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Numerical calculations for the PDP using PdCu membrane
S.K. Sharma

In order to investigate the retention flux consisting of both ions and neutrals the probe must be
set near the PFCs. Under this situation surface contamination will limit the stable operation of
the probe. The surface covering stainless steel mesh with transparency of 45-50 % is set in
front of the membrane and steady high temperature (300 °C) operation of the membrane is
maintained during the week experiment. In the present experiments PdgsoCuyo (weight %) alloy
membrane is used.

1) Permeation probe system

Membrane material choice is dictated by
the diffusion properties (Lw/!?ﬂ,,c /D) of
the material with the thickness of L,

averaged recombination k and diffusivity
D. It is crucial for the PDP probe to have
the faster response time (ocL°/D) and to
decrease = the  minimum  detectable
permeation flux 7). Highest known
diffusivity at the low temperatures of any
metal-hydrogen systems has the f phase of
the PdgCuy alloy, and the /3 phase is stable
in the wide temperature region (<450°C). A
schematic view of a probe system is shown
in Fig. 1. Cylindrical PdCu membrane (32
¢ *x 82 mm, L = 20 y; red), is supported by
a stainless steel mesh (dotted line) from
both sides. The detection area Ay, is ~
7.5><]0'3m2.Transparency of the SS mesh
whose hole is 1.5 mm¢ is 49%. A built-in

scheme: TC -

Fig2. a. PDP probe
thermocouple, SS mesh supports PdCu

cylindrical heater with a thermocouple (TC)
is used to keep the membrane temperature
Tpap at 300 °C with a feedback controlled

cylinder membrane. b. Photo of the probe. c.
photo of the PDP6, installed in QUEST
(rotated by 90°) with the protection box.

power supply. All probes have its own

pumping system and QMA, and one common H, standard leak (H»-STD). The pumping
system consists of a turbo-molecular pump (TMP), rough pump and gauges. The base
pressure is ~ 1 — 3 x10” Pa. Iy is registered at every 0.3 s with the QMA which is absolutely
calibrated with the H,-STD. With a help of numerical calculation the net retention flux /7,
can be derived, as described in the following section.

2. Numerical calculation of /jy¢

The permeation of / in the membrane can be described by the diffusion equation. Under the
following nonlinear boundary and initial conditions /7,4, measured with PDP probes, and [y,
required in gas balance, are coupled, as described by the following equations:

Tine= k,c?(0.0) — Dfoe(x,0/6x]_, (1)
0 = kac® (L.t)- Dfoc(x.0/0x] _, 2)



Tyap = kac?(L.1) . 3)

In the x - coordinate, x= 0 corresponds to the upstream surface, and x = L to the downstream.
c(x, t) is the H concentration in the membrane as functions of x and ¢. A numerical diffusion
code was used to decide I, In case of PdCu the permeation process is in the surface limited
regime (SLR). For steady state permeation in the SLR we can write the relation between [

and saturated permeated flux I™*;
Tipe = = T™. 4)

kytky
A flat profile of c(x) is assumed, because of the fast diffusion and weak D -dependence

of permeation. We used a literature value of D : D = (2.9 £0.2) x 107° m?s™!. Parameters k,
and k,, and an incident flux amplitude k; (15, =k, J"5“") are scanned and the best fit values

are determined by minimizing =(1" “*e-r “")z /(1" “or )2 . For fitting an experimental curve
of I kyis first scanned in the range of (1 — 100)x10™* m*s” and for each value of ks, % is
searched by # certification using fast scan for finding approximate minimum position and a
golden section search algorithm to find k; with a given precision. Then using selected &, and k;
a best value of k,is found. Since #’(k,) has a wide minimum region, kis iteratively decided
by using a best fit value of &, and Eq. (4) if the permeation curve shows a steady-state
saturated permeation one. A fitting example is shown in Fig.2.a. and b. 3 (k;) and ¥/ (k,) are
plotted in each scanning range, both have one global minimum. In Fig.2.c calculated curve
I* is compared with ™, showing good agreement on the whole time scale (residuals are
shown with dotted line). The calculation is done with an assumption that k;and £, are constant
in time. Recombination coefficients of the same PdCu alloy are also determined in the RF
deuterium plasma experiments by Nuclear Reaction Analysis (NRA), with which the precise
deuterium distribution in the membrane can be measured. They are consistent with our fitting

results [1,2].
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Fig.2. Fitting procedure. (a),(b) Selecting k; and k, by the minimum value of 7. Circles — fast
scan for the minimum, crosses — golden section search of the precise minimum location. (c)
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Measurement of plasma flow and edge turbulence in QUEST

Santanu Banerjee

Edge turbulence and plasma flow at the SOL are measured in different plasma configurations
and with compact toroid (CT) injection in QUEST. We used the fast visible imaging system
and SOL probe for this study. The diagnostic system and the experimental findings are
discussed in brief in the following sub-sections.

Fast visible imaging system on QUEST

The fast visible imaging system is now equipped with a new fiber bundle. Also, the fixtures
and front end lens holder assemblies are modified. This give more maneuverability to the
optics and it is now easier setting it up. Fig. 1(a) shows the back end of the fiber bundle
connected to the fast camera though the image intensifier. Also, the front end can be seen in
Fig. 1(b). The front end unit enables us to rotate the fiber view in alt-azimuth directions.

Fig. 1: (a)-(b), Back and front end of the fiber bundle on the fast visible imaging system.

Edge turbulence and SOL flow following the CT injection in QUEST

Data acquired using the fast visible imaging system and SOL probes during the compact
toroid (CT) injection in the Ohmic target plasma. Edge and SOL turbulence and flow was the
main target right after the CT injection when the visible emission is enhanced considerably
due to large amount of neutral injection into the plasma from the CT injector following the
CT itself. Plasma current is maintained initially for about 300 ms and thereafter a steady fall
is observed. Strong edge turbulence and enhanced poloidal rotation was observed during the
200 ms data acquisition window. I developed an orthogonal dynamic programming based
particle image velocimetry (PIV) code for analyzing the image sequence and thereby
determining the poloidal and radial velocities (in 2D). This code has been employed
successfully on these images and fruitful inferences can be drawn about the plasma behavior.
Fig. 2 shows the discharge parameters and two consecutive images denoting the development
of a distinct mode with high poloidal mode (m) number at the plasma core.



Shot number: 26554
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Fig. 2: left: discharge parameters of the Ohmic plasma injected with CT. The red lines
indicate the image acquisition window. Right: the consecutive images showing a distinct
mode developed in the plasma core. The black arrows are from the PIV analysis. Towards the
left of the images there is the center stack at ® = 0.22 m and neutrals appear to penetrate the
plasma from the high field side. PF and TF stand for poloidal and toroidal field coils

respectively.

Further, data for the edge turbulence and SOL is acquired just after the CT is injected. Strong
flow at the SOL is observed. Fig. 3 shows a series of snap shots from the plasma edge in false
color acquired with the fast camera at 20 kHz.

Fig.2: Shot #31114: Image sequence of CT injected plasma. From left to right the images are
50 s apart.

Measurement of plasma poloidal flow at the edge in two different plasma configurations is
also attempted. The first one is inboard limiter (IL) bound, while the second one is an inboard
poloidal null (IPN) natural divertor configuration. Both the IL and IPN configuration can be
achieved by suitably adjusting the poloidal field coil configuration and non-inductively
driving the plasma current. 8.2 GHz ECRH system has been used for pre-ionization and
thereby driving the plasma current in these plasmas. Here, three different diagnostics are used
viz. the fast visible imaging system, Mach probes and the 1 m focal length Czerny-Turner
spectrometer to measure the toroidal and poloidal velocities from Doppler shifted C 111 (464.7
nm) line. PIV technique is again employed in these image sequences and yields interesting
results. Efforts are on to calculate the toroidal and poloidal velocities from the line integrated
optical emission signals from the Doppler spectroscopy. Finally, the flow speed at the SOL



will be determined from the Mach probe signals. These three measurements will give us
comprehensive information about the intrinsic plasma rotation, its profile and behavior of the
SOL and how this changes with the plasma configuration. The final goal is to study the effect
of intrinsic rotation on the plasma equilibrium and vice versa.

Fig. 4 shows a series of snap shots from the plasma edge in false color acquired with the fast
camera at 20 kHz. Turbulent edge fluctuations in the images are superimposed with the
velocimetry estimations. The black arrows show the direction of velocity at that time instant.
The arrow size denotes the velocity magnitude.

Z(m)

Fig. 3: Image sequence of IPN configured plasma superimposed with turbulent velocity maps
from the PIV analysis. From left to right the images are 50 us apart.
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Towards high mode purity in ECRH transmission lines for ITER

Applicant: Walter Kasparek
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.
Accordingly, the ECH system at the International Thermonuclear Experimental Reactor
(ITER), will have a total injected power of 20 MW at an operating frequency of 170 GHz. For
20 MW injection to the plasma, 24 high-power gyrotron oscillators of 14 MW each will be
used. 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. 24
CC waveguide lines will be prepared to transmit the total 20 MW power. Excitation of
unwanted higher-order modes in the oversized waveguide causes many problems such as
excessive transmission loss, arcing, thermal overload of components due to stray radiation,
and finally deviations of the launched beams from the nominal direction. In earlier works,
transmission losses in the ITER ECH system due to higher-order mode excitation in
misaligned components have been estimated, and the impact on the launched beams was
studied.

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), Alexander Zach (IGVP
Stuttgart), Carsten Lechte (IGVP 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.

In the past year, some work has continued aiming at the generation of a pure HE11 mode on
one hand and the generation of pure high-order modes in a folded 170 GHz resonator system.
Still, the HE;; (LPy;) mode purity is only
0.97; however, experiments are prepared,
where the resonator will be operated in a
dual polarization mode for higher
performance. In the experiments on higher-
order modes, LP;;"*" and LP;;°* modes
could be excited with good purity. Figure 1
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 asstme) ~ shows HEI11 and LP11 modes patterns
Fig.1 HE11 and LP11 modes excited in the 170 excited in the 170 GHz folded resonator_ by
GHz folded resonator by injection of a gaussian injection of a gaussian beam at appropriate

beam at appropriate angle and resonant tuning. angle and resonant tuning. The production



of modes like LPg; was not successful, probably owing to the astigmatic design of folded
resonators. Further investigations on this issue are

planned. Beam Offset, mm
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High-power tests with a prototype S-port coupler Beam Angle, deg
from IGVP were performed at the ECH system of  Fig. 2: Coupler signals of LP0I (main
the tokamak ASDEX Upgrade. Here, the gyrotron  mode) and LPI1 (tracer mode for
beam — after having passed the matching optics unit ~ misalignment) as  function of the

. . . misalignment of the gyrotron beam with
— was scanned with a mirror over the input aperture respect to the waveguide axis.
of the corrugated waveguide, and the generation of
the tracer modes for angular misalignment as well as beam displacement (LP11, even/odd),
were measured as function of the input angle as shown in Fig.2. It could be clearly
demonstrated that alignment of the gyrotron beam coupled into the waveguide could be
performed on the basis of the coupler signals only, as — within the errors of the various
methods of typ 0.1 degree — good agreement with geometrical and laser beam alignment was
found. The result (example see Fig. 1) opens the possibility to get a continuous control of the

gyrotron input beam such that the wrong mode content in the transmission line is minimized.

These results were obtained by summation of two coupler signals each. However, an
individual measurement of amplitude and phase of the coupler signals gives more options for
evaluation of the coupler signals. Usually, heterodyne techniques are used for this, taking a
power signal as local oscillator. However, owing to the different power levels of gyrotron and
detection electronics, such systems are complicated, expensive, and prone to errors. Therefore,
it was started to develop compact and robust single-sideband modulators on the basis of
rotating gratings. First test have shown sufficiently stable signals at the intermediate
frequency even for fast variation of the input (generator) frequency.

In parallel, a 7-port coupler is under design, where 2 coupler signals are generated from a
single waveguide by using Oth and 1®-order interference’ in the coupling waveguides.
Calculations on the suppression of wrong modes other than the modes to be detected are
going on. All developments are made in view of application in cooled (mitrebend-) mirrors
which can tolerate heat loads and thermal stress typical for high-power CW operation. In
addition, attempts are. made to extend the developments on 2-frequency operation, and on
mode control of gyrotrons by integrating these couplers into the first mirror of the matching
optics unit. ‘ '

Dual frequency FADIS

A FAst Dlrectional Switch (FADIS) performance based on a steep slope in the diplexer
transmission function was considered for dual-frequency (duval-f) applications. The switching
between the output transmission lines is performed by frequency control of the source. A
diplexer for a FADIS system using a Square Corrugated Waveguide (SCW) splitter was
designed as one of the most attractive candidates for the dual-f operation.

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. For the the JT-60SA ECHCD system, a normal
branch operation and a 3™ new branch operation were proposed for the 110 and 138 GHz.
Calculated radiation pattern distributions from the SCW splitter were defined very well with
no serious side lobes in the dual-f operation. In this year, a new (3") branch operation was
experimentally confirmed using 170 GHz SCW components in Kyushu University. Figure 3
shows measured split symmetric and anti-symmetric beam patterns at the 3™ branch operation
in 170 GHz. There were no serious side-lobes , and the fine two split beams were obtained
along the design.

LIV R R TERYS ST ES VTSR Sl Anti-Symmetric 80| Symmetric Direction
high-power SCWs (designed for use as
remote steering launchers at 140 GHz)
have been investigated with respect to
conservation of the polarization during
transit through SCW splitters, and the
concomitant transmission loss.

It is found that corrugation profiles can 40  x[mm] 80 40  x[mm) 80

be designed and machined with Fig. 3: Measured splr'i'l symmetric mfd (fn!i—s_vmme{ric
sufficient precision, such that for the beam patterns at the 3™ branch operation in 170 GHz.
nominal frequency and propagation

angle, practically no cross-polarisation occurs. For deviations from the main frequency, cross-
polarisation increases. However, revival of pure polarization is expected at a series of other
(lower) frequencies. Therefore, dual-frequency operation (138 / 110 GHz) under arbitrary
polarization should be possible, if the propagation angle of the SCW and the corrugation
profile is chosen properly. More detailed investigations on this subject are planned.

The part of the transmission losses of a resonator ring, which is produced by the corrugated
waveguide only, was measured in a resonator set up, which was formed by a splitter
waveguide, a plane mirror at its one end, and a focusing mirror at the other. The round-trip
loss of the resonator is derived from the Q-factor; the value obtained gives an estimate of the
efficiency of a resonant ring for the case of perfect matching of the external feed-back

reflectors.
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RF-only ST plasma confinement, sustainment,
and interactions with wall materials

Vladimir Shevchenko

A program of the Workshop which was held on March 24-25th is the followings.
24-March
AM
9:0d-
Vladimir Shevchenko / Hanada

WS purpose and agenda
9:10-10:10
Alf K6hn

Microwave-plasma interactions in a low-temperature stellarator
10:20-11:20
Vladimir Shevchenko

Present status of ST25 and progress with ST40
11:20-12:20
Roger Raman

CHI System Design and Plans on NSTX-U and QUEST

PM
13:45-14:25
Yuichi Takase

LH Ip Ramp-up Experiments on TST-2
14:25-15:05 |
Naoto Tsuiji

Measurement of lower- hybrid waves with microwave scattering on TST-2



15:15-15:45
Kazuaki Hanada

Progress and Plans of QUEST Experiments (Tentative)

15:45-16:15
Hiroshi Idei
New 28 GHz and 8.5 GHz systems and its application to QUEST experiments (tentative)
16:15-16:45
Ryota Yoneda
2" Harmonic Electro.n Cyclotron Break Down in QUEST (Tentative)
16:45-17:25
Masaaki Uchida

EBW start-up experiment in LATE

25-March
9:00-9:40
Atsushi Fukuyama

Modeling of EC heating and current drive in QUEST plasmas
9:40-10:30
Shabbir Khan:

Kinetic full wave modeling in inhomogeneous plasmas
10:30-11:00
Md Mahbub Alam

Current Density Profile Estimation from High Energetic Electron Orbits ( Tentative )
11:00-11:30 _ .
Alexander Kuzmin

Plasma Permeation Diagnostics in QUEST (Tentative)



11:30-12:30
Naoaki Yoshida

Study on Plasma-Wall Interaction in QUEST equipped with High Temperature

Tungsten Wall Aiming for Active Particle Control

PM (Drafting of proposals for experiments, diagnosis, and analysis)

13:30- All Suggested focus and output for this joint drafting session

15:30- Summary

The presentation abstracts are the followings.

Naoto Tsuji: Measurement of lower- hybrid waves with microwave scattering on TST-2

The experimentally measured current drive efﬁciehcy on TST-2 is lower than the predictions by
numerical simulations. In order to resolve this discrepancy, a microwave scattering diagnostics at 12-
40 GHz was designed and is being fabricated. Synthetic diagnostic was developed to estimate the
scattered power theoretically. The LH fluctuation amplitude simulated with a full-wave code was
found to be within the detectable range.

Hiroshi Idei: New 28 GHz and 8.5 GHz systems and its application to QUEST experiments (tentative)

A hybrid launcher system was developed to conduct the 28 GHz and 8.5 GHz ECH/ECCD experiments.
Highly focused beams were obtained using the developed launcher system. The 20 kA plasma was
startup using the new 28 GHz launcher system.

Md Mahbub Alam:Current Density Profile Estimation from High Energetic Electron Orbits
(Tentative )

The current density distributions in electron cyclotron heated plasmas were estimated from the
~ orbit analyses at Doppler-shifted EC resonances for the 8.2 GHz ECRH/ECCD. Because the incident
8.2 GHz beam was not focused, the uniform distribution of the electrons in real space and the
uniform electron velocity distribution were also assumed here. The parallel refractive indexes (Ny)
from -1 to +1 were taken into account, being similar to that for the 28 GHz injection when one path
absorption was not expected and multiple wall-absorption should be dominant due to improper
incident electric polarization [2]. The electrons with the initial parallel and perpendicular velocities
v and v, were considered for the orbits and current density analyses with nonrelativistic resonance
condition and collision-less approximation. From this calculation, the current density distributions
were obtained separately for the fundamental and the second harmonic resonant electrons. The
current density distribution profiles on the equatorial plane were obtained for the electrons with



initially positive and negative parallel velocities to the magnetic field direction as well as trapped
electrons. The surface averaged current density profiles of the closed flux surfaces were also
evaluated. A small amount of the positive current density distributions were partially appeared in
the outside region from the last closed flux surface, while all the negative current density
distributions were evaluated in the inside of the last closed flux surface. The trapped electrons being
the second harmonic electron cyclotron resonant contributed the negative current in the inside of
the last closed flux surface as well as partially contributed the positive current both in the inside and
the outside region of the last closed flux surface. '

Alexander Kuzmin: Plasma Permeation Diagnostics in QUEST (Tentative)

Real-time in-situ measurements of the the hydrogen retention is studied to reveal essential
retention areas in the spherical tokamak QUEST with all tungsten and stainless steel plasma facing
components. High hydrogen retention, 70-80% of injected particles was previously reported.
Hydrogen permeation is measured with four fixed PdCu permeation probes (PP) at the top, bottom
(TB) plates and at the upper and lower positions on the side vessel wall. Incident retention flux was
numerically calculated. A movable PP is used for a radial profile measurements of the hydrogen
retention along the major radius (R) outside and behind the plasma facing components (PFCs). At
the same time contribution of the hydrogen to the retention is evaluated using ion saturation
current (/;), measured by the movable Langmuir probe at the same port. An array of Langmuir
probes is also used for TB plates. Two types of discharges are studied: annular slab plasma, produced
by 2.45 GHz or 8.2 GHz ECWs (<20 kW) and non-inductive IPN steady-state tokamak plasma (SST)
produced by 8.2GHz ECWs [3] (<100 kW), plasma duration is in range 300-900 s. In the slab annular
plasma with well controlled gas balance and plasma performance response of the probes is studied
to external perturbations. Permeation flux decays from ~1.5x10* H-m?s? at maximum insertion
(R~1.1m) to ~5x10" H-m?s™ at the wall radiation shield. Inside the port permeation raises to
~7x10"” H-m?s™. In the SST plasma retention, flux to the side wall normally exceed retention flux to
the TB plates by 2-10 times. Langmuir probes show that maximum of the /; radial distribution on the
T8 plates is located at R ~ 0.4-0.5 m, close to the PDP. The contribution of atomic hydrogen flux to
the retention was larger than that of the ion flux. Retention flux on the upper side wall (ion drift
side) was larger than on the bottom one. Hence maximum of the atomic flux poloidal distribution is
at the upper side wall. New measurements are required for the main PWI area at the center stack,
which are planned for the future work. '

Alf Kéhn::Microwave-plasma interactions in a low-temperature stellarator

Microwave heating is a widespread method to transfer energy to the plasma. While standard
electron cyclotron resonance heating (ECRH) is a well-established and understood technique, it can
only be applied if the plasma density does not exceed the cut-off density. If the latter is the case, the
plasma is referred to as over-dense and other microwave heating scenarios have to be considered.
This talk gives an overview about these scenarios with the emphasis on experiments carried out at
the stellarator TJ-K. The experiments are accompanied by full-wave simulations. They serve on one
hand to optimize the coupling to the plasma and on the other hand to understand some general
aspects of the plasma-microwave interactions. One of the heating scenarios, coupling to electron
Bernstein waves, is of special interest to the spherical tokamak and will therefore be discussed in
detail.



Roger Raman: CHI System Design and Plans on NSTX-U and QUEST

Transient CHI is the primary method to be used for solenoid-less plasma start-up on NSTX-U in a
planned scenario for full solenoid-free plasma start-up and non-inductive current ramp-up. This is an
important objective of the NSTX-U research program. The encouraging transient CHI physics
demonstration results from NSTX motivated us to proceed with the next step - that of examining
alternate, simpler, CHI configurations that may be much easier for implementation in reactors.
These exciting studies in a new CHI electrode configuration will be conducted on the QUEST ST.. For
implementation of CHI, one of the important requirements is that two coaxial electrodes must be
electrically separated from each other, and magnetic flux must connect these electrodes. Reference
[1] describes a possible installation concept on a ST-FNSF (Fusion Nuclear Science Facility). The CHI
electrode configuration on QUEST has many similarities to the second electrode configuration
described in Ref. [1]. A successful demonstration of transient CHI start-up on QUEST has the
potential to considerably simplify the implementation of CHI in future tokamak/ST-based devices. In
addition to testing the alternate electrode configuration, transient CHI studies on QUEST would
contribute to a number of near-term important physics studies, before these could be conducted on
NSTX. First, and the most important, is an assessment of the capability of the ECH system on QUEST
to increase the electron temperature of CHI initiated plasmas. This is a necessary and important step
to enable neutral beam current drive in CHI initiated targets. The second important study is an
assessment of the capability of an all-metal system to reduce radiative losses from low-z impurities
during the plasma start-up process. The QUEST device, which is equipped with reactor-relevant
technologies, is an ideal device for these important studies, which can lead to a simplification of the
ST and AT concepts [2]. The transient CHI seed plasmas may also provide an alternate plasma target
for RF studies. These are: (a) Low and high density plasma targets with density profiles different
from those generated in conventional RF discharges, and (2) biasing capability to alter edge density
conditions in conventional RF discharges. Finally, the development of steady-state CHI discharges
remains a long-sought goal of the helicity injection program, which requires metal electrodes and
ECH heating capability — both of which are part of QUEST capabilities. The QUEST device is now
configured with the CHI electrodes to support these experiments. The pulsed gas injection system
that is necessary to minimize the injected gas while ensuring reliable discharge initiation has been
built by the Univ. of Washington, and will be installed on QUEST during the upcoming outage. A 40kJ,
2kV capacitor based power system, and a voltage snubber system, similar to the ones used on NSTX,
has also been built by the University of Washington, and is at present being commissioned at the
QUEST facility. We anticipate initiating transient CHI experiments during the next QUEST run
campaign. The CHI system differences and similarities of the configurations on QUEST, NSTX-U and
the Vproposed ST-FNSF design will be discussed. The status of CH! hardware required for physics -
studies and a description of the plans for the first CHI experiments to be conducted on QUEST and
NSTX-U will be described.

fl] R. Raman, et al., Fusion Science and Technology 68, 674 (2015)

[2] R. Raman, et al., Journal of Fusion Energy 35, 34 (2016)
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CHI Commissioning | 21 March 2016

Schedule for CHI systems commissioning (March 22 - April 1)
Work completed is shown in grey color

March 22-23:
1. Install capacitor and ignitrons in capacitor bank, and prepare it for power testing,
Do not energize the high-voltage components.
2. Configure as follows:
a. Ignitron 1 - connected to 2 capacitors
b. Ignitron 2 - connected to 3 capacitors

March 24:
1. Morning - Go over the procedure to conduct initial hi-voltage tests into a dummy
load (do not energize high-voltage components)
2. Prepare all components needed for high-voltage testing
3. Inform Rogers-san on procedure to access Labview control signal (only a
ON/OFF signal is needed)

March 25:

1. Go over the high-voltage operating procedure, and test fire the capacitor bank at
low voltage (Manually at V < 1kV)

2. Testall control relays in the capacitor bank and the gas injection system using
the Labview ON/OFF signal. Rogers-san and Nagata-san to do this

3. Nagata-san (and Responsible person on QUEST) to make good notes, and take
photos of all internal components of the capacitor bank, and understand role of
different wires and relays inside the capacitor bank. Nagata-san to check the
tightness of all screws and bolts and nuts in the capacitor bank.

4. Discuss the safety issues and how to protect personnel

March 26: (Saturday)
If we are behind with the above schedule, work on Saturday to catch-up.

March 28:
1. Go over the high-voltage operating procedure one more time, and test fire the
capacitor bank into a dummy load at higher power (Manually, at up to 2kV)
2. Go over the details of the snubber hardware components, and work out the
procedure for installation on QUEST.
3. Go over the procedure for hi-potting the CHI hardware on QUEST

March 29:
1. Test parts of the gas injection system using the Labview controller
2. Test fire the gas injection valves using the Labview controller
3. Update the control logic
4. Discuss building larger gas injection plenum

March 30:
1. Test fire the capacitor bank using the Labview controller

2. Update the control logic

March 31 and April 1:
1. Contingency days and for QUEST personnel to become familiar with capacitor
bank and gas injection system operating and maintenance details.



" CHI Commissioning 21 March 2016

2. Continue to operate the gas injection system and the capacitor bank (at low
power) using the Labview interface and update the control logic

Remaining Tasks before CHI Operations on QUEST:

General

Discuss safety issues for cap bank.

QUEST side

Gas Systein:

Gas lines need to have insulating breaks. Could be fabricated out of PEEK insulator and
good for 4kV.

Does the TIV on the machine need remote control capability?

Snubbers and Voltage Monitors:

Housing is needed for the three snubbers. Put the snubber inside a plastic box, and put
the plastic box inside a metal box.

An adapter flanges is needed to connect the snubber to the current feed rods.

4 coax cables from each snubber (each about 1 m long) to be connected to this adapter
plate.

The adapter plate should also have a place to connect the fast voltage monitor.

A voltage monitor is needed at each current feed location. The signals from these
voltage monitors need to be archived by the QUEST data acquisition system. Required
frequency is >1MHz

It may de desirable to connect the current feed cables from the capacitor to this same
adapter plate.

The Analog output FOT channels C and D be adjusted, and their stability for drift over a
long period should be checked - to give 0.10V output at 0.10 input

U-Washington side
UW will build and ship 6 capacitor shorting resistors and install, it during next trip.

UW will build and ship 3 fast voltage monitors to be installed on the current feed rods

Figures attached in the next 2 pages
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Gas Injection
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The system is configured for connection
using RG217 coax cables to reduce the
inductance.

These components should be put inside a
box, which should be located as close to the
current feed connection point as possible,
and the coaxial cables from the snubber
connected to the current feed rod, at each of
the three current feed locations.

If a metal box is used, then the components
should be at least 10 cm from the internal
walls of the box, and the walls on the inside
should have a plastic liner (~ 0.5mm thick)
between the snubber and the internal metal
surfaces. This is to make it more difficult for
the voltage appearing on the snubber from jumping to the metal box.

Snubber Design

Gas injection plate

Electrode Panel

Divertor plate

B Y

| [z

[ g | [ o | i 1]
% ] Electrical Feedthrough
] = = N =
W= |

\ When fabricating this plate, please make it
Total 5 RG217/U slightly larger, and add connection points
cables? (AL for two (2 more) Coaxial cable connection.

1T

These connection points will be used to
attache a small noise-abserbing snubber
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Research subject: Joint study of long pulse high beta discharges and related egde

turbulence transport in steady state operation (SSO) plasmas on QUEST and EAST

Introduction
Steady state operation (SSO) of tokamak plasma is one of the basic requirements for
future fusion reactors. Long pulse high beta operation is one of important missions for
ITER. The mission of QUEST is to develop the scientific basis for achieving a steady state
condition at sufficiently high beta (~20%), with high confinement and low collisionality.
QUEST is a Sperical tokamaks(ST) which has the possibility to realize cost-effective fusion
power plants because of High beta is the indispensable target. The mission of the EAST
project is to study the physical issues involved in steady state advanced tokamak devices.
Long pulse operation is directly related to' ITER technology and operation. ITER-like
divertor geometry and target structure has adopted to minimize the leakage of neutrals to
the main chamber. Joint study long pulse high beta discharges in SSO plasma research field
on QUEST and EAST is strongly supporting ITER experiment from both experience and
theory. In addition, turbulence driven transport plays an important role in long pulse high
beta plasma with SSO. In QUEST, the combination diagnostics of radial probe (Langmuir
probe in ﬁ]id—plane), divertor probes and fast camera is a powerful tool to study the edge
turbulence (blobs, filaments) transport. In EAST, type I and type IIIl ELMs and filaments
has been observed in H-mode long pulse discharges. So joint study of transport on QUEST
and EAST will provide some key understandings for SSO. And also, there are many other
correlated branches of long pulse high beta SSO on QUEST and EAST, exploration study
on new effective diagnostics and related confinement and transport issues with SSO is also
meaningful.
The major motivation of this project is to realize SSO plasma, based on QUEST and
EAST device. In 2015, this subtheme pursued in long pulse high beta discharges and reiated
egde turbulence transport in SSO plasma on QUEST and EAST. Comparsion and
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combination study of the results were done on both devices. The edge turbulence transport
by blobs, filaments and ELMs has been observed in QUEST and EAST. To study the edge
turbulence transport mechanism and how to control and suppress them is a crucial issue for
long pulse high beta plasma in SSO on QUEST and EAST. Some results will be combined
with previously experimental results in QUEST and then compared with new ELMy
_ filaments results in long pulse high beta discharges of EAST tokamak. According to Prof.
Hanada anq Prof. Gao’s discussions and ideas, based on Mr.Hamada’s research work on
QUEST, a new subproject, calorimetric measurement of heat load in EAST and QUEST,
has been done and had a big progress in 2015. To achieve steady-state or long-pulse
operation, it’s important to investigate the power balance. Measurement of heat load and
researching of power balance in EAST and QUEST will provide crucial support for ITER
experiments. This subproject is also partly supported by the National Magnetic
Confinement Fusion Program of China with Contract No. 2014GB106000 (Prof. Gao). To
explorate joint study on new diagnostics and related plasma physics issues were also done
in process of this EAST and QUEST collaboration subject. Due to the abundant progress
and requirement of future research of this project, this joint research is hence advised to
divide into two joint study subject in next year: (1) Joint study of high beta discharges and
power balance in steady state operation (SSO) plasmas on QUEST and EAST; (2) Joint
study of effective diagnostics and confinement and transport in steady state operation (SSO)

plasmas on QUEST and EAST.

Recently experimental progress in QUEST and EAST

As well known, ITER ‘hybird’ need external no inductive current, to prepare favourable
q profile; to sustain q profile on timescale required. Location must be compatible with
current and pressure profiles, i.e. off-axis CD required. In EAST, LHCD is one of key tools.
Of course, NBI, ICRF, New ECRH are also strong tools for new plasma scenario
development on EAST. A fully non-inductive scenario had been demonstrated on DIII-D

for EAST, as shown in Fig.1. In 2015 EAST experimental campaign, the operation regime
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was extended with 4.6GHz LHW+NBI, as shown in Fig. 2.. The new 4.6GHz LHW show
its higher capability on H&CD than 2.45GHz. Higher betaN with a broader current profile
is reached under NB H&CD.

$nol 154406 time: 5170.000:10.0 ms

o e : ¢ ' al’
il : 6k Safety Factor 45
04} | Bootstrap Pressure .3
g (10 Pa) 10
0.2} Beam 4 «—
0.0 2} 5
4
1 e s 5 NN . ccaccnnanns - 0 0
2 ----------------- I 5” - O kel b o Las R Y
B B, (%)
2
1
0
10.0
7.5} P (MM f
5.0} P (MW) - B,
2.5}- - .
2 G [ e 00 062 04 06 08 1
0 2 4 Timel(s) 6 8 Normalized p

Figure 1 A fully non-inductive scenario had been demonstrated on DIII-D for EAST (Dr. Qian's
presentation for discussions during this visit).
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Figure 2 Extension of plasma operation regime with 4.6GHz LHW +NBI (Dr. Qian'’s presentation- for
discussions during this visit).

In QUEST, Fully Non-inductive current drive experiments using 28 GHz and 8.2GHz
electron cyclotron waves had been developed successfully. As shown in Fig. 3., 54kA
plasma sustainment in low aspect ratio configuration by 28GHz injection was achieved.
Plasma current of 54 KA was non- inductively sustained for 0.9 sec by only 28 GHz

injection.The plasma shaping was almost kept for 1.3s. Non-inductive high current plasma
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start-up by 2nd ECH/ECCD has been demonstrated. Spontaneous density jump across the
cutoff density was observed in superposed 28 and 8.2 GHz injections. Ha intensity was kept,
magnetic axis Rax and minor radius a were slightly decreased in the density jump case.
Plasma current Ip was once decreased, but was recovered after the plasma shaping became
more stable, as shown in Fig.4..

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 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 3 54 kA Plasma Sustainment in Low Aspect Ratio Configuration by 28GHz Injection (Prof.
Hanada's presentation for discussions during this visit).
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Figure 4 Over Dense Plasma Sustainment by 28 /8.2 GHz Injections after Spontaneous Density Jump

(Prof- Hanada's presentation for discussions during this visit).

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. Current profile optimization or control is one of the key
issue for advanced scenario development. 4.6GHz LHW phase scan and earlier H-modes
show the capability to broaden current profile. 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 obtained, 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. Also the 11 Ch.s POINT data show
effective diagnostics for LHCD phase control for scenario development on EAST, as shown

in Fig. 6..



Faraday rotation angle resolution ~ 0.1° ,
Density resolution ~10'm3, (2MW NBI shot)
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Figure 5 Initial results for current profile by POINT (Dr. Liu's presentation in QUEST building during

this visit ).
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Plasma confinement degeneration during long-pulse discharge could be caused by
increment of first wall temperature then boundary recycle enhance. So water cooling of
PFCs is important to achieve high parameter and long-pulse operation in EAST. The
cooling capability strongly depends on the distribution of the heat load to the PFCs, the
change of distribution of the heat load strong depends on plasma confinement .
Understanding of plasma parameters dependent on distribution of the heat load is in favor
of eextrapolating result to ITER. It’s certainly worth researching distribution of heat load of
PFCs in EAST with steady-state or long-pulse operation. Injected power should be
equilibrium with heat load brought by cooling water system. To achieve steady-state or
long-pulse operation, it’ s important to investigate the power balance. For SSO plasma,
recently research status was shown in Fig. 7.. Measurement of heat load and researching of
power balance in EAST ancl QUEST will provide crucial support for ITER experiments.
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Figure 7 Long pulse or SSO plasma (Mr. Liu'’s presentation in QUEST building during this visit ).

Mr. Hamada had done calorimetric measurement of direct loss of energetic electrons
on QUEST, as shown in Fig. 8.. Total heat load on MLs located in LFS is corresponding to
10% (5kW) of the inject RF power (50kW) and approximately constant, selectively heat
flows into MLs that is locally protruding plasma side. Additionally, heat load of the MLs is
due to the plasma which is strongly dependent on the magnetic field lines structure. Heat
load on MLs is not due to the bulk plasma as a result from that the distance between the
position of outermost magnetic surface and MLs, greatly accelerated energetic electrons at
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the resonant layer by RF injected hits the MLs directly. And visit EAST twice in this year,
to study the calorimetric measurement on EAST. After analysis EAST data,as shown in
Fig.9, Mr. Hamada think it is impossible to derive an absolute quantity of heat load result
from the wall temperature, so it is most important to inquire the Water-Cooling
System( control system of the flow rate and water temperature) on EAST. If design and
install thermoelectric couple and flowmeter on the water cooling tube, it is possible to
measure the Heat Load on EAST. That leads to understand the power balance on EAST
eventually. So an initial design was done for EAST, as shown in Fig. 10..

6.0 1 Heat Load of MDL = Heat Load of MML

MML

Plasma

®  R=1209Rmi239 mm

heat load of the MLs

1209 1214 1219 . 1224 1229 1239
major radius position of the MDL

Figure 8 Long pulse or S§0 plasma (Mr. Hamada s presentation when he visited in ASIPP).
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Figure 9 EAST calorimetric measurement data analysis (Mr. Hamada's analysis results when he visited
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in ASIPP).

= s

Figure 10 Design of thermoelectric couple and flowmeter on the water cooling tube on EAST (Mr.
Hamada's design when he visited in ASIPP).

Because measurement of heat load and researching of power balance in EAST and
QUEST will provide crucial support for ITER experiments. This subproject will be
~ supported by the National Magnetic Confinement Fusion Program of China with Contract
No. 2014GB106000 (Prof. Gao) in the next three years. The full detailed design, D part
construction and installation are being done by Mr. Liu. The research work is going well, as
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shown in Figure 11, 12. The joint study of QUEST and EAST will push this subproject
forward in the next collaboration.

Aﬂowmclct (not installed ) .= temperature sensor (installing )

g butterfly valve(installed )

Response time and precision of Platinum resistance(pt100) and thermocouple is
different. So install both of them in metallic bellows with experimental form.

thermocouple

Pt100

metallic bellows
Figure 11 D part detailed design and construction (Mr. Liu'’s presentation in QUEST building during

this visit ).
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Figure 12 D part construction (Mr. Liu's presentation in QUEST building during this visit ).



(# R 11 - 8250

Discussions

QUEST an& 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 high beta discharges, high performance (coﬁﬁnement and transport)
SSO operation. 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 scenario. Also the new joint subproject,
calorimetric measurement of heat load in EAST and QUEST, has been supported by two
part and will be started as a new collaboration research.

During this visit, several interesting topics are also involved in discﬁssions. Those are
“spontaneous rotation and flow reversal”, “hot wall installation and its impact to plasma”,
“Advanced Fueling CT injection on QUEST” by Prof. Hanada, “Particle-loss Control for
Making RF-induced Breakdown in QUEST’; by Mr. Yoneda, “The study of the colorimetry
to measure the deposition thickness on the plasma-facing wall in QUEST” by Mr. Wang.
Based on the fruitful communications, the abundant progress and requirement of future
research of this project, this joint research is hence advised to divide into two joint study
subject in next year: (1) Joint study of high beta discharges and power balance in steady
state operation (SSO) plasmas on QUEST and EAST; (2) Joint study of effective
diagnostics and confinement and transport in steady state operation (SSO) plasmas on

QUEST and EAST.

Acknowledgement and comments:

Work supported by the international joint research at the Joint Usage of Research
Centers for Applied Mechanics for 2015. We would like to thank oﬁr host, Professor K.
Hanada, who helps a lot during our staying at QUEST and very appreciate the useful
discussions and comments. It is a good chance for us to join in study in the QUEST. Also

Mr. Hamada, Mr. Yoneda and Mr. Wang are thanked for their helpful discussions. Ms.
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Funaki, Ms. Kono and Ms. Yamakuchi are thanked for their helps for this visit. We hope
that the international joint research at the Joint Usage of Research Centers for Applied

Mechanics could continue to enhance China-Japan cooperation on fusion plasma research

in the future.

(Signature)

(Name in print) Xiang Gao, Yinxian Jie, Haiqing Liu, Yukai Liu
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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 visiting started on 6" November 2015, when Mr. Liu gave a presentation to
introduce the désign, construction and installation of the thermoelectric couple and
flowmeter on the EAST water cooling tube. This collaboration is on going well and further
expeﬁments will be done on the EAST next campaign, when Hamada san will visit AéIPP
for one and a half months.

On the second day, Professor Hanada introduced “the recent progress on non-inductive
current drive and particle balance control towards steady-state operation on QUEST”. One
of the interesting observation is there is the slow oscillation with 20-30Hz in plasma current
in 28GHz + 8.2GHz non-inductive plasmas (shown in figure 1). This oscillation can be
detected by SXR measurement and is localized around the core plasma. And also this
oscillation was observed in.the line-integrated density. Then, Prof. Hanada suggested us

do the equilibrium analysis on this discharge.
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Figure 1 typical waveforms of a slow oscillation from 20~30Hz

After discussion, Mishra and I were heavily involved on the equilibrium analysis of
this discharge 22069. Firstly, Mishra helped download all magnetic data which were
required by EFIT. Then, at the very beginning, we checked all flux measurements with the
vacuum shots to get the error bars. Next, the statistic error bars were used as the inputs for
EFIT shown as the fitting weights. Finally, we optimized the flux loop data by switching on
and off signal in the input file. The time evolution of plasma current, R &Z position is

given in figure 2.
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Figure 2 time of evolution of discharge 22069
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Obviously, there is oscillation on the plasma current and the R position. The biggest R
oscillation is up to10cm, around 30% of the minor radius. Anyway, this looks in agreement
with the detection from other diagnostics. Note that more slices, like 5Sms, should be done
for the further comparison. And the most important thing is, following the different
collection of power supply, the mutual inductance prepared by EFUND should be updatéd.
In addition, an interesting thing is, Mishra, as a start began to compile EFIT on another PC.
And we discussed a lot how to compile the EFIT for QUEST.

During our stay, Dr. Liu and I gave two presentations, one is initial result of EAST
POINT diagnostic and another is scenério development for éteady state long pulse
. operation on EAST. More discussions about further cooperation between EAST and
QUEST were hot up. |

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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No. 8. Investigation of lidar backscattering properties of cirrus clouds for the retrieval of
microphysics

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 et al., 2010, Sato and Okamoto 201 1) 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 prove to be computationally expensive for
the ice crystals of cirrus clouds. Some new methods such as Pseudo-spectral time-domain
method (PSTD) (Ping Yang at al., 2013) and Invariant embedding T-matrix method (Bi et al.,
2014) were suggested but these methods prove to be capable to solve the problem for the ice
crystal of sizes up to 20 micrometers for the visible yet while the ice crystal sizes range from a
few micron up to millimeter. In particular, in two recent papers 1) Chen Zhou and Ping Yang,
“Backscattering peak of ice cloud particles,” Opt. Exp. v.23, 11995, 2015 and 2) Jiachen Ding,
Ping Yang, Robert E. Holz, Steven Platnick, Kerry G. Meyer, Mark A. Vaughan,Yongxiang Hu,
and Michael D. King, “Ice cloud backscatter study and comparison with CALIPSO and MODIS
satellite data,” Opt. Exp. v. 24, 620, 2016, these leading scientists confirmed that their algorithms
are not capable to calculate the light-backscattering from cirrus clouds and they needed to use
some artificial procedures to guess the backscatter used for interpretation of lidar signals.

The main obstacle for the abovementioned calculations was the large magnitude of the
ratio of (particle size/wavelength) that resulted in computationally expensive calculations.
However, there is a method that is practically independent of this ratio. This is the physical-
optics method. It was begun by Borovoi et al. in 2003 and then it had been improving for last
years. In particular, the algorithms of the geometric-optics and physical-optics methods have
been opened for free access and the approximations have been discussed in details in three recent
papers of 2015: 1) A.V. Konoshonkin, N.V. Kustova, A.G. Borovoi, “Beam-splitting code for
light scattering by ice crystal particles within geometric-optics approximation,” Journal of
Quantitative Spectroscopy & Radiative Transfer v.164, 175-183, 2015; 2) A.V. Konoshonkin,
N.V. Kustova, A.G. Borovoi, “Beam splitting algorithm for light scattering by atmospheric ice
crystals. Part 1. Theory, ” Optika atmosphery i okeana v. 28, 324-330, 2015 (in Russian); 3)
A.V. Konoshonkin, N.V. Kustova, A.G. Borovoi, “Beam splitting algorithm for light scattering
by atmospheric ice crystals. Part 2. Comparison with the ray tracing algorithm,” Optika
atmosphery i okeana v. 28, 331-337, 2015 (in Russian).



Simulations in 2015:

The RIAM team developed the lidar-radar algorithm that was applied to both CALIPSO
lidar and CloudSat data to retrieve ice microphysics. The algorithm can treat both the nadir
pointing CALIPSO period and the 3-degree-off-nadir pointing one. The scattering data bank
based on the physical optics methods and calculated by the IOA team was used and the look-up
tables for CALIPSO lidar for quasi-horizontally oriented ice plates (Q2D-plate) were created for
nadir- and off-nadir lidar pointing periods. However there were several uncertainties in the
retrieved ice microphysics. Major source was related to the treatment of ice particle orientation
and shape. The sensitivity studies in the retrievals were performed. The optical properties of the
quasi-horizontally oriented ice plates (Q2D-plate) calculated by the IOA team for nadir- and off-
nadir lidar pointing periods were added to the optical properties of randomly oriented crystals.
Though the inclusion of the quasi-horizontally oriented hexagonal ice plates improved the
retrieved microphysics of cirrus clouds, some uncertainties still took place.

To overcome this discrepancy, the IOA team has calculated the optical properties of the
randomly oriented ice crystals of irregular shapes where the pristine crystal shapes had been
distorted. It was shown that this distortion could drastically change the backscatter characteristics
like the depolarization ratio, color ratio, and lidar ratio widely used for interpretation of lidar
signals. The preliminary results are published in the paper: A. Borovoi, N. Kustova, and A.
Konoshonkin, “Interference phenomena at backscattering by ice crystals of cirrus clouds,” Opt.
Exp. v.23, 24557, 2015.

Results:

We conclude that there is a new important characteristics of the cloud microphysics called the
shape imperfectness degree that should be taken into account both in theory and observation
data. '

During the visit, Prof. A. Borovoi delivered two lectures at the RIAM seminars: "Light
scattering by nonspherical particles and its application to atmospheric phenomena” and
“Backscatter ratios for ice crystals of cirrus clouds."”

Joint publications:

1. Okamoto H., Sato K., Hagihara Y., Ishimoto H., Borovoi A., Konoshonkin A., Kustova N.
Evaluation of retrieval algorithms for ice microphysics using CALIPSO /CLOUDSAT and
EARTHCARE // 27th International Laser Radar Conference, New York, USA, 5-10 July, 2015.
2. Konoshonkin A.V., Kustova N.V., Borovoi A.G., Ishimoto H., Masuda K., Okamoto H.
“Comparison of the physical optics code with the GOIE method and the direct solution of
Maxwell equations obtained by FDTD,” Proceedings of SPIE. v.9680. CID: 9680 2M. [9680-6],
2015.

3. Konoshonkin A.V., Kustova N.V., Borovoi A.G., Okamoto H. “Coherent and incoherent
additions of light beams at solutions of the light scattering problem by use the beam tracing
method within the framework of physical optics,” Proceedings of SPIE v.9680, CID: 9680 2X.
[9680-33], 2015.

4. Konoshonkin A.V., Kustova N.V., Borovoi A.G., Okamoto H., Ishimoto H., Masuda K.
“Comparison of the backscattering matrices calculated by the physical-optics method with the
exact solution to the Maxwell equations by FDTD method,” Izvestija vuzov. Fizika v.58, Ne 8/2,
184-186, 2015 (in Russian).

5. Konoshonkin A.V., Kustova N.V., Osipov V.A., Borovoi A.G., Masuda K., Ishimoto H.,
Okamoto H. “The physical-optics method for solving the problem of light scattering by ice
crystal particles: comparison of diffraction equations,” Optika atmosphery i okeana v.28, 830-
843, 2015 (in Russian).
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Report of the Japan-Korea Joint Seminar on Regional Oceanography

Shin, Hong-Ryeol (Kongjyu National University, Korea)
Hirose, Naoki (RIAM, Kyushu University, Japan)

Aim of this seminar
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List of the presentation

Yeonju CHOI, Hyejin OK, Yign NOH (Yonsei Univ.)
The Relation between the Subgrid-Scale Vai'iability of Density Profiles
and the Mixed Layer Depth

Seongpil GANG, Hong-Ryeol SHIN (Kongju Univ.), Cheol-Ho KIM(KIOST),

Naoki HIROSE (Kyushu Univ.)

Effects of surface heat flux over the circulation of the East/Japan Sea

Daehyuk KIM, Hong-Ryeol SHIN (Kongju Univ.) _
Long Term Variation of Ocean Heat Content in the East/Japan Sea and
the Pacific

Jihoon LEE, Hong-Ryeol SHIN (Kongju Univ.), Tetsutaro TAKIKAWA

(National Fisheries Univ.), Naoki HIROSE (RIAM, Kyushu University)
Volume Transport through the Korea Straits Estimated from Seas
Level Difference and Current Data

Haejin KIM, Naoki HIROSE, Katsumi TAKAYAMA
Simulation of DO using a physical-biological coupled model

Sang Yeob KIM, Ho Jin LEE, Jae-Hun PARK, Yign NOH and Y. H. KIM
Effect of horizontal resolution on simulation the Subtropical mode
water in the North Pacific

Hyejin OK, Yign NOH
How is the OGCM affected by the sensitivity to stratification in the
ocean mixed layer model?

Tianran LIU, Bin WANG, Naoki HIROSE
High Resolution Modelling of Kuroshio across the Tokara Strait

Bin WANG, Naoki HIROSE, Dongliang YUAN and Jae-Hong MOON



Effects of tides on the cross-isobath movement of the low-salinity plume
in the western Yellow and East China Seas in winter
Eisuke TSUTSUMI, Takeshi MATSUNO (RIAM)
Observations of internal tides and turbulent mixing in a shallow
estuary, Ariake Sea
Satoshi NAKADA, Soto SUZUKI, Mitsuru HAYASHI, Shunichi
KOSHIMURA, Ei-ichi KOBAYASHI
Simulation of marine sediment resuspension and transport induced by a
giant tsunami in Osaka Bay
Tetsutaro TAKIKAWA (National Fisheries Univ.), Akihiko MORIMOTO,
Moeto KYUSHIMA, Kaoru ICHIKAWA, Masashi ITO, Kei YUFU
Fortnightly variation of the Tsushima Warm Current on the
continental shelf of the southwestern Japan Sea associated with
Internal tide.
Jae-Hun PARK, Chanhyung JEON and David FARMER
Observation of nonlinear internal waves in the South China Sea using a
2-D array of PIES
I1-Ju MOON, Joon Ho LEE, Ig-Chan PANG
On physical factors that controlled the massive green tide occurrence
along the southern coast of the Shandong Peninsula in 2008° A
numerical study using a particle-tracking experiment
Chul-hoon HONG, Akira MASUDA, and Naoki HIROSE
Upper Ocean Response to Typhoon, Focusing on ‘Rightward Bias”
Using an Ideal 3D Primitive Equation Numerical Model
Young-Ho SEUNG, S. J. KIM, H. S. KIM, and Y. C. PARK
Some features shown by long-lived surface drifiers traveling
through the East/Japan Sea and the Northwest Pacific
Tetsuo YANAGI
Development of Coastal Management Method to Realize the
Sustainable Coastal Sea
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Electronic properties of GaN doped with arsenic via MOCVD

Louis J. Guido
ECE and MSE Departments, 213 Holden Hall, Virginia Tech, Blacksburg, VA 24061
Email: louis.guido@vt.edu

Group III nitrides can be viewed as “defect semiconductors” in the sense that
concentrations of native point defects, residual impurities, and threading dislocations often
approach those of intentional dopants. This talk explores the extent to which isovalent doping
can mitigate the impact of such defects on the electronic properties of GaN. Previous work on
GaN thin films doped with P [1], As [2], In [3] or Al [4] will be reviewed briefly in order to
place into context findings reported herein on As-doped GaN. Samples were prepared by
OMVPE using TMGa, NH3, AsHs, SiH, and Cp,Mg as precursors, and H, as the carrier gas.
A 25 nm GaN nucleation layer was deposited at 550 °C followed by 1 to 4 um of uniformly
doped GaN grown at 1030 C. The AsHj pressure was varied over a wide range with the
reactor pressure held constant at 100 torr. In n-type GaN co-doped with As, Hall
measurements suggest a reduction in electronic compensation with the addition of AsHj to
the growth ambient. Peak electron moblility increases from 200 to 2350 cm?/Vs and the
temperature at which the mobility reaches its maximum value decreases from 175 to 100 K
(see Fig. 1). In addition, the defect-mediated yellow-band (2.15 eV) transition increases with
Si doping; however, co-doping with Si plus As causes a precipitous drop in its integrated
intensity. In the case of Mg-doped GaN, the most interesting trend with the addition of AsH;
to the growth ambient is a coupling between Mg concentration and As solubility. At the
highest Mg doping level, the As content is 100x larger than that found in material grown
without Cp,Mg at the same AsH; pressure. Theoretical work suggests that As incorporates on
Ga sites in p-type GaN forming double-donor antisite defects thereby making it difficult to
synthesize p-type material [5]. Notwithstanding this prediction, Hall measurements on
GaN:Mg+As yield hole density and mobility values comparable to those found in
conventional GaN:Mg (see Fig. 2). These experimental findings will be discussed within the
context of different physical models with particular consideration given to the possibility that
arsenic influences the native defect chemistry of gallium nitride.

[1] T. Ogino and M. Aoki, Jpn. J. Appl. Phys. 18, 1049 (1979).

[2] L. J. Guido, P. Mitev, M. Gherasimova, and B. Gaffey, Appl. Phys. Lett. 72, 2005 (1998).

[3] S. Yamaguchi, M. Kariya, S. Nitta, H. Amano, and 1. Akasaki, Appl. Phys. Lett. 75, 4106 (1999).
[4] J-K. Jeong, J-H. Choi, C-S. Hwang, H-J. Kim, and J-H. Lee, Appl. Phys. Lett. 84, 2575 (2004).
[5] C. G. Van de Walle and J. Neugebauer, Appl. Phys. Lett. 76, 1009 (2000).
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Report for 2015 RIAM International Joint Research Project

CFD prediction of unsteady aerodynamic and hydrodynamic
performances of floating offshore wind turbine

Purpose

.

The project aims to integrate the work already carried out at SITU in the field of CFD simulation of
offshore floating wind turbine flows with the work performed at RIAM in the area of offshore renewable
energy. The successful complement of this project will provide (a) a useful database to other relevant people
in the field qf offshore floating wind turbine for calibrations, validations & comparisons; (b) an integrated
simulation with experimental tool to better understand the hydrodynamic and aerodynamic behavior of
offshore floating wind turbine. The joint research will further this state-of-the-art scientific knowledge in a
broad range of offshore engineering application. In addition the project contributes to the technical training
of graduate students and prepares them to be active participants in the multi/inter-disciplinary workforce of
the future.

Research Plan

(1) Carry out collaborative research between SITU and RIAM, in the area of advanced modeling of
unsteady hydrodynamic and aerodynamic forces interacting on offshore floating wind turbine, to
provide a benchmark for validation and comparison of various analytical, simulation and experimental
models on the study of the floating offshore wind turbine problem.

(2) Evaluate the system’s responses of 6DOF motions, which are excited by both wave and wind under

various conditions as well as the rotation of blades.

' The members involved in this collaborative research are shown in the following table.

Researcher’s Name Name of Ufliversity Present Status or Grade Researcher role
or Institute (graduate students)

Decheng Wan SJTU Professor Representative person (CFD)
Ping Cheng SITU PhD student Co-researcher (CFD)
Jianhua Wang SJTU PhD student Co-researcher (CFD)
Pengfei Li | SITU | Master student Co-researcher (CFD)
Makoto Sueyoshi RIAM Assistant professor Co-researcher (experiment)
Cheng Liu RIAM Posdoc Co-researcher (CFD)
Changhong Hu RIAM Professor RIAM Attendant
Decheng Wan SJTU Professor Representative person (CFD )




Summary of Collaboration Research

In 2015, an unsteady actuator line model (UALM) has been developed and applied to a SMW floating
offshore wind turbine (FOWT). This model is implemented into two-phase fluid CFD solver,
na0eFOAMSITU. The goal of this study is to investigate the interaction of the aerodynamic loads and the
platform motion within acceptable time cost. A semi-submerged floating platform conceptualized in the
Offshore Code Comparison Collaboration (OC4) has been considered. Two kinds of full-system simulations
with different complexity have been performed. First, the wind forces are simplified into a constant thrust;
second, the fully coupled dynamic analysis with wind and wave excitation is conducted by utilizing the
UALM. The UALM was verified first by comparison with previous study. Based on the results, the
aerodynamic loads and coupled responses for cases of different complexity have been discussed.

Publications related to this joint research project are as follows.

1) Ping Cheng, Decheng Wan and Changhong Hu, Unsteady Aerodynamic Simulations of Floating
Offshore Wind Turbines with Overset Grid Technology, Submitted to Twenty-sixth (2016) International
Offshore and Polar Engineering Conference, Rhodes(Rodos), Greece, June 26-July 2, 2016. (Accepted)

2) Pengfei Li, Decheng Wan and Changhong Hu, Fully Coupled Dynamic Response of a Semi-submerged
Floating Wind Turbine System in Wind and Waves, Submitted to Twenty-sixth (2016) International
Offshore and Polar Engineering Conference, Rhodes(Rodos), Greece, June 26-July 2, 2016. (Accepted)

As an important event of this international joint research project, a workshop was held on December 7-8,
2015. The work shop, ‘International RIAM Symposium on Ocean Renewable Energy Technologies and
Related Fluid Dynamics Researches’, was co-organized by another RIAM joint research project, ‘RIAM
Research Workshop of Designated Joint Research Project on Development of Floating Marine Renewable
Energy Systems’.

The research budget provided for this international joint research has been used to support travel expenses
of the following 3 scholars to the workshop.

1. Decheng Wan, Professor of Shanghai Jiao Tong University, China
2. Zhigiang Hu, Associate Professor of Shanghai Jiao Tong University, China
3. Kangping Liao, Associate Professor 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.



PROGRAM

Date: December 7-8, 2015
Place: W601, RIAM, Kyushu University

7 December (Monday)

13:00 - 13:10

Opening Address

Changhong Hu (RIAM, Kyushu University)

13:10-13:50

Keynote Lecture

Observation and Experiment of Bio-Fouling Effects on Tidal Power Generators

Yusaku Kyozuka (Kyushu University)

13:50 - 14:20

Invited Lecture

Tidal Stream Measurements for the Water off the Cape Fuguei for a Potential Power
Generation Site '

Cheng-Han Tsai (National Taiwan Ocean University, Taiwan, R.O.C.)

14:20 - 14:50

Invited Lecture

Duct Application to Tidal Current Energy Power Convertor

Chul H. Jo (Inha University, Korea)

14:50 - 15:00

Coffee break

15:00 - 15:30

.Numerical Investigation of Coupled Floating Offshore Wind Turbine System in Wind and

Waves

Decheng Wan (Shanghai Jiao Tong University, China)

15:30 - 16:00

Model Test Research on Spar-Type Floating Wind Turbine

Zhigiang Hu (Shanghai Jiao Tong University, China)

16:00 - 16:30

Hydrodynamic Performance of the FOWT-WEC Coupiing System

Kangping Liao (Harbin Engineering University, China)

16:30 - 17:00

CFD Simulation of a Tidal Current Farm

Cheng Liu, Changhong Hu (Kyushu University)

17:060 - 17:30

Time-Domain Calculation of Hydrodynamic Forces on a Floating Platform of
Complex Geometry for Renewable Energy Utilization

Yuichi Ashida, Masashi Kashiwagi (Osaka University)

17:30 - 18:00

Utilization of Hydrofoil to Improve Propulsive and Seakeeping Performance of a Ship '

Hiroshi Isshiki (Inst. of Mathematical Analysis)




8 December (Tuesda

9:30 - 10:00

Invited Lecture

Development of Wind Energy Systems and Future Trends

Peter Jamieson (University of Strathclyde, UK)

10:00 - 10:30

| Invited Lecture

Retrospect and Development of Classical Rotor Theories in Context of Making Torque from
Wind :

Valery Okulov (Technical University of Denmark, DK)

10:30 - 11:00

Power Augmentation Methods for the Wind Solar Tower

Tomo Nagai (Kyushu University)

11:00 - 11:30

Performance of Clustered Diffuser Augmented Wind Turbines

Uli Goeltenbott (Kyushu University)

11:30 - 13:00

Lunch

13:00 - 13:30

Development of an Ocean-Current Turbine at OIST

Katsutoshi Shirasawa, Junichiro Minami,Tsumoru Shintake (Okinawa Institute of Science and
Technology), Hidetsugu Iwashita (Hiroshima University)

13:30 - 14:00

Hydro-VENUS: Pendulum-Based Tidal Energy Converter

Shinji Hiejima (Okayama University)

14:00 - 14:30

Observation and Numerical Simulation of Tidal Current around Amami-Oshima in Relation
to Tidal Power Generation

Ritsuki Kunisato (Sanyo Techno Marine), Tohru Yamashiro (Kagoshima University)

14:30 - 15:00

Currect Influence on Hydrodynamics and Motions of FOWT in Waves

Yasushi Higo, Hidetsugu Iwashita, Kyohei Kajino, Akihide Koya (Hiroshima University)

15:00 - 15:30

Research on Structural Analysis of a Floating Structure Equipped with Wind-Lens Turbines
using Shell Element

Yoshikazu Tanaka (Hiroshima University)

15:30 - 16:00

Initial Structural Design of a Triangular Floating Structure with Three Wind-Lens Turbines

Yukitaka Yasuzawa, Shunsuke Otsubo (Kyushu University)

16:00 - 16:10

Closing Remarks

Hidetsugu Iwashita (Hiroshima University)
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Proposal title : Cold Crucible Czochralski
Acronym: 3CZ
. Scientific partners: SiMaP France/ RIAM Japan

Context

High added value and innovative semiconductors and oxides are elaborated from methods like
Czochralski, Bridgman or floating zone. These techniques are widespread for silicon or sapphire
crystallization for instance but they generally suffer from the very same disadvantage: the
presence of a hot and consumable crucible. In order to improve and optimize industrial
processes, weaknesses of using disposable containers should be addressed:

0 Economic impact: high purity silica crucible used for silicon crystallization. As silica containers
can only be used once, due to irreversible damages associated to cristobalite (Do to B ) phase
change transitions, they severely impact the cost of the devices and equipment derived from the
crystals, such as PV cells, scintillators, lasers, etc.. Likewise noble and refractory metal
containers used for oxide processing have a strong impact not only on the final cost but also on
the reliability of the process.

O Contamination effect: a contamination of Si by iron, aluminum, oxygen, nitrogen and/or carbon,
of sapphire by Mo or C, that are major constituents of the crucible and of the coating is
unavoidable with today crystallization techniques. Often these impurities precipitate and destroy
the single crystallinity and the electrical properties in the Si case of the final product.

O Environmental and cycle of life issues: contaminated parts of ingots - besides the cost of the
raw material - should be discarded to fulfill industrial requirements. Recycling this type of
polluted materials can be tricky and costly. Most often recycling consists in using them in lower
value applications, which is detrimental for the financial yield. Furthermore, the matter coming
from used crucible can hardly be recycled.

Expected benefits

Regarding C, contamination will also come from the furnace parts, since it is widely used for
resistors, susceptors and insulating graphite felts. The content of light elements in Si is
determined by exchanges between these components and Si either by direct contact or through
the furnace atmosphere. Precipitates of SiC or SigNg4 in the liquid or at the crystallization

interface can occur. Depending on their size and concentration such precipitates can cause
problems during the wafering step, induce a degraded crystallization microstructure, or
constitute electrical shunts at the p-n junction of PV cells. In the case of oxygen it is even
necessary to avoid the formation of the “boron- oxygen® (BO) complexes which are responsible
for the light-induced degradation (LID) of the carrier lifetime and the solar cell efficiency'. For a
given doping level, reducing oxygen contamination is currently the best way to control this type
of degradation especially that the achieved record cell efficiency (> 22%) are mainly
accomplished using oxygen free Fz wafers. In addition, in microelectronics, oxygen raises
structural problems with oxygen induced stacking faults and the precipitation at vacancies
defects. Oxygen contamination appears as a strong limitation of silicon wafers performance.
" Although ultra-pure silicon and gases are employed, the silica crucible remains a permanent



source of oxygen that cannot be avoided with theses classical processes and should be
mastered in order to allow a major breakthrough in silicon wafers performance.

Likewise, sapphire ingots face problems due to the presence of molybdenum or tungsten: in
presence of oxygen traces, metallic crucibles enhance carbon transport and thus pollution of the
alumina bath (micro bubbles). Platinum acts as a detrimental substitutive element for
superconducting oxides®. Conductive and optical properties are dramatically decreased due to
non- controlled contaminations. Quite often pulling oxide single crystal from the melt under
stationary stable regime remains complex. Attempts have been made to scale up the
Czochralski and Bridgman processes to grow large boules but the inherent properties of oxide
crystals make them difficult to produce with a high enough defect-free optical quality. Hot
crucible is possible to be damaged during the process. So by using cold crucible (3Cz), it is a
good way for charge container security. The main challenge in this project is in the improvement
of large size and controlled high quality crystals by improving the crystal growth process through
the usage of re_usable cold crucible in order to reduce the defects density.

3CZ ambition

Replacing hot and polluting containers by cold crucibles provides a major breakthrough in the
processing of advanced materials. Intrinsic assets of cold crucible are of first interest to
crystallize single crystals: as the crucible wall remains at a temperature close to room
temperature very little contamination can be expected from the container. Eventually a solid skull
will be formed between the molten matérial and the wall providing an efficient diffusion barrier.
As a consequence contamination of the melt from the crucible can be dramatically reduced,
ensuring an efficient way to produce very pure crystals with a high material throughput and good
mechanical properties. Given a proper maintenance a cold crucible can be re-usable on a very
long term, providing both reliability and significantly reduced waste matter for crucibles.

In current hot crucibles, even under induction heating the electromagnetic stirring is generally
weak due to the screening effect. Homogeneity of the molten bath can hardly be enhanced,
which is detrimental for doping homogeneity. of pulled crystals. In contrast, with cold crucibles,
the composition homogeneity of the molten bath should benefits from the efficient and adjustable
-electromagnetic stirring due to induction coupling, even in the case of oxides that are electric
conductors in the liquid state. Thanks to the stirring, lower grade materials should eventually be
employed to grow crystals, addressing cheaper and less restrictive raw materials. As doping
level is of prime importance for electrical and optical properties, doping homogeneity is a strong
requirement, yet tough to fulfill, playing on the mater throughput of a process. 3CZ method is a
particular asset for high efficiency n-type silicon crystallization and has a strong potential for high
material productivity. '

3CZ scientific and technological challenges

Very interesting scientific and technological challenges rise from the use of cold crucibles in the
purpose to grow single crystals, especially to tune electromagnetic system for crystal pulling:
temperature gradients, stirring, and shape of the interface have to be controlled while ensuring
stability. So far, single crystal pulling from a cold crucible appears to have been poorly
investigated. Only very little literature’, mainly addressed to silicon crystaliization®, is dedicated
to this particular growth process. However the feasibility of pulling a dislocation free single
crystal was demonstrated, though on a small laboratory scale (60g of molten silicon, 15mm in
diameter for the grown ingot). To go further, in this project:



. O Advanced numerical modeling will be used to investigate temperature gradients,
interface shape and doping homogeneity and eventually growth instabilities; O

' 0 Crystallization of selected model materials (silicon, sapphire) is planned to be
investigated from an experimental point of view with a strong coupling with structural
characterizations and numerical modeling; O

O From a technical point of view the low electrical conductivity for oxides and
semiconductors at room temperature generally deprives from direct coupling. Alternative
ways of pre- heating have to be implemented (frequency adaptation, pre-heater...) in
order to achieve the melting; O

O Industrialization is planned to be addressed by evaluating the capacity of
adaptation of several industrial solutions for this purpose, as well as cost evaluation and
an anticipation of industrial needs or requirements. Comparison between regularly grown
CZ crystals with cold crucible grown crystals is eventually planned to assess the quality
of the processed ingots and feasibility of using lower grade raw material will also be
evaluated.The processing of high performance materials needed for semiconductors,
photovoltaic and optics suffers from a chronic disadvantage due to the presence of
polluting, costly and hardly recycled containers. Suppressing this major drawback should
allow providing better material at constant cost or, based on lower grade raw materials,
cheaper material with equivalent quality. From this point of view implementing cold
crucibles in such processes should provide industrial levers to dramatically reduce
downgraded or discarded raw materials suppress wastes due to partial crucible recycling
and improve final performance as well as process reliability. Particular concerns rose
recently from civil society about improving and strengthening industrial competitiveness
while lowering environmental impact of industrial processes, especially for raw materials
wasting and energy consumption. Suppressing costly consumables not only is an
efficient way to optimize processes but to dramatically improve the competitiveness. This

- is a relevant way to give back a powerful lever to industry in the field of advanced
materials for electronics, photovoltaics and optics. O

3CZ scientific consortium

The ambition of the project 3CZ is to join the efforts of two groups acting in the field of materials
science from liquid phase, in order to address and solve both scientific and technical issues
raised byOsingle crystal growth from a cold crucible. Expertise in electromagnetic processes and
numerical modeling are provided by SIMaP. Expertise in silicon single crystal growth and
numerical modeling are provided by RIAM. The complementarity of the gathered competences
between these two partners is a strong asset to conduct successfully the 3CZ project.

References:

[1] Schutz-Kuchly, T.; Veirman, J.; Dubois, S.; Heslinga, D. R., Light-Induced-Degradation effects in boron—
phosphorus compensated n-type Czochralski sflicon, Applied Physics Letters, vol.96, no.9,
pp.093505,093505-3, Mar 20100



[2] Bletskan, Determining residual impurities in sapphire by means of electron paramagnetic resonance and nuclear
activation analysis, Technical Physics Letters 34(7),612-614, 2008 O

[3] Ciszek, Some applications of cold crucible technology for siiicon photovoltaic material preparation, Journaj of
the Electrochemical Soclety 132(4), 963-868, 1985

[4] Ciszek, Growth and Properties of (100) and (111) dislocation free silicon crystals from a cold crucible, Journal of
Crystal Growth 70, 324-329, 1984 O ,
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Short Period Superlattices of Nitride Semiconductors.
Interesting physics, difficult realization
Tadek Suski

Institute of High Pressures Physics, UNIPRESS, 01-142 Warsaw, Poland

Fabrication of short-period mInN/nGaN, mGaN/nAlGaN, and nGaN/mAllnN
superlattices (SPSLs) consisting of small numbers of monolayers (MLs) m and n, is one
possible way to perform band gap engineering in the wide range of spectrum, from’ deep
ultraviolet to infrared. Beside of various potential applications an interesting physics
motivated many groups to calculate electronic structure of such compounds. Presence of built-
in electric field due to spontaneous and piezoelectric polarizations make possible to tune
significantly band gap of the considered structures inducing even the band gap closing. In the
first part of the seminar I will concentrate on illustration of these effects taking into account
hybridization of the wave functions of the quantum wells and barriers, built-in electric field
and lattice mismatch. Bond length modifications, asymmetry of charge distribution and
magnitude of internal electric field obtained from ab-initio calculations will be presented.

In the second part of the Seminar, I will concentrate on epitaxial attempts to grow
these short period superlattices. In case of GaN/AlGaN, and GaN/AlInN SPSLs theoretical
predictions of band gaps and optical studies of luminescence seem to agree. Whereas large
discrepancies between theoretical calculations and experiment have been reported for
mInN/nGaN. Important difficulties in obtaining mInN/nGaN were pointed out two years ago.
Detailed transmission electric microscopy studies have revealed that instead of structures
consisting of InN/GaN superlattices the InyGa;.xN/GaN ones (with x between 0.2 and 0.33)
have been achieved. It is very likely that large lattice mismatch and differences in
decomposition temperatures of GaN and InN are responsible for the observed effects. Ideas
applied to make an increase of the In amount in InGaN/GaN SPSLs will be discussed in the
final part of the seminar.
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Novel CFRP Adhesive Joints and Structures for
Offshore Application

M. R. Abusrea, Shiyi Jiang, Dingding Chen, Kazuo Arakawa

Abstrace—Novel wind-lens turbine designs can augment power
output. Vacuum-Assisted Resin Transfer Molding (VARTM) is used
to form large and complex structures from a Carbon Fiber Reinforced
Polymer (CFRP) composite. Typically, wind-lens turbine structures
are fabricated in segments, and then bonded to form the final structure.
This paper introduces five new adhesive joints, divided into two
groups: one is constructed between dry carbon and CFRP fabrics, and
the other is constructed with two dry carbon fibers. All joints and
CFRP fabrics were made in our laboratory using VARTM
manufacturing techniques. Specimens were prepared for tensile testing
to measure joint performance. The results showed that the second
group of joints achieved a higher tensile strength than the first group.
On the other hand, the tensile fracture behavior of the two groups
showed the same pattern of crack originating near the joint ends
followed by crack propagation until fracture.

Keywords—Adhesive joints, CFRP, VARTM, resin transfer
molding.

I. INTRODUCTION

OMPOSITE materials have high stiffness-to-weight and

strength-to-weight ratios, and have been used for many
applications including aerospace, automotive, and wind turbine
structures [1], [2]. The wind-lens, a curved ring around the
turbine blades, is manufactured from six identical parts joined
together to form the final structure. Consequently, its
performance depends not only on material properties but also
on the joining technique. As such, structural integrity depends
critically on the efficiency of this technique. Composite
structure connections depend on many factors such as size,
design, available technology, and logistical limitations [3],
[10]. Therefore, the performance and failure modes of different
joint types, including composite-to-composite [4]-[6] and
composite-to-other materials [7]-[9], have been extensively
studied both numerically and experimentally.

Bonded joints have mechanical advantages over bolted joints
because fibers are not cut, and stresses are transmitted more
homogenously. However, the strength and durability of bonded
joints strongly depend on various factors such as surface
preparation, joint-end configuration, fiber angles, overlap
length, and process parameters [10], [11]. Because the interface
is usually, the weakest part of a structure, most reported
methods have aimed to improve the strength of the adhesive or
adhesive—composite interface. However, if the adhesive or
adhesive-composite interface can be avoided altogether, the
strength could be further improved.

This paper introduces various adhesive bonded joints, made

Mahmoud Ramadan Abusrea is with the Kyushu University, Japan (e-mail:
mahmoud.r.abusrea. 127@s.kyushu-u.ac.jp).
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of Carbon Fiber Reinforced Polymer (CFRP), for use in
offshore wind-lens structures. The main objective of this work
was to develop high-strength joint applicable to offshore
wind-lens structures. The strengths of five joints were assessed.
All joints and CFRP material tested in this study were made
using a technique developed from the Vacuum-Assisted Resin
Transfer Molding (VARTM) process.

II. EXPERIMENTAL WORK

The composite material was CFRP, consisting of a carbon
fabric hardened with a resin. All CFRP fabrics were produced
using VARTM. The entire process comprised three steps:
fabricating a vacuum package, infusing the resin and molding.
The structure of the vacuum package used in the experiment is
shown in Fig. 1 (a). A solid mold, covered with a piece of peel
ply, was used. Four layers of stitched unidirectional
carbon-fiber fabric (from Saertex GmbH & Co. KG, the carbon
fiber is TENAX STS, the stitching material is PES) with 30 cm
in length were laid on the peel ply and then covered by another
piece of peel ply. The horizontal diréction of Fig. 1 (a) was the
fiber direction. A small piece of distribution medium, a kind of
mesh, was placed on the peel ply to promote the flow of resin.

The inlet for infusion, which was composed of a rubber
connecter and a segment of spiral tube, was positioned on the
distribution medium. The vent for air and excess resin
elimination was positioned on the other side of the inlet. Both
inlet and vent were composed of a rubber connecter and a
segment of spiral tube. Since inlet and vent considered very
critical points in the entire process, they are tightly sealed by
the sealant tape. Finally, the entire package was enclosed in a
vacuum bag and sealed with tape. Fig. 1 (b) shows a picture of
the adopted structure. After establishing a vacuum, degassed
resin was infused from the inlet. After 40 min, the inlet was
closed, and the vent was left open until the resin was cured. An
epoxy resin that could be cured at room temperature (XNR/H
6815, supplied by Nagase & Co., Ltd.) was used in the
experiment. The initial viscosity of the resin at 25°C was 260
MPa s. When the resin was cured completely (about 24 h later),
the CFRP laminate was removed from the mold. The thickness
of the plate was about 2 mm.

Joint strengths were evaluated via tensile testing using
standardized test specimens [1]. Fig. 2 shows the dimensions of
the specimens; the total length was 250 mm and the width was
10 mm. Pairs of GFRP tabs were used to reduce the stress when
holding each specimen. All specimens are tested using
SHIMADZU DSS-5000 universal testing machine. Fig. 3
shows the setup used for the current tensile test. The specimen
was fixed between the machine’s jaws, and the load-time data

1079 scholar.waset.org/1999.2/10002889
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was recorded through a load cell mounted on the upper jaw. A
real time camera connected to PC was mounted to record the

deformation of the specimen during the loading.

Distribution Medius
Yacuun Bag

Vent

Flow direction
T e it (vacuun)
—_—

SURASE———

Peel Ply

(a)

Peel ply

(b)

Fig. 1 (a) A schematic view of the VARTM process used in this work
and (b) Picture of adopted VARTM process

The strength of the original CFRP was measured, and used as
a reference for the strength of subsequent joints. Five joint
types were tested, divided into two groups. One was
constructed using dry carbon fabrics and CFRP. In this group,
the CFRP half of the joint was manufactured first, and then
re-molded again with dry carbon fabric. Fig. 4 shows types 1
and 2 of the first joint group. The left half of both joints was a
stepped CFRP portion that had been molded, and the right side
represents a dry carbon fabric. We used these to investigate the
effects of the number of steps connected to dry carbon fabrics,
and therefore the major difference between the two joints is the
number of CFRP steps.

Jmom 2 mp
T '—_—SiT e
(el 0 or 80 | ]

| 250 mm

Fig. 2 The standard specimen dimensions used for tensile testing

CFRP specimen

Fig. 3 Tensile test setup for the current work
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Fig. 4 Joint group 1: (a) staircase joint-1, and (b) staircase joint-2

The second group was constructed with two dry carbon fiber
halves; thus, the whole joint was made in a single step. Fig. 5
shows types 3, 4, and 5 of the second joint group. These joints
were named laminated joint-1, laminated joint-2, and
multi-overlapped joint, respectively.

Fig. 5 Joint group 2: (a) laminated joint-1, (b) laminated joint-2, and
(d) multi-overlapped joint

3 +
O Malrcase joint-1

| mStalrcare joint-2

| Dlaminated joint-1

25
Blaminated joint-2
BMulti-overlapped joint

B Jointles CFRP

Tensile load, KN
-

Fig. 6 Tensile strengths of the joints and the original CFRP material

III. RESULTS AND DISCUSSIONS

Fig. 6 shows the tensile strengths of the five joints, and the
original CFRP. A tensile load of 34 kN was recorded for the
CFRP, indicating that the tensile strength along the fiber
direction was 1.7 GPa.

The lowest joint tensile strength recorded was for staircase
joint-1, with a measured strength of 8.8 kN (26% joining
efficiency). However, the strength of the other staircase joint,
staircase joint-2, was significantly higher (14.3 kN; 42%
joining efficiency), and this is in agreement with previous

scholar.waset.org/1999.2/10002889
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studies that have suggested that joining carbon fabrics and
CFRP fabrics results in low strength [1]. This behavior can be
attributed to two factors. First, resin residue on the CFRP
surface before joining can act as an insulator. Second, the
absence of overlap contact in these joints reduces the contact
area, resulting in a weaker joint [10]. On the other hand,
staircase joint-2 achieved a much higher strength than joint-1.
This is attributed to the three fiber layers in that joint type that
contact the CFRP part, three times more than the number of
layers in joint-1. Hence, joining dry carbon fabrics together
resulted in generally higher strengths. The laminated joint-1
had a tensile strength similar to that of staircase joint-2, with a
measured strength of 14.7 kN. This can be attributed to the
absence of overlap contact between the two halves in laminated
joint-1, which reduces the strength and promotes crack
propagation near the joint ends. The introduction of overlap
areas not only increases the contact area, but also increases joint
thickness. On the other hand, the remaining two joints were
much stronger than the previous four joints. Laminated joint-2
and the multi-overlapped joint had tensile strengths of 26.8 kN
(79%) and 28.8 kN (85%), respectively. These two joints
performed similarly, with the major difference being the greater
thickness of the multi-overlapped joint-2, which could be the
reason for the higher observed strength. Lobel et al. [10]
constructed CFRP joints based on stainless pins, which resulted
in a high joining efficiency of 83%. However, the
metal-to-carbon fiber contact caused galvanic corrosion of the
carbon fabrics, weakening the structure over time [12].

Fig. 7 shows a typical tensile load-displacement diagram
combined with images that show the deforming specimen of the
staircase joint-1. In staircase joint-1, an initial crack occurred
near the end of the joint, which reduced the gradient of the
load-displacement curve. This resulted in a linear relationship
between the tensile load and displacement. As the load
increased, the crack size also increased until the specimen
ultimately fractured. As noted, the initial cracking occurred at
the end of the joint. This behavior can be explained as follows.
In staircase joint-1, when joining the CFRP with carbon fabric,
two separation lines were formed on both surface sides (Fig. 8).
These two lines were filled with resin after joining, and the
crack initiated at these lines at the beginning of the tensile test.
As the tensile load increases, the shear stress in the contact area
increases and this causes relative motion between the CFRP
portions. This leads to the enlargement of both separation lines
and hence crack propagation. The failure patterns were also
investigated for other joint types. Fig. 9 shows a typical tensile
load-displacement diagram for multi-overlapped joint-2. Two
cracks appeared near the joint ends, due to the accumulation of
stress in these zones, which apparently caused a gradient
change. Then the cracks propagated until specimen fracture.
Fig. 10 shows a schematic drawing of the multi-overlapped
joint-2. The possible zones of fracture are near the joint ends,
where there is an accumulation off stress.

There are seven failure modes, including but not limited to
the separation of the interface between the adhesive and
composite, de-lamination within the composite, and a mixture
of these two modes [13]. Micromechanical investigations have
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revealed different dominant failure modes under tensile and
shear loads [5]. In addition, the strength of the interface
between the adhesive and composite at a joint is a key factor
determining the failure mode and the strength of a structure. In
the present study, both staircase joints 1 and2 showed
separation of the interface, whereas joint group 2 showed a
mixture of failure modes.
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Fig. 7 A diagram of typical tensile load-displacement, with images for
staircase joint-1
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Fig. 9 Typical tensile load-displacement diagram with images for a
multi-overlapped joint
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Fig. 10 Schematic drawing of a multi-overlapped joint with possible
crack zones highlighted

IV. CONCLUSIONS

Five adhesive joints were designed using manufacturing
process developed from the VARTM process. The tensile test
results showed low strength when one-half of the joint is CFRP
fabrics, which was the case for the first two developed joints.
On the other hand, the last two joints, laminated joint-2 and
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multx-overlapped joint, - showed higher tensile strength.
However, joining techniques that use dry carbon fibers are still
limited for simple shapes, so there are some difficulties for
applying these techniques for complex curved shapes like wind
blades and lens as well.
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Effect of Compaction Treatment on Laminated CFRP
Composites Fabricated by Vacuum-Assisted

Resin-Transfer Molding

Sang-Jae Yoon,' Kazuo Arakawa,’ Seung-Wook Han,? Dingding Chen,® Nak-Sam Choi?-

"Kyushu University
2Hanyang University

SNational University of Defense Technology

Carbon fiber-reinforced polymer (CFRP) composites
were fabricated using ordinary and compaction setups
(OS and CS, respectively) in the vacuum-assisted
resin-transfer molding (VARTM) process. The mechani-
cal properties and acoustic emission (AE) spectra of
the CFRP composites were compared among fabri-
cated samples. The CFRP plates with sequences of
[+30/-30); were sectioned to make specimens for
Mode 1| interlaminar fracture tests and three-point
bending tests. The difference between the material
properties and AE characteristics of the OS and CS
specimens were statistically compared using one-way
analysis of variance. The OS specimens had a thicker
resin layer, a higher resin fraction, larger average frac-

ture toughness, and AE energy corresponding to the .

Made | fracture, whereas the CS specimens had more
macro-scale voids and higher bending strength. AE
analysis showed that frequency bands in the interlami-
nar fracture tests corresponding to matrix-related frac-
ture were dominant for the OS specimens, whereas
those corresponding to the mixed fracture mode of the
fiber and matrix fracture were dominant for the CS
specimens. In the bending tests, mixed fiber-matrix
fractures were dominant for the OS specimens, and
fiber-related fractures were dominant for the CS speci-
mens. In conclusion, the compaction treatment dimin-
ished interlfaminar fracture toughness, due to the
enhanced formation of macro-scale voilds around the
fiber bundles during the resin impregnation stage.
However, the bending strength improved with an
increased fiber volume fraction. POLYM. COMPOS,,
00:000-000, 2015. © 2015 Soclety of Plastics Engineers
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INTRODUCTION

Laminated composite . materials have been used as
structural elements in fields including aerospace, wind
power plants, and automotive vehicles. Conventional
composite parts may be manufactured using an autoclave
method with a pre-preg process. However, because the
autoclave uses facilities for high heat and large pressures
in the curing stage, substantial installation costs are
incurred with composite fabrication [1].Vacuum-assisted
resin-transfer molding (VARTM) is a popular alternative
method. VARTM is a composite fabrication process
whereby the thermoset resin is injected into a mold
through inlet ports, and the materials contained in the
mold are infiltrated with the resin using the vacuum. This
process has the advantages of cost efficiency, and fabrica-
tion and maintenance simplicity [2].

The VARTM process has three basic steps: fiber
impregnation, consolidation (i.e., the application of pres-
sure), and curing [3]. In this process, the quality of the
contact between layers is influenced by several factors,
including the mold temperature, fiber orientation, resin
viscosity, and pressure in the mold [4-7). However, sig-
nificant defects may occur, depending on the local pres-
sure gradient and permeability of the fabrics [8]; an
inappropriate filling method may therefore lead to the for-
mation of voids, as well as nonuniformity of the resin dis-
tribution, both of which can degrade the mechanical
properties of the finished product. Composite products
fabricated using a typical VARTM setup generally exhibit
low compaction forces and a rough surface near the vac-
uum bag side. Therefore, various developed RTM proc-
esses have been adapted to improve dimensional
tolerances and surface quality [9].

Here, we report the effects of an additional treatment,

"i.e., compacting the fiber fabrics using a rigid covering

metal mold, in order to improve the properties of carbon
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fiber-reinforced polymer (CFRP) composites fabricated
using a VARTM process. Two types of CFRP plates were
prepared using a VARTM setup: the first used the ordi-
nary setup (OS) to fabricate samples, and the second used
the compaction setup (CS). The effect of compaction on
the mechanical properties was investigated using the
Mode 1 interlaminar fracture and three-point bending
tests. A new testing method was adopted for the interlam-
inar fracture test, which is described in our previous study
[10]. To explore the fracture mechanism during the tests,
the acoustic energy (AE) characteristics were monitored
in real time. To examine the released energy as function
of time and the total energy released during failure, we
considered the amplitude distribution and the cumulative
energy as the main AE parameters. In addition, since the
frequency components of the AE signal describe the frac-
ture mechanism, we also considered the peak frequency
of the AE signal, which was obtained using a fast Fourier
transform (FFT). The differences in the mechanical prop-
erties and the AE characteristics of the OS and CS speci-
mens were statistically compared.

EXPERIMENTAL PROCEDURE

VARTM Process

Laminated CFRP composites were prepared using the
OS and CS procedures, as illustrated with side views in
Fig. la and b. Here, a resin distribution medium was used
to achieve uniform and rapid resin dispersion. The OS
procedure was an ordinary transverse flow VARTM setup
that is commonly employed to fabricate large parts [1].
The CS procedure included a modified setup with an
additional compaction treatment, whereby a 0.5-mm-
thick, rigid, porous aluminum plate was placed on the
fabric lay-up, and then pressed under atmospheric pres-
sure. Although the carbon fabric of OS and CS preforms
in a closed mold were equally compressed by atmospheric
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pressure, several effects were expected during plate com-
pression, including enhanced resin flow and an accelera-
tion in excess resin extrusion during the post-filling stage.
The flexural rigidity and individual hole size diameter of
the plate were 8.63 X 10° N-omm” and 1 mm, respec-
tively. With the exception of the compaction, all of the
fabrication conditions for OS and CS were the same.
Stitched multidirectional carbon fiber fabrics [SAERTEX]
were laid up on a mold with sequences of [+30/—30]s. A
25-um-thick Teflon film was inserted as a starter crack at
the edge of the plate, as shown in Fig. 2a. The fabrics
were sealed in a vacuum bag, followed by room tempera-
ture curing of an epoxy resin [Nagase ChemetX] impreg-
nated into the fiber layers using a vacuum. The entire
process was carried out at room temperature.

Specimen Preparation

The CFRP plates were sectioned to form specimens
for Mode I fracture and three-point bending tests, with
geometries as shown in Fig. 2b and c, respectively. Eight
specimens were prepared for each condition.

For the Mode T fracture tests, a new design was used;
pieces with an initial crack were packed between two rec-
tangular epoxy plates to clamp the specimen to a testing
machine [10]. Additionally, the specimen was adapted to
AE measurement to substitute for DCB testing. The
epoxy plates were attached to the CFRP piece using the
same resin as was used for the VARTM process to
improve adhesion among the pieces and epoxy and to
reduce AE signal attenuation from the crack to the sensor.
The two plates and the CFRP were directionally aligned
using two frames to prevent dislocation of the specimens.
The samples were sectioned for Mode I interlaminar frac-
ture tests, resulting in specimens that were 3 mm in width
and 20 mm in length, with a 5-mm-long starter crack.
Two factors did not comply with the standard DCB test
(ASTM 5528), as described below. (i) The standard rec-
ommends unidirectional [0], laminates; however, we

DOI 10.1002/pc
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preferred multidirectional [+30/—30]¢ for practical appli-
cation. Various studies have conducted Mode I interlami-
nar fracture tests using multidirectional composite
specimens, which were reportedly influenced by the lay-
up angle, as opposed to the behavior of the unidirectional
laminates [11-17]. For example, especially between [0],
and [30/—30],, Ozdil et al. analytically and experimen-
tally compared the differences under DCB testing, specifi-
cally, the compliance values predicted by the elastic-
foundation model, the fracture toughness, load—displace-
ment curves, and fracture resistance [18]. (ii) Although
the thickness of the starter film (25 pm) complied with
JIS K7086 (no greater than 30 pm), it did not comply
with the ASTM 5528 specifications (no greater than 13
pm) [19, 20]. Other studies reported that the film thickness
is a function of the resin-rich zone in front of the film and
the sharpness of the crack tip radius. When a crack, initi-
ated from a starter crack, enters the laminate, the crack
penetrates the pure resin region if the resin-rich zone is

DOl 10.1002/pc

thick. With the crack tip assumed to be infinitely sharp in
fracture mechanics, these two effects may lead to unex-
pected interlaminar fracture characteristics [21, 22]. There-
fore, the fracture toughness of the Mode I fracture test in
this study was likely to be affected. The specimens for the
three-point bending tests were sections that were 10 mm in
width and 80 mm in length according to ASTM D790.

Fracture Tests With AE Measurements

The Mode I fracture and three-point bending tests
were carried out using a universal testing machine (Zwick
250, testXpert version 11.02) at room temperature, with a
crosshead rate of 1 mm/min for the Mode I fracture tests
and 3 mm/min for the three-point bending tests. Fracto-
graphic analysis was carried out on the fracture surface of
the Mode 1 fracture test specimens using optical micros-
copy and scanning electron microscopy (SEM). The frac-
tographic results were used for quantitative and

POLYMER COMPOSITES—2015 3
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qualitative analysis. The fracture processes were moni-
tored in real time using two AE sensors (micro30, Physi-
cal Acoustic Corp.), marked as S1 and S2, which were
attached to the epoxy plate using vacuum grease and
mechanical fixing. For the Mode I fracture tests, the dis-
tance between the sensors and the starter crack was 35 *
1 mm (Fig. 2a). For the three-point bending tests, the dis-
tance between the sensors and the load-point was 23 & |
mm (Fig. 2c). A two-channel AE detection system
(MSTRAS 2001, Physical Acoustic Corp.) was used to
record the AE data, and the AE measurement conditions
included a 40-dB pre-amp, a threshold level of 40 dB,
and sampling rate of 4 MHz. The band pass filter (range,
1 kHz—-1 MHz) under software control was used for signal
gain for specific frequencies. The timing parameters of
the signal measurement process, peak definition time
(PDT), hit definition time (HDT), and hit lockout time
(HLT), were determined following the manufacturer’s
recommended values for the composites. Three AE
parameters were investigated: the amplitude, i.e., the
maximum (positive or negative) AE signal excursion dur-
ing an AE pulse; the energy, i.e., the integral of the recti-
fied voltage signal over the duration of the AE pulse; and
the frequency spectrum of the AE signal, which was
obtained using an FFT. AE analysis provides the means to
identify and differentiate fracture sources. However,
because the AE signals are influenced by attenuation and
dispersion [23-28], the stacking sequence, layer number,
fracture mode, propagation distance from the source posi-
tion, and the signal velocity dependence on the frequency
components should also be considered. In this study, the
OS and CS specimens were virgin, uncoated samples, with
the same number of layers and stacking sequences. We
assumed that the distance between the sensor and the crack
was sufficient to measure the AE characteristics. The AE
amplitude and energy were utilized for comparison
between the OS and CS specimens, mainly because such
factors attenuate significantly with respect to the propaga-
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tion distance [29]. Considering the attenuation problems at
high frequencies, we focused mainly on the frequency
bands below 400 kHz for verification of the fracture mech-
anism [25, 27]. Because our AE measurement was con-
ducted with different experimental conditions, compared
with other studies, the frequency components for a given
fracture mode may also differ [27, 30].

Statistical Analysis

In statistics, one-way analysis of variance (ANOVA) is
a technique used to analyze the differences between group
means. When numerical data have a categorical independ-
ent variable and a normally distributed interval-dependent
variable, the one-way ANOVA examines the influence of
one factor of the independent variable on a dependent vari-
able. If there are differences among the group means, post
hoc tests are used to explore specific information to identify
those that are significantly different. In this study, the one-
way ANOVA and Tukey’s post hoc tests (p = 0.05) were
used to determine the significance of differences among the
mechanical properties and the cumulative AE energies of
OS and CS specimens. Here, the null hypothesis of the one-
way ANOVA corresponded to “no difference between the
means of the variables”. The significance probability value
(p-value) is the probability that the null hypothesis is true.
For example, a p-value less than the predetermined signifi-
cance level (0.05 in this study) means that the null hypothe-
sis can be rejected with 95% confidence.

RESULTS

Thickness and Smoothness of the CFRP Plates

Figure 3a and b show cross-sections of the OS and CS
specimens. The qualitative observation of the cross-
sections indicated that the OS specimens had rougher
surfaces and thicker resin layers than the CS specimens.
Interestingly, noticeable voids were observed in the CS

DOI 10.1002/pc



TABLE 1. Mean specimen thickness and fiber volume fraction for
ordinary and compaction setup specimens.

Specimen Distance between Ratio of resin
thickness (mm) fiber bundles (mm) fraction
oS 3.0(0.2) 0.125 (0.02) ) 18%
(& 25(0.1) 0.085 (0.02) 12% porosity: 2 %

The values shown in parenthesis are the standard deviations.

specimens, which will be discussed later. The surface
shape of composites fabricated using VARTM processes
are typically determined by resin hardening. Wrinkle
effects from the vacuum bag may have influenced the
roughness of the OS specimens, whereas the rigid mold
of the CS specimens resulted in smoother surfaces.The
fiber volume fraction, fg.,, is given by

Jaber=——— ¢))

where n is the number of fabric layers, p,,, is the areal
density of the fabric, pf,,, is the volume density of the
fabric, and & is the thickness of the specimen [31).

Table 1 lists the average thickness, as well as the fiber
volume fraction, for both the OS and CS specimens. The
average (visible) porous fraction was indicated for the CS
specimen. Because this study mainly focused on the criti-
cal factors affecting CFRP properties, such as the large
porosity and fiber volume fraction in previous studies
[32], we placed more emphasis on the macro-scale voids
as opposed to micro-scale voids. Thus, micro-scale voids
between the interfaces of the fiber tows were not consid-
ered. 'To determine the porous fraction quantitatively, we
recognized voids greater than 0.1 mm? as visible voids,

and then calculated the proportion in cross-sectional
images of each specimen. The OS specimens had higher
thickness and. lower fiber volume fraction than the CS
specimens, and the porous fraction in the CS specimen
was 1.45 * 0.3%.

Mode I Interlaminar Fracture Tests

Figures 4 and 5 show typical tensile loads and the AE
amplitude distribution as function of time for the OS and
CS specimens, respectively. The specimens showed simi-
lar tensile loads and AE amplitude characteristics, regard-
less of whether the specimens were fabricated using the
OS or CS procedures. Stage regimes marked in Figs. 4
and 5 will be explained later.

The fracture toughness of a specimen, K;, is given by

Ki=o/na F(a/W), @)

where o is the tensile stress, a is the crack length, and W
is the width of the specimen. Expressing a/W=E§, we can
write the specimen geometric factor at the crack tip [33]
as

F(£)=1.12—-0.231£+10.55¢62-21.728° +30.39¢%.  (3)

Table 2 lists the mean K; and cumulative AE energy
values for the OS and CS specimens; both values were
larger for the OS specimens than for the CS specimens (p
for the K; = 0.048 and p for the interlaminar AE energy
= (.000). Since K; is a critical parameter describing the
fracture toughness required to propagate the crack, and
the AE energy represents the released fracture energy dur-
ing crack propagation, these indicate that more energy
was required for crack initiation and subsequently
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FIG. 4. Tensile load and the corresponding AE behavior as a function of time for the Mode I fracture test for
OS specimens. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 5. Tensile load and the corresponding AE behavior as a function
of time for the Mode T fracture test for OS specimens. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

released during crack propagation for the OS specimens
than for the CS specimens. Note that the compaction
treatment caused a reduction in K;. Although the thick-
ness variation for the OS specimens was greater than that
for the CS specimens due to the rougher surface (Table
1), the CS specimen showed higher standard deviations
for K; (Table 2). The macro-scale voids may more
strongly affect K; than the thickness variation; this will
be discussed later.

Figures 6 and 7 show typical fracture surfaces of the
Mode 1 fractures for the OS and CS specimens, respec-
tively, taken using optical microscopy and SEM. The OS

TABLE 2. Mean fracture toughness K; and cumulative AE energy for
Mode I fracture test specimens fabricated using OS and CS procedures.

Fracture toughness K;

0s 35.47 (6.20)
Cs 33.59 (7.64)

The values shown in parenthesis are the standard deviations.

and CS specimens showed qualitatively different fracture
surfaces. The OS specimens exhibited three regimes: a
slow crack (Stage I), single crack growth extending into
the other layer (Stage II), and fast crack propagation with-
out rerouting (Stage IIT). The fracture surface was rela-
tively distinct. The CS specimens displayed two regimes:
crack growth (Stage T), and fast crack propagation (Stage
1M). The fracture surface was more complicated with sig-
nificant stitches and fiber pull-outs. This indicates that the
crack propagated along the matrix layer with less fiber
pull-out due to stronger adhesion between the matrix and
fiber in the OS specimens, whereas fiber fracture and
debonding of the matrix/fiber interface occurred with sig-
nificant fiber pull-out in the CS specimens. In particular,
coagulated voids were observed in the CS specimens
(Fig. 7a).

To clarify the fracture behavior subjected to tensile
loading, we classified the stage regimes of the AE signals
with respect to the fracture mode obtained from fractogra-
phy. First, we compiled amplitude and frequency values,
and then explored the characteristics of the two factors:
the boundary of sudden amplitude change and the fre-
quency band of the AE signals. For example, the Stage I
regime for the OS specimen occurred just before a sudden
increase in the AE amplitude, corresponding to a fre-
quency band ranging from 150-240 kHz. Here, to

Fast crack propagation

4

-

(b)

FIG. 6. Optical microscopy and SEM images of the fracture surfaces of OS specimens, [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 7. Optical microscopy and SEM images of the fracture surfaces of CS specimens. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

examine the fracture mechanism as a function of the AE
frequency, we referred to previous studies that identified
spectral features below 160 kHz corresponding to resin
matrix fracture, spectral features in the range of 160-240
kHz that corresponded to matrix—fiber mixed fractures,
and features above 240 kHz that were associated with
fiber fracture [34, 35]. Because the matrix—fiber mixed
fracture was observed from the slow crack arca (Fig. 6a),
we assumed that the AE signals in Stage I were recorded
during slow crack formation. Using the procedure men-
tioned above, we indicated the stage regimes in Figs. 5
and 6 in addition to the fracture modes and corresponding
frequency band for the OS and CS specimens (Table 3).
In Figs. 5 and 6, because the Stage III regime of the OS
specimen and Stage II regime of the CS specimen consisted
of catastrophic fractures with fast crack propagation, the
signals in this stage were not discussed in detail. Note that
when the signals with high amplitudes occurred, the fre-
quency bands for the two conditions were different: the OS
specimens had a frequency below 160 kHz (representing
matrix-related fracture), whereas the CS specimens had a
frequency above 160 kHz (representing matrix—fiber mixed
fracture). This indicates that, in the early stages of propaga-
tion, the cracks in the OS specimens grew and propagated
along the resin layer with jumping, whereas crack propaga-
tion in the CS specimens involved mixed fracture. The dif-
ferences in the fracture behavior of the OS and CS
specimens are listed in terms of the ratio of the magnitude
of the AE frequency components in Table 5. Here, we con-
sidered the three frequency bands described above, and col-
lated the data as ratios for the Mode I fracture test. More
matrix fractures occurred for the OS specimens, while more
fiber-related fractures occurred for the CS specimens.

DOI 10.1002/pc

Bending Tests

Figure 8a and b show typical three-point bending stress
and amplitude distributions of the AE signals as, functions
of time for the OS and CS specimens, respectively, and
Table 4 lists the mean bending strength. The bending
strength of a specimen,oy, is given by

ay=3PL/2bd", )

where P is the maximum load point on the load-deflec-
tion curve, L is the support span, b is the width of the
specimen, and d is the thickness of the specimen.
Although the bending load and AE energy for the OS
specimens were larger than those for the CS specimens (p
for the bending AE energy = 0.036), the CS specimens
had greater strength (p = 0.002). This was due to the fact
that the bending strength is determined mainly by the

thickness (see Egq. 4); the CS specimens were ~17% thin-

ner than OS specimens with the same total areal fiber
weight. Note that the bending strength was mainly
dependent on the fiber density, which means that we can
expect improved bending strength for samples fabricated
using the compaction method. Table 5 lists the ratio of

TABLE 3. Main fracture modes and corresponding frequency bands
for Mode I fracture test specimens fabricated using OS and CS
procedures,

Bending strength (Mpa) Cumulative AE energy

oS 132.13 (7.54)
Ccs 148.44 (7.47)

187269.52 (83286.46)
110374.22 (38166.13)

The values shown in parenthesis are the standard deviations.
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FIG. 8. Bending stress and the corresponding AE behavior as a function of time for the bending test for (a) OS and
(b) CS specimens. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the magnitude of the AE frequency components collated
as ratios for the three-point bending test. Because fiber-
related fractures mainly occurred during the bending tests,
the frequency bands for both the OS and CS specimens
were mostly above 160 kHz. The CS specimens had more
fiber fractures than the OS specimens did.

DISCUSSION

There have been a number of studies of the formation
of voids in liquid composite molding processes, including
resin-transfer molding (RTM) and the VARTM process.
These studies have explored factors including injection
pressure [36], resin viscous flow [37], wetting properties
[38], and resin flow rate [39] to explain the mechanism
of void formation and purging. However, the results of
these depend on the materials. An explanation of the resin
flow behavior is not straightforward, and many interde-
pendent factors are involved.

Effects of Compaction on the Interior Structure of CFRP

Macro-Scale Void Formation With Lead-Lag Phenom-
ena. Patel et al. reported a void formation mechanism
due to trapped air, with a lead-lag phenomenon in unidirec-
tional stitched fiber fabrics during liquid composite mold-
ing (LCM), whereby the liquid drives into stitched fiber
fabrics during the liquid filling stage, the resin flow in the
fiber bundles is affected by capillary pressure, and the
resin flow in the gaps between the fiber bundles is affected
by the hydrodynamic pressure acting on the liquid [37].

TABLE 4. Mean bending strength for bending test specimens fabri-
cated using OS and CS procedures.

Fracture mode Frequency band (kHz)

0s Slow crack (1) 150 - 240
Crack growth with jumping (IT) 90 - 160
Fast crack propagation (1II) 90 - 160
CS Crack growth (1) 180 - 230
Fast crack propagation (IT) 140 - 250
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In our study, resin was injected due to the pressure dif-
ference between the vacuum and ambient pressure. Thus,
the dispersion mechanism may differ from the above study.
However, the difference between the capillary pressures of
the fabrics is expected to be larger for the CS plate than
the OS plate because of the compaction treatment. The
hydrodynamic pressure acting on the resin was uniform for
the two conditions at the same injection rate, with a pres-
sure difference between the vacuum chamber and ambient
of close to 1 atm. However, some residual air may have
become trapped in the vacuum bag, leading to larger voids
being trapped in the €S specimens. Here, the resin flow for
the OS and CS plates (see Fig. 2) may have differed from
the flow in the carbon fiber fabrics, where the fibers and
stitches formed a rectangular structure.

Void Purge. Patel et al. also described a void purge
mechanism during the resin bleeding process. When air is
trapped, the hydrodynamic pressure of the trapped air
(i.e., the voids) is stabilized by the capillary pressure. If
the surrounding hydrodynamic pressure gradient over-
comes the capillary pressure due to the resin flow, the
trapped voids can be driven out during a bleeding stage
[37]. In other words, even if the void becomes trapped
due to lead-lag phenomena, it may be pushed out and
purged. Therefore, we suppose that the voids in the OS

TABLE 5. Fraction of the AE energy spectra that occurred in the
various frequency bands described by Choi et al. and De Groot et al. for
Mode 1 fracture, and bending test specimens fabricated using OS and CS
procedures. Here, < 160 kHz corresponds to resin matrix fracture,
160-240 kHz corresponds to matrix—fiber mixed fracture, and > 240
kHz corresponds to fiber fracture.

Mode 1

fracture test Bending test

0s F< 160 kHz 0.738(0.173) 0.034(0.021)
160 kHz <f < 240 kHz 0.248(0.172) 0.760(0.124)

f> 240 kHz 0.140(0.177) 0.207(0.123)

CS F< 160 kHz 0.177(0.179) 0.003(0.003)
160 kHz <f < 240 kHz 0.779(0.070) 0.493(0.087)

f > 240 kHz 0.203 (0.066) 0.504(0.086)

The values in parenthesis show the standard deviations of the data.
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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 Gdltenbott, 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 (June13th 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, a PhD student at Strathclyde University 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 muiti rotor
systems to Kyushu. This was analysed and results of 2015 presented at RIAM in a further

visit of P Jamieson.



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. Work on multi-
rotor systems within the Innwind project completed in September 2015 and a report has
been produced although the final version is still to be uploaded on to the Innwind web site.
In general the results of the Innwind project showed great promise for the multi rotor
system (MRS) concept. Some specific highlights that connect to the experimental work of
Uli Géltenbott include a detailed study of the aerodynamic interaction of closely spaced
rotors both for a 7 rotor array and for the 45 rotor array design to produce a 20 MW
system. 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. These results were available in
2014 but further consolidated in 2015. In addition new work in the areas of structure and
yaw system design (and also yaw control) indicated cost effective solutions even at very
large scale showing that the MRS is an effective way to upscale wind turbine systems with
many advantages compared to simply making larger single rotors. Strathclyde anticipate
new student projects related to MRS and collaboration on data analysis and design
development as data becomes available from the latest operational Wind Lens models.
Although the design and cost of energy evaluation of the MRS concept within Innwind is
complete, work continues on yaw system control both for the MRS on a fixed foundation
and on a floating platform. Within the Innwind project the 20 MW MRS is evaluated to be
advantageous in respect of O&M primarily because with smaller turbine components there
is no need to involve very large jack-up vessels in maintenance. However the details of
design for maintenance and operational logistics are going to be very important in order to

preserve advantage in O&M for this concept.



The PhD of Scott McLaren-Gow at Strathclyde University in the Centre for Doctoral Training
in Wind Energy will be concluded in 2016. It has a focus 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. This was s confirmed by more

extensive analyses in 2015
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