Analysis of hydrodynamic effects using ultrafast X-ray tomography
with GPU accelerated data acquisition
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. * Motivation

Motivation

Experimental investigations for chemical

engineering,

Fluid mechanics and multiphase CFD
modeling and simulation

large scale experimental
facilities

power engineering,

mineral oil processing

CFD
simulations
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. * Motivation

Motivation

Optimal measurement technique
* high spatial resolution (in 3D)
* high temporal resolution
* non-intrusive measurement
* non-superimposed information
* suitable for opaque systems

* suitable for any geometry
(including internals)
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. . * Ultrafast X-ray CT scanner

ROFEX - Parameters
Setup with housing
and elevator unit

Principle

o

& electron gun

focussing and
= deflection coils

~ electron beam

/ targets

g » detector \ ni :
nings object space T l
E [ 4
!
frame rate: up to 8000 st g
spatial resolution: down to 1l mm -
acceleration voltage: 150 kV
max. beam power: 10 kW F. Fischer et al., Nucl. Eng. Des. 2010
no. of detector elements: 2 x288
detector frequency: 1 MHz
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. * Ultrafast X-ray CT scanner

ROFEX — Data processing (theory)

image feature
reconstruction extraction
i L u

= filtered back- __—~ » hold-up distribution =

projection —

- . = bubble size

= algebraic >~ A distribution :
reconstruction ’

(ART, SIRT, MART) = axial velocities

time

M. Bieberle et al., Exp. Fluids 2009 -
M. Bieberle et al., Philos. T. Roy. Soc. A 2015
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. . * Ultrafast X-ray CT scanner . . .

ROFEX — Applications

Monolith structures Metallic structures

Flooding point
1 second 1000 fps
1000 fps (10 x slow motion)
(30 x slow motion)

Foam structures

THEH

0.43 1.3 Vv, (m/s)
0.17 0.17 Vg (m/s)

10 mm

=43 mm
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. . * Ultrafast X-ray CT scanner . . .

ROFEX — Systems

Start-up date 2010 2012 2016 2017 2018
Maximal photon 150 150 150 150 998
energy [keV]
Measuring 2 (8) 2 2 2 2
planes
Measuring 120 180 160 60 420
diameter [mm]
Sampling 1 1 2 1 2
frequency
[MHz]
Data volume 0.80 1.21 1.97 1.34 ?7?
[GByte / s]
o UT.
Ty Maedr
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. * Data processing

Data acquisition & data processing (until 2014)

ROFEX CT scanner Intermediate storage Data post-processing

object of : & electron

beam gun s
@ Simplified data post-processing steps*

focussing coil

4Teyte
deflection coils @ = e : >
; ( 4 ' 3
\ LAN > ‘ ~ m@ o
electron beam — 3
125 MByte/s ‘ = T >
N 60 MByte/s o a
Q “ o)
o “ a
temporal a <
A\ 3 central o 2
- i data s P
‘ — internal storage “‘m’ =
= data O
32 GByte storage @ 2
*for single core CPU
2% 432
detectors 1296 MByte/s

1 - limited data acquisition time

2 - slow data transfer

3 - slow and decentral intermediate data storage

4 - very slow data reconstruction (without —
parameter extraction)

5 - improvable data management

- No online analysis

- Long waiting for validity of measuring data
limits the availability of the scanner

- no scientific ,play around”
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. * Data processing

Concept for an enhanced data acquisition & processing (2014)

Main problems

Data transfer Data processing Data management
Priority 3 Priority 2 Priority 1
* New detector hardware e  Enhanced data * Central and web-based
processing hardware data processing and
» Sufficiently fast (& commer- management

cially available) data interface e Massive data

processing algorithms

User-Interface GPU-Toolkit

Stop 1 Seect messurement fles

40 Gbit/s 5120 Mbyte/s VA‘
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. . . * Data processing . .

: e . Priority 1 & 2
Concept for an enhanced data acquisition & processing (2014) romty
Basis for data processing
SIT S5
UFO ﬁ NVIDIA. =
frame work ~—2
central
_ Advanced performance PC — server
[
Processor Intel Xeon E5-1650 v3 T
(6 cores / 12 threads) K\_ Q
Processor clock 3.5GHz /10 MB
(Turbo: 3.8 GHz)
128 GByte 10 GbE
DDR4 / 2133 MHz
SSD Samsung SATA Il 256GB
(500 MByte read / 410 MByte write)
Multi-core GPU 2x Tesla K20
(NVIDIA®, 4.8 GByte DDR5)
Ethernet interface 2x 10GbE/40GbE
(Intel XL710QDA2BLK)
Wonain 6.0 7% (P4 51
T
GCC4.8.1 & NVCC
. o q /N
Special libraries OpenMP, CUDA 7.5 oResen \:‘\ HZDR
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* Data processing

Concept for an enhanced data acquisition & processing (2014)

Priority 1

Processing concept

Requirements

* OSindependent

*  Uniform software versions

* (Hidden and) central data
storage

* Integrated data management

Web based solution

* Homepage as input media
(mobile access with Laptops,
Smartphones, etc.)

* Job server (collecting all job
requests)

* OS behind (Linux) is regardless

* No decentral data transfer

* Comfortable notification via
email .....

prA®

Re-select measurement dataset

User-Interface GPU-Toolkit

©*.dat O *.fxc

Input file path: /gssnas/data/rofex/RofexIIl/GPU_TEST/PUMPE/

Output file path: U_TEST/IPUMPE/
[ DATA REF T DARK |
|data_pumpe_dyn [ref_empty_tomograph J[dark ]|
Device: Rofex Il v
Number of planes: 2 (both planes) v
Detector interpolation: Automatic v
Electron beam scanning rate: 2000 Hz v
Reconstruction method: HZDR (FBP) v
Filter: Shep-Logan v
Frames to reconstruct: Reconstruct custom range v || Check number of images
Eirst frame (measurement): 1
Last frame (measurement): 1
First frame (reference): 4
Last frame (reference): G
First frame (dark): 1
Last frame (dark): 1
Number of pixels: 256 Image width (mm: 190
Image centre x (mm 0 Image centre y (mm): 0
Rotation of sinogram (°; 0
+Advanced Settings
Sampling rate (MHz) 1 Number of detectors per Ring 42 Object rotation per frame (°) o
Parallel projections 1024 Number of planes 2 Source offset 41

Detector diameter (mm) 216

Parallel detectors 256

Detector module IPs: [29,26.20,23,14,25,19,24,21

Ring #0
Source diameter (mm) 365 Delta x (mm)
Source angle () 260 Delta z (mm)
Ring #1
Source diameter (mm) 370 Delta x (mm)
Source angle (°) 240 Delta z (mm)

815 Detector interpolation
1417
815 Detector Interpolation
1430

Save infermediate data: () fxc (fxe (1fxp

eMail-address (optional

Load Preview Images | (i)

Start calculation

André Bieberle | In

stitute of Fluid Dynamics |
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6.3 G8 / 125.51 G8 (cached: 7 GB)
55 %

1208/ a79emie
GPu 2! 1218 /

GPU_TO0L_CONFIG160302_11619_05 Jobs resaining: 6

GPU_TO0L_CONFIG160302_161615_06 Jobs resaining: 7

PU_TO0L_CONFIG160302_161615_07 J0bs remaining:
e e

1150362 161615_67 3005 T

Tolsese2_213023 38 J0bs re
16160302 213623 30 J00s 1

Calculate preview for setup
Plane 0 v | Colormap: [HSV v

Contact information: André Bieberle - a.bieberle@hzdr.de

Need help?
Check error codes | Check job settings

(Release v0.20.2
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* Data processing

Concept for an enhanced data acquisition & processing (2014)

ROFEX
CT Scanner

electron
beam gun

focussing coil

deflection coils

Priority 2

\\gssnas\data\rofex

Advanced

=

..

. = . -dentral
T Jota |2x5 GByte/s
4TByte  storage

performance PC .

-

.DDR4 - RAM

LAN
125 MByte/s

data
32 GByte storage

2% 432

|-
detectors 1296 MByte/s

André Bieberle |

Simplified data post-processing steps*

Raw2Proj

Log

Host
Memory
DDR4

Fan2Par

Reco

GPU
Memory
DDR5

*for many-core GPU

',"Zx 5 GByte/s :

- - -t

visualisation

E : LA N>

>

—
central
g data

4TByte storage

1
|
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. . . * Data processing . .

Enhanced processing — Results - |

Priority 2

H 2 Not implemented. "RGWZPrOj"*
Data pre-processing & B
12
(Raw2Proj, LOG, Fan2Par) 6
5
D 4
6 3 *Raw data read-in time
R (2.55) is excluded
1 T

52 :LZAQ IILOGH
. (U] X
Raw2Proj :
LOG —
Fan2Par mmggmﬁmﬂ?
Reco
5 2 "Fan2Par"*
G 1
12 X

*Calculation time for Fan2Par
calculation scheme
(0.12s | 1 CPU) is excluded

=,
‘ - -
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. . . * Data processing . .

Enhanced processing — Results - 1|

Priority 2

Data reconstruction
(Algebraic Reconstruction Technique)

processing time [s]

8 40
I
(%]
C
2 30
I
L
5 20 = 256x1024
) g  128x512
12 E 5
ART 2
v 6 } . . . . . . . )
2 image grid: 256 x 256 0 250 500 o 750 1000
8 5 fan beam modality: 128 x 500 absolute reconstruction time [s]
8 4 relaxations factor: 0.4
o iteration steps: 5
—g 3 #sinogram: 1000
2 2 *) hyperthreading :’l)-
@
C
1 189.2 .g
T T T T T T ! © W 256x1024
L
S W 128x512
@
Q0
£
=)
z

0 6 12 18 24

normized reconstruction time to the number of
iteration steps [s]

'A‘ = .
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. * Motivation e Ultrafast X-ray CT scanner * Data processing * Further concepts ¢ Conclusion

Enhanced processing — Results - Il] Priority 2

Data reconstruction

(Filtered Backprojection) " UFO (1 GPU)
256x1024 m FBP (1 GPU)

B FBP (2 GPUs)

128x512

Parallel beam sinogram

T T T

\
1) N
o‘ \)Q g 1000frames [s]

Data reconstruction
(Comparison)

24.76

@
?e £ _ mSIRT (2 GPUs)

[J]

Ee] 2.89 M UFO (1 GPU)

K] 128512 1.19 EFBP (2 GPUs)

o 6.60 M ART (6 CPUs, 12 Threads)

& T T T T T T T T T

0 6 12 18 24

reconstruction time for 1000 frames [s]

VA‘ - -
gl T A [
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. * Further concepts

Further concepts

Priority 3

ROFEX -
CT Scanner Advanced

performance PC .

object of electron

beam gun N )

b7 —— -Eentral -'
focussing coil " data |?X5 GByte/s
( 4TByte  storage

.DDR4 - RAM

deflection coils

[AN
125 MByte/s Simplified data post-processing steps*

( ~electron beam

Raw2Proj

>
: — Host

, . internal Memory Fan2Par
\—J data Reco

online
visualisation

Log

DDR4
32 GByte storage GPU

Memory —

E’l — central

:> < ﬁ_n_—“—_“““‘\\\/ DDRS5S LAN> J i
L T i J

-~ *for many-core GPU 4 TByte
1296 MByte/s V +2x5 GByte/s storage

1
—m—— - =

- -t

/N

DRESDEN ™Y HZDR

ot

Member of the Helmholtz Association
Institute of Fluid Dynamics | Experimental Thermal Fluid Dynamics | www.hzdr.de

André Bieberle |



. * Further concepts

Further concepts

Priority 3

ROFEX

CT Scanner Advanced
: performance PC .

by |
]

object of electron

4
' beam gun

5 GByte/s

I

focussing coil

‘|.DDR4 - RAM

v deﬂection CO||S i iy !:m’ Delta Computer

(j@ ! f -.', e . . !
I ,% b : jj LAN ’-o-- _______ > 55 '4' .....
/ “electron beam iy ; g
Simplified data post-processing steps*
i
Log
. Host e ' visualisation
internal Memory = :
eco ' B .
data DDR4 : ( >
32 GByte storage GPU . g
. Memory —4
{] DDRS —
2% 432 SWITCH E> | data
o e *for many-core GPU 5 GByte/s storage
DYy / S e

5 GByte/s
10 GDbE - 1280 MByte/s
40 GbE - 5120 Mbyte/s
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. * Motivation * Ultrafast X-ray CT scanner * Data processing * Further concepts <+ Conclusion

1 GbE \ 1 GbE

Further concepts - Hardware Priority 3

detector ring 2 2x N x 1GbE
(64 MiByte/s)

=

Bunch of
Ethernet cables

Detector ring 1

VA
g P L
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* Further concepts

Further concepts - Software

Sentinel
program

UDF-Paket |

=

Puffer Thread
IP 192.168.1.23

|

WRITING

EMPTY

Puffer Thread
IP192.168.1.24

Puffer Thread
IP 192.168.1.25

Puffer Thread
IP1592.168.1...

Priority 3

Data processing tool

User-Interface GPU-Toolkit
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. ¢ Conclusion

Conclusion

* The ultrafast electron beam X-ray CT scanner is very suitable for contact-free multi-phase
flow investigations in technical devices. The X-ray CT scanners deliver up to 8,000 frames/s
with a spatial resolution of approximately 2 mm.

* Each scanner produces more or less 1 GByte/s of measuring raw data (reconstructed data
excluded!). Thus, there is an immense amount of data to be handled.

* A new data processing tool is established that is server-based. Thus, it can be (internally or
even externally) used via web browser (OS independent). A job server lists all incoming
reconstruction requests. Data is centrally stored (and archived).

* The new data processing tool uses multi core CPU and many core GPU architectures to
perform massive data processing. This increases data reconstruction time by a factor of up
to 137.

* Because of the strongly reduced data processing time new reconstruction algorithms and
other post-processing algorithms (interpolation, image processing, parameter extraction,
etc.) can be applied to enhance scientific work.

* A new detector hardware concept is developed and to be installed in the 2" quarter of
2016. Thus, online analysis will be possible and therefore online process cont

ing; N ——
erren v} g PA®
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. ¢ Conclusion
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