltage into the receiver coil with Larmor frequency (;#). 
To address some of the discussed NMR basics, a simple spin-echo sequence is explained 

here [7]. This helps understanding the necessity and importance of RF pulses and their 

flip angle, and finally the correct design of an NMR experiment. Fig. 1.3 displays a spin-

echo sequence, consisting of a 90° pulse followed by a 180° pulse for one repetition 

time (Bl) of the NMR sequence. The sequence is repeated after Bl to store measure-

ment data in an array of numbers representing, e.g., the influence of different magnetic 

field gradients applied.  The time interval between the 90° pulse and the appeared signal 

peak is called echo time (B8). After the 90° pulse the net magnetization is flipped into 

the ?O-plane and precesses around the *-axis (a-b in Fig. 1.2). Soon after, the transversal 

magnetization tends to de-phase (b-c). Then, the 180° is applied to refocus a portion of 

de-phased spins that have lost phase coherence (d). Before reaching the 180° pulse, 

magnetization has partially lost its coherence. After the 180° pulse, each magnetization 

component still maintains the same (slightly different) frequency corresponding to the 

local fields (d). At a time corresponding to twice the pulse spacing (2× B8/2), all partial 

magnetization vectors are in phase again, and their signal contributions sum up to gen-

erate a spin echo (e). 
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Figure 1.2. Schematic representation of magnetization after a 90° RF pulse (b) fol-

lowed by 180° RF pulse (d). 

 

If such a spin echo experiment is used, generally, three essential steps should be consid-

ered to generate an image as shown in Fig. 1.3, phase encoding, frequency encoding and 

slice selection. These three steps are briefly explained below. 

 
Figure 1.3. Spin-echo sequence (not to scale). Slice selection is implemented while 

the 90° and 180° pulses are applied. 
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Phase encoding:  A phase-encoding gradient is implemented after the RF excitation 

pulse and before the readout step. Phase encoding can be applied by implementing in-

cremental changes in the area of gradients. It reveals spatial information about the sam-

ple and is typically combined with a frequency encoding gradient to generate an NMR 

image. 

Frequency encoding: In NMR imaging, frequency encoding reveals information on the 

location of certain spins in the space, as the resonance frequency of the spins is linearly 

related to their location in the direction of the gradients. 

Slice selection: Slice selection is achieved by using slice selection gradients. The slice 

gradient is applied with selective RF pulse and is typically followed by a slice rephasing 

lobe to recover phase coherence of transverse magnetization and avoid signal losses. 
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1.2.  Investigation of mass transport in heterogenous systems 
The in situ analysis of catalyzed gas phase reactions offers not only an accurate charac-

terization of the reactions but also the possibility to validate numerical simulations. The 

latter allows optimizing operational performance and reducing industrial costs as well 

as predicting possible risks at scaled up reactors. NMR can be used as a non-invasive 

method for the in situ analysis of velocity, diffusion, temperature, and concentration of 

species in heterogeneously catalyzed systems [8–13]. The possibility of monitoring the 

crucial reaction parameters online and simultaneously in an opaque reactor turns NMR 

into a powerful toolkit for the operando analysis of reactions. To determine each param-

eter, optimized NMR techniques are required. 

This project shows practical and methodological examples of NMR methods in the field 

of reaction engineering with emphasis on the methanation reaction. It also includes 

NMR velocimetry of methane gases in foam catalyst carriers followed by an analysis of 

diffusion and dispersion of gas in monolithic structures. Furthermore, NMR thermom-

etry will be discussed in order to show how the temperature profile of a catalyst bed can 

be determined in highly exothermic reactions such as methanation or Fischer-Tropsch 

reaction. On the other hand, the analysis of tortuosity and diffusion in micro- and mac-

rospores illustrates to which extent can NMR characterize heterogeneous catalysts 

coated on foams or pellets. The obtained results may directly improve numerical micro- 

or macro-scale simulations.  
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Figure 1.4. In situ analysis of performing heterogeneously catalyzed reactors in an 

NMR system. 

 

The following information were extracted from a heterogeneously catalyzed systems 

in this project: 

• Diffusion and dispersion of gas, with and without flow (sections 1.2.2 and 

1.2.3) 

• Full field velocity analysis of gas in monolithic structures (section 1.2.4) 

• In situ measurement of temperature profiles in catalyst supports (section 1.2.5) 

Before we explain the applied NMR methods in this dissertation, it is necessary to know 

in which kind of porous structures these reactions occur. Therefore, a brief introduction 

of monolithic supports used in heterogenous system is given in the following section. 

Afterwards, the implemented NMR techniques in this project and some essential facts 

regarding the experimental approaches are given. Later on, a detailed description of the 

design and optimization of the NMR measurements is specified in each particular chap-

ter. 
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1.2.1. Monolithic structures as catalyst support 

Open cell foams have been increasingly considered in process engineering applications 

during the past 20 years [14–20]. The foams are used as catalyst carriers in heterogene-

ously catalyzed gas phase reactions because of their low pressure drop, high specific 

surface area and, most importantly, excellent mass and heat transport properties, which 

enhance the local rate of the heterogeneous reactions [14,17,20]. The investigation of 

gas mass transport in opaque foams can directly benefit simulations using pseudo-het-

erogeneous models to predict gas phase reactions such as methanation of CO or CO2. 

Among mass transport properties, dispersion coefficients in both radial and axial direc-

tions are of high interest to be used in the numerical simulations [21]. 

 

1.2.1.1. Production of foam monoliths 

Solid foams are typically produced by Schwarzwalder process [22,23], in which a pol-

yurethane (PU) template is usually coated with the ceramic slurry. Then, the coated tem-

plate undergoes a drying process. Finally, the dried slurry is sintered at a specific tem-

perature. At this stage, struts and pores in open-cell foams gain their solid body. Typi-

cally, commercial samples are named based on their PU template and the window size 

and pore size do not precisely match the nominal values used for the samples, which is 

due to the production process. The generated solid foams have slightly different pores, 

windows, and struts as compared to the PU frame, because the material expands during 

the sintering process. Therefore, the produced foam needs to be carefully studied before 

they are applied in a process. For more information on the production of foams, one can 

refer to Studart et al. [24]. 
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Figure 1.5. Two foam monoliths with different pore size density, pore, and window 

size. The left-hand and the right-hand porous structure display 20 ppi 10 ppi (pores 

per inch) foams, respectively. 

 

1.2.1.2. Morphology and geometrical characterization 

Al2O3 foams (length: 23 mm, diameter: 25 mm, 10, 20, and 40 ppi; Hofmann CERAMIC 

GmbH, Breitscheid, Germany) and cordierite honeycomb monolith (length: 38 mm, di-

ameter: 25 mm, 600 cell per square inch (cpsi), NGK, Poland) were used for all NMR 

measurements. Table 1.2 details brief information on the open-cell foams. However, the 

geometrical characteristics of the samples used in this dissertation were obtained by μ-

CT imaging and are detailed in each specific chapter. Window diameter, pore density, 

strut diameter and open porosity of the samples were the most important characteristics 

that were computed from the μ-CT data. More explanation on the geometrical properties 

of the structures can be found in Chapters 2 and 3.   
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Table 1.2. Characteristics of foams (a: μ-CT, b: tetrakaidecahedral unit cell model).  

Sample / 
Pore density 

(ppi) 

Open po-
rosity a 

(ε) 

Pore 
diameter a 
(dp) (mm) 

Window 
diameter a 

(dw) (mm) 

Strut 
diameter b 

(ds) (mm) 

Specific surface 
area a 

(Sv)  (m2 · m-3) 

Al2O3(10) 0.67 5.35±0.38 3.20±0.77 2.21 544.48a, 595.11b 
Al2O3(20) 0.77 3.45±0.16 2.40±0.58 1.10 785.71a, 797.59b 
Al2O3(40) 0.79 2.37±0.30 1.43±0.39 0.73 1105.80a, (866.00)b 

 

1.2.2.  Local diffusion measurement in porous media 

NMR provides a very exciting research field in measuring static and dynamic properties 

of porous materials. The porous samples can be characterized by performing MRI and 

therein flowing species can be analyzed by various NMR measurements techniques. 

Among the dynamic properties, diffusion and flow are of importance. In particular, 

when the thermo-physical behavior of gases and translational (or Brownian) motion of 

their molecules such as diffusion or flow is considered, implementation of powerful in-

situ measuring techniques is demanding. Before we turn to the methods applied in this 

project for characterizing mass transport in heterogeneously catalyzed systems, it is nec-

essary to define and clarify one important concept measured in NMR diffusiometry 

measurements, ‘self-diffusion’. 
In general, two types of diffusion processes can be assumed, self-diffusion and mutual 

diffusion. The former means a type of diffusion that occurs in the absence of any mac-

roscopic gradient that is typically considered as the driving force for diffusion process, 

such as temperature, pressure, and concentration gradients. The latter diffusion type, 

mutual diffusion, occurs in a macroscopic mixing that leads to diffusion between two 

or more fluids. In the following, we focus on self-diffusion measurements. This is a 

critical point for those chemical/mechanical engineers who are looking for gradients and 

the resulting transport, while in our diffusion measurements no macroscopic gradients 
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in temperature or pressure and concentration or chemical potential between two materi-

als occur. In the next section a brief definition of self-diffusion is given to better clarify 

this term. 

1.2.2.1. Self-diffusion 

Gas molecules move and change their positions with specific trajectories even in equi-

librium condition, which does not offer any concentration gradient. This translational 

movement of the particles is called self-diffusion [25,26].  Two different conditions are 

illustrated in Fig. 1.6, which are addressing diffusion in non-equilibrium and equilib-

rium conditions, respectively. The right-hand side image shows the random motion of a 

marked molecule (black points) in an environment that continues its motion. 

 

 

Figure 1.6. Schematic presentation of diffusion in macroscopic non-equilibrium and 

equilibrium conditions [26,27]. 

 

The measured self-diffusion coefficient can provide beneficial information about the 

restriction in diffusion in transport phenomena [27,28]. Due to the existence of the pore 

walls, the diffusion of gas in porous media is hindered and restricted. Then, the diffusion 
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coefficient can be named by another term, effective diffusion coefficient m;<<. In porous 

structures, pore surfaces play a significant role in the hindrance and restriction of diffu-

sion phenomena [27]. The hindrance result from the reflection on the walls and windows 

of pores affect free diffusion process of the guest materials i.e., gas or liquid molecules 

inside the porous media. Therefore, even minor difference in self-diffusion, now called 

‘effective diffusion’ values of gas or liquids, can be distinguished. This explanation may 

be grasped better using Fig. 1.7 that shows how some of the gas molecules can be re-

flected, hindered or stocked during their pathways through an open-cell foam within a 

given diffusion time. 

 
Figure 1.7. A scheme of localized labelling of an ensemble of gas molecules in open-

cell foams. Gas molecules experience hindrance and reflection while moving in the 

foam. Effective diffusion can be characterized by measuring the propagator of gas 

molecules within the time interval between 1 and 2 to comprehend the effect of pore 

and window size on the mass transport. 

 

One of the most important parameters influencing mass transport in ceramic foam cat-

alysts is pore window size. It is promising to use NMR spectroscopy and imaging tech-

niques as powerful characterization methods to investigate the effect of pore window 

size on the propagator function of gases in catalytic gas phase systems. These techniques 

provide information for designing new tailored structures that offer higher mass 
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transport efficiency. In our study, commercial ceramic structures were experimentally 

investigated via an optimized localized Pulsed Field Gradient Stimulated Echo (PFG-

STE) method to demonstrate the powerful advantages of using NMR for non-invasively 

characterizing opaque systems. The measurements show the local variations of the gas 

displacement function and diffusion coefficients measured in an arbitrary volume ele-

ment and in arbitrary spatial direction. The results can be used for determining effective 

diffusion and comparing the results with average dispersion coefficient of gases pre-

dicted by numerical simulations of heterogeneous systems. The optimized PFG-STE 

method was applied on a 7T MRI system using a broad range of diffusion observation 

times (3.5-30 ms). Raw and coated ceramic structures were characterized at 1.3 bar 

pressure and ambient temperature. The study allowed a comparative investigation of the 

gas propagator, diffusion coefficient and tortuosity for the structures in a local manner. 

After describing the concept of self-diffusion, it is essential how the molecules can be 

labeled for a self-diffusion study. In PFG-STE, labeling of molecules is performed by 

coding and encoding gradient pulses [25,29,30]. This makes PFGs an effective measur-

ing technique due to the direct investigation of self-diffusion parameters such as a mean 

square of displacement and diffusion coefficient without solving the Fick's law. 
The results of these investigations have been published by the author of this dissertation 

as the first contributor in a research article in Chemical Engineering & Technology to 

primarily develop a method for volume selective NMR displacement measurements of 

thermally polarized gas, showing its accuracy by a comparative study of effective dif-

fusion in open-cell foam. A detailed description of the results is given in Chapter 2 of 

this dissertation. 

 

1.2.3.  Dispersion of flowing gas in the monolithic structures 

Although the effect of the foam’s geometry on mass transport properties has already 

been recognized [31,32], radial and axial dispersion coefficients have been predicted by 

merely using 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. An exhaustive 
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dispersion analysis for gas flow is yet to be done to investigate a possible correlation 

between gas dispersion and the foam topology; both in transversal and in axial direction. 

Furthermore, NMR promises to allow correlating the effect of Reynolds number l> in 

Darcy and Darcy-Forchheimer regime on the dispersion to the foam morphology with a 

higher certainty compared to the traditional measurement methods (see Fig. 1.8). 

 
Figure 1.8. A conceptual Computational Fluid Dynamics (CFD) simulation of mass-

less particles using Open-Foam software to show dispersion of gas in an open-cell ce-

ramic foam within 20 ms. The schematic view is merely used to visualize the gas dis-

persion in foam network over time. While the given simulation result is unable to in-

clude diffusional dispersion, a designed NMR measurement can precisely reveal infor-

mation on both mechanical and diffusional dispersion. 
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The obtained results in these measurements enabled us to contrast diffusional and 

mechanical driven dispersion for all foam structures. In particular, it is possible to 

discuss the transition from Darcy to Darcy-Forchheimer regime. Besides, the accuracy 

of the current data also enabled us to analyze the effect of window size, flow rate, and 

open porosity on mass transport in foam samples. The obtained data can directly be used 

for simulations of mass transport in foams, which is an ongoing topic of research in a 

specific volume element of the catalyst support or a representative volume element of 

foam samples. The results of these investigations have been published by the author of 

this dissertation as the first contributor in a research article in Chemical Engineering 

Journal and are presented in Chapter 3 of this thesis. 
 

1.2.4. Flow of gas in monolithic structures 

1.2.4.1. Open-cell foams 

In situ analysis of the gas-solid phase helps better understand the mass transport 

mechanism of gases throughout the monolithic supports in gaseous reactions. Such 

analysis also facilitates reassessment of the theoretical assumptions. It can be shown 

that mass transport of gas is extremely affected by minor geometrical alteration of 

monolith structures, including open cell foams and regular honeycomb monoliths. On 

one hand, the investigation of mass transport in monoliths usually demands 

sophisticated experimental setups. On the other hand, numerical simulations can be 

validated by experimental methods specially where the effect of diffusion, bypassed and 

flow recirculation zones is highlighted. In this project, Magnetic Resonance 

Velocimetry (MRV) was applied for flow measurements within solid foams and the 

obtained data were compared to the flow fields and velocity profiles of CFD 

simulations. The CFD simulations were carried by Mr. Mehrdad Sadeghi from the 

Chemical Process Engineering department at the Center for Environmental Research 

and Sustainable Technology, Faculty 04 (Production Engineering), University of 

Bremen. 

The results have been published in the journal of Experiments in Fluids. The manuscript 

includes both experimental and numerical results (Fig. 1.9). Full field comparison of 
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MRV data and CFD simulation allowed to investigate velocity of methane in monoliths 

as a reaction engineering related gas used in methanation reaction. 

 
Figure 1.9. Axial velocity obtained in CFD and MRV. A cross-sectional cut of an 

arbitrary slice of the foams is shown at top to compare the both results. 

 

1.2.4.2. Honeycomb monoliths 

Gas velocity was also measured in regularly structured monoliths using MRV. The re-

sults were compared to µ-CT based CFD simulations shown in Fig. 1.10. In the per-

formed numerical simulations one presumes that the monoliths are a bundle of ideal and 

identical channels. This presumption ignores the mal-distribution occurs in the mono-

liths under a practical process condition. A detailed comparison of the MRV and CFD 

velocity fields at the entrance, throughout, and the exit region of honeycomb monoliths 

helped improve simulations and better predict flow behavior in such structures. A man-

uscript in which the obtained results are described is ready for submission in the journal 

Chemical Engineering & Technology. A detailed comparison of CFD and MRV is elu-

cidated in Chapter 4. 
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Figure 1.10. Channel-wise comparison of axial velocity in MRV (left) and CFD 

(right) results in a regular monolithic structure is illustrated. 

1.2.5.  In situ temperature measurement in monoliths 

The in situ analysis of catalytic gas phase reactions offers not only an accurate charac-

terization of the reactions but also the possibility to validate numerical simulations. The 

latter allows optimizing operational performance and reducing industrial costs as well 

as predicting possible risks at scaled up reactors. Accurate measurement of temperature 

profiles along radial and axial direction of the reactor requires non-invasive approaches 

to obtain a realistic assessment of the operating systems, without interfering with the 

process. Among in situ approaches, NMR offers a huge flexibility to perform various 

direct and indirect spatio-temporal measurements for heterogeneous systems. In the cur-

rent project, two NMR techniques were implemented to obtain a quantitative tempera-

ture analysis for a broad temperature range. Magnetic Resonance Spectroscopic Imag-

ing (MRSI) and Diffusion Weighted Magnetic Resonance Imaging (DW-MRI) were 

applied on a 7T MRI system to assess temperature profiles in the reactor environment 

and the catalyst bed at high temperatures. The first approach, MRSI, uses capillaries 
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(OD = 0.7 mm, ID = 0.55 mm) filled with ethylene glycol as thermometers for temper-

ature measurements in the range of 20-150 °C by evaluating the chemical shift differ-

ence between the CH3 and the OH signal. However, the MRSI approach depends on a 

sufficient spatial homogeneity of the magnetic field, which limits the applicability in 

some cases (see Fig. 1.11). 

Therefore, the second method, DW-MRI, was implemented as a fast and robust toolkit 

for measurements in a broader temperature range (T < 350 °C), being more robust 

against magnetic field inhomogeneities than MRSI. The optimized 3D DW-MRI 

method acquires images with high spatial resolution (~ 0.5×0.5×1.5 mm3) using four 

different diffusion sensitizing gradients corresponding to different diffusion weightings 

(T-values). Fitting the measured signal intensities n(T) in each voxel according to n =

n# ∙ 	>?@(−T ∙ m) allows to determine the temperature dependent diffusion coefficient 

m, and thus the temperature. Initial experiments used ethylene glycol and glycerol as 

probing liquids. To enable measurements of temperature up to 350 °C, ionized fluids 

with very high decomposition temperature were investigated in this project as well. 

In Chapter 5 of this thesis the details of the method developments for temperature meas-

urement of highly exothermic reaction are described. The results of these investigations 

have been published by the author of this dissertation as the first contributor in a research 

article in Reaction Chemistry and Engineering (Royal Society of Chemistry). 
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Figure 1.11. Schematic of a model reactor filled with NMR thermometers to measure 

temperature in a system exposed with axial gas flow. The setup was used in the NMR 

method developments for in situ analysis of temperature. 

 

1.2.6.  Mass transport of liquid in porous media 

1.2.6.1. Zero Echo Time (ZTE) MRI for distribution of water in porous media 

MRI measurements can be conducted by an optimized ZTE MRI pulse sequence [33] 

to measure water distribution in green bodies of ceramics (Fig. 1.12). This method is 

of high importance for MRI measurements of water in dense ceramic samples due to 

very short effective transverse relaxation time (B"∗). In ZTE MRI measurements, fre-

quency encoding gradients are switched on before the excitation pulse is applied. In a 

series of measurements with short repetition time TR, data are acquired with different 

gradient orientation allowing the reconstruction of a 3D image by 3D FFT after grid-

ding the measured data on a cartesian grid. The dead time between the end of the RF 

excitation pulse and the start of data acquisition was minimized (8 μs) to avoid signal 

losses by B"∗ relaxation. Thus, the image intensity is primarily determined by spin 

density, i.e., water content in the current measurements. 

Suppression of background signals originate from NMR hardware components (e.g., 

supporting material and electronic parts of the RF coil) outside the Field-of-View 

(FOV) and thus the removal of unwanted wave-pattern image artifacts was achieved 
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by applying an Outer Volume Suppression (OVS) module prior to RF excitation of the 

sample [34]. 

The obtained results of this investigation were published in the Journal of European 

Ceramics Society in a research paper entitled as ‘Distribution of water in ceramic green 

bodies during drying’. The author of this dissertation was a co-author in this manuscript 

[35]. 

 
Figure 1.12. MRI of an alumina green body at different positions for total water con-

tents of 27%, 18%, 5% and 1% using ZTE MRI [35]. 

1.3.  NMR facilities 
All NMR experiments in this project were performed on a 7 Tesla (Fig. 1.13) preclinical 

NMR imaging system (Biospec 70/20, Bruker Biospin GmbH, Ettlingen, Germany) 

equipped with the gradient system BGA12S2 (maximum gradient strength: 441     

mT·m-1 in each direction, rise time 130 μs). A quadrature birdcage RF coil (inner diam-

eter of 72 mm) was used for RF excitation and signal detection. The NMR pulse se-

quences were implemented using Paravision 5.1. 
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Figure 1.13. (a) 7T NMR scanner. (b) A schematic view of an NMR compatible reac-

tor inserted into the magnet bore of 7-Tesla super-conducting magnet available in in-

vivo-MR group of the University of Bremen. 
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Chapter 2 

Diffusion* 
 
 

Abstract: Gas diffusivity measurements in opaque porous media have been performed 

using NMR. An optimized pulsed field gradient stimulated echo (PFG-STE) method 

with free volume selection was used to investigate the propagator of thermally polarized 

methane gas within commercial monolithic catalyst supports. Since signal losses due to 

!! relaxation were minimized by using a short echo time, diffusion processes could be 

characterized by the measured propagator functions and effective diffusion coefficients 

were determined for a broad range of observation times (3.5-30 ms) and in different 

spatial directions. The potential of this non-invasive characterization of gas diffusion 

was demonstrated within honeycombs (600 cpsi) as well as sponges with pore densities 

of 10, 20, 30 and 40 ppi, either uncoated or coated with a washcoat of 6 wt% Ni/Al2O3. 

In this study, a clear effect of type of monolith, its pore size and coating on effective gas 

diffusion coefficient and the apparent tortuosity for a given observation time was found. 

Keywords: thermally polarized gas, diffusion, heterogeneous catalysis, propagator, 
tortuosity 
 
 
 
  
 
 
 

* The content of this chapter has already been published: Mirdrikvand, M., Ilsemann, J., Thöming, J. 
and Dreher, W., 2018. Spatially Resolved Characterization of the Gas Propagator in Monolithic 
Structured Catalysts Using NMR Diffusiometry. Chemical Engineering & Technology, 41(9), pp.1871-
1880.  
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2.1.  Introduction 
Nuclear Magnetic Resonance (NMR) provides a fascinating research field for 

measuring static and dynamic properties of porous structures. In particular, when the 

thermophysical behavior of gases and the translational motion of the molecules in 

porous structures such as catalyst carriers are considered, the implementation of a robust 

in-situ measuring technique is of high importance [1–4]. In porous media, pore surfaces 

play a significant role in the restriction or hindrance of diffusion. This causes a change 

in the diffusion coefficient " of the guest molecules inside the structure resulting in the 

effective diffusion coefficient ""##. Although optical in situ techniques reveal 

information on some transport properties in porous media at a molecular level, they are 

limited to optically accessible systems and unable to measure self-diffusion [2]. NMR, 

however, is suitable to measure also in case of opaque systems such as catalyst pellets 

and open porous foams. Moreover, the flexibility of NMR, which allows the 

combination of spatial resolution with diffusiometry, relaxometry, or spectroscopy, 

makes spatially resolved NMR measurements even more attractive, allowing a better 

understanding of the effect of geometry on mass transport in porous structures. It is 

worth mentioning that NMR diffusiometry enables the detection of the spatial 

displacement of molecules far below the spatial resolution obtained in magnetic 

resonance imaging (MRI) or spatially resolved NMR spectroscopy [5-6] . 

The application of monolithic ceramic catalyst supports has tremendously grown in 

recent years [7]. The interconnected network of ceramic sponges named as foams offers 

less pressure drop and enhanced heat transfer properties as compared to packed beds [7–

9]. Therefore, it is promising to use NMR techniques to investigate the effect of pore 

window size and struts on the propagator function of gases in catalytic gas phase 

systems.  

Recently, some NMR based morphological studies of regular and irregular monolithic 

structures have been reported [10–19]. Grosse et al. investigated the porosity, pore size 

distribution and other properties of heterogeneous structures [12]. They described a 

volume selective NMR imaging study on ceramic sponges to determine the pore size 

distribution. In another study, Gulijk et al. pointed out that NMR analysis of gaseous 
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flow in honeycomb channels would be expensive and time consuming compared to local 

pressure drop measurements [10]. In case of irregular pore structures, however, such 

local pressure drop measurements are impossible. Codd and Altobelli showed in their 

case study on glass spheres with a diameter of 300-500 μm that diffusion and flow 

measurements by NMR can facilitate the investigation of porous structures [1]. Their 

work confirmed that a global gas propagator analysis yields structural information for a 

chosen observation time [1,2,11]. Koptyug et al. performed NMR measurements for 

studying structured catalysts and related transport phenomena in liquids and gases [13, 

14]. Changes in the structure of catalyst supports over the operating time of the reactor 

can also be evaluated [14]. A similar approach, but in the liquid phase and not spatially 

resolved, was used by Ren et al. on deactivated catalyst samples to show the self-

diffusion and tortuosity in naphtha reforming catalyst pellets by 1H NMR on heptane 

[15]. In addition, Youngs et al. applied PFG NMR for studying the diffusion of liquid 

isopropanol in an alumina structure to show the interaction of molecules with the surface 

of the alumina [16].  

NMR of thermally polarized gases is more challenging in comparison with liquids due 

to reduced spin density, faster movements of  molecules, and the short transversal 

relaxation time !!, which cause a considerably reduced signal-to-noise ratio (SNR) in 

gas phase NMR [1,17,18]. As a solution, studies on hyperpolarized gases have been 

published [22]. Although hyperpolarization is a powerful approach, the study of 

thermally polarized gases is also attractive because the rather expensive 

hyperpolarization techniques as well as the inherent signal losses by !$ relaxation during 

longer experiments are avoided. Additionally, the rather short 1H NMR spin-lattice 

relaxation time !$ of thermally polarized gases allow the use of short repetition times 

!# leading to improved SNR per unit measurement time. Fukushima et al. showed the 

advantage of measuring thermally polarized gases in porous structures in some instances 

on Y-TZP ceramic samples and lungs [23]. Additionally, flow studies on hydrogen 

containing gases in supported catalysts have been performed by Koptyug et al.[24], but, 

to the best of our knowledge, a spatially resolved study on the diffusion of thermally 
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polarized gases in monolithic structures with different pore sizes has not been reported 

yet. 

In our work, we demonstrate that such a quantitative analysis can be performed by 

optimized NMR diffusiometry within a moderate measurement time. The mass transport 

properties of different monolithic catalyst supports were determined using optimized 

NMR sequences with a customizable volume of interest offering a spatially resolved 

detection of the gas propagator in monolithic structures. These measurements can 

answer the question to which extent self-diffusion of gas molecules varies for different 

diffusion times and along different spatial directions. Besides, the study was performed 

on coated and uncoated structures of irregular and regular monolithic supports to reveal 

characteristic differences, which are relevant for practical applications. The results can 

also be used for validating the numerical simulation of heterogeneous gas-phase systems 

both on micro and macro level. 

 

2.2.  Theory and Method 
2.4.2.  PFG-STE measurements 

Since Stejskal and Tanner have proposed PFG-NMR experiments for determining 

diffusion coefficients, spin echo (SE) [4] or stimulated echo (STE) [25] based PFG-

NMR measurements have been used in numerous applications [26, 27]. STE pulses 

sequences exhibit an inherent 50% SNR loss as compared to SE pulses sequences, 

because signal refocusing is performed by 90° radio frequency (RF) pulses, and not by 

180° RF pulses as in SE sequences (cf., Fig. 2.1). However, STE based approaches are 

often preferred for diffusion studies to minimize relaxation losses (cf., Eq. 2.1). In 

particular, this applies to gas phase 1H NMR because short spin-spin relaxation times !! 

are found in most cases, while the spin-lattice relaxation time !$ is much longer than !! 

[27,28].  

A volume selective STE pulse sequence [29,30] was implemented on our 7T MRI 

system to restrict the measurements to a volume element (voxel) with well-defined size 

and arbitrary voxel orientation. As proposed by Tkáč et al., asymmetric RF pulses  were 

used for reducing the minimum echo time and thus signal losses by !! relaxation [31]. 
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Diffusion sensitizing gradients of arbitrary orientation can be applied between the first 

and the second RF pulse as well as between the third RF pulse and the start of data 

acquisition. A scheme of the pulse sequence is shown in Fig. 2.1, with $ being the 

duration and %% the resulting amplitude of the two diffusion sensitizing gradient pulses 

applied in &, ' and (-direction, and ) being the delay between these gradient pulses. 

Note that during the mixing time !&, i.e., between the second and the third RF pulse the 

magnetization experiences only !$ relaxation, thus allowing measurements with a rather 

long diffusion time. 

Assuming Gaussian diffusion, the diffusion coefficient " can be determined by two or 

more measurements performed with different diffusion weighting expressed by the so-

called b-value * = ,!$!%%! -) − '
(/, but with constant !0 and !&. The amplitude of 

the measured STE signal is given by 

 

1 = 1)2
!"#
"$ 	2

!"%
"& 2*+,  .                                          (2.1) 

 

In the more general approach of ‘q-space imaging’ proposed by Cory and Garroway 

[32] as well as Callaghan et al. [33] a series of measurements is performed by 

incrementing the q-values defined by 4 = ,$%%. If $ ≪ )  the echo signal is given by 

 

1(4) = ∫9(:)) ∫;(:)|:, ))	2-.(0*0')>:>:)  .                                                           (2.2)  

 

Here :) and : denote the position of the spins at the beginning and the end of the 

observation respectively diffusion time, ). Thus, the displacement function ;, averaged 

over the measured sample, can be determined by Fourier transformation of the measured 

data 1(4). ; describes the probability that spins have moved during the observation time 

) by the distance : − :) along the direction of the diffusion gradients. 

In case of Gaussian diffusion, the diffusion coefficient " can be determined from the 

full-width half maximum (FWHM) value of the gas propagator using 
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" =	 (2345)$
($6	89(!)		:)                                                                                                      (2.3).                    

 
However, note that rather small differences in FWHM values result in large differences 

in the diffusion coefficient. The transition from free to increasingly hindered diffusion 

can be observed by performing measurements with increasing ). Considering spherical 

pores with radius ? as a simple model, the dimensionless parameter @ = ,∆
<$  helps to 

distinguish three time regimes [2]: (i) short observation time for @	 ≪ 	1 corresponding 

to free diffusion and yielding the free diffusion coefficient D0, (ii) ‘crossover’ regime 

for @ ≈ 1, in which a certain number of the particles will experience restrictions such as 

reflections on the pore surface, and (iii) long observation time if @ ≫ 1, where for 

hindered diffusion the diffusion coefficient determined for increasing ) converges to a 

value "=. The tortuosity, interpreted as a path-length multiplication factor in the long 

observation time regime, can be calculated by 
,'
,(

. The transition from the crossover 

regime to the long observation time regime and the corresponding increase in the path-

length multiplication factor can be characterized by measuring 
,'
,)**

 as a function of 

diffusion time, corresponding to an apparent tortuosity for a given observation time. 
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Figure 2.1. Scheme of the optimized PFG-STE imaging sequence (not to scale) used 

for localized q-space measurements. During the mixing time !&, spoiler gradients are 

applied to suppress unwanted coherence pathways. A two-step phase cycle (0°-180°) 

was applied for the third 90° pulse to suppress the signal excited by this RF pulse. 

 

2.3.  Experimental 
2.3.1.  Materials 
Four different Al2O3-sponge segments (length: 23 mm, diameter of 25 mm, 10, 20, 30 

or 40 pores per inch (ppi);  Drache GmbH, Diez, Germany) were used as raw ceramic 

sponges, and a cordierite honeycomb monolith (length: 38 mm, diameter: 25 mm, 600 

cpsi, NGK, Poland) was used as monolithic catalyst support. The morphological 

characteristics of the samples are given in Table 2.1. 
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Table 2.1. Properties of the used sponges [34]. 

Sample 

Window 

diameter 

(mm) 

Strut 

diameter 

(mm) 

Open 

porosity 

ξ 

Surface 

area 

(m2·m-3) 

10 ppi 3.30 ± 0.98 1.83 0.77 521.3 
20 ppi 2.04 ± 0.48 1.22 0.75 852.3 
30 ppi 1.92 ± 0.46 1.11 0.76 862.5 
40 ppi 1.43 ± 0.39 0.73 0.79 1105.8 

 

The sponge with 20 ppi and the honeycomb were coated as described in the catalyst 

preparation section. Methane was used as probing gas, because this molecule is of 

particular interest in our current research on methanation reactions. The samples were 

positioned in a batch glass tube container (length: 250 mm, diameter: 25 mm) equipped 

with a pressure valve for the filling process.   

Special valves and O-rings (Schott AG, Germany) were used, and leakage tests were 

conducted to ensure that the gas container was completely sealed. 

The gas filling was conducted using a flow meter (One OMEGA FMA-2605 OMEGA 

Engineering, Norwalk, USA). The pressure in the gas mouse was set to 1.5 bar and 

temperature during the NMR measurements was 16 °C. The temperature was monitored 

during all NMR measurements. The gas container was held firmly within the RF coil in 

order to prevent motional artifacts. 

 

2.3.2.  Catalyst preparation 

All monolithic substrates were coated with a 6 wt% Ni/Al2O3 catalyst layer. Nickel 

nitrate hexahydrate (Prolabo, 97%) was dissolved in deionized water and mixed with an 

aqueous γ-Al2O3 slurry. The substrates were dipped into the mixed slurry, and excessive 

material was subsequently blown off using compressed air. The coated samples were 

dried at 393 K for 1 h and further calcined at 873 K for 2 h (heating ramp 1 K·min-1). 

Comparing the weights of the uncoated and calcined samples, the amount of coating 

material was determined to be approximately 3.6 g for the honeycomb sample and 1.7 
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g for the sponge. By evaporation of the liquid phase, the solid fraction of the slurry was 

determined to be 43.4%. In order to achieve a loading of 6 wt% Ni, 17.94 g of 

Ni(NO3)2*6H2O was dissolved in 16 ml deionized H2O. 

N2 physisorption: N2 physisorption measurements were conducted using a NOVA 4000e 

gas sorption system (Quantachrome Instruments, Florida, USA) to determine the pore 

size distribution. Prior to each analysis, the powders were degassed at 473 K for at least 

2 hours, whereas the subsequent isotherm measurements were conducted at 77 K for a 

relative pressure p/p0 in the range of 0.1 to 0.99. 

 

2.3.3.  NMR Measurements 

Hardware: All NMR experiments were performed on a 7 Tesla preclinical NMR 

imaging system (Biospec 70/20, Bruker Biospin GmbH, Ettlingen, Germany) equipped 

with the gradient system BGA12S2 (maximum gradient strength: 441 mT·m-1 in each 

direction, rise time 130 μs). A quadrature birdcage RF coil (inner diameter of 72 mm) 

was used for RF excitation and signal detection. The NMR pulse sequences were 

implemented using Paravision 5.1. 

MRI: To define the orientation of the samples and to position the voxel for subsequent 

PFG-NMR measurements, an optimized 3D gradient echo [29] imaging sequence was 

used with the following protocol: repetition time !#: 25 ms, echo time !0: 0.5 ms, flip 

angle 45°, field-of-view (DEF): 64×64×96 mm3, 192×192×16 matrix size, two 

averages, total measurement time: 2 min 33 s. 

Localized PFG-NMR: Localized measurements of displacement profiles were 

performed with an optimized PFG-STE sequence (cf., Fig. 2.1). Rephasing or dephasing 

gradients were applied immediately after or prior to the slice selective RF pulses, 

respectively, to minimize the diffusion weighting. To suppress unwanted signals, spoiler 

gradients were employed during the mixing time !&, and a two-step phase cycle (0°-

180°) for the third 90° pulse was used. The pulse sequence was used with the following 

parameters: Asymmetric 90° RF pulses of 500 μs duration calculated by the RF pulse 

module of the free software suite VESPA [35] (version 0.8, 

http://scion.duhs.duke.edu/vespa/project), voxel size: 12×12×12 mm3, repetition time 
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!# = 250 ms, 64 equidistant q-space values, displacement range +/-5 mm, 1024 complex 

data points sampled with 25 kHz. Measurements were performed with a !0 of 2.6 ms 

and diffusion times ) ranging from 3.51 ms to 50 ms. For each set of parameters, six 

measurements were performed for error estimation and improved accuracy. Optionally, 

the data sets were averaged to increase the SNR. Three measurements were conducted 

for each observation time using diffusion sensitizing gradients in &-, '- or (-direction, 

where ( corresponds to the axial direction of cylindrical samples. The measurement time 

for each measurement was 8 min 23 s. 

Data evaluation: The time domain signals were analyzed using self-written MATLAB 

(R2017b, The MathWorks, Inc., Natick, USA) scripts. The propagator was calculated 

from the time domain signal applying the following steps Hamming apodization, 1D 

Fourier transformation along the time domain, magnitude calculation, peak integration 

and subsequent 1D Fourier transformation along the variable 4. Note that magnitude 

calculation avoids phase errors during phase correction of FT spectra, but suppresses 

flow effects overlaid on diffusion processes. However, flow is not expected for the 

current experimental setup. 

 

2.4.  Results and discussion 
The results are presented in two main parts. First, we analyzed the raw regular and 

irregular monolithic structures. While the spatial dependence of the gas propagator was 

studied for the regular structure, the gas propagator was compared between irregular 

samples with 10, 20, 30 and 40 ppi, and the effective diffusion constants and the 

apparent tortuosity values were determined at diffusion times from 3.5 ms to 30 ms. 

Second, the differences in gas diffusion between coated and uncoated honeycomb and 

sponge samples were analyzed.  

Before measuring diffusion in porous structures, the diffusion coefficients of free 

methane (16 °C, 1.5 bar) was determined. The value of (2.24 ± 0.006)×10-5  m2·s-1 is in 

good agreement with the literature value  [36] and remained unchanged after several 

weeks proving the tightness of the gas container. In addition, the BET surface area of 

the coated catalyst is found to be 135 m2·g-1 with a total pore volume of 0.44 cm3·g-1. 
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The pore size distribution was calculated by the Barret-Joyner-Halenda model using the 

desorption branch, showing a maximum at a radius of 4.1 nm. 

 

2.4.1. Raw honeycomb structure 

The propagators of methane gas in the raw honeycomb are illustrated in Fig. 2.2. The 

measurements were conducted with short (5 ms, Fig. 2.2a) and long (30 ms, Fig. 2.2b) 

diffusion time. A Gaussian fit is superimposed as a reference indicating possible effects 

of hindered or restricted diffusion. Along longitudinal direction, the diffusion 

coefficient and the displacement function of the gas were close to the results obtained 

for freely diffusing gas, slightly affected by the channel-like structure of honeycomb. 

At short diffusion time () = 3.5 ms), the diffusion coefficient of gas in longitudinal 

direction is " = (2.22 ± 0.03)×10-5 m2·s-1 showing a difference of < 1% from the free 

gas value. The diffusion coefficient remains almost constant in longitudinal direction 

even in long diffusion time measurements () = 30 ms) where " = (2.11 ± 0.01)×10-5 

m2·s-1 was calculated. The fact that the effective diffusion coefficient is almost 

independent of the diffusion time is due to unrestricted motion of gas molecules along 

(-axis and the minor reduction in the diffusion coefficient can be explained by reflected 

or stagnant gas molecules at the channel walls in the honeycomb. Conversely, in the 

transversal direction, a significantly narrower curve shows more restricted gas 

displacement behavior. According to the intrinsic square-like channels of the 

honeycomb sample, both transversal (in & and ') measurements yield similar, but lower 

diffusion coefficients. At longer diffusion time, where more interactions between gas 

molecules and the walls of honeycomb channels are expected, the methane propagator 

shows a remarkable deviation from the fitted Gaussian curve (cf., Fig. 2.2b). The 

averaged value for gas diffusion coefficient in transversal direction were " = (1.12 ± 

0.008)×10-5 m2·s-1 and (6.26 ± 0.2)×10-6 m2·s-1, for the short and the long diffusion time, 

respectively. It is remarkable that the largest displacements of the gas molecules 

observed in transversal direction at ) = 30 ms are larger than the width of honeycomb 

channels length (1 mm), meaning that the gas molecules are still visible in the 

measurements after having crossed the channel walls. 
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Figure 2.2. The propagators represent the methane gas displacement function in the 

600 cpsi honeycomb monolith at (a) ) = 5 ms and (b) ) = 30 ms.  For comparison, a 

fitted Gaussian function is overlaid in the same color as used for the measured data. 

 

 

a) 

b) 
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2.4.2.  Analysis of sponge samples with different pore density 

Sponges with different pore density were analyzed in order to show the differences in 

the diffusion coefficient of the probing gas and to determine the apparent tortuosity of 

the catalyst supports. While Table 2.2 gives the diffusion coefficients in &-, '-, and (-

direction, an average value is depicted on each graph in Fig. 2.3. Although the average 

values for the diffusion coefficients for the propagators in Fig. 2.3 withhold the 

anisotropic behavior of the diffusion process in the porous sample, they represent the 

average properties of the samples based on their pore density and heterogeneity. 

 

Table 2.2. Effective diffusion coefficients (""##,? ×105/ m2·s-1) versus diffusion times. 

The values state the computed diffusion coefficients along the spatial directions i = (, 

& and ' for 10-40 ppi sponge samples. 

 10 ppi 20 ppi 30 ppi 40 ppi 
G Deff,z Deff,x Deff,y Deff,z Deff,x Deff,y Deff,z Deff,x Deff,y Deff,z Deff,x Deff,y 

3.5 ms 1.96± 
0.01 

2.01± 
0.02 

2.01± 
0.02 

1.79± 
0.02 

1.87± 
0.01 

1.87± 
0.01 

1.74± 
0.01 

1.84± 
0.01 

1.83± 
0.01 

1.69± 
0.01 

1.79± 
0.01 

1.74± 
0.02 

5 ms 1.91± 
0.02 

1.96± 
0.02 

1.96± 
0.02 

1.68± 
0.02 

1.78± 
0.03 

1.78± 
0.03 

1.63± 
0.02 

1.77± 
0.01 

1.73± 
0.01 

1.59± 
0.01 

1.71± 
0.01 

1.66± 
0.01 

10 ms 1.73± 
0.02 

1.82± 
0.02 

1.82± 
0.01 

1.53± 
0.05 

1.63± 
0.04 

1.63± 
0.02 

1.45± 
0.02 

1.61± 
0.02 

1.59± 
0.02 

1.48± 
0.03 

1.61± 
0.04 

1.51± 
0.02 

20 ms 1.52± 
0.02 

1.65± 
0.06 

1.63± 
0.02 

1.34± 
0.07 

1.47± 
0.07 

1.56± 
0.05 

1.32± 
0.09 

1.51± 
0.07 

1.43± 
0.04 

1.42± 
0.02 

1.61± 
0.07 

1.42± 
0.06 

30 ms 1.46± 
0.06 

1.52± 
0.07 

1.62± 
0.11 

1.32± 
0.15 

1.38± 
0.15 

1.40± 
0.10 

1.34± 
0.05 

1.46± 
0.10 

1.36± 
0.04 

1.45± 
0.09 

1.61± 
0.08 

1.36± 
0.10 

 

  

At short diffusion times (3.5 ms), the propagators of all sponges show hindered motion 

influenced by pore walls resulting in narrower peaks compared to the propagator 

measured for free gas. Even at this rather short diffusion time the sponges with higher 

pore density are already considerably affected by the interaction with pore walls. Only 

the 10 ppi sponge shows less hindrance and thus smaller differences to the data from 

free gas. This remaining difference can also be recognized by comparing the baselines 

of the displacement functions of free gas and the 10 ppi sample. The displacement 
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function of free gas reaches the baseline at ~1.5 mm at 3.5 ms diffusion time (Fig. 2.3a), 

while the gas propagator of the 10 ppi sample reaches the baseline at ~1.2 mm. These 

findings are consistent with the different values of the windows diameter of the samples 

(cf., Table 2.1), which is 3.3 mm for the 10 ppi sample, explaining the observed 

differences from the propagator of free gas. The smaller window size of pores in the 20, 

30 and 40 ppi samples hinders the gas more than in the 10 ppi sponge, resulting in 

narrower propagators and smaller diffusion coefficients (cf., Table 2.2). Although, at a 

first glance, the gas propagator of samples possessing higher pore density values (20, 

30 and 40 ppi) seem to be almost identical, some differences appear in the determined 

FWHM values of their displacement functions. In addition, at diffusion time of 5 ms to 

10 ms, the gas molecules in the 10 ppi sample show broader displacement compared 

with the other sponges (20-40 ppi) (cf., Fig. 2.3b and Fig. 2.3c). 

 

         
       

 
 

 

 

 

 

a) 
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Figure 2.3. Gas displacement function for irregular monolithic structures at (a) ) = 3.5 

ms, (b) ) = 5 ms and (c) ) = 10 ms. Average values of diffusion coefficients are added 

to the figures for comparison. 

  

As shown in Table 2.2, the diffusion coefficient is decreased for the samples of higher 

pore density at each observation time. Thus, the highest and lowest diffusion 

b) 

c) 
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coefficients belong to the 10 ppi and the 40 ppi samples, respectively. As an example 

for the trend of diffusion coefficient versus diffusion time, Fig. 2.4 shows the diffusion 

coefficients measured in '-direction. For all sponges, the observed effective diffusion 

coefficient decreases steadily with increasing diffusion time converging to different "= 

values. Already at a short observation time (3.5 ms), the gas propagators are affected by 

the macroscopic morphology of the sponges. As expected, the diffusion process is more 

influenced in the samples with smaller pore sizes, not only in	'-direction (cf., Fig. 2.4), 

but in all directions (cf., Table 2.2, ) = 20-30 ms). For longer diffusion times, the effect 

of different mean pore density of the sponges increases with increasing diffusion time. 

Consequently, the diffusion coefficients decrease with longer observation times (cf., 

Fig. 2.4). At diffusion times of ) = 20-30 ms, the time dependence of the diffusion 

coefficients starts to reach a plateau. This behavior can be regarded as a consequence of 

both the long interconnected network of pores and the related tortuosity [1]. 

 

 

Figure 2.4.  Plot of the effective diffusion coefficient in '-direction in ceramic 

sponges versus diffusion time. 
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It should be emphasized that each individual sample has its inherent geometrical 

properties and tortuosity. These inherent properties in the geometry result from the 

fabrication process and sintering of the ceramics green body, which may cause some 

deviations in the diffusion coefficient for different samples and along different 

directions. In addition, the measurement error increases with increasing diffusion time 

due to reduced SNR. 

The determined diffusion coefficients of the 20 and 30 ppi samples have similar values 

at each observation time. This can be due to rather similar strut diameter of these 

structures, where the strut diameter of the 20 ppi sample (1.11 mm) is in close proximity 

to the strut diameter of the 30 ppi (1.22 mm) sponges (see Table 2.1).  

The spatially resolved diffusion measurements reveal information about the structure of 

the ceramic sponges. The method has the flexibility of characterizing an arbitrary voxel 

element of the sample. Thus, in the future more systematic diffusion studies on a sample 

can be done (i.e., center versus the edges of the sample). Another advantage of the 

method is that it is a non-destructive approach using a thermally polarized gas as probing 

material.  Therefore, the characterized structure remains unchanged, which facilitates 

the analysis of the sample by measurements after certain operating times. Based on this, 

the alteration of the sample can be quantified before and after the operation.  Another 

interesting application of the current method are measurements on hierarchically 

supported catalysts, where the spatially resolved approach of the technique may extract 

important information from these structures. Furthermore, using a gas as probing 

material with its inherently large diffusion lengths, as done in the presented 

measurements, allows diffusion studies and the determination of the apparent tortuosity 

of samples with rather large pores (mm range). Such measurements are not possible with 

liquids because of the limited diffusion lengths (µm range). 

 

2.4.3. Tortuosity 

The tortuosity τ describes the order of hindrance in the sponges as a path-length factor 

[1,36]. Previously, some values were reported for the tortuosity of 45 ppi sponges in a 

range between 1.4 to 1.6 using computational fluid dynamic (CFD) [38]. Another study 
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on solid metal sponges using a numerical approach has estimated the tortuosity for the 

sponges in a range from 1.179 to 1.208. In their study, no clear effect of pore size on 

tortuosity was found [39]. Although usually a constant value is reported for the long 

diffusion time limit, an apparent tortuosity can also be defined dependent on the 

observation time.  This approach facilitates observing the transition from free diffusion 

to hindered diffusion caused by interaction of the gas molecules with the pore walls.  

This transition is of great interest for characterizing solid-gas systems, in which both 

diffusion and flow determine the displacement function. 

As the diffusion process in the sponges is influenced by the local heterogeneity and pore 

distribution, we measured the apparent tortuosity at each diffusion time. The measured 

values show the effect of macroscopic structure on the transport phenomena in the 

sponges (cf., Table 2.3). An average diffusion ""## coefficient was calculated for each 

sponge according to the reported values for three spatial directions in Table 2.2. The 

diffusion coefficient of free gas was also measured at each observation time ), and the 

apparent tortuosity was calculated by 
,'
,)**

. However, the spatially resolved approach of 

the current method allows the investigation of local apparent tortuosity to extract more 

information about the topology of the volume of interest. Furthermore, the apparent 

tortuosity can be measured along different directions of the sponges based on the 

obtained diffusion coefficients (cf., Table 2.2) in order to show the effect of the 

macroscopic structure of the samples on the apparent tortuosity in an arbitrary direction. 

 

 

Table 2.3. Apparent tortuosity for the sponge structures determined at various 

observation times. 

 G = 5 ms G = 10 ms G = 20 ms G = 30 ms 
τ 10 ppi 1.16 1.21 1.40 1.50 
τ 20 ppi 1.27 1.32 1.50 1.65 
τ 30 ppi 1.30 1.36 1.55 1.64 
τ 40 ppi 1.35 1.39 1.52 1.56 
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2.4.4. Analysis of coated structures  

An investigation of coated and uncoated honeycomb and sponge samples was conducted 

to show the differences between the propagators of both structures. The gas propagators 

of the raw and coated honeycomb structures are depicted Fig. 2.5 for comparison. The 

diffusion time was ) = 10 ms for both samples. Measurements show a remarkable 

difference between the obtained gas diffusion coefficients along the transversal 

directions. Diffusion coefficients show a reduction by 37-40% in the coated sample 

along the transversal direction compared to the raw honeycomb. In addition, the 

comparison between the baseline values of the propagators in radial direction shows 

~500 μm gas displacement difference between the coated and uncoated samples. The 

narrower peak at zero shows a bigger fraction of trapped methane molecules in the 

coated honeycomb along each direction (cf., Fig. 2.5). In (-direction, the difference 

between the gas propagators for coated and uncoated honeycomb is smaller, but the 

diffusion coefficient is reduced by ~10 % in the coated sample. 

 

 

Figure 2.5. Displacement function of methane gas in coated and uncoated honeycomb 

monoliths at ) = 10 ms. 
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The same approach was applied to the coated and uncoated 20 ppi sponge samples using 

) = 5 ms and ) = 10 ms. A significant difference between the displacement functions 

of the probing gas in coated and uncoated samples can be observed. The gas propagator 

shows a transition from a Gaussian to a non-Gaussian displacement function as a result 

of the increased reflections of the gas on the pore surface. As expected, a lower SNR 

was obtained for longer diffusion time due to !$ relaxation losses and shortened 

transversal relaxation times !! and !!∗ in the nickel oxide-alumina coated sample (cf., 

Fig. 2.6b). 

        
 

  

       
 
 
 
 
      

a) 
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Figure 2.6. Propagators of methane in coated 20 ppi sponge and uncoated 20 ppi at  

(a) ) = 5 ms and (b) ) = 10 ms. 

 

At extended diffusion observation times (Fig. 2.6b) the reduced diffusion coefficients 

reflect more hindrance than at ) = 5 ms. For the coated structure, the baseline of the gas 

propagator, which shows the maximum distance that molecules can travel within the 

time ), is reached at around 1500 μm in in comparison with 2000 μm for the uncoated 

structure. 

 

2.5.  Conclusion 
A spatially resolved PFG-STE sequence was successfully applied to monolithic catalyst 

supports to obtain the displacement function of thermally polarized gas. The diffusion 

coefficients of gas and the apparent tortuosity of the porous sponges were investigated 

based on the molecular interaction of gas molecules with the pore walls in an arbitrary 

volume element of the porous samples for a broad range of diffusion times. While 

tortuosity is typically understood as a property of pores being tortuous, the apparent 

tortuosity serves here as a description of the influence the wall interaction has on the 

particles’ diffusion for a given observation time. The method allowed diffusion studies 

b) 
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of methane gas by measuring propagators to characterize the porous samples. The 

analysis of the gas propagator revealed the effect of the structure on the mean 

displacement of gas molecules and the diffusion coefficients. The comparative study of 

coated samples with raw catalyst supports proved the potential of the method by 

showing even minor changes in displacement functions after adding a thin layer of 

washcoat on catalyst supports, both in regular or irregular monolithic samples.    
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Chapter 3 

Dispersion* 
 

Abstract: A micro-scale analysis of mass transport in ceramic foams that are used as 

catalyst supports in gas phase reactions is of high interest. Although the effects of flow 

rate and foam parameters on the radial and axial dispersion are known for liquid flows, 

no pore-scale experimental analysis has been yet reported to correlate the mechanical 

and diffusional 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 different 

morphologies shows the effect of open porosity, window size, and flow rate on gas 

dispersion. Additionally, the influence of mechanical and diffusional dispersion at each 

flow rate is investigated for individual samples. By observing the transition from 

diffusional dispersion to mechanically driven dispersion of gas, it is found that 

diffusional 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. 

Keywords: dispersion coefficient, axial and radial dispersion, NMR, foam catalyst 
support, gas. 
 
* The content of this chapter has already been published: Mirdrikvand, M., Sadeghi, M., Karim, M.N., 
Thöming, J. and Dreher, W., 2020. Pore-scale analysis of axial and radial dispersion coefficients of gas 
flow in macroporous foam monoliths using NMR-based displacement measurements. Chemical 
Engineering Journal, 388, p.124234. 
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3.1. Introduction 
Open-cell foams have been increasingly considered in process engineering 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 

specific 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 convection-diffusion equation (Eq. 3.1) in cylindrical 

coordinates (!,j, #), where $∥  and $"  are the axial and radial dispersion coefficient, 

respectively. 

 
#$

#%
= $∥

#!$
#&!

− '( #$
#&
+ $"(

#!$
#'!

+ (

'

#$

#'
).                                                                             (3.1) 

 

The equation remains valid as long as mass transport occurs in path lengths greater than 

the characteristic pore size. In Eq. 3.1, , stands for concentration, and '( for average 

velocity [9–11]. Thus, the dispersion of gas in foams in both radial and axial direction 

is characterized by the dispersion coefficient ($)*+, ) and can be associated with 

contributions of diffusional and mechanical dispersion [12]. If an analytical method 

allows to measure dispersion coefficients in the validity range of Eq. 3.1, the results can 

be used in numerical solutions based on Eq. 3.1. 

Although the effect 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. 
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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 implemented to measure radial dispersion 

coefficients using various tracers [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 different 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 residence 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 verified values for low Peclet numbers -. , lower accuracy and scarce 

experimental data yielded for higher flow rates a correlation between the velocity, and 

the characteristic pore diameter with ±40% accuracy. In addition, no clear effect 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 effect of geometry on 

dispersion mechanisms was described to better understand the mechanisms of mass 

transport in foams for a single /. number. Streamline displacement was extracted to 

compute mechanical dispersion coefficients after post-processing of the full field 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 effect of 
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/. numbers in Darcy and Darcy-Forchheimer regime on the dispersion to the foam 

morphology with a higher certainty compared to the traditional measurement methods. 

Nuclear Magnetic Resonance (NMR) offers a variety of approaches in order to measure 

diffusion, 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, 

respectively. 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 specific dispersion models are 

used in the field 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 field gradient (PFG) sequences have already been used to map flow 

displacement, diffusion, and dispersion in porous media [26–28]. Since Seymour and 

Callaghan presented general approaches for flow dispersion measurement [29], several 

studies have been conducted 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 polarized 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 measurement techniques commonly used in the field of chemical 

engineering; thus, avoiding a disturbance in flow and making the measurement 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 insights 

into the combined effects of diffusion and flow (with different flow rates) on the 
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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 -. numbers for foams with different 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. 

3.2. Theory and Method 
The resolution of PFG NMR displacement measurements (in micrometer 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 catalysts 

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 dispersion 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 0-  in gases. Therefore, optimized PFG 

sequences are essential to minimize SNR losses to provide precise information on 

diffusion and flow in foams in μm range. 

In this study a volume selective stimulated echo (STE) pulse sequence [32] was 

employed to measure displacement of gas in a desired volume element (Voxel) with 

arbitrary orientation. Fig. 3.1 displays the applied PFG-STE sequence. Asymmetric RF 

pulses were used to reduce the minimum echo time 01 and consequently signal losses 

by 0- relaxation [33]. Diffusion sensitizing gradients (columns with horizontal dashed 

lines in Fig. 3.1) in axial and radial direction are used between the first and the second 

90° RF pulse as well as between the third RF pulse and the beginning of data acquisition. 
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Rephasing or dephasing gradients were applied immediately after or prior to the slice 

selection gradients (cf. Fig. 3.1) to reduce diffusion weighting effects during slice 

selection. In addition, spoiler gradients were applied during the mixing time (0.) and a 

two-step phase cycle was used for the first 90° pulse to suppress unwanted signal 

contributions. A detailed description of the optimized pulse sequence was given in a 

previous study on diffusiometry of methane gas in foams [31]. The basic principles of 

measuring translational displacement probabilities by NMR are described in previous 

studies [34–36]. For most measurements, a VOI of 12×12×12 mm3 was chosen to 

measure gas dispersion in a representative volume of the sample, including the sample 

center, where the flow mixes in the interconnected network of the foam’s pores (cf. Fig. 

3.2). Additionally, another VOI size of 16×16×16 mm3 was used to evaluate to what 

extent the voxel size affects the estimated radial and axial dispersion coefficients. 

 

 
Figure 3.1. 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 0.. are used to eliminate signals other than the stimulated echo. 
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Figure 3.2. 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. 

  

In case of unrestricted Gaussian diffusion, the diffusion coefficient or, more generally, 

the dispersion coefficient can be obtained from at least two measurements performed 

with different diffusion weighting described by the so-called b-value 2 = 3- · 5- ·

6)- 78 −
/

0
9 , where 6)  is the amplitude of the two identical diffusion weighting 

gradients, 5 is the duration of the diffusion sensitizing gradients, and 8 − 5/3 is the 

observation time. However, in this study the observation time can be approximated by 

8 because  /
0
≪ 8 (cf. section 3.3.2). The amplitude of the measured STE signal is given 

as a function of the dispersion coefficient $ by 

 

 = = =1 · .
"#$
#! · .

"#%
#& · .23·5                                                                                                           (3.2)  
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=1 is the signal amplitude if relaxation losses and diffusion weighting are negligible. 

Relaxation losses during the echo time 01 are determined by the transverse relaxation 

time 0-, while during the mixing time 0. the relaxation related signal decay depends on 

the longitudinal relaxation time 0( (cf., Fig. 3.1).  

By incrementing the q-value defined in Eq. 3.3, the echo signal may be written as a 

function of > and the displacement probability - [23,34,36] for the time interval 8. 

 

> = 3 · 5 · 6)                                                                                                             (3.3)    

                           

=(>) = ∫@(!1) ∫-(!1|!, Δ) .*6('2'') C!C!1                                                                             (3.4) 

 

Note that in all measurements 5	 ≪ 	8 should be satisfied.   

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 >. 

Thus, the probability that spins have been displaced by the path length (! − !1) during 

the observation time 8 can be calculated. Some characteristic values can be used for the 

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

(FWHM) 8n(/-  is a characteristic that describes how wide the displacement is. The 

maximum displacement length ( 8E:;< ) can be calculated from the tails of the 

displacement probability, where the function approaches the x-axis. 8E:;< indicates the 

maximal displacement 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 different flow rates. 

Dispersion coefficient: In case of a Gaussian distribution, the dispersion coefficient $ 

can be calculated in two ways. Using the probability density for 1-dimensional Gaussian 

diffusion [37] the dispersion coefficient can be estimated by using its dependence on 

8n(/-: 
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$ = (8n(/-)-/(16	log	(2)(8 − 5/3)),                          (3.5)

            

or $ can be calculated by fitting the measured data to Eq. 3.2. If a log-linear fit of the 

initial time-domain signal or the peak area in the frequency domain versus b-values is 

used, data measured at large b-values should be excluded because deviations from the 

expected log-linear fit 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 2 · $ ≪ 1 as proposed by Seymour and Callaghan 

[23]. Alternatively, as mentioned before, the FWHM value of the probability distribution 

can be used to estimate $. 

 

3.3. Materials and methods 
3.3.1. 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 geometrical characteristics of the samples 

were obtained by μ-CT imaging (see Table 3.1, Fig. 3.3). The size of window diameter, 

pore density, strut diameter, and open porosity of the samples are given in Table 3.1. 

The samples were inserted tightly into the model reactor to prevent unwanted 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.  
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Figure 3.3. Characteristics of foam in a typical μ-CT image: window diameter (C=), 

strut diameter (C+), and dead-end pores. 

 

3.3.1.1. Ceramic foam morphology 

Different 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, specific 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 defined as mean diameter of 

spheres of equivalent volume. Finally, the strut diameter and the specific surface area of 

the foams were calculated from μ-CT data using the proposed unit cell model by Inayat 

et al. [38].  
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Table 3.1. Characteristics of foams (a: μ-CT, b: tetrakaidecahedral unit cell model).  

Sample / Pore 
density 
(ppi) 

Open 
porosity a 

(L) 

Pore 
diameter a 

(M>) 
(mm) 

Window 
diameter a 

(M?) 
(mm) 

Strut 
diameter b 

(M@) 
(mm) 

Specific surface 
area a 
(NA)  

(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 1105.80 a, (866.00)b 
 

3.3.2. Flow characteristics 

Various flow rates ranging from 0.10 to 2.25 L·min-1 (inlet superficial velocity: 3.39-

76.39 mm·s-1) were applied to investigate gas dispersion in axial and radial direction. 

The flow regime can be described with dimensionless numbers. The calculation of the 

Reynolds number /. and /.,, is based on Eq. 3.6 using u for the intrinsic velocity of 

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

mean pore diameter CB of each foam. The Peclet number -. is defined by Eq. 3.7 with 

$CDD being the effective diffusion constant of methane in the absence of flow.  

 
 /.(,) =

E()*+	·	)(.)
G

                                                                                                                          (3.6) 

 
-. = E()*+	·	)

5011
                                                                                                                                   (3.7) 

 
The calculated pore Reynolds number (/.,) values are in a range of 0.48 to 24.51. The 

applied flow rates correspond to Reynold numbers (/.) based on the reactor diameter 

ranging from 5 to 114 and -. 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].  
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3.3.3. 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-1 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 

implementing the pulse sequence and performing the PFG NMR measurements.  

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 

0/: 25 ms, echo time TE: 0.5 ms, flip angle: 45°, two averages, Field-of-View (OPQ): 

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 temperature, and 

atmospheric pressure, a 0( value of 20-25 ms is expected [42]. Thus, saturation effects 

were avoided by using a repetition time of 250 ms. 

Measurements were performed with a 01 of 2.6 ms, 5 of 0.25 ms, and 8 of 10 ms. 

Additionally, in some measurements a 8 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 # corresponds to the axial direction and R 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 apodization and 1D Fourier transformation along the 

time domain, followed by peak integration and 1D Fourier transformation along variable 

>. 

In order to estimate dispersion coefficients, several processing steps were performed. 

The baseline of the Fourier transformed spectra was corrected using a fifth-order 
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function. Then, zero-order phase correction 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. 

 

3.4. 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 effect of 

flow rate, window size, strut diameter, open porosity, and VOI on gas displacement is 

evaluated. 

 

3.4.1. Axial dispersion 

3.4.1.1. Flow rate effect 

In Fig. 3.4, 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 8E:;< values show that in each sample the flow 

reaches the long displacement regime at higher flow rates [9]. Therefore, the dispersion 

coefficients, which have been obtained in the current analysis by measurements as 

described below, are suitable to be used in the convection diffusion equation (Eq. 3.1) 

in numerical simulations. 

As can be seen in Fig. 3.4, 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 propagators slightly move toward the flow direction as flow increases from 

0.1-0.5 L·min-1. In this range (0.1 to 0.5 L·min-1) the 8E:;< 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 affects the mixing 
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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 8E:;<  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 0( relaxation time of methane severely affects the 

SNR, which thus limits the observation time, measurements performed at 8	= 20 ms 

show a tendency of forming Gaussian displacement functions (c.f. Appendix Fig. S1). 

For all measured flow rates, the 8E:;< of gas molecules increases with decreasing pore 

density (8E.HI((1	,,*) > 8E:;<(-1	BBJ) > 8E:;<(K1	BBJ)), reflecting the different window 

size of samples obtained in μ-CT measurements ( CL((1	BBJ)M	0.-	::   > 

CL(-1	BBJ)	M	-.K	::  > CL(K1	BBJ)	M(.O	::). 
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Figure 3.4. Displacement probability at different flow rates for (a) 10 ppi, (b) 20 ppi, 

and (c) 40 ppi samples.  
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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. 3.5). 

With increasing flow rate, FWHM increases non-linearly. The FWHM value allows to 

estimate the ‘apparent dispersion coefficient’ at the measured observation time using 

Eq. 3.5 derived from a Gaussian distribution. Of course, using	$H,,, i.e., a single scalar 

parameter, simplifies the characterization of a complex, asymmetric displacement 

function. However, $H,,  can be used in the numerical solution of the convection-

diffusion equation (Eq. 3.1). In the next subsection (3.4.1.2) we use $H,, to compare 

the dispersion process of gas for different foam samples, and a detailed description of 

the calculated axial dispersion coefficients is given in Section 3.4.1.3. 

 

 
Figure 3.5. FWHM of gas propagators at different flow rates in foams. The dashed 

lines show an exponential fit to the data obtained for each sample. 

  

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, diffusion and advection. The accuracy obtained in NMR measurements 
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enables us to distinguish differences between dispersion mechanisms at different flow 

rates. The gradual increase in flow rate of foams (c.f., Fig. 3.4) helps to better distinguish 

the effects of diffusion and advection components on the displacement functions. 

Although the mean displacement path of gas generally increases when the flow rate 

increases, at very low flow rates ranging between 0.1 to 0.5 L·min-1 (for all samples) no 

significant mechanically driven dispersion was observed. This finding can be better 

discussed when the apparent dispersion coefficients $H,,  measured with flow are 

compared to effective diffusion coefficient $PQQ  of methane measured without flow, 

which we measured in the same foams without flow obtaining $PQQ for 10, 20, and 40 

ppi samples as follows [31]: $PQQ((1	,,*) = (1.73± 0.02)×10-5 m2·s-1, $PQQ(-1	,,*) = (1.53 

± 0.05)×10-5 m2·s-1, and $PQQ(K1	,,*) = (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. 3.5 and Table 3.2), while for flow rates > 0.75        

L·min-1 a remarkable increase in apparent dispersion coefficient of 20 and 10 ppi 

samples can be observed (c.f., Table 3.2). This trend occurs for 40 ppi foam at flow 

rates > 1.25 L·min-1. Note that the minor differences between the measured $H,, for 

low flow rates and $PQQ  determined in the previous study might be due to small 

variations between the samples from the same production line. For all samples, $H,, 

becomes larger than $PQQ for flow rates > 0.5 L·min-1. This suggests that the diffusional 

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 affected by the mechanically 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 (/., < 1) to the Darcy-Forchheimer 

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

L·min-1. This observation underpins the reliability of the measurements 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 
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observed. This can predominantly be caused by diffusion and in part, at least for higher 

flow rates, by back mixing. 

3.4.1.3. Axial dispersion coefficient (S∥) 

The axial dispersion coefficients were determined by two methods. First, based on the 

obtained FWHM of the propagators (Eq. 3.5) and second, from the slope of log-linear 

fit of the peak area versus 2., i.e., signal attenuation (Eq. 3.2) versus the applied b-value 

in each >  step (Fig. 3.6). The linear part of the attenuation indicates Gaussian 

displacement, typically found as long as  2	 · 	$	 << 	1 [23]. For the latter method, the 

frequency domain data was phase and baseline corrected to suppress flow effects on the 

methane spectra in all measurements (cf. section 3.3.3). 

 Inspection of the signal attenuation in a 20 ppi sample in Fig. 3.5 shows steady increase 

in dispersion as a consequence of increased flow rate. The dispersion coefficients 

measured from FWHM of gas propagators were chosen based on two reasons. First, 

only the lowest four or five > values fulfill 2	 · 	$	 < 	1 and could be used for the log-

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

in this low b-values range (c.f., Fig. 3.6). The determined axial dispersion coefficients 

can be compared with the effective diffusion coefficients reported in the previous 

publication [31]. As expected, the dispersion coefficients increase with increasing flow 

rate. The highest and the lowest $∥ always belong to 10 and 40 ppi samples at identical 

flow rates, respectively.  
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Figure 3.6. Natural logarithm of the signal (peak area) as a function of b-value for the 

20 ppi foam. 

 

Table 3.2. Axial dispersion coefficient ($∥×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 

 

3.4.1.4. Foam geometry and S∥ 

The dispersion coefficient can be correlated to the geometry of each foam as a function 

of the flow rate or velocity (c.f., Fig. 3.4). Montillet et al. proposed a linear correlation 

between superficial 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-

dependent Reynolds number using a power function, $∥ = U · /.,R , for fitting data 

measured for different pore sizes. $∥/$.  is illustrated for different flow rates as a 
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function of /. being the usual scale for industrial approaches (Fig. 3.7). In addition, the 

ratio between $∥ and self-diffusion of free methane gas $.  = 2.24×10-5 m2·s-1 is plotted 

[31] against -. in the Appendix in Fig. S2. The Peclet number describes the ratio of 

mechanically driven flow to the rate of diffusion. An exponential function (Eq. 3.8) is 

used to relate the /. or volumetric flow rate to the axial dispersion coefficient in the 

Darcy-Forchheimer regime as it gave a higher /-  value compared to other tested 

functions.  

 

$∥ = α ∙ .S·TP 	                                                                                                                                (3.8) 

 

The values for X are detailed in Table 3.3 for 10, 20, and 40 ppi samples (/- > 0.97). 

For all fitted functions ^ was equal to 0.01. The proposed correlation shows a high 

precision for fitting $∥	in the Darcy-Forchheimer regime, where the flow rate ranges 

between 0.5 and 2.25 L·min-1, corresponding to /.B values between 2.40 and 24.80 for 

the samples analyzed. 

 

Table 3.3. Fitting constants for $∥	versus /. using Eq. 3.7. 

Sample _ (mm2·s-1) 

10 ppi 1.36 

20 ppi 1.11 
40 ppi 0.86 

   
 
The obtained results enabled a precise correlation between axial dispersion coefficient 

and /. within the measured flow in the Darcy-Forchheimer regime. The exponential 

fitting was chosen since it gave the best fitted curve (higher /- 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 fitting is merely 

achieved based on empirical data, without theoretical background.  We do not claim that 

the exponential fit is suitable for extrapolation to higher flow rates of gas in foams. 
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Figure 3.7. Normalized axial dispersion coefficient as a function of /.	number 

determined for the three foam types. The superimposed curves are exponential fits to 

the data. 

 

3.4.1.5. 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 first parameter primarily 

regulates the mixing length of dispersive 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 effect cannot be fully decoupled and evaluated separately. Minor 

alteration in the morphology of foams may affect dispersion in both axial and radial 

directions. Accordingly, we analyzed the effect of window size and porosity on axial 

dispersion at different /.	numbers. The window size effect on axial dispersion is 

compared in Fig. 3.8 for two /. numbers. For /.~25 (/.,= 2.41-5.44), corresponding 

to flow rate of 0.5 L·min-1, the dispersion is still dominated by diffusion (c.f., Fig. 3.8a). 

For /.~76 (/.,= 7.24-16.34) using a flow rate of 1.5 L·min-1, the dispersion is more 
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affected by advection (c.f., Fig. 3.8b). Fig. 3.8 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 molecules is connected to 

the windows size in foams considering that the peak of the displacement curves (c.f., 

Fig. 3.8b, 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 (`	= 0.79) 

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

in dispersion of gas in the interconnected network of the foams as the tortuosity (t =
"! ""### ) of the foam samples was measured (t(1	,,* < t-1	,,* < tK1	,,*) for methane 

gas [31]. This shows that dispersion is affected by pore distribution and local 

heterogeneity of foams [47]. Furthermore, the comparison of the maximum 

displacement (8E.HI((1	,,*) > 8E.HI(-1	,,*) > 8E:;<(K1	BBJ)) is in agreement with the 

properties of foams reported in Table 3.1. This trend remains consistent at different flow 

rates. On the other hand, the possibility of backflow and reflection of gas molecules in 

the reverse direction of flow is connected to the pore density of samples at a certain flow 

rate. This can be elucidated by comparing the probability of negative displacement in 

Fig. 3.8b.  

It is worth mentioning that in Fig. 3.8b, which shows data measured at higher /., 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 $∥ 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 direction of the gas flow. This finding is 

in remarkable agreement with a numerical μ-CT based simulation performed to obtain 

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

[48]. 
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Figure 3.8. Gas propagator of methane measured in samples with different 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 different values for free gas 

in a and b reflect the experimental error. 
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3.4.2. Radial dispersion 

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

radial dispersion coefficients are calculated. Finally, the effect 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 confirm 

that there is no net flow in the radial direction. However, the propagators slightly 

broaden with increasing flow rate, but maintain their Gaussian shape (/-	> 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 3.1. 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 3.4. 

Additionally, Fig. S4 of the appendix shows a plot of $" 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 3.4). 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 ($"((1	,,*) > $"(-1	,,*) >

$"(K1	,,*) ). Although no mathematical correlation between /. and $"	can be drawn, a 

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

rate increases the radial dispersion. However, the increase in $" is not pronounced as 

compared to	$∥. 
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Table 3.4. Radial dispersion coefficient ($"×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 

 

3.5. 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. 3.2b). To show that the results are representative of the 

averaged behavior of gas in the foams, some experiments were performed with different 

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 effects on the radial dispersion is crucial since it shows that 

the chosen VOI for the measurement is not affected 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 

comparison can be found in the Appendix (Fig. S5). Both propagators show a stagnant 

peak at zero in radial direction. Minor differences in the baseline of the propagators lead 

to minor increase of $". This increase in $" can be explained by small contributions of 

the bypass flow between 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 effects on radial dispersion, a larger VOI, which covers the 

entire radius of foam in a- and R-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 effect of wall interactions and flow 

bypass in these measurements. These measurements confirm that the chosen standard 
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VOI is suitable for radial dispersion measurements in foams, not including the wall 

interactions. 

 
3.6. Conclusion 
An optimized PFG-STE NMR sequence was applied in order to determine 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 different flow rates. The analysis 

allowed investigating the effect 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 coefficients are larger than the effective diffusion coefficients of methane in 

the foam structures. Both axial and radial apparent dispersion coefficients increase with 

window size.  

It was shown that the NMR-based measurement technique is a reliable method for a 

quantitative determination of dispersion measurements. 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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Appendix 1:  

 
Figure S1. Gas propagator measured at an observation time of 20 ms and a flow rate 

of 1.5 L· min-1. 
 
Appendix 2: 

 
Figure S2. Normalized axial dispersion coefficient as a function of -.	number 

determined for the three foam types. The superimposed curves are polynomial fits to 
all data points. 
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Appendix 3: 

Figure S3. Displacement curves in radial direction at different flow rates for (a) 10 

ppi, (b) 20 ppi, and (c) 40 ppi sample. 
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Appendix 4:

 
Figure S4. Dispersion coefficient in radial direction for all foam samples. 

 

Appendix 5: 

 
Figure S5. Effect of VOI size on radial dispersion. 
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Chapter 4 

Flow* 
 

 

Abstract: NMR velocimetry allows spatially resolved and non-invasive studies of mass 

transport in opaque monoliths. The velocity field of thermally polarized methane gas 

was measured in the regular and irregular monoliths using NMR velocimetry (MRV). 

Furthermore, gas velocity was investigated to characterize the gas flow in commercial 

20 ppi open-cell foams, although not shown in the present chapter. The results of the 

MRV analysis were compared to computed microtomography-based Computational 

Fluid Dynamics (CFD) simulations for methane flow in identical monoliths. The study 

also gives a clear comparison between MRV and CFD velocity fields at the entrance, 

throughout, and exit regions of honeycomb catalyst carriers. 

Keywords: flow measurement; gas; NMR; CFD; velocity; diffusion 
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4.1. Introduction 
There is growing interest in using regularly and irregularly structured monoliths as 

catalyst support or exhaust filters in chemical and automotive industries. The regular 

monoliths are often exposed to the high throughput of gas in case of exhaust filters or 

to moderate gas flow rates in case of catalyst supports in heterogeneously catalyzed 

reactions [1–4]. A majority of heterogeneously catalyzed reactions such as methanation 

or hydrogenation of alkenes occur in the gas phase and over monolithic catalysts such 

as open-cell foams and honeycomb structures. Thus, accurate analysis of the gas-solid 

phase helps to understand the mass transport mechanism of gases throughout the 

monolithic supports in gaseous reactions. The accurate analysis of mass transport also 

helps to reassess the theoretical assumptions that generally describe the structured 

monoliths as an ideal network of square channels. Gulijk et al. [5] illustrated that mass 

transport of gas is severely affected by minor geometrical alteration of monolith 

channels. For instance, the channel wall thickness, cracks, skewed, and defected walls 

cause deviation from an ideal distribution of gas in a honeycomb monolith.  

The potential capability of Nuclear Magnetic Resonance (NMR) for the investigation of 

mass transport of gas in opaque systems has turned NMR into a powerful technique in 

engineering communities [6–10]. The reason for this interest is the possibility of  non-

invasive analysis of the gas hydrodynamics, i.e., velocity and diffusion, or even 

temperature and concentration for an operating system under the same experimental 

conditions. Newling [11] reviewed the efforts taken to measure gas flow by Magnetic 

Resonance Velocimetry (MRV). Since then, excellent studies have been published on 

mass transport of gas, particularly for monolithic structures [12–15]. Magnetic 

Resonance Imaging (MRI) of thermally polarized gases has always been a challenging 

issue because of the low Signal-to-Noise ratio (SNR) caused by low density, fast 

diffusivity, and short NMR relaxation times [6]. As solutions, hyperpolarization 

techniques [10] or the usage of SF6 as an alternative and NMR friendly gas has been 

considered to perform a similar but not identical conditions in exhaust filters. SF6 is 

favorable due to its high MRI signal compared to other thermally polarized gases 

[10,16–18]. For instance, Ramskill et al. [17] have used SF6 to investigate velocity fields 
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in exhaust filters. More recently, Cooper et. al. succeeded in obtaining images of 

velocity fields and turbulent diffusivity of SF6 gas in wall-flow channels by applying 

compressed sensing imaging [19]. However, the vital aspect of measuring thermally 

polarized gases is the possibility of investigating directly technically relevant gases, 

such as methane gas for methanation reaction. Thus, realistic information on diffusivity 

and flow of the gas in monoliths can be obtained. Despite the difficulties in MRI of 

thermally polarized gases, there is still free room to improve SNR obtained in MRI of 

gases. Recently, a straightforward technique for full field analysis of thermally polarized 

gases in porous media was proposed [20]. The method uses a trade-off between 

excitation angle, echo time ("#), and repetition time ("%) in order to improve SNR of 

MRI images. In the present study, the flow of thermally polarized methane gas is 

measured using this optimized MRV method. Eventually, the full field MRV was 

compared to CFD results performed for the identical monoliths. The CFD and MRV 

velocity fields are compared in three regions to highlight the key differences and 

coordination of both methods. The current measurements can answer the question 

regarding the mal-distribution of gases in regular monoliths. The results of this work 

can be immediately used to improve numerical predictions for gas-solid systems as a 

detailed comparison of MRV and CFD data for identical gas and monoliths reveals 

useful information on gas distribution affected by monoliths. 

 

4.2. Theory and method 
4.2.1.1. MRV sequence 

3D MRI of the gas was conducted using a spin-echo based phase contrast MRV 

sequence. A scheme of the implemented pulse sequence is given in Fig. 4.1. Two phase 

encoding gradients were applied in transversal direction (&, () accompanied by a read 

gradient in the axial direction ()) to obtain the 3D spatial resolution. Three steps were 

taken to optimize velocity measurements of methane gas in the porous structure, 

including "% and excitation flip angle adjustment, choice of "# based on transversal 

relaxation time ("!) and diffusion coefficient *, and finally implementation of RF phase 

cycling. Accordingly, the excitation angle was chosen based on the Ernst angle to 
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increase the SNR [20]. A pair of unipolar velocity encoding gradients were applied prior 

and after the refocusing pulse to determine velocity vectors in the Regions of Interest 

(ROI)s. The velocity encoding gradients also act as crusher gradients to suppress 

unwanted coherence pathways. The velocity encoding gradients were applied in four 

steps according to the Hadamard approach [21,22]. Using a flip angle of 127°, "# of 

3.15 ms, and "% of 50 ms, the total measurement time for measurement was about three 

hours. Field of View (+,-) was set to 96 × 64 × 64 mm3 in a matrix 120 × 80 × 80 

giving a resolution of 0.8 × 0.8 × 0.8 mm3. A velocity encoding range [-VENC, +VENC] 

with -#./ = 300 mm·s-1 was used according to the expected maximal velocity for flow 

rates of 1.5 L·min-1. Flow encoding duration and flow encoding delay were d  = 0.37 

ms and D = 1.69 ms, respectively. The measurements were averaged 8 or 16 times for 

each flow rate to improve SNR. 

 

 

 

Figure 4.1. Implemented single-SE PC MRV pulse sequence for 3D MRV of methane 

in the monoliths (not to scale). For slice-selective 2D imaging, soft RF pulses with 

slice-selection and slice-rephasing gradients in the slice direction are used instead of 

rectangular RF pulses, and phase encoding is only performed in one direction. 
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4.2.1.2. Error estimation in MRV measurements 

MRV precision was referred to as the standard deviation (STD) of velocities in the 

region of honeycomb. Theoretically, it could be estimated by an ideal model given by 

Pelc et al.[22]: 

σ(v) = !	#$%&
'∙)%*                                                                                                                                           (4.1) 

In the present study, an appropriate SNR (~14) with high reproducibility was obtained. 

According to Eq. 4.1 and with opted VENC = 300 mm·s-1, such SNR resulted in a nom-

inal σ of about 14 mm·s-1. The Velocity-to-Noise Ratio (VNR) was nominally deter-

mined as π∙SNR/2 ~23 and was estimated as the ratio of average velocity (-3+,-./0,1 

=100 mm·s-1) and its STD in the central pixel of arbitrarily chosen honeycomb channels 

(5.5 mm·s-1) in the MRV measurements: (-3+,-./0,1/σ23456738) ~18. To analyze the 

reproducibility of the MRV as well as the SNR and VNR, absolute differences between 

three repetitive scans were computed. 

Thus, the mean velocities in &- and (- directions in both honeycomb channels and side-

wall regions that are substantially under such threshold were regarded as negligible, i.e., 

no net transversal flow was found in both regions. However, the mean velocity in )-

direction in the sidewall region was non-negligible compared to such threshold, imply-

ing possible bypass in this region.  

4.2.1.3. CFD model 

CFD simulations were carried out by Mehrdad Sadeghi from the Chemical Process 

Engineering Department at the Center for Environmental Research and Sustainable 

Technology, Faculty 04 (Production Engineering), University of Bremen, to determine 

velocity fields within the utilized structures. For this purpose, the finite volume-based 

commercial CFD software OpenFOAM was chosen to simulate the incompressible flow 

of methane (since Mach number is less than 0.2) in the laminar flow regime. Reynolds 

number %4 of the flow based on vessel diameter was computed (%4 = 56/8 = 74.5), 

where 5 is the average bulk velocity, 6 stands for the diameter of the vessel, and n is the 
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dynamic viscosity of methane. Such a %4 number confirms that no turbulence or 

formation of eddies can occur, neither at entrance nor at terminal regions of the sample 

[4,23]. Monoliths with different morphologies were studied, a 3D-printed honeycomb, 

commercial honeycombs, and open-cell foams with 20 ppi pore density. The 

commercial structures were scanned by µ-CT imaging, and CFD simulations were run 

on the reconstructed structure. The 3D-printed honeycomb with the channel size and 

wall thickness of 2.4 mm and 0.8 mm was firstly designed in CAD software and then 

printed from PLA. For generating the computational network, CfMesh software was 

used, and the mesh with 17.2 and 4.7 million cells was chosen for commercial and 

printed structure, respectively. 

 

4.3. Experimental setup 
A glass made vessel (ID: 25 mm, length: 80 cm) was used for the gas flow 

measurements. The 3D-printed honeycomb had the following properties: made of 

Polylactic acid PLA with an inner channel size of 2.4 mm, a diameter of 25 mm, and a 

length of 40 mm. The honeycomb and foam samples were measured separately. The 

samples were put tightly in the cylindrical glass vessel to prevent bypass flow. Methane 

flow was supplied into the cylindrical vessel through a mass flow controller (FMA-

2618-A, Omega Engineering, Norwalk, CT, USA). Finally, the experimental setup 

illustrated in Fig. 4.2 was inserted into the 7T Bruker superconducting magnet. The 

horizontal 7-Tesla scanner (BioSpec 70/20 USR, Bruker BioSpin MRI, Ettlingen, 

Germany) was equipped with a 114 mm inner bore gradient system (B-GA 12S2) 

enabling a maximum gradient strength of 440 mT·m-1 in each direction (&, (, )). All 

measurements were performed at ambient temperature and a pressure of 1.5 bar. Various 

volumetric flow rates were applied (0.5, 1.0, 1.5, and 2.0 L·min-1) for PFG-STE 

experiments, and a constant flow rate of 1.5 L·min-1 was applied for the MRV 

measurements. 
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Figure 4.2. The experimental setup used for gas flow measurements. 

 

4.4. Result and discussion 
The results are described in two main sections. A channel-wise comparison of the MRV 

measurements and CFD simulations is given for the 3D-printed honeycomb in section 

4.4.1. Afterward, velocity fields are compared at two main regions, upstream and 

downstream flow for the same structures. We skip the obtained results for commercial 

open-cell foams since they have been presented in a manuscript published in the journal 

of Experiments in Fluids. The author of this thesis is the second contributor to this 

manuscript. 

 

4.4.1 Comparison of velocity field in the 3D-printed honeycomb monolith 

Full field comparison of the MRV and CFD data is given here, unlike in some previous 

studies that compared the NMR results with available predictions reported in literature 

data [17,19]. MRV results for the 3D-printed monoliths are illustrated in Fig. 4.3. In 

general, the average velocity computed using CFD for the whole cross-section of the 

ceramic monolith in both methods is in good agreement with their MRV counterparts. 
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However, a general difference in mean velocity can be seen. The difference can be 

elucidated by comparison of the flow velocity between walls, which evidences a slight 

mismatch between simulation and experiments. The mismatch can be explained by two 

points. Firstly, there might be a bypass flow initiated from a non-ideal insertion of the 

sample to minimize the voids between the wall and the monolith. Secondly, diffusion 

related displacement of gas molecules is not included in the numerical solution, unlike 

the obtained results in NMR displacement measurements that support the comparison 

of both data. 

 

 

 
Figure 4.3. The velocity fields obtained from MRV data for 3D-printed monolith in 

axial (top) and radial (bottom) directions.  The magnified regions are added to show 

magnitude of velocity in transversal and axial directions. 
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As expected, in the majority of cases, the velocity vectors lay in positive and straight, 

i.e., axial direction. The vectors obtained in CFD data are entirely straight and no drift 

or wave or zigzag motion can be observed in the channels (c.f., Fig. 4.4a). The reason 

for the smooth flow in the simulation can be related to the median filter applied for the 

reconstruction of µ-CT images which can ease the generation of the computational 

network. The filter smoothed the surface roughness and resulted in a ideal geometry at 

the wall channels. In contrast, the deviations from an ideal velocity distribution in axial 

direction highlight the gas-solid interaction within the monolith channels in MRV data.  

These interactions can be seen better in the 3D-printed channels. 

The 3D-printed monolith was used to compare results within the channels as well as 

inlet and outlet regions. According to the resolution achieved in the MRI and the channel 

size (2.4 mm, wall thickness 0.8 mm) of the 3D-printed honeycomb monolith, each 

channel is characterized by nine pixels in MRV, allowing a more efficient comparison 

of experimental data and simulations. Note that the CFD simulations were performed 

for an ideal honeycomb structure without µ-CT data (see Fig. 4.2). Therefore, the results 

of the simulations can be considered as theoretical predictions for the flow field. For a 

detailed comparison of the experimental and numerical results, two main ROIs were 

considered (c.f., Fig. 4.4a). The velocity distribution in the ROI(1), i.e., the central area 

of a cross-section of honeycomb monolith with a diameter of 10 mm, including nine 

channels is shown in Fig. 4.5a. In the majority of points, the axial component ()) of 

velocity of CFD and MRV data are in very good agreement. Although the mean 

computed velocity in the axial direction of channels perfectly matches the CFD results, 

it may not fully describe the effect of a single channel on the velocity field. Thus, ROI(2) 

was chosen to compare the velocities in a single channel as a representative volume of 

the 3D-printed honeycomb. The velocity fields of both methods were compared in 

several arbitrarily chosen channels. Figure 4.5 shows one example of this comparison. 

In contrary to CFD data, which gives an ideal velocity in the axial direction, the vectors 

in MRV data seem to be more affected by the channel walls even in the central parts of 

the channels.  A higher mean velocity was obtained in MRV and CFD results in ROI(2) 

as compared to ROI(1) (c.f., Fig.4.5ab). This difference can be regarded to the effect of 
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monolith walls in ROI(1) hindering the gas in the axial direction and resulting in lower 

mean velocities. The deviation between CFD and MRV can also be partially explained 

by the noise in the NMR data. 

 

 

Figure 4.4. (a) The chosen ROIs selected to compare NMR and CFD data. (b) )-

component of velocity in a central slice (ROI(1)) in experimental and numerical data. 

The depicted ROI for MRV data is tilted.  
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Figure 4.5. Comparison of the axial velocity component obtained by CFD and MRV 

(a) ROI(1) and (b) ROI(2). The axial position on the &-axis covers the entrance, inside, 

and exit region of the 3D-printed structure. 
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4.4.2. Upstream flow and downstream flow 

The major pressure loss in honeycomb monoliths is expected to occur at the entrance 

and exit regions due to the contraction and expansion of flows [5]. In the present study, 

the pressure drop was computed through the CFD simulation within a channel in the 

flow direction. Due to the regularity of the structure, a linear pressure drop (shown in 

Fig. S2) of ∆P = 0.37 Pa was calculated. 

The upstream field was investigated, as shown in Fig. 4.6, to specifically focus on the 

entrance region, where the gas enters the honeycomb structure. The given numbers 1 to 

7 in Fig. 4.6 correspond to the numbers in Fig. 4.5a showing methane at the entrance 

region. A detailed comparison of MRV and CFD results shows a good agreement in the 

velocity trends. As the bulk flow (1) approaches the monolith, the mean axial velocity 

component gradually decreases (1-2) until it reaches point (3) where the velocity sharply 

drops and the flow field experiences ‘contraction’. The velocity bottoms out in slice (3) 

and increases again in slices (4-6) as the flow enters the honeycomb channels. The same 

trend for flow can be observed for a single channel of the honeycomb monolith as well. 

The mean axial velocity reaches a local maximum (7) compared to the entrance region 

as a result of honeycomb channels. Then the flow levels off and continues throughout 

the structure, maintaining a constant velocity. 

A corresponding behavior is observed at the exit region of the monolith, as depicted in 

Fig. 4.7 with numbers 1´to 7´. The flow encounters a drop during (2´-4´) and partially 

recovers the loss in axial velocity (5´-7´).  
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Figure 4.6. Axial velocity distribution at the entrance region along the honeycomb 

monolith determined by MRV. 

 

The flow pattern can be shown by the local velocity vectors for both experimental and 

numerical data. The contraction in the gas velocity vectors can clearly be shown in NMR 

data as the overall axial velocity is very low as compared to the bulk velocity and the 

flow velocity in the honeycomb channels. The color map of the velocity in cross-

sectional slices of MRV data in Fig. 4.6 and Fig. 4.7 also illustrates this fact. There is a 

deviation between CFD and MRV data at the entrance of the 3D-printed sample, 

especially at points (3-4) in Fig. 4.5a. The drop in the axial component of the velocity 

at the entrance region is more pronounced in MRV as compared to CFD data. Detailed 

investigation of the velocities at point 3 (Fig. S1 and Fig. 4.6) confirms the sudden drop 

in the velocity profile at a central channel of the monolith in MRV measurements (c.f., 

the brown line in Fig. S1). The figure illustrates the axial component of the velocity 

along lines 1 to 4 in Fig. 4.6. The NMR data elaborate on the effect of channels at the 

exit region as well (c.f., Fig. 4.7). The velocity profile of gas after the monolith shows 

flow expansion at the outlet over a longer distance compared to the entrance. Therefore, 

in both MRV and CFD data, it was observed that the flow does not develop its axial 

component again soon enough as the occurrence of jet after flow leaves the structure 

[19]. The flow velocities in slices 3´ to 7´ (Fig. 4.7) show an uneven distribution of axial 
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velocity even at 3.2 mm after leaving the velocity keeping the direction of flow as in 

channels. This effect can be observed even after eight millimeters after the honeycomb 

by analyzing the cross-sections in CFD data. 

 

 

Figure 4.7. Axial velocity distribution at the exit region along the honeycomb 

monolith determined by MRV. 

 

4.5. Conclusion 
In summary, we have used an optimized phase-contrast MRI, which allowed a spatially 

resolved study of mass transport of methane gas through regular honeycomb monoliths. 

The measurements clearly showed the flow field through the monolith. A channel-wise 

analysis of flow velocity was also carried out by comparing MRV and CFD results. The 

comparison of the MRV results with CFD simulations suggests the cause of 

maldistribution in monoliths. MRV data can validate or even improve predictions made 

by CFD models, while it gives an insight into the gas hydrodynamics in the monoliths. 

The comparison of gas displacement profiles as well as MRV results emphasizes the 

importance of considering diffusional transport in such systems for a more accurate 

prediction of gas behavior in gas-solid reactive systems at the entrance and exit region. 
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Figure S1. The axial component of flow at inlet region for ROI(1) along lines 1 to 4 in 

Fig. 4.8 determined by MRV. Yellow and gray show the bulk flow approaching the 

honeycomb. Brown shows the flow at the interface of flow and solid structure, where 

the contraction takes place. Blue represents the velocity profile in the monolith 

channels. 
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Figure. S2. Pressure drop curve obtained for 3D-printed honeycomb in CFD 

simulations along the length of the sample, including the entrance and exit regions 

represented on &-axis. 

 

As described in the literature [19] the major pressure loss in honeycomb monoliths is 

expected to occur at entrance and exit region due to the contraction and expansion of 

flow. Here the pressure drop was computed by the CFD simulation within a channel in 

the flow direction. Due the regularity of the structure a linear pressure drop of 0.37 Pa 

was obtained. Although not shown, in a cross sectional cut of the channels the pressure 

remains unchanged in each channel. However, the pressure varies in radial orientation 

of each channel. 
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Chapter 5 

Temperature* 
  

Abstract: In situ thermometry of catalytic gas phase reactions allows for determining 

temperature profiles in the catalyst bed. In NMR imaging systems used for measuring 

the chemical composition of species in model reactors, temperature measurements by 

NMR spectroscopy are technically challenging and confined to a rather low temperature 

range. In this study, an optimized NMR in situ technique is proposed, which will allow 

to determine the temperature distribution in highly exothermic reactions on structured 

catalysts. Diffusion weighted magnetic resonance imaging (DW-MRI) was successfully 

applied as an alternative method for temperature measurements commonly performed 

by chemical shift measurements using ethylene glycol. DW-MRI applied with different 

diffusion sensitizing gradients allows high-resolution imaging of the temperature 

dependent diffusion coefficient, without the need for high spatial homogeneity of the 

magnetic field. Using 3D DW-MRI on ethylene glycol, glycerol, and the temperature 

stable ionic liquid Pyr13 [TFSI] (decomposition temperature 400 °C) as NMR 

thermometer, measurements were performed in a temperature range from 20 to 160 °C. 

The proposed method can be used in reaction engineering approaches performed in 

NMR systems. 

Keywords: temperature, in situ, NMR, diffusion-weighted imaging DW-MRI, 

heterogeneous catalyst. 
 
* The content of this chapter has already been published: Mirdrikvand, M., Ridder, H., Thöming, J. and 
Dreher, W., 2019. Diffusion weighted magnetic resonance imaging for temperature measurements in 
catalyst supports with an axial gas flow. Reaction Chemistry & Engineering, 4(10), pp.1844-1853. 
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5.1. Introduction 
In chemical industry, a large number of processes includes reactions driven by 

heterogeneous catalysts. Heterogeneous catalysts are consistently involved with 

complex gas-solid or liquid-solid interfaces that occur in pores and channels of the 

catalyst supports. This complex nature leads to an uneven distribution of temperature 

and composition in exothermic reaction systems such as the Sabatier process, Fischer-

Tropsch synthesis or hydrogenation reactions [1,2]. Therefore, proper in situ 

characterization methods are of great interest to extract vital information from these 

processes and to validate numerical simulations at micro and macro scale. The latter 

helps to achieve higher process efficiency and reduced industrial costs as well as to 

predict possible risks at large-scaled reactors. In particular, measuring temperature 

profiles in radial and axial direction of a reactor filled with catalysts helps to better 

understand the variation of temperature in the catalyst body, define realistic values for 

boundary conditions in numerical simulations, and reduce the threat of thermal runaway 

by predicting the formation of hot spots in reactors. 

Different techniques have been applied to measure temperature of monolithic catalysts 

under reaction conditions. Conventional tracers give a limited point-wise information 

about the temperature by inserting thermocouples through the catalyst body [3]. Unlike 

conventional methods, the other in situ techniques including infrared thermography, 

near-infrared diffuse transmittance tomography, and X-ray diffraction (XRD) are non-

invasive and the use of them has grown tremendously in recent years [4–7]. However, 

all these methods have certain limitations, especially when an opaque reactor is studied 

[8–11]. Nuclear Magnetic Resonance (NMR) methods are another well-known non-

destructive approach for the quantitative characterization of transport processes and 

chemical reactions in chemical engineering. NMR is even more advantageous when a 

spatially resolved study of opaque reactors is performed. Moreover, NMR allows 

measurements of many different process characteristics such as temperature, velocity, 

diffusion and composition of species under identical reaction conditions.  

NMR thermometry is based on the measurement of indirect parameters such as chemical 

shift difference, relaxation time of longitudinal magnetization, self-diffusion coefficient, 
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and signal intensity. All these parameters can affect the NMR signal in case of a 

variation in temperature. 

Among the aforementioned approaches, localized NMR spectroscopy and Magnetic 

Resonance Spectroscopic Imaging (MRSI) are most often the method of choice to 

analyze temperature of the catalyst bed in reaction engineering approaches [8,12–15]. 

To perform these experiments, very thin glass made capillaries or capsules, referred to 

as “NMR thermometers”, are filled with a probing liquid. In each volume element 

(voxel), the chemical shift difference between different spectral peaks of the probing 

liquid is determined. The temperature can be measured using the known relation 

between temperature and the chemical shift difference between two peaks. Therefore, 

the method does not depend on an external reference. 

In reaction engineering, ethylene glycol has been used as a temperature probe in the 

catalyst support, measuring the chemical shift difference between the OH and the CH2 

signals [8,14–16]. It could be shown that the measurements were in very good 

agreement with simulations of temperature profiles in a heterogeneous catalytic reaction 

[17]. However, the applicability of this approach is limited by the liquid’s boiling point 

(197.3 °C at ambient pressure) and the limited separation of both signals caused by the 

decreasing chemical shift difference with increasing temperature. Additionally, MRSI 

highly depends on the spatial homogeneity of the static magnetic field, which limits the 

applicability of the method at elevated temperatures, where the spectral peaks overlap 

one another and hamper accurate temperature measurements. Thus, only temperatures 

up to 150-160 °C can be measured by MRSI of ethylene glycol. 

Therefore, an alternative method is essential to extend the temperature range and 

overcome the need for high field homogeneity. For biomedical MRI, several techniques 

have been proposed for temperature mapping. In particular, the temperature dependence 

of the chemical shift, the diffusion coefficient or the spin-lattice relaxation time !! of 

water has been exploited for spatially resolved temperature measurements in humans 

and animals [18–22]. Since diffusion weighted MRI (DW-MRI) has found widespread 

use in biomedical and clinical MRI [20,23], numerous fast DW-MRI pulse sequences 

have been developed [24]. Hence, DW-MRI can be a solution for temperature 
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measurements in an extended temperature range using NMR thermometers filled with 

liquids exhibiting high boiling points, such as glycerol (boiling temperature of 289 °C) 

or ionic liquids (chemical decomposition at temperatures above 400 °C). 

The aim of this work is to support the hypothesis that DW-MRI can be used as a tool 

for determining temperatures in broad and high temperature ranges. Since DW-MRI is 

more robust against magnetic field inhomogeneities as compared to MRSI, temperature 

measurements by DW-MRI might also be an interesting alternative for temperature 

ranges to which MRSI of ethylene glycol can be applied. A comparison of MRSI and 

DW-MRI, which displays the dependency of MRSI to field inhomogeneities is included 

in the Chapter 6. An optimized DW-MRI sequence was applied to measure the diffusion 

coefficient and, thus, the temperature using three NMR thermometers filled with 

ethylene glycol, glycerol or the ionic liquid Pyr13 [TFSI]. MRSI of ethylene glycol was 

used for comparison. Furthermore, fiber optical temperature sensors were placed in the 

reactor, allowing an estimation of the temperature stability during the measurements. 

Optimized 3D DW-MRI acquires images with high spatial resolution using different 

diffusion sensitizing gradients corresponding to different diffusion weightings. The 

acquired NMR data were analyzed automatically to accelerate the evaluation of the 

NMR data in a robust and reliable way. 

 

5.2. Theory and method 
The effect of diffusion on the NMR signal amplitude was already recognized in an early 

publication by Hahn [25]. Stejskal and Tanner proposed accurate diffusion 

measurements by incorporating a pair of diffusion sensitizing gradients into a spin echo 

sequence (cf., Fig. 5.1) [26]. Diffusion characterized by the diffusion coefficient " 

causes a damping of the NMR signal amplitude according to 

 

# = #" ∙ &#$·&                                                                                                                                    (5.1) 
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where S and S0 are the signal amplitudes measured with and without diffusion 

sensitizing gradients, respectively. The so-called “b-value” b, which determines the 

strength of diffusion weighting, is given by 

 

' = (' ∙ )' ∙ *' ∙ +∆ − (

)
.                                                                                                                  (5.2) 

 

with the gyromagnetic ratio (, the gradient strength ), the duration d of each diffusion 

sensitizing gradient, and the delay ∆ between the gradient pulses (cf. Fig. 5.1). The 

diffusion coefficient " can be determined by fitting the signal intensities, which are 

measured in at least two scans with different b-values, to Eq. 5.1.  

To estimate the temperature dependence of the diffusion coefficient ", different 

approaches are reported in the literature. For instance, in case of self-diffusion of 

ethylene glycol, the temperature dependence of the diffusion coefficient can be 

predicted based on the following equation validated by Mitchell et al. [27]: 

 

"(!)*+,-.*/*	1.-23. = 1" ∙ ! ∙ 	&34	 +− 4!
56
.,                                                                   (5.3)    

                                              

with the pre-exponential factor 1", the activation energy 57 and the universal gas 

constant R.  

For glycerol, the glass transition temperature of !" = −93.15 °C has to be considered, 

leading to the following relation proposed by Tomlinson [28]. 

 

"(!)1.-2*83. = 1"	 ∙ !! '⁄ ∙ &34	 +− 4!
5	(6#6")

..                                                                 (5.4) 

                                       

As described by Lesch et al. (Lesch et al, 2014), a similar consideration can be done for 

temperature stable ionic liquids, where the diffusion coefficient for the ionic liquid Pyr13 

[TFSI] can be described by 
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"(!)<3/<2	.<=><? = 1" ∙ &34	 +− 4!
5(6#6")

.,                                                                             (5.5)     

                                  

with the glass transition temperature of T0 = −112.15 °C. 

For each liquid, the corresponding diffusion-temperature dependence is used, so the 

acquired data can be compared over the whole temperature range to literature data.  

Mapping the local diffusion coefficient and consequently the temperature by DW-MRI 

is of great use in engineering science, e.g. for temperature measurements in a model 

reactor filled with an opaque catalytic material. However, for such applications the pulse 

sequence used for DW-MRI has to be chosen carefully. First, 3D spatial resolution is 

required to avoid restriction as to the geometry and position of the NMR temperature 

probes. Second, pulse sequences with a spin echo preparation period should be used to 

allow diffusion sensitization and avoid signal losses by magnetic field inhomogeneities. 

Third, data acquisition by a multi-echo train will reduce the minimum total measurement 

time because more spatial encoding steps can be performed per excitation. Fourth, for 

the echo train, radiofrequency (RF) refocusing should be preferred over gradient 

refocusing because rather low 6" homogeneity and thus short effective transverse 

relaxation times !'∗ are expected for experimental setups such as NMR compatible 

model reactors. 

Following these requirements, a 3D DW-SE-U-FLARE sequence (diffusion weighted 

spin echo ultrafast low angle rapid acquisition with relaxation enhancement) [29,30] 

was implemented (cf., Fig. 5.1). After the 90° excitation pulse, unipolar diffusion 

sensitizing gradients of strength )A and duration δ are applied prior to and after the 180° 

refocusing pulse. Optionally, slice selection gradients can be applied if the object does 

not fit into the 789 and only a certain part of the object is to be measured (zoom). The 

diffusion weighted transverse magnetization is refocused by a train of RF pulses with 

flip angle a. After :A dummy cycles used to stabilize the echo amplitude, :BC! echoes 

are acquired under a read gradient, each sampled with different spatial phase encoding 

using the phase encoding gradient )BC. In :BC' experiments, additional spatial phase 

encoding is applied prior to the echo train for spatial resolution in the slice direction. 
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Displaced U-FLARE exploiting only one echo parity was used to avoid image artifacts 

in case of off-resonance effects [30].  

 

Figure 5.1. Scheme of the DW-SE-U-FLARE sequence (not to scale). The four rows 

display the applied radiofrequency pulses and the detected echo signals as well as the 

gradient pulses used for diffusion weighting and spatial localization. All acronyms are 

explained in detail in the text. 

 

5.3. Materials 
This section describes the chemicals used as NMR thermometers and the design of the 

NMR compatible vessel as a model reactor, which was used for measurements at fixed 

temperature points. 

 

5.3.1. Chemicals 

Three liquids were investigated as NMR thermometers. Ethylene glycol (≥ 99.7% 

purity, VWR International GmbH, Germany) was used as reference substance. Ethylene 

glycol was also used for MRSI measurements for comparison with DW-MRI. However, 
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since the rather low boiling point of ethylene glycol limits the fields of application, 

liquids with higher boiling point or high decomposition temperature are needed. Thus, 

glycerol ( ≥ 99.5% purity, Carl Roth GmbH, Germany) and 1-Methyl-3-

propylpyrrolidinium bis (trifluoromethylsulfonyl)imide (Pyr13 [TFSI]) (99% purity, 

Ionic Liquids Technologies (IoLiTec) GmbH, Heilbronn, Germany) were chosen as 

alternative NMR thermometers. The choice of the ionic liquid was due to its high 

decomposition temperature (above 400 °C), which facilitates temperature measurements 

for a variety of reactions taking place up to this level. The liquids were each filled into 

capillaries (OD = 0.7 mm, ID = 0.55 mm) made of borosilicate and then sealed by 

melting the edges.  

The capillaries were aligned through the channels of a cordierite honeycomb monolith 

used as catalyst support (length: 38 mm, diameter: 25 mm, 600 cells per square inch 

(cpsi); NGK, Poland). In some experiments, two capillaries were used for each probing 

liquid to assess the consistency of the measured data for individual capillaries in a 

thermally homogenous system. 

Ambient temperature was used as a starting point. Then, the temperature was increased 

in different steps. At each step waiting for a time of approx. Forty-five minutes were 

required, until the fiber optical thermometer indicated that steady state is achieved. After 

the steady state was achieved the NMR measurements were performed as described in 

section 5.3.3. 
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Figure 5.2. Scheme of the setup for thermometry using aligned NMR thermometers in 

the monolith support and an optical temperature monitoring system. 3D DW-MRI 

enables spatially resolved temperature measurements from the catalyst bed using 

NMR thermometers. Arbitrary slices can be analyzed from 3D images to determine the 

temperature.  

 

5.3.2. Model reactor 

An NMR compatible model reactor (length: 80 cm, inner diameter: 26 mm) was 

developed to operate at elevated temperature conditions in the MRI scanner. Pressurized 

air was heated up and led to the vessel to obtain the desired temperature. It was preferred 

to use this external heating mechanism over heating by reaction, as each reaction is only 

applicable in a specific temperature range. Furthermore, possible spatial temperature 

inhomogeneities due to an inhomogeneous concentration profile can be avoided. The 

setup was also equipped with a cooling system to prevent damage or detuning of the RF 

coil. For this purpose, a bank of PTFE tubes, in which a hydrogen-free coolant was 

circulating, was used. A cryostatic temperature regulator was used to cool the coolant 
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to −5 °C. The air temperature was measured by a resistance thermometer at the inlet of 

the setup.  

In addition to NMR measurements by MRSI and DW-MRI, an MRI compatible Gallium 

arsenide-based fiber optic temperature monitoring system (FOTEMP-4, Weidmann 

Technologies Deutschland GmbH, Dresden, Germany) was used for accurate 

temperature measurements near the catalyst support. The sensor was placed in the vessel 

with 10 cm distance from the honeycomb monolith (cf., Fig. 5.2). The sensor was 

primarily used as a safety monitoring element and to check the temperature stability 

during NMR measurements.  

 

5.3.3. NMR Measurements 

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

Ettlingen, Germany) equipped with a gradient system BGA12S2 (441 mT·m-1 

maximum gradient strength in each direction, 130 µs rise time) was used for all 

measurements. A quadrature birdcage RF coil (inner diameter of 72 mm) was used for 

RF excitation and signal detection. The NMR pulse sequences were implemented using 

the software platform Paravision 5.1. 

DW-MRI: SE-DW-U-FLARE was used with the following parameters: 789 = 

48×48×48 mm3; matrix size 128×64×16, slice thickness 48 mm; 4 averages to increase 

the SNR with :A = 5, 6, 7, or 8 to suppress remaining instabilities of the echo amplitudes; 

:BC! = 64, interecho delay 5.3 ms with centered phase encoding in the U-FLARE echo 

train, :BC' = 16, repetition time !; = 3 s; 90° slice selective refocusing pulse. Different 

sets of measurements, each with four b-values, starting at 50 s·mm-2 and with an 

equidistant increment of the applied gradient of <' = 250, 1000, 2000, 5000, 15000 

s·mm-2 were used to account for the large range of diffusion coefficients measured for 

different liquids at different temperatures. For each set of measurements, only four b-

values were used in the interest of a short total measurement time. During data 

processing the best suited set of b-values was used for each combination of liquid and 

temperature. The measurement time for each scan with four b-values was ~13 min. 
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MRSI: An optimized 3D MRSI pulse sequence was used and the data were evaluated as 

described in detail in a previous publication [14]. The main experimental parameters 

were: echo time !5 = 350 µs (delay between RF excitation and start of data acquisition), 

789 = 63×63×126 mm3, matrix size: 42×42×42 with spherically reduced k-space 

sampling, repetition time !; = 12.5 ms, one average yielding a total measurement time 

of 7 min 32 s.  

 
5.4. Results and discussion 
This section is divided into three main parts. In the first part, the automatic evaluation 

of DW-MRI images and the procedure to obtain diffusion coefficients are described. In 

the second part, the results are compared to the literature and theoretical predictions. 

Finally, we suggest a strategy for the selection of b-values to make the measurement 

procedure more efficient. 

 
5.4.1. Automatic data analysis  

The MRSI data sets were analyzed using an in-house developed IDL (Interactive Data 

Language, version 7.0, Exilis Visual Information Solutions, Bolder, USA) software 

program. After apodization with a Hamming function and Fourier transformation along 

the three spatial directions, the matrix pencil method (MPM) [31] was used to fit the 

data for ethylene glycol capillaries. The temperature was determined from the chemical 

shift values of the two signals detected by the MPM method [14,16]. Since the highest 

B0 homogeneity is given in the iso-center of the magnet, the temperatures were 

determined for three central slices of the ethylene glycol capillaries using the 

temperature dependent chemical shift difference in the MRSI data. These values were 

compared to the values determined in the same slices of the 3D DW-MRI data for the 

three thermometers. No significant temperature differences between the three slices 

were observed. 

The reconstructed DW-MRI images were stored as 32-bit data by the Paravision 5.1 

software package. Fig. 5.3 depicts the generated diffusion weighted images of the 

thermometers. An in-house developed MATLAB (R2017b, The MathWorks, Inc., 
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Natick, USA) script was used for automated data analysis of the images in order to locate 

the capillaries in each slice, select the central position and pick the Regions of Interest 

(ROI) for the thermometers. To this end, a noise filter was applied for better visualizing 

the images (cf., Fig. 5.3) and detecting the centers of the capillaries, while the signal 

intensity of the images stays intact for further evaluations. Those images of slices close 

to the iso-center of the magnet and possessing lowest b-value were used to define the 

ROI in each data set for further data analysis. Next, the signal intensities within the 

selected ROIs were added to obtain a value for the total signal intensity. To further 

increase the accuracy, those slices located far from the iso-center were also reanalyzed 

by examining neighboring slices to ensure that no physical shift of the thermometers 

has occurred and the central peak of each capillary was correctly chosen. Note that the 

size of ROIs remains constant for a given capillary during the analysis. For a central 

slice of the ethylene glycol capillary, the spatial signal distributions around the signal 

maxima are illustrated in Fig. 5.4 for four different b-values. Note that the four 3D 

surface plots are uniformly scaled, but the same color map is used in each subfigure for 

better visibility. 
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Figure 5.3. Diffusion weighted images for three NMR thermometers filled with ionic 

liquid Pyr13 [TFSI] (top right), ethylene glycol (middle) and glycerol (bottom left) 

measured at a temperature of 78 °C. The images were measured with different 

diffusion weighting using b-values of 50, 2050, 4050, and 6050 s·mm-2 (<' = 2000 

s·mm-2) for a, b, c, and d, respectively. Note that the differences in signal intensity 

correspond to the different diffusion coefficients of the three liquids. The signal 

intensities are plotted versus b-value in Fig. 5.5. 
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Figure 5.4. Signal intensities around the signal maxima for the ethylene glycol 

thermometer based on DW-MR images using b-values of 50, 2050, 4050, and 6050 

s·mm-2 for a, b, c, and d, respectively (cf., Fig. 5.3).  

 

Finally, the temperature dependent diffusion coefficients were estimated for each 

capillary by fitting the signal intensities determined for different b-values to Eq. 5.1. 

a) b) 

c) d) 
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Figure 5.5. Signal intensity versus b-value for Pyr13 [TFSI], ethylene glycol, and 

glycerol measured at 78 °C. The diffusion coefficient can be obtained by fitting the 

values using Eq. 5.1 ("DEF!)[HIJK] = 1.40×10-4  mm2 ·s-1, "*+,-.*/*	1.-23.  = 4.34×10-4 

mm2 ·s-1, and "MNEOCFPN = 4.20×10-5 mm2 ·s-1,  R2  > 0.98). Note that a small offset of 

the curve may occur due to the mean noise level of the image calculated in the 

magnitude mode. Optimal <' values were chosen for fitting the data as discussed later 

in section 5.4.3. 

 

5.4.2. Diffusion coefficients 

In this section, the diffusion coefficients measured at different temperatures are shown 

and compared to literature data. After the thermal steady state was achieved and prior 

to the DW-MRI measurements, the temperature values were measured by MRSI of 

ethylene glycol with a standard deviation of ~1.5 °C. 

 

5.4.2.1. Ethylene glycol 

The measured diffusion coefficients for ethylene glycol thermometers as well as 

literature values [27,32] are plotted in Fig. 5.6a. The curve predicted by Mitchell et al. 

based on theoretical assumptions [27]  ( Eq. 5.3) is also superimposed as theory curve. 
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The diffusion coefficients observed in the current study are in strong agreement with the 

experimental values published in the literature. In addition, the results match the 

prediction from theory [27]. The observed agreement between experimental data, 

literature values and theory proves the accuracy of DW-MRI.  
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Figure 5.6. Diffusion coefficient of (a) ethylene glycol, (b) glycerol, and (c) Pyr13 

[TFSI] over temperature. 

 

5.4.2.2. Glycerol 

The diffusion coefficients obtained in the current study and literature values 

[26,28,33,34] are plotted in Fig. 5.6b. The proposed fit of Tomlinson is also shown (Eq. 

5.4) with the fitted curve from the current data (R2 = 0.99) with solid and dashed line, 

respectively. Data measured in the current study shows very good agreement with the 

literature values and the fitted curve from Tomlinson. The high accuracy obtained in the 

measurement enables using glycerol as a standard NMR thermometer for reactions that 

occur with maximum temperature of < 290 °C at ambient pressure. 

 

5.4.2.3. Ionic liquid  

The measured diffusion coefficients for the ionic liquid Pyr13 [TFSI] are depicted in Fig. 

5.6c. This figure also contains results of molecular dynamic simulations performed by 

Lesch et al. [35,36] as well as Vogel-Tammann-Fulcher (VTF) function [37] (Eq. 5.5) 
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to predict the temperature dependence of the diffusion coefficient. The diffusion 

coefficients published by Nicotera et al. were also added to the figure [38]. The diffusion 

coefficients measured by DW-MRI match experimental data from the literature and 

show a good agreement with VTF fits (R2 = 0.98) and MD simulation data. Thus, the 

chosen ionic liquid is a promising liquid as NMR thermometer for reactions taking place 

up to 400 °C, a temperature range that is of great interest for studying reactions such as 

methanation or Fischer-Tropsch reaction. 

 

5.4.3. Selection of b-values  

Since the diffusion weighted signal decays by a factor of &34(−' · ") and the diffusion 

coefficients ", of the three liquids vary from each other, appropriate diffusion weighting 

(b-values) should be applied in order to measure " with high precision. An efficient 

prediction of the optimal diffusion weighting leads to a better design of experiments and 

thus shorter total measurement time. In the following, we analyze the use of the different 

sets of b-values for DW-MRI of the three NMR thermometers. In addition, a comparison 

between the theoretical assumptions and the applied gradient strengths at each 

temperature point is conducted. To do this, a theoretical assessment was conducted via 

the Cramer-Rao Lower Bound Theory (CRLB) [39] to predict optimal <' values for a 

given diffusion coefficient if four b-values and a simple exponential model are used. 

The CRLB values describe the minimum error of estimated parameters of a model 

function fitted to experimental data. The results of the analysis are illustrated in Fig. 

5.7a where the CRLB errors are plotted versus the diffusion coefficients for the different 

<' values. Basically, with increasing temperature the desired <' decreases. This is due 

to higher diffusivity of the liquids as a result of lower viscosity at higher temperatures. 

During the measurement an online analysis of the fitted curves was conducted in order 

to calculate the fitting error for a specific set of b-values. The lowest fitting error was 

used to determine the optimum diffusion weighting at each temperature. The <' values 

applied for the three liquids at different temperatures are illustrated in Fig. 5.7b. The 

determined optimal <' values are in very good agreement with CRLB predictions. Thus, 
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Fig. 5.7 gives a straightforward choice of appropriate <' values in diffusion 

measurement for the different NMR thermometers.  

 
Figure 5.7. (a) Minimum error of the diffusion coefficient determined from the DW-

MRI measurements with four b-values plotted versus the diffusion coefficient ". The 

error was determined in arbitrary units as Cramer-Rao lower bounds for different <' 

values (diffusion weighting). (b) Selection of the optimal <' out of five applied <' 

values for diffusion measurements based on the smallest Cramer-Rao lower bounds. 

The optimal <' values are depicted versus temperature for the three NMR 

thermometers. 
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5.4.4. General discussion and outlook  

The results of the study confirm that the proposed DW-MRI method works very well 

and can measure the temperature of the catalyst bed. The spatially resolved method 

enables in-plane measurements of the temperature to provide correct values for 

boundary conditions in numerical simulation. Three liquids were studied in order to 

propose three NMR thermometers, which target different temperature ranges for 

heterogeneously catalyzed reactions.  

Comparing the values obtained in the current study and the corresponding data reported 

in the literature, DW-MRI shows a high accuracy in temperature measurements at 

elevated temperatures. The reproducibility of this approach has been proven by using 

different capillaries filled with the same liquid and repeating measurements at certain 

temperature points three times. The results obtained for the three probing liquids show 

the broad applicability of the applied method. Which liquid will be the NMR 

thermometer of choice, will depend on the specific applications. Even though ethylene 

glycol was mainly used for reference temperature measurements by MRSI, DW-MRI of 

ethylene glycol has proven its value for a temperature range < 160 °C, in particular in 

case of low 6" inhomogeneity. Glycerol with its much lower diffusion coefficients 

requires strong b-values and is thus hardware demanding, particularly at low 

temperatures. However, glycerol will enable measurements at higher temperatures due 

to the boiling point of 289 °C and the large changes in " for a given temperature 

difference, leading to more precise results. The ionic liquid exhibits a moderate diffusion 

coefficient ("CQRENCSC	MNEOPN ˃ "TPSTO	NTUVTA ˃ "MNEOCFPN). Although the changes in " for a 

given temperature difference are smaller than for glycerol (cf. Figures 5.6b and 5.6c), 

the high decomposition temperature makes the ionic liquid a good candidate for 

temperature measurements up to 400 °C. The automatic analysis of the results is another 

advantage of the current approach. The automatic analysis not only increases the 

accuracy of the results, it also helps to probe temperature in an arbitrary region of the 

3D image as soon as the diffusion weighted images are reconstructed. 

The sets of b-values applied for the diffusion measurements show that a steady reduction 

in the chosen <' is necessary as the temperature increases. The three NMR liquids have 
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different thermodynamic properties, which hindered the optimization of the 

measurements for a specific liquid used in an NMR thermometer. Therefore, it will be 

necessary to find an optimal selection of b-values for upcoming studies with a certain 

liquid.  

Compared to the promising work published by Koptyug et al., in which the spin-lattice 

relaxation time !! and the signal intensity were used to measure temperature using 27Al 

MRI in Al2O3 samples [40], the current thermometry by DW-MRI of probing liquids 

can be applied without using multinuclear NMR hardware. However, since capillaries 

or capsules have to be inserted into the catalyst support, the proposed approach is not 

completely non-invasive. 

Indisputably, some improvements are necessary to apply the current method as a 

primary method for temperature measurement of heterogeneous catalysts. For instance, 

the DW-MRI sequence should be optimized, particularly to reduce the total 

measurement time and, thus, increase the time resolution of the temperature 

measurements. Additionally, the number of diffusion weighted experiments and the 

used b-values should be adjusted for a given NMR thermometer and the temperature 

range of interest. 

 

5.5. Conclusion 
A 3D DW-MRI approach for temperature measurements in heterogeneously catalyzed 

systems was applied. Using MRSI of ethylene glycol as a reference, the applicability of 

the method was proven. To be able to increase the feasible temperature range, glycerol 

and the ionic liquid Pyr13 [TFSI] were investigated as temperature stable liquids. In this 

way, measurements in broad and elevated temperature ranges are possible. The obtained 

results showed high accuracy and consistency with literature data. As compared to 

MRSI, the method is less sensitive to spatial inhomogeneities of the static magnetic field 

and allows rapid and robust measurements of high temperatures. 
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Chapter 6 

Discussion 
 

6.1.  Introduction  
In the previous chapters, NMR techniques for the non-invasive characterization of mass 

transport in porous media, in particular for gases were developed and optimized. 

Accordingly, the optimized NMR methods were applied to determine local velocity 

fields, molecular diffusion, dispersion, and finally temperature. It is worth mentioning 

that the measuring techniques were developed and/or optimized based on practical 

demands in the field of reaction engineering. The results of the investigations allowed 

us to determine vital engineering parameters and support numerical simulations for gas 

phase heterogeneously catalyzed systems, such as hydrogenation of ethylene or 

methanation reaction. 

It was successfully shown that NMR can measure molecular diffusion coefficient, 

chemical composition, and the velocity fields of gases and liquids in the monolithic 

structures. Based on the aim of the project, three measurement packages using 

optimized pulse sequences were successfully developed, namely: 

• Investigation of the gas displacement using an optimized PFG-STE pulse 

sequence in monolithic structures to show the window size effect on molecular 

diffusion and/or dispersion of gases in porous ceramics  

• Gas flow measurement using an optimized phase-contrast MRI sequence and 

validation of CFD simulations 
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• Localized determination of temperature in catalyst beds in a broad temperature 

range using DW-MRI sequences  

In each measurement package, some aspects can still be improved to acquire more data 

on porous samples and fluids inside the samples. In the following sections, some of 

these points are discussed. 

6.2.  Temperature measurements 
Localized determination of temperature in catalyst bed within operating systems 

(reactors) at high temperature conditions using MRSI and DW-MRI sequence were 

described in Chapter 5. The obtained SNR in DW-MRI allowed a more precise analysis 

of temperature compared to MRSI method, in particular for regions with low !! 

homogeneity. A more exhaustive analysis on the comparison between both methods is 

given below. 

6.2.1.  Temperature measurement using MRSI 

In this project, the capillaries with inner diameters of 0.55 mm were inserted along the 

total length of the catalyst in order to show a complete spatially resolved temperature 

profile along the catalyst bed.  

Peak analysis of the chemical shift differences was used for the determination of 

temperature for ethylene glycol and glycerol samples as potential NMR thermometers 

in MRSI studies. The results of an MRSI measurement for an arbitrary slice of NMR 

thermometers are depicted in Fig. 6.1. Since the spectral peaks of glycerol overlap one 

another more than ethylene glycol peaks, the latter material is a more suitable candidate 

for MRSI measurements in NMR thermometry (see Fig. 6.1). The applied temperature 

measurements by MRSI for ethylene glycol rely on chemical shift difference of –OH 

and –CH2 signals of probing materials in NMR thermometers. For ethylene glycol, the 

temperature of the region of interest can be determined using Eq. 6.1, which relates the 

chemical shift difference ∆" (in ppm) and the temperature #: 

 

#(°$) = 192.85 − 101.64 ∆"                                                                                      (6.1) 
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The upper part illustrates selected spectra in the catalyst bed and is followed by one 

spectrum for an arbitrary volume element from the four probing capillaries, (a) to (d). 

 

 
Figure 6.1. MRSI spectra obtained from the magnitude of the signal in the catalyst 

bed. Spectra (a) and (b) of ethylene glycol and (c) and (d) glycerol capillaries. 
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6.2.2.  Comparison DW-MRI and MRSI 

A comparison between temperature measurements by DW-MRI and MRSI is illustrated 

in the table below (Fig. 6.2). The figure includes corresponding slices measured with 

both methods at the same temperature (~74 °C). The DW-MRI images display the three 

NMR thermometers inserted in a monolithic structure (honeycomb), as described in 

Chapter 5. The DW-MRI images are generated using four equidistant diffusion 

weighting steps (%& = 2000 s·mm-1) starting with 50 s·mm-1. Beside the DW-MRI 

images, the signal intensities of the ethylene glycol capillary are plotted versus b. In 

addition, a simple exponential function is fitted to the data to determine the diffusion 

coefficients, where R2 describes the fit quality. Spectra of the ethylene glycol capillary 

measured by MRSI method at the same slice position is plotted in the right column to 

compare both methods. 

The figure represents three different situations that may be encountered in the 

measurement of NMR thermometers using DW-MRI and MRSI. In the slices a to d both 

methods show good performance where the capillary is perfectly filled with ethylene 

glycol. The MRSI spectrum shows sharp peaks from (-OH) and (-CH2) groups. 

Similarly, DW-MRI images measured and the fitted curves show high values of signal 

intensity ~ (6-7×108) at low diffusion weighting (b-value). The fitted curve to DW-MRI 

data shows a high coefficient of determination (R2  > 0.99) for all four slices as well. 

The determined diffusion coefficients are reliable and in very good agreement with 

diffusion coefficient (D = 4.37×10-4 mm²·s-1) obtained at the same temperature from the 

diffusion-temperature curves in the literature (cf. Fig. 5.6 in Chapter 5). 

In the slices e and f where the NMR thermometer is only partially filled, the obtained 

signal intensities at low b-value are three or four times lower. However, the reduced 

signal intensity does not influence the quality of the analysis performed by DW-MRI, 

where diffusion coefficients D = 4.41×10-4 mm²·s-1 and D = 4.23×10-4 mm²·s-1 are 

obtained for slices e and f, respectively. The measured diffusion coefficients show the 

reliability of the method in these cases demonstrating that DW-MRI is less susceptible 

to magnetic field inhomogeneities compared to MRSI. While correct diffusion 

coefficients are determined by DW-MRI, MRSI fails to give ethylene glycol spectra in 
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both slices (e and f). The spectra are rather unreadable as a result of the higher 

dependency of MRSI on the spatial homogeneities of the magnetic field. Finally, for 

nearly empty parts of the ethylene glycol capillary (slices g and h), the fit quality (R2) 

is drastically reduced for the DW-MRI data, and consequently, unreliable diffusion 

coefficients are obtained. In parallel, MRSI fails to determine the spectra of ethylene 

glycol. Thus, the quality of the fitted curve in DW-MRI plays a decisive role in the 

reliability of the obtained diffusion coefficients. In the upcoming studies, this fact 

should be considered in more detail to avoid systematic errors and ensure reliable 

temperature measurements by DW-MRI, particularly if an automatic data evaluation is 

applied. 

 

 

Slice 
 

DW-MRI 
images 

DW-MRI data (signal versus b- 
value) and fitted curve 

Corresponding MRSI spectrum 
for the same slice position 

a 

 
 R2 = 1.000 

D = 4.37 ×10-4 mm² · s-1 
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b 

 
 

R2 = 1.000 

D = 4.50 ×10-4 mm² · s-1 
 

 

c 

 
 R2 = 0.999 

D = 4.33 ×10-4 mm² · s-1 

 

d 

 R2 = 0.999 

D = 4.33 ×10-4 mm² · s-1  
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e 

 
 R2 = 1.000 

D = 4.23 ×10-4 mm² · s-1 

 

f 

 
 R2 = 0.993 

D = 4.41 ×10-4 mm² · s-1 

 

g 

 
 R2 = 0.926 

D = 1.02 ×10-4 mm² · s-1  
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h 

 R2 = 0.840 

D = 1.49 ×10-4 mm² · s-1 
 

 
Figure 6.2. Comparison of DW-MRI data and MRSI results. 

 

6.3.  Local velocity, diffusion and dispersion coefficient measurements: 
Limitations and outlook for further studies 

6.3.1.  Phase-contrast imaging 
Optimized spin echo-based MR velocimetry (SE-MRV) and PFG-STE sequences were 

used to measure flow, diffusion, and dispersion of single hydrogen containing gases in 

monolithic structures. The single spin-echo MRV pulse sequence is being applied as the 

simplest MRV method because multi-echo pulse sequences suffer from stronger signal 

decay due to relaxation and diffusion losses. The results of NMR data were compared 

with CFD simulations and showed very good agreement. The simplified model used to 

optimize the MRV measurement estimates the effects of transversal relaxation and 

molecular diffusion. The maximum observation time of the velocity encoding is linearly 

dependent on TE. The signal behaves in two ways, more diffusion weighting (for a given 

b-value) for a small % and more #" relaxation weighting for a large %. Thus, according 

to this model, an optimal observation time for flowing gas in the steady-state system is 

being used. 

One of the limiting factors in the gas flow measurements were still the low SNR for a 

precise comparison of the numerical solutions with MRV data. Besides, the reported 

velocities at the solid-gas interface need to be more investigated. Further improvements 
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for increasing SNR obtained in the phase-contrast imaging for gas flow measurements 

of thermally polarized gas using optimized MRV sequences is also one of the aspects 

that can be considered for further method developments. To this end, special phase 

reconstruction algorithms may be implemented to better distinguish phase-change 

related velocity encoding. A recently published algorithm may help to improve the 

evaluation of the obtained velocity fields for gas flow more accurately [1]. Such joint 

frameworks for flow estimation, magnitude reconstruction, and segmentation from 

undersampled velocity-encoded MRI data lead to accurate visualization of flow velocity 

fields in porous samples, in particular in gas-solid systems. 

6.3.2.  Diffusion and dispersion coefficient measurements 
The investigation of the displacement function of gas in monolithic structures showed 

window size effect on molecular gas diffusion in porous ceramics using an optimized 

PFG-STE pulse sequence. However, the investigation of the propagators of single 

thermally polarized gases within commercial monolithic catalyst supports may be 

performed for multiple gases in order to characterize the diffusion process and the 

structure of catalysts. In the future methodological developments, pore-scale analysis of 

axial and radial dispersion coefficients of gases such as CH4/H2 or CH4/water in foam 

catalyst supports using NMR q-space imaging may reveal more information on the 

interaction of gases with the pore walls and between gases. For further investigations, 

the development of fast MRSI methods for spatially resolved determination of the 

concentration of substances in gas phase reactions can play a supporting role, as MRSI 

can measure the concentration of species in a certain volume of interest (VOI) 

quantitively. 

Another limiting factor is the low SNR achieved in local measurements with smaller 

VOIs. Although the local measurements of gas diffusion have answered important 

questions about gas mass transport in foams, the method will reveal more information 

if it could be applied for smaller VOIs. 
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Chapter 7 

Outlook 
 

7.1. MRI of Multiphase systems in porous media 

The in situ analysis of multiphase flows in porous ceramics can address critical 

questions on mass transport of flow in such complex systems. However, particular 

methodological developments need to be considered to perform measurements that are 

fast enough to follow rapid changes of flow in porous media in spatio-temporal 

investigations. In addition, improvements of SNR, which result in better segmentation 

between different phases, seem necessary. The methodological developments may, 

therefore, consist of both optimization of MRI sequences as well as data processing 

techniques such as the compressed sensing approach [1]. 

Some attempts were performed to measure stationary two-phase system of water and 

medium-chain triglycerides (MCTs) oil. Top left in Fig. 7.1 shows the MRI image 

obtained using a FLASH sequence with a !" of 100 ms, a !# of 2 ms, a flip angle of 

15°, and a slice thickness of 2 mm. Using the read gradient in the $-direction and a 

bandwidth of 200 kHz, only a small chemical shift artifact between oil and water can 

be seen. The top right image shows the same sample using !"/!# (100 ms / 2 ms), %&	= 

90° (partial saturation of water due to longer !! relaxation time than for MCT oil). The 

bottom left in Fig. 7.1 shows the result of the same imaging sequence using a !" of 100 

ms, a !# of 2 ms, and a flip angle of 15°. However, as pre-saturation on the MCT oil 

signal was applied, mainly water can be seen. On the other hand, bottom right shows 
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the FLASH image using !"/!# (100 ms / 2 ms), and a %& of 15°, with pre-saturation 

on water, i.e., the MCT oil is mainly observed. 

 
Figure 7.1. FLASH measurements performed for a tube phantom filled with MCT oil 

(top) and water (bottom) aiming at a suitable visualization of the interface between 

both liquids. 

Although the preliminary results are promising, still considerable modifications are 

required to perform such measurements for two-phase liquid flow in porous media. On 

the other hand, the results can be compared to numerical simulations performed with 

Lattice Boltzmann (LB) or other CFD methods in order to validate numerical 

predictions of flow field behavior in porous media. The preliminary results were 

promising and showed that further work can be performed for more complex systems. 



Chapter 7 

 152 

Previously and as the first step, single-phase flow simulations were validated by NMR 

results in order to show the feasibility of the method for investigating mass transport in 

simple tubes or macroscopic open-cell foams. An example of the obtained data is given 

in Fig. 7.2. As the second stage, non-Newtonian single-phase flows were also 

investigated using MRV and LB methods. The LB simulations were performed by Alex 

Schulz at the Leibniz-Institut für Werkstofforientierte Technologien (IWT) in the 

Production Engineering Department. The numerical solution for Xanthan was modeled 

using the power law model suggested by Ostwald and de Waale [2]. In the model, the 

viscosity ( is a function of the shear rate ((	 = 	*	+"#!). The power law function was 

fitted against the viscometer measurements, resulting in * = 0.2 and , = 0.39. The 

analytical solution for a Newtonian flow behavior (, = 1) is also added in Fig. 7.2a. In 

future work, two-phase flow will be investigated in porous media numerically and 

experimentally using LB and MRV, respectively. 

 

 a) 

 
 
 
 
 
 
 



Outlook 

 153 

 
b) 

 
Figure 7.2. (a) Flow NMR measurement of a non-Newtonian liquid in a circular pipe 

(b) Comparison of LB simulations and MRV for non-Newtonian flow in a tube. LB 

simulations were performed using a power-law model, µ = m +("#!)		with m = 0.2 Pa 

s" and n = 0.3. 

 

7.2. Relaxometry and diffusion analysis for methanation of CO2  
According to the project plans, the author of this thesis had a visit to the Chemical 

Engineering and Analytical Science School at the University of Manchester in 2018. 

The primary purpose of the visit was to carry out collaborative research using the 

magnetic resonance facilities at the University of Manchester to explore new methods 

for characterizing mass transport properties such as diffusion in porous materials and 

catalysts. During the visit, relaxometry techniques for the local and non-invasive 

characterization of heterogeneous catalysts, using low field NMR systems were 

conducted. The following section presents some results achieved during this visit and 

plans for more investigation on NMR relaxation times in catalyst pellets used in 

methanation reaction. 
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Using relaxation measurements, it can be investigated how the molecular dynamics in 

porous systems are associated with the bulk phase. This can then be related to the 

strength of surface interactions. Therefore, the techniques are useful when one wants to 

quantify interactions of reactants, products, and solvents and see how they relate to 

chemical reactions. They can also be used to investigate changes in catalyst surface due 

to chemical treatments, poisoning, or degradation. 

Since NMR relaxation times !! and !& are sensitive to the surrounding environment of 

the molecules, for instance pores in catalyst pellets, they can be used to characterize 

molecular dynamics in supported catalysts. Different porous structures yield different 

relaxation properties based on surface chemistry, pore size, the extent of pore saturation, 

and the concentration of paramagnetic species (if available) in the pores. Therefore, by 

measuring !! and !& in heterogeneous catalysts, one can correlate the structure exposed 

to certain materials acting as reactant or product in order to obtain useful information 

on their interactions with catalyst pores or even between the species [3,4]. In this 

ongoing research project, NMR relaxometry is used to answer questions about the effect 

of washcoat on the yield of methanation reaction. The methanation reactions were 

performed in a temperature range of 200-400 °C using two supported catalysts with 

different catalyst loadings. The conversation rates versus temperature are illustrated in 

Fig. 7.3. A higher reaction rate is achieved for the samples with 2 w% compared to 0.5 

w% Ru. 
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Figure 7.3. Rate of methanation reaction performed using two identical pellets with 

(a) 0.5 w% and (b) 2.0 w% washcoat of Ru catalyst. 

 

NMR relaxometry was performed for both samples to investigate the effect of washcoat 

on NMR relaxation times. Table 7.1 shows the measured !! and !& for catalyst pellets 

with 0.5 w% and 2.0 w% catalyst loadings. 

A Magritek Spinsolve benchtop NMR spectrometer with an operating frequency of 43 

MHz (1H) was used for the relaxation time measurements. The NMR system is shown 

in Fig. 7.4.  Prior to the measurements, pores of the pellets were saturated using distilled 

water as probing liquid. The pellet catalysts were inserted into 5 mm laboratory tubes. 

Afterward, the tubes were sealed (see Fig. 7.4) to maintain the initial water content of 

the samples during the measurements as the data of the measurements were reproduced 

after several days. To ensure that the moisture within the samples remains unchanged, 

a 1D 1H sequence consisting of a single 90° excitation pulse was used to record the 

spectra of water inside samples before and after performing all the relaxation time 

measurements. 

A standard Inversion Recovery (IR) pulse sequence was implemented for !! 

measurements. The IR sequence is illustrated in Fig. 7.5b. Different time delays were 

set according to the longitudinal relaxation time of the bulk allowing the full coverage 
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of !! recovery. In these measurements, a 180° pulse with a duration of 18 µs was applied 

to invert the magnetization. Afterward, 90° (9 µs) excitation pulses were applied in a = 

41 steps. !" was set to 4 s, and the !# was 1 ms. The total acquisition time for the 

measurement was 337.2 s. The maximum inversion time was 2 s. 

A standard Carr-Purcell-Meiboom-Gill (CPMG) sequence was used for !& 

measurements. A schematic of the pulse sequence is presented in Fig. 7.5b. In the 

CPMG sequence, a 90° (9 µs) pulse was followed by 180° (20 µs) pulses with a constant 

time delay (t). !& measurements were performed using a total number of 20 steps and 

150 echoes per each step. !" was 8.5 s, and !# was minimized to a constant value of 

100 µs in order to avoid artifacts and loss of signal due to diffusion of molecules during 

!& measurement echo time.  

 

Figure 7.4. Magritek Spinsolve 43 benchtop NMR spectrometer used for relaxation 

time measurements (left). The pellet catalysts were measured in 5 mm NMR tubes 

(right).  
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Figure 7.5. (a) CPMG pulse sequence for !& measurements, (b) Inversion recovery 

sequence for !! measurements. 

 

The results of relaxation time measurements are given in Table 7.1. The samples with 

more percentage of Ru also have longer !! and shorter !& relaxation times in both 

oxidized and reduced (not shown in Table 7.1) samples. Additional investigation is 

planned to obtain more information on the pellet catalysts. For instance, Scanning 

Electron Microscope (SEM) measurements can show the distribution of Ru washcoat in 

the internal surface area of the pores. The effect of adsorption should also be 

investigated to relate obtained relaxation times to the reaction performance. In case that 

plausible results are achieved, the relaxation time measurements can be used as a 

powerful toolkit for investigating micro-meso properties of supported catalysts. 

Furthermore, a !!/!& correlation with the reaction rate of methanation reaction can be 

used as an evaluation parameter in preparation and fabrication of supported catalysts to 

describe and assess the quality of the coating method in a quantitative way. 
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Table 7.1. Measured relaxation times for oxidized pellet catalysts with 2% and 0.5 

wt% Ru. 

Sample .' (ms) .( (ms) .'/.( 

2 w% Ru 339 11.76±0.01 28.81 

0.5 w% Ru 280 12.51±0.02 22.38 
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