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:A new approach to determine the reactivity of fuels using a
ivertical type micro flow reactor with a controlled temperature

A \profile
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In this research the reactivity of gasoline and its surrogates in a micro flow reactor with a controlled
temperature profile (MFR) is investigated. The MFR consists of a small quartz tube which is heated
by an external heat source [1]. For low flow velocities a spatial separation of reaction zones (cool
flame, blue flame and hot flame), called weak flame, can be observed which enables us to study the
occurring reactions in high detail [2]. Based on the flame position and characteristics inside the tube,
the reactivity of the fuels under various conditions can be examined.

This year, after having set up my experimental apparatus in the previous year, this research focused
on extending the scope to more complex fuels on the one hand and to support experimental findings
by numerical simulations on the other hand. In the experiments the number of fuel components was
increased from 2 to 3, 5 and 10 as well as actual gasoline (a highly complex mixture). These mixtures
were chosen in accordance with fuels from the Strategic Innovation Promotion program (SIP) which
this research is part of. All fuels were divided into two groups of research octane number 90 and 100,
respectively. Here it was found that compositions that show the same reactivity obtained by
conventional methods, such as shock tubes and rapid compression machines, show different
reactivity in the MFR. Here a higher number of components generally leads to higher reactivity.
Furthermore, reactivities change with varying the equivalence ratio @, see Fig. 1. Under engine
conditions lower @ leads to lesser reactivity whereas in the MFR experiments it was found that
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Fig. 1: Experimental hot flame positions for five fuels of octane numbers

~
wl

80, 90 and 100 for three equivalence ratios @.
lower @ lead to a higher reactivity for all mixtures.

For numerical simulations a one-dimensional model of the MFR [1] was used with the software
CHEMKIN-PRO [3]. As reaction mechanisms the well-established Livermore PRF mechanism as
well as newly developed mechanisms for the SIP fuels were employed. For all mechanisms a
reduction of the equivalence ratio lead to lower reactivities which is opposite to the experimental
findings, see Fig. 2. As all of these mechanisms were developed with the goal of matching engine



data, it appears that they are not capable of reproducing the conditions observed in the MFR. In
order to get a better understanding of the underlying reasons that cause these discrepancies, work
on determining the fundamental chemical and physical causes was begun recently.
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Fig. 2: Numerical heat release rate for iso-octane at equivalence ratios 0.5 and 1.0 as obtained by

KUCRS PRF mech (SIP mech).

These results will be an important part in getting a profound understanding of the reactivity of
complex fuels especially in low equivalence ratio conditions. For this, the results are being compiled
and will be incorporated into a journal paper by the end of March 2017.

[1] K. Maruta, T. Kataoka, N.I. Kim, S. Minaev, R. Fursenko, Proc. Combust. Inst., 30 (2), 2429-2436 (2005).
[2] H. Oshibe, H. Nakamura, T. Tezuka, K. Maruta, Combust. Flame, 157 (8), 1572-1580 (2010).
[3] CHEMKIN-PRO 17.2, Reaction Design: San Diego, 2016
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Obtained experimental data of gasoline surrogate weak flames

To increase the size and accuracy of our database for fuel reactivity, experiments were
conducted using SIP gasoline surrogates. In these experiments it was found that lower octane
numbers lead to higher reactivity which is in accordance to conventional results. Higher
reactivity was also found for lower equivalence ratios which is opposite to previous results and
indicates further possibilities for better understanding of ignition and combustion.

Obtained numerical results for surrogate weak flames

One-dimensional numerical results were obtained for various reaction mechanisms under
experimental conditions. Here a good agreement was found for stoichiometric cases. However,
ultra-lean cases showed opposing trends for lower equivalence ratios. From this it was
concluded that the existing understanding of ultra-lean combustion is still incomplete.
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[1] A. Neophytou and E. Mastrokos, Combust. Flame 156 (2009) 1627-1640.

[2] H. Kobayashi, N. Ono, Y. Okuyama, and T. Niioka, Proc. Combust. Inst. 25 (1994) 1693-1699.
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:Experimental and Numerical Study of Transition of
iCavitation Pattern in a Sudden Converging Nozzle

TRHRBEEICSITHIREBPURIZNT MY MBH

In this fiscal year, I conducted research about the modeling of cavitation aspect, which is influence
by the flow condition such as the Reynolds number. In this study, the effect of Reynolds number on
the cavitation is investigated by the sudden converging-diverging nozzle experiment apparatus in
Advanced Fluid Machinery Systems Laboratory as in Fig. 1. Then the numerical simulation is
conducted base on the experiment data to investigate the influence of single-phase turbulence model
especially for Reynolds number effect on the aspect of cavity surface by comparing with our
visualization results. Fig. 2 shows the comparison of cavity aspect in the nozzle at different Reynolds
number. For low Re, The quasi steady and almost smooth cavity surface can be seen in both short
and long cavity length. In contrast, the unsteady cavity with disturbed surface in case of long cavity
length and the cloud cavity in case of short cavity length are recorded in case of high Re flow. From
the results of several combinations of Reynolds number and cavitation number, the transition from
smooth to shear bubbles cavity and to disturbed cavity surface are visualized in both short and long
cavity condition, respectively, in spite of same cavity length. Four kinds of single-phase turbulence
model which are Reynolds-averaged Navier-Stocks (RANS) model, such as two-equation closures:
(Re-Normalization Group (RNG) k-e model, Shear Stress Transport (SST) k-0 model and RANS-LES
hybrid closures such as: (Scale Adaptive Simulation (SAS), Delay Detached Eddy Simulation
(DDES-SST)) are compared by using commercial software FLUENT 14.0 [1]. Additionally, the
combination of cavitation model such as: Schnerr-Sauer model [2] and Singhal model [3] and
turbulent model are investigated. Through numerical analysis and comparing to experimental data,
the transition of cavitation patterns cannot reproduce by the combination of Schnerr-Sauer model
and single-phase turbulence model, which corresponds to smooth cavity surface for all case, not even
at high Re condition. In contrast, the Singhal’s model reproduces the transition of cavity aspect in a
certain combination with turbulent model. The disturbed cavity surface is reproduced by using
Singhal’s model with SST k-w model when Reynolds number increases in case of long cavity
condition. It is found that by accounting the local turbulent kinetic energy by SST k-o model, the
weighting term in Singhal phase change model affects to increase the mass transfer on the cavity
surface while avoiding the increase of cavity volume, that is considered as a cause of the
reproduction of the transition of cavity surface, which cannot be reproduced by Schnerr-Sauer model.
Additionally, the SST k-0 model is comparatively effective and requires low cost compare to other
turbulent model in point of cavity length and cavity volume.

Fig. 1 Experiment apparatus
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Fig. 2 Comparison of cavitation aspect at different Reynolds number
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Fig. 3 Comparison of void fraction by Schnerr-Sauer model and Singhal model
with SST k- model
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Fig. 4 Comparison of weighting term in case of long cavity
by SST k- model and Singhal cavitation model

[1] Fluent 12.0 Theory Guide.

[2] G. H. Schnerr and J. Sauer. In Fourth International Conference on Multiphase Flow, New Orleans,
USA, 2001.

[3] Ashok K. Singhal, Mahesh M. Athavale, Huiying Li, Yu Jiang. Journal of Fluid Engineering,
September 2002, Vol. 124, Page 617-624



TR28FE E DB R ER
€7 EARES)
. Investigate the influent of flow condition on the aspect of cavity
By using the sudden converging-diverging nozzle experimental apparatus, the aspect of cavity
was experimented under the variety of flow condition (different Reynolds, number)
2. Investigate the influence of single-phase turbulence model especially for Reynolds number
effect on the aspect of cavity surface.
The influence of various existing single phase turbulence model on the modeling of cavitation
aspect was conducted. The results suggest that the SST k-® show good agreement and
effective in the modeling of cavitation.
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“Numerical Simulation of Solidification in an Annulus with the Presence of Density Difference”.
The Fourth International Forum on Heat Transfer IFHT2016), 2nd — 4th November 2016.
2.  Le Dinh Anh, Yuka Iga
“Influence of Cavitation Model on Cavity Surface Transition in a Nozzle”.
The 13th International Conference on Flow Dynamics, October 2016.
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*1 HEZRE
Rej=600 case Rej=650 case
Re of jet
598~602(ST) 648~652(WK)
area
r 450~853
4 27/32
z 0~54.2
N - 403
N, 143
N, 61




Ar 1.0

A0 2m/(32Ny)
Az 0.05 (a =1.075)
Rey 750~810(DB)
450~470 (UB)
Redamp
810~853 (DB)
(a)Re =600 case (b)Re ;=650 case
3 8
T r 1 7
6 1 6
5 5
T 4 T,
3 3
2 2
1 1
-4

500 550 600 650 700 750
Re
X1 HELHMRS OEFZERZEK(=1.3) (a) Ree:=600 case (b) Beet=650 case

(a)Rej =000 case

500 550 600 650 700 750
Re

(b)Re; =650 case

500 550 600 650 700 750
Re
X2 F1.3DWEIZRITFBEFAEE (a)Reet=600 case (b) Reet=650 case

[1] W. S. Saric, R. B. Carrillo, JR. and M. S. Reibert, Meccanic, 33 (1998) 469-487.
[2] R. J. Lingwood, J. Fluid Mech., 299 (1995) 17-33.
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'Combinatorial approach to MgHf co-doped AIN ((MgHf)xAl:1-xN)

ithin films
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Recently due to the restriction of lead in industry, lead-free materials have received considerable
interest from many scientists for applications such as vibrational energy harvesters (VEHs) 14,
Among the lead-free piezoelectric materials that have been studied, c-axis oriented AIN film is a good
candidate for the piezoelectric thin film for VEHs because of its high breakdown voltage* and high
output power density !. However compared with the traditional lead zirconate titanate (PZT),
piezoelectric coefficient of the AIN (@1 ~ 5.5 pC/N for AIN and ~ 100 pC/N for PZT 5) is very low 1410,
Therefore, one of the important topics is to improve AIN piezoelectricity. The most effective approach
developed so far is modifying crystal structure of AIN using substitution of Al3* site by other
elements.

Among the systems studied so far, MgHf co-doped AIN ((Mg,Hf):Ali-:N) showed the highest
increase rate of ds1 per dopant concentration (at.%). For example, Y. Iwazaki et al. reported MgHf
doping and ds1 of AIN showed increase rate of 11.5% 9. This rate is the largest so far. However, in the
previous study of (Mg, Hf):Al:-xN, dopant concentration was limiter only to 13% although the
piezoelectric coefficient tends to increase more at higher concentration of dopants. Moreover, the
important crystal characteristics including lattice constant, crystal orientation et al were not
reported, though these parameters can be dominant on the ds1.

In this year (2016/01 to 2016/12), I investigated combinatorial approach to deposit highly doped
(Mg, Hf)xAl1-xN thin film. . The combinatorial approach is a high-throughput material investigation
method preparing films with various composition on a single substrate. Moreover, the method
enables us to precisely tune the concentration of
dopants. ). The results revealed that I successfully substrate @ &
covered the widest ever composition range of 0 < x < /“
0.24 for this material. In addition, these studies found
that I succeeded in realizing largest ever c-axis
expansion of 2.7% at x = 0.24, which will lead to the
highest enhancement in the piezoelectric coefficient.
The results of this study opened the way for
high-throughput development of the dielectric
materials.

AIN-MgHf mixed flux

/ AIN flux

For more details, Figure 1 shows a schematic of the
sputtering set up for combinatorial (Mg,Hf)xAli-xN thin
film. AIN targets and Mg-Hf targets (Mg target with
pieces of Hf on top) were sputtered simultaneously to
grow films on Si (100) substrates. Number of Hf piece Figure 1.
was adjusted in order to get Mg: Hf ~ 1: 1. A substrate
holder and the targets were arranging to obtain
composition gradient. Plasma gases used for sputtering
were Ar and Nz. The latter was used to compensate the nitrogen deficiency in thin films. Thin films
were deposited at 600°C to get high crystallinity 4.

Schematic of combinatorial
deposition using AIN target and Mg
target with pieces of Hf on top



Figure 2 shows a typical picture of the film surface prepared by the combinatorial approach.
Lateral color change indicates change in the thickness ratio of AIN to MgHf, which corresponds to
dopant concentration. For the 2 cm X 4 cm sample, typical composition difference is 5.0 at.%. Focused
X-ray beam with spot diameter of 1 mm allowed for measurement of more than 14 points along the

composition gradient.

0.8 1.2 1.5 1.6 2.2 2.8 3.6
o 6 o ®

<€

.v

Composition x

Figure 2. An example of combinatorial film. Yellow circles and numbers
indicated the measured point and corresponding dopants concentration,

respectively.

XRD and EDS measurements confirmed that I succeeded
in making solid solution of (Mg,Hf):Al:-xN at the highest
concentration of dopant ever. Figure 3 showed XRD pattern
of the Mg, Hf)xAli-xN film (0 < x < 0.24). Only a peak from
(0002) and (0004) plane of AIN were observed. Because we
did not observe neither Mg nor Hf peaks, the pattern
indicated that (MgHf) dissolved in the AIN lattice.

The solid solution was also indicated by the continuous
peak shift from the (0002) peak of the pure AIN film 9 10, As
shown in the The XRD patterns, the continuous peak shift in
the 26 position of the AIN(0002) peak indicated that c-axis
lattice constant of the AIN was gradually expanded with
increasing the dopant concentration. . The ¢ value was
determined from the following formula:

a? c?

1 _4(h2+hk+k2> 1
dizlkl 3

where, A, k and / are Miller indices, a and c¢ are lattice
constants, d is inter-planar distance for (hk) plan (hear is
(002)).

Intensity [a.u.]

® AIN(002) ®

@ Shifted AIN
A Si(200)
A x=0

J’L x=0.02

)L___J‘w

A L 4 x =0.07
_-— Y =0.14
s =0.17
/L x=0.24

32 34 36 38 40

260 [Deg]

Figure 3. XRD patterns of (MgHf),Al1N
films deposited at 600°C

In summary, I successfully deposited (MgHf)Al:-xN films with composition gradient covering the
widest range of composition (0 < x < 0.24) so far reported. For these films the clattice of AIN was
expanded almost linearly with the composition, and we obtained c-axis expansion of 2.2% at x= 0.24,
which is the largest value for this system. I believe future study will find the largest piezoelectric
coefficient for (Mg,Hf)xAl:-xN among the AIN-based materials due to the largest c-axis expansion,
prove the importance of this material for the vibrational energy harvesters.
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1.  Conduct experiment and optimize the deposition process

The combinatorial (MgHf):Ali-xN thin film deposition processes were performed using

co-sputtering chamber (figure 1). These processes
were optimized through many times of deposition by
changing the condition as: Back pressure, deposition
pressure, gases flow rate ratio, deposition
temperature, N2 with and without ion. The results
gave the optimal sputtering deposition conditions.

2. Characterization of thin films properties

The deposited films were evaluated to decide the
best deposition conditions. Typically, the thin films
were characterized by the following equipment, EDX

Lock-in amp.

Data in

Laser
detector

(MgHf),Al, N

O
Bottom electrod&

Sample holder
Figure 4. Experimental setup for evaluating the
piezoelectric coefficient.

spectroscopy (FE-SEM, Hitachi SU-70), X-ray diffraction (XRD, Bruker D8) and atomic force
microscopy (AFM, Nikon TE2000-U). A piezoelectric response microscope was set up to quickly
evaluate the piezoelectric coefficient of combinatorial thin film.
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1. H. H. Nguyen, H. Oguchi, H. Kuwano, Combinatorial approach to MgHf co-doped AIN thin films
for Vibrational Energy Harvesters. Journal of Physics: Conference Series 2016, 773 (20160)
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Title of contribution: C-axis tilted AIN films for vibration energy harvesters
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£V Le=0.5TITILHBERIZ RN L 0 AR R 2 5 TldSporadic flame S ERL S 4L, 1RITET /L & Hlg L
TIRBEBR A DMER T D 2 & BERBRE X OB R R &N, —F. Le=0.75OHATZ O X 5 pB%N
FERR X OB E TR ST, —RITE T LV CRREBER A 2 fealk AR/ = L AR STz,
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[1] K. Maruta, M. Yoshida, Y. Ju, T. Niioka, Proc. Combust. Inst., 26, (1998) 1283-1289.
[2] P.D. Ronney et al., AIAA Journal, 36 (1998) 1361-1368.

[3] K. Takase et al., Combust. Flame, 160 (2013) 1235-1241.

[4] R. Fursenko et al., Combust. Flame, 162, (2015) 1712-1718.
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FERR28EEIZHITAAEBPAIZHT HEY A
P BRI EEORAEEMR D ELEE LT ) V7 EE2HHEE L, IBEET LT
MG & A EIORLE LB OXEZ RN ¢x 5, S50, EBEETT VIR ICHEE/LTE S L
INZERALENTRBY . 7T v & BN BENT- ORI R R ~DICH S T& 5, AFEEIL, #EETT V%
FHNT= 0] 838 O 28 BT & 7 T v X B BT 217 - 7=,
Lola] . BERRAT ORI L= DOIIMITORE T A 82 CTH 5 (¥1) . AZBZBIZ6[HDORT ¢ 3N ER
FHDONRZTY a4y FENTWD, XATRE AT 5 S -t o REF e Ch 5, fREETT /L
IXERM OFEPEETE L 2 a A > FE Y ORURIBIEEN BT LTI RE 2 CX T\ 5, F7-. KNERT

fER & MIT Tl - B A #imZe i (X3) ICBAL Tl L7z & 2 A, IREYEH] - IREhRIE & & 12
Bitle—8&2Fohl (D .

X1 MIT: 6587 ¢ a] 253 [1]

X 107

5 S
Rigid body rotation g
Q
A O 0.05 0.1 0.15 0.2
£, @ %5 (1)
[t=0.155s | g,
Wingtip displacement ;“;__2 | | | .
20 005 01 015 02
_5 1 L 1 1 ]
0 0.1 0.2 0.3 0.4 0.5
X [m] () figdr [2]
2 gl RBFERE (2] X3 AN OWFHEEE (i 36.2 m/s)

K1 RERHIEAT & FEBR o i [2]

Simulation Experiment Error [%]

Amplitude [%] 0.47 0.42 12
Period [s] 0.045 0.046 2.1

[1] Radcliffe, T. O., and Cesnik, C. E. S., “Aeroelastic Response of Multi-Segmented Hinged Wings,”
Proceedings of the 19th AIAA Applied Aerodynamics Conference, Vol. 21, No. 2, 2001, pp. 286-295.

[2] Otsuka, K., Miyazawa, H., and Makihara, K., “Deployment Simulation of Morphing Wing,” [3th
International Conference on Flow Dynamics, Sendai-Miyagi, Japan, October 10-12, 2016.
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DG, RN & BN B2 — 82 R Z N D, £-. KbOREHIIIT Y BEAfE L2 R~T, 10
BRI AR I BAAEIIS T, 77 v XEENEL T DR R AMEE N ER THRE ST
58l MBEETNVIIZDOT T v ZREOELERZ HFENTE TS,

40t =O— Analysis (Proposed model) 60 r =O—Analysi
. . ysis (Proposed model)
35 - 0' Experiment (Wang et al. [Ref. 8]) - 0- Experiment (Wang et al. [Ref. 8])
< 50
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k=) 40
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220 %3
3—: [
= 10 3
~ L
sl 10
0 : : : : : : 0 : : : : : :
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Fold angle [deg] Fold angle [deg]
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X5 77 v X BT & FEBR O [4]

[3] Wang, 1., Gibbs. S. C., and Dowell, E. H., “Aeroelastic Model of Multisegmented Folding Wings: Theory and
Experiment,” Journal of Aircraft, Vol. 49, No. 3, 2012, pp. 911-921.

[4] Otsuka, K., and Makihara, K., “Frequency-Domain Flutter Analysis of Folding Wing Based on Flexible
Multibody Dynamics,” The 2016 Asia-Pacific International Symposium on Aerospace Technology, Toyama,
Japan, October 25-27, 2016.
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FR28FEEICHE T HFEMARIH TSI Y A

TNETOMEERLD, I FTOEESOXZMENT 5720 VB LS FTOh—VEREED S
TLZENAENTHLZEEZH LN LT, £ “CZKETQ (= Fa'ﬁ%’%bﬁ HERLEEY v 708 < T
DH—VEHREFD DA =X LEMHT 57012, IMTHOTET S WEIZET Ssliding zone®
PEBRAR L & kBB Efi@ré@?@/i%ﬁoto X1iZ, sticking-slidingBE#E 7 L1125 <, TET
Wil LIS 1% w7, [FIX Jréi(bé X olz, AR AT (sticking zone) TIEARHIAM EHI B R

EIGHIZS bS5 Z & TRIRIRRBICEL Tk U Z O AW TN AW IIZZE LY, D%
e . MWIREJS NS D SN 5T 2834 U % #lk(sliding zone) TlE, 7 —n /@ﬁfﬁ/ﬁﬁu
TENEAWISNNEAET D, ZOX 572, IS 6 SNIZEO T ES < Wil dDsliding zonelZ 317 %
R R petidl T L FOR L VR D Z LN TE S,

Fstick + Fstia = Faen (D)
Fstick = kchip X Astick (2)

Lc _z\*
stu:k(1 Lc) w(z) dz

fostia = Fonn X ey 2 e
_ Fasiid
Hstid = n_slid “)

Fh, F2ACHI0 < FEH—ASEHERE LTHLNBEY < FINEHO " KIBIEE O T 1 [2] R
+, ARICRSNS £ 910, “HRBIERORFES - U TFORDLRDS = LN TE 5,

0= Lgtick X Sin(¢_ ae) 5)

X3, K4iz81h < DO B — Vi L sliding zone DFEEEIRELOBR, G100 < O I —/VER & IRBMR
OBRE T, FEIZRT L2280 < F OB — )VIERITEEAE O, BB OEINZ 0,

P4 2 ) 75:/1—“ L7=, &5, K5I kMO S &sliding zone D EEERE ORIfR 274, [FIK
WRENDHE D /J/(j@ﬁWODFé IZsliding zone D EEEMRZEL DO HEINZ VN, HEINT DA 23, =
NHORRLD @D<¢®ﬁﬂwﬁ B S, U T OBREOXRRESUL FIZTHIEDT
X D55, sliding zoneDEEEARELL.TLL L, “REBMEE X23umbl ECTH D 2 &75@? 5)75 (72 o7z,
AL TR LI ERL FEE Y v 71X TET S WHEICB W TE W EBR I EZ R L, IR A
T HZ LI FOh— VEREZRD ST, Bxox2MEl+o2 L 75“(%71 k%z bILD,

[1] Shaw, C. M., Int. J. Mech. Sci., 22(1980) 673-686.
[2] Ozel, T. and Zeren, E., J. Manuf. and Eng., 128(2005) 119-129.
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1. Yasuyoshi Saito, Takeshi Yamaguchi, Kei Shibata, Yuki Kadota, Takeshi Kubo, Wataru
Watanabe and Kazuo Hokkirigawa, Development of A New Tapping Tool Covered with
Nickel/Abrasive Particles Composite Film for Preventing Chip Snarling and Tool Service Life
Extension, Tribology Online, 11, 2 (2016) 81-87.

2. Yasuyoshi Saito, Shoki Takiguchi, Takeshi Yamaguchi, Kei Shibata, Takeshi Kubo, Wataru
Watanabe and Kazuo Hokkirigawa, Effect of friction at chip-tool interface on chip geometry and
chip snarling in tapping process, International Journal of Machine Tools and Manufacture, 107
(2016) 60-65.
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1. Yasuyoshi Saito, Takeshi Yamaguchi, Kei Shibata, Takeshi Kubo, Wataru Watanabe, Kazuo
Hokkirigawa Development of a new tapping tool covered with nickel/abrasive particles composite
film for preventing chip snarling and tool service life extension, Tribology Conference 2016 Spring
in Tokyo, (2016).

2. FERRRER, MOEEE, LR, femEE, AR, EHE, hUlE, JEei—5%

H oy T THADY  FEREZOXITRIFT TE-GY < TRIOBEEIRE O 2
b7 A AR —ai 2016 BOHIE TR, #ris, (2016.10.12-14)



K4 xR HE

|
LR TSR S AT AT L TEE Y - D3 |
iﬁ%ﬁ% i
R - APERERRELIARNTIC & 2 IR 2585 L OB ORI
R BT B RS !

in
/| ,

R 284 BE I 33 1T B A L HL AT 9 5 B Y AL A

R R T 221 2 0 MBS T 2 BT O W TR AT U7, BE— IR 2SR S sl i 22 9~ 5 40
EFRENT 2> B, IS E 2SR E & RO ZL DI ENC 5 2 5588 % 51l L=, Fig. LTIXE#ERE % d =
100 yum T—7& & L. K HEZ5HE 2 V= 100~400 m/s & Z8{k S H 12358 O TR RE ST pmax. 7 1
e D KT (pic)max, M EHMEIE: KAH 25 77 (0eq)max & R BT 228 E VORISR 2 2 E kR LI R %
ﬂf\‘—é—o (ﬁ(ﬁ@f’%@}ﬁﬁ:ﬂ L"Ccipmax\ (pic)max\ (Ueq)maxk %%ﬁﬂ:ﬁﬂ/‘”:i@ﬁu L/f:o é ) Iz, @T%EP‘DT&Dé
(pic)max& Vo Bg'f;ﬁ %7k$:‘%}£®£tf% Z)pwh = pCV %ﬁﬁ V\T%‘é‘ s N @T%qj‘bf@%k}fﬁ &i(]?ic)max =
1.04pcV. a2 7 b o DIZBIT D RPTEEIXL.45pcVE o T2, 25 ZBEFEO SR L 258
FE O LT D L IR TEETZE O JE S AT L E 22 0 TR E pe VD 0.7~1.4f%, 2% 7 by PfHET
1.0~2.8(F L VWO MEN SN TNWDHNZ Lnn | ANTRER S Z OFFENICH D YRS L EE BN
%o B2 & 0 MEHMANZ 3T 2 (Geg)max B AKEEE T % L C0.990cVE 720 Z 0 5139~ CKEEIE O E il
Ik FREINDH, WIZ, Fig 21CHKHEEZSHEZ V=200 m/s —E & L. % d=50~1000 um & &
L EET25E D poaxe (Bidmaxs (Geq)max & WO BfRE R T, Fig. 208380 | IR E 24E L 23— E
DB, FNFNOMEITIEFERICER R IZTE—EMBER 722 &5, RiHEEZIC L DR KRFES.,
KRGS TR BESGN RN ER TH D Z ENRENTZ, Lo T, v 7 oA AOETHIZE W T
HEHREZET A ZLICE Y, BWERIEEZRESE DL 2 ENHERD Z & A ARBEMATIIRE L TV 5,

& 450 T T T T T
800 | S AA A A A
- Pmax o~
400
..... - (pic)max ".. A Pmax
E 600 —— (O'eq)max < i E 350 | | (pic)max
= o = ® (e
g L A o
bh 400 e bu 300 - HEE B |
< -
- pmax =1.45 pCV = o0 () [ )
200 ¢ ',.-"A ' ?ic)max = 1.04 pcl ] 250 +
2 (ch)max =0.99 pcV
0 ' : : ' 200 : ' : | |
0 100 200 300 400 0 200 400 600 800 1000
V [m/s] d [pm]

Flg 1 Pmax, (]Zc)max, (Ueq)max& |74 0)%%[6] Flg 2 Pmax, (pic)max, (Ueq)max& d 0)%%[6]

AWFFETIE, MM OFEARIZ DWW TR YIS VE Z AW 23R O 1E NS, W 221 X 0 MPEHN I
AT D B KA YIS T ORIk A O TRl 24T - 7o, R 224 & 0 BPEHT I A3 2 e KA XY I ) 0 A
Zxt L, »HMIMEA B Z 28k % [E2EEAR L35, Fig 3IcW < DO RBIEIC kT L T o222
RFE (B CHENTHER) OB(bERT, ZOERENG ., MEHI 3T 2 Wi E 228 5 05288 % Tl
By ZIZT MEMIIOBIE & LT, IEE R e — 3 UREBRICTE DA REH O BE R EE S0 m/s (2
%R S & L C L ARFEAT 2N B3R 6O 72 B KA S JJE 111 MPa% &2 2R O i & L CHW S,
Fig. 4127822 8K vie & R 220 B VO BMRIC OW TR, B 2252 AR vie | 2% 1 18 225 B VO K
A8FITHMAI L THIIML TW5, ZDOBIHRIZFIg. 1 105 LR KA SIS IEORE B L1382 v | ik 5e
B IIMBHI X LTI Tl <, RIS TREBT LI L ARB LTS, Z OBMEMITHERIT, £



BRIZ L 0SSN TV D EBEFORA THIEBIMN R 3 X 912, R E 2% B 03 A A (2% L TP Clid7e
<, REFAITRET LI Z E2EMEMICHBLL WD E VWit b, £72, Heymann|$4.85Bl Sanchezid
4.05MW | IREIL6.0~7. 1R FERIL7.036INC TR 24 B N IR IO BT 5 & D ERFE R 2R
LTW5b, DLEND, KREHT TR OV B2 BYARE & 22 OBIRIC L 0 15 D7z~ & $5%504.8
1. EERDVR TR E 2L E O R IRBOBEANICH D 2 D, ANEZLEERTE vie 2 O 72 5 1390
MEBET o — 3 VBT 5BAREEZ R T —2OOBIREIC R E X LD,

10°
10
o
£
=
=
=
10° 4.8
o 1+
Vig <V
10° ' ' '
100 200 300 400
V [m/s]

Fig. 3 BB &I Fig. 4 @EEEZEARTE vzl VO R

] Hwang, J. B. G. and Hammitt, F. G., ASME, J. Fluids Eng., 99, 396-404 (1977).

| Hattori, S. and Takinami, M., Wear, Vol. 269, pp. 310-316 (2010).

] Heymann, F. J., ASTM STP 474, 212-248 (1970).

] Sanchez-Caldera, L. E., Ph. D. Thesis., Dep. Mech. Eng. Massachusetts Institute of Technology (1984).
] Fujisawa, N., Ymagata, T., Hayashi, K. and Takano, T., Nucl. Eng. Des., Vol. 250, pp. 101-107 (2012).
| ex KRBT, WOHERL, OPEME, TR - BORHEREEAATIC K 2 SnE ki E 2B O RERIFE ) |
JEAHVE, Vol. 30, No. 1(2016), pp. 65-74.

SRR 284E B DIFFEERR
[Fr7Em%]
1. Bl w28 4 2 BIR OBMEMATRIR L 0 | TSGR E R &R O Z s kv
(ZREVALSDRAY: 7 Zoa X O
2. MBEREOBEBEOFEICZLY | SEERE RIS X0 MBS 32T 5 528 2 BAERRENT I TR L7,

(BfREE - = - FWHES~ORR (BEHEGL) ]
. e KRR, JVEHBLE,
e E LR BT D v B 7 — v a URIAE DT - M EhE S AT )
"Numerical analysis of cavitation bubble collapse during high-speed liquid droplet impingement
by fluid/material coupled method"
R 2H222016, 2016.9, 4ilTE (2016.9.26-28), No. 226.
2. MexKmE, FEBE,
[ENEIRTHE 2212 F6 1T 2 BMPEHR IR IR O 522 2 B3 D i - ARk sl BB fAgAT |
Z— B FETelldr s, b (2016. 9. 30), No. B8.

1

- FEEE]

: 20164F9H 30 H

X — RIS BrelldL RiEiES B TESHEE
D A — I

28 IF I KR

X v O

BN KE e



K4 EAR &K

PR TR 225 TR - D2
Pl

AR DIV % 518 LI ER 7 5 » 2 40
. A

TH2EEICHE T EFREMBARIZ*IT HEY # A

ZETIHEBRE OO D TH D7 7 v X BGIIHEEEEICE D /RO & A ERARBRTH D, Hzemk
. 774 MIZT7 T v ZREAELRNE D ICEREFFEND, REMZEHEOEHIEE I ETEHTH LD,
B EICERENAE LD, 7T v X OREICLVEENIEERT S &, EHREME LBEIT S, EEREAL
BEOBINIEEE I TND S22 G EONMELL 25120, 7T v X @RI TR 5 72 DI 115
BEZELS ELRDVERDH D, TOTOICET, EEBEAEICKTT 2 M S oMb &2 &R
JEFEAE GRS TIETH HSVIEIZHEA Lz, IS X 0 BRI Z M < B35 2 LITlEh L, EREALE
OS] b 2 Lip /D 2 W RV TRIBEIC L72(K1(a), F72. SVIEZ WAL Z LIk W B b K
OB NREOYPEBMMEZERICIT) ZENTE L X HITRY, N X7 ) — REORERKL %
TEROARKEFREL VMR D Z LN TE (X)), LU, &b 2T B &N i 056, B
TIBI SN DR MIEMEI TR D & TORIRE DREENKRE L RAREN AL, 22T
Wiz, TTOMERIRZ R 57201, HAEOK S0 D @RIl 2179 FE(NE2FEE L, Zhic
X0 TR E BB ICHEB L2 5E & SRR X 0 ez dhim 2 B L 72358 O s 4 & 72
LT EwERLT,
BEMORASCLERDOET AT NHALIZ X D2 ORE R EREBL SN D L9127 > TEX 7R,
DX RERITOABNRELRD, KT T v XN OBEEMITEH Y TR HADb T& =€ —
RIEFE— ROEREDLETIZ L > THRIEOES HREXEZ M HEOTD, BINERIZRH LTI+ oTHh
DN, TR ENPRKREWGEOEEMEEH EVRIESN TR, B E2 &5 2572 ODOHIROIERR
AR 2. #EE DKM FRIEREE A2 BB T D ENERMNBIIRD EEZOND, £ZTET, JE
MIEFEM o — R 2R LR 2 — R & v 7V 7 LTCT A FH86TDE T AT M EHIC
XU TT7 T v 2T %24T o 7o, FEMZRRIE TR GEIE EA v ¥ 2 DR RE) X (xyz O3H5M)
DY A XTI R LER B D, EEFEHFE TEAT v TR ET 5 ERRKARFE 2 A R
B 12 O AAIGE ClIB s 2 W CITHI R & e ) 5 Z & C, CFDEFEMD A v 7Y o 7 & EHR SH7- (K
2). TRIKREAT TIIRERRE., OGS CIIBAEZ WD 2 & T, B s 2> TLE I A, T— FNEEZ A
WCIHfRIE L FEREIC K DR A L, ZTOENNINI ESA5EOr —ATRBMHEEZHNTYH
WO IIBE LN 2R LTS, iz, B— REEZ10~20/E+2I2 & o7-F— RELR
FEFEMIC L D FERDOZEN/NS N LD UNER OfilE CITEIRT 5E— REEBRLRVWERY | BHHE
A MO TE— RERANTHD Z LN T72(K3), HEhithig DR KENDNE AR DA%IEE %
2D &M DR EIIFERIEIEDNE U, BIEFEM & JERZFEMIC X 56 B IC B BANVE Uk o 12(X4),
CFD EFEMD 1 > 7' ) 7 O EBIWEIZOW T, E— NEICHASPUTHER A RO, BffEE Hn
52 L CHEMNREMTHRETE S L) Chotz, Fo, ARITIRIEENTER 3TN 2 T, R MEAT 85
HEtREOWILEITH Z E CEbIcmEmEbEI A 5, BT 23Tk U CTRESENT 21T 9 7291213, #
FTEEFIEEZEANTHLERND Y | RAFOIERIENELIND X 5 72 KETREOE Y OFIREENT 22 M
FEEREPOBNA MIEBIEDL I ENEELE D, £ 2 TIRIZ, BiTHMAT TIREICKHT 28170
B A M A MERF 4 A RIAREES . #MAI Tl Radial basis function[2]Z FI W 7248, A bEI AT v F
IR TIEEE Lz, ZHOI3BME2KR T TR LTEBY ., S%3RTICIET 2 TETH D,




W,
i .

\\\\\\|\\ i i i

(a) %%é:v yNa B —

X1 i & F MBI

(a) HEMITIC LV BB NT=ER
X2 FEFEFEMIC L5 7 7 v Z @l (= v 3407,

0.12 T T T T

Modal analysis(20 modes)

0.11

0.1

0.09

Linear FEM [

(a) FRIEFEM & & — RiE (20— R)D g
3 IR BORE MR X 5E— RIETHW S E— N OKRF

Total pressure ratio
1.00
N

7 0.99

LT AL 7X

(b) NSRT ) — REORIERK

fFoniting

(b) WAARATIC J:M%%h?if?‘ﬂ-ﬁéﬁ S|

0.12

0.1

CL

0.09

0.08

441.0 [deg])

: ! ! :
20 modes O
10 modes

(b) E— Ntk



0.12 . r

CL

T T
Linear FEM ©
Non-linear FEM e

CL

0.14

0.12
y

Linear FEM = ©
Non-linear FEM s

CL

0.16

T T
Linear FEM ©
Non-linear FEM e
oo

0.08

0.06

0.04

100 0 20 40 60 80 100

Time

(a) B fRD R KA (b) FEImiZ gD i KENLH (c) HEIutkix D KAL)
AR FED14%D L X AR FDA0%D L X AR RED5.6%D & &
X4 5117 OWMIEREIC L 8 IEFEM & JEFRIEFEM O Hr i

[1] X. Jiao and D. Wang, Eng Comput., 28(4), 2012.
[2] M. Cordero-Gracia et al., Aerosp Sci Technol., 23(1), 2012.

TR28FEDHREE
[Eﬁ%w—’e‘-]

1. T 7 7 v X B CEBERERN 2T D700, EBRIEALE KT 2 fEE A b 2 &
/Kﬁr%}%L*ﬁ%lffkésV@ T U, R A< TS Z LI P LT, SVIEE WD
TR N X T ) — REORIERREDPIER DA TRAEREIE LY /)‘fcs?b‘ LERLT,

2. KMot E T EmZEmAm OGS TH IO MEIR A RFFT 572012, A7 506 ik
R 21T 2 FiEEFEE L, ToORRICRHT g & [F% @{/luﬂ%%?@é ZEITEkE LTz,

3.  MEOIEIEIEICIN 2, HEEDOIEIENEE BET H 72012, FERIPFEM 2 — R 2548 Ui iR =
—REH TV T LUTET AT N ERICKH LTI 7 v XN 21T o 72, W EIE TIEEEN
REL R HEEDO R FIFERIER 4 Uz,

4. j( TEZLDJE O O TR F O Z2 IR 12 @l s D 2 N A N

WRET DR DB ANE &2 HEFF T B MR RS, 4ME|C
> ) v RRFEEME LT,

WA S/ 57010, BinEf T i
“ClZRadial basis functionz F W72 21T 9 /~A

[(EFEARX (EHRfAZERSEBRXEZED) ]

1. Y. Sawaki, S. Tateoka, and K. Sawada, “Wing Flutter Computation Using Spectral Volume
Method for Unstructured Hybrid Mesh,” First International Symposium on Flutter and its
Application, ISFA-1R21, Tokyo, Japan, May 2016.

(EfR&E -  BiMEAORK (BEFELGL) ]
1. AR it {%Eﬁﬁﬂ, “ERORS FE RS- RS B D HFZE,” FEA8IRIA A )1 F il i 2/ 34 IR 22 2 4%
B Ialb—a U RO A, 1A09, & IRIKEIEE, 20164574 .
2. AR, BHZESE, FEHES, “DGIE - SVIEIZ L 5 fEHT,” Second Aerodynamics Prediction Challenge
(APC-II), <iRAREEE, 2016474 .
3. ALK, BHEE, BEES, “APC-IIOT — X FEH CH 2 7-H122CFD & BB O, F554
HATHE S AR T A, 2HIL, FILEBESZEY - ANAYZ 707079 RTVEIL 20168104 .

[ZE - 555%]
ZHEH : 2016444
B4 : Best student award at Next Generation Transport Aircraft Workshop 2016
$Hf%4 © Next generation Transport Aircraft Workshop 2016



FREBEEICHITEHFEBMAIZHT HEY HA
ALK FEHC) % AL FET 5 fkiie Botryococcus braunin Xk AR DO/ A AREOJFENE L CTHER ST

%o B. braunind e L72HCDI0%LL & MM BIZ e L, 2 e =—WEICHTRT 2 b 00, AifLE
LTI =—NHOHCZHH TERWnL23720 SRR ATAEENLE TH 5, BEEOHE
Tik, R L L TR 2 ) 28I 2 Can =—RmOSIEEZRETH 2 LIk -
THCHIH A ) | L72 2 490G S TR Y ZHFEORBEE & W AN RAEKE ORI R R L KIE
TZLEDNEHMITRSINTE L, LLRRS, an=—KE» b OO HRBEE S W% E&RIZHE
L7l ETH D, AWFETIE, ZREEPEERET CEMEZFF>Z LIZER L, E—FE M2 v
TINELEE F 72 (TR A LB 1% 0D MR ZR 1 D S HEFE O RIBEEE &V 2 3l L 72,

FEHZIXIEE0.48 g/LD B. braunii BOT-228k% H 7=, INEWLEL L L C, Furuhashi et al. ® /4
(90 °C, 20 min) & 729, BRkAgLEt & LC, JET PASTER®*(JP-SS. HAA L M) % T,
[F#A% A 2400 rpm F 72134800 rpm T3 minfL¥ U7=, F7o, S| @iEZ2ITV, Rz o 2 0 =—JF
PHOZ R A BIEE LTz,

BHEOY — X ENLOWNTE 1L, Zetasizer Nano ZSP (Malvern Instruments, UK) % V7=, B. braunii
Dan=—OB—FEMNEHET D720, BEERLEOTHEL, 20 LELOLRZERL, 3B E LT,
Fo, HERRE LT, MRBEDO FEREEWE Ch o — A I ST Ga 0 — 44
Pz HlE Lz,

FEER P O Z WA BIEE T D720 . INEVUER & 7o (3 A LB it O BB RRHT kT L, SR e adsIc
LB LR A2 Fig. 1Rt ROUHORE (Fig. 1 (NT)$E L OJET PASTERIZ 5\ C [E#:%72400
rpm CHLEE L 7=30kE (Fig. 1 JP-1) CTlx, 22 n=—0 B[R 72 < ZRENTFAEL TWD Z Enbnd,
—J7. 4800 rpm TLEE L 725K Fig. 1 (JP-2)) Tid, #EA IO S P eI KB L7z, IEVLELO 5
A B. braunilf IZEHERN A B o T,

Fig. 21 R OFRF & TR & 72 (3B L 7Bt o B — 2 Bt 2 e — A B — X DfER L
HITRT, RLBEOFECIX ¥ — # BT L E-25 mVTH o 7o, BERIOALEE F 72 1 3MMEGLBL 21T 9 & |
B brauniin ¥ —Z BT EH L, EAra—AE—X0fEICIESNW -, P-22BLNTT) Clian=—%
HHIZE AL EDSZHEEPHEES LTV Z LB (Fig. 1 JP-2) & (TT), B. brauniid>€ — % EALH
LBERTZIZ BV TR L L2 D1, A0 K » Tl b ZHENRE SN2 sic k.,
JUBEZ R T D EM D TH LA B —ARNBHLIZTOTHDL EEZX LD, 2 b ORRILFig. 21277
L 7= AR S R L Rk OEm 2~ L TR Y | B braunii® BB FET 2 2HEHOF 42 € — 2 &AL
IR TRHirRECTH D Z L &R LT,



(TP2400)

(JP4800)

Fig. 1 The images of the samples. (NT) Untreated sample;

(JP2400) Mechanical treatment with JET PASTER at 2400 rpm; (JP4800) Mechanical treatment at 4800 rpm;
(TT) Thermal treatment.
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Fig. 2 The zeta potential of each sample. (NT) Untreated sample; (JP-1) JET PASTER treatment at 2400 rpm; (JP-2)
JET PASTER treatment at 4800 rpm; (T'T) Thermal treatment; (CB) Cellulose beads. Error bars represent
standard deviations.
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The fretting behavior of Inconel 690 and 304 SS

FR28FEICHITHAEHIRITHT HEYMEH

The objective of my research is to investigate the effect of passive film properties on fretting
behavior. This year I start my research from October to February. The fretting performance will
change a lot due to the passive film, which generates on the surface of the contact point under the
corrosive medium [1]. The effect of passive film properties on fretting behavior was studied. The
experimental equipment is a fretting tester with an electrochemical cell, which can apply stable
potentials on the fretting pair and record the current density during the fretting procedure (Fig. 1).
Fig. 2a shows the destruction and recovery of the passive film, which is induced by the fretting
process, in one cycle (this is a supposed model). A stable potential applied on the fretting pair, which
can guarantee a stable passive film recovery after it destroyed by the fretting process. Current
density will be used to characterize the destruction of the passive film. Fig. 2b is the expected
tendency of current density. If the recording current density can perfectly match the tendency as Fig.
2b describes, then, by using the current density as a connection point, the quantitative relation
between the passive film status and the fretting phenomenon can be established, which can reveal
the root cause of how passive film affects the fretting process. By combining the electrochemical and
fretting data together, it indicates what actually happens to the fretting damage process at the very

moment when passive film destroys and recovers.

Fretting direction
Working electrode Reference electrode
Jig
Counter electrode
304
~ Medium_ . -— —|
- 690

Container .

Fig. 1 the schematic map of the fretting tester
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Fig. 2 (a) The passive film damage model on Inconel 690 and (b) the schematic map of current transient
curve for one fretting cycle [2].
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[1] P.D. Ren, G.X. Chen, M.H. Zhu, Z.R. Zhou, Influence of oil and water media on fretting behaviour of AISI 52100
steel rubbing against AISI 1045 steel, T Nonferr Metal Soc, 14 (2004) 364-369.

[2] Z.H. Wang, Y .H. Lu, J. Li, T. Shoji, Effect of pH value on the fretting wear behavior of Inconel 690 alloy, Tribol Int,
95 (2016) 162-169.
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To investigate the effects of passive film on the fretting wear behavior of Inconel 690 and 304 SS. The
equipment has been designed and pilot run. Sample preparation was finished.
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1Optimization of Synthetic Jet for Bluff Body Drag Reduction Based on
\Multi-Fidelity Kriging Model

FRBFEICHEITIAEBHRITHT YA

Passive flow control techniques used for drag reduction of ground vehicle, such as shape
streamlining, vortex generator and porous surface, are simple and reliable, nevertheless, car body
design is an integral processes of aerodynamics, sense of beauty, space and style design.Active flow
control techniques have the advantage without influence on style design[1]. Synthetic jet is one way
to affect the wake flow structure, which has large influence on the drag of bluff body vehicle. The
obstacles for the applying in real production are the balance between energy consumption, reliability,
and control strategy. The objective of this research is to improve the control strategy by optimizing

the velocity, frequency and jet angle of periodic synthetic jet, as shown in Fig. 1.

Fig. 1 Two synthetic jets on the rear face of the bluff body vehicle model

The numerical calculation method used is Detached Eddy Simulation(DES). The
Reynolds-averaged Navier-Stokes is incapable of accurately predicting the drag of bluff body under
the actuation of synthetic jet, as the red triangles show in Fig.2 (The Strouhal number of synthetic
jet vs. Drag reduction). The DES result is comparable with Large-eddy Simulation result [2] and
qualitatively similar with experiment result (The bluff body is simplified compared with experiment
model) [3]. However, it is also time consuming to perform optimization using DES as the transient
calculation and many numbers of initial samples for Kriging model construction. Therefore the
multi-fidelity Kriging model, also called Co-kriging model, is introduced. The low-fidelity with coarse
mesh and large time step is used to qualitatively predict the tendency, and the high-fidelity with
better mesh or experiment is used to quantitatively predict the drag of bluff body. The Fig. 3 shows
the advantage of multi-fidelity Kriging model, that use four points from experiment result [3] as high

fidelity data and combine 10 points from DES with coarse mesh as low fidelity data. The purple line



in Fig. 3 is predicted by the co-Kriging model, and performs more accurate and time saving than the
ordinary Kriging model from 4 high fidelity data. The future work is the optimization with whole
parameters of synthetic jet by the multi-fidelity Kriging model.
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Fig. 2 Simulation method comparison Fig. 3 Multi-fidelity Kriging and ordinary Kriging model
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1. Analysis of techniques for drag reduction of ground vehicle.

Reviews and summarizes the history of the techniques that used to reduce the aerodynamic
drag of ground vehicle, and look forward to the future of those techniques. The advantages and
disadvantages of passive and active drag control methods are analyzed and turn up the point of
research that balance the energy consumption, reliability, and control strategy of active control.

2. Verification of numerical methods, RANS, DES and LES.

Three numerical methods are compared to test the capacity of simulating the wake flow of bluff
body under the actuation of periodic synthetic jet. The DES is decided to be the numerical method in
optimization as its goodness in the trade-off between accuracy and efficiency.

3. Verification of Multi-fidelity Kriging model for optimization.
The one design variable optimization is performed using Multi-fidelity Kriging model to verify
the feasibility and efficiency.

(EfR=E - = - WM~ ~OREKR (EHRGL) )

1. Kaiping Wen
The techniques used to reduce the aerodynamic drag of ground vehicle
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The concept of magnetic resonance force microscopy (MRFM), as a promising magnetic resonance
imaging combined with atomic force microscopy (AFM) technology, utilizes a small magnetic tip and
an ultra-sensitive cantilever to detect the densities of spins or radicals. Normally, high vacuum
environment for the resonant detection should be maintained in MRFM measurement, to decrease
the air damping and increase the sensitivity of the cantilever sensor. The test objects of the sensitive
cantilever are strongly constrained, because the test objects like cells should be kept in the standard
atmospheric pressure environment. Therefore, vacuum packaging of the sensitive cantilever with an
independent vacuum micro-chamber is a promising method to separate the vacuum environment
between the cantilever sensor and test objects. Here, the research content in this year is focused on
developing a vacuum packaged cantilever magnetic sensor, to construct the measurement setup of
MRFM and also to realize the MRFM measurement at standard atmospheric environment.

Recently, based on extremely high signal to noise ratio, an ultra-sensitive cantilever with a small
magnet has been utilized to detect the densities of spins or radicals through a non-invasive method
in a nanometer scale [1, 2]. However, a high vacuum environment for the resonant detection should
be maintained, to decrease the air damping and increase the sensitivity of the cantilever sensor. The
test objects of the sensitive cantilever sensor are strongly constrained in magnetic resonance force
microscopy (MRFM), because the test objects like cells should be kept in standard atmospheric
pressure environment.

Vacuum packaging of the sensitive cantilever with an independent vacuum micro-chamber is a
promising method to separate the vacuum environment between the cantilever sensor and test
objects. Figure 1 shows the schematic of the proposed vacuum packaged cantilever sensor. The Si
cantilever with a micro-magnet is anodically bonded to the glass substrate with a cavity. The getter
material is placed into another cavity to adsorb the residue gas. To avoid the cantilever structure to
be affected by the generated electrostatic force during final anodic-bonding process, thin Cr-Ti film is
deposited onto the cantilever anchor and bonding area of glass substrate. Finally, the cantilever is
hermetically packaged by anodic-boning. Figure 2 (a) shows the optical image of the fabricated
sample and Figure 2 (b) shows the cantilever structure after magnet mounting.

Based on the measured pressure dependence of the Q factor before packaging, the packaged
vacuum is estimated to be in the range of 7.8x10% ~ 1.0x103 Pa. To detect magnetic field intensity, a
PZT plate is mounted on the vacuum packaged cantilever for vibration detection using laser doppler

Sicantilever with magnet Si ?OVGI'

Figure 2: Optical image of the overall view of the
fabricated vacuum packaged cantilever magnetic
sensor (a), and magnified top view of the cantilever
after the magnet mounting process (b).

Figure 1. Schematic diagram of the vacuum
packaged Si cantilever with a mounted magnet based
on anodic bonding.



vibrometer, as shown in Figure 3. Figure 4 shows the resonant frequency variation plotted as a
function of the magnetic field gradient with a magnetic field resolution of ~4x106 T. The MRFM
measurement setup is established at atmospheric environment with the vacuum packaged cantilever
sensor, ~1x1 mm?2 DPPH radical, a RF coil for spin resonance and a coil with SmCo magnet for
magnetic field modulation, as shown in Figure 5. The vibration of the cantilever is measured by laser
doppler vibrometer with a lock-in amplifier. Figure 6 shows that the ESR magnetic resonance
signals are observed with the applied RF field from 500 to 1000 MHz. The measured amplitude at
the peak is 7.6 nm and the corresponding force is calculated to be 9.2x10°12 N. The spin density at the
peak is estimated to be ~1.5x101% spins/cm3. It is demonstrated that this vacuum packaging
technology is an effective method to improve the sensitivity of the cantilever sensor and gives more
possible applications of the cantilever sensors at various ambient condition.
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Figure 4: Relationship of the magnetic field gradient

Figure 3: Magnetic field gradient measurement
versus the resonant frequency.
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Figure 5: MREM measurement setup with the Figure 6: ESR force signals in the DPPH sample
vacuum packaged cantilever sensor at atmospheric versus scanning radio frequency of the coil at
environment. atmospheric environment.
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1. To separate the vacuum environment between the cantilever sensor and test objects, a
cantilever magnetic sensor is vacuum-packaged successfully based on anodic bonding.

2. The magnetic field gradient and radical density are detected by the vacuum packaged
cantilever magnetic sensor at the atmospheric condition based on magnetic force sensing.

[EFHX (ERMFEZEREIBRXEEZSD) )
1. Gaopeng Xue, Masaya Toda, and Takahito Ono, “Comb-Drive XYZ-Microstage with Large

Displacements Based on Chip-Level Microassembly”, Journal of Micro electro mechanical
Systems, Vol. 25, No. 6, pp. 989-998, Dec. 2016.
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Ono, “Magnetic field sensor based on vacuum packaged cantilever with a mounted magnet”, 7The
33th Sensor Symposium on Sensor - Micromachine and Application System, Hirado Nagasaki,
Oct. 2016.
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Introduction

The piezoresistive effect is a change in the electrical resistivity of a semiconductor or conductor
when mechanical strain is applied, which causes a change in electrical resistance. The piezoresistive
effect in those materials has been widely used in the MEMS smart sensor field, including strain
gauges, cantilever force sensors, accelerometers and pressure sensors [1]. Recently, advances in
computing and artificial intelligence have resulted in increasingly the demand of flexible or wearable
devices, robotic, biomedical devices with multi-functionality and enhanced performance. However, in
order to obtain these applications, novel technologies for sensing electronics becomes more and more
important.

Conventional silicon can be made flexible by thinning down the Si wafer below 25um, while the
brittle of Si limits the lifetime and reliability of devices. Other materials like organic polymers give
high sensitivity with respect to external strain. There are still some drawbacks such as high
hysteresis, nonlinearity and poor repeatability. Therefore, a more suitable material for future
flexible electronics is required. As an alternative, MoS2 has large mechanical flexibility, outstanding
optical transmittance, high gauge factor and semiconductor properties, which is an ideal choice
[21[3].

The most important step for piezoresistive molybdenum disulfide, monolithic integration in silicon
based MEMS, has not yet been reported. In addition, only few papers reported piezoresistive flexible
sensor for practical applications. The purpose of this research is to fabricate MEMS piezoresistive

pressure sensor based on CVD grown large-scale monolayer molybdenum disulfide.

2. Experimental details

To get single- or few- layer MoS2 from the molecules or atoms, the most common method is
chemical vapor deposition (CVD). For large-area few layers MoS2 growth, sulfurization of
pre-deposited Mo-based precursors and direct reaction of simultaneously sulfur gaseous and

molybdenum dioxide precursor were introduced. [4]

2.1 Sulfurization of pre-deposited Mo-based precursors
As a two-step process, the first step involves the synthesis of Mo thin films on silicon substrates

coated with a 280 nm thick Si02 layer by thermal oxidation. Prior to sputtering, the substrates were



cleaned with acetone, ethanol and rinsed in deionized (DI) water, followed by piranha solution
(H2S04H202=2:1). After rinsing by DI water again, the substrates were dried and baked for 5 min at
145 °C. The substrate was agitated by exposure to a suspension consisting of isopropyl alcohol (IPA)
solution and 100 nm diameter diamond powders in an ultrasonic bath. After loading the substrate, a
sputter chamber was evacuated by employing a rotary pump and a turbomolecular pump
combination to achieve the vacuum at 3x104 Pa. The Mo thin films were deposited by RF sputtering
at room temperature under Ar gas atmosphere. The deposition time was 5 s to obtain a Mo films with
thickness of about 1 nm measured by Ellipometer. The RF power was set at 60 W.

Fig. 1 shows a schematic diagram of the MoS2 synthesis procedure. The sputtered Mo films were
placed in a low-pressure chemical vapor deposition (LPCVD) system equipped with a 36 mm
diameter quartz tube furnace which was pumped down to a pressure less than 1.9 Pa. Sulfur (200 mg,
99%) was placed in a ceramic boat upstream of the quart tube and fixed at 135 °C using a heating
tape. Ar gas was used as carrier gas with flow rate of 250 sccm. The pressure of the CVD chamber
was kept at 329 Pa. The quart tube was heated to 750 °C at the center in 30 min. After 180 min, the
furnace was cooled down naturally to room temperature.

Furnace 1 Furnace 2 Furnace 3 Pressure gauge

Heating belts

To pump
Sulfur

Substrate
— —

To vent

Figure 1. Schematic illustration of the sulfurization system.

2.2 CVD growth of MoS2

Prior to the CVD process, the substrate was cleaned as the same illustrated in section 2.1. Fig. 2
illustrates the CVD setup for MoS2 growth. Sulfur (200 mg, 99%) was placed in a ceramic boat
upstream of the quart tube and MoO3 powders (450mg) were placed in furnace 1, with a Si02/Si
substrate putted in furnace 3.

Furnace 1 Furnace 2 Furnace 3 Pressure gauge

Heating belts

To pump

Sulfur MoQ; precursor Substrate

=

To vent

Figure 2. Schematic illustration of the MoS2 CVD system

The main steps of the MoS2 growing method is shown in Fig. 3. Fig. 4 illustrates the temperature
curves for sulfur precursor and Si02/Si substrate for the whole experimental procedure. The quartz
tube was first pumped down until the chamber pressure to 1.9 Pa to remove the oxygen, followed by
constant Ar gas flow of 280~300 sccm at room temperature. Sulfur was heated at first. While the
temperature reaches to 95 °C, open the heat switch of furnace. The growth temperature was set to
690~700 °C for 15 min to produce MoS2 spices which precipitated onto the Si02/Si substrate to form
MoS2 thin film. After synthesis, the furnace and sulfur heating belts were shut down and were

cooling down naturally to room temperature. Finally, the substrate was unloaded at room



temperature.

Constant Ar flow rate T(MoO;)=S.T.
MoO; (100mm?) | T(MoO,)-RT T(MoO;)-RT (setting temp.) G L Mo$
2 . - - o
S (430mm?) T(S)=RT 10min
Vaccum10min (1.9Pa)  T(S)=95°C T(S)=135°C

Figure 3. Main steps of the MoS2 growing method.
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Figure 4. Temperature programming process of MoO3 and S precursors.
3. Results and discussion

3.1 Mo sulfurization

Figure 5 (left) shows optical images of MoS2 films using our two-step Mo sputtering sulfurization
growth method. It can be seen that the film is uniform and continuous across a large area without
grain boundary. Two characteristic Raman vibration modes can also be seen in the spectra in Figure
5 (right), the El2; mode representing the in-plane vibration of molybdenum and sulfur atoms and the
A1z mode related to the out-of-plane vibration of sulfur atoms. The frequency difference between
these two modes depends on the number of layers of MoS2. The fitting results show that these two
modes are located at 385.89 and 405.84 cm™!, respectively, giving a frequency difference A of 20.05
cm~l. Raman frequency difference is well known as an appropriate quantity to assign the number of
MoS2 layers. It indicates that the thin film is two layers. However, the full width at half-maximum
(FWHM) of the Raman peak is so large that represents the low structural quality in Mo-sulfurization
MoS2 thin film.

[a=20.05 om"
Ao 40584 cm

B a0 an am
Raman shift icm )

Figure 5. Optical images and Raman spectrum of MoS2 films by sulfurization

3.2 CVD grown MoS2 thin film

Fig. 6 (left) shows the SEM images of CVD grown MoS2 thin film. We can see that only monolayer
MoS2 was grown; bilayer or multilayer MoS2 was rarely seen. The brighter area indicates the Si02
substrate. The surface of Si02 substrate was covered by MoS2 domains. The morphology size of

MoS2 is mainly ~500 nm.
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Figure 6. SEM images and Raman spectrum of CVD MoS2 films
To be sure that the domains imaged by SEM were indeed monolayer MoS2, we characterized by
Raman spectroscopy. Raman spectrum of CVD grown MoS2 films are given in Fig. 6(right). The two
Raman a peak frequency difference of 19.33 cm~! shows the existence of monolayer MoS2. The
electrical properties of this MoS2 film was evaluated after making Au/Ti electrode by EB evaporator.
The resist of the grown MoS2 was measured about 9.3* 104Q.
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Figure 7. Electrical properties of grown MoS2

Conclusions

In this work, a large-aero few-layer MoS2 film on Si02/Si substrates using a combination of RF
magnetron sputtering was successful. Monolayer MoS2 film can be grown by CVD method in whole
surface and it was confirmed by Raman. However, the repeatability is need to be improved. The
resistive of grown MoS2 was measured with about 9.3*104Q. It can be used for fabricating

piezoresitive sensors.
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Polyacrylamide Hydrogel based Triboelectric Nanogenerator (TENG)

A polyacrylamide hydrogel containing lithium chloride was synthesized successfully. We used
this polyacrylamide hydrogel to fabricate a triboelectric nanogenerator. In addition, the
fabricated nanogenerator were evaluated and can be used as a tactile sensor.

CVD Grown Molybdenum Disulfide Films

A large-aero few-layer MoS2 film on SiO2/Si substrates using a combination of RF magnetron
sputtering was successful. Monolayer MoS2 film can be grown by CVD method in whole surface
and it was confirmed by Raman. We will fabricate a MEMS piezoresistive sensor in the future.
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