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Flow metering market

global market share of meter types

in 20152
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SE University of Erlangen-Nirnberg, Mar. 2020.
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Principle of transittime ultrasonic flow metering

T1 T2

M

] Vp [

vo T~ mirrors L

U-path

M

V-path

e wave speed ¢; and flow velocity v, result in the
ray velocity v,

downstream: upstream:
Ct Vo cy
> —_— <
Vp Vp \%)
x5(0)
/// v, e change of propagation
— direction
*p(t) — veloci
Ct (@) ty v
Vo

Upstream-downstream difference in time of flight A7, (T2—T1 and T1-T2).
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Concept: Lamb wave based flow meter

Li sensor unit L._] S/R

=
Y
axial transversal
~ advantages/disadvantages: challenges:
=
3 +modular e transmission through the pipe wall
% +no obstructions ® temperature compensation
H=)
= +no perforations
3 . .
o —interruption of process modeling of the proposed design )
§
ISE

D. A. Kiefer (FAU) Fluid-coupled mechanical waveguides 01.2022 4/34



Mechanics of the pipe wall

B\
wedge pipe wall —

~
I
A plane
. wave fluid
desired
e conventional model
7 * strong simplification
& * restricted 0:
5 6 < 23° for steel-water
= .
E * weak transmission
=
G
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Mechanics of the pipe wall

B\
wedge pipe wall —

~

I
A plane
Ty wave fluid

desired

conventional model

strong simplification

restricted 6:
0 < 23° for steel-water

e weak transmission

Y

longitudinal and
transverse waves

actuadl

* guided waves
* resonances of the pipe wall
® strong transmission

in the following:

basis for modeling
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Lamb waves: guided waves in a free plate

e

>
Z

=  guided wavek plate Ih

e,

cross-section of a plate AO: anti-symmetric, SO: symmetric

* harmonic plane wave ansatz for the 4 N
particle displacements: T 3| |
E S2 ]
~ ulzx ) =u ek z—wt) £ < 50 i
= (z,9,t) = u(y) £ o
. Al

5 eigenvalue problem for u(y), k,: S 1F o renerep
5 - anti.
= sym
5 Dispersion 0 ‘
2 P 0 5 10
< .
5 k, = k,(w) nonlinear Rk, in rad/mm

brass plate, 1 mm
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Wave velocities

Phase velocities Energy velocities
10 I | IH
Al 52b 52 A
s | |
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Next: fluid-structure interaction

=

previously
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Next: fluid-structure interaction

next
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Models for a plate-fluid system

Different models to resolve u(y):

Full model: Truncated model: Open plate model:
-~ top boundary - top boundary _ top boundary
e e !
& <— plate & <— plate NG <« plate
eyi_> eyr eyE ______________
< fluid ™ fluid
<~ fluid
< PML
é ™ bottom boundary
1| continuous spectrum e discrete spectrum e discrete spectrum
2 — integral as solution ® includes parameters that ¢ plate-fluid resonances
é are not related to the
= physics
—
ISE
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Quasi-guided waves

a-priori:
® wave vectors:
inhomogeneous plane wave in fluid ) e,
r» %) Plate
ey """"""""""""
Rk fluid

kl‘
* complex wave vector: k; = 3
- Y

e dispersion relation:
wQ
Cf
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Quasi-guided waves

a-priori:
® wave vectors:
inhomogeneous plane wave in fluid ) e,
r» % Plate
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kl‘
* complex wave vector: k; = 3
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Quasi-guided waves

a-priori:
® wave vectors:
inhomogeneous plane wave in fluid ) e, 7
r» sy plate
L et

kl‘
* complex wave vector: k; = 3
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Quasi-guided waves

a-priori:
® wave vectors:
inhomogeneous plane wave in fluid ) e, 7
r» U sy plate
ev-—-—-—--- [ i nl i
Rk ! ATk, fluid

kl‘
* complex wave vector: k; = 3

-
& e dispersion relation:
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Quasi-guided waves

a-priori:
® wave vectors:

inhomogeneous plane wave in fluid )

kl‘
* complex wave vector: k; = 3
- Y

e dispersion relation:
wQ
Cf
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Quasi-guided waves

a-priori:
® wave vectors:
inhomogeneous plane wave in fluid J e, o
r’ J s Rk pldi‘e
ik A D
£ Ik ATk, fluid
o L
V mkﬁ/ ””” ‘%kf
‘ . — where: k,(k,) = /% — k2
°t
e km
= * complex wave vector: k; = k e displacement field:
S . . . Y Y uy(y)
) e dispersion relation: R
& L_> UIM ) plate
= w? (7 A
2 ki k= 5 €R = Rk LTk, ! U S ——fluid
= Ct
S — additional unknown: amplitude U

B
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Solving the quasi-guided wave problem?

e determine:

— eigenfunctions [u,(y), u,(y),U]"
— eigenvalues k,

= nonlinear eigenvalue problem (EVP)J

o involving k,(k,) = /% — k2
f

Lehrstuhl fur Senserik

3D. A. Kiefer et al. “Calculating the full leaky Lamb wave spectrum with exact fluid interaction.” In: The Journal of the
SE Acoustical Society of America 145.6 (June 2019), pp. 3341-3350.
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Solving the quasi-guided wave problem?

e determine:

— eigenfunctions [u,(y), u,(y),U]"
— eigenvalues k,

= nonlinear eigenvalue problem (EVP)J

. . 2

* involving k, (k,) = o k2
= Idea:
e . . .
Z e linear in new variable +:
()
2 def K¢ 1 K¢ 1
= ke = 500+ = k=x5(0-77)
12
s

3D. A. Kiefer et al. “Calculating the full leaky Lamb wave spectrum with exact fluid interaction.” In: The Journal of the
SE Acoustical Society of America 145.6 (June 2019), pp. 3341-3350.
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Solving the quasi-guided wave problem?

e determine: (square root EVP in ]%J
— eigenfunctions [u, (y), u,(y), U] !
— eigenvalues k,

o
e,

b, = FOr+97Y

rational EVP in v ]4— reveals
structure

= nonlinear eigenvalue problem (EVP)J state space

- - conventional
o involving k,(k,) = /% — k2 ( linear EVP in y }_ solver
f
= Idea: v reliable and efficient
2 ¢ linear in new variable : v exact fluid-structure interaction
() o o
o v uniquely obtain [k, k, ]
£ R ’
:C? z B) YT y % Y=
%]
<
S

3D. A. Kiefer et al. “Calculating the full leaky Lamb wave spectrum with exact fluid interaction.” In: The Journal of the
SE Acoustical Society of America 145.6 (June 2019), pp. 3341-3350.
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Trapped and leaky wave solutions

frequency fin MHz

Qs

0,05

* trapped wave
e transport of energy along the plate

| |
0 3 6 9 12

wave num. Rk, in rad/mm
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Trapped and leaky wave solutions

0,10
£
£
S~
z AO’
0,05 =
5 — o leaky wave
o e radiation into the fluid
= 0 \ \ \ 0,00
= 0 3 6 9
% wave num. Rk, in rad/mm
~

B
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Trapped and leaky wave solutions

€
13
£
o
g
2
s
8
0,10 =
T
s £ 2 4 6
c E x coordinate in mm
;’: o T T
L o,
oy c E L — ”
S 0’05 = s (>
N : = B
= 4 a 5 —_—
3 o ° E————
== S _—
o S af ]
A _—
= O | | 0700 —1 —0,5 0 0,5 1
g 0 3 6 9 12 S0’ norm. displacement u,, u,
2 wave num. Rk, in rad/mm
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Trapped and leaky wave solutions

frequency fin MHz

£
~
z

V4

.E S2b
E
[\

— o leaky wave
* radiation “to the back”
0 : : 0,00 * Does not diverge with distance to the
0 3 6 9 12 olate.

wave num. Rk, in rad/mm
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Measurement of dispersion curves

water tank  specimen

LDV
~
—
@ @® [
amplifier  function computer
generator
e transducer:

bonded piezoeleciric element
e excitation: chirp with

D =100ps, B = 3.8 MHz
* measurement: heterodyne interferometer
* scan of the center line

Lehrstuhl fur Senserik

B

D. A. Kiefer (FAU) Fluid-coupled mechanical waveguides 01.2022 13/34




Measurement results: steel 1.5 mm, water

o 0
E s
—10 %
5 c E 4 s
= &N E
. — = Q@
E = —40 F
]
c
= 0 —50
-
3 time ¢ in ps
®
5
% velocity field reciprocal space
=
S

B
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Next: sound-flow interaction

previously
S E
o —

floid-structure
1
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Next: sound-flow interaction

S E
— —

sound-flow

next
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Time of flight comparison of flow meters

b b
|
~ * constant transit time e constant path length (almost)
> * change of the path length Al * change of the velocity ¢; = v, - e,
()
(7))
=) 4b v 4b v sin 6
= A = -0 AT = N
% Tp creose, J P cosf (¢ — v sin?0) J
E
ISE
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Time of flight comparison of flow meters

2Al ¢ R
—— P

| —

b
|

N b

Al = WUO
* constant transit time e constant path length (almost)
* change of the path length Al * change of the velocity ¢; = v, - e,

4b v, A 4b v sin 6
= — 1 =
ATy cpcosf e, J P cosf (¢ — v sin?0) J
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Time of flight comparison of flow meters

2Al ¢ R
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Time of flight comparison of flow meters

2Al ¢ R
—— P

| —

b
|
N b
Al = WUO
< * constant transit time e constant path length (almost)
2 * change of the path length Al * change of the velocity ¢; = v, - e,
5.
_(g dev.:ézo.l Yoo b .
2 °p Vg S1n
= AT = 1b_vp « ATy, = 202-2
7 P ¢eosfe, cos b (c¢f —v3 sin®0)
§
+ simpler -+ more general
ISE
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Determining the flow rate Q

Y

ray path

\\

! UO(yaz)

i S
| s/
| 49
|
|

pipe: transversal section

flow rate:

Measurement errors due to:

D. A. Kiefer (FAU)

pipe: axial section

d b
1
Qd:ef / / Uo(y’z)dydz:KbdyozZchfcpcosﬁATp
0 Y0

N ———  —
sensitivity S

* Ar,: electronics + signal processing

¢ S: ultrasonic system

Fluid-coupled mechanical waveguides
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Measurement error diagram

. - 1
Possible errors due to sensitivity: § = Zchfcp cos0(c,, ¢t)

frequency f \

[mqterlal parameters c p]—>

= [deposition ofa Iayer / —» g

f

=) (=]

* Perturbation theory*: analytical expressions for effect on c,.

©
()
s
E
=
=
&
<
@
—

ISE

4B. A. Auld. Acoustic Fields and Waves in Solids. 2nd ed. Vol. 2. Krieger Publishing Company, 1990. 878 pp.
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Measurement error diagram

. o 1
Possible errors due to sensitivity: § = Zchfcp cos0(c,, ¢t)

frequency f \

[moterlal parameters c p]%

[deposition ofa |ayer / H m

£

3 | temperature 7 -

@

=

®

S * Perturbation theory#: analytical expressions for effect on Cp-
-

ISE

4B. A. Auld. Acoustic Fields and Waves in Solids. 2nd ed. Vol. 2. Krieger Publishing Company, 1990. 878 pp.
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Effect of temperature 7

pipe material: ¢ (T) = (1 +€)c, ce(T)
. lc, OE AT * polynomial fit to experimental data®
® withe=_2""""
2¢, 07 E
1072
0
1,55
1k = ’
A0

s s

N ~

£ E

B c
= 3 € 145
,2 5 = S
()
e 5) 1,4
=3 | | | |
- 0 1 2 3 4 0 20 40 60 80 100
3
@ fin MHz T in°C
<
[]
—

5N. Bilaniuk and G. S. K. Wong. “Speed of sound in pure water as a function of temperature.” In: The Journal of the Acoustical

14 Ssociety of America 93.3 (Mar. 1, 1993), pp. 1609-1612.
01.2022 19/34
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Effect of temperature 7 on the flow meter

iston: S ~ c2 : S~ 2 2 1 1 T
piston: 8§ ~ c(T) « Lamb: 8 ~ c(T7)/c2(T) — Z(T) F def 1 / [S(T) — SyJ2 dT
So\To=T1 Jy

3 X

c £ =

~ 3

\ &

=] e

» 2

~ ] —

I [

% =—— steel AO 1.5 MHz - |
v —10 [
7 s brass AO 1 MHz =
=
8 piston (any 6)
2 —15 | |
3 0 20 40 60 80 100 0 1 2 3 4
b= temperature 7 in °C frequency fin MHz
£
7 e piston transducer: F,, = 7.8%
Gl
E . . o e
2 Lamb-wave based flow meters exhibit less cross-sensitivity to temperature. J
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Prototype of the flow meter

transducers

temperature sensor

flow meter prototype®

e steel pipe, 1.5 mm wall thickness
e piezoelectric Lamb wave transducers

next: ¢ validated model:
H vibrometer measurement — pipe wall mechanics
transmission measurements — time of flight

F Lehrstuhl fur Sensorik‘r\“

™

$Designed and fabricated by Diehl Metering GmbH.
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Vibrometer measurements

© 2 ' V-path ]
. . £ E 0 direct pothp Bike
S—— pipe with water ES 10 ~ ‘ —
c
‘—Iscon |inet | o
<~ laser spo £y
e~ transducer S —10 velocity
g —20 norm. exc. ‘ —
0 20 40 60
time ¢ in ps
g 3 p = 0
E E - . - < é
[} . N 10 s
< £ 5 s 2 b
5 & £ 2
- 5 £ g
.0‘3 E % h 1 —30 ';
2 2 o K
= < ) B
2 = 0 ~40
% 0 2 4 6 8
<
i time ¢ in ps wavenumber k h
space: - reciprocal space: f-
3 t procal sp ks
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Transmission measurements

temperature sensor

* 7665 measurements at controlled and supervised parameter values”:
— flow rate Q,..: 6.4, 63, 630, 4000, 5000, and 6000 L/h

nom*

— temperature 7 : 10°C - 90°C in steps of 10°C
— reference measurements Q. and 7,

e
5 T - T
% s 1| direct Y\P“”‘ | = 3 (| direct V-path
(%} 2 . ﬁ' o 1
ié T-J. oM ) ﬂlﬂllh\,. 3 1
= £ —— downstream _g T
% o U ! — - upstream o 0 | |
< 0 10 20 30 40 0 10 20 30 40
> time ¢ in ps time ¢ in ps

B

7Raw data obtained by Diehl Metering GmbH.
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Validation of the time-of-flight model

T, in ps
Arp inns

, 20406089 3000 6000
T in °oC g T in oc Qinl/h

|
|

Lehrstuhl fur Sensornik

downstream upstream-downstream difference

* model: time of flight 7 (7) * model: A7, =8 17)Q

* 9 fitted to data
— ~ 10% deviation from material datasheet

B

D. A. Kiefer (FAU) Fluid-coupled mechanical waveguides



Conclusion of Lamb wave based flow meters

* modeling with (leaky) guided waves:
rapidly converging discrete basis
including the effect of flow and temperature

simple to invert
reveals an intrinsic passive compensation to temperature

L1114

E Lehrstuhl fur Sensornik
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Overview

Complementary projects
Electromagnetic Acoustic Transducers
Schlieren photography

= o .
Dip-stick sensor

@ .

8 Ultrasonic holography
&

=

3

2

<

(5}

—

B
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Electromagnetic Acoustic Transducers (EMATs)®

< magnet
O O O [Kcall

e current: 20A

* impedance matching
network

- plate coil on flexible PCB e contactless

orik

I}

Lehrstuhl fur Sens

8L. Vogl. “Simulation-based design, implementation and verification of an electromagnetic acoustic transducer for generation of
SE Lamb waves.” Bachelor Thesis. University of Erlangen-Nirnberg, Apr. 2018.
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Electromagnetic Acoustic Transducers (EMATs)®

«magnet e current: 20A
1 0 1 GXcoil * impedance matching
| £t = network
eddy current - plate coil on flexible PCB e contact-less

Lehrstuhl fur Senserik

8L. Vogl. “Simulation-based design, implementation and verification of an electromagnetic acoustic transducer for generation of
SE Lamb waves.” Bachelor Thesis. University of Erlangen-Nirnberg, Apr. 2018.
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Electromagnetic Acoustic Transducers (EMATs)®

[ LT ] I3} magn

0 1 &0 l¢coil

| f <x > <x >

e current: 20A

* impedance matching
network

eddy current - plate coil on flexible PCB e contact-less

Lehrstuhl fur Senserik

8L. Vogl. “Simulation-based design, implementation and verification of an electromagnetic acoustic transducer for generation of
SE Lamb waves.” Bachelor Thesis. University of Erlangen-Nirnberg, Apr. 2018.
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Electromagnetic Acoustic Transducers (EMATs)®

l l l l lB < magnet e current: 20A
] 0 [ < coil * impedance matching
f <X > €«x o>
‘ T : network
eddy current - plate coil on flexible PCB e contact-less

W

=

(o}
@

; ’ | ‘ \ ‘

(79}

=

=

2 .

2 laboratory setup vibrometer measurement

S

8L. Vogl. ”Slmulahon based design, implementation and verification of an electromagnetic acoustic transducer for generation of

SE Lamb waves.” Bachelor Thesis. University of Erlangen-Nirnberg, Apr. 2018.
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Schlieren photography of ultrasonic phenomena?:1°

beam lens 1 tank lens 2 reér::::d
laser  ND filter expander i camera
----- }é’
,\ Fourier
schliere filter

Schlieren photography system

=
(o)

()

=

(o)

()

=

= laboratory setup

®

= K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
= Erlangen-Niirnberg, Oct. 2018.

105, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
SE University of Erlangen-Nirnberg, Aug. 2020.
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Schlieren photography of ultrasonic phenomena

beam lens 1 tank lens 2 reér::::d
laser  ND filter expander i camera
----- }é’
,\ Fourier
schliere filter

Schlieren photography system

=
(o)

()

=

(o) j

m . . .

5 radiating waveguide

= laboratory setup

®

= K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
= Erlangen-Niirnberg, Oct. 2018.

105, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
SE University of Erlangen-Nirnberg, Aug. 2020.
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Schlieren photography of ultrasonic phenomena?:1°

beam lens 1 tank lens 2 relil::::d
laser  ND filter expander 1 camera
***** SR [D
,\ Fourier
filter

schliere

Schlieren photography system

Schlieren image: AO, 1 MHz, 1 mm brass

laboratory setup

9K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
Erlangen-Nirnberg, Oct. 2018.

105, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
University of Erlangen-Nirnberg, Aug. 2020.
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Immersed stick: mode conversion

other radiated

free section M| field components

—j—q

R;
t
»L —— interface x £
fluiddoaded ||}’ 7 e :
section J mechanical E <
waveguide » .
- 1 9 AT leaky field .
= g 2
fluid 03
2 et trapped g
wave

-1
!

FE computation: PMMA-water

Lehrstuhl fir Sensorik
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. . k 1 0,4
Dip-stick sensor , T
, below
> 02
c
P
Wandler S 0
o
Kontaktierung >,o,2
A0, above
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Zeittins 1074

received signals
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measurement of group velocity

L. Vogl. “Measurement of fluid properties with the quasi-Scholte plate mode.” Master Thesis. University of Erlangen-Nirnberg,

Aug. 2020.
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Holography'?:13

Ultraschall-Wandler  Hologrammpl Bildeb .
‘ * lterative Angular Spectrum Approach
(Gerchberg-Saxton):
— Fourier acoustics
— only longitudinal waves
reference plane image plane
propagation
FEM + BEM phase
=
8\7 back-
= propagation
()
@ y BEM
E
= 3
% Hologrammplatte
G 12). Freitag. “Design, implementation and verification of acoustic holograms considering full solid mechanics.” Master Thesis.
~

University of Erlangen-Nirnberg, Sept. 2020.
3 13C. lttner. “Design, fabrication and verification of an acoustic hologram.” Master Thesis. University of Erlangen-Nirnberg, July
’_ 2019.
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Hologram measurements'4
® 6 hours measurement:

scanning hydrophone

e stereolithography:

laboratory setup

holographic plate

14). Freitag. “Design, implementation and verification of acoustic holograms considering full solid mechanics.” Master Thesis.
University of Erlangen-Niirnberg, Sept. 2020.
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Measured holograms'

JF yinyang
simulation: g 1
g
£
; 0 1 o
o £
9 o
o o
w19 2
0,5 @
g
measurement: g 10 a
E .
c £
= - z 0 o
S - ° ' =
2 5
3 8 p
o
N 10
—-10 0 10 —-10 0 10 -10 0 10

ycoord. inmm  ycoord. inmm gy coord. in mm

15). Freitag. “Design, implementation and verification of acoustic holograms considering full solid mechanics.” Master Thesis.
University of Erlangen-Nirnberg, Sept. 2020.
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Remarks on modeling with quasi-guided/leaky waves

dip-stick sensor

P . - Quasinormal mode (QNM) theory

— conversion coefficients o 16
e . of quasi-guided waves needed

* sensitivity analysis with leaky waves

— perturbation theory
* nonspecular reflection with leaky waves

energy velocity c,

ik
°

Lehrstuhl fir Senso

16E, S. C. Ching et al. “Quasinormal-mode expansion for waves in open systems.” In: Reviews of Modern Physics 70.4 (Oct. 1,
1998), pp. 1545-1554.
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Outlook

o modeling with leaky Lamb waves
— normalmode theory
o Zero-Group-Velocity resonances (Claire Prada)

— modeling
— leakage

o waves in fluid-coupled resonators (Fabrice Lemoult)

nik:
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Flow meter designs

ST Tt ) T T2 T1 T2
X flow meter ! < > i 2 é ; ;2
; meas. unit X \/ \OOXOV/O(; A o

(]
X,
3
3
Q@
.
S
®
=
&L
o
a
=
o
3

swirls
] ]
clamp on invasive intrusive
il ' T T2
1 flow meter |
s, ot | . N EQULE- P
_,| meas. unit -
1 .
e 0
| L.
e e e e e e - = - - 4 [ ] [ ]
inline non-invasive non-intrusive
here: inline, non-invasive, non-intrusive )
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Determination
600 =
£ 400 —
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o
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10 10!

of the flow rate Q: model inversion

Q,,in 2.8 L/h

102 103

104

' transitional

turbulent

4
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i
7N

— exp. fit ||

measured

10t 10°

hydrodynamic correction factor K as suggested

by the acquired data
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Temperature determination from direct path signal

i V-path ] ]
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Schlieren photography of ultrasonic phenomena'”18

beam lens 1 tank lens 2 reér::::d
laser  ND filter expander i camera
----- }é’
,\ Fourier
schliere filter

Schlieren photography system

=
(o)

()

=

(o)

()

=

= laboratory setup

®

= 7K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
= Erlangen-Niirnberg, Oct. 2018.

185, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
SE University of Erlangen-Nirnberg, Aug. 2020.
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Schlieren photography of ultrasonic phenomena'”18

refracted
beam lens 1 tank lens 2 beam
laser  ND filter expander 1 camera
----- B B B
,\ Fourier
schliere filter

Schlieren photography system

X
5
—
(0}
()
= late i iFicati
= |cborafory Se"Up plare insoniricarion
=
®
= 7K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
= Erlangen-Niirnberg, Oct. 2018.

185, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
University of Erlangen-Nirnberg, Aug. 2020.
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Schlieren photography of ultrasonic phenomena'”18

refracted
beam lens 1 tank lens 2 beam
laser  ND filter expander 1 camera
----- I S S Rt
,\ Fourier
. filt
schliere ther

Schlieren photography system

leaky field

: nonspecular reflection:
laboratory setup A0, 1 MHz, 3mm steel

7K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
Erlangen-Nirnberg, Oct. 2018.

185, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
University of Erlangen-Nirnberg, Aug. 2020.
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17,18

Schlieren photography of ultrasonic phenomena

beam lens 1 tank lens 2 reér::::d
laser  ND filter expander i camera
----- }é’
,\ Fourier
schliere filter

Schlieren photography system

=
(o)

()

=

(o) j

m . . .

5 radiating waveguide

= laboratory setup

®

= 7K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
= Erlangen-Niirnberg, Oct. 2018.

185, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
SE University of Erlangen-Nirnberg, Aug. 2020.
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Schlieren photography of ultrasonic phenomena'”18

beam lens 1 tank lens 2 relil::::d
laser  ND filter expander 1 camera
***** =T [D
,\ Fourier
schliere filter

Schlieren photography system

Schlieren image: AO, 1 MHz, 1 mm brass

laboratory setup

7K. Schmid. “Schlieren-optical imaging of the radiation of plate waves into a fluid.” Bachelor Thesis. University of
Erlangen-Nirnberg, Oct. 2018.

185, Sivanesan. “Simulation and utilization of spatial light modulators for schlieren-optical imaging of ultrasound.” Master Thesis.
University of Erlangen-Nirnberg, Aug. 2020.
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Conclusion of Lamb wave based flow meters

+ non-invasive configuration
—influenced by the pipe wall mechanics
* modeling with (leaky) guided waves:
rapidly converging discrete basis
+ handles the “structure borne” ultrasound
+ simple to invert model of the flow meter
+ insensitive to actual transducer
— nonlinear eigenvalue problem reliably
solved by change of variable

D. A. Kiefer (FAU)

Fluid-coupled mechanical waveguides

analysis of

e ultrasonic convection:
different to piston transducer meters
— beam displacement is sensed

* pipe: uncertainty and aging
* scaling and dezincification

* temperature behavior:

+ intrinsic passive compensation
(guided waves « fluid)

+ pipe material is relevant
(design freedom)

— hydrodynamic correction factor depends
on temperature

01.2022 5/5
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