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Abstract

Magnetic Resonance Velocimetry (MRV) allows measurements of the three-
dimensional velocity field in complex channels in which no other measurement
technique can be applied. In particular, the combination of MRV with inexpensive
rapid prototyping techniques allows fast measurement cycles of arbitrary designs.
In this thesis, a recent engineering problem is used to demonstrate the usefulness
of MRV for industrial design processes: the cyclone cooling of turbine blades.
Cyclone cooling is a modern cooling concept which employs strongly swirling flows
in the internal passages of the turbine blade. At the Reynolds numbers and high
swirl intensities which are needed for cooling, the flow is characterized by strong
anisotropic turbulence and instability. These features prohibit the use of simple
turbulence models in CFD. Because of this reason, there is only scarce information
available on the flow behavior in cyclone cooling systems. MRV provides a powerful
means to gain a deeper understanding of the flow behavior in such systems. Based
on a comprehensive parameter study with simplified non-rotating cyclone cooling
models employing isothermal water as flow medium, it is examined how the flow
reacts to changes in the main parameters of the system. A number of new findings
are presented which underline the usefulness of MRV for such applications. In brief,
it is found that the downstream condition of the cyclone cooling system is one of the
most crucial parameters for the robustness of the system. For example, small changes
at the channel outlet can lead to significant variations in the flow pattern inside
the entire channel, leading to unpredictable changes in the cooling characteristics.
Therefore, as a rule of design, the flow has to be made insensitive to these influences.
A number of straight-forward measures are presented which provide the necessary
conditions. The transferability of these findings from the simplified cyclone cooling
models to the real application is verified by means of a numerical simulation and
a realistic cyclone cooling system that is measured with MRV. In conclusion, this
thesis demonstrates the potentials of MRV to contribute to quick and accurate design
processes in the fluid mechanics industry. As a possible future scenario, MRV could
be integrated in the actual layout of a turbine blade cooling system, or likewise to
similar problems in engineering.
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Die Reihe Forschungsberichte aus dem Institut fiir Gasturbinen, Luft- und Raum-
fahrtantriebe gibt die Forschungs- und Entwicklungsfortschritte im Bereich der
Turbomaschine an der Technischen Universitdt Darmstadt wieder. Aufgrund der
starken Anwendungsorientierung in diesem Bereich der Forschung sind universitéire
Fragestellungen Spiegelbild industrieller Entwicklungstrends.

Wechselnde politische, 6konomische und 6kologische Rahmenbedingungen bes-
timmen hierbei aktuelle Entwicklungsschwerpunkte und bringen die Turbomaschine
immer wieder an den Rand des technisch realisierbaren. Dadurch werden neue
Erkenntnisse aus der Forschung nicht selten unmittelbar industriell umgesetzt.

In diesem Umfeld entstehen die industrie- und anwendungsnahen, wis-
senschaftlichen Arbeiten dieser Reihe.  Sie beschreiben aktuelle Erkenntnisse
aus experimentellen Untersuchungen und numerischen Simulationen, die am Fachge-
biet fiir Gasturbinen, Luft- und Raumfahrtantriebe an der Technischen Universitit
Darmstadt gewonnen werden konnten.

Heinz-Peter Schiffer

Darmstadt, 2017






Acknowledgment

Over the past five years I have received support and encouragement from a great
number of individuals. I am thoroughly grateful to my supervisors Prof. Dr.-
Ing. Heinz-Peter Schiffer and Prof. Dr.-Ing. habil. Sven Grundmann who’s guidance
has made this a thoughtful and rewarding journey.

I would like to thank my fellow doctoral students at the Dept. of Mechanical
Engineering in Darmstadt and the Dept. of Radiology in Freiburg for their support,
feedback, and friendship. I would like to thank Daniel F., Florian W., Waltraud B.,
Robin S., Christopher B., Christian S. and Bernd J. for their feedback on various
aspects of this thesis. I would like to thank the work shop staff for their precise work
and the last minute favors. 1 would like to thank my friends for accepting nothing
less than completion from me. I would like to thank my family for encouraging me
in all of my pursuits. Last, but certainly not least, I would like to thank my wife
Melanie and my daughter Mira for the most valuable support. You are my source of
motivation.

This thesis was supported by the Bundesministerium fiir Wirtschaft und Tech-
nologie (BMWi) under grant number 20T1108C.






Contents i
Contents
List of Figures iv
List of Tables vi
Nomenclature vii
| Introduction and Motivation 1
1 Purpose of this Thesis 4
1.1 Structure of this Thesis . . . . . . .. .. .. ... ... ... . 4
2 State of the Art 5
2.1 MRV in Engineering . . . . . . . ... Lo Lo 5
2.2 Cyclone Cooling of Turbine Blades . . . . . .. .. ... ... ..... 7
Il Measuring Strongly Swirling Flows with MRV 11
3 Theory — Principles of MRV 13
3.1 Spin Polarization . . . . . . . ... 13
3.2 Spin Excitation and Relaxation . . . . . . ... ... ... ... .... 15
3.3 Signal Sampling . . . . . ... L 16
34 Space Encoding . . . . ... oo 17
3.5 Velocity Encoding . . . . ... ... 0oL o 19
3.6 Sequence Design . . . . . ... 21
3.7 Multiple Coil Imaging . . . . . . .. .. ... .o 22
3.8 Concluding Remarks . . . . .. ... ... L oL 24
4 Theory — Measurement Uncertainty in MRV 25
4.1 Sources of Noise . . . . . . . . . .. . 25
4.2 Manifestation of Noise in the Image . . . . ... .. ... ... .... 26
4.3 Dependence between Noise and Measurement Uncertainty . . . . . . . 33
4.4  Uncertainty Estimation . . . . ... ... ... ... ... .. ... .. 35
4.5 Concluding Remarks . . . . . . .. .. ... 37
5 Theory — Systematic Errors in MRV 38
5.1 Signal Misregistration . . . . . . ... ... .. L. 38
5.2 Acceleration Error . . . . . ... oL 39
5.3 Eddy Current Effects . . . . . . . ... ... oL 39
5.4 Velocity Aliasing . . . . . . . . ... oo 40



ii

Contents

10

11

12

13

5.5 Concluding Remarks . . . . . ... ... ... ... ... .

Results — Precursory Phantom Experiments

6.1 Setup of the Experiment . . . . . . .. ... ... ... ...
6.2 Measurement Results . . . . . . ... ... ... .. ... ..
6.3 Concluding Remarks . . . . . . ... .. ... ... ......

Results — Precursory Swirling Flow Experiments

7.1 Setup of the Experiment . . . . . . ... ... ... ...
7.2 Measurement Results . . . . . ... .. .00
7.3 Concluding Remarks . . . . . ... ... ... ... .. ...

Discussion and Conclusion

42

..... 42
..... 44
..... 47

48

..... 48
..... 49
..... 53

54

Experimental Investigation of the Flow in Cyclone Cooling Models

Using MRV

Theory — Properties of Confined Swirling Flows

9.1 Flow Sensitivity . . . . . . . ... oo
9.2 Vortex Breakdown . . . . .. ... ... ... .. 0oL,
9.3 Axial Flow Regimes . . . . ... ... ... .. ... .....
9.4 Boundary Layer Instability . . . .. .. ... ... ......
9.5 Concluding Remarks . . . . . ... ... ... ... ...,

Theory — Parameters of Confined Swirling Flows

Results — Sensitivity of the Flow in Cyclone Cooling Systems

11.1 Setup of the Experiment . . . . . . ... ... ... .. ....
11.2 Measurement Results . . . . . . .. ... ... ... ... ...
11.3 Concluding Remarks . . . . . . .. ... ... ... ... ...

Results — Robustness of the Flow in Cyclone Cooling Systems

12.1 Setup of the Experiment . . . . . . . .. ... ... ......
12.2 Measurement Results . . . . . . .. ... ... ... ... ...
12.3 Concluding Remarks . . . . . ... ... ... .. ...

Discussion and Conclusion

57

59

..... 60
..... 61
..... 62
..... 63
..... 64

65

68

..... 68
..... 70
..... 78

80

..... 80
..... 82
..... 88

89

IV Transferability of the MRV Study from the Model to the Real

14

15

Application

Numerical Confirmation of the Heat Transfer

14.1 Setup of the Simulation . . . . . ... .. ... ... .....
14.2 Numerical Results . . . . . . ... ... . ... ... .....

Experiments with a Realistic Cyclone Cooling System

91

93

..... 93
..... 94

97



Contents iii

16 Discussion and Conclusion 99
V  Summary and Outlook 103
17 Summary of the Results 105
18 Recommendations and Outlook 108
References 109
A Imaging Parameters 116
A.1 Rotation Phantom Experiments in Part IT . . . . . . . ... ... ... 116
A.2 Swirling Flow Experiments in Part IT. . . . .. ... ... ... .... 117
A.3 Swirling Flow Experiments in Part III . . . . . . ... ... ... ... 118
B Uncertainty and Error Estimates 122
B.1 Measurement Uncertainty . . . . .. ... ... .. ... .. ...... 122

B.2 Misregistration Error . . . . . . ... o000 123



iv

List of Figures

List of Figures

2.1
2.2
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4.1

4.2
4.3

4.4
4.5

4.6

4.7

4.8

4.9

4.10
4.11

5.1
5.2

5.3

Pictures of a typical MRV measurement conducted on a clinical MRI
system . ... Lo
Drawings of a turbine blade cooling system . . . . .. ... ... ...

Schematic illustration of a spin ensemble in the presence of an external
magnetic field . . . ... o
Schematic illustration of the excitation and relaxation process of a spin
ensemble . . . ..o
Timing of the spin excitation and signal sampling . . . . . . . .. ...
Schematic illustration of the signal sampling . . . . . . ... ... ...
Examples of the image reconstruction via FFT . . . . ... ... ...
Schematic drawing of the velocity encoding of the signal phase
Schematic drawing of a simplified gradient echo pulse sequence
Illustration of the optimum combination and the SOS combination . .
Effect of the coil position on the phase angle of the received signal

Effect of turbulence induced noise demonstrated by a numerical simu-
lation . . . . oL
Illustration of how Gaussian noise affects the image . . . . . . . . . ..
Statistical distribution for SNR=0 and SNR>1 in an image obtained
from a single receiver coil . . . . . . ...
Rician distribution for different values of SNR . . . . . ... ... ...
Dependence between the statistical variations of the image magnitude
and the image phase . . . . . . . . ... o
Statistical distribution for SNR=0 and SNR>1 in an image obtained
from multiple receiver coils . . . . . . .. ...
Non-central Chi distribution for different values of SNR and different
number of coils . . . . ... L L
The effect of the SOS/WM combination on the standard deviation of
the image phase . . . . . . . . ... oo
Evaluation of the conventional uncertainty estimate for a strongly tur-
bulent flow . . . . ...
Schematic process of the uncertainty estimation with local statistics
Schematic process of the uncertainty estimation with a dual acquisition

Basic mechanism of the misregistration in a MRV acquisition . . . . .
Possible effect of eddy currents on the magnetic gradient waveform of
the velocity encoding gradient . . . . . . .. .. ... Lo
Demonstration of aliasing errors in the image phase. . . . . . . . . ..

14

15
16
16
18
20
21
23
24

26

27

28
29

29
30
31
32
35
36
37

39



List of Figures v

6.1 Drawing of the rotation phantom including the field of view . . . . . . 43
6.2 Pictures of the rotation phantom in the MRI system . . . . ... ... 43
6.3 Simplified sequence diagram used for the measurements with the rota-

tion phantom . . . . .. ..o L 44
6.4 Image magnitude of the rotation phantom measured with different echo

times . . . . . L 45
6.5 Evaluation of the estimated and measured misregistration error . . . . 45
6.6 Velocity measurements in the rotation phantom for various echo times 46
6.7 Evaluation of the estimated and measured error of the velocity encod-

ING PIOCESS .« v v v e v e e e e e e e 47
7.1 Swirl chamber assembly for precursory swirling flow experiments . . . 48
7.2 MRV measurement of swirling flow configuration Re=8000 . . . . . . 50
7.3 Flow rate calculated from the MRV data compared to the monitored

flowrate . . . . . ... 51
7.4 Comparison of the MRV data with the LDV data . . . . . . ... ... 52
8.1 Estimated degree of misregistration in number of voxels evaluated for

the experiments with the rotation phantom and swirling flows . . . . . 54
9.1 Basic layout of a swirl chamber . . . . . . .. ... ... 59
9.2 Comparison of the subcritical and supercritical state in different types

of flows . . . . . L 61
9.3 Schematic axial stream line pattern in a swirling flow with vortex

breakdown . . . . . ... L 62
9.4 Illustration of the three axial flow regimes in swirling flows . . . . .. 63
9.5 Schematic drawing of Gortler vortices in a concave coundary layer . . 64
10.1 Tangential-type swirl generator . . . . . . .. . ... .. ... ... .. 66
10.2 Qualitative swirl decay with and without the stabilizing effect of rotation 67
11.1 Description of the investigated flow system for the sensitivity study . . 69
11.2 Effect of a concentric orifices at the channel outlet on the axial velocity

distribution . . . . ... 70
11.3 Example of flow regime IT . . . . . . ... ... ... ... .. ..... 71
11.4 Example of flow regime IIT. . . . . . .. ... ... ... ... ..... 71
11.5 Example of flow regime IT1T. . . . . . . ... ... ... ... ..., 71
11.6 Transition between flow regimes II III in the midstream position . . . 72
11.7 Occurrence of flow regimes I and III in the investigated parameter space 73
11.8 Dimensionless relative pressure field in flow regime II and I1T . . . . . 75
11.9 Decay of the swirl number for various combinations of Reynolds number

and initial swirl number . . . ... .o o oo 76
11.10Decay of the swirl number for two outlet conditions . . . . . . . . . .. T

11.11Dimensionless vorticity in radial direction for regime II and regime I11

swirling flows . . . .. ... oo 78

11.12Schematic diagram of the identified subcritical flow regimes . . . . . . 79



vi

List of Tables

12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8

14.1
14.2

14.3

14.4
14.5

15.2

Simplified turbine blade cooling system . . . . . ... ... ... ... 81
Description of the investigated flow systems for the robustness study . 81
Effect of concentric orifices at the channel outlet on the axial velocity
distribution . . . . ... oL Lo 82
Effect of eccentric orifices at the channel outlet on the axial velocity
distribution . . . . ... L 83
Effect of ring orifices at the channel outlet on the axial velocity distri-
bution . . . ... 84
Effect of 180-degree bends on the axial flow field before and past the
bend . . . . . 85
Effect of 180-degree bends on the tangential flow field before and past
thebend . . . . . . . 86
Effect of 180-degree bends on the axial development of the swirl intensity 87
Domain of the LES . . . . . . .. .. .. . oo 94
Comparison of the mean velocity data obtained from the LES simula-
tion and MRV measurement . . . . . . . ... ... oL 94
Comparison of the swirl decay data obtained from the LES simulation
and MRV measurement . . . . .. .. .. .00 95
Instant radial velocity distribution close to the channel wall . . . . . . 95
Instant Nusselt number distribution at the channel wall . . . . . . .. 96
Modified geometry of an actual turbine blade cooling system and the
geometry inferred from the MRV measurement . . . . ... ... ... 97
Influence of two different outlet configurations on the development of
the swirling flow in the cyclone cooling channel . . . . . . ... .. .. 98

List of Tables

7.1

11.1

16.1

Uncertainty values for the precursory swirling flow experiments . . . . 50
Swirling flow configurations measured with MRV . . . . . .. ... .. 69
Applicable and non-applicable cyclone cooling designs . . . . . . ... 100



vii

Nomenclature

Greek Symbols

*

N Y

DTRT >0

swirl decay parameter: initial term

swirl decay parameter: exponential term
gyromagnetic ratio

phase difference between two or more images
noisy phasle difference

difference in i-th gradient moment between two measurements
Kronecker delta

space encoding error

velocity encoding error

mean radius of swirl generator inlet
eccentricity of orifice

vorticity

dimensionless vorticity

outward normal vector

flip angle of excitation

thermal conductivity

dynamic viscosity

kinematic viscosity

fluid density

standard deviation in image phase

standard deviation in phase difference data
measurement uncertainty

noise standard deviation

image phase, phase of reconstructed MRI signal
noisy image phase

phase angle of spins, circumferential coordinate
fluid domain

Larmor frequency of the nuclear spin



viii

Nomenclature

Latin Symbols

3

ST

QL QL
[
@

<

FeRs Q0

S

venc

Zn

image magnitude, magnitude of reconstructed MRI signal
noisy image magnitude

flux density of external magnetic field

coil sensitivity

channel diameter

opening diameter of concentric orifice

inner diameter of ring orifice

three-dimensional space encoding gradient
three-dimensional velocity encoding gradient
pressure gradient

three-dimensional k-space coordinate

channel length from swirl generator bottom to outlet
voxel size, resolution

net magnetization vector of an ensemble of spins
i-th gradient moment

number of receiver coils

Nusselt number

Nusselt number of fully developed flow

static pressure

reference pressure

volumetric flow rate

heat flux

channel radius

Reynolds number

three-dimensional spatial coordinate

mean bend radius

swirl number

initial swirl number as produced by the swirl generator
spin position

reference fluid temperature

wall temperature

width and depth of swirl generator inlet

bulk flow velocity

spin velocity, measured velocity

voxel volume

encoding velocity of the MRV acquisition
complex MRI signal, complex image

noisy complex image



ix

Abbreviations

AWGN
BW
CFD
CFL
FFT
FID
FLASH
FOV
LDV
LES
MRI
MRV
NEX
NEXref
PIV
RANS
RF
ROI
SNR
SOS
TA

TE

TR
WM

Mathematical Operators

()
()"
argmax{...}
3}
N{o}
N.I{...}
p{.-.}
Var{...}

additive white Gaussian noise

bandwidth of MRI receiver system
computational fluid dynamics

cell-Courant number

fast Fourier transform

free induction decay

fast low angle shot MRI acquisition sequence
field of view of MRI acquisition

laser Doppler velocimetry

large eddy simulation

magnetic resonance imaging

magnetic resonance velocimetry

number of averages

number of reference scans

particle imaging velocimetry

Reynolds averaged Navier—Stokes

(radio frequency) spin excitation pulse
region of interest in measured image
signal-to-noise ratio

sum-of-squares combination of multiple images
total acquisition time

echo time

repetition time

weighted-mean combination of multiple images

sample mean

complex conjugation

angle of complex number

nabla operator

argument of the maximum

Fourier transform

i-th modified Bessel function of first kind
white Gaussian noise with standard deviation o
next integer

probability density function

sample variance



