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Abstract

In this PhD thesis, Magnetic Resonance Imaging (MRI) techniques wee ap-
plied to thermo uid applications. Magnetic Resonance Velocimetry (MRV)
was utilized to measure the three-dimensional, three-component gan ve-
locity eld in forced convection ows. Flow models were investigated that
contain complex internal structures (e.g. compact heat exchangers) tat
would not be measurable with conventional optical velocity measuremein
techniques. The e ects of the internal structures on the uid o w were ana-
lyzed to understand the ow physics and to introduce further improvements
in performance. Modern three-dimensional manufacturing process, such
as direct polymer laser sintering, were used to manufacture MR compadlble
ow models of arbitrary complexity. Measuring velocity elds in s uch ow
models highlighted the unique features of MRV.

Magnetic Resonance Thermometry (MRT), based on the temperature-de-
pendent Proton Resonance Frequency (PRF) shift of the water molecwd, is a
comparatively novel approach with which the scalar temperature di erence
eld can be measured. Novel experimental setups meeting the redgeements
given by MRT were developed and applied to MRT and MRV. The chosen
ow models were taken from thermo uid sciences and exhibit mixedconvec-
tion ows, whereby temperature-induced buoyancy forces play aniinportant
role. In their velocity and temperature elds three-dimensional structures
develop. The three-dimensional temperature and velocity vector elds were
measured utilizing optimized adjustments of both techniques. Tle results
show the applicability of MRT and MRV to thermo uid applications and
demonstrate these MRI techniques as valuable engineering measuremt
tools.






Kurzfassung

Die vorgelegte Doktorarbeit befasst sich mit der Anwendung von bildge-
benden Magnetresonanzverfahren (MR-Verfahren)#r die Vermessung von
Thermo uid-Applikationen. Magnetresonanz-Velocimetrie (MRV) wir d da-
bei verwendet, um das zeitlich gemittelte, dreidimensionale Ggchwindig-
keitsfeld mit drei Komponenten in erzwungenen Konvektionsstbmungen
zu vermessen. Es wurden Semungsmodelle mit komplexen inneren Struk-
turen (beispielsweise wie in kompakten Vdrmetauschern) untersucht, die in
dieser Art und Weise nicht mit konventionellen optischen Stemungsmess-
techniken messbar varen. Die Auswirkungen der Strukturen auf die Stme-
mung wurden analysiert, was ein Zugang zur zugrundeliegenden Simungs-
physik ermeglichte und so Verbesserungsma nahmen vorgeschlagen wer-
den konnten. Moderne dreidimensionale Fertigungsverfahren, wiselektives
Polymer-Laser-Sintern, wurden verwendet, um MR-geeignete Ssmungs-
modelle von beliebiger Komplexi®t herzustellen. Die Vermessung von S#-
mungsfeldern in solchen Stomungsmodellen zeigte die einzigartigen &hig-
keiten von MRV.

Ein verhaltnisma ig neuer Ansatz ist die Magnetresonanz-Thermometrie
(MRT) basierend auf der temperaturabhangigen Verschiebung der Proto-
nenresonanzfrequenz (PRF) der Wassermoleke mit dem es meglich ist, das
skalare Temperaturdi erenzenfeld zu vermessen. Es wurden neutige MR-
geeignete experimentelle Aufbauten entwickelt und mit MRT und MRV ver-
messen. Die verwendeten Samungsmodelle, die aus den Thermo uidwis-
senschaften stammen, &hlen zu den gemischten Konvektionssemungen,
bei denen temperaturbedingte Auftriebskmfte eine gro e Rolle spielen. In
den Temperatur- und Geschwindigkeitsfeldern entstehen dreiimensionale



Strukturen. Die dreidimensionalen Temperatur- und Geschwindgkeitsvek-
torfelder wurden gemessen unter der Verwendung von optimiertercinstel-
lungen in beiden Verfahren. Die Ergebnisse zeigen die Anwendbarike/on
MRT und MRV f ur Thermo uid-Applikationen und best atigen die Wertig-
keit dieser MR-Verfahren als Messtechnik @ir Ingenieure.
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Chapter 1

Introduction and Motivation

Visualizing and understanding uid ow physics dates back to the research
of pioneers like Ludwig Prandtl. At the beginning of the 20th century, he
developed a closed-circuit water tunnel, which was capable of visuiaing

the water ow by using small particles distributed on the water surface. His
result was the qualitative analysis of uid ow around di erent bodie s, such
as the ow separation behind an inclined airfoil. More recently, optical tech-

niques, such as digital particle image techniques, have been dewgled and
enable researchers to investigate higher-dimensional ow and tempature

elds quantitatively.

A completely di erent ow measurement technique has its origins in medi-

cal diagnostics. Magnetic Resonance Imaging (MRI) techniques were inp-

duced in 1973 by Lauterbur and Mans eld and are commonly used for clini-
cal analysis of human tissue. It provides three-dimensional informabn from

inside opaque objects without being intrusive. In the eld of cardiovascular
diagnostics, Magnetic Resonance Velocimetry (MRV) proved its appliabil-

ity, capable of measuring the three-dimensional ow eld inside a human

heart. In its current state, MRI is able to capture multiple quanti ties, such as
the ow velocity eld, the scalar temperature eld and the scalar con centra-

tion eld, to name only a few. This makes MRI a highly applicable tool for

engineering research and a viable competitor to conventional measuresmt

techniques, such as digital particle imaging techniques. Curreny, only few

research groups are capable of applying MRI techniques to engineerirap-

plications. Most experiments involving MRI for engineering purposs have a
uid mechanics background. With each conducted experiment, more faets
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of the techniques' possibilities and limitations are understood Nevertheless,
there are still many more lessons to learn for the engineering commutyi
by further exploring the technique s capabilities. This is the purpose of the
presented PhD thesis.

Thermo uid applications unite the fundamentals of the scientic di s-
ciplines uid mechanics and thermodynamics. In this thesis, the focus is
placed on applications where heat and mass transfer processes are impor-
tant, like in heat exchangers, uid mixing systems (e.g. Heating, Verilation
and Air-Conditioning systems - HVAC) or complex three-dimensional nat-
ural convection ows, such as those occurring in airplane cabins. Resrch
within this eld is associated with the analysis, measurement and nodeling
of energy transfer processes in a thermo uid system by interactiorwith its
surroundings.

A standard experimental approach for the characterization of such an ap-
plication is to measure characteristic quantities before, within ard after the
test section. By variation of the systems boundary conditions, a perbr-
mance map can be constructed showing the integral behavior of the sysin.
Modi cations applied to the test section lead to performance alteration and
can be evaluated by calculating appropriate dimensionless numbers,ush
as the Nusselt number. The results are often used to formulate a unersal
behavior by means of correlations (VDI, 2010). They are frequently consid-
ered during the design process of an application.

The overall performance of a thermo uid application can be attributed to
thermodynamic and uid mechanic processes taking place on length sdes
of the size of the boundary layer and time scales determined by unséely
behavior. Of great interest are the interactions between wall- uid and uid-
uid boundaries. On the one hand, models based on the fundamental equa-
tions describing the physics of the application can be developed. Ty are
sometimes analytically and in most cases numerically solvable, whiclsipre-
dominantly done with the help of Computational Fluid Dynamics (CFD).
On the other hand, spatially resolved information (velocity eld, acceler-
ation eld, Reynolds stresses, temperature eld, pressure eld etc.) inside
the test section can be measured by utilizing appropriate experimatal tech-
niques. The data eld that was either achieved in an analytical way, in a
numerical way or in an experimental way can be used to work out the phys
ical mechanisms. Nevertheless, in engineering research all dataveato be
evaluated. CFD results especially have to be veried in order to povide



reliable data. This is often done experimentally by reducing the apgication
to a measurable model and comparing the CFD data to quantities obtained
with extensive experiments. The decision for the utilization of acertain mea-
surement technique is made according to data quality and quantity,as well
as applicability. However, increasing computer performance enabteto in-
crease the CFD complexity (model complexity, information content,..). The
increased complexity also a ects the experiments. With increasig exper-
imental e ort certain measurement techniques become unreasonabléelhis
underlines the need for considering all existing measurement éaniques and
to judge their suitability for a speci c application.

On the one hand, Magnetic Resonance Velocimetry (MRV) is utilized
to analyze forced convection ows, where the temperature eld is assmed
to be uniform. As the investigated ow models contain a complex intemal
structure, conventional optical measurement techniques are often ggicable
only with undue experimental e ort. This is the point where MRV has its
advantages. No optical access is needed and nevertheless volumetric aat
Is acquired. The heart ow of a living human is an excellent example or
the applicability of MRV. This could never be measured with a velocty
measurement technique conventionally used in engineering. Wherheé ow
model is made of MR appropriate material, then MRV only detects the
parts of the ow model where measurement uid is present. Modernthree-
dimensional manufacturing processes, such as direct polymer lassintering,
enable the construction of complex structures suitable for MR usage. fiese
setups and the analysis of the velocity elds measured with MRV areone
part of this thesis. By analyzing characteristic parts of the ow impor tant
features in uencing heat transfer processes can be revealed.

A comparatively novel approach is Magnetic Resonance Thermometry
(MRT), based on the temperature-dependent Proton Resonance Frequey
(PRF) shift of the water molecule with which the scalar temperature dif-
ference eld can be measured. Compared to MRV, this technique is ma&
sensitive to the experimental setting. In this thesis, the ow models and
the experimental setup were improved to meet the requiremerd demanded
by MRT. To demonstrate the applicability of MRT laminar ow through a
double pipe heat exchanger setup was measured. The results show thidie
MR experiments are applicable for a wide range of thermo uid applicatiors.
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1.1 Interdisciplinary Project

For the engineering utilization of the MRT technique a joint researd project
between the Technische Universitat Darmstadt and the University Medical
Center Freiburg was granted by Deutsche Forschungsgemeinschaft (E5)
through GR 3524/3-1 JU and 2687/10-1. It is desired to utilize and pro-
mote the MRT technique with suitable applications coming from the eld of
engineering sciences. For the sake of completeness, MRT is comhaneith
MRV, to provide full three-dimensional and three-component veloaty vector
elds. The overall goal is to assess the applicability of the MRT technque
as a measurement tool for engineers and physicists. In this joint e ar, both
partners aim to explore the possibilities and the limitations of MRT and
present possible experimental setups, also for future considerains.

Throughout this PhD thesis, the project partner is Waltraud B. Buchen-
berg (University Medical Center Freiburg). She is an MR physics pecialist
and responsible for the development of the procedures, strategies drdata
processing needed for MRT. Among many other activities, she evaluatethe
experimental setup in terms of MR physics and proposes rules for thdesign
and arrangement of an MR appropriate ow model.

Situated at the Technische Universitat Darmstadt, the author of the c urrent
work is specialized in uid mechanics. His part of this work is the deel-
opment of appropriate ow models on the basis of thermo uids and the
composition of the uid mechanical and thermodynamical setup. The re-
sults are used to assess the applicability of the measurement teclyue. For
this reason, conventional measurement techniques are applied and cored
to the MR data. Results are used for analyzing heat transfer applications

1.2 Objectives and Outline of the Current Work

This PhD thesis discusses the applicability of MRI techniques asan engi-
neering measurement tool and provides guidelines of how to apply @er-
imental setups of thermo uid background. In combination with the work



1.2. Objectives and Outline of the Current Work

conducted within the scope of the interdisciplinary project, the following
objectives are:

Conventional ow velocity and temperature measurement techniques are

reviewed and compared to MRV/MRT in order to show advantages and

disadvantages of the MRI technique. This is presented as part of the
\Introduction”.

The physics of MRI in general and MRV/MRT speci cally are reviewed
from an engineering perspective. A focus is set on the capabilitieand
limitations of the measurement technique. This is the topic of chaper
\MR Imaging". The basics of convective heat transfer based on uid
mechanics and thermodynamics are reviewed as complementary material
in the appendix.

For the utilization of MRV/MRT, di erent experimental setups are nec -
essary. They are composed of di erent parts that were designed and con-
structed with the goal to meet the requirements of the available MR
setting. Components of the ow apparatus utilized and developed in
this thesis, the ow model design as well as the construction procses
are explained in the \Methodology" chapter. Recommendations regard-
ing MRT proposed by the project partner are summarized and translated
into engineering language.

Two thermo uid applications associated with forced convection ow in
channels lled with complex internal structures are investigated using
data measured with MRV. This includes uid ow through a tetradeca-
hedral grid and the ow through a CANDU nuclear fuel bundle replica.
The focus is set on the assessment of data quality and applicability as
well as data analysis. These results are presented and discussedthre
\MRV Experiments" chapter.

A major part of this thesis is the application of MRT. This is also the
background of the interdisciplinary project done in close cooperatiorwith
the project partner. Di erent ow models were designed and constucted
utilizing the components described in the \Methodology" chapter. Pre-
liminary experiments show the progress and important lessons learme
during the project. The MRV/MRT data obtained for the double pipe
setup are assessed and analyzed by inspecting the ow and temperateir
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eld and comparing to literature. Additionally, conventional measure-
ment techniques were used for data comparison.

1.3 A Review on Selected Velocity and Temperature
Measurement Techniques

In this section, well established velocity and temperature meastement tech-
niques are reviewed. This provides a basis to compare conventionaécth-
niques with the MRI techniques. The discussion intends to clarly de ne
the capabilities and limitations of selected velocity and temperatue mea-
surement techniques. A detailed description of MRV and MRT is given in
Chap. 2.

1.3.1 Measuring Fluid Velocity

A variety of measurement techniques are available that are capable of mea-
suring uid velocity for compressible and incompressible uids. The most
widely-used techniques are explained in detail by Tropea et al. (2007)These
techniques di er mainly in features like the invasiveness, therequired optical
accessibility, the capability of achieving temporally-resolved andspatially-
resolved data and the number of measured velocity components. Estabhed
invasive methods measure velocity from pressure measurements.g. Pitot
tubes) and from the thermal response of a probe (e.g. hot wire anemomaety.
As MRV is a non-invasive technique, the following discussion concegrates
on optical techniques, such as laser Doppler Velocimetry (LDV) or Partcle
Image Velocimetry (PIV).

The velocity u of an object can be calculated by measuring the distances
and the time span t it traveled with the following equation:

u= f— (1.1)
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This is also the basic principle of the optical techniques LDV and PIV that
are also capable of resolving multi-dimensional velocity elds by aptying
Eg. 1.1 to multiple directions. Both techniques utilize seedirg particles (also
termed tracer particles) added to the measurement uid. Hence, paticle-
based techniques only measure the ow indirectly via the partice movement.
Particles scatter light that can be used to measuret and s . This also
means that a light source is needed. Signal quality is strongly in uened
by the particle size. Additionally, particles have to follow the o w properly.
They have to be small enough to prevent particle slip such that the @r-
ticle s trajectory is a good representation of the surrounding uid. In the
following, the principles of LDV and PIV are introduced as they are most
frequently used. The main limitations and advantages are presented ilorder
to compare these technologies to MRV.

1.3.1.1 Laser Doppler Velocimetry

LDV which is often referred to as laser Doppler anemometry (LDA), is capa-
ble of acquiring point-wise velocity data (up to three components)with high
accuracy. There are di erent models to explain the basics of LDV. One $
the model of interference fringes. An LDV system utilizes the frnge pattern
(constructive and destructive interferences) occurring in te intersection of
two coherent laser beams. The intersection volume is also termed thmea-
surement volume and the con guration is termed dual-beam. The fringes
have a constant spacing of distances . A particle crossing the intersection
is illuminated according to the fringe pattern. The scattered light with in-
tensity i is received over some solid angle by a photo detector and yields the
transit time t which is proportional to the velocity component normal to
the fringe pattern. Utilizing Eqg. 1.1 yields the velocity componert in that
direction. The time signal can also be interpreted in the frequeng domain.
Therefore, the signal frequencyf ¢ can be introduced. Then Eqg. 1.1 changes
to u = sf 5. The basic LDV principle is depicted in Fig. 1.1. With the
above setup, the particle direction through the measurement volumecan-
not be recognized. By changing the light frequency of one the laser beams
relative to the other one by a relatively small amount, the fringe pattern
moves with a constant shift velocity. This can be achieved by a Braggeell,
which is a crystal that modulates the light frequency by density changes
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,\ i(t) 0t
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Fig. 1.1: Basic principle of LDV for a dual beam con guration.

evoked by pressure waves compressing the material. A particle moy in
the same direction as the moving fringe pattern is detected with a déwer
frequency and a particle moving against the fringe pattern with a higher
frequency. The frequency shift of the laser beam results in a dactional sen-
sitivity.

Light scattering of particles is a very complex topic and a central pointfor
LDV. It depends on the particle size, the particle material, the illuminating
intensity and many other factors. For spherical particles smaller thanthe
beam diameter and larger than the light wave length, the Lorenz-Mie scat-
tering of light can be applied (Albrecht et al., 2003). In brief, it describes
the scattered light intensity distributed over angular positions. This indi-
cates possible locations for the placement of the detector. The recsdr can
be operated in the forward scatter mode, yielding the best light inensity.
It can be operated in the side scatter mode, which still has a good ligh
intensity. Or it can be operated in the backward scatter mode, whichhas an
acceptable light intensity but is also easiest to set up. For each exgrimental
setup, a compromise between signal quality and experimental e ort ha to
be found.

Each particle acquired in the measurement volume provides informabn
about the ow. The signal from one detected patrticle is called a burst.In
order to obtain statistically correct ow information, many bursts hav e to
be detected, depending on the ow velocity, turbulence and paricle size.
Due to that, LDV is able to provide higher moments of the measured ve-
locity component, as for instance the root-mean-square (RMS) value.
More detailed information can be found in Albrecht et al. (2003) and Tropea
et al. (2007).

A conventional one-component dual-beam LDV system comprises a trans-
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mitting and a receiving probe as well as a data processor. The transrtiing
probe consisting of a laser, a beam splitter, a Bragg cell and a focuss)
lens. The receiving probe contains the receiving lens and the photdetec-
tor. A signal processing unit controls the system and processes thecquired
measurement signal. This simple setup is depicted in Fig. 1.2. By afdp-

focussing
rocessor
beam lens P
Splltter mask
! L
laser ] >
oo | \} photo
] ~ detector
Bragg reclelvmg
cells ens

Fig. 1.2: Setup of a dual-beam LDV system in forward scattering mode.

ing multiple dual-beam lasers with di erent orientations and with d i erent
laser wave lengths, up to three velocity components can be measuraad one
measurement volume with one burst. Three axis traversing systes enable
one to subsequently acquire point-wise velocity data and build upa three-
dimensional ow data eld with high spatial and temporal resolution.

The described features of LDV result in advantages and limitations pre-
sented in Tab. 1.1.

Tab. 1.1: Advantages and limitations of LDV.

Advantages Limitations

Non-invasive Particle seeding needed

No calibration Optical access needed
High spatial and temporal

resolution Complex equipment
2C simple, 3C more complex Spatial traversmg 'S time
consuming

High accuracy
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1.3.1.2 Particle Image Velocimetry

With the ability to acquire up to three-component velocity vector s over two
or three spatial dimensions, PIV can resolve coherent ow structures; thus,
Is the most common multi-velocity component measurement techniga.
Similar to LDV, particle imaging techniques rely on light scattered by seed-
ing particles. In contrast to LDV, the light source is a two-dimensional
laser light-sheet prepared by special light sheet optics. All partites owing
through this 2D area with nite thickness are illuminated. Again, Eq. 1.1
Is applied for velocity measurement. Therefore, two images at the taporal
interval t of the illuminated 2D area containing the particles are pho-
tographed. By comparing both images, the pixel-wise particle displacment
S can be calculated. This also implies a major requirement for partic
imaging techniques: During t the particles have to obtain a su cient dis-
placement that is detectable by the camera image. As the photograph is
two-dimensional, a displacement in the x-direction (s ) and the y-direction
(s y) can be determined. Utilizing the resolution of the camera and the in
terval t between two consecutive images, a two-dimensional velocity eld
can be derived. For PIV, the displacement eld can be derived automati
cally by using smart reconstruction algorithms based on cross-correlabins.
The basic principle of particle imaging techniques and the requird setup
Is depicted in Fig. 1.3. The foregoing basic principle applies to all pai-

particle o t s

H flow ¢ 1 Ol _X> i

laser | | U I&” S BN - ‘
light sheet V.Vt.u / FLA }
OptICS ° ® ° Lsy
camera post processing unit

Fig. 1.3: Basic principle and setup for particle imaging techniques.

cle imaging techniques. They are classi ed according to the concerdtion
of tracer particles. If the particle concentration is low a tracking of single
particles is possible (Particle Tracking Velocimetry - PTV). For very high
seeding concentrations, individual particles are no longer visibléo the cam-

10
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era. They form random speckle patterns that move and transform with the
uid ow. This technique is called Laser Speckle Velocimetry (LSV). When
the seeding is held at medium concentration levels, then this isé¢rmed PIV.

It is also the most commonly used technique. There exist a variety oPIV
modes and con gurations that are available and that are suitable for di er-
ent problems. More details about PTV/LSV/PIV are provided by Adrian
(1991) and Ra el (2007).

The \classical" PIV setup shown in Fig. 1.3 comprises a laser, light sket
optics, a digital camera and a post-processing unit. The faster the amera
can take an image, the shortert becomes. This shows a major advantage
of PIV that can resolve unsteady processes by using high speed cameras
Utilizing a second camera adjusted at a di erent angle, stereoscopic F/
Is accomplished. Hereby, the reconstruction of the through-plane velcity
component (2D3C) is achievable. Tomographic PIV or volume PIV even
utilizes several cameras. With this technique, volumetric data vith three
velocity components (3D3C) can be acquired. With every modi cation the
system complexity increases. As is obvious from the PIV setup, theam-
era has to be focussed on the imaging plane. This is done with the help
of a calibration target. The calibration procedure has to be done several
times (before, after and during the measurements). This indicats the large
experimental e orts especially for stereoscopic or tomographic PIV saips.
Furthermore, post-processing the data is time-consuming. Advantage and
the limitations of the PIV technique are listed in Tab. 1.2.

Tab. 1.2: Advantages and limitations of PIV.

Advantages Limitations
Non-invasive Particle seeding needed
High temporal resolution Optical access needed
Quasi-instantaneous Elaborate calibration

Very high spatial resolution Complex setup for 3D3C

2D2C simple, 3D3C possible Tlme-consum_mg post
processing

lllumination, light intensity

11
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1.3.1.3 Refractive Index Matching

In order to measure the ow in complex geometries with solid/ uid int er-
faces (e.g. undercuts, inside grid space,...) with optical measuneent tech-
niques, transparent materials (such as Lucite or quartz) are utilizedas win-
dows. A problem for both LDV and PI1V is the presence of solid/ uid inter -
faces and/or curved walls. The laser beams of an LDV system are retracted
when measuring through curved surfaces. This leads to a beam misalign
ment and signal loss. In a PIV setup, the laser sheet can bend or be rected
at solid/ uid interfaces. Parts of the measurement eld would su er f rom
insu cient illumination.

The e ects of solid/ uid interfaces or curved walls can be avoided by using
the refractive index matching method (RIM) (Albrecht et al., 2003; Bu d-
wig, 1994). Hereby, the refractive index of the measurement uid is adjsted
that it is equal to the refractive index of the ow model and the surr ound-
ing channel walls. The ow model requires a high optical quality that has
to be realized during the manufacturing process or with an appropriaé
after-treatment. In some cases it may not be practical (or even possill) to
manufacture ow models in Lucite or quartz. An example combining RIM
and LDV is presented by Liu et al. (1990) and the combination of RIM and
PIV is presented by Scholz et al. (2012).

1.3.1.4 Comparison to MRV

It is di cult to benchmark and rank LDV, PIV and MRV. Every technigue

has advantages and disadvantages that make each technique uniquely ap-
plicable to speci c problems. LDV and PIV are mature techniques in uid
mechanic research. As MRV is still a not well established measuremétech-
nique for engineers, it has to nd its niche in future research.

For a quantitative comparison between LDV, PIV and MRV, dedicated ex-
periments were taken from literature. All have in common that they utilize
water as measurement uid and that they acquired spatial data sets. Ac
cording to that Tab. 1.3 summarizes the main experimental parameter (ow
conditions, FOV size, spatial resolution) of the chosen experimentsMost
important for a quantitative comparison is the amount of collected data
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(FQV size) during a certain time interval (acquisition time).

The data presented for the tomographic PIV experiment show a very hgh
spatial resolution and are time-resolved. As there are no values for the ga-
surement time and the calibration time, the processing time is Isted with 4
h. With 26 hours the longest total acquisition time was accomplished with
the LDV experiment. Nevertheless, the geometric complexity of the ow
model is remarkably as well as the obtained data quality. Measuring the
ow inside a stochastic foam replica the ow model in the MRV experiment
was the most complex one. The spatial resolution is very good and the mea-
surement time (1.5 hours) relatively short. The MRC and MRT experiments
even showed shorter acquisition times, whereas the model compléx and
the FOV size is reduced. They have been listed for the sake of congikness.
In summary, by comparing the listed experiments (that have been hosen for
demonstration purposes) the advantages of MRV and its related technique
(MRC, MRT) compared to LDV and PIV can be worked out. Especially in
terms of three-dimensionality, model complexity and accessabilit as well as
acquisition time the MR-based techniques are superior. A major dravback
is the availability of the expensive MR device which is typically situated
at a radiology department and, hence, not available during the week. MRV
as utilized for the presented experiment measures time-averageaelocity
elds. LDV and PIV have access to higher order moments. Measuring ow
turbulence or time-resolved ow with MRI are still a big issue in research.

13
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1. Introduction and Motivation

1.3.2 Measuring Fluid Temperature

The following review provides the background of selected uid tenperature
measurement techniques. On the one hand, invasive techniques goeesented
that are easy-to-use and applicable in the MR environment. They can be
used for temperature validation or temperature monitoring during MRT
measurements. On the other hand, non-invasive measurement techuues
are explained that are capable of measuring multi-dimensional temperatre
elds. All techniques are then compared in a table by extending thework
of Childs et al. (2000). Due to the large number of temperature measure-
ment techniques, only a selection is explained. Due to the fact tat the PRF
method (in the current state) is only applicable in liquids, the review con-
centrates on measurement techniques which are applicable to waterows.
A detailed review of the most important techniques is provided by Gamci
(2010), Childs et al. (2000), and Tropea et al. (2007).

1.3.2.1 Invasive Techniques

The point-wise measurement of the uid temperature using invasive probes
Is, compared to most other techniques, inexpensive and easy-to-use

Very often applied is a thermo-electric device termed thermocople. It
Is based on the Seebeck e ect. Two conductors of di erent material inan
electrical circuit experience an electromotive force (emf), whe exposed to
a temperature gradient. Due to thermal di usion processes betwee the two
conductors, an electrical eld develops that can be measured as a voltage.
Each conductor material has a thermoelectric coe cient (k-value), mea-
sured relatively to the one of platinum. For a desired application a sitable
thermocouple material pair can be chosen, depending on the temperata
range, accuracy, chemical resistance.
Most common is the thermocouple of type K. It is composed of a nickel
chromium - nickel (NiCr-Ni) pair. Another important one is the type T
thermocouple comprising a copper - copper nickel alloy (constantanpair.
This type is especially applicable in a temperature range of -250 to 300C
and applicable in oxidizing environments. Thermocouples can be maal of
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non-metal material (e.g. carbon) for the application at very high absolute
temperatures. Such devices are not commercially available. It is gected
that these devices are suitable for the usage in MR environment. Typel
thermocouples with a sheath diameter of 0.2 mm have been succeskyu
implemented in a 0.2 T electromagnet scanner by Grimault et al. (2004).
Thermocouples are cheap, robust and available in many di erent versins.
An advantage is their sheath size that can be 0.1 mm or even smaller. Ther-
mocouples can be easily embedded into surfaces.

Another class of invasive probes are electric resistance devices. &lprin-
ciple is simple and most often applied. Each electrical conductor has a
temperature-dependent resistance. This is based on the movemenf the
free electrons and the behavior of the atomic lattice at di erent tempera-
tures. In an electrical circuit the temperature-dependent voltage at the con-
ductor can be measured when a constant current is applied. A Wheatston
balancing-bridge circuit is used and the di erential voltage is measued. The
conductor material can be a metal, a ceramic or a semiconductor.
Platinum Resistance Thermometers (RTDs) are most accurate with a vey
stable resistance-temperature characteristic. They are most ofterapplied
an known as pt100 probe. For industrial use, the platinum wire conductor
Is embedded into a ceramic compound and protected by an additional metal
coating. Hence, RTDs are much thicker and have a decreased responsmé
compared to thermocouples. However, they are more accurate than therm
couples.

Invasive temperature probes can utilize optical e ects to measure he
temperature. Dierent principles are available for temperature measure-
ment. The most important ones are based on optical re ection, uores-
cence, absorption and radiation. Optical bers can be used to transport
this information. As they typically consist of glass or crystals, the probes
can be used in chemical aggressive or high temperature environments.n@
of the commercially available systems utilizes a semiconductor cstal (e.g.
gallium-arsenide crystal) xed at the tip of the optical ber. The band edge
position of the crystal is temperature-dependent. White light sert to the
crystal is scattered with a di erent spectrum according to the band edge
position. A change in temperature also changes the scattered light spaam.
The scattered light transported through the optical ber can be analyzed
in a spectrometer. This principle is very precise (0.1 C) in a temperature
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1. Introduction and Motivation

range of -200 to +300 C and not a ected by ber strain in comparison to
most other ber-optical principles.

Another advantage of optical systems is that the probe can be exposed to
strong magnetic and electromagnetic elds. It has to be calibrated when
used inside an MRI device (Buchenberg et al., 2014). A ber-optical sgtem
IS more expensive compared to a thermocouple or an RTD system. As a
consequence, less probes are available for the instrumentation of atsp.
The bers are very sensitive to strain and can easily break. Single pait
probes have a head diameter of about 1 mm. In terms of accuracy they are
better than thermocouples but less accurate than RTDs.

Due to the intrusion into the ow the point-wise probes can signi ¢ antly
alter the velocity prole. Some point-wise probes have the problemthat
they su er from errors due to thermal conduction along the sensor body
(Minn Khine et al., 2013). The positioning of the sensor in the ow is of-
ten di cult and can lead to signi cant positioning errors. The probe he ad
should be adjusted opposing the main ow direction. Hence, the staticem-
perature is measured correctly (Nitsche and Brunn, 2006). This has to be
considered when friction leads to an increase in the uid temperatue.

In order to obtain spatially resolved temperature data, multiple probes have
to be arranged in an array or a rake. If the velocity and temperature elds
are stationary, a single probe can be traversed within the ow eld. How-
ever, point-wise intrusive temperature measurement technigas are mainly
used at xed positions. Multiple probes can be integrated into the suface
of the ow model with which a two-dimensional surface temperature dstri-

bution can be measured.

1.3.2.2 Non-invasive Techniques

Likewise the velocity measurement, optical techniques are the sotion for
more-dimensional temperature acquisition.

By seeding the ow with temperature-sensitive particles and utlizing
a similar setup as explained for the particle imaging techniques, awo-

18



1.3. A Review on Selected Velocity and Temperature
Measurement Techniques

dimensional temperature map within uid ow can be achieved. Thus, the
technique was termed Particle Image Thermometry (PIT). The temperature-
dependent features of Thermochromic Liquid Crystals (TLCs) are utiized
(Gennes and Prost, 2007). They are substances that have both liquid and
crystal properties. TLCs consist of either Cholesteric-based Liqud Crys-
tals (CLCs) or Chiral-Nematic-based Liquid Crystals (CNLCs) (Dabiri,
2009; Oswald and Pieranski, 2005). They are composed of dierent lay-
ers comprising rod-like molecules. They form an anisotropic arrangenms
that only re ects a band of certain light frequencies. This frequercy band
Is temperature-dependent. By illuminating the TLCs with white light, the
TLCs scatter the light in di erent colors according to the temperatur e of
the surrounding uid. CLCs and CNLCs have a di erent colorimetry. TLC s
are typically microencapsulated in a polymer or gelatine in order to pevent
them from degrading. The TLCs have to be suspended in the measure-
ment uid. They are neutrally buoyant when applied in water. UV light
can damage the TLCs. Profound information about PIT and successfully
applied experimental setups utilizing PIT are shown in Dabiri (2009).
Additionally to the advantages and limitations discussed for the particle
imaging techniques used for velocity measurements, PIT also has aidh
spatial and a good temporal resolution (according to the performance of
the camera). The temperature resolution depends on the TLC substange
the illumination and the color camera calibration. The latter one is a major
experimental task. Additionally, PIT can be combined with PIV in the same
setup. Thus, temperature and velocity elds are accessible.

By utilizing Temperature-Sensitive Paint (TSP) applied on a surface
the quantitative measurement of the surface temperature distribdion is
possible. TSP consists of luminophore molecules embedded into anlier
matrix. Therefore, phosphors (e.g. certain lanthanide-complexes) low a
temperature-dependent (and/or pressure dependent! pressure sensitive
paint - PSP) luminescence. Incident light is absorbed by the lumnophore
and, in turn, emitted at a color according to the temperature. In some @ases
the luminescent material has also a temperature-dependent decayme. This
can be utilized for temperature evaluation (Liu and Sullivan, 2005).

A typical setup comprises the paint as a compound of the luminophore ma-
terial embedded into a a polymeric matrix which is then applied on asurface
and exposed to a convective ow. For illumination typically a narrow-band
white light source is used. The emitted light is recorded with a canera.
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1. Introduction and Motivation

Temperature evaluation can be done with di erent techniques accordng to
Tropea et al. (2007).

An advantage of TSP in comparison to TLC is, that the emitted color is
independent of the viewing angle, the pressure and the UV light intasity
(Tropea et al., 2007). TSP has a good temporal response according to the
used luminophore and technique. Limitations are that TSP can only resole
temperatures on a surface and, hence, is more likely used as heat uxea-
surement technique.

In a feasibility study, Fey et al. (2013) develop a water-specialized BP they
termed \waterTSP" technique. They applied it on a heated/cooled cylin-
der wall that provided a surface temperature range of 6< T < 1.5 C.
The ow rate was maintained at di erent Reynolds numbers 3500< Req <
14500. The chosen luminophore had a high sensitivity. Hence, unsteady tem
perature uctuations and thermal signatures of the wall shear stress cold
be qualitatively analyzed.

An additional temperature measurement technique based on the temper
ature dependency of the refractive index of uids in incompressilte ow, are
the Schlieren or the shadowgraphy methods (Tropea et al., 2007). They are
optical, non-invasive and the results are two-dimensional whereas thenea-
surement quantity is an integrated value over third dimension of the mea-
surement volume. They are typically used to measure free convecn ows.
Quantitative results can be obtained by using the Background-Oriened
Schlieren (BOS) technique. The setup is rather simple. A backgsund tar-
get with a random dot pattern is used as a reference and a camera is focexl
on the background plane. In between, a measurement object/ uid is plaed
that, for instance, can be a wind tunnel or a water reservoir containing
a heatable cylinder. If the object is heated it evokes density changein
the uid. They can be detected by the camera as displacement of the ot
pattern. By correlating the image taken without heating and with heatin g
applied, a displacement eld can be derived yielding a refractionndex map.
This can be transferred into a temperature di erence eld.

For BOS, equal post-processing methods as used for particle imagingcth-

niques can be utilized. BOS can be combined with PIV and applied siml-

taneously. Therefore, additional seeding, a PIV camera and optical Itas

are required.

The combination of BOS and PIV was successfully applied by Tokgoz et al.
(2012) to a thin water layer that was fed by a hot and a cold jet. Tem-
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perature di erences of less than 1 K could be measured and temperater
uctuations resolved.

1.3.2.3 Comparison to MRT

For qualitative comparison of the di erent temperature measurement tech-
niques, Tab. 1.4 summarizes the main features. It is based on the work of
Childs et al. (2000) and additionally adds water-specialized temperature
measurement techniques, such as MRT, waterTSP and BOS in water.

In general, the measurement of temperatures is more complicated tharhe
measurement of velocities, since the techniques are more semgi to envi-
ronmental in uences. Nevertheless, there is a variety of measureant tech-
niques available. In MR environment, only the liquid-in-glass themometer,
ber-optical techniques or optical techniques and in some cases themocou-
ples would be applicable.

For comparison to MRT, a focus is set on techniques which are non-invage
and applicable in the medium water. PIT, TSP and BOS have advantages
in terms of spatial and the possibility to measure unsteady processe They
are typically two-dimensional, whereas in combination with PIT also a quasi
3D eld can be obtained, by traversing the light sheet and camera. The
temperature range is comparable for all techniques. BOS shows the hes
temperature resolution within the mK-range.

PIT and BOS can be combined with PIV in one setup and applied simul-
taneously (with additional experimental e orts). Hence, these techniques
can be used for the investigation of thermo uid applications. As the dis-
cussed non-invasive methods need optical access, the model conxute is
limited or elaborate RIM techniques have to be applied. This is alsothe
point where temperature and velocity measurements using MRI are ge-
rior. If a thermo uid experiment is especially designed for MR application,
then ow models of arbitrary complexity can be investigated. Results can
be resolved spatially. The measurement can be conducted in an approjate
measurement time typically within minutes. However, MRI techniques have
to prove their reliability and applicability for thermo uid scien ces. This is
one goal of the present PhD thesis.
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Chapter 2

MR Imaging

MRI is an umbrella term standing for a variety of diagnostic tools for qual-
itative and quantitative analysis of quantities measured utilizing the prin-
ciples of Nuclear Magnetic Resonance (NMR). By enhancing the research
of Bloch (1946) and other forerunners in MRI, Lauterbur and Mans eld
in 1973 manipulated the Proton Resonance Frequency (PRF) in space by
applying spatially varying magnetic gradients. With their research, rst
spatially resolved images of tissue could be produced, enabling theedical
analysis of regions in the body which was not possible with conventional
X-ray diagnostics. This invention paved the way for many applications ard,
nowadays, is one of the most advanced diagnostic tools in medicine.
Contrary to MRI, but with similar physical principle, Magnetic Res onance
Spectroscopy (MRS) uses NMR to extract the physical properties of again
atomic nuclei in a small sample of matter. The idea behind this techigque
IS to receive information about single molecules and their atomic struture.

This chapter is written from an engineering perspective and startswith
a summary of the physical principles of MRI in order to provide a knawl-
edge base. Following are details about the advanced MR techniques for ¢h
measurement of velocity and temperature. The chapter is closing vih a
discussion about measurement error.
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2. MR Imaging

2.1 MR Basics

2.1.1 Nuclear Magnetic Resonance

The interaction of the atomic nuclear spin with an external magnetic eld
By is a basic physical principle. A nucleus has a quantum mechanical &p
I, only when the atomic number* is odd and/or the atomic weight? is odd.
With only one proton in the nucleus of the hydrogen isotope and a spin
quantum number of | = % 1H is the basis for most MR techniques (Brown
et al., 2003).
Being a quantum mechanical property the spin of elementary particls is
not part of our everyday experience. However, the motion of the proton
spin in a magnetic eld can be compared with a gyroscope. A rotating
current can interact with magnetic elds and, hence, produce its avn mag-
netic eld, which is termed magnetic dipole moment vector ~. The dipole
moment is the product of the gyromagnetic constant , which is approx-
imately 2:67 1CPrad/s/T (42.57MHz/T) for pure water, and the angular
momentum (spin) J-

~= J (2.1)

The vector ~ will not completely align along the eld lines of the magnetic
eld By. Due to the interaction between By and ~ an angular momentum
J is generated leading to a precessional motion of the rotational axis of the
spinning proton around the magnetic eld lines. Fig. 2.1 illustrates the spin
precession. The precession frequency for this motion can be calatéd with
the torque N':

N=z —=~ B 2.2
Y : 22)

With the use of Eg. 2.1 the magnitude of torquejNj results in:

JNj= JB gsin = Jsin (;I—t (2.3)

! The atomic number is the number of protons.
2 The atomic weight is the sum of protons and neutrons.
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2.1. MR Basics

Fig. 2.1: lllustration of the spin precession.Bj is the magnetic eld along
the z-axis, ~ is magnetic dipole momentum of the proton, J is angular
momentum leading to the spin precession.

The term ‘(’j—t is the PRF or Larmor frequency ! . By solving Eq. 2.3 for

I o the important expression can be given (Haacke et al., 1999; McRobbie
et al., 2002; Weishaupt et al., 2009):

'o= Bo (2.4)

As explained above the spins in the magnetic eld align along the mag-
netic eld lines. In quantum physics, a hydrogen proton in an external mag-
netic eld has two energetic states: The spin can align parallel (up-pins)
or anti-parallel (down-spins) to the magnetic eld lines. (Zeeman interac-
tion see Libo (2003)). Both states are stable. The transition energy, which
would be required to switch between these two states is direcyl connected
to the Larmor frequency:

E =~ (2.5)

In Eg. 2.5 ~ is the Planck s constant. This quantum is also referred to as
spin energy. Fig. 2.2 shows the Zeeman diagram for the hydrogen isotope
with the two possible spin states.

In thermal equilibrium the ratio of both states is Boltzmann-distri buted,
with an excess in the energetic lower state (up-spins). By compang the
magnetic eld interaction to the absolute thermal energy kT of the system,
an expression for the 'spin excess' is achieved:
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Fig. 2.2: Zeeman diagram for hydrogen isotope. Spins are oriented in either
up-spin state or down-spin state, due to the presence of a magneticeld By.

: ~l
spin excess N KT (2.6)
Hereby, N is the total number of spins in the sample, k is the Boltzmann
constant and T the absolute temperature. The spin excess is comparately
small®. Eq. 2.6 implies, that a stronger main magnetic eld results in in-
creased spin excess. Fig. 2.3 illustrates the orientation of spins ispace and
in a strong magnetic eld, as well as the resulting spin excess.

Agst [4ea) 40 oa

URKPU KP URCHGGNFURKPURKIE

Fig. 2.3: Orientation of spins in space and inside a magnetic eld. Restiing
spins excess after pairwise canceling of up-spins and down-spins

3 one in a million spins for 0.3 Tesla (Haacke et al., 1999)
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2.1.2 Equilibrium Magnetization

Although the spin excess is rather small, the huge amount of protons (Avo-
gadro number) in a macroscopic sample of matter (e.g. a drop of water)
results in the existence of an equilibrium magnetization or net magnat

zation Mg of the protons, which can be calculated by Curie's law (Bloch,

1946):

B
Mo = c:?0 = B (2.7)

The constant C is the Curie constant and T is the absolute sample tempea-
C

ture. The term = is also known as the magnetic susceptibility , describing
the magnetization potential of matter. Fig. 2.4 illustrates the two di e rent
perspectives in NMR: Viewed from a microscopic point-of-view the fous lies
on one single proton spin interacting with the By- eld. From a macroscopic
point-of-view many proton spins (and their magnetic dipole moments) ina
sample of matter unite to a spin enserFlgbIe with volumeV, which, in turn,

has a resulting magnetizationM = Vl ~protons  (Haacke et al., 1999). In
the depicted spin ensemble, the phase of the spins is statistidgldistributed

(phase incoherence).

X ':>2$ , %§ /::>2$/
§ik
IKETOUEORKE

Fig. 2.4: Microscopic perspective: development of Larmor frequency o of
single spin in magnetic eld. Macroscopic perspective (spin ensehte): re-
sulting net magnetization My of many spins in a sample of matter. Spins
have di erent phase angle, which leads to phase incoherence.

The net magnetization My is only of the order of a few T. In comparison
to the main magnetic eld, which is of order 1 T, the net magnetization is not
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measurable. Although all spins are rotating with equal Larmor frequency,
the phase incoherence of the proton spins in the spin ensemble imges the
measurement of the proton spin magnetization.

2.1.3 Radiofrequency Excitation

The spins can be stimulated with a short radio frequency pulse (RFpulse
or RF excitation). The RF pulse, provided by a transmitter coil, pr oduces
a linear polarized magnetic eld rotating at Larmor frequency (B7;- eld)
(McRobbie et al., 2002).

In the microscopic perspective the RF pulse (which is in resonare with
the spin precession frequency) emits energy, which is then absbed by the
protons (resonance absorption). As a conseguence, up-spins switch tbe
higher energetic state (down-spins) and run synchronized with tle B - eld.
Phase coherence is the result. As more and more up-spins convert town-
spins the spin excess decreases, which leads to a decrease of tmgitudinal
magnetization M.

In the macroscopic perspective a spin ensemble reacts on the RF 3d
with a tilting of the magnetization vector M Mg~ (which was initially
longitudinal) into the x-y-plane. M develops a transverse magnetization
component My, . The magnetic reaction of matter on an arbitrary external

magnetic eld B is described by Bloch s equation:

dnvr
—= (M B 2.
= (M B (2.8)
Hereby, it is helpful to introduce a rotating frame of reference, denoted
with the axis system x' and y' rotating at . Eq. 2.8 in the rotating frame
changes to:
!
L
dd—l\?[r = (M B)"+ M= M (B+ -) (2.9)

rot

4 The rotating frame of reference is a coordinate transformat ion, by which the x-y-
plane rotates around the z-axis at the Larmor frequency.
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The additional term £ represents a ctitious magnetic eld, developing from

the rotation. Situated in the rotating frame of reference, the RF pulse only

adds a static magnetic eld B, perpendicular to the Bp- eld (x'-axis taken

here to coincide with the x-axis). Inserting +2 " +¢ and B = By + B3 into
Eg. 2.9 gives:

|

%—I\? M (Bo+ b +B1)= M B (2.10)

rot

The cross product in Eq. 2.10 de nes the geometric operation oVt . It is
tited around the B ;-axis. The ip angle at which M is rotated is denoted
by , where (Haacke et al., 1999):

= B, (2.11)

The longer the RF pulse duration is (when the RF transmitter is turned
on) or the stronger the B;- eld is, the more protons absorb the pulse's
energy and the ip angle increases. A complete 360rotation takes about
tens to hundreds of microseconds (Bushberg et al., 2002). The resutig
magnetization vector M is a composition of the two components transversal
magnetization jN,, j and longitudinal magnetization jNt,j. All parameters
of the RF excitation process are illustrated in Fig. 2.5. The maximum ip
angle is =180 . In this case the net magnetization changes to the opposite
direction and jM,j = "] Myj. By applying a 90 ip angle, the magnetization
vector completely tilts into the transverse plane andjM,y | = jNj. Fig. 2.6
illustrates the ip angle , the 90 pulse and the 180 pulse. When the RF
transmitter is turned o again, the spins have reached a certain amountof
phase coherence, and the magnetization vector has gained a certain amount
of transverse magnetizationjM,y j. This is the basis for measuring a MR
signal.

2.1.4 MR Signal

As the spins are in an excited state, they have to lose the energy on tlreway
to the initial equilibrium state. In a receiver coil, perpendicularly oriented
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4
A

(@) (b) (c)

Fig. 2.5: RF excitation process. (a) Equilibrium magnetization Mg aligned
along Bo- eld. (b) Excitation of RF pulse as a magnetic eld B ; rotating at
Larmor frequency! . Magnetization vector M spirales into x-y-plane. This
leads to a development of the transversal magnetization componerjivi,y j.
The longitudinal magnetization M, decreases. The ip angle is denoted with

. The x'-y'-plane is rotating with the Larmor frequency (rotating fram e of
reference). (c) After the RF pulse is shut 0 again a receiver coil candetect
the rotating transversal magnetization.

Fig. 2.6: The 90 pulse leads to a complete conversion of the net magne-
tization to transverse magnetization, and the 180 pulse to opposite net
magnetization.

to the transverse plane, the rotating phase-coherent transverse magtiza-
tion induces voltage (via the dynamo principle). This decaying sgnal is the
Free Induction Decay (FID) and equals the complex MR signal with its
three components: The signal magnitude, the signal frequency and theg
nal phase (relative to the RF pulse phase) (Brown et al., 2003).

The decay process of the MR signal can be divided into two relaxation
types:
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The spin-lattice relaxation (or T 1 relaxation) describes the regrowth of the
longitudinal magnetization jM,j of the MR signal, after the magnetization
has been rotated into the transverse plangNt,, j. The reason for this re-
laxation type is the interaction of the spins with their surrounding atomic
neighborhood. The time constant of this decay process is 1, which is the
time after a 90 -pulse until 63% of the initial jN,j is recovered. The decay
curve is given in Figure 2.7a. Assuming an exponential relaxation process
and solving Eq. 2.8 with proper boundary conditions the regrowth ofjN ]
can be calculated by:

iV ()] = Mo(L" (1" cos )exp(" Til)) (2.12)

The second relaxation type is the decay of the transversal magnetizatn
(spin-spin relaxation or T, relaxation), which can be described as a dephas-
ing® of a spin ensemble due to spin-spin interaction. Small di erencs in the
local precession frequency lead to a spin-spin phase dispersiofhe time
constant T, is de ned as the value, whenjM,, j has decayed to 37% of its
initial value after a 90 -pulse excitation. The solution of Eq. 2.8 for this
decaying process is:

JMyy ()] = Myy (O) exp(" t=T>) (2.13)

Temporally constant eld inhomogeneities, such as B-imperfections, mag-
netic eld gradients or local susceptibility di erences, lead to a faster decay
of jNT,y j, which is characterized by the time constant T3. The sum of the
reciprocals of both relaxation times T, and T9 yields the time constant T,
which characterizes the FID. T, is termed apparent spin-spin relaxation
time (Bernstein, 2004). Eg. 2.13 is modi ed as follows:

My (1)) = My (0)j exp(" t=T;) (2.14)
The time constant T, and the decay ofjMyy ] is shown in 2.7b.
Typical values for both relaxation time constants are presented by Hen-

drix and Krempe (2008) for di erent matter: The T ; relaxation lies within
200ms (fat) and 3s (water), whereas the T} relaxation is a faster process

5 Dephasing is the loss of phase coherence between distinct spins.
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(a) Spin-lattice relaxation of the longitu- (b) Spin-spin relaxation of the transversal
dinal magnetization component magnetization component

Fig. 2.7: Relaxation types of the longitudinal and transversal magnetization.

with relaxation times between 100ms (fat) and 1.5s (water) for a 1.5 Tesla
main magnet.

2.1.5 Echo Generation

As explained above, T, time constants are much shorter than T, time con-
stants, due to additional dephasing caused by spatio-temporal constanteld
inhomogeneities (Weishaupt et al., 2009). These e ects can be reversda/
applying a 180 pulse. After the 180 pulse is excited an echo of the FID
is generated. The duration between the rst excitation pulse and thesignal
echo is the Echo Time (TE). 180 pulses can be repeated several times,
with decreasing signal strength at each achieved echo. The envelope the
maxima of the FID and its subsequent echoes gives the realTcurve. This
is depicted in Fig. 2.8.

The formation of an echoes can be achieved with two di erent sequence
types: Spin Echo (SE) and Gradient Echo (GE).
In SE sequences the spins dephase naturally, after the 9Qoulse. A 180
pulse reverses the spins' phases and they start to rephase again. Bhd
time the phases of all spins have realigned on the y'-axis, an echo forms
This process can be repeated several times and is equal to the ectwrha-

34



2.1. MR Basics

Fig. 2.8: Transversal relaxation with T, and T, time constant. Echo for-
mation subsequent to 180 pulses after echo time TE. TR is the repetition
time between subsequent excitation pulses.

tion depicted in Fig. 2.8. For this sequence only the radio-frequencynit is
needed.

In contrast to the SE sequence, the GE sequence generates the sigraho
with the help of the gradient unit; therefore, the sequence is alsdermed
gradient recalled echo sequence. In a GE sequence a negative gradikre
(dephasing gradient) is switched on just after the RF excitation pulse. This
speeds up the dephasing process of the spins and a the transversagne-
tization decays faster. This process is reversible by applying aephasing
gradient: a subsequently applied positive gradient lobe with an ampliude
of the halve gradient strength of the dephasing gradient but with doublel
gradient duration rephases the spins again. A signal echo forms at the half-
time of the rephasing gradient. As discussed in section 2.1.7, a magnetic
gradient has a spatial orientation in one direction. Typically this gradient
is applied in the Frequency Encoding (FE) direction, which is depicted as
green lobe in Fig. 2.10.

GE sequences are much faster than SE sequences. In order to enhaspeed,
the ip angle of the excitation pulse can be reduced ( between 5-60). With
smaller ip angle (than 90 ), the longitudinal magnetization can not be fully
converted into transverse magnetization, which leads to signal loss. @the
contrary, relaxation process of M, and M,, are much shorter. This leads
to a reduction of the duration between subsequent excitation pulse. This
duration is known as the repetition time TR. GE sequences can achiey
much shorter TE values, than SE sequences.

35



2. MR Imaging

In several GE sequences the magnitudes of Mand M,y relax to constant
values over many excitation pulses. They reach a steady state or dynami
equilibrium. When M,, relaxes to zero before the next excitation pulse is
emitted, the GE sequence is termed spoiled. Spoiling can be accotighed
with additional gradients at the end of a sequence or with RF spoiling. An
example for a spoiled GE sequence is the FLASH (Fast Low Angle SHot)
sequence of Siemens (Erlangen, Germany). If ) remains nonzero before
the next RF excitation pulse arrives, then the GE sequence is catld SSFP
(Steady-State Free Precession) (Bernstein, 2004).

A detailed discussion about SE or GE sequences can be found in Haacke
et al. (1999), Hendrix and Krempe (2008), McRobbie et al. (2002), and
Weishaupt et al. (2009).

2.1.6 Contrast

Contrast is essential for MRI and helps to di erentiate di erent ti ssue. Im-
portant for contrast is the composition of the echo time TE and the rep-

etition time TR, which is a function of the used pulse sequence, gsulting

in dierent T 1 and T, relaxation times. This is called weighting. In the

MR image, tissues with high contrast (bright pixels) produce more sgnal

during acquisition than tissues with low contrast (darker pixels). In case
of engineering sciences only one uid is needed and the proton dengitT 1

and T, are uniformly distributed. Hereby the main purposes are to increase
signal and reduce measurement time. This is done with the help of comst

enhancing material.

2.1.6.1 Weighting

In MRI, images can be PD-weighted (Proton Density), T1-weighted or T»,-
weighted. Blood, for instance, has a higher proton density than bone am,
hence, has a higher signal intensity. PD-weighted images are often acgead
using SE sequences with short TE.
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Contrast with T , weighting is achieved when long TEs and TRs are ap-
plied. This can be done with SE sequences. Tissue with longsTvalues is

brighter. That means, that in T ,-weighted images uids have the highest
intensities and water- and fat-based tissues are at mid level. For GE e

quences T-weighting is achieved as the gradient non-uniformities lead to
increased spin-spin relaxations. Nevertheless, SE ;Fweighted images and
GE T,-weighted images produce the same tissue contrast.

Images with T1-weighted contrast depict uids as dark and fat-based tissue
as bright areas. Required are short TEs and short TRs. For GE T -weighted

images the ip angle has more impact on the contrast than TR. should

be chosen high enough to achieve su cient signal. Due to the short acqui

sition times GE sequences are T weighted. Furthermore, the signal can be
increased by manipulating T1, T and T, times by doping the measurement
uid with special additives, discussed in the following section

2.1.6.2 Contrast Enhancement

Matter becomes magnetized, when it is inside a magnetic eld. As men-
tioned above, it produces its own magnetic dipole moment. Materials hve
di erent magnetic properties: when the dipole moment vector points paral-
lel to the magnetic eld lines the material is paramagnetic. The magnetc
susceptibility is positive and the material has unpaired electrons If the
dipole moment vector points antiparallel to the magnetic eld lines, the
material is diamagnetic and the magnetic susceptibility is negative. These
substances have no unpaired electron orbital (Lide, 2014). Ferromagnetic
material has a very large positive magnetic susceptibility. In the presence of
a non-uniform magnetic eld, paramagnetic matter is pulled into the e Id,
whereas diamagnetic matter is pushed away (Gri ths, 1999).

The magnetic susceptibility can be derived from Eqg. 2.15 for pure protons

(Haacke et al., 1999).

2.2

_~

"4 P kT
where, pp is the proton density, is gyromagnetic ratio, ~ is the Planck's
constant, k the Boltzmann's constant and T the absolute temperature of
the sample.

Typical contrast enhancing material is paramagnetic or superparamagnetic.

=

Bo (2.15)

37



2. MR Imaging

Paramagnetic or superparamagnetic ions added to the measurement uid
change the magnetic environment. They speed up the relaxation process
of the water protons, without being measured itself. Paramagnetic ionsyp-
ically enhance T; relaxation, because their additional unpaired electrons
lead to strong dipole-dipole interaction with the water protons. Supepara-
magnetic ions mainly reduce T, and T,, due to the introduction of very
large local eld inhomogeneities, leading to increased dephasing. Botma-
terials have di erent applications in medical imaging.

For clinical application most used are lanthanide ions like gadolinium (paga-
magnetic) or metal oxide ions like iron oxide (superparamagnetic). As mas
lanthanides are toxic when dissolved in water, lanthanide-based conast
agents are embedded in a chemical compound, known as chelate. In this
chelate the lanthanide central ion is bound inside a special moleculevhich
prevents the central ion from interacting with human tissue. A typical con-
trast agent for human use is gadopentetate dimeglumine (e.g. Magnevist,
Schering AG, Berlin, Germany).

Clinical contrast agents have positive magnetic susceptibilitiesIn order to
enhance contrast, for instance, in fast GE sequences, the time corastt T ;
has to be decreased. All time constants are a function of the contrast agén
concentration, which has to be adjusted su ciently.

For technical applications the paramagnetic properties of copper can be
used. Easily available is copper(ll) sulfate salt (CuSQ) solved in water.
Due to its toxicological e ects on humans safety precaution should be con
sidered, when handling with CuSQ, and its aqueous solutions.

Hydrocarbons and carbohydrates are measurable with MRI, have a high
hydrogen proton density and, hence, provide a su cient MR signal with-
out needing contrast agents. In medical imaging tissue consists of fatand
water. Di erent techniques can suppress either the water or the &t signal
(Haacke et al., 1999; McRobbie et al., 2002), for instance by utilizing the
di erent chemical shift (Poon et al., 1989). Water has a higher chemical
shift as fat. This makes mineral or vegetable oils an appropriate alternatie
to water/contrast-agent solutions, if the increased uid viscosity is manage-
able for the pumping system and the required uid mechanical parameeérs
(Reynolds number) and thermodynamic parameters (heat transfer rat¢ are
reached.

6 Fat is a chemical compound consisting of triglyceride chain s (e.g. -CH2-CH3-)
(McRobbie et al., 2002).
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In contrast to water, fat has no temperature-dependent proton resonane
frequency (PRF) shift. This can be utilized for MRT without need ing a ref-
erence measurement as explained in Sec. 2.2.2. A way of how this techne
can be applied is also described in the work of the project partner.

Tab. 2.1 summarizes the most important contrast enhancing substances
their solutions and their magnetic parameters, accordingly.

Tab. 2.1: Table of measurement uids and contrast agents with according
relaxation times T4 and T,/T ,. Data is taken from Lide (2014) and Schenck
(1996).

Material m E ects
Name Formula [10' ® cm®mol' 1 (cgs)]
T,=3" 4s,
To,=1" 1.2s,
Water H,O -12.96 PRE-shift=
0:01ppm=C
_ _ T, 140 ms,
Mineral Oll -CH 3/-CH »- - T, 27md
. T, 250 ms,
Vegetable Oil -CH,- - T, 35mg
Copper(ll)
sulfate CUSO4 +1330 T, # T2/T 2 #
Copper(ll)
sulfate CuS0O, 5H,0 +1460 T1#TLT , #
pentahydrate
19/l Copper(ll)
sulfate CuSO; 5H,0 12 T 327msT
290 mS
pentahydrate
Gadolinium Gd +185000 T1##TLT , #
Gadolinium(lIl)
sulfate Gd2(804)3 8H,0 +53280 T1##THIT 2 #
octahydrate
Iron(ll) oxide FeO +7200 T1#TLIT , ##

" Bo =1:5T, SE sequence, data from Poon et al. (1989)
8 Bp =1:5T, SE sequence, data from Poon et al. (1989)
9 measured at 1.5 T
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5 mmol/l _
Praseodymium-  PR-MOE- -:-1 :gg mz
2-methoxyethyl-  DO3A + - 2 S0

PRF-shift=
DO3A complex H,O 0:13ppm= C10
+ water ePPm=

2.1.7 Spatial Encoding

By locally manipulating the proton resonance frequency, it is possike to
localize the protons in the measurement eld. Additional to the By- eld,
magnetic gradientsG = ( Gx; Gy; G,) are applied, manipulating the Larmor
frequency in space with the spatial position vectorx = ( x;y; z):

lo(¥)= (Bo+ G %) (2.16)

As MRI is a tomographic imaging technique, the spatial encoding starts
with a slice selective (SS) gradient (gs along the z-axis. This gradient ma-
nipulates this direction of the FOV, so that only the spins in a thin slab,

perpendicular to the gradient direction, match the resonance condion of

the simultaneously applied RF pulse. The central frequency of theRF pulse
determines the location. The slice thickness is in uenced by he transmit-

ter bandwidth and the slice selection amplitude. In order to save ime an

acquisition of multiple interleaved slices is common. Thereby (gs stays the
same and the slice location is varied with di erent central frequercies of the
RF pulse.

The x-direction of the FOV is manipulated using a frequency encothg
(FE) gradient G e . This gradient is also termed readout gradient, because
it is applied during the time the MR signal is received. While Ggg , oriented
perpendicular to Gss, is present the protons begin to precess at di erent
frequencies along the gradient direction. As a consequence the rexzer emits

10 properties measured with 11.5 T device, from Konstanczak et al. (1997)
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signal echoes with a di erent, but predetermined frequency forevery loca-
tion along the x-axis.

After RF excitation and prior to signal acquisition a phase encoding gra-
dient Gpg is switched on for a certain duration tpe . During Gpg is present,
the spins gain or lose phase, according to their y-location. The resuhg
phase shift, after the gradient is turned o again and the spins return to
their original frequency, depends on the gradient amplitude and duraion.
One measurement alone does not provide the location in y-directionbe-
cause the dierent phases are sampled simultaneously for one frequen
The phase encoding gradient with modulated amplitude has to be appéd
multiple times, each time with the same combination of RF pulse, sice se-
lection and frequency encoding gradient. This scheme is called a&guence.
Due to that a rate of change of phase is created that, in turn, equals a
frequency.

/4 UKIPCN M URCEG
TGRGVKVKQPU

Fig. 2.9: Acquisition scheme for a two-dimensional encoding in frequey
encoding (FE) direction and phase encoding (PE) direction. MR dat are
stored in k-space, each line acquired per PE repetition. An inversd-FT
reconstructs the image.

All acquired MR signals are sampled, digitized, Fourier-transformed anl
stored in a mathematical construction termed k-space. Each line of kysace
is obtained with one sequence repetition. The resulting image is olatined
by a process called signal and image reconstruction, which is reporteih
Sec. 2.1.8.

Despite the 2D acquisition shown in Fig. 2.9 3D volumes can be acquired
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in two dierent ways. On the one hand multi slicing acquisition can be
applied by repeating the 2D sequence for di erent slices along thelise
selection direction and, thus, achieving a 3D volume subsequentlyOn the
other hand, if an additional phase encoding gradient operates along the
slice selection direction a 3D acquisition sequence is used. Advaages of 3D
acquisition sequences are that thinner slices are measurable, whigs due
to the contiguousness of the acquired volume. Additionally, a better &nal-
to-Noise Ratio (SNR) is achieved. A longer acquisition time and possible
ringing artifacts are the disadvantages (McRobbie et al., 2002). Fig. 2.10
shows a 3D pulse sequence combining the RF excitation, spatial endmg
along all three axes and echo generation.

........

)
5 K : 'V/\V/\\l/é\\/f\v/\v |
64

Fig. 2.10: Simple 3D pulse sequence diagram for a gradient recalled echo se
guence starting with an excitation pulse at ip angle simultaneously with

a slice selection gradient (dark blue). Subsequently, two phasencoding gra-
dients are applied along the slice selection (light blue) and phase eoding
(red) direction. The phase-encoding gradients (dashed lines) areepeated
each excitation but with di erent gradient strength. The signal echo is gen-
erated at halftime of the positive gradient lobe (readout gradient, green)in
the remaining direction. This gradient is also responsible for fregency en-
coding of the signal. TR is the duration between two subsequent extation
pulses. TE is the duration between excitation pulse and signal echo.
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2.1.8 Signal and Image Reconstruction

The signal received by the coils is prepared by a variety of treatmers,
such as pre-ampli cation, demodulation'!, quadrature detection'?, low pass
ltering and so on. The resulting signal S(t) induced in one coil by the
rotating transverse magnetization jN,, (%;t)j at phase angle (x;t)*3 can
be given in the time domain (Bernstein, 2004):
z
S(t) = Ny (% 1)]iBxy (6 t)jexp(" i (x;t))dxdydz (2.17)

jBxy (3%¢; )] is the transverse component of the receiver coil B-eld and * is
the position vector. The signal phase
YA t

(x:1) = x G(t9dt° (2.18)
0

is a function of the magnetic gradient G(t) applied. By de ning k-space
y4 t
R(t) = 5 G(t9dt° (2.19)
0
Eqg. 2.17 can be recast to
Z
S(t) = jNIyy (36 1)) [Byy (36 t)jexp(" 12 R(t) x)dxdydz (2.20)

and S(t) in Eqg. 2.20 is the Fourier transform of the weighted transverse
magnetization jM,y (%;t)] |Byy (%;t)]. k-Space stands for the accumulated
spatial rate of change of phase of stationary spins resulting from the work-
ing gradient G(t). K(t) is the path along which k-space is lled. Most often
used is the Cartesian sampling, whereby, each k-space line corresmnto
the frequency-encoding readout. This was already explained in Se@.1.7.

11 |Larmor precession frequency is removed from the transverse magnetization signal.

2 FID is converted into a complex signal, which can be processe d with a Fourier
transformation for image reconstruction.

13 The phase angle is often termed just signal phase.
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After k-space is sampled the data has to be converted into the nal im-
age, which is typically done with the help of Fourier reconstruction. As
explained above the time domain signal S(t) is the Fourier transform of he
transverse magnetization. The MR image can be reconstructed by utiling
an inverse Fourier Transform (iFT). For 3D acquisition a series of 2D-iFTs
reconstructs the volumetric data. If the sampling grid is Cartesian then the
process can be accelerated using Fast Fourier Transformations (FFTS)

In modern MRI machines it is common to use phased array coils, which
enable parallel imaging. Multiple coils are composed to an array covering
the same size as a single channel coil. The coils partly overlap and eacheon
has its own receiver channel. In comparison to a single channel colil plsed
array coils have two major advantages: SNR increases as the sensitive vol
ume of a single channel in the array can be reduced and scan time decreas
by leaving out phase-encoding lines in k-space.

For the latter case the spatial sensitivity of each receiver coil chanal B;-
eld (jByy (%;1)]) is used to prevent or remove aliasing, which occurs when
leaving out lines in k-space to save time. Two strategies are commonVith
SMASH (simultaneous acquisition of spatial harmonics), missing k-spae
lines are restored utilizing the spatial dependence of the sensitity. With
SENSE (sensitivity encoding), the signal of each channel is inverggeFourier
transformed into an image and aliasing is removed by using the coil sens
tivities as weighting function. For both strategies calibration is needed to
prevent uncorrect aliasing or low SNR. Therefore, additional measuremnts
are required. On the one hand the coil sensitivity can be determing by
acquiring a separate calibration scan or from extra lines in k-space ($e
calibration). On the other hand weighting functions can be determinel for
estimating the missing k-space lines without measuring the coil ensitiv-
ity. One modi cation of the SMASH strategy is the GRAPPA (generalized
auto-calibrated partially parallel acquisition) proposed by Griswold et al.
(2002), which is used in the context of phase-locked 3D-MRV acquisitios
(Wassermann et al., 2013).

2.2 Advanced MR Techniques

MRI has the ability to extract a wide variety of measures spatially resolved
from an object (tissue, water, etc.) placed inside the FOV. As a meas\e-
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ment tool for uid mechanics, important quantities are the mean velocity
eld, the stress tensor (normal + shear stresses), the temperatue eld and
the pressure distribution. Most of these quantities can be extracéd from
MR data using advanced techniques (Elkins and Alley, 2007). In this work
the estimation of the mean velocity eld (MRV) and the temperature e Id
(MRT) from MR data is of great interest. The uid velocity can be extr acted
by a technique called ow encoding, which takes advantage of spins rep-
tive to uid motion while exposed to magnetic gradients. By contrast, the
e ect of varying uid temperature on spins has its origins in the properties
of water molecules. Both techniques have in common, that the respeste
guantity is encoded into the phase of the MR signal. Hence, they are tened
Phase Contrast Imaging (PCI) techniques. The basics of the techniges and
the ways to extract the sought quantity from the signal phase are desched
in the following sections.

2.2.1 Measuring Flow

Measuring ow using MRV originally comes from medical diagnostics of
the cardiovascular system of humans or animals (Bryant et al., 1984; Jung,
2005). Up to the present, a variety of uid mechanical ows have been mea-
sured using this measurement technique. One of the rst appliations for
uid mechanics was presented by Elkins et al. (2003), measuring the o
inside a turbine blade cooling channel with ribbed walls. Another sudy
showed the highly three-dimensional swirling ow inside a tubewith tan-
gential inlets (Grundmann et al., 2012).

2.2.1.1 Flow Encoding

The most important element for the measurement of uid velocities is the

gradient unit as presented in Markl et al. (2003b).

A spin moving along a magnetic gradientG(t) with a constant velocity v

experiences a locally increased Larmor frequencly, . This results in a rise

of the spin's phase angle . The Larmor frequency as given in Eq. 2.16 can
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be extended:
L) = (Bo+ G(t) %(t)) (2.21)

By integration of Eq. 2.21, the phase angle of the MR signal is achieved,
which can be expanded into a Taylor series. The introduction of theposition
vector %(t) = %o + ¥(t" tg), whereby ty is the time the excitation pulse is
emitted, enables to express the following simple equation for :

Z 1 Z 1
(¢, TE)= o+ %o G(t)dt+ v G(t)tdt +O(t") (2.22)
|°_h{Az_} |°_h{Az_}

The rst summand ¢ is the background phase. The integrals of the follow-
ing ones are called the B order gradient moments M,, whereby n2 f 0::1g .
The integral of the second summand N describes the in uence of the mag-
netic gradient on the phase of stationary spins positioned atxg. The third
summand includes the sought velocity vectory of constantly moving spins
during TE and the rst gradient moment M 1. All higher moments are ig-
nored, which is only valid for constant ow (Elkins and Alley, 2007).

The target of ow encoding is to assign the spins in a voxel with a ungue
phase o set only dependent on the mean ow velocity inside. At rst owing
spins have to be separated from stationary spins. This is done with th help
of a bipolar gradient (cp. 2.11a). The estimation of the velocity component
in one direction is presented in the following.

The bipolar gradient has two gradient lobes, each one with a duration t
and a gradient amplitude Gg. Assuming, that the spins are moving con-
stantly with velocity V along the direction of the magnetic gradient (am-
plitude +G i), they acquire phase as shown in Figure 2.11a. After duration

t, the amplitude of the gradient is reversed (-G;). During the reversed
gradient duration the same spins lose more phase than they gained in the
rst halve. After the bipolar gradient, all spins in one voxel acquired a
velocity-dependent phase shift

=" VM, (2.23)

according to the rst moment of the bipolar gradient M ; = G t2. On the
contrary, static spins gain and lose the same amount of phase. They are
unin uenced by ow encoding and the rst gradient moment is M o = 0.
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(a) Flow encoding gradient with duration (b) Flow compensation gradient with zero
2 t and gradient strength G . Resulting phase change of the MR signal for static
phase change of the MR signal for static spins and moving spins.

spins is zero and for moving spins it is

Fig. 2.11: Bipolar gradients needed for ow encoding and ow compensation.

with an equal gradient but with opposite polarity, both phase shifts can be
subtracted. The resulting phase di erence  of the two scans (superscribed
with (1) and (2) for scans 1 and 2, respectively) is:

O« @ _ 1) 2 _

(2.24)
Eq. 2.24 shows, that the phase dierence increases with increasingpw
velocity V and increasing rst gradient moment M 1, which is a function of
the gradient strength G and the gradient duration t. Solving Eq. 2.24 for
V and introducing the parameter Venc results in

= —Venc (2.25)
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2. MR Imaging

where, Venc stands for velocity encoding valu¥ and is calculated by

Venc = (2.26)

1

It is a measure for the achievable velocity maximum, that causes a phas
shift of 180 at a given bipolar gradient with rst moment di erence M,
=Gy t? and, hence, leads to aliasing artifacts. If the velocity inside a veel
exceeds the Venc the measured phase angle exceedand is detected as a
negative velocity. Measurement errors resulting from not appropriatly cho-
sen values of the Venc are discussed in Sec. 2.3.

An example for a simple one-directional ow encoding sequence is gected
in Fig. 2.12 with application of a pair of bipolar gradients. The sequence
iIs equal to the one shown in Fig. 2.10, except that an additional bipolar
gradient is included. Typically TR and TE increase, which can resut in
additional measurement error (discussed in Sec. 2.3). Applying a biglar
gradient pair is called two-point method (Pelc et al., 1991). Hereby \point"
means the acquisition of an entire image with spatial encoding (2D or 3D)
and a constant rst gradient moment.

There are several strategies how to implement a 3 component (3C) ve-
locity encoding. Pelc et al. (1991) discuss three di erent methodsthe six-
point method, the simple four-point method and the balanced four-pont
method. The six-point method is equal to the two-point method shawn in
Fig. 2.12 but bipolar gradient pairs in every gradient direction. This means,
that six echoes have to be acquired to obtain full 3D velocity data. Incon-
trast to that, the four-point methods are less time-consuming, becase they
only need four instead of six scans. Therefore, a modi ed bipolar gradiat
Is needed, known as velocity compensation gradient (illustrated inFigure
2.11b). The result of this gradient is, that both gradient moments My and
M, are zero. This is also termed gradient moment nulling (Bernstein, 2004)
In contrast to the in uence of the bipolar gradient, constantly moving spins
acquire no additional phase shift. Remaining is the unknown backgroud
phase . In order to achieve a three-dimensional velocity eld four consee
utive scans are needed: one ow encoding scan for each direction and one
ow compensation scan for background phase subtraction. A disadvantage
Is that errors in the velocity components are correlated and noise is dec-
tion dependent. More advanced is the balanced four-point method. Helly,

14 Sometimes the Venc is also referred to as velocity sensitivi ty.
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Fig. 2.12: One-direction ow encoding 3D sequence diagram with a gradidn
recalled echo. In addition to the sequence diagram depicted in Fig. 2.10
bipolar velocity encoding gradient (black and yellow) is includedin the FE
direction.

the bipolar gradients are toggled on two axes at once. The rst scan is still
a reference scan with negative rst moments in all direction. The védocity
components are then calculated by linear combination of the four scans:

v D+ @4 G @
ss = M .
My @ B4+ @
PE M . (2.27)
@ @4 G4+ @
VFe =
2 M

Tab. 2.2 gives an overview over the applied rst gradient moments for all
three acquisition strategies.
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2.2. Advanced MR Techniques

The balanced four-point method is e cient and the estimated velocities
have independent noise as well as direction (Pelc et al., 1991). This ithe
reason why this method is chosen in state-of-the-art ow encoding potocols.

2.2.2 Measuring Temperature

MR Thermometry is a medical tool for monitoring tissue temperature dur-
ing minimally invasive thermal therapies, as for example hyperthemia'® or
high-temperature thermal ablation'®. The advantage of MRI-guiding during
these medical therapies is to map the local tissue temperature wit su -
cient spatial resolution and in real-time (Rieke and Butts Pauly, 2008). Ab-
solute temperatures can be measured when an internal reference isgsent
(Kuroda, 2005).

2.2.2.1 Temperature Sensitivity

There are di erent MR parameters, showing a sensitivity to temperature
(Rieke and Butts Pauly, 2008): the proton density (PD), the relaxation
of the longitudinal magnetization (T ;), the relaxation of the transversal
magnetization (T3), the di usion coe cient (D), the magnetization trans-
fer and the PRF shift. There is also a wide variety of contrast agents wich
are temperature-sensitive (Rieke and Butts Pauly, 2008). Very promigg
iIs PRF thermometry, which utilizes the temperature-dependen hydrogen
PRF shift caused by the interaction of the *H with other water molecules.
Hence, PRF thermometry is the only technique, which is solely detrmined
by the signal frequency and can be detected independently from othiepa-
rameters (Kuroda, 2005).

15 43 - 45 C, treatment of cancer cells
16 50 - 80 C, induce cell necrosis
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2.2.2.2 Hydrogen Bonding

In order to understand the link between the magnetic and the tempeature-
dependent properties of water molecules an appropriate understandm of
hydrogen bonding is necessary. In water, hydrogen bonds develop due t
intermolecular dipole-dipole interactions between the proton donor (*, hy-
drogen) and the proton acceptor (', oxygen). The larger the hydrogen
bond angle 17 and the shorter the bond length L gets, the higher the
bond strength is (Je rey, 1997). The binding energy of the hydrogen bond
Is the highest for 18C0and L 2 angstrom (Song et al., 2014). The hy-
drogen bond properties in uences the molecule s electronic con guraton.
Fig. 2.13 shows the bonding between water molecules.

The hydrogen bonds of water molecules are temperature dependent. Wt

Fig. 2.13: H,O molecule with hydrogen bonding to another HO molecule.
The dashed line between the oxygen and the hydrogen is the hydrogen bdn
The angle is the bond angle.

increasing water temperature the hydrogen bonds bend, stretch andnally
break. This process leads to a rearrangement of the water moleculedee-
tron cloud, which, in the hydrogen bonded state, was displaced from the
molecules electric center. The molecular electron cloud has a slikng ef-
fect, which is caused by electrical currents that reduce the magriee eld
strength By to an e ective magnetic eld strength B . (see Fig. 2.13). This

7 The covalence binding angle between H-O-H is typically xed at 104.5°(Song
et al., 2014).
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a ects the magnetic con guration of the hydrogen protons. With increas-
ing temperature and, hence, less hydrogen bonds, the electron clouchn
shield the hydrogen protons more e ciently (Hindman, 1966). This results
in a reduction of the proton resonance frequency. This is also termegroton
chemical shift (Kuroda, 2005).

2.2.2.3 Temperature Encoding Using PRF Thermometry

As mentioned in Sec. 2.3.3, the e ective local magnetic eld B depends
on the main magnetic eld By and is manipulated by the temperature-
dependent magnetic susceptibility and the temperature-dependnt shielding
parameter (T) (De Poorter et al., 1994):

Be = Bo(1" 2 ()" (T)) 2.28)

Increasing or decreasing uid temperature changes the shieldinggrameter
of the 1H protons linearly with the proportionality rate ¥ =0.01ppm( C)' !
in the temperature range from -15C to 100 C for pure water (Hindman,
1966). Kuroda (2005) reports 20C to 80 C as linear temperature range and
a tissue-dependent proportionality rate Q00739 0:0135ppm(C)' 1.
The temperature-dependent reduction of the local e ective magneic eld
Be leads to a reduction of the e ective PRF.

Another property of water is the magnetic susceptibility, which changes in
the temperature range from 5 C to 60 C about 0.7% (Ergin and Kostrova,
1970). The susceptibility change of water is 0.0026 ppmC)' ! and, hence,
much smaller than the temperature-dependent change of the screamy con-
stant. De Poorter (1995) propose, that susceptibility e ects in water can be
neglected by considering a measurement error of 10%. Artifacts caused/b
magnetic susceptibility variations are discussed in Sec. 2.3.3.2.
Consequently, the temperature dependence of B leads to a temperature
dependence of the proton resonance frequency. For a given TE, and ac-
cording to the actual uid temperature T, which is assumed to be steadily
distributed in each voxel during TE, an MR signal phase angle is acquired:

= ot v+t ohet T=!e (T)TE (2.29)

18 Sometimes referred to as temperature coe cient or chemical  shift coe cient.
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This phase angle includes the background phase angle o sety, the velocity
induced phase lag v, phase lags due to other in uences oher (higher order
moments, susceptibility, et cetera) and the temperature-depedent phase lag

1. The velocity-induced phase lag can be subtracted by applying a \ecity
compensation gradient. In order to separate the background phase o set
and the temperature-dependent phase lag an additional scan is needed.
This reference scan is done at a spatially constant uid temperature T .
By subtraction of the two MR signal phase angle distributions of the scan
with temperature eld applied (heat on) (T;) and the reference scan (heat
0) (T = const) the temperature-dependent phase angle lag can be
calculated:

= ref(Trer) " (T)
= TE( (Tet)" (Ti))Bo
= TE TB o (2.30)

After both scans have been obtained, the temperature di erence inhe FOV
can be calculated from the phase di erence image (acquisition of ) and
the given MR parameter:

T = ~TEB, (2.31)
If T IS known, for example, by a simultaneous measurement of the ref-
erence temperature with a MR-suitable temperature sensor ( beroptics)
during the reference scan, the absolute temperature eld can bestimated,
by addition of T ¢ and T.
According to the parameter describing the velocity sensitivity (Venc) of the
MRV measurements, the parameter describing the temperature sesitivity
of MRT measurements is the echo time TE. The temperature resoluton
achieved with PRF thermometry is shown to be less than 1C (Wlodarczyk
et al., 1998).
Not yet considered is the phase lag due to other sourceSgiher , Which is
discussed in Sec. 2.3 and in the work of the project partner as for inahce
in Buchenberg et al. (2015).
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2.2.2.4 MR Thermometry in Technical Flows

In feasibility studies researchers applied MRT to generic uid mechanical
test cases. Elkins et al. (2004) used PRF Thermometry and measured a
homogeneous temperature eld of a turbulent pipe ow with constant u id
temperature. With the use of a MRI machine with a very strong magnetic
eld (9.4 Tesla) Small et al. (2009) measured the temperature eld insde
miniature Shape Memory Polymer (SMP) foam, fed with a constant water
ow rate. They also used PRF Thermometry. The foam was locally heated
using a laser with a 7 Watt power maximum. One of the most valuable
studies in the eld of MRT was presented by Sun and Hall (2001). They
consider the Graetz problem, which is fundamental in heat exchangertteory.
They measured the ow and the temperature distribution inside a tube with
constant ow and an applied temperature gradient along the streamwise
direction. The ow enters the tube with a water temperature of 40 C and
Is then cooled down by water at 2 C owing through a jacket surrounding
the tube walls. In their study PRF Thermometry is applied simult aneously
with MRV within one measurement procedure.

2.2.2.5 Other Advanced MR Thermometry Techniques

Shmatukha et al. (2007) and Soher et al. (2010) propose a PRF technique
which does not need an additional background correction scan (reference
scan or heat o scan) for mapping correct temperatures. They utilize the
non-temperature-dependency of fat and a specialized fat-water sepation
technique. If one voxel contains su cient signal of both fat and water, then
the phase of the fat signal (containing the background phase) can be sub-
tracted from the phase of the water signal (containing background phase
and temperature-dependent phase change). With an appropriate MR se-
guence and data postprocessing the temperature eld can be achietgle
Soher et al. (2010) lled 5 10 inchk? (diameter length) plastic cylinders
with di erent ratios of peanut-oil-in-gelatin dispersions. The phantoms were
heated using RF antennas. Gradient-echo images were takenina 1.5 T GE
device.
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In his PhD Thesis Noeske (2000) introduces a MRT technique they
termed thermal probe method, which utilizes the strong temperaure-
dependent chemical shift of a special contrast agent. This contrast agén
consists of a complex with praseodymium as central ioff. The three hydro-
gen protons of the methoxy groups (OCH) show a temperature-dependent
chemical shift (shielding rate) of = 0:13ppm=C (Frenzel et al., 1996).
This value is 10-times higher than pure water and can be used to measure
absolute temperatures without needing a reference scan. Therefeytwo dif-
ferent frequency shifts of OCH; in the PR-MOE-DO3A complex and water
are subtracted f = focn, " fH,o0. This frequency di erence is almost lin-
ear in a temperature range from 35 C to 45 C. The slope was measured
to @ f=@T=" 1463M™Mz= C for a aqueous solution with 10mM PR-MOE-
DO3A added. Hereby, the signal of the methoxy group is much weaker than
the water signal, which has to be taken into account by adjusting repeition
time, echo time, voxel size and water suppression.

2.2.3 Phase-locked Phase Contrast Imaging

In recent MRI studies, the investigation of the cardiovascular sysem is of in-
terest. Due to the heart beat, cardiac MRI is associated with the acqisition
of pulsatile behavior of ow and tissue. This is achieved by synchroizing
the MR sequence to the patient's electrocardiogram (ECG), which $ termed
ECG gating, Cine Imaging or 4D-PCIl. Subdividing the heart cycle into
phase steps with equal spacing ks, this series of echoes lIs k-space lines
subsequently with each ECG. Hence, this method produces phassreraged
or phase-locked data, acquired within the total acquisition time TAT. In the
MR community 4D-PCI results are often misinterpreted as time-reslved
data. In contrast to that, real-time MRI is based on special acquisition
strategies utilizing undersampling of k-space, radial or spiral tragctories of
k-space acquisition and nonlinear inverse reconstruction (Bernsia, 2004;
Cohen, 2001). A typical scheme for an ECG-triggered 3D ow acquisition
of cardiovascular ow is presented by Markl et al. (2003b) and depicted in
Fig. 2.14. Phase-locked MRI can also be utilized for 4D-MRT.

19 Exact chemical term: praseodymium-chelate complex (PR-MO E-DO3A)
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Fig. 2.14: Phase-encoding scheme for an ECG-triggered 4D-MRV acquisitn
for phase steps with quasi-temporal resolution kes adapted from Markl et
al. (2003b). Every ECG-trigger R of duration T gcg , @ number of slicesny,

Is acquired. This is repeated for several ECG cycles until all slie-encoding
steps Ny, are obtained. Each slice-encoding step contains a 3D-velocity
encoding with four-point acquisition 4T R. When Ny, is reached, the process
restarts for the next phase-encoding linek, .

For in-vitro measurements, the MR system can be triggered by an ex-
ternal source. Wassermann et al. (2013) analyzed the unsteady, cyclic ow
inside a bi-stable uidic oscillator utilizing phase-locked 3D3C MRV. They
used an in-situ pressure transducer, which records the jet swihing process
as pressure curve. This is then fed into a data acquisition unit, pocessing
a trigger signal in real-time with which the MR system is gated.

2.3 Measurement Error

In MR, di erent sources of measurement error can occur. One is thesignal-
to-noise ratio (SNR), which is an overall measure related to the whole BV.
The SNR can be used to estimate the velocity error. As another source,
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artifacts are anomalies in the signal intensity and develop in certain pats
of the FOV. The origin of artifacts depends on many factors, such as eld
inhomogeneities, imperfections in the gradient and RF system, uidmotion
or object movement, to name only a few.

2.3.1 Signal-to-Noise Ratio

SNR is a measure of the accuracy of the measurement data. Noise describes
any signal deviation from its ideal value (Tropea et al., 2007). In MRI, su -
cient SNR is needed to di erentiate the measured object or distint tissues
from the background (Haacke et al., 1999). For clinical MRI measurements,
the value Contrast-to-Noise Ratio (CNR) is used, since di erent tisue types
are determined by di erent signal magnitudes.

Noise in MRI is mainly generated due to thermal noise in receiver coils
detectable as random voltage uctuations in the received signal. Macovsk
(1996) shows, that the SNR is proportional to the voxel volume e and
the square root of the acquisition time Tacq:

p—
SN R / Vvoxe| Tacq (2.32)

Increasing the resolution means reducing the voxel size and, heagcreducing
SNR. By increasing TE more signal is received as long as TE is shorter than
T, (Haacke et al., 1999).
Furthermore, by averaging multiple acquisitions of the same expement,
the SNR improves by the square root of the number of acquisitions B,
assuming that the noise is uncorrelated between subsequent experents
(Haacke et al., 1999): P

SNR/ = Nagq (2.33)

A common method to estimate the SNR from the signal magnitude of
only one scan is the signal-background method (McRobbie et al., 2002):

q__
mean( “>—signal)

STD(noise)
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where two di erent Regions-Of-Interest (ROI) inside the FOV ar e de ned:
ROI1 is chosen inside the water (signal, high magnitude values) and RQY
is chosen outside the water but still inside the FOV (background, lav mag-
nitude values). In order to choose ROI2 enough signal background area has
to be acquired. The SNR is then calculated by deriving the mean valuef
ROI1 and dividing it by the standard deviation (STD) of ROI2. The noise
of a sing[? receiver coil follows a Rayleigh distribution. Hence, aanversion

factor of #,— is needed to calculate the standard deviation (Haacke et al.,

2
1999).
Artifacts can strongly in uence the magnitude image and, hence, lead to an
underestimation of SNR. A proper choice of the noise ROI and signal ROI
is obligatory.
The SNR can be illustrated graphically by plotting the histogram of the
magnitude. Therefore, the magnitude value of each voxel is accounted ta
bin and summed up. Typically the two distinct peaks are visible. One is the
noise peak and one is the signal peak. The histogram plot can help to assess
the overall data quality.

2.3.2 Phase Error

The phase error is directly related to SNRy,g (Haacke et al., 1999). The
standard deviation of the signal phase ( ) can be approximated by:

|
()7 SNrow (2.35)

As the velocity data is directly based on the signal phase, Eq. 2.35 can
be transformed into a measure for the deviation of the velocity (Berrstein,
2004): D
_ 2 2Venc 1
vel ” SNRmag

It is obvious that high signal strengths lead to increased SNRg and, thus,
to a decreased velocity error. Increased signal can be achieved byqgper
adjustment of imaging parameters, such as TE/TR or signal enhancing
contrast agents. High noise, however, reduces SNRy and increases the ve-

(2.36)
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locity error. Noise can be reduced by averaging multiple scans, eachith
equal measurement parameters. Bruschewski et al. (2014) discuss veiy
uncertainty of MRV measurements applied on highly turbulent swirling ow.
For their setup, SNR is not an appropriate measure to estimate the veloity
errors.

Another in uence on the velocity error is the Venc, which is inversely pro-
portional to the amplitude G ¢ and inversely proportional to the square of
the duration t of the bipolar gradient. The adjustment of the bipolar gra-
dient parameters is important. A Venc chosen as low as possible redas the
velocity error. On the other hand, aliasing can occur, when the ow \eloc-
ities exceed the Venc. For instance, high positive ow velocitis exceeding
the Venc > are interpreted as negative velocities. In contrary to er-
ror minimization, the Venc must be chosen high enough to prevent aliasig
(Elkins and Alley, 2007).

2.3.3 Field Inhomogeneity Artifacts

Field inhomogeneities a ect the e ective local magnetic eld strength and,
hence, change the proton resonance frequency. This can lead to o reso-
nance conditions, which, in turn leads to signal loss as well as phase ers
and promotes the occurrence of other artifacts. Especially gradient dm se-
guences are sensitive to sources of o -resonance. Peters (2000) namegeth
main sources:

Bo- eld inhomogeneities
susceptibility variations

chemical shift
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2.3.3.1 Main Field and Gradient Field Inhomogeneities

Geometric distortions can be caused by imperfections in the main magrtie
eld B ¢ or from nonlinearities in the gradient eld. Both exist due to the
nite size of the magnets. Imperfections in the By- eld, for instance, arise
during the manufacturing process. They can be balanced by shim cailin-
stalled in the MR scanner. In a certain range, the magnetic eld linesof
the magnet are aligned parallel. This region is termed iso-center. Althogh
inhomogeneity artifacts inside the iso-center have rather small inuence, ge-
ometrical distortions will appear in the resulting image, when the FOV is
chosen near the maximum measurable size (Morelli et al., 2011).
Nonlinearities in the gradient eld lead to similar geometric distorti ons. As
the gradient eld is known, corrections can be applied during image reon-
struction or in the post-processing. A typical eld distortion artif act, due
to too large FOV is depicted in Fig. 2.15.

Field inhomogeneities of the main magnet or the gradient system can de-
velop over time during the measurement. This is then termed B-eld drift.
A cause for that can be the warming of the magnetic gradient system.

Fig. 2.15: Magnitude image of ow through a pipe (between x=50mm and
x=350mm) with parts of the inlet di user and outlet nozzle. The FOV was
larger than 400mm in x-direction, which corresponds to the direction of
the magnetic eld lines of the main magnet. Distinct distortions are visible
in the image periphery (x-y-plane and x-z-plane). In the image the ppe is
crooked at both ends.
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2.3.3.2 Susceptibility Artifacts

Inhomogeneities due to magnetic susceptibility e ects are mainly pesent
at boundaries between di erent materials. Di erent tissues have di erent
magnetization potential, as explained in Sec. 2.1.6.2. Imbalances are caused
in the local volume-magnetic susceptibility . Paramagnetic materials, for
instance, strengthen the magnetic eld around their location (Morelli et al.,
2011). This violates the linear relationship assumed for constant B- elds.
Especially in more complex experimental setups where di erent materials
are implemented in the ow model, the magnetic eld can be distorted
locally and cause stationary susceptibility artifacts. Typically, t hey can be
eliminated by background subtraction of two subsequently performedscans,
if the material boundaries stay stationary and their environmental cond-
tions (e.g. temperature) keep constant.

However, the magnetic susceptibility of some materials/ uids change with
increasing or decreasing material/ uid temperature. It has to be taken
into consideration, when various types of material/ uid each with di e rent
temperature-dependent susceptibility are employed in the sam setup. Only
small changes of the material temperatures, due to variations of the room
temperature or uid temperature can result in variations of the susceptibil-
ity. These e ects can not be compensated for by background subtraction.
Hence, susceptibility artifacts are an important point to consider in MRT
measurements, since their e ect on the signal phase can be of the same
order as the PRF-shift and overlay the temperature information unfavor-
ably (Wlodarczyk et al., 1998). By increasing TE, susceptibility artifacts
intensify. An example of the eld inhomogeneities produced by thissort of
artifact is discussed in Wassermann et al. (2014a).

As ferromagnetic material typically has very large magnetic susceptibities
it becomes clear, that the usage of this material inside an MR scanner lead
to strong artifacts and signal dropout. Contrast agents applied in too high
concentrations can lead to similar e ects, as they are paramagnetic or even
superparamagnetic.
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2.3.3.3 Chemical Shift Artifacts

Chemical shift artifacts occur due to local changes in the proton resoance
frequency leading to a spatial misregistration in the frequency eooding
direction (McRobbie et al., 2002). The physical origin of chemical shift s
equal to the e ect used for PRF thermometry. In medical imaging, chemical
shift artifacts typically arise at fat-water interfaces (Morelli et al ., 2011).

2.3.4 Flow-induced Artifacts and Errors

Notwithstanding that measurement data can achieve high SNR, imaging
artifacts caused by uid ow can result in a wrong estimation of velocities
or displacements in space and, hence, can lead to wrong interpretatioof
the ow eld. Flow artifacts are likely to manifest in all experime nts where
uid ow is present.

2.3.4.1 Partial-Volume E ects

Partial volume e ects occur in voxels partially consisting of stationary and
moving spins. Wrong velocities are calculated due to dispersion dhe signal
phase between stationary and moving spins. This artifact, which maiiy
a ects phase contrast imaging techniques, depends on the ow type @minar
or turbulent) and can be diminished by decreasing the voxel sizeTang et
al. (1993) propose that when encoding is parallel to the ow direction, a
minimum of 16 voxels must be acquired to reach a ow accuracy of 10%
inside the ow channel. For accurate ow quanti cation, partial-volum e
e ects are more important than phase-dispersion e ects, as discusskin
Sec. 2.3.4.4.
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2.3.4.2 Time-of-Flight E ects

Time-of- ight e ects are present in cases where the velocity digribution
changes over time. For instance, this can occur when the ow rate is at
held constant or the water temperature changes. The result is a driftin the
detected signal phase, which leads to wrong velocity estimation (Kins and
Alley, 2007).

2.3.4.3 Spatial Misalignment

Assuming that the spins travel through voxels with an average velody U,
the spins cover the distance UTE per TE. If the traveled distance is large
and the ow is highly turbulent, wrong velocity values might be int erpreted
due to spatial misalignment (Elkins et al., 2003). In order to compensate
for this error, the model size and ow velocities have to be adjuséd with
respect to the desired resolution and FOV size.

2.3.4.4 Intravoxel Phase Dispersion

Intravoxel phase dispersiong lead to signal cancelation and can occur when
TE is chosen too high. This measurement artifact only occurs in highf
turbulent ows. Short echo times reduce the time in which the velocity can
uctuate inside one individual voxel, due to turbulence. During a long TE,
multiple velocity uctuations inside a voxel occur, which lead to unwanted
signal dephasing, thus, causing a drop of the measurement signal (McRol&b
et al., 2002).

Elkins et al. (2003) conduct 4D MRV measurements in a turbulent pipe
ow. They de ne a dephasing parameter DP as:

DP = (U)TE =X yoxel (2.37)

20 also termed intravoxel dephasing
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DP is proportional to the root-mean-square (rms) P of the average velocity
U, the echo time TE and inversely proportional to the voxel dimension
Xvoxel - They propose that signal loss can be expected when DP 1.

This error occurs, for instance, in experiments with very slow ow velocities.
A su cient resolution of small velocities is accompanied by the choie of
a smaller Venc. In order to acquire enough velocity-dependent phaslag, a
higher rst order moment M ; has to be applied, leading to increasing TE.

2.3.4.5 Higher-order Moment Artifacts

As mentioned above (see Eq. 2.22), the in uence of higher-order moments
such as acceleration, were ignored for velocity encoding. Especialig com-
plex ows or inside the velocity boundary layer, this assumption is wrong
and will result in additional velocity errors or spatial misalignment. Shorter
TEs and short durations between the bipolar gradient and the signal echo
minimize velocity errors, due to higher-order moment dephasing Elkins et
al., 2003).

All e ects resulting from too large TE (spatial misalignment, intrav oxel
phase dispersion or higher-order moment artifacts) especially come tm ac-
countin ows with separation or strong secondary ows (Elkins et al., 2003).

2.3.4.6 Artifacts due to Oblique Flow

When uid motion is oblique to the FE and PE direction a displacement

artifact occurs. During PE and FE the spins are allocated to a certainpo-

sition. The temporal lag between PE and FE makes the positions of the
moving spins inconsistent. They are allocated to a position they neer ap-

peared. This artifact can be reduced by setting the PE gradient as neans

possible to the FE gradient (Elkins and Alley, 2007).

Flows with swirl are strongly aected by this measurement error (Br-

uschewski et al., 2014).
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2. MR Imaging

2.3.4.7 In ow Artifacts

When unsaturated spins enter the rst imaging plane, the rst RF pu Ise
leads to an increased signal magnitude compared to subsequent slicédter
that the spins are saturated in steady-state condition. A pre-saturaton pulse
diminishes this kind of artifact.

2.3.4.8 Magneto-hydrodynamic E ect

The Magneto-Hydrodynamic E ect (MHD) only occurs when a conducting
uid (containing charged particles or ions) moves with a perpendicdar com-
ponent to the magnetic eld B. A force is produced on the particle charge
g moving with velocity v, described by the Lorentz magnetic force law:

F=qv B (2.38)

The resulting force is perpendicular to the B- eld and the uid v elocity and
can lead to secondary ows. MHD typically a ects the blood ow in vessels,
such as the aortic arch (McRobbie et al., 2002).

2.3.5 Other Sources

There are many origins for imaging artifacts, which do not result due to
uid ow or eld inhomogeneities, but are likely to occur in most MRV
measurements:

Ghosting or smearing occurs, when the imaged object moves during ac-
quisition. This is often present in clinical investigations, whenthe patient
is respiring (ghosting, due to periodic movement) or the eyes are oving
(smearing, due to aperiodic movement). The reason for that is an incoect
encoding in the phase direction. k-Space is partly lled with the objects
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2.3. Measurement Error

before and after movement.

Wrap-around artifacts occur, when the imaged object exceeds the dimen-
sions of the FOV. This is caused by under-sampling in the phase encad
direction and can be corrected by enlarging the FOV (which comes with
SNR penalty) or by swapping the PE and FE direction (if FOV ts the
object).

Eddy currents are induced by time-varying magnetic gradients following

the Faradayslawr E=" ‘fj—'f (Gri ths, 1999). They are induced in the
magnet, the coils or in other conducting structures present insideghe ROI.
Eddy currents evoke additional magnetic gradients with small amplitude
and opposite polarity. They are induced during the rising or falling dope
of the magnetic gradient and, hence, are proportional to the slew raté&" of
the used gradient system (Bernstein, 2004). As a countermeasure gradien

slew rates should be chosen as low as possible (decre&d%). They can
be compensated by applying a surface t to the background o set of the
phase images in reference phantoms placed around the measurement phan-
tom (Lingamneni et al., 1995).

Maxwell terms or concomitant eld-terms result due to the presence of
magnetic eld gradients. By applying a linear magnetic gradient G other
magnetic gradients of higher orders are induced as a result of the Maxwell
equations (Bernstein, 2004). They produce magnetic eld components pe
pendicular to the Bg- eld that can deviate N, from the By- eld axis. This
deviation eld is known asconcomitantnagnetic eld. This also a ect s the
signal phase angle (concomitant phase) and, hence, leads to additional er-
rors. The concomitant eld strength is proportional to the strength of G and
inversely proportional to the By- eld strength (Bernstein, 2004). Artifacts
due to Maxwell terms appear as additional shading in the MR image. The
Maxwell terms can be diminished or even corrected by applying addibnal
gradients or adequate image reconstructions (Bernstein et al., 1998).

2L The slew rate is the time the magnetic gradient unit needs to r ise and fall to and
from full gradient strength.

67



2. MR Imaging

Gibbs Ringing artifacts or truncation artifacts are bands in the signal
magnitude and occur at the object's boundaries, where the signal has a
steep gradient. When a step-like pro le is discretized, the samfed signal
overshoots at the edges. By decreasing the voxel size this artifactan be
minimized.

Constant-frequency noise artifacts Zipper or RF artifacts are present
when the RF unit receives unwanted noise from sources with a certaifre-
guency. Origins are improper shielding of a cable located near the aaner,
a disability of the Faraday cage shielding (open door) or an RF-controlled
electronic device (e.g. radio, light, pump, actuator). In the resulting image,
the artifact appears as a white stripe perpendicular to the FE diredion.
Fig. 2.16 b) shows an example of RF artifacts produced by a piezo-electr
linear actuator device (Motor NEXACT N-310, Controller E-861, Physik In-
strumente (P1) GmbH & Co. KG, Karlsruhe, Germany) that was especially
designed for the use in magnetic high- eld environments.
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2.3. Measurement Error

(a) Setup showing the ow model (backward-facing step) and t he piezo-electric
actor. Activated actuator was positioned outside the scann ers bore during an MRV
measurement.

Ma;nilude: 50 100 150 200 250 300 350 400 450 500 550 600 650 700

(b) Iso-surface plot (left) and contour plot (right) of sign  al magnitude acquired
during the actor was turned on. Distinct artifacts together with an increased noise
level are visible. Over-interpretation of signal in a wide b and along the FE direction

(z-direction).

Fig. 2.16: Example of high RF noise produced by a piezo-electric actuator
operating during an MRV measurement.

69































































l 8 66. l RJCUG L

























ZIW

YW

™ ‘ LDV lines

:: CFD-MRV
— XL

UV P_IE\éw V






























fuel element
aQ

bearing pad
»
»

end plate spacer pad

fuel bundle

calandria tube

pressure tube






de-aeration

hole — ——O
de-aeration ow
hole \ outlet

settling"chamber end"nozzle

with
di#user axial"$xation
grids
\ PMMA"
CANDU pipe
ow

fuel"bundle

inlet
nozzle































































(b) Qualitative sketch of the shape of
the recirculation zone. W-shape of the
reattachment line denoted with reat-
tachment length x ;.

Fig. 5.1: Backward-facing step ow phenomena and reattachment line x.

5.1.3 Double Pipe Heat Exchanger

The double pipe is the most simple setup exchanging heat between tw
uid ows of di erent temperature (Incropera et al., 2006). It consist s of
two concentrically aligned pipes. The inner pipe is thermally condictive
and the outer pipe is thermally isolating. If the two uids ow in the same
direction, then this arrangement is termed co-current ow. If the two uids
ow in opposite direction to each other a counter-current arrangementis
achieved.

Typically the double pipe heat exchanger is supplied with high presur-
ized uid. The ow is then turbulent and heat is solely transferre d due
to forced convection. In this case natural convection is negligible. Tk de-
veloped temperature eld is not coupled to the velocity eld and has a
two-dimensional behavior. This makes this experimental con guration less
interesting for the utilization of MRT. Experimental research uti lizing this
con guration is presently of decreasing interest. Nevertheless, e double
pipe with turbulent heat transfer is still an important component in  many
applications. Research deals with the increase of heat transfer du@tmodi -
cations of the setup. Basically, in double pipe heat exchangers heat &nsfer
enhancement is achieved by increasing ow turbulence or modifyig the ve-
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