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Effects of charged particle irradiations on the microstructure and mechanical properties of reactor
pressure vessel steels

Takuya Yamamoto, Peter Wells, Yuan Wu, G. Robert Odette (University of California Santa Barbara),
Hideo Watanabe, Takahiro Onishi (Kyushu University)

Intreduction

Safe operation of light water reactors requires accurate prediction of the pressure vessel steel embrittlement
typically characterized by a transition temperature shift (TTS). Modeling embrittlement trend curve (ETC)
needs in part utilizing data from accelerated irradiations in higher flux test reactors. However, flux influences
the various hardening features and corresponding TTS for a given alloy, irradiation temperature and fluence.
Indeed, there is evidence that a significant population of transient defect features is important at high flux. These
transient features presumably formed within a so-called displacement cascade (a series of displacement
reactions creating locally concentrated point defects and those clusters) may: 1) by itself contribute to irradiation
hardening and embrittlement; 2) act as defect sinks to enhance point defect recombination to delay (shift to
higher fluence) diffusion driven growth of other features contributing hardening and embrittlement; as well as 3)
accelerate nucleation of those features. These opposite roles make the flux effects very complicated. Hence, the
purpose of the research is to better understand the flux effects including the roles of transient features on
microstructural evolutions and radiation induced hardening under three types of — electron (no cascade forming
higher flux), Fe ion (high flux with cascades) and neutron (low flux with cascades) — irradiations.

Experimental procedure

Three A533B steels with different Cu levels were used in this study, which are referred to as LG without
Cu, LH with 0.11 wt% Cu, and LI with 0.20 wt% Cu. The specimens for ion irradiation and in situ observation
via HVEM were annealed (austenitized) at 900 °C for 1 h, air cooled, tempered at 664 °C for 4 h, air cooled,
stress relieved at 600 °C for 40 h, and air cooled. Ion irradiation with 2.4 MeV Fe** was conducted in the
temperature range from room temperature to 350 °C using the tandem accelerator at Kyushu University.
Hardness tests were conducted at room temperature before and after ion irradiation using an Elionix ENT-1100
nano-indenter with a load of 1 gf. A triangular pyramidal diamond indenter (Berkovich type) with a semi-apex
angle of 65° was used. For the LI sample, atom probe tomography (APT) was also conducted after ion
irradiation to 1 dpa at 290°C and 350°C. The atom probe samples were run in a LEAP 3000 HR at the -
University of California, Santa Barbara in voltage mode using a pulse fraction of 20% and specimen
temperature of 50K.

Electron irradiation was performed using 1.0 MeV electrons and a high voltage electron microscope (JEM-
1000) in the HVEM Laboratory at Kyushu University. Electron irradiation was conducted at 290 °C and 350 °C.
at a lower dpa dose rate of 2.5 x 10~ dpa/s to create an irradiated area large enough for sampling APT
specimens. Mechanical and electro-polishing and focused ion beam (FIB) machining were employed to prepare
each transparent HVEM sample with a rectangular notch as a landmark for target location. Irradiations to
achieve displacement damage levels from 0.1 to 0.4 dpa were performed at a temperature of 290 °C near the
landmark. The irradiated regions were approximately 10 pm in diameter, and the specimens were approximately
200 nm in thickness. FIB machining was then employed to prepare APT samples from the irradiated regions.

Results and Discussion

The dose dependence of the radiation-induced hardness of alloys with different Cu levels after irradiation
up to 1.0 dpa at room temperature (RT) and at 290 °C is shown in Figs. 1 (a) and (b), respectively. Here,
radiation-induced hardness is defined by the difference in the hardness before and after irradiation, AH = Hirpg —
Hunima. The indentation measurements were performed before and after irradiation using the same samples. At
both irradiation temperatures, that start of irradiation led a rapid rise in radiation-induced hardening, that
became nearly saturated once at approximately 0.1 dpa but followed by gradual increase with dose.

Figure 1(c) shows the ion induced hardening trends of the three alloys (yield stress change, Aoy, converted
from AH) compared with the corresponding trends in IVAR experiment in a test reactor at much lower dose rate
of = 10" dpa/s. In IVAR condition significant Cu dependence was observed even at the lowest = 2x10™ dpa so
that the high-Cu LI shows = 80 MPa larger hardening than no-Cu LG, which is actually caused by Cu-riched
precipitates (CRP), whereas the ion irradiation hardening has no Cu effect in that dose range suggesting no CRP
formation. TEM observation suggested there is no visible loops or precipitates in the low dose range. Never the
less, the ion irradiation induced hardening in the range is as large as the high-Cu LI in IVAR, that can be
attributed to hardening caused by the transient feature as was mentioned above.



Under the very high dose rate in ion irradiation, there is no time for transient features to recover, but the
type of defects can quickly fill the space leading to a saturated hardening. Since the transiency has not been
confirmed (or does not even matter for the saturation) we call these simply Cascade Fragments (CF). The CF
hardening can explain the initial rapid rise and saturation in hardening regardless the Ti; or Cu content as shown
in Figure 2a. The CF hardening forms a base hardening as is observed in no-Cu LG, while in higher Cu alloys
additional hardening is observed at high dose. Figure 3¢ plots the additional part of hardening (total subtracted
by CF Acy) with dose compared with IVAR. Note, CF hardening is negligible at the low dose rate IVAR
condition. Figure 3b clearly indicates that CRP hardening is significantly delayed in ion irradiation as is
expected due to enhanced point defect recombination at high dose rate. This type of flux effects can be adjusted
by using an effective dose given by an actual dose multiplied by a flux scaling factor (¢,/d)", where p depends
on flux effect mechanisms and changes between 0 and 1, but p = 0.25 is commonly found to work for wide
range. Figure 3¢ plots the same Acy in an effective dose scale with p=0.25. The CRP hardening trends in ion and
IVAR irradiation surprisingly merges on this scale.

Microstructural evolutions in the three types of irradiations observed to date are also different one another
presumably due to the delay at high dose rate in ion and electron irradiations as well as to the lack of CF in
electron irradiation. We continue atom probe tomography and TEM observation of the alloys for further studies.
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Figure 1 Dose dependence of irradiation hardening, AH, at a) room temperature and b) 290°C; c) Converted
yield stress change (Acy) compared with IVAR irradiation experiment in a test reactor at much lower dose rate .
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Figure 2 a) Dose dependence of irradiation hardening, AH, in ion irradiation at RT and 290°C with a model
hardening due to cascade fragments; Comparison of ion induced hardening subtracted by the model CF Aoy as a
function of b) actual dose and c) effective dose that considers high dose rate recombination effects (p=0.25).

Summary

lon irradiated 0.8Ni-1.4Mn-0.5Si RPV alloys with varied Cu of 0 to 0.2 % showed very rapid hardening
that does not depend on irradiation temperature or Cu level. This hardening can be attributed to cascade induced
defect complex, or cascade fragments (CF). CRP hardening under ion irradiation is significantly delayed
compared to IVAR test reactor condition presumably due to enhanced recombination at = 10° higher dose rate.
The delaying effects are, however, surprisingly adjusted by subtraction of CF hardening and a well known flux
scaling using (b,/d)", where p = 0.25.
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Towards high mode purity in ECRH transmission lines for ITER

Applicant: Walter Kasparek o
Institute of Interfacial Process Engineering and Plasma Technology (IGVP)

Electron Cyclotron Heating (ECH) using high power millimeter waves is an attractive method
for plasma production, auxiliary heating, and current drive in a nuclear fusion research. In
planned fusion experiments at the International Thermonuclear Experimental Reactor (ITER),
the injected ECH will have a total power of 20 MW at an operating frequency of 170 GHz.
For the 20 MW injection, high power gyrotron oscillators of 24 MW will be pfepared. The
output beam from each gyrotron oscillator is led to a Circular Corrugated (CC) waveguide
line, and transmitted as an HE;; mode of a main eigen-mode in the waveguide. Twenty CC
waveguide lines will be prepared to transmit the total 20 MW power. Excitation of unwanted
higher-order modes in the oversized waveguide causes some problems such as remarkable
transmission losses and arcing. Transmission losses in the ITER ECH system have been
estimated, including the higher-order mode excitation due to misalignment of the transmission
components.

This collaboration has been established to excite and transmit the high-purity main HE;,
mode under monitoring and controlling of the transmitted wrong modes for the CW high
power application.

The International Joint Research team consisted (besides the applicant) of Hiroshi Idei (RIAM,

Kyushu), Keishi Sakamoto (JAEA Naka), Takashi Shimozuma (NIFS, Toki), Richard Temkin
(MIT PSFC Cambridge), Michael Shapiro (MIT PSFC Cambridge), Carsten Lechte aGgve
Stuttgart), and Burkhard Plaum (IGVP Stuttgart).

HE;; Mode Generator

The high purity HE;, mode exciter is required for comprehensive studies on mode excitation
and effects of misalignment in the Circular Corrugated (CC) waveguide transmission. It has
been developed for studies in various millimeter-wave applications with the CC waveguide,
as well as in the ITER ECH system.

A previous HE;; mode exciter based on quasi-optical concepts, which is composed of a

corrugated horn, a dielectric focusing lens and millimeter-wave absorber, reached a mode

purity of only 0.96. A resonator system to excite the HE;; -mode was also investigated. Here,

an open cavity consisting of a phase-inverting mirror matched to the HE;; mode radiation and

a plane semitransparent output mirror was used. The HE;; mode was selectively excited in

this resonator system. An HE;; mode purity of 0.97 was attained. Further experiments on a -
170 GHz folded resonator showed that cleaning of an input radiation with an HE;; purity of
only 65% was possible to an output purity of 94 %. With high-quality resonators, this value

could be strongly increased, however, at the expense of the efficiency. It was concluded, that

the resonator concept exhibits severe drawbacks when using it in a test facility.



Therefore, for improved performance, an HE;; mode exciter using two Gaussian beams has
been designed and is described here.

A Gaussian beam has been considered as one of proper coupling beams into the CC
waveguides at the HEy; mode. The Gaussian amplitude profile is bell-shaped, and the phase is
flat at the waist point, showing good similarity for the HE;; mode properties. Figure 1 shows
radial amplitude profiles of HE;; mode and Gaussian beam optimized for coupling into the
CC waveguide. Here, the radius of the CC waveguide a is 0.03175 m. The HE;; mode
amplitude profile is described as Jo ( 2.405 r/a ), where Jp is the 0-th order Bessel function of
the first kind. Here, the argument of the Jp function is described with a first zero-crossing
solution of 2.405, and the radial r coordinate of the waveguide cross-section. Major
- differences between the HE;; mode and Gaussian profiles are the broadness and the
waveguide-cdge amplitude. The HE,, mode profile is broader, but has zero amplitude at the
waveguide edge, » = a. Beam sizes expressed by second central moments are 0.660a and
0.645a for the HE;; mode and the optimized Gaussian distributions, respectively. If a
Gaussian beam with larger beam size was considered, core parts of Gaussian and HE;; mode
amplitude profiles preferably matched together with, while the Gaussian edge amplitude
became large. The optimized Gaussian beam size was determined from a balance of the
opposing properties on the beam size. Kurtoses of 4-th central moments were 2.5 and 3.0 for
the HE,, mode and the optimized

Gaussian distributions, indicating the o 1000 i B ' b
Gaussian profile was more peaked  Eo™%~— \ 3 i
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concept. Therefore, a two-Qauss:an- ' ?b) Amplitude and phase profiles for the. HE;; mode and

beam system was considered t0  optimized Gaussian beams at w = 0.956a.

control the amplitude profile by

phase interference. The edge zero- .

amplitude property was easily obtained by [0, n] phasing at r = a of the two beams combined.

Two beam distributions of E;(r) and Ex(r) were considered for the [0, x] phasing as follows:
nr?

Ey(r) = Er(T)eXP[J'<¢o+ 202)], By(r) = E.(r) exp[j(iﬁu - g:—:)],

‘where E;(r) was a common radial amplitude profile of the two beams. The two beams with
E\(r) and E>(r) should be focusing and expanding Gaussian beams with a central phase offset
¢v and phase front curvatures (+/-) R = (+/-) ka* / m, provided that E, (r) was expressed as :
E. (r)= Ex(r) exp ( -#/ w? ) with central amplitude E,o(r) and beam size w. Here £ is the
wavenumber of the operating 170 GHz frequency. The combined beam profile E112(r) (= E)
() + E2(r) ) can be expressed as:

2 k2

Biat) = 2 Br)oos( 307 ) explivn) = 2 Borexp(—r?/u?)con( 5 ) explido)



indicating an amplitude profile of E; (r)= Ew(r) exp ( -/ w* ) cos (7 #*/2a°) and flat phase
of ¢y over the entire profile. The flat phase profile can be considered in the combined beam
with the [0, w] phasing at » = a, which are two key properties of the phase profile to excite the
HE 1 mode. Figure 1(a) shows the matching coefficient between the HE;; mode and the
combination of Gaussian beams as function of the beam size w. If the matching coefficient is
unity, the profiles are identical. High purity of the HE;; mode of 0.9996 was obtained at w =
0.956a. The phase front curvatures R were fixed at 1.143 m (=ka” / 7). Figure 1(b) shows the
amplitude and phase profiles for the HE;; mode and optimized Gaussian beams at w = 0.9564.
The phase profiles were essentially flat in the combined beam as well as in the HE;; mode
beam.

This means that in the two-Gaussian-beam
system, the HE;; mode can be excited at
almost 100% in the ideal situation. An
experimental sefup was designed for the — pes—
two-Gaussian- beam system; Figure 2 shows
a schematic. The system is composed of a
corrugated horn antenna, several quasi-
optical mirrors, and beam splitters/
combiners. First a Gaussian beam is
prepared with a corrugated horn and a phase
matched focusing mirror. A second mirror .
directs the Gaussian beam - at 45 degree  FIG.2: Schematic of the two Gaussian beam system.
linear polarization - to a wire grid polarizer, ~The system was composed of a corrugated horn
where it is split into two beams. The phase 2ntenna and quasi-optical mirrors, beam

profiles of the two beams are then formed by~ *P et combiEs

combinations  of  focusing/defocussing

mirrors, and are finally combined by a second wire grid polarizer in front of the CC
waveguide aperture.

The HE,; mode exciter using two Gaussian beams was tested at low power facilities. Figure 3
shows measured intensity and phase profiles at the waveguide entrance. A broader intensity
profile was obtained, compared to the
Gaussian beam as shown in a broken line. g
Especially, a flat phase profile was attained.
The evaluated mode contents of the HE;;
mode was 0.98.
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The splitter performance is a key issue for the dual-f operation, and extended operation
regions in splitter operations have been considered and surveyed using mode contents analysis
based on matching coefficient evaluation. Some operational branches with high matching
coefficients (> 0.9) were found, and new operating parameters were proposed for the dual-f
operation in the JT-60SA ECHCD system. Radiation pattern distributions from the SCW
splitter were defined very well with no serious side lobes in the dual:f operation. In the
double-loop ring-resonator system, the diplexer frequency response was sufficiently steep to
switch the outputs of the JT-60SA dual-f gyrotron. A bell-shaped corrugation profile is
considered to reduce the Ohmic loss in the SCW and to construct the resonator ring at small
phase difference in the dual-f application for arbitrary polarization states. The diffraction
losses should be properly considered in real component-design because the two split beam
distributions were different in the symmetric and anti-symmetric directions at the specific
operating frequency. The splitter performance is going to be checked at the low-power
facilities in Kyushu University in the next year.
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Introduction

Long pulse high beta dicharge is one of important missions for ITER and future fusion
reactors. Comparative and joint study of long pulse high beta discharges on QUEST and
EAST is one of most important things because the special feature of these two devices
(QUEST, SSO with High beta; EAST, SSO with full superconducting coils). Exploitation
and integration of diagnostic systems and physics issues in these two devices and compare
the two-side result would give many fruitful results. In 2014, on QUEST, great progress has
been achieved on SSO operation. EAST has also achieved significant progress towards long
pulse and high performance plasmas recently. For long pulse high beta discharges, wall
conditioning  and edge turbulence control are the most impoﬂan; issues. In QUEST,
hydrogen recycling during long duratioﬁ discharges was investigated and new QUEST—wall
model can reconstruct the particle flux dependence. The hot wall had already installed in
the vaccum vessel as a control knob of fuel circulation. And the blob phenomena was
studied to understand the particle flux on first wall driven by edge turbulence. In EAST,
lithium powder injection system was developed for wall conditioning and ELM control on
EAST. And the tungsten top divertor was installed to investigate the ITER-like mono-block

divertor configuration.

Recently experimental progress in QUEST and EAST

In QUEST, hydrogen fluence on the wall has a significant impact to core plasma
behavior. Progression from low (LR) to high recycling(HR) was observed in full
non-inductive long duration discharges up to 12 minutes on QUEST, as shown in figure 1.
And more, And more, 54kA plasma sustainmenf in low aspect ratio configuration by
28GHz injection was achieved. The plasma shaping Was almost kept for 1.3s, as shown in
figure 2. Higher current of 66kA was non-inductively obtained by slow ramp-up of vertical
field also. Different configurations, limiter, IBNULL, divertor, have been achieved in the
steady state operation. Simplified QUEST-wall model can reconstruct the particle flux

‘dependence for 400s long pulse discharges. For future plan, QUEST will be performed
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under hot wall to improve the controllability of Hydrogen recycling during long pulse
plasma discharges (1000s). Detailed discussions with Prof. hanada allowed us to gather

more information regarding the long pulse discharge activities and compared with the

conditions on EAST.
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Figure 1 Hydrogen fluence on the wall has a significant impact to core plasma behavior (Prof. Hanada's
presentation for discussions during this visit).
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Figure 2 54 kA Plasma Sustainment in Low Aspect Ratio Configuration by 28GHz Injection (Prof.

Hanada's presentation for discussions during this visit).

In 2014, EAST has some significant upgrades, including tungsten top divertor, cryopumps
for both divertors, 10 MW LHCD+12MW ICRF + 4MW NBI, Resonant magnetic
perturbation (RMP) coils, Polarimeter/interferometer(POINT) for current density profile etc.
18s ELM-free H-mode with Li injection was obtained, as shown in figure 3. In the ELMs

H-mode discharges, the amplitude and frequency of ELMs are paced in a low level by Li
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pellets successfully during H-mode. Heat flux level induced by paced ELMs is 50% lower

compared with spontaneous ELMs.
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Figure 3 ELM-free H-mode up to 18s by Li injection on EAST (Gao's presentation in QUEST building

during this visit ).

Long pulse H-mode, > 20s, with LHCD+NBI modulation has been achieved in the 2014

EAST experimental campaign, as shown in figure 4. The main parameters are of Pnpr =

1.2MW, PLuw2.456=1.0MW, Piyw.4.66=1.2MW, n/ng~0.7, Vloop<0.04 with small ELM and

controllable density.
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Figure 4 Long pulse H-mode with LHCD-+NBI modulation (Gao's presentation in QUEST building

during this visit ).
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Plasma activities associated with current density profile and electron density profile,
the current density profile is key parameter for real-time plasma control (q proﬁle and
current density relaxation) for long-pulse discharges: connect plasma (diagnostics) ~ PCS -
actuators (ICRH,LHCD) - plasma response and extend high-performance plasma regimes to
long-pulse in preparation for ITER. The Polarimeter-interferometer(POINT) diagnostic has
been installed on EAST for current profile measurement. Initial results of current profile
from EFIT with Faraday rotation measurements was obtainéd, as shown in figure 5. The
temporal resolution is up to lus, the angle resolution ~ 0.1°, the the density resolution
1x10'"*m™. The POINT is the powerful tool for the real-time plasma control to get long
pulse high beta discharges on EAST in future.
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Figure 5 Initial results for current profile by POINT (Liu's presentation in QUEST bwldmg during this
visit ).

Discussions

QUEST and EAST are both to develop the scientific basis for achieving a steady state
condition. Now here has a new start point for the comparative and joint study on QUEST

and EAST, especially in long pulse high beta discharges, high performance SSO operation
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for ITER scenario. QUEST has installed the ITER like hot wall. EAST has installed the
ITER like tungsten top divertor and has 26MW heating power totally. The joint study
results now and in future may shed light on the ITER SSO senario.

During this visit, several interesting topics are also involved in discussions. Those are
“Non-inductive plasma current start-up using fundamental and second harmonic ECRH on
QUEST” by Mr. Miura, “Calorimetric Measurement of Direct Loss of Energetic Electrons
with Movable Limiters in Non-Inductive Current Driven Limiter Plasma with a microwave
of 8.2 GHz on QUEST” by Mr. Hamada, “Enhancement of electron density and density
skewness in blobs induced by fuel gas puffing in ECR plasmas on QUEST” by Mr. Oyama.
Base on the detailed discussions on these topics, the decisions were done of QUEST

students enjoy in the collaborative activities of QUEST and EAST.
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Mechanics could continue to enhance Chiné-Japa’n cooperation on fusion plasma research
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Research subject: Develop and improve EFIT code of the plasma equilibrium

reconstruction for SSO operation and advanced physical study on QUEST

The mission started on Thurday 4" December 2014, when our host, Professor K.
Hanada, welcomed us on site and led us to the meeting room. Afterwards, Professor
Hanada introduced the recent progress and future plan on QUEST in 2014. During the
presentation, attention was given to low and high hydrogen recycling during long duration
discharges, where hydrogen -fluence on the wall has a significant impact to core plasma
behavior. And more, limiter, IBNULL,‘divertor has been achieved in the steady state
operation. For future plan, QUEST will be performed under hot wall to improve the
controllability of wall-pumping, espec;Jiglly the Hydrogen. Discussions with Hanada sensei
allowed us to gather more information regarding the long pulse discharge activities, which
will allow us to better estimate the conditioning of EAST.

Three students gave their research presentations submitted to the A3 meeting. During
the presentations, Miura showed us the non-inductive plasma curent start-up using O-mode
fundamental (1st) and second harmonic(2nd)electron cyclotron resonance heating (ECRH)
of 8.2GHz, where the vacuum vessél temperature was kept ~370K, and there was no null
field inside the main chamber for the breakdown. This non-inductive, hot wall operation
will be benefit for future EAST research towards the steady state high performance.
Meanwhile, this non-inductive plasma current start up can also contribute to those
superconducting tokamak, like EAST, with the limitation of poloidal field current variation.
Then Hamada introduced the head load in the Movable Limiters for non-inductive current
drive with a microwave of 8.2 GHz on QUEST, where the main head load was contributed
by electron.

During our stay; professor Gao and Liu gave two presentations, one is recent EAST
progress and another is EAST POINT diagnostic system. More discussions about further
cooperation between EAST and QUEST were hot up. Several students of QUEST will visit

ASIPP soon in the coming financial year.
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Miura and I discussed the EAST start-up, including the poloidal field coil initialization, null
field, breakdown, program control, RZIP feedback, iso-flux control. This could be the
warm up for his ASIPP visit, the ohmic start-up on EAST.

During our visit, QUEST did not start the experiment of this campaign, Hamada and I
talked the EFIT reconstruction for the QUEST long pulse data based on the last campaign.
As usual, EFIT could be run automatically when all magnetic data was uploaded in the
Linux PC (see report Feb, 2014). In addition, our collaboration of EFIT paper algorithm
validation of the current profile reconstruction based on Polarimeter/Interferometer (POINT )
was accepted and will be published Plasma Science and Technology, Vol.17, No.1, Jan.
2015.

As a conclusion to this visit, we of the EAST experiment team warmly thank professor
Hanada for welcoming us and showing us QUEST activities and very appreciate the useful

discussion and comments between EAST and QUEST.

(Signature) J. Qian

(Name in print) ____Jinping Qian
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Third Kyushu Workshop on Solenoid-Free RF-Only ST Plasmas

March 25-26, 2015

A program of the Workshop is the followings.

25-March AM
9:30-
Vladimir Shevchenko / Kazuaki Hanada
WS purpose and agenda
9:40-10:40
Mikhail Gryaznevich
Overview of ST40 project
10:40-11:25
Viadimir Shevchenko
Analysis of EBW start-up experiments and EBE measurements on MAST

PM (RF-only Plasma Start-up and Equilibrium)
12:45-13:30
Yuichi Takase
Recent progress in the TST-2 RF start-up experiments (tentative)
13:30-14:15
Akio Ishida
_ Three-fluid equilibrium considerations of a RF-sustained ST plasma (tentative)
14:15-15:00
Hitoshi Tanaka ,
Observation and analysis of vertical and toroidal currents in toroidal ECR
plasmas in the LATE device

Coffee Break

15:10-15:30
Akira Ejiri
lon temperature and flow measurements on TST-2 and LATE
15:30-16:15
Kishore Mishra
Intrinsic rotation in QUEST Plasma: From open magnetic field configuration to steady
state high betap IPN plasma
16:15-17:00
Hiroshi Idei
Dual frequency (8.2 / 28 GHz) Electron Cyclotron Heating and Current Drive Experiments
in QUEST

26-March
AM (RF-only Plasma Sustainment and PWI)
9:00-9:45
Alexander Kuzmin / Hideki Zushi
Plasma Permeation Diagnostics / Plasma response function for long pulse
operational parameters in QUEST (tentati've)



9:45-10:30
Kazuaki Hanada
Investigation of particle balance in long duration discharges on QUEST

10:30- All Suggested focus and output for this joint drafting session
10:45- Yuichi Takase
RF-only ST and large tori plasma properties
10:45- Vladimir Shevchenko
RF technology, plasma diagnosics
10:45- Kazuaki Hanada
Heat and particle handling
12:15- Vladimir Shevchenko
Summary

In the section devoted to RF-only plasma performance and equilibrium five talks have been
presented and discussed.

By Prof. M. Gryaznevich from Tokamak Energy Ltd, United Kingdom

Recent advances in the development of high temperature superconductors (HTS) [1], and
encouraging recent results on a strong favourable dependence of electron transport on higher
toroidal field (TF) in Spherical Tokamaks (ST) [2], open new prospects for a high field ST as a compact
fusion reactor or a powerful neutron source. The combination of the high B (ratio of the plasma
pressure to magnetic pressure), which has been achieved in STs, and the high TF that can be
produced by HTS TF magnets opens a path to lower-volume fusion devices, in accordance with the
fusion power scaling proportional to BZB[‘V. A compact ST is also a promising candidate for an
intense and efficient neutron source [3].

Overview of the ST40 project was presented. Main objectives of the project, parameters of the
tokamak, physics programme issues are described and physics and engineering cHaHenges of this
device are discussed. The present status of the construction is reported. Discussions of physics issues
include plasma formation using merging-compression, results of transport simulations of OH and
auxiliary heating regimes and detailed predictions for the expected plasma parameters, results of
the plasma vertical stability simulations and optimization of passive plates position, divertor design
and power loads, some aspects of fast particle physics. Results of optimization of the neutral beam
current drive are presented in detail.

Recent progress on small tokamaks ST25 and HTS-ST is also overviewed. ST25 is a small tokamak
(R/a=25/12.5cm, B;=0.1-0.3T) with Cu magnets and long pulses up to 28 seconds have been recently
produced using 2.45 GHz RF power. Results of EBW current drive experiments using both high field
side and low field side launch are presented. The HTS-ST is a similar size tokamak but with all-HTS
YBCO magnets cooled down to 20-30K and 24h operations have been recently performed.

The demonstration of reliable steady state operations in a compact ST even at the level of a few MW
Fusion output as a first step will significantly advance not only the mainstream Fusion for the Energy
research, but also the commercial exploitation of Fusion and will the an important step on
development of the Fusion Energy.



[1] M GRYAZNEVICH et al., “Progress in applications of High Temperature Superconductor in
Tokamak Magnets”. Fusion Eng. and Design, 88 (2013) 1593-1596.

[2] M. VALOVIC et al., Nuclear Fusion, 49 075016 (2009).

[3] M GRYAZNEVICH et al, “Options for a Steady-State Compact Fusion Neutron Source”. Fusion
Science and Technology 61 1T 89 (2012)

By Prof. Y. Takase from University of Tokyo

Plasma start-up and plasma current ramp-up using the lower hybrid wave (LHW) at 200 MHz are
being studied on TST-2. Three different types of antennas have been used: the inductively-coupled
combline (ICC) antenné, the dielectric-loaded waveguide array (grill) antenna, and the capacitively-
coupled combline (CCC) antenna. The ICC antenna excites the fast wave (FW), and requires mode
conversion to the LHW for efficient current drive. The grill antenna has high overall reflectivity and
the reflectivities of the four waveguides of the array are unbalanced, resulting in deterioration of the
ngm spectrum of the launched LHW. The CCC antenna can excite the LHW with good ngy spectrum, in
principle. However, in the present configuration, antenna-plasma coupling is too strong, and the
excited ngy spectrum is not optimum. Based on wave excitation modeling using COMSOL
(commercial finite element code), improvements are suggested to reduce antenna-plasma coupling
and to reduce reflection from the antenna protection limiter.

The dependences of the current drive efficiency and hard X-ray energy spectrum on the excited
spectrum were studied by changing the phasing between adjacent waveguides of the grill antenna.
It was found that low ng favors acceleration of electrons to higher energies and higher current drive
efficiency. The wavenumbers of the excited LHW and FW measured by a magnetic probe array were
found to be lower than that excited by the antenna.

The current drive efficiency was found to be the highest for the CCC antenna and the lowest for the
ICC antenna. In all cases the driven current increases with the vertical field, and with the toroidal
field. Hard X-ray measurements indicate higher co/ctr ratio for the CCC antenna compared to the
grill antenna, and a broader spatial profile for higher energy X-rays. The X-ray intensity is higher and
the spatial profile is more centrally peaked at higher toroidal fields. A density limit was observed
around line average electron density of 0.5 x 10® m™. This does not seem to be caused by
parametric decay. Although accessibility does degrade wave penetration at higher densities, the
observed abrupt limit is not predicted. The cause of this limit is under investigation.

In order to reduce the effect of edge losses which may be responsible for degradation of current
drive, a top-launch antenna is being designed in collaboration with C. Moeller of GA. In order to
extend the operational regime to higher toroidal field (up to 0.3 T) for longer durations (100 ms), an
upgrade of the TF and PF capacitor banks is planned.

By Prof. A. Ishida
Three-fluid equilibrium considerations of a RF-sustained ST plasma*

*This work was done in collaboration with Akira Ejiri (University of Tokyo) and the TST-2 group



After the 2" Kyushu workshop held in February 2014, we recognized importance of energetic
electrons. Since then, we have developed three-fluid equilibrium model which consists of the ion
fluid, the el-electron fluid and the eh-electron fluid. Here we assume the charge neutrality, ni=ng+
Neh. Ny >>Ng,, and Ti<Ty<<Ten. In this workshop we presented formalism of the three-fluid
axisymmetric equilibrium model in comparison with the familiar GS model to show similarity and
differences between the two. Then we applied the three-fluid model to the recent TST-2 experiment
of #115620 at 80ms. To solve the partial differential equation for the magnetic flux, we used the flux
data of the above shot on the computational boundary. We showed one example of the
reconstructed equilibrium which satisfies the toroidal current densities at the inboard and outboard
limiters are zero. This equilibrium also realizes some target data of the experiment such as the
plasma current, the electron density, the electron and ion temperatures and small ion toroidal
velocity. In this comparison, it is found that the three-fluid equilibrium model is useful and flexible
although it is somewhat complex. We like to improve the model by comparing more detailed profile
with experiments

By Prof. H. Tanaka from Kyoto University

Observation and analysis of vertical and toroidal currents in toroidal ECR plasmas in the
LATE device

Observation on conversion from vertical charge separation current to the toroidal current
has been made for the first time in toroidal ECR plasmas in the LATE device. Both the
vertical and toroidal current are sort of equilibrium current to balance radial ballooning
force by the counterforce of j;2 X 84,6 and j¢$ X B,Z, respectively. The latter toroidal

current brings about a closed flux surface when it develops large enough to‘generate So-
called cross field passing electrons.

Experimental results and analyses using fluid model show that while the former
counterforce dominates over the latter when Bv is very weak, the toroidal current increases
and the latter counterforce becomes dominant with Bv and finally a closed flux surface is
generated when a sufficient microwave power is injected. In the case of a discharge with a
§teady Bv, while the former counterforce is initially dominant because toroidal current is
very low in early stage, the latter counter force from the toroidal current eventually
becomes dominant and finally a closed flux surface appears.

By Prof. H. ldei from Kyushu University

Collaboration among National Institute for Fusion Science, Tsukuba Univ. and Kyushu Univ. has been
begun since 2011. 28 GHz Electron Cyclotron Current Drive effect was clearly observed in ohmically
heated plasmas with feedback regulation of Center Solenoid coil current in 2nd harmonic inboard
off-axis heating scenario. In non-inductive current drive experiments only by the 28 GHz injection, 54
kA plasma current was sustained for 0.9 sec. High non-inductive plasma current of 66 kA was also
attained by the 28 GHz ECH/ECCD. The plasma equilibrium of the 28 GHz start-up plasma was
analyzed. A large volumed plasma equilibrium was evaluated in the analysis. The last closed flux
surface (LCFS) boundary was at R=1.15 m where is beyond the 2nd harmonic resonance position of



8.2 GHz injection. Spontaneous density jump across 8.2 GHz cutoff density was observed in
simultaneous 28 GHz / 8.2 GHz injections. Using the density jump phenomena, the high density
plasma of the 25 kA level was obtained in the simultaneous injection. In the simultaneous injection,
the LCFS boundary was not beyond the 2nd harmonic resonance position of 8.2 GHz injection. The
electron pressure required for the equilibrium was much higher than the bulk electron pressure
measured by Thomson scattering diagnostics, indicating fast electron pressure carrying the plasma
current was dominant in the plasma. Larger energetic HX intensity was observed in the 8.2 GHz
interaction region, compared to the 28 GHz interaction region. The electron temperature Te was
high near the off-axis positioned 28 GHz 2nd harmonic resonance layer, while Te was significantly
high near the fundamental 8.2 GHz resonance in the low density phase also. In the high density
phase after the spontaneous density jumps, Te was started to be increased in the core region. This
Te increment was not explained by the 28 GHz interaction because Te was already decreased even in
the 28 GHz resonance layer in the high density phase. Some heating effects were observed in over
dense core region by the 8.2 GHz injection. The parallel refractive index required to explain the
heating effect by the EBW interaction was evaluated to be 4. If the 8.2 GHz power was superposed
to the 28 GHz large volume target plasma, the plasma current was so decreased into the 10 kA level.
The magnetic axis was moved outside once, and inside later. Large magnetic axis was observed due
to the large Shafranov shift by the fast energetic pressure in the 8.2 GHz 2nd harmonic interaction
outside, and then plasma was shrunk into the omelette shaping with small ellipticity. If the Bv was
added in the 8.2 GHz superposed phase to move the plasma inside avoiding the 8.2 GHz interaction
outside, the 50 kA plasmas were sustained by the superposed 8.2 GHz injection to the 28 GHz target
plasma in the stable plasma shaping.

In the section devoted to RF technology and plasma diagnostics five talks and one proposal have
been presented and discussed.

By Dr. V. Shevchenko from Culham Centre for Fusion Energy, United Kingdom

Summary from MAST

Strong microwave bursts with intensity more than a factor of 1000 greater than thermal emission
have been seen on MAST during Edge Localised Modes (ELM) events. High time resolution
measurements reveal each ELM burst to be composed of many shorter ~1us events clustered
together. Synthetic Aperture Microwave imaging (SAMI) shows these bursts to be highly spatially
localised and to originate preferentially from the midplane region. Non-ideal MHD fluid simulations
of ELMs in MAST show that parallel electric fields of 2 kV is present on the boundary during ELMs.
These fields generate a population of fast electrons at the plasma boundary. As confirmed by PIC
modelling bursting emission comes from fast electrons via the collective anomalous Doppler
instability.

Simultaneously with ‘passive’ thermal emission imaging SAMI operates in the ‘active’ probing mode.
Measured backscattered spectra are complicated. Signals generated by different effects can be
filtered out and analysed separately. Signals with small Doppler shifts can be used to form images
providing flow directions. Coherent modes are usually visible by other diagnostics as well. Their data



must be analysed together. Signals with large Doppler shifts must be analysed separately. Image
reconstruction is not developed yet for this case.

Strong ECE in start-up experiments was observed around fundamental ECR during plasma current
ramp-up. These ECE bursts are about 2 orders of magnitude stronger than thermal ECE. A Cyclotron
Maser Instability (CMI) is considered as a potential explanation for these bursts. CMI is easily
developed in plasmas with wye/we << 1 which is typical for EBW start-up. Modelling based on a ring-
beam distribution (RBD) predicts that two types of CMI are relevant for EBW start-up plasma: Z1 for
the RBD angles 75-90 degrees and Beam-Whistler (B-W) for the angles below 75 degrees. Z1 and B-
W modes develop opposite signs of k), so they transfer momentum to the electrons in opposite
directions. Z1 (S-X) or B-W CMI (co- or counter-CD) will dominate depending on the velocity pitch
angle in the RBD. CMI current drive does not require electron collifsions. CMI can explain both the
. current ramp and ECE bursts correlated with this ramp.

Proposal: It would be interesting where possible to measure fundamental ECE from in other start-up
experiments using LH CD (TST-2), QUEST (X2 ECRH), LATE etc.

Is this the ECE burst effect during current ramp-up unique for MAST?

By Prof. H. Idei from Kyushu University

In 28 GHz system on QUEST, simplest transmission and launcher system have been prepared to
conduct the high density discharge for the 8.2 GHz EBW experiments. Polarizer system was not
prepared for a 2nd harmonic resonance scenario, and O-mode wave was injected into the plasma
without focusing launcher-mirror system. In order to conduct the local ECH/ECCD experiments, large
focusing mirror system is designing for the 28 GHz injection. A focusing beam with a 5cm waist size
will be injected with X-mode polarization control in both of perpendicular and oblique (also
tangential) injections. This large focusing mirror will have a different focusing curved surface in a
behind face to conduct the 8.56 GHz experiments. The 8.56 GHz power will be launched from
rectangular waveguides in two orthogonal wave-electric fields, and will be focused with the large
mirror. The radiation fields from the waveguides were evaluated by a developed Kirchoff integral
code, and the mirror surface was designed from the phase distribution of the beam radiated from
the waveguides.

By Prof. A. Ejiri

lon flow and ion temperature were measured spectroscopically using the Clll line (C**, 464.7 nm) in
TST-2 and LATE in RF (LH in TST-2, EC in LATE) sustained plasmas with /, = 8-9 kA. In TST-2, T;~S eV,
toroidal flow is ~ 1 km/s, poloidal flow is < 1 km/s, and |E;|< 50 V/m. In LATE, T; ~ 10 eV, toroidal
flow is ~ 5 km/s, poloidal flow is ~ 5 km/s, and E, ~ +300 V/m. The flow velocities are small and the
centrifugal forces can be neglected in the force balance. These electric fields are not as large as
those expected based on fast electron losses alone. Although the ion temperatures are low (5-10
eV), ion orbit losses can be significant due to the large orbit deviation from flux surfaces.

By Dr. K. Mishra from Kyushu University

Plasma rotation (both toroidal and poloidal) has a key role in the regulation of instabilities, L-H
transition, suppression of turbulence, improvement in energy confinement time etc [1]. Externally



torque induced plasma rotation has been studied with auxiliary inputs like NBI, ICRH, IBW etc.
However, in large devices and fusion machines, intrinsic rotation generated within the plasma has
more perspective. Intrinsic rotation in plasma has been triggered in many tokamaks with application
of ECRH, RMP driven modification of NTV among others. Many explanations including equilibrium
poloidal E x B flow, the sheath physics, and the presence of poloidal asymmetries in the pressure
profile acting as sources of momentum have been given [2]. Even some most favorite explanations
of simple increase in momentum diffusivity, modification to the external torque deposition profile, a
preferential loss of fast ions from the plasma core, or an interaction of core modes with the vessel
wall cannot explain intrinsic rotation observed at times [3). In short, origin and controls of plasma
intrinsic rotations have not been fully understood till date.

To understand intrinsic rotations in tokamak plasma, 'simple torus plasma rotation has been
investigated in TORPEX device in past [4]. Although the rotation is believed to be influenced by
motion of density blobs, its origin could not be identified fully. In QUEST device, such intrinsic
rotation in simple ECR slab annular plasma with open magnetic field configuration is being
investigated. It is observed that, toroidal rotation originates from the ECR layer in the vicinity of
sharp density gradient region. Rotation amplitude and profile are found to be controlled by the
choice of applied magnetic mirror ratio, vertical field strength and resonance location. The rotation
in this open field line is evolved to co-current rotation in fully formed steady state high £, Inboard
Poloidal magnetic field Null (IPN) plasma in closed magnetic field configuration. However, it is
observed that this rotation is dependent on equilibrium configuration, strength of the vertical
magnetic field and its mirror ratio. While toroidal rotation velocity up to 20 km/s is observed in IPN
configuration, negligible rotation is seen in case inboard limiter plasma.

The proposed future work to investigate the rotation consists of followings.

1. Developing a fast and reliable model to invert the observed integrated measurements to
local profiles.

2. To compute, estimate and identify various sources of rotation like E x By, E x By, VB drift, Vp
etc.

3. Investigating similar rotation in open magnetic field configurations in other ST devices like
TST-2, LATE etc. to complement the ongoing detailed investigations of rotation on these
machines.

[1] R. J. Goldston, Nucl. Fusion 52, 013009 (2012) and references therein.
[2] J. Loizu et al, PHYSICS OF PLASMAS 21, 062309 (2014)
(3] R M McDermott, et al, Plasma Phys. Control. Fusion 53 (2011) 035007

[4] B. Labit et al., PHYSICS OF PLASMAS 18, 032308 2011

By Dr. A. Kuzmin from Kyushu University




Hydrogen (H) retention in long duration steady state tokamak operation (SSTO) is studied in QUEST
spherical tokamak using . H plasma was started-up non-inductively with RF [1,2] systems; Typical
parameters in the core and SOL/wall regions for SSTO driven by electron cyclotron waves ECWs are
as follows: T.~ 400-600 eV, n/ ~ 1-2x10"® m?, T; is 10-20 eV. The magnetic field By is 0.15 T and /, is
20 kA. In the SOL and on the top and bottom plates, T.*” ~ 5-20 eV, n*°~2-6x10" m?, and 7.% ~ 5-
10 eV, measured by Langmuir probe arrays. The RF power at 8.2 GHz is < 100 kW. The vacuum vessel
consists of fully metallic (SS and W) plasma facing materials (PFM), vessel radius and height are 1.4
m and 2.8 m, respectively.

Usage of all metal PFMs allows to reduce the long-term retention rate of H isotopes by factor of 10 -
20 compared with carbon PFMs [3]. In QUEST during SSTO net wall retention, estimated with global
gas balance, was ~ 70 — 80% of the fuelled H amount. To prolong SSTO duration gas injection should
be reduced when PFM are saturated with H and neutral pressure is mainly determined by the H
release from PFMs. With feedback control of gas injection to keep H, radiation in a given range it
was possible to maintain SSTO for ~820 sec. In the second half of discharge no gas was fuelled,
reducing possibility for discharge control.

PdCu membrane probes are used in QUEST tokamak for hydrogen retention flux measurements at
several position. Incident flux could be calculated solving diffusion equation and fitting experimental
permeation curve varying unknown parameters: recombination coefficients. Coefficients calculated
from fit procedure are in agreement with laboratory results for the same PdCu alloy. Distribution of
the retention fluxes in long steady state tokamak operation shows high importance of atomic
hydrogen irradiation of the SS walls far from the main PWI areas.

[1] H. Zushi et al., 21st IAEA FEC (2012)

(2] H. Idei et al., 21st IAEA FEC (2012)

By DrJ. Caughman and Dr T. Bigelow from ORNL, USA

An area of interest for us is microwave coupling to the plasma for both startup and non-inductive
current drive. Have you considered a high-field launcher configuration for the 8.2 GHz
injection? We would also be interested in investigating a steerable mirror configuration for low-field
28 GHz launch; too. We would be interested in collaborating in these areas, as well as potentially
participating in experiments. The combination of CHI and ECH/EBW is another area of interest for us.

In the section devoted to the Heat and particle handling two talks have been presented and
discussed.

By Prof. K. Hanada from Kyushu University

Investigation of particle balance in long duration discharge on QUEST

The mission of QUEST is survey at the time of finishing Phase II.



“In Phase Il (6 years:2010-2015) , progress towards higher current (~100 kA) in steady-state, and
towards higher beta (~10%) in the pulsed operation will be pursued with an upgraded heating
system.”

The scientific base for plasma current of 100kA could be obtained with 28GHz 1MW, CW, which is
developing in the collaborating work with Thukuba University. To achieve higher beta, additional
heating sources such as NBI are required, however it is still difficult.

In the view of steady state operation, the power handling was done with two water-cooling W block
limiters on the outside vessel and eight water-cooling W blocks located on the divertor plate. Almost
50% of the injected power deposited on the vacuum vessel and it mainly comes from leak RF power.
The improvement of RF absorption is still problem. The result of improved pdwer handling gives the
longest discharge up to 810s using 8.2GHz RF and particle handling is the next issue.

The particle handling, especially fuel recycling is a crucial issue to get better confinement core
plasma. In JET, dynamic retention is dominant in ITER-like wall experiments and long duration
discharge in QUEST in the same. Investigation of the model is established and could explain the
behavior of hydrogen recycling in the long duration discharges on QUEST. The model indicates that
the control of surface recombination rate of the metal wall using wall temperature can modify the
recycling rate. QUEST has a plan to control the wall temperature with the hot wall and further
development is expected.

By Prof. H. Zushi from Kyushu University

The global gas balance in the various types of steady discharges has been re-examined by measuring
the partial pressures of hydrogen and helium, and plasma induced permeated flux at various
positions. A new approach to study the dynamics of particle circulation in steady state tokamak
operation SSTO has been proposed and demonstrated in QUEST with all metal walls baked at 100°C.
Using perturbations of particle source H, and plasma-wall interaction PWI the system functions of
processes of retention and release into/from the wall are determined both in time and frequency
domains. The time dependent probability function of the transition between high and low recycling
states has been derived.

In summary, the global gas balance is examined in QUEST from a view point of how the retention
ratio R deviates from the ideal zero value in various types of discharges. Since this global gas balance
method has an intrinsic disadvantage for identifying the retention and release processes, additional
diagnostics for them have been introduced. Using the PDP signals and the TMAP7 code, the
retention fluxes can be deduced at various positions and it is found that the reduction in the
retention flux contributes to the small change in R. The local maximum of R with respect to the
amount of the fuelled H; is also investigated by independent measurement of the retention flux and
released one. The new technique to understand the dynamics of the particle circulation in the
system has been introduced and demonstrated for the various kinds of perturbations. The system
response functions can be obtained in time and frequency domains and advantages of this method
have been shown for the quantitative fraction of the retention and release components induced by
the local and temporal perturbations. In SSTO it is noted that the recycling feature caused by
retention and release processes evolves in the discharge duration. The time dependent probability
function for the resident time for HR is derived, which can describe how the particle circulation



process develops during the discharge. To. understand mechanisms deminating time dependent
feature of the probability function will be the next step along the present study.
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Proposal for the Operation of CHI on QUEST *

24 February 2015

R. Raman!, T.R. Jarboe, M. Ono?, K. Hanada3, B.A. Nelson?, M. Nagata*
1 University of Washington, Seattle, WA, USA

2 Princeton Plasma Physics Laboratory, Princeton, NJ, USA

3 Kyushu University, Kyushu, Japan

4 University of Hyogo, Himeji, Japan

This proposal is for a US-Japan collaborative research between Kyushu University and
the University of Washington for completing the implementation of Coaxial Helicity
Injection (CHI) capability in the QUEST Spherical Torus at Kyushu University, and to
begin operating the system to generate Transient CHI discharges. This report is an update
to the previous report dated 28 March 2014. Therefore, information from the previous
report is only mentioned briefly, so as to make this report easier to read.

On QUEST, CHI is capable of contributing towards multiple roles. These include: (1)
Solenoid-free plasma start-up: CHI can generate significant amounts of non-inductively
generated closed flux plasma current through the process of transient CHI. (2) Edge
biasing: By driving few kA of current along the outer scrape-off-layer (SOL), it provides
a means to inject density along the SOL and thereby increase the edge density and vary
the density gradient near the separatrix region in support of EBW current drive studies.
(3) Steady-state current drive: By continuously driving current along the scrape-off-layer,
it offers the possibility of continuous current drive to modify the edge current profile. The
all-metal nature of QUEST in addition to its capability for 400 kW of ECH power would
both reduce the amount of low-Z impurities initially injected during the application of
CHI and because of its ECH heating capability allow a relatively greater fraction of the
injected low-Z impurities to burn through radiation barriers, which is necessary for
generating a discharge with good confinement.

Brief summary of activities during the past year:

During the period of March to June 2014, the CHI design was finalized. An important
change to the design was an improved design for the current feed. Figure 1 shows the
new design. The design eliminated ceramic vacuum current feedthroughs, because they
have the potential to fracture when subjected to J X B forces during operation. The new
design used a custom vacuum feedthrough that relies on about a 2 cm diameter stainless
steel rod and a O-ring based Peek insulator for achieving the required insulation, while
providing sufficient flexing ability to the system. The O-ring seals are located outside the
vessel structure, where the ambient temperatures are low.

The University of Washington procured the required ceramic tiles from Kyocera
Corporation, and delivered it to Kyushu University. A photograph of the sixteen insulator
segments, assembled to form a continuous ring, is shown in Figure 2.

* We acknowledge helpful discussions with Prof. Zushi, Mr. Noda (V-Tech Limited)
and Mr. Rogers (Univ. of Washington) and with other members of the QUEST Team.



Figure 1: Current feed design for CHI. The

plate with the yellow hatches inclined the

right is the insulator plate. The top most plate

with the hatches inclined to the left is the
electrode plate. The current feedthrough is
located at the bottom of the long rod.

Figure 2: CHI insulator required for achieving voltage
isolation between the electrodes and the vessel.

These have now been installed in QUEST.
Figure 3 shows the final electrode installation
on QUEST that shows the top of the electrode
plates that are positioned on top of the ceramic
plates, as shown in the Figure 1 view.

The capacitor bank necessary for CHI
operations is being built at the University of
Washington and will be shipped to Kyushu
University later this year. Figure 4 is a layout
of the capacitor bank components. The
University of Washington will also provide a
capacitor-based snubber system that will be
connected to the bottom of the current feed
rod, at the same location where the current
feed cables from the capacitor bank connect to
the current feed rod. It will also provide the
gas injection system.

The details of the capacitor bank operation
logic, and CHI gas injection system logic were
finalized during January 2015. The additional
hardware changes requested by QUEST
personnel are being incorporated into the
capacitor bank system. The capacitor bank and
the gas system will be operated remotely from

the QUEST Control Room using
LabView based control software
that will be written by QUEST
personnel. The software interacts
with the primary QUEST control
system so that information related
to the capacitor bank and gas
system’s readiness for CHI
operations could be recognized by
the main QUEST control system,
which will then provide the needed
signals to trigger these systems.
The capacitor bank produced
current, which is the CHI injector

current, and the capacitor bank charging voltage will be archived within the QUEST
database. Fast voltage measurements at each of the current feed locations will also be
measured. These will be recorded locally using a digital scope. At the end of a plasma
shot cycle, the data from the local digital scopes will be transferred to the QUEST data

archival system.



A detailed document
 Ground side Electrodes summarizing the technical
T specifications of CHI capacitor
bank, the snubber, the gas
injection system, the capacitor
bank and gas injection systems
control logic is now in the final
stages of completion. The

Hot wall

hf Ceramic insulator

s experimental testing  and
Divefouiiire s operations of CHI on QUEST
High voltagéM'Electrodés YIE, will take place in two parts.

PART A: The first part will

commission the entire system.
Figure 3: Photo of the top of the CHI electrodes. The CHI First, the gas injection system
insulators are located between the divertor plates and the
electrodes.

will be tested and calibrated. Then, we will
apply 2-3 kV to the current feed rod, using
a high voltage megger to verify the system
voltage isolation capability. Such a test at
the 1 kV level has already been conducted.
This will be followed by operating the
capacitor bank using the LabView based
control software. During this dummy load
test, the current feed rods will be shorted
out.

PART B: This will be a test of the
capability of the system to correctly
initiate a transient CHI discharge. The
following steps are involved. Figure 4: Conceptual view of the CHI capacitor

e Use a high value of the injector bank. It will consist of two 10 mF, 2kV capacitor

flux. so as to keep the CHI vlasma modules, each connected to a large ignitron. The
,tl iesle P B two modules can be triggered at different times,
near the imjector.

i to control the growth of the transient CHI
e Inject gas from one valve and discharge.

apply increasing amounts of
voltage to test gas breakdown and plasma generation.

e Using a fast camera and other visible diagnostics we will verify that the discharge
is occurring on top of the divertor plate, and in the correct location.
If, necessary we will use ECH as a pre-ionization system.
We will then reduce the injector flux, and grow the plasma into the vessel.

o This will be followed by establishing the correct coil currents needed in the other
coils to provide equilibrium to the resulting transient CHI plasma.
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Thermal emission measurements with phased array technique

CCFE, Culham Science Centre, UK, Vladimir Shevchenko

Statement of goals and objectives:

The objective of this bidirectional research is aimed at developing a microwave imaging
technique using remote sensing by an array of antennas to measure electron cyclotron/Bernstein
emission (ECE/EBE) from high temperature plasma confined in toroidal geometry. In the
QUEST project in Japan, such measurement is being developed using a phased waveguide
antenna array and-at the MAST project in the UK, special Vivaldi antennas are employed using a
synthetic aperture imaging technique. The present collaboration is helpful in strengthening our
understanding and sharing common problems and issues regarding such diagnostics.

Diagneostic objectives:

The mode converted Electron Bernstein Wave (EBW) heating and current drive is one of the
most attractive possibility for steady state operation of spherical tokamaks. In QUEST, the O-X-
B mode conversion scenario is employed, where efficient mode conversion is critically
dependent on the optimal launch angle of the O-mode wave launched to its cut-off layer and the
density gradient present there. The optimum injection angle of the heating wave can be
determined by finding the viewing angle that maximizes the thermal emission intensity in the
over dense plasma. This can be done through the radiometric measurements of this emission.
The thermal emission measurement will be useful to study plasma turbulence and temperature
fluctuations. Additionally, it can be envisaged for active interlock of high power auxiliary
systems in future fusion reactors. ‘ .

Diagnostic details:

A new 9 element [3x3] Phased Array Antenna (PAA) system has been developed for plasma
diagnostics with reflectometry and EBW radiometry in QUEST [1, 2]. Figure 1 shows the field
Ex(x) and E\(x) intensity and phase profiles measured at the low power test facilities. The phase
differences between 9 elements were adjusted to obtain an oblique viewing beam of 8 GHz for
EBW radiometry at z = 0.2 m. The field intensity and phase profiles calculated using Kirchhoff
integral code were also plotted. The measured fields in the oblique propagation were in good
agreement with the calculated fields. Figure 2 shows contour plots of Ex(x) and E,(x) intensity
distributions. There were no serious side-lobes with more than -20 dB level. This 9 element
PAA system has been used for reflectometry and EBW radiometry in QUEST. Since we had
significant progresses on the antenna development, a meeting was arranged for discussion. This
meeting was held within the framework of the RIAM workshop on " RF-only ST plasma
confinement, sustainment, and interactions with wall materials" submitted by Prof. M. Peng. In
addition to the EBW radiometry subject, some EBWH/CD effects in superposed 8.2 and 28 GHz
injections on QUEST were discussed. The density was increased by spontaneous jumps up to the
over dense state for the 8.2 GHz. The electron temperature was increased in the over dense



plasma. Plasma equilibrium with energetic electrons carrying the plasma current was discussed
in association with EBW radiometry in over dense plasma.
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FIG1. : Field E,(x) and E,(x) intensity and phase profiles measured at the low power test facilities at
propagating distance of z = 0.2 m. The beam was radiated from a new 9 element [3x3] Phased Array
Antenna (PAA) system. The calculated field distributions were evaluated using Kirchhoff integral and

also olotted.
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FIG2. : Contour plots of E,(x) and E,(x) intensity distributions for the profiles shown in FIG.1.
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In the MAST tokamak synthetic aperture microwave imaging (SAMI) operates on the
regular basis [3]. It delivers plasma images every shot at 16 different frequencies within the
range from 10 to 34.5 GHz. Plasma is typically over dense (®p>>wc) in MAST so conventional
EC emission is obscured by cut-offs while the mode converted EBW emission is clearly
observed in majority of plasma shots. Figure 3 compares the 2D image of the EBW emission
predicted by full wave modeling based on experimentally obtained plasma equilibrium and
electron temperature profile and the image reconstructed from SAMI phased array measurements.
Both images represent the plasma within the angular range visible from the low field side of the
machine which is #£40° vertically and horizontally. Typically excellent agreement between
modeling and experimental images is observed at relatively low densities. At high densities and
during H-mode experimental images are often distorted by plasma flows.
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FIG. 3 Lefi: Contour map of B-X-O mode converted EBW thermal emission predicted by EBW
ray-tracing and full wave coupling (AMR code) for the MAST shot #29440;
Right: Actual image of thermal plasma emission measured in the same shot by synthetic
aperture microwave imaging (SAMI) at 11 GHz.

References:
1. H.Idei et al, Rev. Sci. Instrum. 85(11), 11D482 (2014)
2. K. Mishra et al, Rev. Sci. Instrum. 85(11), 11E808 (2014)
3. V. Shevchenko et al, Journal of Instrumentation, JINST 7, P10016 (2012)
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Atomic Hydrogen Flux Measurement using Permeation Probes in Steady State QUEST Spherical Tokamak Plasma
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Global gas balance and influence of atomic hydrogen irradiation

on the wall inventory in steady-state operation of QUEST tokamak
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Physics of Plasmas (1994-present) 21, 072311 (2014); doi: 10.1063/1.4890359

Role of stochasticity in turbulence and convective intermittent transport at the
scrape _

off layer of Ohmic plasma in QUEST
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Dynamical programming based turbulence velocimetry for fast

visible imaging of tokamak plasma
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No. 10. Retrieval of microphysical and radiative parameters of cirrus clouds from combined data
of radar and lidar soundings

Institute of Atmospheric Optics, Rus.Acad. Sci., Prof. A.G. Borovoy

Aim:
Aim of the project is to modify and check jointly the algorithms for retrieval of microphysical
properties of cirrus clouds based on the synergy use of CPR, lidar ATLID, and multi-spectral
radiometer of EarthCARE. These algorithms have been developed by the RIAM team (Okamoto
etal,, 2010, Sato and Okamoto 2011) where radar signals were calculated by the reliable
numerical methods (DDA, FTDT). However, there were no reliable methods to calculate light
backscatter by ice crystals of cirrus clouds. Last years the IAO team has just developed such a
method called the physical-optics approximation. The numerical results obtained for the lidar
ATLID should be included in the retrieval algorithms.

The heads of the teams Prof. H. Okamoto and Prof. A. Borovoi began their joint
development of this scientific direction when Prof. A. Borovoi was a visiting researcher in
RIAM for 3 months in 2011.

Method:

The problem of light scattering by such large particles as ice crystals of cirrus clouds is a vibrant
problem of the atmospheric optics that is just under developing. Here the standard methods for
solutions to the exact Maxwell equations like the T-matrix method (Mishchenko, 2000), the
finite-difference time-domain method FDTD (Ping Yang, 2003), and the dipole discrete
approximation DDA (Yurkin, 2006) prove to be computationally expensive for the ice crystals of
cirrus clouds. Recently, these methods were modernized as the Pseudo-spectral time-domain
method (PSTD) (Ping Yang at al., 2013) and the Invariant embedding T-matrix method (Bi et al.,
2014) but these methods are capable to solve the problem for the ice crystal of sizes up to 20 -
micrometers for the visible yet.

However, there is a method that is practically independent of the ratio of (particle
size/wavelength) called the size parameter. This is the physical-optics method. It was begun by
Borovoi et al. in 2003 and then it has been improving for last years. In particular, in the recent
paper A. Borovoi, A. Konoshonkin, N. Kustova “The physical-optics approximation and its
application to light backscattering by hexagonal ice crystals.” Journal of Quantitative
Spectroscopy & RadiativeTransfer v.146, 181-189, 2014, the team of this Joint Research Project
have clarified the applicability limitations for the physical-optics approximation. Also, the
conditions for reduction of the geometric-optics solutions to the physical-optics ones and vice
versa have been obtained and illustrated.

Simulations:

1. Randomly oriented crystals

Ice crystals of cirrus clouds are usually assumed to be randomly oriented. Therefore this case is
of most importance for interpretation of lidar data where only backscattering is detected.
However at present the theoretical data concerning backscattering by randomly oriented crystals
were practically absent in the literature except of a few and scarcely reliable data published in
the paper L. Bi, P. Yang, G.W. Kattawar, B.A. Baum, Y.X. Hu, D.M. Winker, R. S. Brock, J. Q.
Lu “Simulation of the color ratio associated with the backscattering of radiation by ice particle:
at the wavelengths of 0.532 and 1.064 mm,” J. Geoph. Res. v. 114, DOOH0S, '
doi:10.1029/2009JD011759, 2009 .

The team of this Joint Research Project recently managed for the first time to simulate
this problem for the hexagonal ice columns and plates. Here the fine angular structure of all
elements of the Mueller matrix in the vicinity of the exact backward direction is first calculated
and discussed. In particular, an approximate equation for the differential scattering cross section



is obtained. Its simple spectral dependence is discussed. Also, a hollow of the linear A
depolarization ratio around the exact backward direction inherent to the long hexagonal columns

is revealed.

2. Quasi-horizontally oriented hexagonal ice plates

Lidar sounding of cirrus clouds often detects the cases of quasi-horizontally oriented plate-like
crystals where the depolarization is small and the backscattering coefficient is maximal. In these
cases, the backscattering characteristics have a lot of peculiarities which can be effectively used
for retrievals of the microphysical parameters of ice crystals. However, in the literature, the
backscattering characteristics of the quasi-horizontally oriented crystals there were absent. The
team of the Joint Research Project has successfully simulated this problem for the hexagonal ice
plates. In the recent paper A. Borovoi, A. Konoshonkin, N. Kustova, “Backscatter ratios for
arbitrary oriented hexagonal ice crystals of cirrus clouds,” Opt. Lett. v. 39, No. 19, 5788-5791,
2014, three dimensionless ratios widely used for interpretation of lidar signals, i.e. the color
ratio, lidar ratio and depolarization ratio, have been calculated for hexagonal ice crystals of cirrus
clouds as functions of their spatial orientation. The physical-optics algorithm developed earlier
by the authors is applied. It is shown that these ratios are minimal at the horizontal crystal
orientation. Then these quantities increase with the effective tilt angle approaching the
asymptotic values of the random particle orientation. The values obtained are consistent with
available experimental data. Moreover, these theoretical data allowed the team members to
propose and explore a new method for detecting these crystals as it is described in the recent
paper A. Borovoi, Y. Balin, G. Kokhanenko, 1. Penner, A. Konoshonkin, N. Kustova, “Layers of
quasi-horizontally oriented ice crystals in cirrus clouds observed by a two-wavelength
polarization lidar,” Opt. Exp. v. 22, No. 20, 24566-24573, 2014. Layers of quasi-horizontally
oriented ice crystals in cirrus clouds are observed by a two-wavelength polarization lidar. These
layers of thickness of several hundred meters are identified by three attributes: the backscatter
reveals a sharp ridge while the depolarization ratio and color ratio become deep minima. These
attributes have been justified by theoretical calculations of these quantities within the framework
of the physical-optics approximation.

Results: ‘
During visit by Prof. A. Borovoi to RIAM in 2014, some new simulations of the backscattering

characteristics for quasi-horizontally oriented hexagonal ice plates have been performed under
the condition that the ice water content in cirrus clouds is given according to the data obtained
from the space-borne radars. These data allowed the team headed by Prof. H. Okamoto to
modify their algorithms for retrieving cirrus microphysics from the combined data of lidar and
radar sounding from space. A comparison of the modified retrieval algorithms with experimental
data proves their reliability and perspective. ' )

During the visit, Prof. A. Borovoi delivered two lectures at the RIAM seminars: "The physical
optics approach for scattering properties of non-spherical particles" and "The lidar scattering
properties of ice crystal particles".
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Report of the Japan-Korea Oceanography Seminar on Regional. Oceanography and

Atmospheric Sciences

Shin, Hong-Ryeol (Kongju National University, Korea)
Takikawa, Tetsutaro (National Fisheries University)
Hirose, Naoki (RIAM, Kyushu University)
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Program

Thursday, May 15, 2014

09:30-09:40 Opening Address

09:40-10:05 Young Ho Seung (Inha University)

Why is the deep current asymmetric in the Ulleung Inter-plain Gap, East/Japan Sea?

10:05-10:30 Kenki Kasamo, Atsuhiko Isobe (RIAM, Kyushu University)

A climate teleconnection between JES and East China Sea mediated by the Kuroshio in
winter

10:30-10:55 Hyejin Ok, Yign Noh, Eunjeong Lee (Yonsei University), Naoki Hirose
(Kyushu University), Takahiro Toyoda (Meteorological Research Institute) -

Effect of the Parameterization of Langmuir Circulation in the OGCM

11:10-11:35 Jae Ho'Lee and Hong-Ryeol Shin (Kongju National University)
Comparison of geostrophic currents by using satellite-altimeter data and hydrographic
data



-11:35-12:'(')0 Masashi Ito, Akihiko Morimoto (HyARC, Nagoya University), Yutaka Isoda
(Hokkaido University), Tetsutaro Takikawa (N ational Fisheries University),
Hiroyuki Tomita (Nagoya University) )

Interannual variation in the third branch of the Tsushima Warm Current path
controlled by winter surface cooling in the Japan Sea

12:00-12:25 Katsumi Takayama, Naoki Hirose (RIAM, Kyushu University), Tatsuro
Watanabe, Haruya Yamada (Fisheries Research Agency)

Seasonal patterns of ocean current in the west of Kyushu analyzed by the JADE2 model

results

14:30-14:56 Yasuyuki Miyao (ESST, Kyushu University), Atsuhiko Isobe (RIAM,
Kyusﬁu Univ.)

An application of low-altitude remote sensing using a vessel-towed balloon for
monitoring fine structure around coastal fronts

14:55-15:20 Yuichi Iwanaka (ESST, Kyushu University), Atsuhiko Isobe (RIAM, Kyushu
University), Shin'ichiro Kako (Kagoshima University)

Balloon-based remote sensing and non-hydrostatic modeling of frontal waves around an
estuarine front

15:20-15:45 Dae Hyuk Kim and Hong-Ryeol Shin (Kongju National University)

Long-term variation of dissolved oxygen along 137 E line in the western north Pacific

15:45-16:10 Eunjeong Lee, Yign Noh (Yonsei University), Bo Qiu (University of Hawaii)

Seasonal Variation of the Upper Ocean Responding to Surface Heating in the North
Pacific

16:20-16:45 Bin Wang, Naoki Hirose, Boonsoon Kang and Katsumi Takayama (RIAM,
Kyushu University)

Seasonal migration of the Yellow Sea bottom cold water (YSBCW)

16:45-17:10 Boonsoon Kang and Naoki Hirose (RIAM, Kyushu University)

A non-isostatic response of sea level to synoptic pressure forcing in the Yellow Sea

17:10-17:35 Naoki Hirose (RIAM, Kyushu University), Atsushi Kaneda, Noriyuki Okei,
Yutaka Kumaki, Kei-ichi Yamazaki, Tatsuro Watanabe

Prediction of rapid coastal current in the southern Japan/East Sea

Friday, May 16, 2014

Group disscussions on Japan-Korea cooperative research
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Generation and Propagation Dynamics of Nonlinear Internal Solitary Waves

Kevin Lamb and Hidekazu Tsuji

Internal wave in the ocean is a fundamental phenomenon for mixing and transport
process. Observations reveal that the waves sometimes have very large amplitude (a
few tens meter) and steadily propagate for a long time and distance.

Dr. Tsuji has been interested in nonlinear wave (especially solitary wave) and
investigated horizontally two-dimensional interaction of the nonlinear waves. It is
found that the interaction can produce very large amplitude wave. Prof. Lamb has
studied the stability and mixing in the ocean and clarifies the various phenomena using
model equations and global circulation model.

During the staying of Prof. Lamb in the institute, we have discussed our past and
ongoing works in detail. By the discussion we both have much interest about the
Gardner equation and one of its solutions: “breather”.

The Gardner equation is a nonlinear model equation in certain kind of continuously
stratified fluid. In the fluid with normal stratification, Korteweg-de Vries (KdV)
equation is derived as a governing equation with the assumption of weak nonlinearity.
The KdV equation has the second-order nonlinearity term and.dispersive term. The
coefficients of these terms are described by the structure of stratification. In some cases
that the coefficient of the nonlinear term is very small the third-order nonlinearity must
be taken to account. So the KdV equation is extended to the Gardner equation which
has both the second and third order nonlinear term. Unlike KdV equation, Gardner
equation has not only the soliton solution but also the “breather” solution which
propagates with pulsating. Although there has been many researches about the
breather solution, its behavior in horizontally two-dimension propagation is not yet
studied.

At present we have the plan to investigate the two-dimensional interaction of the two
breathers which propagate in the different directions. Especially it is interesting
whether the remarkable amplification which is often observed in the interaction of two
solitons can be found or not. The different type of the interaction, namely the
interaction of a soliton and a breather can be also considered.

The result should be compared to the corresponding investigation of the fully nonlinear
numerical calculation. It is noted that this comparison might be possible in the ongoing
joint study supported in the institute (Prof. Kakinuma, Prof. Nakayama and Dr. Tsuji).
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RIAM International Workshop on Development of Thermoelectric and Power Devices

15:00-16:35, 8" January, 2015
Room W601, RIAM, Kyushu University

15:00-15:05
Opening address
Yoshihiro Kangawa (RIAM, Kyushu University)

15:05-15:35
Materials Science & Engineering at Virginia Tech and Synergistic Collaborations _
William T. Reynolds Jr. (Department of Materials Science and Engineering, Virginia Tech)

15:35-16:05

Electronic Packaging Research for Power Electronics Integration

G-Q. Lu (Department of Materials Science and Engineering and The Bradley Department of Electrical and
Computer Engineering, Virginia Tech) ‘

16:05-16:35

II-V-N material design for high efficiency multi-junction solar cells: a theoretical model for the Vapor-Phase
Epitaxy of GaAs;.xN;. ,

Hubert Valencia, Yoshihiro Kangawa, Koichi Kakimoto (RIAM, Kyushu University)



Materials Science & Engineering at Virginia Tech and Synergistic Collaborations

William T. Reynolds Jr.
Department of Materials Science and Engineering
Virginia Tech

This talk will provide an introduction to Virginia Tech and the University’s Materials Science and Engineering
Department. After describing how the faculty are organized, the focus of several research groups will be presented
with the goal of highlighting areas of potential collaboration between Virginia Tech and Kyushu University.
Among the research interests common to the two universities, materials behavior far from equilibrium is a
possible unifying theme. At the atomistic level, classical and quantum mechanics are powerful tools for
investigating the ground state energy of "a system, but these tools provide no information about the
non-equilibrium states that give rise to many useful properties. Intrinsic Quantum Thermodynamics is a relatively
new field that shows promise for unifying atomistic behavior and classical thermodynamics without introducing
the inconsistencies associated with statistical thermodynamics. A short introduction to the concepts underlying
Intrinsic Quantum Thermodynamics will be presented along with some of its key advantages. In particular,
incorporating entropy in the quantum framework makes it feasible to uniquely identify the path a system follows
to reach equilibrium. Consequently, the approach has the capacity to provide predictive insights in systems far

from equilibrium and in which quantum effects are important.

Electronic Packaging Research for Power Electronics Integration
G-Q. Lu, Professor
Department of Materials Science and Engineering and
The Bradley Department of Electrical and Computer Engineering
Virginia Tech
213 Holden Hall, Dept. of MSE, Virginia Tech
Blacksburg, VA 24061-0237
Tel: (540) 231-8686; E-mail: gqlu@vt.edu

Researchers in the field of power electronics continuously strive to improve efficiency and power density of
switch-mode converters through circuit design and functional integration. Electronic packaging of power
converters is critical for sustaining the technology trend of the field. Recent advances in wide bandgap
semiconductor devices offer new challenges and opportunities for power electronic packaging. Innovative
packaging technologies are needed to enable High switching frequency and reliable operation at high temperatures.
A low-temperature silver sintering technology is emerging as a lead-free chip-bonding solution for high-reliability,

high-temperature packaging of power electronics. However, one conceming issue with many of the silver



sintering die-attach processes is the requirement of large uniaxial stress, ranging from 10 MPa to 40 MPa, to
reduce the sintering temperature below 250°C. In this presentation, I report our findings in the evaluation of a
nanosilver paste technology developed to eliminate pressure needed for the silver-sintering process. The
nanosilver paste can be readily stencilprinted or dispensed for chip interconnection at temperature below 250°C in
air or controlled atmosphere under zero mechanical force. Findings on the sintering behavior of the nanosilver
paste and properties of the sintered joints will be presented. As a specific application example, the
nanosilver-enabled die-attach process was used to make planar power modules in which both sides of the IGBT

chips were bonded by the sintered nanosilver joint.

III-V-N material design for high efficiency multi-juliction solar cells:
a theoretical model for the Vapor-Phase Epitaxy of GaAs1-xNx.
Hubert Valencia, Yoshihiro Kangawa, Koichi Kakimoto

II-V-N alloys, such as (In)GaAsN, present unique physical properties that make them the focus of a growing
interest for optoelectronic devices and multi-junction solar cells. Especially for the latter, the incorporation of
small amounts of N on GaAsN material significantly lower its band gap, making it a candidate of choice for
multi-junction solar cells with very high efficiency. However, a high quality growth of (In)GaAs,..N, remains
challenging due to the low miscibility of N in III-V alloys. Moreover, while many experimental analysis exists,
little is known about the fundamental characteristics and reactions of this crystal growth process.

In this study, we examined GaAs(100) c4x4 surfaces using ab initio calculation under As,, H; and N, gas mixed
conditions as a model for GaAs(100) surface vapor-phase epitaxy of GaAs,.,N,. By performing As, and H,
adsorptions and As/N substitutions on' GaAs(100) c4x4 surface it was possible to obtain the relative stability
diagram of resulting surfaces against chemical potential of As,, H,, and N, gas. Using this diagram with a simple
model for decomposition of experimental precursors into our simple diatomic gases, we obtain a picture of the
crystal growth behavior for several experiments, including metal-organic chemical vapor deposition (MOCVD)
and chemical beam epitaxy (CBE). We found that several N-incorporation regimes were possible, depending on
the nature of the experiment and its conditions, as observed experimentally. It was possible to reproduce with a
good accuracy the conditions for the transition between these regimes and a rational explanation can be given

‘regarding the efficiency of N-incorporation during each regime. Our model should then leads to a better
comprehension of vapor-phase epitaxy of GaAs;. Ny, as well as a possible insight for the enhancement of high
quality growth conditions.
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Report for 2014 RIAM International Joint Research Project
International research collaboration on theoretical and experimental
methods for marine renewable energy development

Purpose
A new floating marine renewable energy system in which multiple wind turbines as well as solar panels,
wave energy or ocean current energy converters are installed together on one floating body, has been
proposed by the research group of RIAM and is receiving considerable attention in the world. Related
researches have been carried out for several years. HEU is the pioneer university on marine renewable R&D
in China. In recent years HEU is well known in the world by their tidal current converter’s on-sea
experiment. The purpose of this joint research is to provide a chance to discuss in detail and exchange
know-how between the two research groups on marine renewable energy researches, especially on advanced

theoretical and experimental methods in this research field.

Research Plan
Marine renewable energy devices are usually installed in a sea area where severe environmental conditions
have to be considered. On the other hand, cost control is strictly required for those devices in order to pass
economic evaluations. Therefore for design of the devices, high-performance numerical methods are required
to predict the hydro- and aerodynamic loads on the devices. Therefore in this year, a collaborative research
on validation of practical numerical methods for prediction of floating wind turbines is planned. Further, in
the end of 2014, a research workshop will be held in RIAM related to this joint research project, in which the

collaboration research results will be presented and extensive discussion with other researchers will be made.

Member

Researcher’s Name Name olfl;:i;:l\::rsnty or Pr?;:;‘:;n;iucgeggde Researcher role
LiamgZueng  |HEU.Chima |Profssor | ity
:éi:liii:éli:éé.g. ............. HEU,China | Associate professor |1 Co-PI (offshore wind) |
Xuewei Zhang | HEU,China __  JLectuer |/ Co-PI.(blade mechanics)
YongMa | HEU,China _  |Lectwrer | Co-PI (mooring system)
Yusaku Kyozuka | KyushuUniv. ~  |professor | Co-PI (tidal energy)
Makoto Sueyoshi | RIAM, Kyushu Univ. | assistant professor | Co-PI (experiment)
Kangping Liao | RIAM, KyushuUniv. = |Posdoc |/ Co-PI (wave energy) |
Changhong Hu RIAM, Kyushu Univ. Professor RIAM Attendant

Summary of Collaboration Research

A collaboration research on coupled methods for spar-type offshore floating wind turbine system has
been carried out in 2014. In this study, the non-linear time-domain coupled kinetic equations of the floating
turbine system is established. The effect of steady wind and regular wave on the performance of a spar-type



offshore floating wind turbine is investigated and the overall motion response under random wave condition
is also analyzed. Numerical simulation results demonstrate that constant wind affects the average and
peak-to-peak values of surge, pitch, heave, sway and roll at-the rated wind speed, and regular wave has
marginal effects on the average values of surge, pitch, heave, sway and roll but enlarges their peak-to-peak
values. Under the condition of random wind and waves, the system’s surge motion is dominant in low
frequency; on the other hand, the system’s heave motion is significant for both low frequency and high-
frequency. Low frequency pitch motion is more obvious at the rated wind speed while high frequency pitch
motion is more obvious at higher wind speed. The results of this study provide useful information for design

of a spar-type offshore floating wind turbine system.

' Summary of Research Workshop
In 2014 a designated joint research program of RIAM was launched with the subject “R&D on
Multipurpose Floating Structure for Marine Renewable Energy”, in which a workshop on “Development of
Floating Marine Renewable Energy Systems” is included. The objective of this workshop is to provide a
forum for relevant researchers to present new results and exchange ideas on ocean renewable energy
technologies. The workshop proposed in this international joint research project workshop is held jointly
with above mentioned designated joint research workshop.
The research budget provided for this international joint research has been used to support travel expenses
of the following 4 scholars to the workshop.
‘ 1. Liang Zhang, Professor of Harbin Engineering University, China
2. Decheng Wan, Professor of Shanghai Jiao Tong University, China
3. Xuewei Zhang, Lecturer of Harbin Engineering University, China
4. Yong Ma, Lecturer of Harbin Engineering University, China
On the workshop, these invited scholars have presented their recent researches on ocean renewable energy
development, and have discussed with participates from Japan and other countries. The program of the
workshop is as follows.

Date: December 19-20, 2014
Place: W601, RIAM, Kyushu University

TIME TABLE
19 December (Friday)

13:00 - 13:10 Opemng Address
Yuji Ohya (Director, RIAM, Kyushu Umvers1ty, Japan)

13:10 - 14:00 Keynote Invited Lecture
Numerical and experimental strategies for tidal turbine farms design
Pierre Ferrant (Director, LHEEA Lab, Ecole Centrale de Nantes, France)

14:00 - 14:50 Keynote Invited Lecture

Offshore Wind Energy in the US and the Development of new IEC Design Standards for
| Offshore Wind Turbines

James Manwell (Director, Wind Enggy Center, University of Massachusetts, USA)




14:50 - 15:00 Coffee break
15:00 - 15:30 Downwind Rotor Technologies for Offshore Wind Turbines
Shigeo Yoshida (Kyushu University, Japan)
15:30 - 16:00 Numerical Simulations of Offshore Wind Turbine Wake Flows and its Supported
Floating Platform Flows
Decheng Wan (Shanghai Jiao Tong University, China)
16:00 - 16:30 A Preliminary Design and Performance Estimation of an Ocean Current Turbine
Kohei Tokunaga, Hidetsugu Iwashita (Hiroshima University, Japan)
16:30 - 17:00 CFD Simulation of a Horizontal Axis Tidal Turbine based on OpenFOAM
Cheng Liu, Changhong Hu (Kyushu University, Japan)
17:00 - 17:30 Development of accurate and practical unstructured-grid model for interfacial

multi-phase fluid dynamics
Feng Xiao, Bin Xie (Tokyo Institute of Technology, Japan)

20 December (Saturday)

9:00-9:30 Numerical and experimental study of the aero/hydrodynamics of FOWT in HEU
Liang Zhang (Harbin Engineering University, China)
9:30 - 10:00 Prescreening of environmental conditions for dynamic analysis of floating structures
: Dong-Hyun Lim, Taeyoung Kim, Yonghwan Kim (SNU, Korea)
10:00 - 10:30 Precition of springing-induced tension on TLPs
Taeyoung Kim, Yonghwan Kim (SNU, Korea)
10:30 - 11:00 Characteristics of Motions of a Floating Body for Offshore Wind Power Generation
Kyohei Kajino, Hidetsugu Iwashita, Yasushi Higo (Hiroshima University, Japan)
11:00 - 11:30 Hydrodynamic prediction of FOWT with multiple wind-lens turbines
Yingyi Liu, Changhong Hu (Kyushu University, Japan)
11:30 - 12:00 Conversion efficiency of Backward Bent Duct Buoy
Yasutaka Imai (Saga University, Japan)
12:00 - 13:00 Lunch
13:00 - 13:30 Measurement of sloshing flows using Particle Image Velocimetry
Jieung Kim, Sang-Yeob Kim, Yonghwan Kim (SNU, Korea)
| 13:30 - 14:00 Zero scattered-wave energy and wave pattern in cloaking phenomenon
Takahito lida, Mariko Miki, Masashi Kashiwagi (Osaka University, Japan)
14:00 - 14:30 Development of an ocean current turbine at OIST
Katsutoshi Shirasawa, Tsumoru Shintaki (OIST, Japan)
Kohei Tokunaga, Hidetsugu Iwashita (Hiroshima University, Japan)
14:30 - 15:00 Offshore wind farm experiment using Wind-lens turbines
' Tomo Nagai (Kyushu University, Japan)
15:00 - 15:30 Recent Progress of Tidal Current Power Projects in Japan
Yusaku Kyozuka (Kyushu University, Japan)
15:30 - 15:40 Closing Remarks

Hidetsugu Iwashita (Hiroshima University, Japan)
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Abstract

Delamination fracture behavior was investigated using acoustic emission (AE) analysis on carbon fiber-reinforced polymer (CFRP)
samples manufactured using vacuum-assisted resin transfer molding (VARTM). CFRP plate was fabricated using unidirectional carbon
fiber fabric with a lay-up of six plies [+30/-30]);, and a Teflon film was inserted as a starter crack. Test pieces were sectioned from the
inlet and vent of the mold, and packed between two rectangular epoxy plates to load using a universal testing machine. The AE signals
were monitored during tensile loading using two sensors. The average tensile load of the inlet specimens was slightly larger than that of
the vent specimens; however, the data exhibited significant scattering due to non-uniform resin distribution, and there was no statistically
significant different between the strength of the samples sectioned from the inlet or outlet of the mold. Each of the specimens exhibited
similar AE characteristics, regardless of whether they were from the inlet or vent of the mold. Four kinds of damage mechanism were
observed: micro-cracking, fiber-resin matrix debonding, fiber pull-out, and fiber failure; and three stages of the crack propegation proc-

ess were identified.

Keywords: Acoustic emission (AE) analysis, CFRP composite; Damage mechanism; VARTM process

1. Introduction

Laminated composite materials have been applied in a vari-
ety of structural engineering fields, including acrospace, wind
power plants, and the automotive industry. Conventional
composite parts are typically manufectured using an autoclave
method with unidirectional pre-preg composite fibers; how-
ever, autoclaves incur substantial installation costs and it is
difficult to fabricate composite parts with complex shapes.
Vacuum-assisted resin transfer molding (VARTM) is a com-
posite fabrication process in which a thermoset resin is in-
jected into a mold through inlet ports, and the core materials
contained in the mold are saturated with the resin. This proc-
ess can save both cost and processing for curing compared
with the autoclave method because high pressures and tem-
peratures are not required, and complex parts can be fabricated
to reduce the number of parts required [1]. For these reasons,

. VARTM has become an increasingly popular method to fabri-
cate carbon fiber-reinforced polymer (CFRP) parts.
“Comcsponding suthor, Tel. +81 92 583 7761, Fax.: +81 92 583 3947
E-mail address: k.nreksw@riam kyushu-u.oc.jp
1 This paper was presented ot the FEOFS 2013, Jeju, Karea, June 9-13, 2013,
Recommendod by Guest Editor Jung-I1 Seng
©KSME & Springer 2015

The Research Institute for Applied Mechanics of Kyushu
University in Japan has developed a new wind-lens turbine to
generate high output power using a diffuser [2]. The research
group plans to increase the size of the wind-lens turbine to a 5-
MW class. The parts required for this are very large, and the
wind turbine is composed of many curved components. The _
VARTM process is a promising method to fabricate these
parts.

The VARTM process has three basic steps: fiber impregna-
tion, consolidation (i.e., the application of pressure), and cur-
ing [3]. In this process, the contact quality of all layers is in-
fluenced by several factors, including the mold temperature,
fiber orientation, resin viscosity, and pressure in the mold [4-
8]. However, significant defects may occur depending on the
local pressure gradient and permeability of the fabrics in the
mold [9]. Moreover, incomplete filling of the resin may de-
grade the mechanical properties of the product due to the crea-
tion of voids and other non-uniformities in the resin distribu-
tion. Therefore, it is important to detesmine the optimal resin
flow and to control the resin flow, as well as to investigate the
causes of defects.

Various studies have reported optimal VARTM process
conditions. Johnson [9, 10] applied an induction heating
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Table 1. Maximum load prior to failure for cach specimen.
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Fig. 1. Schematic diagram showing the VARTM process.

method to reduce the viscosity of the resin, thereby counter-
acting the effects of localized regions of low permeability, and
simulated active flow control during the mold filling stage.
Bender [11] reported an automatic pressure control and flow
rate feedback method employing computer control between
the inlet and vent parts. Correia [12] described a simulation
analysis for the flow, compaction, and permeability. Kuentzer
[13] explored the resin bleeding and flow resistance of the
void content within fiber tows experimentally and via numeri-
cal simulations. Lee [14] investigated the effects of the fiber
direction on the resin flow direction. However, most of these
studies focused on process control. The effects of non-
uniformities on the mechanical properties of the VARTM-
formed composite materials have not been investigated in
detail.

Here, we describe the results of a study of the effects of
non-uniformities on composite materials by forming CFRP
plates using VARTM. Specimens for tensile testing were
formed with a starter crack inserted in the CFRP plate, and
sections were examined from the inlet and vent of the mold.
Acoustic emission (AE) signals were monitored during the
tensile fracture tests. The fracture surface was observed fol-
lowing the tests, and the AE characteristics were analyzed to
investigate the fracture behavior of the specimens. Three
stages of the fracture behavior were identified from the ampli-
tudes and frequency spectra of the AE signals,

2. Experimental procedure
2.1 VARTM process

Laminated composite specimens with a single edge notch
were fabricated using the VARTM process. Fig. 1 shows the

Teflon
him

CFRP plate

Inlet Vent

Fig. 2. lllustration showing where the specimens were sectioned from
the CFRP plate.
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Fig. 3. Experimental tensile testing and AE monitoring procedures.

transverse flow VARTM setup, which is commonly employed
in the fabrication of very large parts [1]. Unidirectional car-
bon-fiber fabrics (SAERTEX) were laid up in a one-side mold
with a sequence of [+30/-30]. Teflon film was inserted as a
starter crack in two edges of the plate, as shown in Fig. 2. The
fabrics were sealed in a vacuum bag, and then the resin (Na-
gase ChemetX) was impregnated into the fiber layers using
the vacuum. The process was carried out at room temperature.

2.2 Tensile specimens

To fabricate the tensile test specimens, ten pieces were sec-
tioned from the inlet and vent of the plate, as shown in Fig. 2.
The pieces were packed between two rectangular epoxy plates
to clamp the specimens to a universal tensile testing machine
(Zwick 250, testXpert), as shown in Fig. 3.

3. Results and discussion

3.1 Tensile fracture test and AE analysis

Figs. 4(a) and (b) show typical tensile loads and amplitudes
of the AE signal as functions of time for the specimens sec-
tioned at the inlet and vent of the mold, respectively. The ten-
sile loads are listed in Table 1. Although the average tensile
load of the inlet (212.8 N) was slightly larger than that of the
vent (206 N), the data exhibited significant scattering, and as
such, there was no statistically significant difference between
the tensile strength of the parts formed at the inlet and the vent.
Johnson [8, 9] suggested that mold-filling during VARTM is a
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Table 2. Amplitude and peak frequency of the AE signals during each
stage.

Stage Amplitude (mV) First peak frequency (kHz)
I 5-50 130-170
il 10-40 150 -250
i 500 - 10000 120-250

8§ ¥

Amplitude (d8)

Load, P(N)
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L] s 10 18 20 E-]
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()

Fig. 4. Load-displacement curves and the corresponding AE ampli-
tudes as a function of time for specimens sectioned from (a) the inlet;
(b) the vent regions of the mold.
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Fig. 5. Burst-type AE signals during stage I of fracture: (a) waveform;
(b) frequency spectrum.
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Fig. 6. Burst-type AE signals during stage II of fracture: (a) waveform,
(b) frequency spectrum.
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Fig. 7. Burst-type AE signals (with a large amplitude) during stage III
of fracture; (a) waveform; (b) frequency spectrum.

critical step in the process, and that defects often arise in re-
gions of local low permeability, or in regions that are too far
from the inlet or vent. The variation in the tensile strength may

06 ol
i 0
006
IR RN
-02
£l WY |
-“n a1 02 03 04 9% v I-l:.”.w ;u A0 e &0
Tima (s) Froquoncy (kHz)
(a) (b)

Fig. 8. Continuous AE signals during stage 111; (a) waveform; (b) fre-
quency spectrum.
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Fig. 9. Optical microscopy image of a fracture surface.

also be affected by non-uniformities of the fabrication process.
The specimens exhibited similar AE characteristics, regardless
of whether they were sectioned from the inlet or vent of the
mold. Based on these data, we were able to identify three
stages of the fracture behavior, which will be discussed in the
following subsection.

3.2 Fracture mechanism

The AE signals were analyzed in the time domain, as well
as the frequency domain through the use of fast Fourier trans-
forms (FFTs) of the time domain AE amplitudes. Figs. 5-8
show typical amplitude and frequency spectra of the AE sig-
nals during each stage of failure. Most of the AE signals ex-
hibited a burst-type signal during fracture or crack growth,
although continuous-type signals were observed during stage
IIT (see Fig. 8). It should be noted that the crack propagation
was significantly faster during stage III. Table 2 lists the dis-
tribution of the amplitudes and the frequency range of the
lowest-frequency broad features in the AE signals. During
stage I of failure, the samples exhibited low-amplitude AE
signals, and most of the acoustic energy was at frequencies
below 160 kHz. During stages II and I, the AE spectra ex-
hibited wide bands at around 120-240 kHz.

Fig. 9 shows an optical microscopy image of a fracture sur-
face. The three stages of crack propagation described above
are marked on the fracture surface. During stage II, an area
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Fig. 10. SEM microscopy images of the fracturc surfices: (a) resin crack-
ing; (b) fiber-matrix debonding; (c) fiber pull-out; (d) fiber failure.

Crackinitiation ~ Slowcrackgrowth — Crackjump
&opening & fast propagation
Fig. 11. llustration of the fracture behavior in response to tensile loading.

corresponding to slow crack growth was observed. The fiber-
bonded area was less than 80% delaminated opposite the frac-
ture surface. This suggests that the matrix strength was
stronger than the fiber-matrix strength, which corresponded to
less than 80% of the bonded area.

At start of stage III, the crack propagation route changed to
another layer. This stage was marked by a significant increase
in the AE amplitudes (see Fig. 7). It follows that much energy
was stored during the slow crack propagation of stage I, and
that the crack suddenly jumped to the other layer, releasing a
large amount of energy.

To further investigate the damage mechanism and to under-
stand the relationship with the frequency spectra of the AE
signals, scanning electron microscopy (SEM) images of the
fracture surfaces were obtained. Fig. 10 shows four typical
fracture phenomena at the fracture surface of the specimens,
and Table 3 lists the phenomena that occurred during each
stage. From a comparison with Table 2, the frequency band
below 160 kHz appears to correspond to matrix-related frac-
ture, and frequencies above 160 kHz correspond to fiber-
related fracture.

Table 3. Observed damage mechanisms during each stage.

Stage Phenomena
I Resin cracking
I Resin cracking, fiber-matrix debonding
Resin cracking, fiber-matrix debonding, fiber pull out,
)| h
fiber failure

The fracture behavior during the three stages is illustrated in
Fig. 11 based on the AE and fracture surface observations.
During stage I, the crack initiated, opening up along the starter
crack. Since the resin permeated into the starter crack interface
during specimen fabrication, the starter crack closed due to the
hardened resin. During stage 11, the crack reached a poor ad-
hesion arca located at end of the starter crack. The crack
propagated slowly until it reached fibers with at least ~80% of
degree of adhesion. The crack propagation was temporarily
restrained, and the strain energy accumulated at the crack tip.
During stage III, the stress intensity factor reached the fracture
toughness, and the crack suddenly jumped to another layer,
and then propagated rapidly with a large strain energy release
rate. During stage 111, numerous fracture mechanisms occurred,

‘and the AE spectra indicated a large strain-energy release rate.

4. Conclusions

Property non-uniformities of CRFP samples formed using
VARTM were investigated using tensile testing and AE spec-
tra. The tensile tests showed that average load of the inlet
specimens was higher than that of the vent specimens; how-
ever, the data exhibited significant scattering, which was at-
tributed to non-uniformities in the distribution of the resin, and
the difference between the properties of the inlet and vent was
not statistically significant. The AE spectra of each specimen
were similar, regardless of whether they were taken from the
inlet or vent of the mold,

The fracture behavior of the VARTM-formed CFRP mate-
rial was investigated under tensile load. Failure could be clas-
sified into three stages: (i) crack initiation and opening along
the starter crack (with an AE amplitude of 5-50 mV and a
frequency spectrum of 130-160 kHz), (ii) slow crack growth
(10-40 mV and 160-240 kHz), and (iii) rapid propagation
(500-10000 mV and 120-240 kHz).
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Ducted Wind Turbines and Multi Rotor Systems

University of Strathclyde: Peter Jamieson (67 years, male)

Aim of the collaboration

The collaboration between Kyushu University RIAM and the University of Strathclyde
(Glasgow, Scotland) was begun following an Invitation by Professor Yoshida to Peter
Jamieson (PJ) to give a presentation (The Development of Wind Energy) at the 10" NCRS
International Symposium. During the period around this symposium, in informal workshops
hosted by professor Ohya, PJ also received presentations on wind turbine related work at
Kyushu and presented work on ducted rotors and on multi rotor systems. The ducted rotor
work was of direct relevance to Kyushu as professor Ohya’s group had developed the Wind
Lens ducted turbine and the multi rotor concept was also of interest because among other
potential benefits it offered a means of upscaling net turbine capacity of the Wind Lens
without some of the problems in constructing a single large ducted rotor. Thus a
collaboration was established with the aims:

a) To exchange information regarding especially the experimental developments of the
Wind Lens at Kuyshu related to analytical work on ducted rotors at Strathclyde

b) To jointly explore the multi rotor concept again involving interaction between small
scale experiments at Kyushu with large scale system design and analysis work at
Strathclyde associated with Innwind.EU, a European collaborative project.

Method

Following the initial meeting (November —~December 2013) at the 10" NCRS International
Symposium, Uli Géltenbott, a student at Kyushu with Prof. Ohya commenced a PhD study
relating to Wind Lens in the context of multi rotor systems. Some experiments were
completed within a few months of the initial contact in December 2013. Later in June 2014,
Professor Ohya and Dr Nagai visited Strathclyde University (Junel3th 2014) when further
presentations were exchanged and an agreement to collaborate was consolidated. Prof.
Ohya had obtained funding to support a further visit to Kyushu by PJ and Scott McLaren-
Gow, at student at Strathclyde University now nearing completion of a 4 year PhD working
on ducted rotor design and this visit took place from 20™ to 24™ October 2014. Following
this meeting specific information on the Wind Lens configuration was provided to
Strathclyde University and on multi rotor systems to Kyushu.

Results and discussion

The findings of the University of Strathclyde.are primarily reported here. It is 'expected that
the related work at Kyushu RIAM will be further detailed in other reports. Within the
Innwind project, CFD by the University of Athens (within the Innwind EU project in which PJ
led a study of the multi rotor concept) has shown small power gains ~ 3% for a 7 rotor array
(6 six rotor symmetrically disposed around a central rotor all at 5% diameter minimum
distance apart). By power gain is meant more power from the 7 rotor array than 7 x power
of a single rotor operating in isolation. Similar CFD analysis of a 45 rotor array showed an
augmented power gain of ~ 8% (at 5% and 2.5% diameter minimum rotor spacings).
Supplementary analyses showed that for bare rotors without ducts such power gains were



substantially realised at closest possible spacings and that flow in the spaces between the
rotors was important to achieve the power augmentation. Related experimental work at
RIAM on a ducted, 3 rotor, multi rotor array showed power gains providing there was a
sufficient spacing between rotors. ‘ ‘

The PhD of Scott McLaren-Gow at Strathclyde University in the Centre for Doctoral Training
in Wind Energy has a focus is on getting a much deeper understanding of fundamentals of
ducted rotor systems primarily based on inviscid flow modelling using well established panel
methods in this case based on a vortex ring representation of the wake. This work is
supervised jointly by PJ and Prof. Graham from Imperial College, London who is a world
class expert with extensive experience in analysis and numerical modelling of fluids. There
appear to be two classes of ducts; those which, loosely speaking, create smoothest flow
conditions and may tend to maximise rotor loading at-Ct =8/9 and those which induce the
largest through flow and highest performance coefficient. Curiously although the detailed
mechanisms must be quite different, considering the strong vortex shedding in the CFD
modelling at RIAM, the inviscid analyses suggests a broadly similar shape to Wind Lens as
optimum. A part of the results is published in the paper as follows,

S. McLaren-Gow, P. Jamieson, and J. Graham, "Ducted turbine theory with right angled
ducts," in Journal of Physics: Conference Series, 2014, p. 012083.
The full paper can be obtained here, http://iopscience.iop.org/1742-6596/524/1 012083

A key issue where Strathclyde may be able to assist RIAM is in the optimisation of the rotor
which in general is different in ducted operation as compared with open flow. Of course
this can and should be supported by CFD but the rotor design optimisation needs some
guidance from theory to be an efficient process.
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Report : Computational Wind Engineering conference (CWE) 2014
Hamburg, Germany, June 9"-12"

Ye-Bonne KOYAMA

Thanks to the support given by Kyushu University, I had the opportunity to participate in the
CWE 2014 international conference, and give a presentation on the topic : « Flow pattern
around three wind turbine generators (WTGs) in a triangular configuration ».

The conference gathered researchers from all around the world, with a large participation of
PhD students, who amounted to one third of the presenters. The conference dealt with varied
subjects such as meteorology, wind energy, fluid / structure interaction, CFD model
development etc... It was very interesting for me to get an awareness of the research that is
undergoing worldwide, in all those domains.

In this report I will focus on remarks that were made on my presentation, and on results from
other presentations that caught my attention. -

\

» Remarks on my presentation

During the question session at the end of my presentation, 1 was not asked specific questions;
rather, I received quite relevant remarks:

- It could be interesting to have an idea of the load on the downstream WTGs. The load
on the WTGs in the downstream could be higher than that on the first row, because of
a higher wind velocity in front of their blades. Also, when there is a storm, the gap
flow between the WTGs of the first row could induced important loads on the second
row of WTGs. Prof. Stefan Emeis mentioned that there has been a case when a storm
hit a wind farm and only WTGs of the second row collapsed.

- An original remark: when the birds fly in the sky, they tend to form a “V* shape. This
shape enables to diminish their energy consumption thanks to the influences of the
wakes of the upstream birds on the downstream ones (downstream birds can benefit
from the ascending part of the vortices created on the wings of the bird in their
upstream). There is an optimal angle for the “V” shape used by birds. Consequently,
there could be an optimal angle also for our triangular structure.

- According to our study, we can deduce the following: if we can place obstacles in the
upstream of a WTG in an appropriate way, it could generate anincrease in the power
output of this WTGs (thanks to the phenomena that we have shown)

Due to those remarks and to later discussions with people attending my presentation, I believe
_that the attendance was interested in my subject, and were quite convinced that this could
work. :



> Some presentations that caught my attention
Please find attached the full articles for those presentations.

- Marcel VOLANTHEN gave a presentation on nested LES. The goal is to do CFD on
a coarser grid (for example if a large area has to be meshed, such as an urban area),
and nest a finer grid inside this coarser grid. The advantage of nested LES compared
to local refinement is that the time-step can be different on the finer gird than on the
coarser grid, which saves computational time. In order for the energy spectrum to
have the appropriate resolution, synthetic turbulent fluctuations are added to the
coarse-grid solution at the interface between the fine and coarse grid.

- Yingli XUAN gave a presentation on the way to generate appropriate boundary
conditions, especially when we want to use data from a larger-scale model for a
smaller scale model. Her work dealt with the way to artificially add fluctuations (that
verify properties of turbulence) to the solutions of larger-scale models and use those
as inflow boundary conditions for smaller scale models. However those artificial
fluctuations can easily be damped away because they do not verify the continuity
condition. Yingli XUAN developed a method to ensure that those fluctuations verify
the continuity condition.

- R. LOHNER gave a keynote lecture on the fundamental physical differences between
traditional aerospace problems and computational wind engineering (CWE) problems.
He studies the influence of the wind on lightweight structures ‘such as umbrellas. He
talked about a surprising fact: he ran the same calculations on different numbers of
processors; for a moment, the results of all the calculations. are the same, but they
start to diverge afterwards. Consequently, he stressed the fact that it is very important
to run long simulations, run several times the same calculation on different numbers
of processors, and analyse the results statistically. Also, he mentioned the adjoint
solvers that enablé to tell the sensitivity of the calculatlons to the boundary conditions
or the obstacle’s geometry.

- Paolo SCHITO presented a new actuator line model for wind turbines, which would
not be based on the blade element theory, but an effective velocity method. This
enables to take into account shear or turbulence on the blades. .

- Tomo’s presentation.

» Conclusion

I was really happy to attend CWE 2014, and represent our team in Germany

1 hope that the research linked to triangular conﬁguratlons of WTGS is going to continue at
* Kyushu University.

Please do not hesitate to ask me if you need more details / reportmg on, the conference

BOMED TENELE



