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Purpose of the project

Most of the engineering applications have sources of uncertainty that can severely
affect the system performance. These uncertainties lead to a gap between the actual
operating and the nominal design conditions of the system. In recent years, a new
field called non-deterministic computational fluid dynamics has been emerged,
which examines the effect of random variables on the performance of systems. In
real engineering systems, due to complex geometries, various boundary conditions
and complexity of the implemented physical models, we often face with a large
number of random variables. In such problems, implementing classical uncertainty
quantification (UQ) methods such as polynomial chaos expansion (PCE) lead to
exponentially increment of the computational cost. Thus, in real world problems, it
is not possible to use such methods to quantify the effect of random variables. The
first objective of this work is to examine the performance of the efficient methods in
UQ analysis of CFD problems with large number of random variables. The second
objective of this study is to improve the performance of the methods in terms of
reducing computational cost and increasing the method accuracy.

The considered methods are multifidelity surrogate models and use the
non-intrusive PCE. In this research project, three efficient UQ methods; namely: i)
the Proper Orthogonal Decomposition (POD), ii) the Compressed Sensing (CS) or
(1-minimization and iii) the Kriging method are combined to reduce the
computational time of UQ. During the first and second years of the project, a
non-intrusive UQ framework is developed based on the combination of multi-fidelity
POD and compressed sensing. In the third year of the research collaboration, the
computational model is further refined by incorporating the Kriging method.

Details of program implement

During the first two years of the collaboration, UQ analysis of two challenging CFD
problems (i.e. RAE2822 airfoil and NASA Rotor 37) with large number of random
variables are performed using the developed method. It is found that the first
version of the developed model (i.e. combination of POD and compressed sensing)
significantly reduces the computational cost of the UQ analysis of these problems.
During the third year of the research, the developed model is further refined by
introducing the Kriging method. More specifically, the £1-minimization technique is
employed to recover dominant PCE coefficients through low-fidelity calculations.



Then, the optimal basis functions of non-intrusive POD approach are obtained
which can reproduce the overall behavior of the stochastic field with affordable
computational cost. In the final step, these optimal basis functions are used in the
trend part of the Kriging. The method performance is examined using two new
challenging CFD problems.

Achievements

In this research, to reduce the computational cost of uncertainty quantification, a
new method based on the combination of POD method with Sparse Polynomial Chaos
Expansion (PCE) and Kriging approaches is developed. As shown in Fig.1, the
performance of the proposed method is investigated using two challenging test cases,
namely: a) Film cooling jet in cross-flow and b) Leading-edge film cooling of a gas
turbine blade with 7 and 10 uncertain variables, respectively.

a) b)

Figure 1: Geometry of: a) Film cooling jet in cross-flow and b) Film cooling at the
leading edge.

a) b)

Figure 2: Contour of normalized 2D PDF of adiabatic effectiveness for: a) Film
cooling jet in cross-flow and b) Film cooling at the leading edge.

As demonstrated in Fig. 2, the non-deterministic solutions encompass entirely the
experimental data as a result of taking into account the variations of input variables.
For the first test case, the new method reduces the computational cost by 91% and
53.9% with respect to the full PCE and POD methods. For the second test case, the
computational cost reductions are 81% and 37.9% in comparison to the full PCE and
POD methods, respectively.

The outcome of the research is submitted to Journal of Structural and
Multidisciplinary Optimization.
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Summaries and future plans

This project is concerned with the development of affordable UQ methods to handle
large number of simultaneous uncertainties. The proposed multi-fidelity approach
uses the advantages of three efficient UQ methods; namely the sparse PCE, the POD
and the Kriging methods. In general, the proposed method is found to be superior in
terms of accuracy in comparison to combined POD and compressed sensing,
especially in the cases with the lower number of low-fidelity samples. For
continuation of the research collaboration, efficient methods for Robust Optimization
(RO) will be explored. The main challenges in achieving a robust optimization in
Fluid Dynamics problems are the high computational cost of the procedure and
methodology for assessing the robustness of system performance. The classical
method for RO lack the required efficiency when utilized in robust optimization of
Fluid Dynamics problems. To address this shortcoming, efficient metal modeling
approaches such as Kriging, machine learning and adaptive sampling will be used.
The research findings will be presented in the upcoming ICFD2022 conference.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Quantification of CFD Problems by Combination of Sparse Polynomial Chaos
Expansion, Proper Orthogonal Decomposition and Kriging, Proceedings of the
Twenty-first International Symposium on Advanced Fluid Information (AFI2021),
Sendai, 27-29 October 2021, CRF-43.

Patent, award, press release etc.
(Patent) Not applicable.

(Award) Not applicable.

(Press release) Not applicable.
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Effects of the turbulence interaction on the rise time of a sonic boom pressure signature
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On the multi dynamic mode analysis of flow-induced noise from an elastic bodies
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14 AT & LTI

1 BWEREOM

Air Polyethylene
Density (kg/m’) 1. 225 950
Viscosity (Pa -« s) 1. 7894e-5
Young’ s modulus (Pa) 1. 1%10°
Poisson’ s ratio () 0. 42
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2.1

REEE T/ FFHARL 3 0DF/ Ry—)LAEBRRIZET 5007
A study on nano-scale interfacial phenomena of surface-modified nanoparticle
suspensions

R BEIRH, /INE B, 911 SEACY, AR IR, W] IR
FRAERFER B T TERt, AR AR AR T ERT
THEE, THHTPICAE

R ER

AHERINE D D\ T TRlE & RIS T KT B A v g L OiFENHS:
%Z, CFD-DEM #j{> R = L— g VBXONWHHY 7 ) Y A—=2 2N, /A7
—VOBENOHNT 5. £, HFEF MD) Y ab—ia VERHLT, K
fifit /i & EBETLA & O FLREGE R L OB Z 2 - LUV TRET L, A v g v
DF ) RiA- DI DN TELET 5.

S EAVESNIRES
REEET / RFH AN S 3 VREDIREEID CFD-DEM &> 22— a3y

TRATESR) Gk L OEEE) 25 8 L /- Landau-Lifshitz Navier-Stokes 5He\%, Fi+
TEE)CIIAARL - Newton OIEENHFEAA, WMZEIZIRIT level-set BAE OB HFFEAAE
BoAFER S L, BT & IRIRODER) & i mR OB S R = b— g v DEfTo7. 22
T, RIFEIFHELER /1L LT, van der Waals /), Rif-[Befh 7, &7, RARIEIIFET
HAMMERBHI TN T D EAER D 258 Lz, 7ak, AR ClE, FHHEMEREZZEL, &
TN OEERELL, KA 1 L RUE LTz, AT CIE, ZIROTEABAERIZISUN T, x J71h] 2000
nm, y [0 125nm, z 517 350 nm ZEHEFEE L, T LA Vb HWNET I CIRERT ALOs
F K Chifg 25nm) A e e MEE ML ik (WIS 250 nm) D HHR ETo
JEAEZRE) A fRAT L7

X 1ITRERO—FIE LT, 10 us BaBfRIcRBIT 54 LA VIRMERR L O 1 BRER) /
B AR Y a VDA T > 7T gy b (R R E f=03), BRSO
EREE & OBIREZ RS, T 2T, R — VRN 1T 00, VAIE— SRR 1T 15°
& LTz, BN A LA LERDEE, =035 Tl ORI R TR 528, R
N 0.30 LU T CIREMOIRIEE 2 Wi e o T2 —0, T O VBROEE, KAy
DHNNAE NERE O EEE TR Uiz, 2L, 70 VERER ki L b b D
BURMEDMENNT=, i OFLFROIBFE CTF /) KiFEHERZ TR T2 Z S I2 LY, EEEmE 0
RFAH &4, FEFRE U CHREOILENIIHl Sl &2 5.
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T, WA ORI R OTRIFRCIR S X OVRBEAS IO AR EICTERR S D T/ kL 1
EBOBIE S ZNFEY 7 v ) 7Y A—=XIZEVEHILT-. 22T, 70 el CeO, T
J R CEARIEE 6nm) (XRBERFKENE? Ik v ARk L, ABs I n-A 2 22, n-/F
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DIETH Y, RIHFEEI L n-A7 X VMK THD. K2 ITHRERO—FIE LT, T/ kiR
0.1Wt% D n-A4 27 2 L BEX O n-TH B REEE T DV AR T 3 UREIZE LT, ity
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2.3 REBHHT/ FFHARD D 3 DORERIAE S &K VEZRREFR @SR

FIAFES ORIEIZIL Pendant Drop 5% W2, X4 (R~ ORISR0 DR EE Dy
WCRIFET T P RAREORE L . T R RENEWIEERmEINIET LD, 55
BEUETIE T (o) &72o7-. ZiUL, KUENmICT 2R 03WoET 5 Z & CRmES
R T 225, H DML ETIIRIERIE DT KA il S IS E T D70 L &2 5.
LI A~DT R RAE K D FREIRIIEACAYIE, BERIPRI RS 2 fE D H R R —%
fba&ET 5 D) TEEND Y.

Ay (= Yo = Y) = Dypyomr?(1 — cos 6)? (1)
ZIT, Yol IR ORMEIES], riTRi S, Typl TR OR AR, 013k — IR
Pt T 5. BAFIRIEO W AERL - DS KIS N S T s CRUE T2 L ARE L TR s &
Typ ZRHI L, M4 T—iE & 7o e REE Yo 2 O TR(1) D> DR — R 0 2 F
HiI 5 L3R 1 DOExp) & e o vz, BN G, FERES BRI L ML B L0T
VSR ED 7 andh U ROFTNRENT ERDINS.

L EOFEROBEERIVEFT &2 HIZ, 20781757 (MD) FHR %2 O TR EAR
BEE A AR m OBFNME:, T72b bl 2360 L7z, BArIciE, MD FHRICE D [E
R OB HEEW, 0, E RO R Ty, 23R, Q)& 0 idiuvsik =R L, #filf
0% K7~

Waan — Yo

k(= cos@) = R )]

FERAEF 1 OOMD)II/RT. MD FHRIC X 2 FHRARILSERRE & Ak, ERFEI B
NEUBEOTHY RIS 7 a~FH U ROG R EVMHE 2R LTz

K1 J R — IR

O(Exp)[?]  #(MD)[]

toluene 52.2 62.3
cis-decalin 48.8 64.1
cyclohexane 413 51.9

X4 : RERINKIEZT T/ R RE O

(B#E3CHR) 1) Fujita, M. et al., J. Comput. Phys., 281 (2015) 421 ; 2) J. Zhang et al., Adv. Mater., 19



(2007)203 ; 3) Binks, B. P, Curr. Opin. Colloid Interface Sci., 7 (2002) 21 ; 4) F. Leroy et al., Macromol.
Rapid Commun., 30 (2009) 864
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Development of PSP Measurement Technique Using Structured Illumination

/SRl PIRPLE UL S
L I kit j(ff****'{""
* AR KR T4, AR T 5ERt
RN TR T, B R AT 7ERT
THIREE, TP E

SIEAS]:D)

DO ARE RS ATREZR Tk & U CRYTEREL (Pressure-Sensitive Paint; PSP) #HAED N H
ZEDTWD. JENZ AN PTREZRFHIITAL, BMERTENG 25 A B L, BREsBEFRIC
AT 2 ECHERICERER N TH D, AL Ti(@%P#@%;%EL JESZEA D7)
7P L CRIBEE IR D W AT > a y b ) A REOFBELPRT 5 FELIRE L.
F7o, B EERIH Lo Zef g — iR 2175 2 & T, 1ERIINEECH - 724
T TORET A NEFER TS Z L2 Bfa LT,

ARBERDONE

PSP (T & 2 JE /1R HARETIE, JhELYE% PSP B HRET L 7=BR0D PSP F& 6D HRE ASE 71
TETHZ EEFIHT . GRS & 72 DIE 2 bV NS WS, PSP %%fué@&i@'ﬂ%
hEL 720, wx5®/4fkﬁﬁf’&é AIEDOEHIOOESE LT, 2D/ A X%
FRET 2 THEORE AT o 1. AFFE T, 15 BRI 19 A3 C%t U CEA BT T50/% (Proper
Orthogonal Decomposition; POD) %TT 2z <E CHEGEMERT 5F— FiitH&2179. B9 —
P CREOME & L TR D BRI 31T DIE BB A KR8 7 4 VB2 Y v 7
D, DT ANEY T INTAEIZH LT, KT — ROREEANN—ZXET Y 728 -T
HETDHZ LT/ A RXDDIRNET IG5 FRERR T 2 FEZRE L. FREERE LT, K
BHFZErT O/ N ELRGT 2 2 28 21T 72, FHIEIZIE 40 mm A, & S 100 mm O
FREERIE U D b~ e Wz, AT — 2 CIRETIEC K DHEEX 1 1ORT. K
DI A Ratid CHRINIRET H Z LTI LT 5.

HOUESDOARE LT, SMELE T TO PSP FHANC RS A58 4 i L7=. PSP Dbt

UL, RIS ZERIES BRI SN A DITHT L, AW Tl e z2F 425 2 &
f%ﬂﬁ%@%btﬁﬂ@%ﬁ%ﬁ%kﬁé PSP FE AL/ 2 /1 A T THRE T 5, PSP
%tu%®t(ﬂﬂt)ﬂkﬁﬁék,_h%mp%ﬁﬁka%?é®ﬂ%L<ﬁmmi
Ll s. O, —KIZ PSP FHANIEFENTITOILS. LavL, EEO RIS/ T
DFRREDFHHN kmfi,wi_?é®ﬁﬁbm%@ﬁ%<&b,:@;5&%%??%&
WD FRE L C PSP FHAID AIREZR THEDOMENL RO HIL TV D, Z D XK 5 Z25HATRED
EHLOT=DIZ, A2 TiE DMD (Digital Mirror Device) z FV N TZE[ /3% — AL L7 bkl Y %
PSP (ZHERA L7=. ZAUZ XD, PSP OINIIFhEL Y DZER] ¥ — 2 L@ W ZERFRE 2 A LT



X1 #ERERFECLD A XBERiEOE5H
W R 2 B8 - D)

o HIE{LIBIIAAT Tk T-. IMERTS PSP
WA, RIS S LRI D T

RE—2 L LT AT TRETE, BB R —30MLEE LTCRRETHZ LN TE A,
72720, 1 DOZER Y — 2 OB THPNEAT O 56, e 5 — 2 ORGSO 5 HIREE
TDOPSP T—XNEUGTE R 725728, ZEERY—2 ONAREEZ N BT — X BT
% T, ANELEDREZ FR PSP RO 2 PSS T 5. ABIETIZ ZAvE TITHEE L
TE7AMELE F T PSP FHAIOIZEE R & LT, FEBRIZE L CTiX, DMD % W 7=l SER
ZIETERICHR U CoBR 2 380 L 7o, BHAIRIEBUT, Jo LRk L~ ifagle LT,
X 2 | ERAEEME AR, BEIES LT — 2 o232 L, R Th 5.

2R BAZDZERIKR

AWFZETIX, PSP #HANZIT 2 /A Rk EAMELE T Co PSP HAIOFEBLZES L THF%E%
Fefi L7z, BB THEIC LV, PSP B N D KE K A A& 5 Z LT LT 5.
FANELDE T TORHANC BT B RITEE £ TOFERE L~ TOEIFER) S, BIRERIC
KX DIHFEERCHER S5 2 LN TE CRYIERICHFZENHERE L Q0D E 52 5.



4 FEHESHRDRE
J A RBREFIEICEA LT, PSP FHILISNDZ oD 5547 & HE R C & 2 56 FHEEFH O IR
WFRETHY, ZHE~OEMH R SND. 5%IT, —EO/ A XEE IS,

5. AR
1) ZieE EHROTERERE BHFEED)
[1] T. Inoue, Y. Matsuda, T. Tkami, T. Nonomura, Y. Egami, and H. Nagai, "Data-driven
approach for noise reduction in pressure-sensitive paint data based on modal expansion
and time-series data at optimally placed points," Physics of Fluids 33, 077105 (2021).

2) EFRE - ENER - IRK - OBERRE
[2] T. Inoue, Y. Matsuda, T. Ikami, T. Nonomura, Y. Egami, and H. Nagai, " Proposal of a noise

reduction method for pressure-sensitive paint data using mathematical optimization,"
Eighteenth International Conference on Flow Dynamics, Sendai, Japan (2021).

3) i (%EF 2E, YRIIHRH)
(RROSHR) {LFTEAH, 2021 4F 7 H 21 B, BKE /A AGEE AX—REFY 7
B PSP GHAIEERV, 2021, 7. 21.



A J211013
X5 — i EIFSE
RS B TR By
WFFEHA 2021.4 ~2022.3

LS TR 14-H

BERHEEODEEEZHERET) U EROEE & EERERT
Aeroelastic Model of Very Flexible Membrane Wings: Theory and Experiment

KIF TS, HEH BE
AKH KHEP*, FEJE #p+81%, Shuonan DONG*, B4 fR#f*, &% 5%, Yinan WANG***
FROALR S LFeR, BRI ASEE A JERT, ***University of Warwick
THEEE, TIPS EE

1. HEEM

WZEgz 0D 2 L Tr— " —TIXRER R K B A R T 5 2 L3 HIFF S LT 5.
ZETEEDHIERD 1/100 THHKETIE, 20T OFEO L ) 7ol THRik7eko®E (LUT,
fEBE) 2N BIHRZEIWERE A 7T 2 E RN o TWD . IEERICKRIITRAETDH AN H\ « a— R
FRIDMIT %8 ATe 3IRTEREI & ONFI A3 HUE, & 5722522 NFHED R BN RIAD 5720,
REYEZ I PERRNTIC X DRRENEELL 725, L)L, 1EROHSEET Y o VBT 3IRTTRETE
EWONTIE, B AR TR L 72 0, T - [P ROIERIE AL L, B
IR MR E D, E6IT, il EOZEIMERROR N E bREHCT 5. & 2 TARIEDS—
Hi % [[EHREAE 2 — B 72\ O R O IEZE ) EAE T U o VB O, FH_H%E

[JEGRFEERIC & 2TV OTEREDFGE) L3 5.

2. HIRBEEOAS

2021 FEOATRE 1 F£H T, TRROBEI LT,

O PilimE

LA Cld7e<, AlR7 MLV aiEEETT ) o 7Bina SR S, 1BMEEOIEREMEZ BE
U 7= O RETEAS SRR TR 24228 L7238 1], ST V2 EEEIEE Wang 18173
HHMEZR L CT& 7222715 /L Unsteady Vortex Lattice Method [Z4f#% 2] Lk S5 Z & T,

Ze S ERRAT 2 FTRE & LT, EFEE REMENCTNWE D ICm 7 B _R— A TRT A—H A
NP TEDa— RE[IE L. mRT ATRE e R oeftT = — R & BRI ATRE e = ot =2 — R
D 2o%BFE LTz, X 1 ICHHTRE RO 1 62779

@ RBEET I L DI
EREALFRINFSEE Prof. Palacios DBA%S L7=Z2 )ififs = — N SHARPy & Ol T, 28Tk
DREIERRAT OVEREZ FRAE L 7= [3644 3).

@ BRI X D RRHT D24 IR

PTG - RERDSNER ORVR IR AT > 7o, IEROE & L 28 ) OFHANC LB 7R SRR A4
EL, T FEDEIRC L ERTERT — 7 BUHC T I B 2 2 7.



3. HIRBEDEMINRT
AN I5T, A= RGO 3IRTERE & B R U ARG 2E T nERE 7 VORI L, 5—hFJER
HIZERTE VA D,

4 FEDHESERDRE
B HONTHDITER TE . AN EER T DDA EER X W RRRE T, 24
HNZETETAARRLZE R E 25 5 2 &, B X O FHEO @b A 5B OREE T 5.

5 BAEAER HIBIRIHY)

1) 2 EHROTERRE BHRFZEV)

[1] Otsuka, K., Del Carre, A., Palacios, R., “Nonlinear Aeroelastic Analysis of High-Aspect-Ratio Wings
with a Low-Order Propeller Model,” Journal of Aircraft, published online. DOI: 10.2514/1.C036285

[2] Wang, Y., Zhao, X., Palacios, R., and Otsuka, K., “Aeroelastic Simulation of High-Aspect Ratio Wings
with Intermittent Leading-Edge Separation,” AI44 Journal, published online. DOI: 10.2514/1.J060909

2) Ef=:E - ERNFER - BiRE - ABERRF

[3] Otsuka, K., Wang, Y., Palacios, R., and Makihara, K., “Strain-Based Geometrically Nonlinear Beam
Formulation for Flexible Multibody Dynamic Analysis,” SciTech Forum 2022, Online, USA, (2022),
ATAA 2022-0848. DOI: 10.2514/6.2022-0848 [ M18H]

[4] Otsuka, K., Dong, S., Wang, Y., Fujita, K., Nagai, H., and Makihara, K., “Nonlinear Aeroelastic Analysis
Coupling Unsteady Vortex Lattice Method and Strain-Based Beam Formulation,” 7he Z21st
International Symposium on Advanced Fluid Information, Online, Japan, (2021), CRF-62.

[RA5—]

[5] Otsuka, K., Dong, S., and Makihara, K., “Absolute Nodal Coordinate Formulations for Aeroelastic
Analysis of Next-Generation Aircraft Wings,” 17th International Conference on Multibody Systems,
Nonlinear Dynamics, and Control (MSNDC), Online, USA, (2021), DETC2021-68162. DOL:
10.1115/DETC2021-68162 [ F154]

[6] K&, ShuonanDong, TEJFERB, [HEA4BREME T HIEMIBREROFHR~ VT RT
A FEHT~DIEHR ], 5 63 [RINEIETRE RIS Daflas, TBY, 8 A, 2021. [nE]

3) i (RE

(7] EEELAIIERERNE, TWRHAMIAHED S 2= —d gt 2 BT 2 IEBEE T U

71, REEIT, 2021 4F 12 1, HHELFIRIE,

Disp. z/c

% 2w  w s w0
Chord x/c [%]
(a) AEED 3WITLEIEIR (b) 2%Icl¥ (AN HRTOZEN)

1 BRZE U7 REEZE ) BPERRAT = — B2 & AT



A J211014

X5 — i EIFSE
RS | BREE - L0
WFFEHA 2021.4 ~2022.3
LS TR 14-H

TS XX ERAWEYRT 4 FINT oEZ7HEELDORR
Sustainable Ammonia Production by Plasma Method

A Ry, ROk RS, BRIF Bl o RO, il g
RF TR, AR AR R I ET
THGESE, TTETXISEE

/;'E;\i»% %**.H.

|

1. ®BAREM

T RTINS RN L En D, KFEL D ENT VNS Y - b
LTHEEENTWS, LN LBED L 24, 7o' =T BT EED CO P MES . =
D CO ITFIALABREIUEIZ L 2 KFRE TR THEHH SN DY, MUl b 7 =7 A0l
FECHEIR MIEBREE ARV 3709, & TREMOEBREOTOIZ CO 3 HEHEIND. —F, 7
T A~ H T RAEAKFE A TIE, CO2 P e LICHIR FERE OB L OET 5 2 &2
TE L. HEEE bIdT 7 A= RALKB S ROSTH CER T AZEANT HZ LT, C02 7 Y —,
R WIE, VAT v T OT =T BN ARETHDLZ EHFERTRLE. L LER
TRV =R BIEN D D, £ TABFZETIEFEMEL~Ld 0.3 MJ/g-NHs
BT DI EEREANET D, Fi, HTENFEY Il —ra WMD) EAWT,
TR LMo TT =T BRNIEDA D = AL EZEMCH LN T D2 L2 BRET S,
B 3FLEL, KTV a— 7 EOWRKKFEREZMIE L, ZNEERT T A~ Tt E
WD ETEIRIbERT-. FTo, KEHZT T AREGY L 2 b—a rDi=HDE
T IAEEL AR T

2. HAEBRERORE

B LIZHERR L7 7 e =7 BUEEE OB 23 # U 7 NIl DIVTWD A K ) —
NN OKEIFNCS, MIZEBATAZTRTZ LT, A X ) — VORI %8 AT FZORAULL
%, R & W D) ERSRICIA S YD, ZOFENRIZT T I X<ic k> THfiE, TiT
REN TR EREST DR =T a5, K 1R 3#EE VT, il
T U RT T T =T A E RS £, BREMIENE W, Fe, Cu & L, SBbER)
T =T BRNRICE 2 DB A PN T ORER, ERATES Cu TH HEAITHRRD
# 58 Md/g-NHs 753517, ZIUTHERD 7T X< L0 2 (0ORTH Y, AWFFEOH
BT HFEORIMENTRENT. —FH, MD ¥ 2 b—y 3 BN TL, KO Rm &
ISV REEDWIREAT 5 128, RIS 553 781177 E (ReaxFF MD) % VN CTEZERE N
WSS AEAE T D KD TR SV 7 382 i LT-. 1.25 ps O NVT #HEO%IC, FimiEo
RO AT U CREICEA L, 2V 7 &38R DREEI T D2 B CRR

ni=(x2).

F2, FF3H1 2 A 1 HOOIZHALKRFERAEEFAFZEETIC T, HRIFSTER 1T/ 7.
LT, WEEE, ENEERIONZ, K PEEE FILREN L AL T8 ADFEAENRBML
7. FERAH KT EEL, MD 2 o L—3 g A H D SRR IR AFZE TS D3R



TEDERRDUZ DN THRIE L, 5% O Emes L. £72, BRI BT m Bl
MD >3 = L—y 3 ORI BT AR T,

AR —=ILD
W&

BERHAR

rR/ =

1. {ERR LTo T o = 7 B O . 2. ERLI=ET LD
KOFmISVT I al—3 0.

3. HIRBEDERIKR
WIS R~ DORER)EEFA LT VBT SREEEAERLL, EME To7-. ZOkk
B, BEZRIIENRNE O, BET D FETIERED 2O RESHD Z LN TE T,
FvIab—ya T, EROKD TN IVT LR D AR T D82
T&E 7o, BRI DT 40% fRETH DD, Td VD BESRERIC I FE 454
HEEBEZTEY, 1FHOERKNE LTIRFTHS.

4 FEHELESHDEZEE
COz 7 VU —, HWIRFE, VAT T OT =T HMOZHE 0.3Md/g-NHz 1275 Z
& BRI 2 SR B A BT UE L, FEBRE T o7z, F- MD v al—v 3Dl
DDOEFTNDT T NF A TR Uiz, BUROERRIUE 40 % FRETHD. SH%ITHHD
BB, 7T A~ OFRER EIZOWTERIIBRH 2179, £/ MD vI21—33 2T
3K FOREfRT 72 £ 28 U C, EREAIHEGED I L2 HERT 5.

5. WAEAE
1) s EEOTEESSE MREEST)
L

2) EF&E - BRNFES - RS - OBEERSE
[1] Yuki Nakayama, Ryoya Shiraishi, Yasutaka Hayamizu, Naoya Uene, Takashi Tokumasu,
Sustainable Ammonia Production by Plasma Method, Proceedings of the Z2I1st
International Symposium on Advanced Fluid Information, Sendai, (2021), Poster No.
CRF-69
3) DMt (FEF. RE YRIIRRH)
7L




B Sriass J211015
X5y —fXIL[EIFSE
AR BT FAE VAR By
WFZEHIRH 2021.4 ~2022.3

BSTATEE 'S 14-H

KERATHICE1T 2 TORSER - TRTHRN DR

Propel ler-Slipstream/Main-Wing Aerodynamic Interaction for Mars Airplane

ks E—*, AT KA
R LY, R Fk
it Fw*
FRREENLAR, R RAR A ZEHT
AR TS ERT
THEE, TIPS EE

1. HAREM

JAXA B L OENOKRZOMIEE 2 E L CKERERAO 7 e XTI, ~V) 2720
HEPED LN TS, L LOKEDOKRGEREIIK LA VA TH 5 =05 R R = v
RTVE, 07T EARYTIEER O THII T e RXIBMO =R TEE RO =, P
D35 ZOFNOFEMIH 51T, £FEROLT L AHHITEE L. A 2#(CFD)IC
X537 7n—FY, ZoOX )RR ARG E LA HIN /s N— RV E -T2 Ly
LT, EWNTIX JAXA BAZO [vFlowdD) % i & U7 [RHSEGEIRARYT L SOF R DSWFeE
IRy, FEMEEIOM ESME-T, [EHREO CFD NRICBEN L 720 >oH 5 (H
4Tt eVTOL #E~DELDEE D 785, #21E ATAA DOEFREHEIC CIRERE O FHHEH A KIS
WMz TW5D).

T I CAMIETTIL, KEREIZBIT 5 7 a XTI %it/ ERE N TSR OEREEZ B E LT,
[YFlow3D | CTZ DZESFNTZITVY, S HICFEBR L35 2 L TR RGNt am Esd b7 m
ARIEE T EORETHIT .

2. HIREREOAR

AWFFETIE, 7aXT L ZOBFICEERNEE SR (K1) 2R CEIEfT 217 5
Z T, BURA T —/L O G & TR — /L O (77 a0~ Z TR
JE Y OFNIGE R Uz, ZRUCE Y, EEOKE TORITIRHIE L 2 7 1T E 0 OEHEED
WENZ ORI OEERDZEI R G- 2 2B EHE L. EHLDAr—LTH 7 rT
HEATHRITT=08, LA VAL Re=30,000 T—EE Liz. 7a_XZEEENT 4500 ppm TH Y,
L 40,708 Lz, ZORE, BRA 7 —/VClx 7 v 738~ v 03 Mg, =0.10, A7 —
LTI Mg =052 &7 5.



—_—g— — TL e I
- ST7 ren (71 A IHI L2
X - E X LH] 751
a z -
[ PP 'y Propeiler
[ NAMTAMNNAD ] .
1 INMAUAUY T £ 1 =
[ — - [ y 4
- [ y -4
- RN y
————————— £ SO y -
] i / a— Wi -
S~ / y Wing 2
avirre e = : — / =
. = / =
e — | N / =
S = =
N -y w
] i =/ —
e ————— ¢ - by
i o 7 Sy
=i Yor id
S, El S
propeticr EH g
~ o g
L Ri y 4
a2 T il -
1 ~ S i
i i hi
ey | - N
1ow 1 . ==
! L 100#im
1 AP, Py oA A 200mm
AL . Fronaliar fnyildr
LAY AL L] VPVIIV A A NN
S e EA A
LRI R =R AT — L)

1 FHExS%

g={1t

G 4° D, FEREA 7 —/L CIREEROIE HHIZ2 51 EB O R E SHRGRIERAZ r—1 L0
AL (M 2) Zhud, 7u~T%iiN s EEROREEE AWE PRI L TELS
IRDIEFIDNEREA 7 — VDI MEIEIC R D720 T T e (K3). £z, A 7ol & @ L
T, FEAT =N TET T POECDENNNHEED Z LT, TOENENEER~T 25
WELIEY, EEROGNIEBO GRS HEE L (X 4).

R

2 . 7T 1 ECEERICE < S5 (A 4°)

Flow m m
(EBAr—IL, " * * * Cp: -1 1
Mg, =0.52, 9 = 15" ) [ —
| 7aRGRETELA = [z rom
TOASHFiRL D ReESs—————merT s e /1
FHTELE WV

RISV HEIZ B D5
(RREBRR7—)L, T —
My, =0.10, ¢ =15) [NESSSSEss==l

wno V1)

3 : EERKIOESREAT O (54 4°)



Wing

S
Propeller

@=15°, My, = 0.10 (RAR— L) My, = 0.52 (RHEZ 4 — L)

0O T 9=15"y/B=-0.5E (downwash{il) Cp5

X4 . 7 uT LEERE Y OIS (T a7 ¢ = 15°DOB#EE)

$77, i 7O, FEEA S — L CIEERE EOIMESINEMEC /D 2 8T, NRRRIEER
BHESNETD X)o7 (K5).

X5 . FuT 1 ERICEERCE < SR (g 7°)

3. WIRBRDOZERINR

AEERL, T NI PN ZEE RO TN 7 07 ORFRIC LY 4 T St & [T
DT DY B D, HAWRRNGEER LURERICEH < 2R 2P oNTTH 2 enTtar. X
T, WERWIrnE Y [TFZEs R LT D.

4. FEHLSHROFE

AMFFETIE, KEFRITHE D 124 U HZE507 LGN T, IR L OSERR ISR T
TATEAT O BUCAE U D@ EEEMNTIC L VIR L. TORSER, B CORITE21T 5 BICITEIR
ABRE D L RERIRENAEC D Z L, FEFERERCE U QO @B ORI AT 5 2 &0
oM/ oTe. ZNHOBIRO A 1 = X L EFHICH NI T 5 2 &, B LUk 2RI IR
CORFRER & SERATOZEEZTET 5 Z ENSHOFETH 5.
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Fundamental studies on turbulent energy/scalar transport in non-universal turbulences
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UTAE, SERFERLIT & AT LT He A 77— U o ZERIDSE H C & Zp 0 FEEE e SLit s 2 B
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AN HAR SN 6M THY, FLIEH T IEATRN O 2M ONEICERE STV 5. 1R
& EFRF R FE S A 2 W AH Re 135000, 9000, 15,000 & L7=.

X 2 IZHELTE T RV OJEAREL Ce & LT LA/ VA R DR Z 7. LD, Re=15000
DGEIIXIFEREIL T CaN—E & 22D DIZHR LT, Re=5000 DGEITIL Mtk T —E &
2O RedIHHIT D0 L 72D Z Livbmd. FZ CZOFEKRERLMNIT 572012, &
FERSENZEN TR 2 “IRASIERIEIC X DT AT o 72, XBIZ, AEERIEIC BN DB E, FERR
B, BXOMMEEO S fAE T, BT~ A 7 0 27— W TERHE ST D, &
DXHE, Re=5000 DAL, @ Tt Ofam CHEEL L 72 5 I ClIn <, BIED
FHDELR TR X ORI CA I FT BN R E R Z LR LR o7 DFED,
A ) IVAZEDMENG G Cey—1E & 72 B2 WREIRIIIEE M Tt e <, BiHOF 5 Th 5
Z DAL o T
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Control of reaction field in cavitation plasma for high-speed and eco—friendly synthesis
of carbon catalysts

P A, A R
SO TR TR, S SRR T
R, HITPRISHE

1. BIREH

AREIABET CTERRT DT 7T A=y, REAMEE U TR ATEE R T/ BREM R 2 == -
REE T CTEBIZAERT 5 Z LN ARETH 5. IBEOEERD RO TR VAR T3~
T A HERISNEE T o723, Fx BT —3 3 AKX AR Ui NualE 2 dtde o 2 &
T, REEREHEPTH T T A~ OLEARMNRE L I oo, AEET, HEFy T —
a > L0 b RUSHORIEMER B S o@EE Sy BT —va vy e ln T 7 A~ &
AR L, ERAIRAE & PR TRIEOTUNE OFIBIN 21T 5 Z & T, 77 XA~ ApikiE L &
Y BT =g URIEOMBZE L, T/ REMEHERIZ T 27T X~ OSSOl 4 5
BIHZLEANET 5.

2. HIEEEOAR

VITIRFERFEBRER 2T, FEDTAY (BER > #i% UH-50; SMT Corp.) %82
HIEEAR &% Z & C, EMEICH RIS SRR A A U, @ ERI = > 7 VE
(¢ =2.4mm) ZHV, HEHRAIEMRE OBEEHL 0.3 mm & Lz, P77 A~ RAEHE
J5 (MPP04-A4-200; ZEHBMERT) (2K -, Mt VAELEE Y 77 X OBMEIZHIN
T5HZETRY 7T XA~ Z3ESET. I U miftE L ZAEE ORI 3.4 kV, JEREL
1% 80 kHz, /YL ANEIE 500 ns Tdh 5. RO IA T T A FOHINZ L > TEET 5.
WRTINWC T 7774 "OREDEIE, TOBIHZEHEEDN AT (MotionProX-4;
REDLAKE) (2L TCHEMRIL, A—7> V=AY 7 7 =7 Tdhb OpenPIV % T PIV
T2 2 & TR 2 O X 9 el a7, DI, X 212800 2201 L ARloSgMt2 2 n
ZH Slow flow, Fast flow &4 %. [X| 2 O#PHIZIS 1T 5 it O F44)1%, Slow flow 73 6.58 mm/s,
Fast flow 75 228 mm/s TH-7=.

Wika ¥ 1 120mL & LG, 30 07 7 X~ a4 L, ARSI RFEMENIHRS [IE
WZEAT O Z & TR DBE LT, B ORFMEHIEIRASH 80°CT 3 WL FRzz
1To7=%%, BIRESSE (TMF-300N; 7 AU ) ZHANWTT /L2 5 T 300°C T 3
IEAEATV, HEATTVHOS L THRIZLEZ. 29 LTELNZREMEIO R R &
O %, B8N AWEE BETE) ICk>THth L7z, 22T, Slow flow TARK S
NI RFEMEHE SEC, Fast flow TER SV REMEE FIC EFESRZ & L35,

AIEPEAT ZAFFHKRHF COBERIC LV, REMEL O SREEEAE Z Y, BFEEICG

(ORR) filpEREASNNT % = & BEHAL T4, ORR filpERes iz IV Tig, Ak L



ToIRFEMBIDOBER 21T o7z, BT I v 7ROFLELMA LT 17T ZERERIF

(TMF-300N; 7 XU y) Zvy, 7L A% 0.3 Limin O it Le 7 RB&lc B
T 1000°C THERL L 7=, BER%Z D FC % FfC 1000 & 5. ORR fifpgel L U =7 2 A —
TRNE A RY (LSV) HEIC &V FHE L7,

1 SEHRAGERERK
2 Wi SA (f2 : Slow flow, £ :
Fast flow)

Slow flow 55435 L. OY Fast flow S:FIZRWT, Z30E4 30 0fE 77 A~ %24k L, 55
NI IRFBDKRIEL DA RORE & 7=, ZOFER, Slow flow 4504 C 15.1 mg/min, Fast flow
2T 0.98 mg/min Th o7z, AHOHEICRKE 7220 H 50, ZHUTEICHNFHEHZ Y D
BRI B LT D. Slow flow -4 Tl, FIIN VAT BN R ET 573, Fast
flow S CITIRVRIRIC & > TF' 7 A~ AERICFH T K@D SND T, 77 A<
LWL H 5. Fast flow SAECHBNT, (HE LV A20EE) [ EHINLZ L2
Dl ZFtH5ET 25 &, FEERBIAA 10 /01% TiL 47.8%, 30 0% TlE 21.4% L 7e>TRY, =
N EROREDZDHER EpoTe b B2 B,

TEM (2 L 58BIZ T, Bl SNTIRBMEHIEIZEREO KRR EEE L TnD 2 &, £
72, FfC O—WhI 1288 SfC TR TNSWZ Lo Tz, IRBEMEHERIED 7 < 453
10 X MREHTEIC L AT ClE, SfC & FfC IZITRERBWNTIA LN -T2, 1 BX
WX 312 BET (& CTllE L7z th il L UL 2 e Eiund. SIC B8 XN FIC Dkt
FIEFEIXZENEH 230.87 m%g, 402.95 m2/g TH Y, SMAFEIZNEI 1.134 cmg,
0.851 cm2g T -o7-. FfC DHFHEFE 402.95 m2/g ITMAFIEBNTIET 77 X~ (VY
2 —3 g T A7) THEMINTRFIMEL L LEARTRE L, KIS INRIE & ikt 25
AT HZET, REMEIOMIIMEEZZLIEOND Z EIVRB SN,

K1 : R, MFLARE, B LONEEIMILEE

Type | Surface area [m2/g] | Pore volume [cm3/g] | Average pore size [nml]

StC 230.87 1.1342 19.65

FfC 402.95 0.8512 8.45




3 MLV A XL RFE, (a) SfC, (b) FfC

LSV HIEIZ L » TE BT Koutechy-Levich (K-L) A L, ORR filt L L

TOREAEFHE L7Z. ORR A% v MEMIE, SC 23-0.171V, FfC 23-0.135 V, FfC 1000
73—0.083V Th-o7=. SfCIZHATFCITmW Aty MEMNAELNTEY, 1R
L7ZEW RIS L ATEE R OBHIC L > T, ZvEmnAd vy MBALTOEZ#T
HILENTEEEZ NS, F£72, FfC 1000 1L FfC &R TE HIZEmWA 7y MEAL
s LTz, OSETENT SfC, FfC, FfC 1000 ZAEAUIRNT, 2.47, 2.18, 2.24 THY,
AT N THR SN RBMEHIE T 2B UL TH D = LRSSz, £z,
TS ECE R SFC, FfC, FfC 1000 ZHZHUZBV\C, 2.09 mA/em?, 3.21 mA/em?, 13.87
mA/ecm?2 CTh-o7~.

3. HIRBZEDFERIKR

FEFEEDOMRICE Y, ¥ 7 —a URIEOERRIATEZ 1 5 77 X~ sn3,
PERDIEF 7T A~ RIS LI D Z E R0, FRNT A—Z ORI L HF v BT
—a T A ISGEOEIE, BRO, SRS DRFMEIORILE, KiEfER & ORHEIC
K DN AETEE O EBRAF ST, AFEORR L LT, IRIROFEIC L > TRFEM
BrO—RKRI B RIS A2 KE S BILEEHLND Z e yhoT=. 72, mligiistt<
Bohie, —RR RIS L, RERBENPKEWREMENT, ORR filfit s LCEva
v MEEERL, BN MEEEESHER SN, Ko T, v ET T a VAT L AKX
ISR K OMREMERER EASATRECTH D Z LAVRENTZZ LD, WIFE BRSO E LS
WEFHIFTE 5.

4 FEDHESERDEE
uIVRiad KON 2 N LT RIR I 7T A< AR &0, BRSNS IREEM B ORE
RO RE 2 IR FTRE T H 5 Z LAVRE NIz, 72721, I L7eARE YT A FOHARIC
£ 0, FAETDHRUINRIE S ETTOMERIFIEIA TE 3, N Iao 8 & RO B A TN
IOHETE TV, BRI, BrvRiE RIS U 7o EIRPIES Tkt 2 il L,
IRFIEVREME & 7T A~ ARG O BRI A 0 SRS BT L, MEHRFE DRSS 72 il
ERENERED S 72 5 EAX D,

5 HIREER
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(1] [LEHEIR, MTNA, EARFBE  RP 77 AIETHER LTCT / IREMEHRFED I EBAHKAT
P, ERFSIGE A, 142 (2022), pp. 59-66, doi: 10.1541/ieejfms.142.59.
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high-speed and eco-friendly synthesis of carbon catalysts, Proceedings of the Twenty-first
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Developing an interaction model of rod-|ike Brownian particles in a crossflow for
nanocel lulose mono—fiber creation using flow focusing

AR EE, PR AR, @A BEN
KNI AT DRFEEANERS, AR AR 0T T
THEE, TIATPXIGEER

1. HEEM

AR DDFATIIEIZ L U, Flow-focusing Witis FitlZEdiE L7 B L 585 C, Mg T
TIRIZ I D' m— 2/ #HE(CNF) OFfC [ FE 1) 3 X O X 7= HER plh s s
ST, LU G, il T T AERERD O A 1 = X AFIAHTH Y, miRER
THERIRKDEE L 70 5T D, AT, FRFRKES 25 2 A ElHE)HE . CNF RO
HIZEH LT, ZH ARG DR MEOHIERES, 77 v koI rmy
L2 b—varEHOCTERT 5. AN OBLREFHR CIEERROFE, I/7a3
o L—3 3 U CIRIRERIEHER S D FERINE & IR O BERE & OTfAL > I 2 b—Ta v
BLOSEERT — X OTIC L VBN L, #HAEEHET /UEEL Bfs7. 2o 2V,
B RS CNF AlEORIH A BT

2. HARAERDAR
PUHEMERIR Y 7 b (ANSYS Fluent) THRIENOINASE» S AL, 7277
2V a gD AEN 2T 2= A TR A — 2 — /T A —Z ZHEETE L, FHRE
chg L7z (K1), AIREEICHRE: LT & BIC Pt E TOMBEGIDS, R L [ARRO
EER) e —BUTl - 7-.

X 1 : 4efTHFE[Hakansson, Nat. Comm. 5 (2014)] & DL, FEMENBEZFERE.

EHRERAREIC R L C, FRIRE ST ORI X 2 PIRHIE & BRI D2 & oI TE
BN S 5. AWFFETIE CNF 2 i ditEm s FeH e U CHERET VAREL, 7T v V8
PR ab—va EHWTEEOY 7 RICE LT & ORlREBRE A mH L, £,
CNF ® AFM #Eif4h bR OHEE & 7k A 7.



TIUVENIFEY R 2 b—a T, HMERIRT T O R CHEBRE O FRELANEE L
Z RS T28, CNF Zfmhithmn 8 & L, B 20nm, &S 200nm OFE 571
i 10 HOERIR T T 7 R 7o T4 Shish-kebab 7 /L THEBL L, £ R/ F—
HAEEAN L7 T 8F 2 —a v Z2FE M L. Yo 73R LU RS 2L
ST 4 R CHAERTE L, [EHRIEEERE O FEINE & O G, BESTD Y 7B X
DR RO AR LZ. Yo 7 RE kPa 7»6H MPa OA—4#—Th s L#HEEShn, =
OFPHCTORELEREIT 8.2~42.2 [I/s] LHH &N, EAICK 2EIE 1.20 25104
FEEGI. £72, AFM W% X 0 FsiRlE 82.9~451[nm] EHEE S

3. WIRBRDOERINR
LHOHANCAIL, Bl ERHRTHEOMELCHER & O — B2 By, 2T MT
KR L ORHBIED DIV, TRRACHIHER S O FHRE & OHITE L CREZe B 543
R & 7o 7e, BIRRYZRERRE & LT 60~T0%FRE L 72 o7z,

4. FLHESHDEFRE
TIEOREEL TR L OTMEN2—8, & OIZHIER O EE /B A0, EEMR
—H DT OIZE 2 DB & RO R D Hivd . 5L, EHld C N FEE<0HEx
TR RO 2D, KVBRECAILZI 7y a2l —ya 24524 T, #E
FHC A 2 RN IE OIS I S 5.

5. HAERE
1) S EHROTEERE MaFEEs)
L
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[1] Y. Ishimoto, A. Oooka, H. Takana: Simulation Study on Orientation Order Profile in
Nanocellulose Mono-fiber Creation Using Flow Focusing, 7The Z2Ist International
Symposium on Advanced Fluid Information (AFI-2021), Sendai, Japan (2021 4 10 H
27-29 H).

(2] PRk, EIME AAESE: Bra—2F ) 77 A4 N~ BT DT OY I 2 b
—a UBIRICOWT, YT RS ARFSES 2021, 2021/11/16~18.

(8] PEEAG,, AAER, BRAKE, 77UV Ial—Yasllibsrmn—2 F
7 7 A =R O RERILHGRIONITE, B AR S AAESS 55 52 [RI7EAR B A ZENTFESE
FiklES, 202243 H 8 H.
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Study on fundamental combustion characteristics of Jatropha surrogate fuel
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Purpose of the project

A utilization of biofuel is potential solution to achieve a carbon-neutral society. From
the standpoint of conflict of food resources, non-edible plants should be used as
feedstock of biofuel. Jatropha oil which is produced from Jatropha plant (Jatropha
curcas) is a potential fuel. For practical application, Jatropha methyl ester is used as
biofuel for an internal combustion engine. Since Jatropha methyl ester is the mixture
of several species, it is difficult to understand the fundamental combustion
characteristics. However, methyl oleate (C19H3602) and methyl linoleate (Ci19Hz402)
are considered as major compositions of Jatropha methyl ester. In the first-year
project, we investigated the combustion characteristics of suspended single droplets
of pure methyl oleate and pure methyl linoleate. In this year, we extend the study to
clarify the combustion characteristics of the mixture of methyl oleate and methyl
linoleate.

Details of program implement

Quartz glass fiber
with a spherical end

\V:

Screen High speed camera

Suspended fuel droplet

Fiber Torch

Light source

Fig. 1. Schematic figure of the combustion experiments of suspended single droplets

[1].

Figure 1 shows the schematic figure of experimental setup. The combustion
characteristics of suspended fuel droplets were experimentally investigated. The
experiments were conducted under atmospheric pressure and normal gravity. Fuel
was suspended by the quartz glass fiber with a spherical end. In this study, two
mixtures of the methyl oleate and methyl linoleate were examined. The volumetric
fraction of methyl oleate and methyl linoleate for the mixture 1 were 30% and 70%,
respectively, and the volumetric fraction of methyl oleate and methyl linoleate for the



2)

3)

6.

mixture 2 were 70% and 30%, respectively. The volume of the suspended fuel was 3
ul. The fuel was ignited by a torch. The images of droplet and flame were acquired by
the backlight imaging with a high-speed camera (Photron, FASTCAM Mini AX 100)
and a micro lens (Nikon, focal length of 105 mm), and two extension tubes (Nikon,
PN-11). The frame rate was set to 60 fps. After the experiments of the mixture, soot
was generated on the glass fiber. Thus, the soot was burned by another torch before
next experiment.

Achievements

Figure 2 shows the representative flame images of the suspended single droplets at
2 seconds before the burn out of droplets. The flame images were clearly obtained,
and no significant difference of image was observed. As for the next step, the change
of the droplet diameter will be measured.

Fig. 2. Instantaneous flame images 2 s before the burn out of the suspended single
droplets for (a) the mixture 1 (methyl oleate : methyl linoleate = 0.3:0.7) and (b) the
mixture 2 (methyl oleate : methyl linoleate = 0.7:0.3).

Summaries and future plans
In this study, the flame experiments of suspended single droplets of the mixtures of
methyl oleate and methyl linoleate were experimentally conducted. As for the next
step, the change of droplet diameter will be measured. Also, pool combustion
experiment will be examined.

Research results
Journal (included international conference with peer review and tutorial paper)
Not applicable

International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Symposium on Advanced Fluid Information, Sendai, (2021), CRF-64, pp. 139-140.

Patent, award, press release etc.
Not applicable
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A study of mechanism that the vortical flow topology in its core region forms topological
characteristics of a vortical axis
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1. ®WAEE®

AWFZEE, ELIRIRIC T 2 OHEIRCO FAR e o—, WNZZ D AR e =2 L2 A
EORRIZAEH L Cifflhod ke O —ZR T 505, &9 BLED BIREHD /S > RVREME &3
it & DEURIZOWTRIT T2 6 D TH 5.

ELICHA £ 7ok 2 7RIV CRAET DY, K&« MRFESEOBREOEEONER « LEMHEFEITK
ELHET L. ZOWMTPOEEE, FIREGE 2 2 70 DIk 2 7ol EZRDTRE
AVTWDAS, - IREOEE THWSIVDIREARZ FL - S RL OS2 BV 13
FUOEIR IO F AN e U—(272 5 Z & 3 Elm & BT IC X 0 7k & 41 (Nakayama, Doi,
and Hattori, 12th AFI (ICFD2020)), {if% Tz [FETE 525, &0 9 BRI IS
b

2T, AR TIL, BT R AR B P — O Ey(Nakayama, Phys. Rev. Fluids, 2017), %72 local
axis geometry theory (Nakayama, ICFD2019; Nakayama, APS-DSFD2019)% F\ T, {2 E D 5

MR\ AT GRRE) (23610 DIRERA~OIER, 70l S R o SR e 2 VR
BEXDAN=ALGFT L2 L2 B ET5.

2. HARBEDORE

AHFGENC B9 5 BERAITZEIZ 350U VT, RIS CI iR (vortex stretching) )M ODIIE % ik
IZTDEHZ 52 CWD 2 EZR LR, ZHUTRERY MvzEficsiT s ERbETh H 7
D, EEEOMPRZER < EEEIZ IS T DI R OERICEESRE OO 5 2 LI TE 720, local
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1. Purpose of the project
The aim of the project was to study experimentally the combustion of
ethyl-methyl-carbonate (EMC), a flammable component of the liquid electrolyte in
Lithium-ion batteries. The fire safety aspect of this type of battery is important to
understand and quantify, as they are used in many applications, including electric
vehicles. There is very little data available in the literature for the combustion
properties of this molecule.

2. Details of program implement

Several types of experiments have been conducted to investigate the combustion
chemistry of EMC. First, ignition delay time in fuel/air mixture were measured at
various equivalence ratio at around 1 atm, Fig. 1. As one can see in Fig. 1a, EMC
has a peculiar behavior in that the ignition delay time is not sensitive to the
equivalence ratio (contrary to most hydrocarbons). When comparing the data with
the model developed by the group of the IFS-responsible member (Dr. H. Nakamura)
[1] in Fig. 1b-c, it is visible that the model predicts the data with good accuracy
although it tends to be slightly under-reactive.

Laminar flame speeds were also measured as a way to compare the model with
another type of global kinetics data. As visible in Fig. 2, the laminar fame speed of
EMC at 1 atm and 403 K is accurately predicted by the model, well within the
experimental uncertainty.

[1] Takahashi S, Kanayama K, Morikura S, Nakamura H, Tezuka T, Maruta K. (2021).
Study on Oxidation and Pyrolysis of Carbonate Esters using a Micro Flow Reactor with a
Controlled Temperature Profile. Part II: Chemical Kinetic Modeling of Ethyl Methyl
Carbonate. Combustion and Flame, In press, 2022.



| Ethyl-methyl-carbonate in air @ | Takahashi et al. 2021 (b)
A 0¢=20 ®
® =10
1000 & ¢=05 & T
] ot’ A 1
¢
o
) ‘,
= A
[ *
> . 1.12 + 0.06 atm
E [l ? [l n [l n 1 n 1 A-- [l A‘ [l + 1 + [l + [l +
Q T M T M T M T v T M T M T M T v T M T M
T ©T (d)
pu 1
2 L4
h=
5 1000 3 ®
®
100 1
] ¢=1.0 I $=2.0
] 115+ 0.14 atm T 1.17 £ 0.13 atm
1 M 1 M 1 M T M T M 1 M 1 M L] M 1 M 1 M
6.5 7 75 8 8.5 6.5 7 7.5 8 8.5
104T, (K)

Figure 1: Ignition delay time of Ethyl-Methyl-Carbonate in air and comparisons with
the model from Takahashi et al. [1].
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Figure 2: Laminar flame speed of Ethyl-Methyl-Carbonate in air at 1 atm and an initial
temperature of 403 K and comparison with the model of Takahashi et al. [1].

To complement the global kinetic data presented in Fig. 1 and 2, CO profiles using a
laser extinction diagnostic were measured for the pyrolysis (Fig. 3) and oxidation
(Fig. 4) of EMC. The comparison with the Takahashi et al. model with the pyrolysis



results in Fig. 3 show that the model tends to over-estimate the level of CO produced
by EMC. Note that the model tends to be over-reactive at lower temperatures.
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Figure 3: CO profiles from EMC pyrolysis in 99.25% dilution and comparison with the

model of Takahashi et al. [1].

This too large production of CO is also observed for the oxidation data in Fig. 4, for a
stoichiometric mixture. It is interesting to note that, in presence of oxygen, the
model is now under-reactive as the predicted appearance of CO is too slow below
1500 K. The shape of the CO profiles is well reproduced by the model.

1000 / /
L/ 1343 K, 1.34 atm 1468 K, 1.26 atm 1692 K, 1.19 atm
0 I T [ T I T I T I T I T T I T
0 0

CO Mole Fr:

I T
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Figure 4: CO profiles from a stoichiometric mixture of EMC in 99.25% dilution and
comparison with the model of Takahashi et al. [1].

A previous study with Dimethyl-Carbonate (DMC) from Atherley et al. [2] showed
that the CO concentration in pyrolysis can be accurately predicted in similar
conditions. Since EMC has one fragment from DMC and one fragment from DEC
(DiEthyl-Carbonate) in its structure, the reason behind the too large formation of
CO with EMC was considered to be due to the ethyl fragment. Similar experiments
for CO measurements were performed with DEC pyrolysis, and it was found that
the over-prediction of the CO profile by the model was about twice the one observed
with EMC, confirming the assumption. A chemical analysis was conducted and
showed that, under the conditions investigated, the man reaction pathway for CO
formation with DEC involved ethanol (C2Hs0H) formation. Experiments with

[2] Atherley T, de Persis S, Chaumeix N, Fernandes Y, Bry A, Comandini A, Mathieu O,
Alturaifi S, Mulvihill CR, Petersen EL. (2021). Laminar flame speed and shock-tube
multi-species laser absorption measurements of Dimethyl Carbonate oxidation and
pyrolysis near 1 atm. Proc. Combust. Inst. 38: 977.



ethanol pyrolysis were then performed and showed that indeed the issue with the
problem was coming from a branching ratio between reactions during ethanol
pyrolysis. It is planned to fix the model and publish the ethanol pyrolysis data soon,
and then used the fixed ethanol model to adjust the DEC model if necessary, and
from there adjust the model for EMC and publish the data in a journal.

Achievements

The experimental measurements planed in the project proposal were performed,
along with additional measurements to allow validating the model. A conference
paper for the ICDERS was written and accepted for oral presentation after review.

The paper will be presented in June 2022 in Italy. A paper and poster presentation
were made for the 18th ICFD.

Summaries and future plans

To summarize, the experimental measurements that were planed for this project
have been performed. These measurements exhibited flaws in modern detailed
kinetics models which led to supplemental experiments with ethanol to clarify the
discrepancy. At this stage, the model for ethanol needs to be updated to match these
additional experiments and this will serve as a base to validate the DEC and EMC
models. A paper on ethanol pyrolysis will be written in the coming weeks, followed on
a paper for linear carbonates pyrolysis, including EMC, and papers on DEC and
EMC oxidation will follow. The EMC paper will encompass the results presented in
the conferences listed below.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Not applicable

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Maruta: An Experimental study of ethyl-methyl-carbonate (EMC) combustion,
Proceedings of the Twenty-first International Symposium on Advanced Fluid
Information, Sendai, (2021), CRF-66.

3) Patent, award, press release etc.

Not applicable
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1. Purpose of the project

Ammonia is considered as a potential hydrogen energy carrier as well as a carbon-
free fuel. However, because of weak combustion characteristics of pure ammonia/air
flames, flame enhancement is important to improve flame stability. Hydrogen
addition is a way of promising flame enhancement procedure for ammonia flame as
hydrogen is also carbon free and is easily obtained from ammonia. In this study,
product gas characteristics of ammonia/hydrogen/air flames were investigated
experimentally and numerically. In the first year, product gas characteristics of
ammonia’/hydrogen/air premixed laminar flames in stagnation flows were
investigated at atmospheric pressure.

2. Details of program implement

Fig. 1. Schematic figure of the experimental setup and the burner structure used in
this study.

Figure 1 shows the schematic figure of experimental setup. Ammonia/hydrogen/air
premixed laminar flames were stabilized using a stagnation burner with an outlet
diameter of 40 mm with a stagnation plate mounted 20 mm above the burner outlet.
The hydrogen fraction in the binary fuel of ammonia/hydrogen, {u2 was set to 0.3. An
FTIR gas analyzer was employed for gas analysis. In addition, a dilution gas sampling
method was employed. A CO2/Nz2 (COz = 15.9%) standard bottle was used for the
dilution gas.

3. Achievements
Figure 2 shows the product gas characteristics of ammonia/hydrogen/air premixed
laminar flames for various equivalence ratio, . The numerical results were also
plotted in the figure. NO mole fraction increased up to around 8700 ppm. The
interesting characteristics was that large amount of N20 were produced at



equivalence ratio of 0.6. Since N20 has

large global warming potential of 300, i—_g%;%?g;am}
production/reduction mechanisms for N2O NHy/Hy/Air | o Okafor Stagnation
were important. Numerical results 61,703 | 75 Novmura Freely
showed that the H radical concentration a 10000r ‘
and stagnation wall temperature were E
important for N2O production. :;

4. Summaries and future plans 0
In the second year, experiments at high b 20000
pressure will be carried out. The modified g 15000f
top plate available for high pressure was &floooof
already prepared. First, the flame stability = I

at high pressure were studied. Then,
product gas sampling from high pressure
ammonia/hydrogen/air premixed flames
will be carried out.

Xn,0 (ppm) O

5. Research results
1) Journal (included international
conference with peer review and
tutorial paper)
[1] A. Hayakawa, M. Hayashi, G.J. Gotama,

Xno, (ppm) Q.

Kobayashi, Proceedings of the 13th Asia-
Pacific Conference on Combustion (2021)
W4-26.

Xy, (%) @

4 06 08 10 12 14 16

2) International and domestic conferences, 60)

m?et ing, ora | prlesentat fon etc.  gig 2 Relationship between the mole
(included international conference  fractions of (a) NO, (b) NH3, (c) N>O, (d)
without peer review) NO,, and (¢) H, and the equivalence ratio,

[2] A. Hayakawa, M. Hayashi, G.J. Gotama,  ¢. The numerical results calculated using
M. Kovaleva, E.C. Okafor, S. Colson, T.  Gotama mech [1], Okafor mech [2],

Kudo, S. Mashruk, A. Valera-Medina, H.  Nakamura mech [3] and Otomo mech [4]

Kobayashi, Proceedings of the Twenty-  were also plotted.
first International Symposium on
Advanced Fluid Information, Sendai, (2021), CRF-65, pp. 141-142.

3) Patent, award, press release etc.
Not applicable
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Spectroscopy of high enthalpy flows around a reentry vehicle with Ballistic Range
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Study on the function of Au-DLC nano—composite coatings acting as thermo—sensor
in the sliding interface under severe corrosive conditions
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Development of sonic boom evaluation function under real meteorological
conditions
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Purpose of the project

Sonic boom mitigation remains a key issue for a commercial supersonic aircraft.
Concorde experience has shown that sonic boom impact changes every flight because
of atmospheric conditions changing from moment to moment. The project SEIRA
(Sonic-boom Evaluation In Realistic Atmospheres) has been kicked-off in June 2020.
The aim of the SEIRA project is twofold: to examine relationships between sonic
boom impact and atmospheric conditions, and to develop a surrogate model for sonic
boom evaluation under realistic atmospheric conditions. The study of the second year
mainly analyzed a variation in sonic boom impact of Concorde flights over the north-
Atlantic.

Details of program implement

Daily flights of Concorde were simulated by using the chemistry-climate model
EMAC (v2.54) coupled with the air traffic simulation model AirTraf (v2.0). The
simulation setup consists of the following: the Concorde departed from Heathrow
airport (LHR) at 10:30 (UTC) and flew to John F. Kennedy (JFK) airport (westbound
flight) on the great circle at M= 2.0 at 15.3 km flight altitude. Sonic boom under the
flight track at sea level was calculated; the simulation period was set from March
2009 to February 2010.

The atmospheric profiles clearly show the seasonal changes in temperature,
relative humidity, zonal and meridional wind components in the lower stratosphere
and troposphere. Figure 1 shows that the annual mean overpressure of Concorde is
100.0 Pa; the overpressure ranges from 86.8 (minimum) to 111.0 (maximum) Pa
through the year. Our results agree with that reported by literature (92.9 Pa). The
seasonal mean overpressure ranges from 99.0 (winter) to 102.0 (summer) Pa. That
is, the overpressure decreases in winter, whereas it increases in summer. Although
the quantitative values of the changes in the overpressure vary depending on
different methodologies, atmospheric conditions, simulation periods, aircraft types,
etc., the obtained seasonal change in the overpressure agrees with previous studies.

Achievements

The EMAC simulations (Work Package 1) have been accomplished and sonic
boom simulations (WP2) have been carried out by using the Integrated



Supercomputation System of AFI Research Center, IFS, Tohoku University. The
obtained meteorological data were also analyzed in WP3 by the Proper orthogonal
decomposition (POD). Therefore, a surrogate model for sonic boom impact is
constructed based on the Kriging method and its validation is performed in the third
year. Yamashita et al. (2021) introduced the present results at AFI-2021 in Sendai
(virtual conference); Iura and Ukai et al. (2021) contributed to ANSS 2021.

Figure 1 : 1yr sonic boom variation of Concorde north-Atlantic flights: (a) overpressure

2)

3)

variation and (b) seasonal trend.

Summar ies and future plans

The Concorde flights were simulated from March 2009 to February 2010 under
realistic atmospheric conditions by using EMAC/AirTraf. The overpressure ranged
from 86.8 to 111.0 Pa (the annual mean of 100.0 Pa); the overpressure decreased in
winter, whereas it increased in summer. The main research activity for the third year
1s to construct the surrogate model and its validation. A scientific paper that
examines relationships between sonic boom impact and atmospheric conditions is
submitted.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

calculation of a realistic North Atlantic flight,” Proceedings of the 21st International
Symposium on Advanced Fluid Information, CRF-60, Sendai (online), (2021).

“Analysis of sonic boom propagation by the real atmosphere based on meteorological
data,” The 39th Aerospace Numerical Simulation Symposium, 2B08, Japan (online),
(2021).

Patent, award, press release etc.

Not applicable.
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Transition delay and drag reduction mechanism by designed surface roughness
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1. Purpose of the project

The flow on a rough wall has attracted a lot of attention over the last 80 years
because of its complexity and practical importance. Surface roughness generally
contributes to the increase in drag, however recent numerical studies (including by the
applicant works, Tameike et al (2021) etc.) have shown that the transition is delayed
depending on the wavelength of the small wavy roughness. Therefore, the purpose of
this study is to understand the transition flow on such a rough surface in more detail
and to examine a more effective roughness shape.

2. Details of program implement

The investigation is between Australia’s and Japan's leading turbulent flow research institutions
with a shared interest in boundary layer research and roughness. The first is a numerical simulation
using the Direct Numerical Simulation (DNS) (which was conducted in Japan by Dr. Aiko Yakeno),
which advanced from that of 2D transition to that of 3D. And the second is a laboratory experiment
using a wind tunnel (which was planned to be conducted in Australia by Dr. Bagus Nugroho). Since
the experiment at the University of Melbourne became difficult to prevent corona infection, it was
decided to carry out the experiment in a small wind tunnel of the Institute of Fluid Science.

2-1. Direct Numerical Simulation

The effectiveness of controlling turbulent transitions was verified for various surface roughness shapes
(Fig. 1), by performing the three-dimensional direct numerical simulations. An artificial disturbance that
induced the Tollmien-Schlichting (TS) wave at the inlet boundary was applied and the computational
domain size was reduced. The surface roughness is demonstrated by the boundary-fitting grid shown in
figure 1. Parametric studies were performed for different wavelengths with fixed amplitude height of the
wavy roughness surface. In this study, the Reynolds number is set to 3500, based on the inlet boundary
layer thickness.

2-2. Wind tunnel experiment

The effectiveness of the roughness surface was also verified by wind tunnel experiments (Fig. 2). The
experiments were performed at the open-loop benchtop wind tunnel, WT4401, by Omega Engineering Inc.
A restrictive plate was set in upstream, and the flow became turbulent of approximately 30 % intensity at
the test section. Different sand-grained roughness surfaces were set at the test section, 100x100x500 [mm].
Profiles of the streamwise boundary layer and turbulence fluctuations were measured by a hot-wire
anemometer and were compared between cases of with or without the roughness.
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Fig 1 Computational grid and definition of roughness parameters. (left)
Fig 2 Equipment of the wind tunnel testing. (right)

3. Achievements

We show the instantaneous visualization of flow over the wavy roughness in Fig. 3.
Firstly, it was confirmed that the TS waves were amplified when the surface roughness
was consistent with the TS instability. Then, a rapid three-dimensionalization of
vortices was observed for roughness wavelengths smaller than the TS wavelength. We
computed the phase and the turbulence statistics to decompose contributions of TS
wave and the three-dimensional breakdown to increase turbulence kinetic energy.
Suppressing the turbulent transition by maintaining the TS wave until downstream in
the optimal wavelength case agreed with previous two-dimensional studies. The reason
why the transition was delayed the most with a certain wavelength is that it is the most
effective in suppressing the growth of TS waves, although it is less effective in
suppressing the growth of three-dimensional vortices, and because of maintaining TS
waves, the three-dimensional nature of the vortices was suppressed.

In the experiment, we have obtained some difference in boundary layer profiles so far.
Further investigation is now being performed.

Fig.3 Instantaneous iso-surface of the 2nd invariant of a velocity gradient tensor; ¢ = 0.001
colored with streamwise velocity uz from 0.0 (blue) to 1.0 (red). Flow comes from left to right.

4. Summaries and future plans

Direct numerical simulations were performed to investigate the effect of surface
roughness on the turbulent transition when TS waves are induced by artificial
disturbances. It is found that the turbulent transition is delayed at certain wavelengths,
and some statistics were modified with the surface roughness. Further research will be
conducted to find an effective roughness shape and to propose the most effective
roughness shape for transition delay effect and drag reduction.
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Parameters Values
Pump rate bpm 70
Systolic fraction % 35
Targe.t pressure 130/%0
(systole/diastole) mmHg
Target flow rate L/min 0.5
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Purpose of the project

As proposed, there are two main objectives of the current project:

1. Using CFD to map the wall shear stress (WSS) conditions which affecting
endothelial cells (ECs) under flow inside the flow chamber and how it reacts to
two stent wires positioned in the middle of chamber.

2. Optimizing the renal artery catheterization during Adrenal Venous Sampling
(AVS) process.

Details of program implement

Based on the purpose of the project mentioned above, this project has been

conducted as follow:

1. CFD simulation of the flow chamber system has been performed to investigate
the effect of stent placement to the endothelial cells alignment under flow
exposure. The results show that a positive agreement exist between the flow
pattern, WSS conditions on the bottom of the chamber dish and the ECs
alignment and migrations. From the comparison between simulation and
experimental  investigation via  fluorescence  microscope on  the
post-flow-exposure conditions, the ECs alignment on the surface of stent struts
are indicated as the reendothelialization process occur along the stent’s surface.
The details finding on this work have been published in Frontiers in Physiology
2022 as listed on the part 5 number [1].

2. For the optimization of catheterization process during AVS procedure, the
complete exercise of simulation with different set of design variables of catheter
tip’s geometry has been performed computationally with around 30 samples of
simulation. From these results, various effect on blood vessel constrictions
during the AVS procedure due to different variations of number and depth of
notches on the catheter tip’s have been investigated. Figure 1 shows one of the
results of flow parameters investigation on catheter design of four notches and
70% depth. From this project, the meta-model response surface map has been
constructed as the model representation of the changing of the system behaviour
due to variations of the catheter geometry.



Figure 1 : Flow conditions on the modified catheter tip with four number of notches and
70% depth.

3. Achievements

As stated on the project’s proposals, the expected results from this project are:

1. Final paper on the ECs alignment comparison with WSS from CFD have been
successfully submitted and accepted in Frontiers in Physiology 2022 as listed in
part 5 number [1] below.

2. The exploration on the design effect to the catheterization performance on
affecting the vessel constriction during the S-AVS procedure has been constructed
as a meta-model response surface map. This meta-model map shows the
approximation of the system behavior on the vessel deformation due to the
changes of number and depth of catheter’s tip notches. The results has been
reported as a research paper draft to be submitted in the near future.

4. Summaries and future plans

As progressed by this project, we developed the CFD model and simulation for
investigate the flow condition inside the cellular flow chamber as well as the
optimization method for intravascular catheter design. In the future project, we plan
to apply those developed method for the stent application. Today, design
improvement of stent has been rapidly progressed with various type of design and
positioning technique. However, more investigations on how this design works
towards the treatment goal needs to be investigated. The future project will be
focused on the further study of how stent design and positioning may affect the
intravascular treatment outcomes via in silico modeling and simulation also some
evaluation on its hemodynamics conditions.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Exposure With Two Stent Struts Placed in Different Angles, Frontiers in Physiology,
12:733547 (2022). doi: 10.3389/fphys.2021.733547

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Igl;zzegt_i:g;&i_o;{s_ ‘on Different 156111;071&_11?}: Conditions to the Intravascular Flow
Conditions, The 21st International Symposium on Advanced Fluid Information
(2021),



of endothelialization endhancement by anodization stent surface treatment. 7The
11th Asian-Pacific Conference on Biomechanics (2021) PP2-25.

intravenal microcatheter tip design effects on the segmental adrenal venous
sampling procedure, The 11th Asian-Pacific Conference on Biomechanics (2021)
PP2-27.

Particle image velocimetry feasibility on transparent ultrasound PVA hydrogel
phantom with scatterers. The 1I1th Asian-Pacific Conference on Biomechanics
(2021), PP2-29.
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Effects of pulsatile flow on endothelial permeability and cell motility
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Purpose of the project

Vascular endothelial cells (ECs) which cover inside vascular lumen form a monolayer.
Collective migration of ECs is essential for vasculogenesis and angiogenesis as well
as for maintenance of vascular homeostasis. The cell motility changes when ECs are
exposed to different external fields, moreover, cell response and morphology vary with
the external fields. The aim of the project is to study changes in permeability and cell
motility of ECs due to different mechanical stresses, imposed through variation of
frequency and amplitude of external forcing.

Details of program implement

We study the effects of mechanical imposition of dynamic stresses to vascular
endothelial monolayers by controlling pulsatile fluid flow in contact with ECs. By
integrating UNAM experimental methods and IFS in-house microchip, we observe of
ECs and evaluate their permeability. UNAM group has a technique to generate
pulsatile flow in a microcapillary, in the frequency range of 0.5-300 Hz, by using a
piezoelectric actuator. IFS group has a cell culture technique that uses a microfluidic
device to control a microenvironment. The integration of these techniques will enable
us to evaluate behaviors and characteristics of ECs, while controlling oscillatory shear
stress and pressure in a microchannel. Theoretically, we will use the model of
reference (Vazquez-Vergara P., et al., Phys. Rev. Fluids., 6(2), 2021) to make
predictions about the dynamics of a pulsatile culture-medium slug. We will extend the
model to analytically compute shear rates at different distances from the wall and at
the wall, which would be the one felt by a cultured endothelial monolayer.
Furthermore, we will characterize our experimental and theoretical results in terms
of characteristic frequencies of the system.

Achievements

During the second year for our collaborative research project, all collaborative
research has been done remotely due to the pandemic of COVID-19 as the last year.
We reconstructed the UNAM experimental setup for pulsatile flow generation in a
microchannel fabricated from polydimethylsiloxane and a slide glass at IFS (Fig. 1
left). By using a piezoelectric actuator, a water slug in a microchannel of 1,000 pm
width and 300 um height was fluctuated to generate oscillatory pressure (Fig. 1 right).
Motions of the interface of water slug can be monitored by using a digital camera
mounted on a microscope, and variations of pressure difference between the upstream
and downstream of the slug is measured with a pressure sensor to analyze the shear
stress felt by ECs. Cell culture in the microchannel has been separately considered
with the IFS original microchip. A microchannel covered with ECs is installed into
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the pulsatile experimental setup and the changes of cell motility and cell morphology
when the slug of cell culture medium flows over a monolayer of endothelial cells is
being investigated.

Figure 1: Experimental setup to generate pulsatile flows in a microchannel (left) and an
example of visualization of the interface of water slug in the channel (right).

We have computed theoretically the maximum shear stress in contact with the wall
in an oscillation cycle, Ty4x, as a shear response function, ys,eqr, times the amplitude

of pressure gradient, Ap®/L, that is, Tyax = Xshear A%. We have done this for three

fluids: water at 20°C, water at 37°C, and cell culture medium at 37°C. Figure 2 shows
the theoretical shear response function, ysueqr, for the three fluids. We can observe
that the theoretical model predicts a tinny difference in the dynamic permeability at
physiological temperature between a water slug and culture medium slug. This is a
useful feature since water, which is much cheaper that culture medium, is being used
for preliminary experiments. At frequencies below 50 Hz, the shear response function
1s proportional to the frequency imposed by the driving pressure drop. This implies
that for a constant pressure drop amplitude; doubling or tripling the frequency will
double or triple the maximum shear stress felt by the cells.

Xshear(m)
8.x1076
6.x1076

4.x1078

2.x1076

0 w (rad/s)
100 200 300 400 500 600

Figure 2: Shear response function for a fluid slug formed of each one of three fluids: water
at room temperature, used as reference, with blue line, water at physiological
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temperature with green line, culture medium at physiological temperature with
magenta line.

As stated on the annual report of the first year, the magnitude of the dynamic
permeability, K is related linearly with the amplitude of the pulsatile slug velocity, v,
for a given pressure drop amplitude, Ap, as K= vI/Ap, where L is the slug length.
Also, Kgrows linearly with the imposed frequency for over two decades of the log scale.
This implies that for a constant pressure drop amplitude; doubling or tripling the
frequency will double or triple the amplitude of flow velocity. This will certainly be
true close to physiological frequencies.

These results will allow us to impose a range of shear rates to the endothelial cell
monolayer to cover physiological and non-physiological conditions, solely by tuning
the frequency of the imposed pulsatile driving. To linear order, both the dynamic
permeability and the shear rate should be independent of the amplitude of the
pulsatile pressure drop. This feature will allow us to know the range of validity of the
imposed amplitude of external forcing when comparing with our model.

4. Summaries and future plans
The experimental setup was constructed, and now is being validated. Cellular
experiments to study the motility and morphology of ECs will be conducted by
applying various levels and frequencies of shear stress to ECs range by solely
changing the frequency of the pulsatile pressure drop. We hope to find a characteristic
frequency range in which cell motility increases/decreases to promote non-invasive
therapies for pathological tissues.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Proceedings of the 21st International Symposium on Advanced Fluid Information
(AFT-2021), (2021), CRF-73, pp. 156-157.

3) Patent, award, press release etc.
Not applicable.
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Hyper—velocity collision experiment for tether satellites to remove space debris
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Development of thermal barrier fire extinguishing devices
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Table 1 Nusselt number at the cold wall.
Condition Nuconv Nuzad Nuconvt Nurad
No mist 1.55X102 (100%) | 2.02X10%(100%) | 2.04 <104 (100%)
Mist (dpw=2.0) | 3.65X102(235%) | 1.47X104(73%) | 1.51X104(74%)
Mist (dpw=10) | 3.34X102(215%) | 1.69X104(83%) | 1.72X10*(84%)
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Development of pressure measurement method in laser—cavitation bubbles

Takehiko Sato*f, Mohamed Farhat**++
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*Institute of Fluid Science, Tohoku University,
**Ecole Polytechnique Federale de Lausanne (EPFL), Switzerland
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1. Purpose of the project

A mechanism of a cavity formation on a plate in high speed water flow has not enough
cleared, though there are plenty of cavitation researches. We aim at measuring an
internal pressure in laser-induced cavitation bubbles using discharge.

2. Details of program implement

Using a constructed experimental
setup and pressure estimation
method until the last year, we
measured the internal pressure of
the cavitation bubbles.

Figure 1 shows the estimated
pressure at maximum radius of the
primary bubble against the electrode
gap. The inside pressure at the
maximum radius pPmax Which 1is
estimated by the adiabatic change
shown in the eq. (1) does not vary
much against the gap distances and
takes an almost constant value.

pVY = const. (1) Fig. 1 The ratio of the bubble radii at the breakdown
When the applied voltage was 1.5 kV, and the maximum of the primary bubble against the
the average value of the estimated electric field strength.

bubble pressure at the maximum
diameter was 0.39 x 105 [Pal, and when it was 2.0 kV, it was 0.40 x 105 [Pa]. It was also

shown that the average values at the two applied voltages were almost equal, and that
the pressure at the maximum diameter of the bubbles was not affected by the applied
voltage at the time of discharge. However, the estimated pressures are larger than those
used in simulations in previous studies.

From the above, assuming that the pressure at which the bubble reaches the
maximum diameter is 0.39x105 [Pal], the pressure inside the bubble against the volume
ratio of maximum volume Vnax and the growing bubble volume Vi at arbitrary time,
(Vimax/ V&) can be expressed by eq. (2) derived from eq. (1).

p, = 0.39 X ("’:%)V [x 105 Pa] (2)

Therefore, the pressure pt with respect to the non-dimensional time ¢ was obtained

0.6

02 r O1.5kV

[ 10°Pa]

O2.0kV

0.3 04 (1.5 (.0 0.7 0.8

Estimated pressure at maximum radius

Distance between electrodes [mm]
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using the non-dimensional bubble
radius and the Rayleigh-Plesset
equation. The obtained results are
shown in Fig. 3. The pressure pt shown
as circles against the -calculated
pressure from the pressure at
maximum volume shown as a dotted
line show a good agreement.

. = 130w i A3Y [ 4015 Dol
Dy — U337 X i Jo o IX iu” Faj 2
t ~ g -

Therefore, the pressure pt with respect
to the non-dimensional time ¢ was
obtained using the non-dimensional
bubble radius and the
Rayleigh-Plesset equation. The
obtained results are shown in Fig. 2.
The pressure p shown as circles
against the calculated pressure from
the pressure at maximum volume
shown as a dotted line show a good
agreement.

3. Achievements

In this study, we succeeded in
estimating the internal pressure of the
laser-induced cavitation bubble. The

Fig. 2 Estimated pressure corresponding to
the nondimensional bubble radius against the
nondimensional time (Rayleigh-time) The
symbols of circles colored in red is 1.5 kV and
in green is 2.0 kV.

pressure estimated in this study shows a relatively high pressure, 0.39 x 105 Pa. This
result suggests that the hypothesis of the water vapor pressure in the bubble which has

been used 1in common 1s not correct.

4. Summaries and future plans

We could obtain the internal pressure in the cavitation bubble. However the result is
different from the previous research. We will improve this method and try to measure

the pressure more precisely.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)

Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included

international conference without

Pressure Measurement in Laser-Cavitation Bubbles,

peer review)

Symposium on Advanced Fluid Information (AFI2021), # > 7 A > B, (2021),

Presentation No. CRF-79.

[2] T. Sato, S. Uehara, R. Kumagai, T. Miyahara, M. Oizumi, T. Nakatani, S. Ochiai, T.

Mivazaki, H. Fujita, S. Kanazawa,

K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima,
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12th Asia-Pacific International Symposium on the Basics and Applications of
Plasma Technology (APSPT12), %> 7 A »Bif, (2021), Presentation No. O11-1.
(Keynote Lecture)

3) Patent, award, press release etc.
(Patent) Not applicable
(Award) Not applicable

(Press release) Not applicable
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Correlation between oxygen ion conductivity and GBs
in solid oxide electrolyte membrane
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1. Purpose of the project

The purpose of this collaborative research is enhancing of the oxygen ion
conductivity in solid oxide electrolyte membrane (SOEM). To achieve the purpose, we
focus on nano-thin film membrane and nanocrystalline in the membrane. The objective
is clarifying the correlation between the conductivity and grain boundaries in the
membrane by experimental and molecular simulation techniques. Based on the clarified
correlation, we suggest a new concept of SOEM which has high ion conductivity.

2. Details of program implement

Regarding the simulation analysis, we have constructed a dual-phase (DP) EM
model, which consist of SrSco.1C00.9035 (SSC) having the perovskite structure and
Smo.2Ce0.8025 (SDC) having the fluorite structure for molecular dynamics (MD)
simulation. The diffusion coefficients of oxygen ion of constructed DPEM model were
analyzed by changing the temperature and gain size (see Figure 1). In this figure, the
number after “SSC” or “SDC” represents the number of unit-cells in the DPEM model.
Moreover, we computed the activation energy for the diffusion in the DPEM based on
the Arrhenius relation. As a result, we found that the diffusion coefficient varies with
grain size: although the diffusion coefficient increases with increase of SSC’s grain size,
the diffusion coefficient decreases with increase of SDC’s grain size. On the other hand,
the activation energy increases with increase of grain size of both SSC and SDC.

Experimental work focused on developing efficient techniques to deposit uniform,

30

4.0 . :
®  SSC-10,SDC=6
5 A SSC=12.8DC=6 | 25
-5.0 $SC=10,SDC=9 |
L ‘é‘ 20
&'—58 !
= g 15
&0 %
g Xy =]
6.5} F 10 ]
S1 E, = 1.07%1073 eV (SSC=10, SDC=6) B 0 S0FC
e -3 o e ) ICASOFC
70} Ea = 11251073 eV (SSC=12, SDC=6) . s —icss0
E, = 1.18x1073 eV (SSC=10, SDC=9) L
945 0.50 0.55 0.60 065 0.70 0
1000/7 [K~1 1 2 3

Tube location

Figure 1: Arrhenius plot of diffusion | Figure 2: SOEM thickness along length
coefficient. (positions 1-3) of deposited tube for EC
and IC-tSOFC.
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thin SOEMs for a wide variety of system geometries. The fill-coat method, used to
deposit SOEMs within a tubular support was shown to produce a sufficiently thin film
with less thickness variation than the standard dip-coat method used to deposit SOEMs
on the outside of tubular supports (see Figure 2). Within solid oxide fuel cell (SOFC)
applications, this method allows for the creation of internal cathode tubular SOFCs
(IC-tSOFCs) which are well suited to be integrated into a variety of fuel containing
environments including furnaces, boilers, and other combustion chambers.

3. Achievements

As for the simulation analysis, we clarified that how the diffusion coefficient of
oxygen ion in DPEM changes with the grain sizes by using the constructed MD
simulation model. Experimentally, ultrathin SOEMs were successfully deposited inside
of tubular supports, eliminating current geometric limitations.

4. Summaries and future plans

Regarding the simulation analysis, we constructed MD simulation models of DPEM
and clarified how the grain sizes of both SSC and SDC effects on the diffusion coefficient
of oxygen ion in DPEM. For experimental progress, we deposited and characterized
ultrathin SOEMs using novel manufacturing techniques which in the future will
include wider material selection and multilayered films.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

tubular solid oxide fuel cell: Novel production of a cell geometry for combined heat
and power systems”, International Journal of Hydrogen Energy, (2021),
37429-37439, 46(75).

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

conductivity and GBs in solid oxide electrolyte membrane”, Proceedings of the
Twenty-first International Symposium on Advanced Fluid Information, CRF-23,
2021.

3) Patent, award, press release etc.
(Patent) Not applicable

(Award) Not applicable

(Press release) Not applicable
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Design and optimization of multidirectional wings of the aero—train under the effect
of static aeroelasticity
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and Zhihua Huang*
* Chongqing Institute of Automobile, Chongqing University of Technology
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1. Purpose of the project

The purpose of the project is to investigate the aeroelastic response of the
multidirectional wings, design and optimize a suitable multidirectional wings
for the aero-train, obtain a realistic and completed method of parametric
modeling, optimization and analysis, and construct an effective means for the
aerodynamic study on the wings of aero-train.

2. Details of program implement

Characteristics of the generation and propagation of aerodynamic noise are
unique to conventional ground vehicles or aircraft due to the wing-in-ground
(WIG) phenomenon. This study numerically examines the aeroacoustic
characteristics of a multi-directional wing under the WIG effect with
different values of clearance. The flow field was simulated by using a large
eddy simulation for six groups of wings with different clearances and one
group of wings in free space, at a freestream velocity of 0.3 Ma and an angle
of attack of 5°. Acoustic simulations were carried out for each condition by
using Méhring’s analogy and the acoustic analysis was based on details of the
flow field. To focus on the characteristics of the flow field of a
multi-directional wing in the presence of the wing-in-ground effect and as
well as those of the generation and propagation of aerodynamic noise caused
by such flow, the annular wing of the aero-train was extracted and a separate
computational domain was established for it. Its specific geometrical
parameters are shown in Fig. 1 and Table 1.
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Fig. 1. The geometrical details of the multi-directional wing used for the
next-generation aerotrain.

Table 1. Geometric parameters of multi-directional wing

Type Symbol Quantities
Main wing chord C 100 mm
Main wing span S 445 mm
Side wing chord C1 170 mm
Side wing span S1 195 mm
Angle of attack a 5°
Rl B -

The LES turbulence model was used to capture fine details of the flow field of
disturbance and its characteristics under the WIG effect, and the core region
was refined such that the number of meshes in it accounted for 79% of the
total number of meshes.

3. Achievements

A multi-vortex system was generated at the trailing edge of the wing when
the clearance was lower than 0.2 C. It consisted of an oscillating attached
vortex that expanded and shrank with continuous changes in energy, and two
periodically shedding vortices were formed that generated a strong
wall-bound vortex street downstream of the wing after shedding (Fig. 2 and 3).
An analytical approach was used to analyze different dominant frequencies in
each region of the sound field.
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Fig. 2: Vorticity contours at different spanwise Fig. 3: Periodic formation, energy
locations from -2000 (blue) to 2000 (red). transfer, and shedding of the
multi-vortex-system.

A relatively high-frequency noise tended to propagate to the upstream region
rather than downstream, especially when H/C < 0.4. As the ground clearance
gradually increased, the dominant region of low-frequency noise
(approximately 80 Hz) continued to expand from downstream to almost the
entire space. The multi-directional wing itself led to the concentration of
acoustic energy, which caused signals with shorter wavelengths to be
concentrated during upward propagation.

4. Summaries and future plans

different intensities of the WIG effect led to remarkable differences in the
characteristic frequency of aerodynamic noise induced by the
multi-directional wing. The characteristic frequencies of aerodynamic noise
of the multi-directional wing with a low clearance (clearance<0.2 C) were
mainly caused by the wall-bound vortex street while those at a high clearance
(clearance>0.4 C) were mainly caused by vortices on the wingtip.

The wall-bounded vortex street was generated when the ground clearance
was too low, leading to strong aerodynamic noise. Future research needs to
consider control of the area of flow separation as well as the suppression of
the WBVS in case of low clearance in order to control intense aerodynamic
noise. The advantage of the high lift-to-drag ratio due to the WIG effect was
achieved here through high pressure in the GET but this also caused intense
noise. The two need to be balanced when designing vehicles that use the WIG
effect.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Actuation to Control Flow Around a Cylinder [J]. Journal of Chongqing University of
Technology (Natural Science), 2021, 35 (8): 81 — 89, doi: 10. 3969/j. issn. 1674-8425 (z).
2021. 08. 011.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Optimization of CAERI Aero Model based on P_B Experimental Design, Proceedings
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of the Twenty-first International Symposium on Advanced Fluid Information, Sendai
(2021), CRF 61.

3) Patent, award, press release etc.
Not applicable.
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Project code J211049

Classification General collaborative research
Subject area Fundamentals

Research period | April 2021 ~ March 2022
Project status 3rd year

Active Control of High-speed Boundary Layers

Adrian Sescu*t, Mohammed Afsar**, Shanti Bhushan***, Yuji Hattori****,
Makoto Hirota****

*Department of Aerospace Engineering, Mississippi State University,
**Department of Mechanical and Aerospace Engineering, University of Strathclyde,
***Department of Mechanical Engineering, Mississippi State University,
****Institute of Fluid Science, Tohoku University
TApplicant, §1IFS responsible member

Purpose of the project

The main objectives of this project are to: i) study boundary layer streak initiation
and development in HBLs (both along at and concave surfaces); ii) establish the
framework of active control in high-speed boundary layers on at and curved
surfaces; iii) investigate theoretically and numerically the viability of active control
via absorptive coatings, wall cooling/heating, or gas injection in HBLs.

Details of program implement

Progress has been made on the derivation and testing of the adjoint boundary region
equations. We studied the effect of the wall transpiration location along the
streamwise direction: figure 1 shows results from the optimal control applied to a
high-speed boundary layer at Mach numbers 4, 5 and 6. It shows that more energy
reduction can be achieved if the wall transpiration starts more upstream, and this
may be explained considering the amplitude of disturbances which is smaller in the
upstream.

a) b)

c)

Figure 1: The effect of wall transpiration location on the vortex energy: a) Ma=4; b)
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M=5; ¢) M=6.

In figure 2, contours of the transpiration velocity at the wall reveals variations of this
velocity in the spanwise direction, according to which the low- and high-speed streaks in
the boundary layer respond.

Figure 2: Transpiration velocity distribution at the wall.

3. Achievements
An optimal control approach based on the adjoint equations derived in the previous
year has been tested for different Mach numbers, in supersonic and hypersonic
regimes. It was shown that the control algorithm was able to reduce the energy of
the vortices and the wall shear stresses for all Mach numbers. However, the
reduction was not as significant as in the incompressible regime, and this can be
explained by the compressibility effects (high variations of density and temperature).
The effect of wall transpiration and wall cooling on streamwise vortices and the
associated streaks was further investigated by extending the parameter space. It
was shown that BRE can be an efficient and accurate model able to predict
streamwise vortices that evolve in high-speed boundary layers.

4. Summaries and future plans
While the project reached the third year, we plan to extend our research to cover
unsteady boundary layer flows, and extend the analysis to more realistic test cases,
such as the flow over a wing or a blade of a turbomachinery. We also plan to
incorporate other forms of actuation in our control algorithm, such as wall heating,
or plasma actuation.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
vortices in _hié}_r_s_p_e_ea_ bz)zl;l_(ié};f_l_ayers via an efficient numerical solution to the
non-linear boundary region equations, 7heoretical and Computational Fluids
Dynamics, https://doi.org/10.1007/s00162-021-00576-w.

boundary layer optimal control approach using nonlinear boundary region equations,
AJAA  Paper  2021-2945, AIAA  Aviation Forum, Virtual Event,
doi.org/10.2514/6.2021-0853.

Turbulence Method for Jet Noise Prediction, Aerospace.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
vortices in high-speed boundary layer flows using nonlinear boundary region
equations, Eighteenth International Conference on Flow Dynamics, Sendai, Japan
(ICFD2021).
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Instability and Wave Interactions in Helical Vortices

Yuji Hattori*¥, Ivan Delbende**++
Maurice Rossi***
*Institute of Fluid Science, Tohoku University
**,IMSI
***Universite de Paris VI
TApplicant, $¥Non-IFS responsible member

1. Purpose of the project

The development of wind turbine farms raises the problem of wake/turbine interaction
and encourages in-depth studies on the vortices that develop behind rotors. These
vortices produced at the blade tips and roots have a helical shape and develop
instabilities under the influence of the air-stream fluctuations. Theoretical studies
predict that helical vortices are prone to long-wave instabilities and also to two types of
short-wavelength instabilities that affect vortex cores: the elliptic instability which is a
resonance between two waves and the elliptical deformation of streamlines (Kerswell
2002), and the curvature instability which involves two waves and the deformation
induced by vortex curvature (Fukumoto & Hattori 2005). This project aims at
simulating and understanding the linear and nonlinear growth of both types of
instabilities in idealized helical vortex configurations, since they probably cause the
eventual disintegration of the vortex structure in actual rotor wakes, and thus favour
wake recovery.

2. Details of program implement

2.1 Time evolution of inviscid invariants and other basic quantities

In order to evaluate the parameters characterizing helical vortices accurately, time
evolution of inviscid invariants, which include circulation, momentum and angular
momentum, has been investigated in detail. They are calculated using the formulas
derived by Selcuk et al. (2017). Figure 1 shows time evolution of momentum and
angular momentum; each of them are evaluated by two equations of different
expressions and the results coincide within small errors. It confirms the high accuracy
of the numerical method.

2.2 Comparison of mode structures between helical and three-dimensional simulations
At TIFS, direct numerical simulation has been performed by solving the
three-dimensional Navier-Stokes equations in a cylindrical coordinate system, aiming
at nonlinear time evolution of disturbed helical vortices. At LIMSI, on the other hand,
helical symmetry has been assumed to reduce the numerical cost from three dimensions
to two dimensions; this method can be applied to base flows and linear stability analysis.
Comparison between the results obtained at the two sides has been performed in detail.
It was confirmed that the mode structures and the growth rate obtained at the two sides
are in good agreement.
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Figure 1 : Time evolution of momentum and angular momentum.

2.3 Symmetry breaking by torsion

One of the most important differences between the vortex rings and the helical vortices
is that the helical vortices are subjected to torsion in addition to curvature of the vortex
tubes. Torsion breaks symmetry between left-handed and right-handed helical
vortices, or equivalently, positive and negative axial flows. The growth rates and the
wavenumber ranges of the unstable modes are different between positive and negative
axial flows. This is confirmed by numerical stability analysis; it will be compared to
theoretical prediction in the next project.

3. Achievements

Our final goal is to explore mechanism of turbulent transition of helical vortices. The
results should contribute to prediction of the wake flow in the wind farm and
establishing a method for real-time prediction of the electric power and optimization of
the wind rotor placement. This year we performed DNS of helical vortices and
confirmed the accuracy of the numerical methods both at IFS and at LIMSI. The
project has achieved this year’s objectives.

4. Summaries and future plans

We have performed direct numerical simulation of helical vortices. Some fundamental
properties of the helical vortices have been checked to ensure the accuracy of the
present method. Symmetry breaking due to torsion was shown to occur.

The future plans include:

- To clarify how the nonlinear dynamics leading to turbulent transition depend on the
parameters of the base flow and the types of disturbances;

- To explore the properties of the flows after turbulent transition.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not Applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Helical Vortices,” 21st International Symposium on Advanced Fluid Information (2021).

3) Patent, award, press release etc.
Not Applicable
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1.

Numerical Simulation of a Thermal Plasma Reactor for the Wastes to Energy

Sooseok Choi*f, Hidemasa Takana**{+
*Dept. Nuclear and Energy Eng., Jeju National University, Republic of Korea
**Institute of Fluid Science, Tohoku University
tApplicant, $IFS responsible member

Purpose of the project

The energy consumption and the waste generation are increasing at the same time
with the development of human beings. Although wastes such as plastics causes the
environmental problem, they can be used as the energy source with a proper
treatment. In the present work, the numerical analysis on the thermal plasma
system is conducted to utilized wastes as the alternative fuel. The integrated
supercomputing system at the IFS is used for an efficient numerical analysis to find
out the optimal operating and design condition for the plasma system.

In the 3rd year, the comparison between simulation results in IFS and experimental
results in Jeju wil be compared to examine the waste treat mechanism in thermal
plasma.

Details of program implement

In the present work, we carried out a numerical simulation for the multiple DC
thermal torch system, which improves the treatment capacity of alternative waste
fuels by using the magnetohydynamics (MHD) and computational fluid dynamics
(CFD) code. Through the analysis of the thermal flow characteristics, we optimized
the design and operating conditions of the combustion system using alternative
waste plastics.

The combustion with multiple thermal plasma jets consists of combustion air and
waste inlets, sixteen DC plasma torches, and a system outlet connected to the cement
production process, as shown in Figure 1. DC plasma torches are injected into the
space (eight torches on each side at 150 mm intervals) where the waste is burned on
both sides. The numerical conditions are summarized in Table 1. Nitrogen was used
as the plasma forming gas of the plasma at a flow rate of 110 L/min. We numerically
analyzed the thermal flow inside the chamber by adjusting the air temperature,
torch injection angle, and chamber width. The calculated arc voltage at a fixed
current of 110 A was 216 V.

In the numerical results, the temperature contour and profiles at the center of the
chamber in accordance with its width adjustment was indicated in Figure 2. In a
chamber of 400 mm width, the maximum and minimum temperatures were
approximately 1,300 and 800 K, respectively, whereas for a 500 mm width, the
maximum temperature was 900 K. It was confirmed that an increase in the chamber
width over 500 mm did not uniformly form a relatively high temperature over 800 K
at its center. However, for a 400 mm width, a temperature of 800 K was widely
distributed to the chamber exit.
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Figure 1 : Schematic of the combustion system with thermal plasma jets for the
cement manufacturing process.

Table 1 : Numerical conditions for the waste combustion chamber with multiple DC
plasma torches.

Gas flow rate [L/min] N2 110
Chamber width [mm] 400, 500
Torch injection angle [°] 20, 30
Combustion air temperature [K] 300, 1000
Current [A] 110
Calculated arc voltage [V] 216

Figure 2 : Numerical analysis of the chamber region for the condition fixed at 20° and 300 K:
(a, b) temperature contour and profile for a 400 mm width and (c, d) temperature
contour and profile for a 500 mm width.
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Figure 3 : Numerical analysis results of the chamber region for the condition fixed at 400
mm and 300 K: (a, b) temperature contour and profile for a 20° injection angle and (c, d)
temperature contour and profile for a 30° injection angle.

Figure 4 : Numerical analysis results of the chamber region for the condition fixed at
400 mm and 20° : (a, b) temperature contour and profile for a 300 K combustion air
temperature and (c, d) temperature contour and profile for a 1,000 K combustion air
temperature

The injection angle was 20°and 30° at fixed conditions of a 400 mm chamber width,
and 300 K combustion air temperature, as shown in Figure 3. It was identified that a
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2)

relatively low temperature from 600—1,100 K was formed for a 30° injection angle of
the plasma torch, and the temperature variation was significant at the position of
torch injection.

Figure 4 shows the simulation results according to the changing temperature of
combustion air, and this simulation was performed at fixed conditions for a 400 mm
chamber width and a 20° injection angle. The increase in combustion air
temperature causes the improvement in temperature at the center of the chamber. It
was revealed that the increase in combustion air temperature forms a uniform
temperature distribution, which provides a conducive combustion environment for
alternative waste fuels.

Achievements

The results of the second-year collaborative research were presented at the 18th
International Conference on Flow Dynamics (ICFD 2021) on Oct. 27, 2021.

And a research paper with these results was published in Applied Science and
Convergence Technology 30(6), 172-175, 2021.

We got the best poster award from the 62nd Winter Annual Conference of the
Korean Vacuum Society in the domestic conference.

Summaries and future plans

The thermal flow characteristics inside the waste combustion chamber were
numerically analyzed in accordance with adjusting the chamber width, injection
angle of the torch, and combustion air temperature. As a result, the temperature in
the range of 1,600—-2,200 K was widely distributed at the center of the chamber. The
optimized conditions are as follows: 400 mm chamber width, 20° injection angle, and
1,000 K combustion air temperature. Therefore, the comparison between simulation
results in IFS and experimental results in Jeju wil be compared to examine the
waste treat mechanism in thermal plasma.

Research results

Journal (included international conference with peer review and tutorial paper)
of thermal flow characteristics ir_l_g)Ia_s_mé_;e_f;c_t(_); for rotten citrus fruits drying,
Applied Science and Convergence Technology, 30(3), 70-73 (4 pages), doi:
/10.5757/ASCT.2021.30.3.70.

nan_o_p_a_rzi_cies_ and fabrication of flexible material for radiation shielding, Current
Applied Physics, 31, 151-157 (7 pages), doi:/10.1016/j.cap.2021.08.009.

flow characteristics inside waste combustion chamber with multiple thermal plasma
jets, Applied Science Convergence Technology, 31(6), 172-175 (4 pages),
doi:/10.5757/ASCT.2021.30.6.172.

nitr_i(_i_e_;l_agloi)é;gi_cl_es_ from _a_mo;p_};o_lis_ “boron _b_y_ _triple thermal plasma jets at
atmospheric pressure, Advanced Powder Technology, 33, 103400 (8 pages), doi:/
10.1016/j.apt.2021.103400.

nan_o_p_a_rgi_cies_;lé_z;_fturzc_ti_o_r;a_l material for gamma-ray shielding, Applied Science
Convergence Technology, 31(1), 15-18 (4 pages), doi:/0.5757/ASCT.2022.31.1.15.

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
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and optical emission spectrometry for multiple thermal plasma jet, Proceedings of
Fighteenth International Conference on Fluid Dynamics, Sendai, 0S5-6,
pp-261-262.

plasma torches and thermal plasma reactor for waste treatment, Proceedings of
FEighteenth International Conference on Fluid Dynamics, Sendai, CRF-7.

3) Patent, award, press release etc.
(Patent) Not applicable.

(Award)

Best Poster Award, “Numerical study for thermal flow inside waste combustion
reactor using multiple thermal plasma”, February 17, 2022, The Korean Vacuum
Society.

(Press release) Not applicable.
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Comprehensive study on two—-phase thermo—fluid phenomena in a cryogenic loop heat pipe
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1. Purpose of the project

Several sphere-cone capsule bodies for sample return have been used for the re-entry
to earth from space. One of the problems is that these capsules undergo oscillation in
the transonic regime, which may cause the failure of the return operation. In this
project, the transient flow characteristics over these capsules are investigated using
numerical simulations to shed light on the underlying mechanism of the oscillation.

2. Details of program implement

To analyze the transonic flow characteristics over return capsules, three-dimensional
simulations over the Hayabusa capsule 3 mm model at Mach 1.05 were conducted. To
describe turbulence, the Spalart-Allmaras DES model was used. To solve the
compressible Navier-Stokes equations, an open-source density-based compressible flow
solver was used. The characteristics of the flow field around the capsule were
investigated using instantaneous flow fields.

Simulated flow fields showed that the recompression shock wave moved back and forth
at a Strouhal number of 0(0.01). Figure 1 shows the time-series variation of the
recompression shock wave position. The recompression shock wave fluctuated with a
period of 580 us, which can be converted as St = 0.014. The result was similar to the
fluctuation of a recompression shock wave at St = 0(0.01) investigated using DMD
analysis in a ballistic range test. (H.Kiritani et al., AIAA SciTech 2020 Forum, 2020)
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Figure 1: Time-series variation of the recompression shock wave

[
[

— 137 —



! St~ 0.014 ' Drag coefficient i
106 / Normalized pressure
— 108
N
<
9) 10'10 oo
o
10»12 Lo
1 -14 i i i
0 0.01 0.1 1
Strouhal number
(a) (b)

Figure 2: (a) Time history of the drag coefficient and normalized pressure on the center
point of the capsule base; (b) PSD of fluctuations in the drag coefficient and normalized
base pressure

Figure 2(a) depicts the time history of the drag coefficient and normalized pressure on
the center point of the capsule base. When the recompression shock wave moved
upstream, the drag coefficient decreased and the base pressure increased. Contrary,
when the recompression shock wave moved downstream, the drag coefficient increased
and the base pressure decreased. Low-frequency oscillations were the main factor that
determined the fluctuation of the drag coefficient and the base pressure. Figure 2(b)
depicts frequency distributions of the drag coefficient and base pressure. For both
parameters, a frequency peak of St = 0.014 was observed, which is identical to the
frequency of oscillation of the recompression shock wave. Therefore, the fluctuation of
the recompression shock wave had a dominant effect on fluctuations of the drag
coefficient and base pressure.

3. Achievements
The flow structures behind the capsule model were analyzed with respect to the
relocation direction of the recompression shock wave. The interrelation among the flow

structure, base pressure, and fluctuation of the recompression shock wave was
established.

4. Summaries and future plans

The interactions between the recompression shock wave, local shock wave, and free
shear layer caused the capsule’s base pressure fluctuations which greatly affect the
dynamic instability. In future work, 6-DoF (Degree of Freedom) numerical simulations
over return capsules will be conducted to analyze the mechanism of the dynamic
instability.

. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Transonic Flow Characteristics over Return Capsules, Proceedings of the
Twenty-first International Symposium on Advanced Fluid Information, Sendai,
(2021), CRF-38, pp. 76-71.

3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project

Integrating a solid oxide fuel cell (SOFC) stack in the exhaust system downstream
of an internal combustion engine to develop a highly efficient combined electrochemical
and thermal power generation system. The proposed system allows for increased
thermal efficiency while maintaining low emission byproducts.

The purpose of this research is to enhance the conversion of chemical energy within
a liquid hydrocarbon-based fuel into mechanical and electrical power of an internal
combustion engine by integrating it with a SOFC system. The SOFCs provide an added
benefit of simultaneously converting the chemical energy of the syngas produced by the
combustion engine into electrical power while significantly reducing harmful emission
byproducts.

The project seeks to develop an in-lab hybrid engine setup fully integrated with a
stack of SOFCs. Experimental investigation will consist of a multi-pronged approach.
The first task is to develop a suitable internal combustion engine simulation model,
capable of numerically investigating the combustion properties and exhaust
concentrations of multiple hydrocarbon fuels and ignition methods. The second task will
be to verify the combustion model by experimentally investigating the combustion
characteristics, chemical composition, and temperature profile in the exhaust of
existing engines, tuned to operate at varying equivalence ratios. The model validation
will be followed by a feasibility study into SOFC operation on model exhaust, utilizing
benchtop flow meters. The complete integrated system may then be tested for the
durability of simultaneous electrical power generation and emission reduction,
including a longevity study to verify the SOFC’s resiliency to coking in the combined
system.

2. Details of program implement

In recent years, increasing concern surrounding limited fossil fuel resources and
global climate change have led the automotive industry to push towards sustainability.
The need for increased sustainable energy systems has created largely two cooperative
movements: 1) technologies that are considered renewable or more environmentally
friendly and 2) higher efficiency. In order to achieve increased efficiency and reduced
pollutant emission, the remaining chemical energy in the exhaust must be transformed
into usable energy. A SOFC stack is therefore integrated into the exhaust system of a
traditional internal combustion engine. A SOFC stack would eliminate the need to
maintain stoichiometric exhaust conditions and would allow the recovery of any
remaining chemical energy in the exhaust stream. Due to the fuel flexibility of SOFCs;
methanol, nitromethane, gasoline, diesel, or jet fuel mixtures could be used to operate
the suggested integrated fuel cell energy system if it makes it to mainstream production.
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In order to explore the broad applicability of such a system, a methanol/nitromethane
fuel was studied in addition to the previously investigated conventional diesel fuel as
proof-of-concept validation.

Previously, the concept of power generation from the modeled syngas created from
the rapid compression of diesel fuel had been demonstrated. A micro-tubular SOFC
(mT-SOFC) was tested in model syngas, of rapid diesel compression, resulting in high
power densities (~730 mW/cm?2).

The model was then adapted, demonstrating broad applicability, to examine the
possibility of utilizing a two stroke, glow-ignited, nitromethane and methanol-based
combustion engine, for use on a small unmanned aerial vehicle (UAV). Utilizing the
Chemkin-Pro v19.0 AURORA simulation tool, an adiabatic transient engine simulation
was used to discover theoretical syngas generation results for fuel mixtures of 30/70,
40/60, 50/50, 60/40 and 70/30 methanol/nitromethane by volume.

The experimental group, led by Dr. Jeongmin Ahn, focuses on exploring the
effectiveness of the combined fuel cell and combustion engine energy system on varying
hydrocarbon fuels, with the goal of creating a highly efficient, compact, and adaptable
power generation system. The modeling group, led by Dr. Hisashi Nakamura, focuses on
developing computer simulation combustion models to match the experimental results
of combustion testing on varying hydrocarbon fuels.

3. Achievements

Figure 1, below, demonstrates the results of the simulation for varying
nitromethane and methanol fuels.

Figure 1: Syngas Generation Simulation Results Across Several Fuel Compositions.
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The syngas

simulation

results were then verified experimentally via gas
chromatography for an in-lab engine operating on a mixture of 70 % methanol and 30 %
nitromethane by volume, Table 1.

Table 1: Exhaust Composition Analysis by Gas Chromatography.
Exhaust Composition Analysis

Chemical Species Percentage (%)

H; 6.262

CH,4 5.916

[\ P) 38.421

(0)] 5.624

co 5.371

Cco; 29.029

Total Syngas 17.550

As seen in Table 1, the experimental exhaust contained 6.3 % Hs, 5.4 % CO, and
5.4 % CHyu, for a total of 17.55 % useable syngas. This considerable percentage of syngas
indicates that the exhaust gas can be directly utilized by the SOFC as a fuel source.

In an attempt to optimize the results displayed above, it is favorable to utilize the
fuel mixture that produces the largest quantity of overall syngas for optimal SOFC
performance. Referring to the combustion simulation results of Fig. 1, the fuel mixture
of 60/40 by volume methanol/nitromethane produces the highest quantity of total

T1ipe. 2 Polanzaton and Power Curves for
N1 TEE-LEN 80FC for an Equivalence Ratio

of 1.6

Fipure 5: Polarization and Power Curres for Mi
TEZ-LEN S30FC for an Equiv alence Ratio of

2.8

syngas at the assumed engine conditions of
1750 K and an equivalence ratio of 1.6.
Therefore, it is possible to create a model
combustion exhaust that represents the
products of the engine operating on liquid
60/40 methanol/nitromethane fuel wusing
tabletop flowmeters of Hz, CO, CH4, and N2. A
model exhaust was created for both the
anticipated average engine operating
condition, with an equivalence ratio of 1.6,
and the maximum realistic engine operation
condition according to the upper flammability
limit, with an equivalence ratio of 2.5. Fig. 2
displays the open circuit voltage (OCV) and
power density of the SOFC operating on the
base condition model exhaust across a range
of temperature values. The SOFC reached
peak power density of ~475 mW/cm?2 at a
furnace temperature of 850 °C.

Similarly, Fig. 3 displays the OCV and
power density of the SOFC operating on the
maximum fuel rich condition, equivalence
ratio of 2.5, model exhaust across a range of
temperature values. For the model exhaust
following the maximum fuel rich burn
conditions, the SOFC reached peak power
density of ~650 mW/cm? at 850 °C. Again, as
the temperature departs form 850 °C, the
peak power density decreases.
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4. Summaries and future plans

The results shown above suggest that a combined internal combustion engine and
SOFC hybrid power system for a UAV is feasible. Gas chromatography (GC) results
find that the engine exhaust contains 6.3 % Hs, 5.4 % CO, and 5.9 % CHa. This result
both confirms the findings from the AURORA based combustion simulation and proves
that the engine exhaust can be immediately utilized by the SOFC as a fuel source. The
combustion simulation results led to a 60/40 mixture of methanol/nitromethane to be
chosen, as it produced the most overall syngas. Using tabletop exhaust modeled after
the expected products of the 60/40 methanol/nitromethane fuel, with equivalence ratios
of 1.6 and 2.5, peak power densities were ~475 mW/cm?2 and ~650 mW/cm2, respectfully.
Since liquid fuel is much more energy dense than lithium polymer batteries, the above
results suggest that an extended UAV range and endurance is possible by using the
hybrid system.

Future study will focus on the optimization and increased efficiency of the proposed
system. Simulations will be expanded to include multiple hydrocarbon-based fuels,
including, but not limited to, diesel, gasoline, jet fuel, etc., for multiple ignition methods.
Experimental work will initially focus on verifying, validating, and correcting the newly
developed models. Simulation models may then be leveraged to predict ideal operating
conditions for sufficient syngas generation. The simulated results may first be
investigated through mixed bench top model exhaust, prior to developing a completed
system.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Exploration of Novel Combined Compression-Ignition Combustion Engine and Solid
Oxide Fuel System for Power Generation and Emission Control, Proceedings of the
Eighteenth Int. Conference on Flow Dynamics, Sendai, Japan, J21|055 Nov. (2021).

Powertrain Utilizing Solid Oxide Fuel Cells and Internal Combustion Engine for
Unmanned Aerial Vehicles, Proceedings of the AIAA Aug. (2021).

Jeongmin__Ahn, “Powering an Unmanned Aerial Vehicle With an Internal

Combustion Engine and Solid Oxide Fuel Cell Hybrid Powertrain”, ASMFE
Conference Proceedings, POWER2022-86357 Jan. (2022).
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Flow visualization of a high-speed projectile with plenoptic optic
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Model ling Core Scale: Investigation of Multiscale porosity using 3D printed
micromodels
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**Institute for GeoEnergy Engineering, Heriot-Watt University
TApplicant, $$Non-IFS responsible member

1. Purpose of the project

Sustainable low-carbon energy production is one of the main challenges that society
is facing today. The Intergovernmental Panel on Climate Change (IPCC) has stated that
negative emissions via carbon capture and storage is necessary to mitigate the
dangerous effects of global climate change. However, these underground storage
reservoirs are composed of porous rock (matrix) that are highly non-uniform structures
with intricately connected pores of varying shapes and sizes. Furthermore, these rock
matrices are often riddled with networks of cracks that allow fluids to move at
extremely high speed through the reservoir and possibly leak out, which would
undermine CO:z storage efforts. We must thus be able to predict these fluid movements
in order to ensure permanent storage of CO2. When there is only water present in the
reservoir our predictions of this fluid movement are highly accurate. However, when
COgz is introduced, the two fluids (water and CO2) have different densities that change
as a function of depth making the interaction between COz density, movement of COq,
and the fracture network very difficult to predict. We will use a combination of new 3D
printing technology, advanced visual experiments, and state-of-the-art simulations to
tackle this challenge. We have three key objectives: (1) to design a variety of 3D printed
models of rock matrix with fractures of many different shapes and sizes; (2) to perform a
series of experiments where water and gas or analogue fluid is injected into the printed
models and the displacement of each fluid through fractures and rock matrix is
recorded; (3) to compare these images to the predictions of our simulations to ascertain
the scenarios in which our predictions are correct (or incorrect). The results from this
project will then be used inform simulation development and improve our future
predictive capacity and thus the likelihood of successful outcomes of CO:z storage
projects around the world.

2. Details of program implement

Each of the three objectives outlined above will be addressed in this research
programme, which is divided into three tasks:
Task 1
We will use the expertise developed at the Institute of GeoEnergy Engineering (IGE)
during an EPSRC-funded project (total value £587k) to create microfluidic devices
representing two-scale porosity structures. We will also use the expertise developed at
the Institute of Fluid Sciences (IFS) to manufacture complex 3D fracture networks
(Suzuki et al., 2017). Micromodels consisting of monodisperse disc-packing (Mehmani et
al., 2017) with pore sizes between 50 and 300 microns will be printed using the Form2
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3D printer at IGE, and a superimposed fracture network with aperture between 50 and
1000 microns will be printed with the AGILISTA 3D printer at IFS.

Task 2

These custom 3D printed micromodels will then be used for multiphase flow
experiments. By varying the structure of the matrix and the fracture size and shape,
and by changing the injection from matrix to fracture and from fracture to matrix, we
can investigate their impact on the fluid movement through the model. The results of
these experiments can then be compared with numerical simulation.

Task 3

The simulations will be conducted using an open source simulation toolbox. An existing
numerical approach (Soulaine 2019) will be used and compare with the experimental
results. This approach can be used to simulate flow between rock matrix and fracture;
However, several parameters must be tuned (i.e. contact angle between fluid/fluid and
fracture/matrix interfaces, capillary pressure within the matrix). This tuning is always
undesirable because it does not use the underlying fundamental physics to predict the
fluid movement. However, once the match between experiments and simulation is
successful, analysis can be done in order to further understand these interactions and
then develop a simulator where those parameters will not have to be tuned and the
simulation will predict the experimental output using fundamental physics.

3. Achievements

a. Dissolution of a trapped COzbubble

In order to generate micromodels for our studies the Formlabs Form 2
stereolithography printer was used. Formlabs Form 2 works by solidifying layers of
liquid resin to generate a solid structure. to investigate dissolution of a single trapped
COzbubble we created a micromodel geometry consisting of a single channel of 1 mm
width and a 2 mm height -1 mm width cavity where the COz bubble was trapped. After
the micromodel was generated, it was inserted and sealed in our experimental cell
where it was firstly fully saturated with CO2 and then water is injected with a constant
flowrate of 0.5 ml/min, and the dissolution of the trapped CO2 bubble in the cavity was
observed.

w

Camera | F=-=--

Fig. 1 (a) Cavity micromodel design (Flow path (blue) solid walls (gray)) and (b)
experimental setup for COz dissolution experiment.

The ability to generate simple pore like geometries like a single channel with a cavity and
the ability to observe pore-scale processes like COz dissolution of a single bubble can be seen
in Fig 2. From the images acquired we can observe two different dissolution regimes, an
advection dominated regime when the bubble is still close to the channel where the water
flow is occurring, and a diffusion dominated regime when the bubble has shrunk
significantly and is no longer affected by advective flow from the water inside the channel.
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Fig. 2 Dissolution of a trapped COzbubble under constant water injection.

We then created a micromodel geometry to investigate species transport, which consists
of a matrix generated by placing beads and superimposing a fracture geometry
downloaded from the digital rock portal.
(https://www.digitalrocksportal.org/projects/195).

The pore-throat sizes within the matrix are 0.2 mm, while the minimum aperture inside
the fracture is set to be 4 mm. The overall size of the domain is 100x100 mm.

Fig. 3 Fracture micromodel design. Flow path (blue) solid walls (gray).

After the micromodels have been designed and printed, they were inserted and sealed in
an experimental cell. The micromodel was firstly saturated with distilled water. Then
water with red dye was injected at constant flowrate of 0.08 ml/min and the transport of
dye within the domain was observed.

The 3D printing allows for generating a multiscale geometry including matrix and
fracture features and observing with a high-resolution camera species transport inside
the system. Fig. 4 shows the result of injecting distilled water with dye in an already
water saturated system. We can observe the faster propagation inside the high velocity
path of the fracture compared to the matrix.

Fig. 4 Propagation of red dye inside the 3D printed fractured geometry.

Achievements level for “expected result”

e Task 1: Create microfluidic devices 100 %
e Task 2: Multiphase flow experiments 100 %
e Task 3: Numerical simulation 80 %
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o  Writing paper 50 %

4. Summaries and future plans

We have demonstrated the ability to generate micromodel geometries using 3D printing
technology. We have shown how current and affordable 3D printing technology can be
used to investigate fluid flow processes relevant to subsurface processes like dissolution
of COzand fluid flow through fractured porous media.

The project is expected to result in two main deliverable: (1) a series of flow experiments
with high resolution images representing various scenario where water and gas and/or
analogue fluid are flowed through 3D printed models of rock matrix with fractures of
many different shapes and sizes and (2) a series of numerical simulations with direct
comparison with the experimental data. The results from this project will help us to
better understand the shortfalls of current simulation techniques and improve their
accuracy.

5. Research results

1) Journal
Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

printing-based microfluidics for geosciences”, Proc. 18th International Conference
on Flow Dynamics, (2021).

using 3D printed micromodels, Proc. the 21st International Symposium on
Advanced Fluid Information (2021).

3) Patent, award, press release etc.
(Patent) Not applicable

(Award) Not applicable

(Press release) Not applicable
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fTApplicant, fNon-IFS responsible member

Purpose of the project

For subsurface energy resource development (e.g. geothermal energy, thermal
energy storage, compressed air and hydrogen storage), it is necessary to understand
both fluid flow through rock fractures, and how fluid flow pathways evolve over time.
Reasons for evolving flow pathways include fine particle migration, chemical
reactions that can enhance or close off preferential flow paths, and the effects of
microorganisms that produce biofilms and accelerate biogeochemical processers.

In this project, we build on earlier work in which complex fracture networks were
3D printed and used in lab-scale experiments to validate fracture flow models, and
extend this to include a biogeochemical process named Microbially Induced
Carbonate Precipitation (MICP) whereby live bacteria are used to control and
accelerate the precipitation of calcium carbonate within the 3D printed fracture
networks. Alteration to the fracture network is tracked with X-ray CT, and
numerical flow modelling is used to understand how these structural changes affect
flow paths.

MICP has been proposed for numerous engineering applications such as sealing
fractures in the rock around a radioactive waste disposal facility [1], sealing cracks
in cement around carbon capture and storage injection points [2,3], and remediation
of cracked infrastructure [4]. Yet, to date, studies on MICP in fractures have focused
on single planar fractures and not on complex fracture networks. Our research aims
to fill this gap and also serve as a more general test-case for improving flow
modelling of evolving fracture networks.

Details of program implement

Three different 3D printed complex fracture networks were designed and printed at
Tohoku University by Anna Suzuki and sent to James Minto at the University of
Strathclyde where X-ray CT and MICP experiments were carried out. Flow
modelling was carried out on the IFS supercomputer system using OpenFOAM v7.
The fracture networks (shown in figures 1, 2 and 3) each have different properties:
uniform thin fractures, uniform thick fractures, and a range of thin and thick
fractures and are hereafter referred to as the Thin, Thick and Variable fracture
network.

The research tasks were to:

1) Characterise flow in each of the fracture networks both experimentally and
numerically.

2) Use MICP to precipitate calcium carbonate within the fracture networks and
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evaluate changes to flow paths through X-ray CT and flow modelling.

3) Determine effectiveness and limitations of current MICP treatment strategies
(developed for single planar fractures) in sealing complex fracture networks.

4) Understand the effect of gravity and density separation between the MICP
treatment solutions (the bacterial are injected first, followed by a considerably
denser urea/CaClz solution).

5) Propose new MICP treatment strategies for complex fracture networks and
evaluate their effectiveness.

6) Improve and update existing fracture flow modelling capabilities [5] through use
of the IFS supercomputing system.

3. Achievements
All fracture networks were X-ray CT scanned at a resolution of 60 pm which provides
the ‘as-printed’ geometry (including the configuration of the inlet and outlet ports)
and serves as the basis for the numerical flow modelling. Figure 1 shows results of a
simulated tracer breakthrough experiment for the Variable Fracture.

Figure 1: Variable aperture fracture. Top left: fracture aperture distribution,
determined from X-ray CT scan. Top middle: tracer breakthrough profile (i.e.
concentration of tracer at outlet) simulated with custom OpenFOAM solver. Bottom and
right inserts: tracer time-to-arrival with short times (i.e. rapid transport) shown in red
and long arrival times shown in blue. Areas of the fracture network where tracer does
not arrive within 1000 seconds are rendered transparent.

The Thin fracture network has been used to evaluate a standard MICP treatment cycle
where 1 pore volume of ureolytically active bacteria are injected, allowed to attach to
the fracture sides with a no-flow period, then a high concentration urea/CaCl2 solution
is injected. This is referred to as a ‘treatment cycle’ and nine treatment cycles were
performed with X-ray CT scanning after 1, 7 and 9 cycles. Results indicate that
permeability reduction due to MICP was mostly associated with blocking the inlet and
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outlet ports. While there was CaCOs precipitation throughout the fracture network,
large areas have minimal precipitation due to density separation of the reacting fluids
and the formation of preferential flow paths. This suggests there may be challenges in
creating a long-lasting and low permeability seal in fracture networks when using the
standard treatment method.

Figure 2: A) 3D printed Thin fracture network with inlet and outlet ports. B) Simulated
tracer breakthrough curves before treatment and after 9 treatment cycles. C)
Cross-sections through the X-CT data showing fracture geometry with low density
materials (air) shown in black, high density materials (CaCOs) shown as white, and
mid-density materials (water, plastic) shown as grey. D) 3D renderings showing spatial
distribution of microbially precipitated CaCOs.

An alternative treatment method was trialled in the Thick fracture network: bacteria
was mixed with urea and CaClz in a beaker for 24 hrs to create a particle suspension
containing live bacteria and small CaCOs crystals. This particle suspension was
injected into the Thick fracture network at a high flow rate, followed by a slow injection
of urea/CaClz over one week. The aim was to quickly fill much of the fracture pore space
with unconsolidated CaCOs slurry that would then become cemented by further
microbial activity. This treatment was repeated twice before X-ray CT scanning and
initial results looks promising for achieving a denser seal and making more efficient use
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of reagents.

Figure 3: A) Distribution of CaCOs slurry after second injection. B) Distribution of high
density CaCOs slurry. C) Cross-sections through the X-CT data showing bands of high
density CaCOs that form during the 1 week static reaction period.

Achievements level for “expected result”
(1) Structure-controlled flow experiment and numerical simulation using 3D printer
- 2D fracture networks (Thin, Thick and Variable fracture network): 100 %
- 3D fracture networks: planed in 2022
(2) Quantification of complex crack structure by persistent homology
- 3D printed design: 100 %
- CaCOs precipitation: planed in 2022

4. Summaries and future plans

This pilot data shows promise for an improved MICP treatment strategy that will work
in realistic fracture networks. Experiments will be repeated in a 4th fracture network
that has been extensively characterized by Anna Suzuki both experimentally and
through modelling on the IFS supercomputer.

Next steps will involve using a persistent homology approach to flow modelling to
identify how changes in fracture topology influence fracture flow, and directly modelling
how MICP influences thermal properties of the fracture network.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Flow estimation solely from image data through persistent homology analysis,
Scientific Reports, 11 (2021), 17948.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
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the 21st International Symposium on Advanced Fluid Information, (2021).

3) Patent, award, press release etc.
(Patent) Not applicable
(Award) Not applicable

(Press release)

[1] HAEKRZT L AU U — R « BFFERUR HP, BME S O ") T= B " B e 3" 2 8 T
HAWO KT E 2 A a Y — 12 X o TatA i<, 2021.9.22,
https!//www.tohoku.ac.jp/japanese/2021/09/press20210922-01-flow.html

[2] FHoF 2021 412 A5, “SRNOKDEND bR e P—TET 5 17, 2021.11. 10

[8] HFI T30, 2021.9.24

[4] JSTnews, X &ENF2ZFZFA, 2021.9.1
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1. Purpose of the project

Geothermal development requires comprehensive understanding of fluid flow in
reservoirs by evaluating from various viewpoints. In this seminar, we will introduce our
recent research related to hydraulic, thermal, mechanical, and seismological
perspective and discuss technologies and social acceptance required for sustainable
geothermal development.

2. Details of program implement

We have used the international collaboration research to hold a Geothermal Onsen
seminar every year for three years. By including the tour of the hot spring area in Japan
and the heat utilization facilities, it was a chance to convey a great potential to overseas.
In this conferential research collaboration, we would like to organize a similar seminar
once a year to discuss technologies that could actually be performed in the hot spring
area in Japan.

3. Achievements

By making strong connections with the geothermal group at Stanford University,
which has driven geothermal development around the world for a long time, we hope to
make it easier for students and other people who graduate there to get involved in
geothermal development in Japan. In particular, geothermal researchers tend to take a
large-scale perspective, but the use of hot springs is also a great use of geothermal
energy, and I think it is of great value to spread the way of using geothermal resources
to all over the world. In addition, from the perspective of overseas researchers, I would
like to think about breakthroughs that can overcome the decline of hot spring areas in
Japan and promote geothermal development research with a win-win relationship.

4. Summaries and future plans
Due to the COVID-19, we were not able to get together, so we returned all the funds.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Not applicable
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3) Patent, award, press release etc.
(Patent) Not applicable
(Award) Not applicable
(Press release) Not applicable
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1. Purpose of the project

Based on the high frequency eddy current testing (ECT) systems and numerical
simulation codes of both sides, the aim of this collaboration project is to develop
numerical methods and codes for forward and inverse analysis of ECT signals due to
defect in a carbon fiber reinforced polymer (CFRP) material of anisotropic electric
property and to experimentally evaluate the feasibility of the high frequency ECT
technique for quantitative NDT of the CFRP structures.

2. Details of program implement

In this FY year’s project, a hybrid numerical scheme for reconstruction of defect
profile from high frequency ECT signals is proposed, implemented and validated with
both the simulated and measured signals for cracks in a specimen of CFRP plate in
order to quantitatively evaluate the defects in a typical CFRP structure. At first, a
hybrid inversion scheme based on the conjugate gradient optimization method and the
genetic algorithm is developed based on the fast forward solver for ECT signals due to
defect in the anisotropic CFRP plate. Second, CFRP test-pieces with artificial defects is
designed and fabricated and a high frequency ECT system is established with a
home-made high frequency ECT probe, a bridge circuit and a high frequency lock-in
amplifier. Third, both the simulated and the measured ECT signals due to artificial
defects in the CFRP test-pieces are adopted to reconstruct the profile of the defects of
different size. A good agreement between the true and the reconstructed defect sizes
revealed that the hybrid inversion scheme of both the deterministic and the stochastic
optimization method is more efficient for sizing defects in the CFRP plate from high
frequency ECT signals compared with both the independent inversion method.

For ECT inversion, the defect profile parameters can be obtained by solving an
optimization problem to find the best parameter values minimizing the objective
function. The key procedure of the Conjugate Gradient (CG) method in deterministic
optimization category to solve the optimization problem is to use a model based
iteration scheme. The CG can give fast convergence but may be not convergent to true
value because of the local minimum problem. On the other hand, the Genetic Algorithm
(GA) of stochastic category solves optimization problem by updating the population of
randomly generated individuals generation by generation through crossover and
mutation. GA gives solution of global minimum but needs a lot of forward simulations,
i.e. huge computational burden. To take advantage of both the GA and the CG method, a
hybrid inversion scheme is proposed in this work by taking the results of GA at proper
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generation as initial value of CG. The major process of the hybrid inversion scheme to
reconstruct the crack in CFRP material consists of the following 3 steps, i.e., 1) Obtain
{baa*} from {zexr} with the GA method; 2) Choose the initial solution of CG as {b}=t{bga*};
3) Get the final solution of { b*} with the CG algorithm.

0 25 20 415 10 5 0 5 10 15 20 25
Scanning direction(mm)

(a) (b) (c)
Figure 1 (a) High frequency ECT system, (b) Comparison of measured and simulated
signals, (c) Defect profile reconstruction results

Ferack(mm)

3. Achievements

A high frequency ECT system is set up to prove the validity of the new inversion
scheme. A photo of the testing system is shown in Fig.1(a). Fig.1(b) gives a comparison
of the measured and the simulated ECT signals of the same defect which reveals the
validity of both the testing system and the forward solver. From the measured ECT
signals, two cracks in the CFRP test-piece plate are reconstructed with the new
inversion scheme. The reconstructed crack profile of the new inversion method is {-9.4,
9.7, 2.0} for the crack A (see Fig.1(c)), and the true crack depth of 1.5 mm was
reconstructed as 1.4 mm and the 20 mm crack length was exactly reconstructed for the
crack B. Both cracks were properly reconstructed with satisfied accuracy by using the
new hybrid inversion scheme.

4. Summaries and future plans

In this year’s project, a hybrid numerical method and corresponding code were
developed for sizing the fiber broken defect in CFRP material from the high frequency
ECT signals by using a numerical model of a crack in anisotropic plate. The validity of
the new scheme was proved by using both the simulated and experimental signals for
slit cracks and laboratory environment. As future work, the validity and efficiency of the
fast forward and hybrid inversion scheme developed in this project will be further
investigated by using more realistic defect in CFRP plate and considering the noise of
environment such as that due to the probe wobbling and the specimen curvature.

5. Research results (xreprint included)

1) Journal (included international conference with peer review and tutorial paper)
circumferential Eac_c_én?;;i_c_e_d_d_y_ca;];e_n_t_probe and its application for defect detection
of small-diameter tubes, Sensors and Actuators A, Vol.331 (2021), 113023(11 pages,
10.1016/j.sna.2021.113023).

“method of nonlinear 1;1;1_g;1_eglc flux leakage testing signals for nondestructive
evaluation of plastic deformation in a ferromagnetic material, Mechanical Systems
and Signal Processing, Vol.155(2021), 107670(12 pages,
10.1016/j.ymssp.2021.107670).

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
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Plates Based on High Freqnency Current Testing, Proc. 11th Int. Symp. on Advanced
Fluid Information (AF12021), CFR-30, Sendai, 1-2, 2021.

3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project

Induced seismicity has been a hot topic for at least a decade and intensively studied
their mechanisms, relation with human activities, and hazard mitigation. The
Groningen gas field at the Netherlands has a history of gas production and
geophysical data observation including seismic, geodesy, and borehole
measurements. Here, we propose to mainly use seismic datasets to detect and locate
small earthquake events, which is key to obtain comprehensive view of the
mechanisms of induced seismicity related to existing faults and injected/produced
fluid. From continuous seismic data, detecting small events that have comparable
energy to background noise is not trivial. Finding the location of their hypocenter is
also problematic. The Groningen site has very dense borehole network (60 boreholes
in a 40x60 km2 area), and application of our developed processing techniques to
such datasets can potentially provide much higher accuracy for detection and
location. With the detected events, we can visualize the subsurface dynamics related
to human activities and seismicity, which strengths the security and reliability of
subsurface fluid resource production and operation.

2. Details of program implement
We introduced the new signal processing method to detect the S-wave arrival. The
standard spectral matrix (SPM) analysis can catch the feature of linear particle
motion at P-wave arrival, but cannot evaluate the particle motion of S-wave arrival,
which is ellipsoidal shape and shows the perpendicularity to the direction of P-wave
arrival direction.

We have developed the new signal processing method called extended SPM by
introducing delay coordinates. Extended SPM matrix is 2-rank Hermitian matrix
and we can conduct eigen-decomposition on extended SPM matrix to divide the
S-wave particle motion features and other two bases. First complex eigen value and
vector can be used to evaluate the shape of particle motion and perpendicularity to
the P-wave arrival direction.

We implemented these signal processing method and evaluated the
performance with synthetic signals and real microseismic waveforms from the
Groningen gas field, Netherland. Our method successfully detected the S-wave
arrivals and provide P-S travel time, which conventional amplitude basis method
was not able to detect. The result of P-S travel time at several seismic stations
shows the reasonable value as P-S travel times slightly decrease with the depth of
the stations (Figure 1).
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3.

2)

3)

Figure 1 : P-S travel time results of low SNR event detected by our method at all
stations. Note that conventional STA/LTA cannot detect S-wave arrival.

Achievements

We newly developed the method to detect the S-wave arrival of low SNR events
associated with P-wave arrival. The P-S travel time provided by our method is the
necessary information to locate the hypocenter of low SNR event which is extremely
important to characterize the physical phenomena in the reservoir.

Summaries and future plans

We have extended our SPM analysis by introducing delay coordinates and proposed
as extended SPM analysis, which can evaluate the flatter and two dimensional
particle motion at S-wave arrival. We will apply the result of P- and S- wave arrival
detection results as P-S travel time to hypocenter determination process.

Research results
Journal (included international conference with peer review and tutorial paper)
Not applicable

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Event wusing Polarization, Proceedings of the Twenty-first International
Symposium on Advanced Fluid Information, Sendai, (2021), CRF-13, pp. 30-32.

Patent, award, press release etc.
(Patent)
Not applicable

(Award)
Not applicable

(Press release)
Not applicable
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Unsteady Aerodynamics of Axially Oriented Low Fineness Ratio Cylinders

Colin Britcher*, KAk j&**4t
*Old Dominion University, ** 84t KSR A5TET
THEEE, THITAXHGEE

HEER

HEEA (Bluff Body) 1ZIEMEMEROMREFE L, WIRRIT%D> O HIBE L 727V s KT
BHEBIREE 2T 5 Z ERNMBNTEY, MAT OIS E L THEETH S, 2].

PIEEMMRDIAR ZRTET H /3T A—2 D 1 DITHELRR 5. MR & FHEOSA, B
BD LESLOERL, BRHFEOEAITRW RS LoOka Ry, Mkt Eomiko
TEAREIR D 5 /3T A —H & RN AL S/ D &, ZOMROZETIRED RE LSBT 5Z
ERHIBITWD, A LIFEEE 2 RotEOMIR L & IRHUREDOBIRIZ OV TRAEZI TV,
PHURE SR & 7~ T R b DA E 2 s L7z (3],

AR D 1 D TH AP L TIE, 2 < OMEFEFINFET S, Z2OHD 12, Xt
(HATIC SR S AED 8 Yotiia U BT D AlE b & IR TERE D BIfRIE Roberson 5723 A
T4 7 XFFCEBRINCTHE LT 5 4]. L LHFEOSA, Bk CRIBE L 7=ithunsiitk
P CIWPRAEIGRS 8 ot Ze i A o35 2 LD, SR & OF I L0 K dFExt
O E A5 L, BRFHINCEEZKIZL TWD EEZ LS. Lo
T, EfE7eZ8501 % 3 HAT 5 7o DTSR P OB R 20T 5 2 & 72 < SRt CE AN Ik
TELIBRAEEDME L b,

XRFFHORWERIEED 1 D& LTHET NN, 3R K3 E  (Magnetic
Suspension and Balance System : MSBS) T#%. MSBS |3 K » TR A4 =
t, BERIONE < BE AL AR5 Z ENFRETH D, Fi, HHEERIED HZEX
TIPTS5 Z LN TE D, MSBS % W= FFEOERHUREE L OSBRI,
WRITIRE SR 0 HIZ L > TThit T\ 5[5-9).

WRDZE SR 2T - S92 RIS, JRGHRER & &fifiiis /1% (CFD) @ 2 5T
H5H. ZDH BEERER T, BLIESE (Blockage Effect) &\ 9B E STV 5(10].
FHIEZhFUZIT, solid blockage effect (FERIFHIERZNF) & wake blockage effect (PEitFHZERNF)
D 2N B D, BB T, AR IR E AR R & e A 23R E T 5. T
% LAURITT S AR 73 T2 s O A W AE DS+ 5 728D, 1ilfgeOER 2w 72 9 i
TV L 0 sl 3523, 2% solid blockage effect &\ 5. — 5 T D
%712 wake DAL, FDOIMAIOFEALAMEH L solid blockage effect & [RIBRDIISRM L Z 5
2, Zix wake blockage effect &\ 9. ZOFHIEFIZ LY, BANNERHT 528505
BN BE RITTZend D, REFERITT HRITHES, KRR E%E T 2Wik7r & oz
TIRHEAHEE - FHT 2821, IR EZBET 5 EAEETH LS. BA/ NS T
IXPHIEN I TIEL T X B8, ZDWE LA I IVZEDNEL 720 B LT AN b7
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WZebdbb., EEOMNGEZELT-OICE, HRZRETLHZETIOVRERLA /L
APERGFDMEN DD, ZO X D IS HIENRNBEE L b Z &b 5.

ZAvE CRHEEZNRICEI T A 28132 Eii SN TE 72, ZOREFEH2EOD 1 DI
Maskell DWF9E73 8% 5[11]. Maskell 1%, FATHIIEIZ L V155720 OO FERIFEFE
I LT EOBEE AW, SiEEYIRD wake blockage filEOBERAMEE L. ZD
Maskell DB, FHIIGERFZIS T 2 @mdllARM: F CORETHSHEIISH S TV D, i
e, RALRFEITA @ 1-m MSBS TfT4 2 SEAM A O BIREERAE R L TiE, 2o
Maskell 12 X 2 BHEENFOEEEDBHONGIL TS, —J5 T solid blockage fiiFEIZBI LT
1%, Lock[12], Thompson[13] &2 X 2F5EE4523 8 5. & 7R )1 3 FFRFREEE A H V= FR
FENRITBAT DR R & LTI, {#HOHIRE 4.0 oA B L, K2 HE s
BT 5 MFEOBAZE TR T 2 BT e EIE 2428 L7t n dH 514, L Laens, X
FF P2 HERR U7 RIE TR I IFHAIAS TRE & 72 B RS ) SRR PG 2 FV - BHZERN R B
T ORI, ZOEHGOFZRITITIEE A LR B0,

% 2T 3HH &R DAL T, BALKFEIRIAEHAARERTATA O 1-m B ) SCF R E %
FWT, PHIERA TR~ OEICE L S BT BEO M DOBHIERRIZ OV THE - BT 52 L %
HiyE L7z, £7-2 DK, wake blockage #iiEikE LT FEA7L Maskell OFGg O H AT
REMEIC OV THEZE LT

2. MEBEDOAR

AFZEIE, RALRARARI e TS a 3 A4 &L 28 /= 2 & 7 (Low-Turbulence
Wind Tunnel, LTWT) ZfH L7z, (KELEMAERGRIZHER T TH Y, HIEBIZIE/\ A
T, *HOEEET 1.01m TH 5. MSBS BV AT O EEEIL 5 m/s~70 m/s THS.

AWIFETIL, FEx OFHZER CTHER A FEhiT 5720, WiHEL 85 mm, 200 mm, 250 mm
D3 OOMFEERIZER Lz, ZZTIEENLORED 5 6, WikE2 200mm ORI O
W7, Fig LIORT. 2O OBRITT X ClE-RZ 2.0 ICEEL, WnEREREIEZEZ
5HZ LT 3THEDMERZER L. 22 T3 o0/MD HH, KimEA 200 mm O
BRI DO ERAERIZOWTIE, [T 1-m MSBS % HWCEEICE 2 K 5 23F i L 728 BR D%
B8 L7z[15]. Table 1 IcZFNFNOER O TE2/RT. 22T, /D I3HEE, D IX
FBARIOWIEHER, L 1R O— TR S, S 13RI o—HER 7 A ERE e Wi, C X
IEELAMSERF OW@EMITERE, L7-23> T S/IC 1FPHZERE R, FRIOWmELL, LA
J VAL, FHZESR, EBITX MO/ NMNE SEEZEE L CQRE L. BURPAZESRIZ NI W
HLOT1%EYY, KREWVWHLDOTK B5.8WIIED. FTERUINIE LI- 3 A Y AA DsE T
Table 2 (Z/RLTCTE Y, Table 2 (2351 DA =1L, Table 1 1231} HHALE ST ST 5
RN L2 2 & AT

Table 1 BE NOFET

No. LD D[mm] L[mm] SC[%]
1 2.0 85 170 0671

2[15] 20 200 400 37
3 20 250 500 581

Table2 FAY LEEADETT

No. JL—K D [mm] L [mm]
1 NS5 50 60
2[15] N54 100 100
3 N54 65 260
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Fig 1 #BEOEE [15]

AGRBRIC I 1T B FEBRS A A, Table 3177, FEUEIE 1-m MSBS (2T A T8 D LA
VAL SR AL L HICERE L.

Table3 FRABRSAF

No. 1 No.2 No.3
MR 20
L4/ ILAER 1.0x 10513 x 105
B A [deg] 0
BAZER [%) 0671 37 581
Y7 IR 8192

Table. 4 121%, LA /LA Re = 1.0 X 105128T A G L O 2 £+ 5 O FEBRIC &
DG LNT- PR E 7. Table. 4 725, FHERNPKE K B EHPURBRIRE <D
ZENTIND.

Table4 3EIHREK

No. D [mm] SIC[%] Co
8 0671 0.779

2[15] 200 372 0863
3 250 581 0919

Fig. 21213, AWETHONIMERZHNTER LT, LA V%L Re = 1.0 X 10512
BIFACSC & Cp OERZRT. Fig. 2 (2B AUHPERRT, S/ iEkZ2HAWTEBL
72HDOTHDH. F7-Table 5121E, AFEIZHBNTHOLNTZ LA /L AEL Re = 1.0 X 105
\Z381F 5 Blockage Factor %779
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Fig.2 CpS/c&C, DEEE

Table 5 Blockage Factor
Cchorr € CD,corr CD,corr &
2921 0.7646 0.7605 3.820

AWFZERERLCTIE, Maskell [11] O#E"E3 % Blockage Factor THh5 ¢ =25 #RK&x< k
FDfE & 2p o7, #lELEE 2.0 DFFED blockage Factor (22U T, Maskell 2335245
7= blockage Factor T2 £=2.5+0.25 O#FPHNO K& T NEEUHHER L -T2 2
OFEFRIE, JAXA 60cm %)) 3CRFRFFZER 22 FIV TR 51T K 0 Felis S L7 iR 4.0 FIFE
OJRFFABRAE R & [F U 27 L7z [14]. MR 2.0 ORI, WRER CRAENEL D
EZZBIVTEHEY, Maskell DFEROMRE L ITRAR>TNDLZENFRD 1 D& LTEZD
nNn. 2 TR Cp BIO CpS/C (wake blockage parameter) 735 Cp_corr 2 HHIT
HHETEATE RN EB X GNDT8, BHURE Cp 3 LUBHIER SIC DR G, Hr
7212 Coeomr=0. 7605 ZH M L7z, ZHNLEOZBRIZIHBNTL, ZOEZE Cponr THDE
T5.

Maskell @ blockage fiiEl, HRIEFEIZAE L 5 wake (2 &2 BT EOFRKEOHZETH D
wake blockage DIEIZE R Z S TTCWAD. ZHETOD 1-m MSBS (28T A gAY IR &
TARRERAE FL ok LT, FHBETEIRIZ DUV Tid Maskell @ blockage factor € = 2.5 ZH\C
blockage i IEAMT4oiL T & 7215123, (EABERIES N OBTRIOFAEIZ L 0 gk E 0, i
TN OMEIZ X0 s InEd % solid blockage ([ZOWTHBENRMNETH D EE 2
D72, LUF Tl solid blockage i IEIZ DOV TEERT 5.

3 RITHAUCEIT D solid blockage MIEIZOWTIE, BEx 2R HIEMER STV 5. Lock
W, B O —KER T NI - 72 Bl#RR D solid blockage factor Z#2"8 L7-[12]. F7=
Thompson 1%, 2 KILEAL, (ALK, GFR#EZED solid blockage factor Z#2"E L7-[13].
AWFECTlE Lock IZ X WHEE STV D HEZ WS,

Fig. 3121%, No.1~No.3 DEWALZ ST LA /L ZXH L blockage fliiE% OB THRED
BfR%& "9 2 ZC, Cd I, blockage fifi (ERTOIH I REL, Cd Maskell) 1%, Maskell ® wake
blockage #HIEDHIT - =% OGTHREL, Cd (Lock) 1%, Lock @ solid blockage #fiiEDAT
> 1= O IHEEL, Cd (combined) (%, Maskell ® wake blockage ##iiF3 & O'Lock @ solid
blockage #HIED 21T > I OIRFURE 2 <7
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Fig.3(a) LA / VA SARHRBORER _(No.1)

Fig.3(b) LA / VA L BHRB OB _(No.2)

Fig. 3 (c) VA J VA S RPUREORFR _(No.3)
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Fig. 3 5, LA /L X% Re=1.0X105 (Z31F % solid blockage £} LT wake
blockage #HIED[H /5D blockage #1EA1T > =& OEHUREIL, Table 2 (TR T Cocorr
(I bITVMEZ RS 2 £ 035373 % . Cocorr (TIERRITIEAS 2 —BRIEHIT 01T DR L E 2
b DT, AWFFEIZISIT S blockage fIEIFIERIHSREL T D LB 2 bILd. EI-AGE
(IR L TRV, ZOMD LA VAT HONT S, RO/ Z R L7z, —5 T
THOEARERIZONT D, FERITIE Coomé —HLTE LT, FRIPHIERENKE VAT
E Cp ol ZHTHMIERDANE L TWD I E0mnD. ZORKE LTE, BRIOMELS
TR <, BRIBEROR SOEREDN AL TOVD ATREMENEE CTE 72V, R
KIZEBIZIT T > TR,

PLEDFERG, iR D RIBE L 7S RISV TR A2 42 U A RISV T
I, solid blockage fifiiIEDZx, & HUNEZAVE T 1-m MSBS Tf740i1 T & 7= LD JERFER
DBV B TE 7= Maskell @ wake blockage fiIEDZTIEARE LTS EEZ BRI
%. L727>7TC blockage filEZUNIAT 5 7=I2i, D72< & % solid blockage il L
" wake blockage fHIEDOM ST OFIEEZITH 2 ENRMETHDH EEZ LD, MIEEORNE
IZOWTIE, ZOMIZED K 5 RBRDER L TODNNIEHE L0 NI 2D 2 M3
N5,

B TR
[1]  E. Berger, D. Scholtz, M. Schumm, “Coherent Vortex Structures in the Wake of a
Sphere and a Circular Disk at Rest and Under Forced Vibrations”, Journal of
Fluids and Strucutures, 4, pp. 231-257, 1990

(2]  /IVBKiEE, “Bluff Body (C/ERIT- 20K T)”,  AEFERSE, 24 &, 175, 1972

8] O, AR, R, SEME ORI 5 S, PRz
455516, pp.1-5, 1968

[4]  John A. Roberson, Chi Yu Lin, G. Scott Rutherford, Marvin D. Stine, “Turbulence
effect on drag of sharp-edged bodies”, J. Hydraulics Division, 1187-1203, 1972

(5] EHAR, EiEfdh, HEE—, WG, O, “SURISTHAT R RO &
RICOBIR” | 5 37 [BlpitfA ) EilH=, 2005

[6] JEHEFBK, Eisfuth, HEGE—, SN, MO, SR 1.27 2 o/MEr 1.79 £
TORPN AT ORI &5 E" , BARE Ly CHE, Vol.32, No.3,
pp.113-116, 2008

(7] EBEHR, MO e, ERREHL, RO SCRRRGRIC 3T B FIAEO FERHkET
WY, AARTSAEESCEE, Vol.33, No.3, pp.115- 120, 2008

(8] EHEFK, flOfE, EREMdh, HEE—, KIS TSR S Sz oSt
REC, AARTSE50CE, Vol.29, No.4, pp.55-62, 2004

[9] H. Higuchi, H. Sawada, H. Kato, “Sting-free measurements on a magnetically

supported right circular cylinder aligned with the free stream”, J. Fluid Mech,
vol.596, pp.49-72, 2008

[10] fEpkes —pA, IKEREGRFESREE, o4k, pp. 57, 70-71, 1992.

— 171 —



[11]

[12]

[13]

[14]

[15]

[16]

E. C. Maskell, “A Theory of the Blockage Effects on Bluff Bodies and Stalled Wing
in a closed Wind Tunnel”, R&M, No.3400, ARC, 1965

C. N. H. Lock, “The Interference of a Wind Tunnel on an Symmetrical Body”,
Reports and Memoranda, No. 1275, 1929

C. R. Pankhurst, and W. D. Holder, “Wind- Tunnel Technique”, Pitman, London,
pp. 327-348, 1952

H. Sawada, H. Sugiura, R. Konomi, “An Experimental Study about the Blockage
Effects on Circular Cylinders Aligned with Uniform Flow”, Eighth International
Conference on Flow Dynamics, 2011

T. Nonomura, K. Sato, K. Fukata, H. Nagaike, H. Okuizumi, Y. Konishi, K. Asai,
H. Sawada, “Effect of fineness ratios of 0.75-2.0 on aerodynamic drag of
freestream-aligned cylinders measured using a magnetic suspension and balance
system”, Experiments in Fluids, 2018

K. Batchelor, “Interference on Wings, Bodies and Airscrews in a Closed Tunnel
of Octagonal Section”, Australian Council for Aeronautics. 5, 1944

3. WIRBROERINR
VUITFELD bREHITHZ LN TET.

4 FLOHLESBERDRE
3 FMIDRFILFNIIET, PRI IATIC SR SRR O AR » ORI oW
T, ZOFFMEHGNIL, EEWROHIEDRIZONTHEEIT) Z LN TE, SHITF
ELY bR AE BT D2 ENTE . ZIHORMRD journal FSUEAFE SNZETH 5.

5 ®A%

BES

1) ZFiEsE EROTEEEE MREEsS)
[1] Masahide Kuwata, Yoshiaki Abe, Sho Yokota, Taku Nonomura, Hideo Sawada, Aiko

Yakeno, Keisuke Asai, and Shigeru Obayashi: Flow characteristics around extremely

low fineness-ratio circular cylinders, Physical Review Fluids, Vol.6, No.5, pp.1-14,
(2021.5.27). IF: 2.537

2) [ERR

RiE - BNFR - iRR - OBEERF

[2] R. Makino, Y. Wajima, M. Horiguchi, H. Okuizumi, K. Asai, S. Obayashi:

Measurements of Aerodynamic Characteristics of Square-Cylinder Models with Low

Fineness Ratio Using 1.0-m Magnetic Suspension and Balance System, /CFD2021,
(2021.10.29).

[3] H. Okuizumi, H. Sawada, Y. Konishi, S. Obayashi, K. Asai: Position Sensing Method
for Rotating Sphere in 1-m Magnetic Suspension and Balance System, ICFD2021,
(2021.10.29).

3) Tih (4FEF, RE, YRIIHEREH)
(BE) HAME AR TS5 E % (2021.11.9)

— 172 —



Project code J211067

Classification General collaborative research
Subject area Environment and energy
Research period | April 2021 ~ March 2022
Project status 1st year
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1. Purpose of the project

To develop a predictive chemical kinetic model describing interaction between surrogate
fossil fuel and different structurally isomeric carbonyl compounds (aldehydes and
ketones). This model will help in optimal selection of oxygenated additives to
conventional fuels. The work involves both theoretical and experimental parts to
provide the best reliance.

2. Details of program implement

n-Heptane/toluene (7:3 by volume of liquids) mixture was chosen as a surrogate model
of a typical fossil fuel. The structure of a fuel-rich n-heptane/toluene/O2/Ar
burner-stabilized flames was studied earlier, and thus this flame was chosen as a base
flame in this work. The effect of propanal and acetone additive (15% in mole basis to
fuel) on the oxidation and combustion products is studied in the current work
experimentally and numerically.

@ Detector of fons

Quadrupole mass
analyzer

lon optics

lon source

Pumping
—_——
< 10 torr ————

Pumping \ 1/
) Skimmer

// Sampling

nozzle

10 torr

|

—<

Figure 1 : Schematic of flame sampling molecular beam mass spectrometric setup for
flame examination.

Flame sampling molecular beam mass spectrometry (schematic of the setup is shown in
Fig. 1) was used for measurements of mole fraction profiles of reactants, intermediate
and major products of high temperature oxidation in fuel-rich (¢=1.6) premixed laminar
burner-stabilized flames fuelled by n-heptane/toluene/acetone (or propanal) at
atmospheric pressure (in Novosibirsk).
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Figure 2 : Experimental setup for studies of low-temperature oxidation processes in the
microflow reactor.

Oxidation products of the similar fuels in the temperature range from 800 to 1100 Kin a
microflow reactor with a controlled temperature profile were measured using
gas-chromatography technique (in Sendai). The schematic of the experimental setup is
provided in Fig. 2. Numerical simulation of the experimental data was performed using
detailed chemical kinetic mechanisms available in literature for combustion and
oxidation of n-heptane/toluene mixtures and acetone and propanal.

3. Achievements

Ten flames in total are investigated with different content of the oxygenates in the fuel
mixture: 0% (base flame), 2.5%, 5%, 10%, and 20%. Experimental data on the chemical
speciation of the flames of n-heptane/toluene with and without acetone(propanal) have
demonstrated that addition of propanal or acetone reduces the peak mole fractions of
such intermediates, like benzene, phenol, and ethyl benzene in the flame. Figure 3
exemplarily shows a comparison of the effect of propanal and acetone on the peak mole
fraction of benzene. The signals corresponding to the peak mole fraction of this
intermediate are normalized to its value in the base n-heptane/toluene flame. As seen
from the figure, both oxygenates are similar in their effectiveness of the reduction of
benzene mole fraction. Noteworthy that the effect is not linear with the increasing the
content of oxygenate in fuel. When the additive loading is small (~2% in fuel) a nearly
15% reduction of benzene is observed. However, further behavior of the curves exhibits
a saturation effect. This clearly demonstrates that the oxygenates studied act not only
as diluents of the “sooting” fuel with a “non-sooting” stuff, but have a chemical
influence.

12 —@— propanal
. —@— acetone
1.0 —— modeling

0.8

5

306
0.4
0.2

0.0 -
0.00 0.05 0.10 0.15 0.20 0.25

Mole fraction of oxygenate fuel mixture
Figure 3 : Relative influence of propanal and acetone additives to fuel on the peak mole
fraction of benzene in the flame of n-heptane/toluene mixture.

The modeling curves for the flame with acetone addition obtained with the detailed
mechanism described above also are exemplarily plotted in Fig. 3. As one can see, the
calculations demonstrate a fairly slight decrease in the peak mole fraction of benzene,
particularly, when 17% of acetone are added to fuel, only less than ~10% reduction of
benzene mole fraction is observed. Obviously, the influence of the oxygenates is
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associated with their effect on the pool of radicals (basically, H, O, OH) in the flame.
Most likely, in the mechanism used, the fuel specific reaction pathways require a more
careful consideration to improve the agreement with the experimental data.

Although acetone and propanal have similar effectiveness as soot formation
suppressants in the flame, the experimental data obtained using the microflow reactor
demonstrate that acetone exhibits a slightly higher effect on the mole fractions of light
hydrocarbons than propanal. This is demonstrated exemplarily in Fig. 4, which shows
the mole fractions of ethylene and acetylene measured at the microflow reactor outlet at
different maximum temperatures of the reactor. As seen clearly, at 1000 K the lower
mole fractions of ethylene and acetylene are observed, when acetone is added as
compared to propanal additive. Most likely this is associated with the influence of these
oxygenates on the ethyl and methyl radicals in the reactor. Particularly, when propanal
is added higher concentrations of the chain carrier C2Hs are expected, while higher mole
fraction of methyl radical, inhibitor on the fuel reactivity, is produced when acetone is
present in the mixture. Nevertheless, further study of the effect of the structure of the
parent oxygenated additive on the low temperature oxidation of fossil fuel surrogate is
needed.

Figure 4 : Mole fractions of ethylene and acetylene measured at the microflow reactor
outlet at different maximum temperatures of the reactor.

4. Summaries and future plans

The study clearly demonstrates that the isomeric additives examined in this work are
equally effective in flame conditions in their influence on the production of
intermediates taking part in soot formation; however their effect in low temperature
oxidation conditions on the composition of final products is different. This indicates that
the structure of the parent oxygenate is of importance when searching effective
oxygenated soot reduction additives to transportation fuels. Therefore, further research
is needed to improve the prediction ability of the kinetic models for blended fossil fuels
and oxygenates.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

— 175 —



Isomer-specific influence on kinetics of oxidation and combustion of
n-heptane/toluene/propanal and n-heptane/toluene/acetone mixture, Proceedings of
the Twenty-first International Symposium on Advanced Fluid Information (AF1-2021),
CRF-68 (2021.10.29)

3) Patent, award, press release etc.
Not applicable
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Project code J211068

Classification General collaborative research

Subject area Multi-scale mobility of humans and materials
Research period | April 2021 ~ March 2022

Project status 3rd year

Multifunctional hybrid filaments comprising aligned nanocellulose and carbon
nanotubes synthesized by a field-assisted flow focusing method

Anthony B. Dichiara*f, Hidemasa Takana**{+
*Bioresource Science & Engineering, University of Washington
**Institute of Fluid Science, Tohoku University
TApplicant, TIFS responsible member

1. Purpose of the project
This project aims to control the nanostructure of macroscale filaments by combining
the hydrodynamic orientation and electric-field alighment of cellulose nanofibrils
and single-wall carbon nanotubes for multifunctional sensing applications.

2. Details of program implement

Due to COVID-19 restrictions, there has not been any travel or in-person meetings
between the research team and the annual ICFD conference was attended remotely.
To move the project forward, Zoom meetings were organized on a monthly basis and
specific tasks were assigned to the different members, with the Japanese team
focusing on sample preparation and the US team in charge of sample
characterization and testing. Cellulose nanofibrils (CNFs) and single-wall carbon
nanotubes (SWCNT) with specific characteristics were prepared at the University of
Washington (UW) and shipped to Tohoku University, where they were used to
produce filament nanocomposites based on the procedure established by Heather G.
Wise, a UW PhD student, during the first year of the project. As-prepared filaments
were then shipped back to the UW for further analysis of their structural, electrical
and sensing properties, while mechanical testing was conducted at Tohoku
University. The research outcomes were presented at the virtual ICFD symposium.

3. Achievements

Nanocellulose filaments with up to 50 wt% SWCNTs were produced with and without
application of an external electric field (100 V). As-prepared filament nanocomposites
were mounted on a glass slide using silver paste for the characterization of their
electrical properties. Ohmic contacts were revealed from the linear trend that
emerged from the current-voltage curve. Filaments formed under an applied voltage
of 100 V exhibited a 26 % reduction in resistance than their counterparts prepared in
the absence of external electric field.

4. Summaries and future plans
In summary, this project reports, for the first time, the continuous production of
strong nanocellulose filaments comprising large quantities of highly-oriented
SWCNTs. The nanoparticle characteristics were tailored to improve interfacial
interactions between CNFs and SWCNTs during filament processing, which yielded
remarkable mechanical properties and resistive sensing performance through
alignment control of CNF's. This alignment not only directly benefits the mechanical
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performance, but the conductivity is also significantly increased through intentional
junctions created from the SWNT alignment. This increased conductivity from
alignment also translates to a higher sensitivity and a better performance overall
creating sustainable multifunctional composite filament.

The project members are currently preparing a manuscript to summarize the
research outcomes. The potential of filament nanocomposites as energy generators
based on a transpiration driven electrokinetic mechanism was well explored during
the 3rdyear of the project.

5. Research results (x reprint included)

1) Journal (included international conference with peer review and tutorial paper)

(1] & B, BAaFHE: hERSGZ AW -T2 MRS 5 2 S IR s E ), JRAR
iitt, Vol. 35, No. 1, pp. 134-141, (2021).

2] BMABE: ere—RF ) 77 A4 =%k e 58/ a — R B#HED @i - 5
PeAk ), ZEEHAR, Vol. 60, No. 7 (2021), pp. 1-5.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Aligned Nanocellulose and Carbon Nanotubes Synthesized by a Field-assisted Flow
Focusing Method, Proceedings of 21st International Symposium on Advanced Fluid
Information, Sendai, (2021), CRF-20, pp. 46-47.
Aligned Nanocellulose and Carbon Nanotubes Synthesized by a Field-assisted Flow
Focusing Method, Proceedings of 18th International Conference on Flow Dynamics,
Sendai, (2021), 0S5-16, pp. 285-286.

[5] H. Takana and S. Fukumori: Effect of Flow-Focusing Channel Geometry on
Field-Assisted Alignment of Cellulose Nanofibrils, Proceedings of 21st International
Symposium on Advanced Fluid Information, Sendai, (2021),0822-3, pp. 197-198.

3) Patent, award, press release etc.

[1] B # BE, BEFE 374 [F /0 h—=Rr - >/ vra—20458 - B
EN HEILME 11 % Qs & i 2 A6 o 72 CNFELAE ], pp. 242-252,
v—x L —HE, ISBN 978-4-7813-1628-4, (2021).
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Project code J211071

Classification General collaborative research
Subject area Environment and energy
Research period | April 2021 ~ March 2022
Project status 1st year

Hybrid nanomaterials reinforcement in biolubricants

Rizky Ruliandini*t, Nasruddin Yusuf Rodjali*f+
Takashi Tokumasu**
*Faculty of Engineering, Universitas Indonesia
**Institute of Fluid Science, Tohoku University
TApplicant, $1Non-IFS responsible member

1. Purpose of the project

Visualizing the hybridization process of Al203-Mxene using molecular dynamics
simulation and figure out the 'synergy effect' of hybrid nanomaterials and its
1impact on thermophysical properties of bio-lubricant.

2. Details of program implement
Performing molecular dynamic simulations, some softwares are open source that
can be downloaded free of charge. As for hardware, most input files are run using
the Institute Fluid Science's (IFS) supercomputer facilities under Tohoku University,
Japan. The research supervisions were arranged either via emails or virtual
meeting. Some of the results are shown below:

Figure 1 : Effects of temperature on diffusion.
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Figure 2: RDF curve at different temperatures

3. Achievements

This research is expected to have this following achievement:
1. Reveal the mechanism of MXene-Alumina hybridization process

Figure 3: Visualization at T = 313K and 373K

2. Contributes the newest development in hybrid nanomaterials
3. International publication in reputable journal and conference

4. Summaries and future plans
In the HYBRID system at high temperatures MXene managed to attract all alumina
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molecules and attached entirely on the MXene sheet surface. The presence of
Alumina molecules makes MXene much more reactive, MXene takes a very short
time to interact with each other. Correspondingly with alumina molecules behavior
that tend to aggregate directly in a much shorter time.

Through visualization of molecular dynamics and other parameters such as
diffusion coefficients, the stability of MXene/Alumina in POME based bio-lubricants
has been successfully predicted. Through the RDF curve of behavior between MXene
molecules, MXene molecules with POME and their response to other nanomaterials
of different dimensions have also been identified.

The future plans, the thermophysical properties of the suspensions need to be more
investigated. In the mean time the thermal conductivities are only for 0.1wt% of
MXene/Alumina

Tabel 1. Predicted thermal conductivity

313K | 333K 353K 373K

Thermal Conductivity | 37.3 19.677 | 12.088 11.972
(W/m.K)

5. Research results
Not applicable
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Development of Pressure-Sensitive Paint for Realizing Pressure Field Measurement on
Hypersonic Projectiles

KA, KA T
*HRHERE LRI Ze T PR TR, M AR AR AR AT ERT
THEE, THITHIGEE

1. HEBE®H

BURIZIBWT, BHRTT 20K LAY OGBS ZH NN L LD & LESA, v F
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Background-Oriented Schlieren % (BOS %) S/&JE% %L (Pressure-Sensitive Paint,
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MEHT T (Point-Diffraction Interferometer, PDD) 254,56, k4 ZReHRIFHED /ST A
T4 v L VREBRA~OMEH, 38X OO HIERROMNL A B LTAFE0S B 2 D Hiv T
5. FD XD 7, AWFE T EEREFMAR © DU E B Lz, EIC BRI 2S5k
THH SN DB EHERAERICONTIE, FREREHN 2 @3 RO TR, B,
L <IFHEEH & Vo T, HRiAs B AR R 31T 2 FREANAT HIERER I Z He A, DRIAREIS
ZRIZE LT 5 Z & OFREZRFFHE RS TV, 2079, AWDEHIITECE, BRo
FFEUTPE D B2 TRk LWHIFISFERM T E £ & S F &R D.

INOEEEE X, AWETIE, W E A TR EOEISEEHIITFEORFIZER L, PSP
FHAE A 2 _—2 & LT-HdfiBiR a2 Bfed 2 L L Lz, 7, 16k, BEmAC8 BRI TR
FOEIGEHNCHO G TWEIEER ORISR AR T2 & & L, RISE
EFRIRE A R L&D EEEMNE Ls, F72, B LIESEE VLT, N
AT (7 L TR LTt SR TR EOE DGR ZA T, BFE LT3 HATREOR
MEDFRES BfE L7,

2. HIEBEEOAR
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B 11z, R 80 ° OFMERLZ AN U 7= 88 O K BIGH B2 aIf bR R 2~ 7. I
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5 HIREER
1) PiMES EROSERRE MEHRFEED)
L

2) ERRE - BNFER - IRR - OBERREF
[1] D. Numata and K. Ohtani: Basic Research on the Surface Pressure Measurement
Method for Hypersonic Projectiles Using Unsteady PSP, Proceedings of the Twenty-first
International Symposium on Advanced Fluid Information, Sendai, (2021), CRF-54.
(2] [EAFOHh, J8 R G A A ok A O T B B o v I B3 DA,
2021 AEEEEERE S LR 4, (2021), P-15.
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Project code J211073

Classification General collaborative research
Subject area Environment and energy
Research period | April 2021 ~ March 2022
Project status 3rd year

Evaluation of Natural Convection Flow under Spatiotemporally Variable Thermal Condition

Atsuki Komiya*¥, Nicholas Williamson**++
Junhao Ke**, Steve Armfield**
*Institute of Fluid Science, Tohoku University
**School of Aerospace, Mechatronic Engineering, The University of Sydney
TApplicant, $1Non-IFS responsible member

1. Purpose of the project
In this study, we focus on a temporally evolving natural convection boundary layer
(NCBL) adjacent to a vertical isothermal wall (Prandtl number: Pr = 0.71). This
study aims to lay the foundations for future improvements in energy technology by
improving our ability to predict and control the behavior of vertical NCBLs. For the
first time, we examine this convective flow, using a large scale direct numerical
simulation, in the transitional and fully turbulent flow at very high Rayleigh number

regimes to obtain a detailed understanding of the flow structure of very high
Rayleigh number NCBLs.

2. Details of program implement

A three-dimensional direct numerical simulation has been carried out by IFS super
computing system, with Pr=0.71 using a massively parallelized solver in a
3125x1000%x3125 cartesian grid. Preliminary results are obtained up to Grashof
number Gr = 1.2x108 where the flow is turbulent enough to demonstrate the
characteristics of a turbulent boundary layer. The outer bulk flow of the turbulent
NCBL is well described by an integral model. The profile coefficients for the integral
are Grindependent for our DNS data presented, indicating the plume-like region is
self-similar. With this self-similar integral model, characteristic scales for the
plume-like region are analytically obtained in terms of power-laws. The power-law
solution for the characteristic scales also reveals new insights to the Nu—Gr
correlation shown in Fig. 1, since the wall heat flux is directly linked to those scales.
Using these characteristic scales, the wall heat transfer is found to follow a
0.381-power-law, which is shown to be consistent with the ultimate heat transfer in
the sense of Grossmann & Lohse (2011) subjected to a logarithmic correction due to
the near-wall boundary layer. The logarithmic-correction term, however, is shown to
slowly approaching some constant with increasing Gr. This suggests that the profile
coefficients are slowly varying over large Grashof number range. At asymptotically
high Gr, the logarithmic correction term would become Gr, independent and the
Nusselt number is thought to follow a “%-power-law (ultimate heat transfer) as in the
homogeneous Rayleigh—Benard convection. By modelling the near-wall buoyancy
force, we also show that the wall shear stress would scale with the bulk velocity with
a skin friction coefficient (fully depend on the profile coefficients) and a buoyancy
adjustment. Such results suggest that although both the profile coefficients and the
skin friction coefficient are approximately constant in the current Grashof number
range, they are indeed slowly varying quantities over a large range of Grashof
number. We believe the Gr-dependence for the profile coefficients can be achieved by
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another year of HPC support.

10% -
——DNS-A

----- DNS-C
o Exp. Tsuji & Nagano (1988) 4
........... DNS, Abedin et al. (2009) '

a LES, Nakao et al. (2017)

Turbulent
—
108 10* 10° 108 107 108 10°

Grs

Figure 1 : Temporal development of the Nusselt number.

3. Achievements
At current stage, the achievement level can be evaluated at 90%. We have one
paper published in the Journal of Fluid Mechanics, and one preliminary draft for the
International Journal of Heat and Mass Transfer in preparation. As mentioned above,
we will continue the simulation to achieve a higher Gr so that a more detailed
description of the turbulent boundary layer structure can be obtained.

4. Summaries and future plans
The ongoing analysis on the turbulence statistics aims to report second-order
statistics as well as the turbulent kinetic energy budget for the flow. The study of the
turbulence statistics will lead to a better understanding of multiple features of the
turbulent boundary layer and establish a benchmark for the future studies.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

number turbulent natural convection on an infinite vertical wall, J. Fluid Mech.,
929 (2021), A15, doi: 10.1017/fm.2021.839.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Temporally Evolving Turbulent Natural Convection Boundary Layer, Proceedings
of the 21st International Symposium on Advanced Fluid Information, Sendai,
(2021), CRF-9, pp.19-23.

3) Patent, award, press release etc.
(Patent) (Award) (Press release) Not Applicable
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Project code J211074

Classification General collaborative research
Subject area Health, welfare and medical care
Research period | April 2021 ~ March 2022
Project status 1st year

Explore the shaping effects of arteriovenous fistula on haemodynamics in patients
receiving haemodialysis

Mingzi Zhang*f, Makoto Ohta**{+¥
Itsu Sen*, Yujie Li*, Hitomi Anzai**, Takeda Kazuki**
*Department of Biomedical Sciences, Macquarie University
**Institute of Fluid Science, Tohoku University
tApplicant, ¥IFS responsible member

1. Purpose of the project

With technical advances in image segmentation, design optimisation, and
computational fluid dynamics, we seek to identify the optimal shape of arteriovenous
shunts with the best haemodynamic performance to reduce the probability of
post-treatment arterial occlusion or stenosis.

2. Details of program implement

According to published studies, the branch angles of arteriovenous fistula (AVF) were
reported as an influential factor for the growth and development of the corresponding
blood vessel. Results of these studies reported an occurrence of abnormal flow and wall
shear stress (WSS) distributions [1,2]. However, most of the published studies
considered only AVF models with acute anastomosis angles, while the obtuse
anastomosis angles been rarely discussed. Thus, to bridge this lack of information,
geometries with a series of angles were created and studied in this project to evaluate
the angle impacts on the disturbed flow and key haemodynamic parameters like the
distribution of WSS.

A series of AVF models with different angles were established in this project (see Figure
1), which was respectively discretised into about three million elements for CFD
analysis using a commercial software (Ansys CFX, Ansys Inc., USA).The simulations
were performed on the Integrated Supercomputation System at Institute of Fluid
Science, Tohoku University. Transient boundary conditions were applied at the
proximal artery and vein outlet respectively at 231 ml/min and 173 ml/min. Time
averaged WSS (TAWSS) and vorticity (TAV) were calculated then for the assessment of
haemodynamic impacts by the angle of AVF. Velocity streamlines and TAWSS are
displayed in Figure 2 for AVF angles at 42° and 160° , showing a lower TAWSS of
obtuse angle comparing to the acute angle.

Figure 1 : ACF model with different angles.
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Figure 2 : Comparison of velocity streamlines and TAWSS between AVF models with the
angle of 42° and 160 °.

3. Achievements

Flow behaviours of AVF models were studied through the use of CFD analysis, from
which the differences in TAWSS between models with different morphological features
indicates that the obtuse angle may produce a beneficial environment for the
development of AVF.

4. Summaries and future plans

Haemodynamic differences affected by the angle of AVF have been obtained through
this project, based on which we plan to further investigate the impacts by other
morphological features to obtain a more comprehensive understanding of morphological
effects on the development of AVF.

5. Research results

1) Peer-reviewed journal articles

[1]  Zhang M, Tupin S, Li Y and Ohta M (2021) Association Between Aneurysmal
Haemodynamics and Device Microstructural Characteristics After
Flow-Diversion Treatments With Dual Stents of Different Sizes: A
Numerical Study. Front. Physiol. 12:663668. doi: 10.3389/fphys.2021.663668

[2] LiY, Zhang M, Tupin S, Mitsuzuka K, Nakayama T, Anzai H and Ohta M
(2021) Flush Flow Behaviour Affected by the Morphology of Intravascular
Endoscope: A Numerical Simulation and Experimental Study. Front. Physiol
12:733767. doi: 10.3389/fphys.2021.733767

2) International conference:

(3] Takeda K., Anzai H., Zhang M., Wang H., Kajiyama A., and Ohta M.,
“Assessing of the relationship between WSS and TAV for disturbed flow on
the geometry of AVF for hemodialysis”, the 18t International Conference on
Flow Dynamics, 2021.

(4] Li Y., Zhang M., Ohta M., “Simulation of aneurysmal haemodynamic after
flow-diversion treatment: modelling the flow-diverting stent as a porous
medium”, the 184 International Conference on Flow Dynamics, 2021.

Reference

[1]1B.Ene-Iordache et alNephrology Dialysis Transplantation, 27.1(2012),358-368.
[2]C.V.Cunnane et al. Numerical Methods in Biomedical Engineering, 35.12(2019),e3259.
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Project code J211076

Classification General collaborative research
Subject area Environment and energy
Research period | April 2021 ~ March 2022
Project status 1st year

Active Control of Natural Convection for Efficient Ventilation by Low Energy

Atsuki Komiya*¥, Victoria Timchenko**++
*Institute of Fluid Science, Tohoku University
**The University of New South Wales
tTApplicant, ¥fNon-IFS responsible member

Purpose of the project

In this study, we visualize the flow pattern in laminar natural convection below
the critical Rayleigh number and evaluate how small changes in the local
temperature and flow fields contribute to convective heat transfer enhancement,
thereby improving the efficiency of indoor ventilation using heat transfer
enhancement by large-scale natural convection. Numerical calculations of
three-dimensional flow fields and visualization experiments of large-scale natural
convection using a large interferometer are conducted to visualize the temperature
boundary layer at high spatial and temporal resolution and to evaluate the effect of
moderate stimulation on laminar natural convection.

Details of program implement

Numerical visualization of temperature boundary layer fluctuations on the heating
wall was performed to qualitatively evaluate the temperature boundary layer
fluctuations caused by the impinging jet. The visualization results showed that, as
the Reynolds number was increased, unstable waves were generated on the entire
heating wall at Re=100. The unstable waves converged at Re =150, slightly appeared
at Ke =250, and converged again when Re =350 was increased. The stagnation of the
temperature boundary layer was observed near the buoyancy region below the
impact surface, indicating that heat transfer was decreased. In the case of Ke =350,
however, the forced convection flow is sufficiently strong that no stagnation occurs
near the impact surface, and a wedge-shaped temperature boundary layer was
formed. In the case of Ke =100, periodic fluctuations in the temperature boundary
layer were observed, which may be due to an imbalance between buoyancy and jet
inertial forces.

Following the qualitative evaluation by visualization, the local Nusselt number
distribution on the heated wall was plotted to quantitatively evaluate the
temperature boundary layer variation. The local heat transfer coefficient was
derived using the 3rd kind boundary condition. Figure 1 shows the local Nusselt
number distribution on the heated wall. The results of the natural convection
analysis in this study are in close agreement with the results of Tsuji et al. In the
case of heat transfer enhancement by impinging jets, for low flow rates such as Re
=100 and 150, the local Nusselt number decreased below the jet impact point due to
the opposing buoyancy and momentum of the jet, and increased above the jet impact
point due to the auxiliary momentum of the jet. In addition, the peak of the local
Nusselt number increased as the Reynolds number increased, from above the jet
impact point to closer to the jet impact point. Furthermore, for Ke=350, the local
Nusselt number behaves like a wedge flow, or Hiemenz flow, due to the stronger
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forced convective momentum compared to the buoyancy of natural convection. The
zonal area in Figure 1 represents the population standard deviation by time
averaging over 300 s of the unsteady computation. The zonal region indicates that
the largest time variation of the local Nusselt number is for Ke =100. The local
Nusselt number increases more rapidly after y=533mm (Rayleigh
number=2.66x108 ) for jets impinging at Re=100 than for other conditions.

Figure 1 : Local Nusselt number as a function of Rayleigh number along the heated wall
natural convection and three Reynolds numbers for the impinging jet.

3. Achievements
At current stage, the achievement level can be evaluated at 80%. We have one
paper published in the Physical Review Fluids. As mentioned above, we evaluated
the effect of moderate stimulation on laminar natural convection. We will continue
the simulation and experiment to deeply understand the heat transfer enhancement
method using a natural convection.

4. Summaries and future plans
Numerical and experimental studies on heat transfer enhancement using natural
convection have been conducted in this study. We have identified the conditions
under which the average heat transfer coefficient can be increased with a slight
stimulus. We will continue to search for the best condition in the future.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
heat transfer enhancement in a natural convection boundary layer perturbed by a
moderate impinging jet, Phys. Rev. Fluids, 6 (2021), L061501, doi:
10.1103/PhysRevFluids.6.1.061501

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Natural Convective Heat Transfer by Resonance Effect Induced by a Moderate
Impinging jet, Proceedings of the 568th National Heat Transfer Symposium of Japan,
Koriyama, (2021), B324.

3) Patent, award, press release etc.

(Patent) (Award) (Press release) Not Applicable
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Equivalent Circuit Model," 74th Annual Gaseous Electronics Conference (GEC2021),
GT61.00026 (2021).
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Project code J211079

Classification General collaborative research
Subject area Fundamentals

Research period | April 2021 ~ March 2022
Project status 1st year

Studying Structure-Property Relations for Organic Materials using Machine Learning

Hari Krishna Chilukoti*{, Gota Kikugawa**++
*Department of Mechanical Engineering, National Institute of Technology Warangal
**Institute of Fluid Science, Tohoku University
TApplicant, T¥IFS responsible member

1. Purpose of the project

Recently, a machine learning-based framework realizing high throughput screening
for the material exploitation and optimization has drawn much attention, and this
data-driven approach for material development is called materials informatics (MI).
The advantage of MI technology is that it can realize material discovery in
cyberspace using big data as opposed to the conventional trial-and-error material
discovery using high-cost experiments, and target materials can be discovered
quickly. Recently, a new paradigm, which is recognized as physics-guided machine
learning (PGML), has been proposed. PGML does not utilize only the data
themselves, but also underlying physical laws, and enables to improve model
accuracy of ML when small data sets are only available. In this context, clarifying
the physical mechanisms governing physical properties and understanding the
correlation between physics and data will accelerate performance of the PGML in
materials discovery and optimization of properties.

2. Details of program implement
SOM provides a data mining technique which helps to visualize high dimensional
data, e.g., various thermophysical properties of liquid species in the present case, in
a low dimensional space, typically a two-dimensional space with maintaining
proximity between data.
For the input data in the present analysis, 27 organic liquid substances were
employed. Also, the following eight thermophysical properties were chosen: mass
density, specific heat at constant pressure, melting point, boiling point, saturated
vapor pressure, surface tension, viscosity, and thermal conductivity. The map size of
SOM was 15x%15. The data analysis codes were implemented using python language
with the SOMPY package.
The tested 27 liquids were modeled for MD simulation. The GAFF (general AMBER
force field) was assigned for all the substances. Each simulation system was relaxed
under the NPT ensemble at a temperature of 300 K and a pressure of 1 atm. A
production run for the radial distribution function (RDF) calculation was performed
for 2 ns under the NVT ensemble. All these MD simulations have been performed on
super computer, AFI-NITY at the Institute of Fluid science, Tohoku University.

3. Achievements
The SOM analysis result is shown in Fig. 1 for 27 liquids substances only with 8
thermophysical properties. As a result, it can be found that the clusters are mostly
classified according to the structural features like functional group of the molecules.
Meanwhile, when the molecular-scale structure, i.e., the RDF peak height of a first
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adsorption shell between carbon-carbon atom pair in the present study, is added as
an extra property of input data, the overall SOM structure is not so changed (the
result is omitted here).

In order to correlate structural information with thermophysical properties, we took
the difference between the RDF peak height and each property. The absolute value
of this difference is shown in Fig. 2. As a result, high correlations were found for
specific heat at the constant pressure, vapor pressure, surface tension, and thermal
conductivity in a wide range of liquid substances. Therefore, we can conclude that
this analysis can enable us to find the correlation between molecular-scale
information with macroscopic thermophysical properties.

Figure 2: Absolute value of the difference

Figure 1: SOM result for 27 liquid between the RDF peak height and four
substan.ces only with 8 thermophysical selected thermophysical properties
properties. projected on SOM.

4. Summaries and future plans

2)

3)

In the present study, we performed SOM analysis for liquid substances with various
thermophysical properties. An additional input of molecular-scale structure was
given as input data. We demonstrated the possibility to find the underlying
correlation between structure and property by using the presented analysis. As for
the next step, the unsupervised machine learning method of self-organizing map
combined with supervised learning techniques such as artificial neural networks for
prediction of thermophysical properties will be applied to unravel clear global
structure-property correlations.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Clarifying Relationship between the Molecular Structure and Thermophysical
Properties, Proceedings of the Twenty-first International Symposium on Advanced
Fluid Information, Sendai, (2021), CRF-17, pp. 40-41.

Patent, award, press release etc.

Not applicable
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Project code J211080

Classification General collaborative research
Subject area Fundamentals

Research period | April 2021 ~ March 2022
Project status 2nd year

An innovative Method of Generating Plasma Microbubbles in Flowing Water

Jong-Shinn Wu*7, Takehiko Sato**j+t
Mu-Chien Wu*, Po-Shien Chiu*
*National Chiao Tung University
**Institute of Fluid Science, Tohoku University,
TApplicant, 1IFS responsible member

1. Purpose of the project

We aim at following research topics in this study.

(1) To measure the absolute concentration of some specific reactive species in water.

(2) To set up an experiment combining ultra-high-speed camera and laser sheet to
visualize the plasma microbubble motion.

(3) To develop a method to analyze the microbubble size distribution and the microbubble
density in water.

2. Details of program implement

This year, as shown in Fig. 1, a comparison of the chemical property results of PAMB
and PAW obtained in the previous year was used to discuss the mechanism that promotes
the dissolution of reactive chemical species. Figure 1 shows the pH values and
conductivities of PAW water and PAMBs water with different treatment times [1]. The
pH value of PAMBs treatment is slightly lower than PAW treatment which means more
reactive nitrogen species such as NO, NO2 and NOs would dissolve into water in the form
of nitric acid and nitrous acid. Since a lower pH value in the PAMBs case was observed,
more protons would exist as expected, which caused the conductivities of the PAMBs jet
slightly higher than those of the PAW treatment. Figure 2 shows the concentrations of
nitrite and ozone of the PAW and the PAMBs cases with different treatment times. It is
shown that the dissolution concentrations of these activated gases (nitrite and ozone) of
the PAMBs case are nearly twice as those of the PAW case at all treatment times, mainly
because the RONS generated by air plasma were encapsulated by the microbubbles in

Fig. 1 pH values and conductivities of PAW Fig. 2 The concentration of nitrite and ozone
water and PAMBs water with different treatment treated by plasma jet and PAMBs jet as a
times*. function of treatment time*.
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the water.
*Mu-Chien Wu, Satoshi Uehara, Jong-Shinn Wu, YunChen Xiao, Tomoki Nakajima and
Takehiko Sato, /. Phys. D Appl. Phys., 53, (2020), 485201.

3. Achievements

We measured the chemical characteristics of PAMBs and verified the increase of
dissolved nitrogen oxides gas concentration compared with the PAW device. A new
method for smaller bubble generation using mesh was developed and it is expected to
apply for wider applications.

4. Summaries and future plans
We will verify the efficiency of sterilization by PAMBs and develop an advanced
method for generation of ultrafine bubbles based on the results obtained in this year.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable

2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Generating Plasma Microbubbles in Flowing Water, The 2I1st International
Symposium on Advanced Fluid Information (AFI-2021), %> 7 4 » B, (2021),
Presentation No. CRF-80.

3) Patent, award, press release etc.
(Patent)
Not applicable

(Award)
Not applicable

(Press release)
Not applicable
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Project code J211081

Classification General collaborative research
Subject area Health, welfare and medical care
Research period | April 2021 ~ March 2022

Project status 2nd year

Individual effects of plasma—generated electrical field, short-|ife species, and
long-1ife species on cell

Po-Chien Chien*, Chia-Hsing Chang**, Takehiko Sato**jt, Yun-Chien Cheng*}
*Department of Mechanical Engineering, National Chiao Tung University,
**Institute of Fluid Science, Tohoku University
TApplicant, TIFS responsible member

1. Purpose of the project

The purpose of this research is to investigate the effects of atmospheric-pressure cold
plasma (APCP) generated electrical field, short-life species and long-life species on
cancer cells. We believe that the study of the electric-field effect on cells by the Prof.
Sato group (Tohoku University) and the effects of plasma-generated RONS on cells
studied by our group will perfectly accomplish the project goals.

2. Details of program implement
Recently, some studies have shown that plasma treatments can eliminate the tumors
in vivo or selectively kill cancer cells, but the mechanism is still not clear yet. To
investigate the key factor which can induce cancer cells apoptosis, we treat cells with
three main factors of plasma, including electric field, short-life species and long-life
species. Our experimental setup is shown in Fig.1. Short-life species have limited
penetration thickness due to their life-span. Therefore, in order to treat cells with
short-life species, we will investigate the penetration thickness of short-life species,
which we defined as ¥. When the distance
between cells and surface is less than ¥, the
cell will be treated by short-life, long-life
species and electric field, as shown in Fig.1
(a). When the distance is large than ¥, the
cell will be treated by long-life species and
electric field, as shown in Fig.1 (b). Fig.1 (c)
shows an experimental setup which is used
to investigate the effects of electric field.
Reactive species cannot penetrate agarose
gel and the agarose gel with proper
electrical permittivity will not change the
electrical field inside the PBS. Hence,
adding an agarose gel on PBS surface can

treat the cells with the plasma electrical
field only. By comparing these three
experiments, we can get which factors
have the most significant impact on the
cancer cells.

Figure 1 : Illustration of the experimental
setup. (a) Controlling the distance between
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the cells and plasma-liquid interface within the penetration depth of the short-lived
species, making the cells treated with short-lived RONS, long-lived RONS, and an
electric field generated by the plasma. (b) Cells were placed beyond the penetration
depth of the short-lived species, so the cells were treated with long-lived RONS and an
electric field. (¢) By adding PBS-agarose gel, the RONS could not enter the liquid and
the cells were treated with the electric field only.

3. Achievements

We built an experimental setup, which was used to investigate the effects of
plasma-generated electric field, short-life species, and long-life species on cell. The
maximum penetration depth of -OH is about 0.6mm. Agarose gel can block reactive
species passing through and will not change the voltage inside the liquid. The electrical
field does not change significantly after adding PBS agarose jet (Fig. 2) The cell viability
at difference treatment depth is shown in Fig. 3.

15
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Figure 2: Voltage difference in the PBS
solution without the PBS-agarose gel
(black line); voltage difference in the PBS
| 1500 with the PBS-agarose gel (red line);

voltage applied to the plasma source
[-3000 (blue dashed line).
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Fig. 3: Cell viability of normal skin cells (a) and cancer cells (b) after the treatments via
plasma and the electric field. The distances between the cells and plasma-liquid
interface for the plasma treatments were 0.2, 0.5, and 1.4 mm. Data shown is the mean
and SD (n = 3). *P<0.05 (Student’s t test).
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Figure 4: Annexin V and PI dual labeling of the skin cancer cells (a) and normal cells (b) treated
with plasma exposure at a depth of 0.2 mm. The staining of Annexin V and PI increased significantly
in the cancer cells but not in the normal cells, indicating that the short-lived RONS generated by the
plasma triggered cell apoptosis of the cancer cells but not the normal cells.

4. Summaries and future plans

Our results showed that short life RONS inhibits skin cancer cells, but not healthy
skin cells. Besides, electrical field shows no significant influence on cells. We will
further use Annexin V and PI to observe the cell apoptosis and death.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
and basal cell carcinoma cells by short-lived ;Igecies, long-lived species, and electric
fields generated from cold plasma”, Journal of Applied Physics, 129, 163302, 2021.
https://doi.org/10.1063/5.0041218

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Plasma Generated Short-Life Species and Long-Life Species on Skin Cells,
ISPlasma, Nagoya, (2021).

3) Patent, award, press release etc.
Not applicable
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Project code J211082

Classification General collaborative research
Subject area Fundamentals

Research period | April 2021 ~ March 2022
Project status 1st year

Study of shock wave—particles interaction

Kazuya Tajiri*t, Aiko Yakeno**++
*Department of Mechanical Engineering-Engineering Mechanics, Michigan
Technological University
**Institute of Fluid Science, Tohoku University
TApplicant, §{IFS responsible member

1. Purpose of the project

High-speed flows of gas mixed with solid particles are often observed in the various
engineering applications as well as in the natural phenomena. Our long-term objective of
this study is focused on addressing the interaction between high-speed flow and solid
particles. More specifically, the particle acceleration, shock wave formation due to
particles, interaction between multiple shock waves, and the impact of flow conditions
and particle properties on the interaction are studied.

2. Details of program implement

The experimental part of the study is conducted at Michigan Technological University
(MTU). The Atmospheric Shock Facility at MTU is unique in that a modified
Split-Hopkinson Pressure Bar actuated by a high-speed servo valve is used to generate
shock waves. The advantage of using a Split-Hopkinson Pressure Bar as driver section is
that a fast acting piston that replaces the diaphragm used in conventional shock tubes,
which allows for a quick reload and a safer operation. Figure 1 shows the schematic of the
shock tube. Compression wave propagates and accelerated flow is discharged from the
opening in right hand side to the atmosphere.

The shock tube has been designed to accommodate different particle loading chambers
at the gas exit which allows to study different gas-particle concentration ratios as well as
different particle size distribution. The shock tube has been used to study expanding
supersonic jets of dry nitrogen and with a variety of particle sizes.

Shock waves are visualized using shadowgraph, and the wave propagation and particle
motions are captured high-speed camera image. The optical system used in this study is
1llustrated in Figure 2.
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Figure 1: Schematic of Split-Hopkinson Pressure Bar shock tube.

Figure 2: Schematic of the optical system used in this study.

In this research, we plan to carry out a supplementary analysis by a computational
simulation. Regarding the behavior of particles in a high-speed flow, we will start by
simulating the flow around the stationary particles, and then examine the case where the
particles move under the influence of the movement of the surrounding flow.

3. Achievements

Three specific tasks were originally set for this single year project. They are
(1) Single particle dynamics in different air jet conditions

(2) Impact of particle size of a single particle on the flow field

(3) Interaction of multiple particles and jet structures.

The shock tube facility, however, had to move from the original location at MTU to
another laboratory space during the period of the project, and it caused the unexpected
delay to the progress of the project. Very recently the shock tube returned functional, and
calibration is being carried out. Recovery plan for this delay is provided in the next
section.

Regarding the computational study, the Volume Penetration method, which simulates
the wall surface by body force, was successfully implemented in the in-house solver of
the structured grid, and obtained a preliminary result in Figure 3
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Figure 3: Preliminary result of the high-speed flow simulation around a stationary
particle.

4. Summaries and future plans

Now the shock tube is returned to the working condition, and calibration of the shock
tube and related sensors, setup of the optical system will be completed soon. The project
is continued to the second year. Therefore, the tasks set for the first year will be
completed in two to three months (by July 2022), and then the tasks for the second year
(study about the interaction between multiple particles) will be started.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Interaction, Proceedings of the Twenty-first International Symposium on Advanced
Fluid Information, Sendai, (2021).

3) Patent, award, press release etc.
Not applicable
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April 2021 ~ March 2022

Project status

1st year

Design and Simulation of Nanopillar-Embedded MOSFETs

Yiming Li*t, Seiji Samukawa**{+

*Department of Electrical and Computer Engineering, National Yang Ming Chiao

Tung University

**Institute of Fluid Science, Tohoku University

TApplicant, $1IFS responsible member

1. Purpose of the project
In recent years, the development of a smart society due to advances with intelligent
communications has led to a greater demand for advance nano-devices. The thermal
influence appearing in nano-electronic operations is increasing as the integration
density of integrated circuits increases. In this work, we for the first time study the
thermal conductivity of well-aligned silicon (Si) nanopillars (NPs) structures
embedded in silicon-germanium (SiGe) matrix of a MOSFET.

Figure 1 : Schematic plots of (a) the measurement setting, (b) the narrow Al line, and (c)
the wide Al line. (d) A SEM cross-sectional image of the fabricated sample.

Figure 2 : (a) A simulation flow of anisotropic thermal conductivity and the constructed
simulation model in the (b) lateral and (c) vertical directions.

2. Details of program implement
Experimentally, the anisotropic thermal conductivity is measured using the

— 204 —



3-omega method, as shown in Fig. 1(a). As shown in Figs. 1(b) and (c), the lateral
direction of the thermal conductivity is important for considering electron-phonon
scatterings through the channel region in MOSFETs. For numerical simulation,
thermal conductivity in bulk and lateral directions is simulated by the Landauer
approach, as shown in Fig. 2. We model the structure of Si NPs with reference to the
average height and pitch of the actual Si NPs from SEM images. For the lateral
direction, we utilize a periodical boundary condition from the top-view model of Si
NPs, as shown in Fig. 2(b). In this study, the structure of Si NP is fabricated to a
large area of 30 X 30 mm2. To model the real structure (see Fig. 1(d)), the density of Si
NPs is in the range of 1019 - 10'/cm2. Thus, the lateral direction of the thermal
conductivity is simulated by setting the periodic structure of Si NPs entirely. For the
vertical direction, a 9 X 9 symmetric matrix is used, as shown in Fig. 2(c).

3. Achievements

Figure 3 shows the thermal conductivity with error bars in the (a) vertical and (b)
lateral directions for all Si NPs/Si0.7Geo.s composite film samples measured by the
3-omega method as well as the numerical simulation results. For the vertical
direction, the thermal conductivity is increased from 2.1 to 2.8 W/m/K when the gap
1s increased from 13 to 47 nm. The reduction of thermal conductivity is due to the
interface scattering effect. For the size effect, the mean-free path (MFP) of the
phonon to vertical direction is the same with the case of the height of composite film
at 100 nm. Under this condition, prior studies have indicated that it should decrease
to 30% of the thermal conductivity of ~50 W/m/K due to the volume ratio between Si
and Ge, but our results show that the thermal conductivity reduction is 10 times
larger than that of the volume ratio. Notably, all Si NPs possess anisotropic thermal
conductivity. The thermal conductivity in the lateral direction is decreased to 25%
which is less than that in the vertical direction. According to the aforementioned
discussion, the lateral phonon transport can be sufficiently scattered by the interface
between Si NPs due to the longer MFP of the phonon accumulation; thus, the
thermal conductivity decreases significantly. The thermal conductivity can also be
controlled by increasing the gap of Si NPs because the volume of the Sio.7Geo.s
increases with decreasing the density of Si NPs. As shown in Fig. 3, we estimate the
thermal conductivity from the MFP of the bulk material and characteristic length for
internal scattering process. All calculated thermal conductivities are in a good
agreement with the experimentally measured results. The average separation and
standard deviation of the distribution of the 12/13 sample is 25 and 5 nm, as listed in
Table 1. In summary, a low thermal accumulation, i.e., a sparse density of states in
phonons, enables easy scattering due to the phonon accumulation of MFP.
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Figure 3: The experimentally measured and numerically simulated thermal
conductivity in (a) the vertical and (b) the lateral directions for all Si NPs embedded in
the matrix of Sio.7Geo.s. The composite film samples are measured using a 3-omega

method, as shown in Fig. 1. Notably, the simulation results of anisotropic thermal
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conductivity are drawn along with each experimental result, where the red error bars
indicate the deviation of experimental results.

Table 1 : Alist of the diameter, average separation (pitch), standard deviation, and
density of Si NPs.

Sample name

Diameter [nm]

Separation [nm]

Standard Deviation [nm]

Density [/cm?]

x1011
12/13 12 25 5 1.8

13/27 13 40 8 0.68

13/47 13 60 12 0.34

4. Summaries and future plans

We have studied the thermal conductivity of well-aligned Si NPs/Sio.7Geo.3

composite film by changing the gap of Si NPs from 13 to 47 nm. Phonon transport
behavior through thermal conductivity has been investigated by the 3-omega method
and Landauer approach. Results showed that our Si NPs/Sio.7Geo.s composite film
has a 1/100 times lower thermal conductivity than that of Si bulk owing to
controlling the phonon transports in the lateral direction. This study reports a
promising solution to heat damage for emerging MOSFET devices.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Difference Sub-THz Coupler in 0.18-um CMOS, IEEE Microwave and Wireless
Components Letters, Early Access (2022), 4pp.

HfO2/S102 gate stacked film grown by neutral beam enhanced atomic layer
deposition, Journal of Vacuum Science & Technology A, Vol. 40 (2022), 022405
(8pp).

Monolithic 3-D Integration With Dual Work Function Gate for Ultralow-Power
SRAM and RF Applications, IEEE Transactions on Electron Devices, Vol. 69 (2022),
pp. 2101-2107.

Direction for Gap-Controlled Si Nanopillar/SiGe Interlayer Composite Materials,
IEEE Open Journal of Nanotechnology, Vol. 2 (2021), pp. 148-152.

Micro-LEDs: Atomic-Layer Deposition and Etching,
Magazine, Vol. 15 (2021), pp.18-34.

IEEE Nanotechnology
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2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Tien-Sheng Chao: Investigation on Polarization and Trapping Dominated

Reliability for Ferroelectric HfZrOx Ge FinFET Inverters, Electron Devices
Technology and Manufacturing (EDTM), (2022), pp. 241-243.

Heterogeneous IGZ0O/Si CFET Monolithic 3D Integration with Dual Workfunction
Gate for Ultra Low-power SRAM and RF Applications, 7Technical Digest. IEEFE
International Electron Devices Meeting, (2021), pp. 733-736.

Electronic Structure of Si Nanopillars Embedded in SiGe Matrix, Proceedings of
the Twenty-first International Symposium on Advanced Fluid Information, (2021),

pp. 71-72.

nanopillar array structures fabricated by bio-template ultimate top-down processes,
Association of Asia-Pacific Physical Societies, (2021), AB-PL9 (1pp).

Si Nanopillar/SiGe Composite Structure for Thermally Managed Nano-devices,
IEEE 2I1st International Conference on Nanotechnology (NANO), 2021, pp.
199-202.

[11] Sou Takeuchi, Daisuke Ohori, Teruhisa Ishida, Mami Tanaka, Masahiro Sota,

wettability of nanopillar array structures fabricated by bio-template ultimate
top-down processes, IEEE 215t International Conference on Nanotechnology
(NANO), (2021), pp. 203-206.

3) Patent, award, press release etc.
Not applicable.
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The Dynamic Behavior of Marine Ecosystems in the Complex flows
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1. Purpose of the project

The goal of the project is to perform fundamental research, which allows
understanding the mechanisms of interaction of ecosystems with turbulent motion
of the environment, which will improve the accuracy of productivity forecasts and
the assessment of marine bio-resources, in particularly, populations of plankton. In
this study, using the “predator-prey” model as an example, we introduce the concept
of the normal propagation speed of the population front, which depends on the
problem parameters such as the diffusion coefficients, the plankton growth rates, the
mortality and the predation rates. Using numerical modeling, the features of the
populations front propagation in a system with diffusion instability are investigated,
the propagation velocities of the population’s front with sporadic structure are
determined, and the regularities are revealed that make it possible to estimate the
propagation velocities for a given set of problem parameters.

2. Details of program implement
All project participants were engaged in numerical modeling related to the subject of
the project. In 2021, we had web-based meetings to discuss the results and future
direction. The online meetings were held 4 times (22 May, 15 June, 9 September, 25
December 2020).

3. Achievements

A piecewise linear model of phytoplankton growth in the presence of a convective flow
has been proposed in the project. The model, in one-dimensional formulation, admits
a stable autowave solution, propagating with a certain critical minimum velocity. The
main purpose of the work is to study the features of the phytoplankton front
propagation in the presence of vortex flow. The vortex flow represents chain of two-
dimensional vortices described by the Taylor-Green solution. There different
regimes of wave propagation were revealed depending on the intensity of the vortex
flow and the model parameters. It was shown that front propagation dynamics in
vortex flow described by proposed piecewise linear model qualitatively the same as
that described by nonlinear Fisher-KPP model.

4. Summaries and future plans
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5.

1)

A piecewise linear model of phytoplankton growth that allows analytical solutions has
been proposed in the paper. The model, associating the temporal change in the
concentration of phytoplankton and nutrients in the channel, takes into account the
main factors influencing the birth, extinction, and the features of phytoplankton
propagation in the presence of a medium flow. The model admits a stable autowave
solution propagating with a certain critical minimum velocity umin. In this sense our
model is similar to the Fisher-KPP model. However, it has an essential new feature,
compared to the latter, due to the presence of the second equation. It has been
numerically shown in one-dimensional approach that in unperturbed medium a
phytoplankton wave propagating with a speed u > umin tends to a stable state with a
speed of Umin.

The dynamics of phytoplankton is studied in a chain of two-dimensional vortices
described by the Taylor-Green solution as an approximation of the influence of
turbulence. It has been shown that there are three different regimes of propagation
of the population wave, depending on the intensity of the vortex flow field. In the case
of a low intensity of the vortex flow, the wave of phytoplankton colony propagates
smoothly. Middle-intensity vortex flows leads to zigzag regime of wave behavior, and
the high-intensity ones impart a jump-like character to phytoplankton movement.
The influence of the model parameters on the phytoplankton dynamics has been
studied. Namely, it has been found that with equal high-intensity vortex flows, the
phytoplankton propagation velocity is higher in channels with larger vortices. An
increase in the diffusion coefficient leads to a smearing of the front and an
acceleration of the wave propagation. However, no further increase in the overall
velocity occurs when diffusion rate reaches a certain value. The diffusion of
phytoplankton has little effect on the wave dynamics of phytoplankton in the channel
in comparison with the diffusion of nutrients.

The comparison of the solution obtained by calculating the considered two-
dimensional model with the solution of the Fisher-KPP equation is carried out.

Research results

Journal (included international conference with peer review and tutorial paper)

[1] T. Miroshnichenko, V. Gubernov, S. Minaev, V. Mislavskii, and J. Okajima:

2)

Piecewise Linear Model of Phytoplankton Wave Propagation in Periodical Vortex
Flow, SIAM Journal on Applied Mathematics, Vol. 82, No. 3, (2022), pp. 294-312, doi:
110.1137/21M1405861

International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Population Front in the “Predator-Prey” Model, Proceedings of the FEighteenth
International Conference on Flow Dynamics (ICFD 2021), Sendai, (2021).
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Table 1 Freestream conditions

Case Vo p Mo
[m/s]  [kg/m’]

1 6882 8.755X10° 2443

2 4516 7.817 X107 16.03

3 4072 1.635X 107 14.45

4 4072 1.635X10° 14.45

Fig.1 Temperature, total number density and pressure distributions along the stagnation streamline calculated by CFD.

Fig.2 Temperature, total number density and pressure distributions behind the shock wave calculated by a quasi-1D

code.
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Table 2 Comparisons of predicted drag coefficients

Modified Newtonian Present
Case CFD
v =1.4 (%error) v =1.158(%error)
1 1.7206 1.6312  (-5.20) 1.7113 (-0.54) 1.7024 (-0.95)
2 1.7670 1.6296 (-7.78) 1.7096 (-3.25) 1.6988 (-3.86)
3 1.7318 1.6289 (-5.64) 1.7089 (-1.32) 1.6864 (-2.62)
4 1.6612 1.6289 (-1.94) 1.7089 (2.81) 1.6754 (0.85)
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1. Purpose of the project

This study is aimed at developing a better understanding of what types of
parameterization schemes are suitable for geothermal reservoir modeling. The
objective of the project is to develop and test novel and useful parameterization
methods for reservoir models used to describe high-enthalpy geothermal systems.
Parameterization schemes currently used in the geothermal industry are commonly
too restrictive to provide a good representation of geothermal reservoirs. Applying
current industry standard schemes to uncertainty quantification of a geothermal
reservoir can, therefore, result in biased estimates with underestimated model
uncertainty. We target developing parameterization schemes which can better
characterize geothermal reservoirs and more accurately estimate the model
uncertainty. Our focus has been on developing parameterization schemes for use
along with ensemble-based uncertainty estimation methods. We especially target
more flexible schemes for describing the energy sources that feed geothermal
reservoirs.

Figure 1 : (Left) Model domain for a geothermal system, where the local topography
defines the top of the model. Geothermal fluid and heat are supplied to the system
through the bottom boundary. (Right) Model temperatures [°C] along horizontal slices,
and observation wells (dotted lines).

2. Details of program implement
In the first year of this project, we developed and proposed new parameterization
schemes for the main parameters that are of interest in geothermal models (Fig. 1).
Our approaches include ways of representing parameters for formation
permeabilities and porosities, and bottom boundary conditions controlling the upflow
of geothermal energy inside the Earth. Importantly, our schemes allow us to assign

— 214 —



prior knowledge in a flexible way for many model parameters. Thus, our expectations
are that those schemes can be more adaptable and facilitate more reliable
uncertainty quantification than schemes currently used in the geothermal industry.
For the second year, we looked at demonstrating the applicability of our methods
when it comes to applying them to uncertainty quantification of geothermal models.

Our focus was on testing our flexible prior parameter schemes for bottom boundary
conditions used in geothermal models. Those schemes use Gaussian priors and
additional thresholding to generate parameter samples having features which
resemble what we might expect for geothermal settings. To evaluate those methods,
we constructed simple test cases mimicking key features of current state-of-the-art
geothermal models. To reduce the computational burden of our initial trials, we
considered 3D steady-state heat conduction models as computationally cheap proxies
for the high-enthalpy, convective geothermal reservoir models of interest. Using such
proxy models, we established that in its most basic form our bottom boundary flux
scheme can provide posterior flux samples that compare well with bottom boundary
flux regions from a state-of-the-art model used to describe the Wairakei geothermal
field in New Zealand (Fig. 2). The basic approach is less suited to cases with clear
linear flux regions associated with (sub)vertical permeable faults. However,
modifications to the basic scheme that incorporate additional assumptions or prior
knowledge, such as the (likely) locations of permeable fracture zones, can provide
better results (Fig. 3).

Figure 2 : Test results where the true boundary fluxes (normalized) are based on the
Wairakei field. Also shown are the estimated posterior mean, the difference between the
true fluxes and the posterior mean, and the standard deviation of the posterior samples.

Figure 3 : Test case based on the Montserrat field. The top row shows results for the
basic parameter scheme. The bottom row provides results for a variant with additional
knowledge of the locations of the permeable fracture zones.
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Figure 4 : Ensemble posterior temperature predictions compared with the steady-state
temperature observations for observation well Mon 1 in the Montserrat geothermal field
and the reference model temperatures at two prediction wells.

Figure 5 : Estimation results for the bottom boundary mass-fluxes of the convective
Montserrat model compared with the reference true fluxes.

After our preliminary tests using the proxy models, we applied our bottom boundary
parameter schemes to realistic and more computationally demanding
high-temperature, convective geothermal reservoir models based on the Montserrat
geothermal field. The results indicate that our schemes can provide reasonable
estimates and error bounds for bottom boundary mass-fluxes appearing in a realistic
geothermal model (Figs. 4 and 5).

3. Achievements

We have developed a better understanding of what types of parameterization
schemes are suitable for geothermal reservoir modeling by carrying out uncertainty
quantification experiments that showcase our bottom boundary parameter
representation schemes. Our results suggest that the proposed bottom boundary
parameterization approach may be adaptable enough to represent features that are
representative of mass fluxes present in geothermal systems. Additionally, the
results indicate that the proposed schemes may help to mitigate underestimation of
model uncertainty.

4. Summaries and future plans

The results indicate that our parameter schemes can provide improved flexibility
over standard parameterization schemes used for bottom boundary conditions in
geothermal models. Furthermore, the proposed parameter schemes appear to be
flexible and reliable enough to provide good estimates of model uncertainty. Before
extending our work further, we plan to wrap up our current journal manuscripts that
are under preparation but behind schedule. This includes completing our tests using
a more computationally demanding air-water reservoir model. Currently, the results
for the air-water model are inconclusive since it commonly results in simulation runs
that have issues converging, which is problematic when carrying out the data
assimilation.
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5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Priors for Geothermal Reservoir Models, Proceedings of the 43rd New Zealand
Geothermal Workshop, Wellington, New Zealand, (2021), 9 pages.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Parameterization Methods for Uncertainty Quantification of Geothermal Reservoir
Models, Proceedings of the Twenty-first International Symposium on Advanced
Fluid Information, Sendai, (2021), CRF-16, 3 pages.

3) Patent, award, press release etc.
Not applicable.
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(1] H. Kaneku, D. Yamabata and S. Morizawa: Study on Sizing Method on a Roadable

Aircraft using OpenVSP, Eighteenth International Conference on Flow Dynamics, (2021),
0820-217.

roadable aircraft to connect Okinawa's remote islands, Proceedings of the Twenty-first
International Symposium on Advanced Fluid Information, (2021), CFR-58.
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Project status 1st year

Construction of Flutter Boundary in Aeroelasticity via Advanced Machine Learning
Model's

Pramudita Satria Palar*}, Koji Shimoyama**+t
Muhammad Faiz Izzaturahman*, Lavi Rizki Zuhal**
*Faculty of Mechanical and Aerospace Engineering, Bandung Institute of Technology
**Institute of Fluid Science, Tohoku University
TApplicant, $¥IFS responsible member

1. Purpose of the project

Development of advanced machine learning models is necessary to cope with
contemporary challenges in data-driven modeling for aerospace engineering
applications. One example is the modeling of flutter boundary in aeroelasticity,
which is plagued by nonlinear response surface and computationally expensive
simulation. Furthermore, providing uncertainty estimates is also important so to
inform engineers on how accurate the prediction is. This research developed
modifications of existing machine learning models so as to handle complex
aerospace design problems more efficiently.

2. Details of program implement

With the rising trend in hierarchical models, Deep Gaussian Processes (DGP) has
introduced itself competitive amongst its counterparts by offering a probabilistic
framework for deep learning based on the Gaussian Process Regression (GPR). The
present study considers the task of surrogate modeling and uncertainty
quantification with DGP on three problems with discontinuous like features. Our
study investigates the predictive power of DGP for solving aerospace engineering
problems, including shock-dominated flow and fluid structure interaction problems,
which are frequently plagued by nonstationary response surfaces (see Fig. 1)

Figure 1 : Comparison of the true discontinuous function (leftmost), GPR (middle), and
DGP (rightmost); the latter approximates the true function better than GPR.

3. Achievements
The DGP model is expected to better than the conventional GPR, which is why we
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performed experiments on a set of engineering problems (including Isogai problem,
transonic airfoil, and wind turbine case). All cases are highly nonlinear and suitable
for test problems. Fig. 2 shows one application example, in which we tried to predict
the nonlinear surface of pressure coefficient. It can be seen in Fig. 2 that DGP yields
a model with lower approximation error than the GPR. Such a characteristic is
important if we want to apply the proposed method for nonlinear problems,
including flutter boundary estimation. Besides, the developed multi-fidelity GP with

composite kernel proved to be highly useful in making ease the process of kernel
selection.

Summaries and future plans

The proposed methods are capable of capturing nonlinear and complex response
surfaces in aerospace engineering problems. On the other hand, the composite
kernel-based multi-fidelity GP successfully yields better accuracy than the
single-kernel counterparts. Our plan in the near future is to apply the developed
methods for problems with higher input dimensionality.

Figure 2 : Comparison of DGP and GPR on a benchmark aerodynamic problem. DGP

Shimoyama: Modeling Non-stationarity with Deep Gaussian Process, Applications
in Aerospace Engineering, Proceedings of the AIAA Scitech 2022 Forum, San
Diego-Hybrid (2022), pp. 1096.

successfully captures the nonlinear surface.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Composite Kernel Functions for Surrogate Modeling using Recursive Multi-Fidelity

Kriging, Proceedings of the AIAA Scitech 2022 Forum, San Diego-Hybrid (2022), pp.
0506.
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Thermal conductivity reduction and carrier concentration optimization for
development of nanocomposite materials with enhanced thermoelectric figure
of merit

Vladimir Khovaylo*¥, Hiroyuki Miki**+¥,

Tetsuya Uchimoto**, Sho Takeda**, Sergey Taskaev***, Marina Seredina*,
Evgeniya Chernyshova*, Aleksandra Ivanova*, Aleksandra Khanina*
*National University of Science and Technology “MISiS”
**Institute of Fluid Science, Tohoku University
***Chelyabinsk State University
tApplicant, $IFS responsible member

1. Purpose of the project

Purpose of the project in 2021 was to synthesize novel stoichiometry of
semiconducting Heusler-based alloys and related compounds for thermoelectric power
generation via various synthesis techniques and to enhance their thermoelectric
properties via thermal conductivity reduction and carrier concentration optimization by
means of compositional engineering, varying valence electron count, and
nanostructuring.

2. Details of program implement

Polycrystalline samples of double half-Heusler compounds Hf:FeNiSbe and
Ti2FeNiSbs were successfully synthesized by arc melting and melt spinning techniques
and consolidated by spark plasma sintering method. Structure of the prepared samples
was examined by X-ray diffraction and scanning electron microscopy with
energy-dispersive X-ray analysis. Thermal diffusivity was measured by a flash
diffusivity method (LFA 457 MicroFlash, Netzsch, Germany) from 300 to 873 K under
an Argon flow. The thermal conductivity xtt was calculated from the thermal diffusivity
measurements D, the specific heat Cp, and the density d, following the equation: Kot
=D-Cp-d. The specific heat capacity, Cp, was calculated theoretically using the Debye
model, and the volume bulk density, d, was obtained by the method of Archimedes. The
electrical conductivity o, and the Seebeck coefficient .S, were measured in a temperature
range from 300 to 900 K wvia the standard four-probe and differential methods,
respectively, using a laboratory-made system (Cryotel, Russia) in Hez atmosphere.

3. Achievements

Typical XRD pattern obtained for the studied samples at room temperature is
presented in Fig. 1 for the case of Hf:FeNiSbs. All of the diffraction peaks are well
indexed to the dominant compound of HfsFeNiSbz, exhibiting a cubic crystal structure
within the space group (F-43m) with a lattice parameter of 6.055 A. The good
indexicality and sharpness of the peaks indicate the homogeneity sample and its
consistency of fine grains, which affects the samples' thermal conductivity.
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Figure 1: Powder X-ray diffraction patterns of Hf2FeNiSbs

The electrical conductivity gradually increases with increasing temperature, till
650 K, for both samples due to their semiconducting nature. As the temperature
increases beyond 650 K, the electrical conductivity increases more rapidly and reaches
maximum values of 9097 and 5240 Q@ 1m™ for HfsFeNiSb2 and TizFeNiSbs, respectively,
at 873K, which falls in line with the experimental results for TieFeNiSbz which was
reported previously.

Behavior of the Seebeck coefficient shows (Fig.3) that both the samples are p-type
semiconductors. Initially, the Seebeck coefficient increases with increasing temperature,
reaches a maximum, and then steeply decreases. This particular behavior arises from
the majority carrier (holes) which are responsible for the increase of the Seebeck
coefficient up to specific temperature. When this temperature is reached, the minority
carriers (electrons) start to play dominant role at higher temperature, which result in
the observed reduction of S. The Seebeck coefficient maximum values were obtained for
Hf:FeNiSbs and TizFeNiSbz as 228 and 293uV/K at 675 and 575K, respectively.

The room temperature thermal conductivity is as high as 5.82 and 7.95 W m't K1
for Hf2FeNiSbe and TizFeNiSbs, respectively. These obtained values indicate that the
compounds have lower intrinsic thermal conductivity than TiCoSb half Heusler alloy
because of the smaller group velocity phonons and the disordered scattering by Fe/Ni.
The lattice thermal conductivity kL was obtained by subtracting the carrier thermal
conductivity (ke = Lo7) from the total thermal conductivity. The room temperature xr of
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Hf:FeNiSbz and Ti2FeNiSbz are 5.78 and 7.93W m'! K1, respectively, i.e., is of about
one-third of that of TiCoSb (18.7 W m'1 K1), indicating the decrease in the total thermal
conductivity mainly comes from the lattice thermal conductivity contribution.

Figure 2: Temperature dependence of the thermoelectric figure of merit, Z7, for
Hf2FeNiSbz and Ti2FeNiSbz samples.

The thermoelectric figure of merit for the samples under investigation is shown in
Fig.2. Due to rather a low electrical conductivity, and rather a high thermal conductivity,
the thermoelectric figure of merit of HfeFeNiSbz and Ti2FeNiSbs reaches only 0.082 and
0.027, respectively, at 874K. These low Z7T values could be increases by introducing
substitutional dopants to compounds in further investigations.

4. Summaries and future plans

An investigation of the thermoelectric properties of double half Heusler Hf2FeNiSb2
and TizFeNiSbz, prepared by melt spinning method was carried out. The obtained
samples exhibit the p-type semiconductor behavior as indicated from the positive sign of
the Seebeck coefficient. The prepared compounds owe lower intrinsic thermal
conductivity compared to TiCoSb half-Heusler alloy, attributed to the smaller group
velocity phonons and the disordered scattering by Fe/Ni. However, the thermal
conductivity values have to be further reduced, e.g., by doping of the parent alloys with
substitutional elements like Sn, and In, in order to enhance phonon disorder scatterings
and improve electrical properties.

5. Research results (* reprint included)
1) Journal (included international conference with peer review and tutorial paper)
*[1] E.M. _Elsehly, A. El-Khouly, Mohamed _Asran Hassan, A.P. Novitskii,

thermoelectric properties of p- and n-type Heusler alloys, Semiconductors, 56,
(2022), doi: 10.21883/FTP.2022.02.51955.28.
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2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Not applicable

3) Patent, award, press release etc.
Not applicable
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Prediction and design methodology of axisymmetric shock reflection
in supersonic flow

Hideaki Ogawa*¥, Chihiro Fujio*, Masanobu Matsunaga*,
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*Department of Aeronautics and Astronautics, Kyushu University
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1. Purpose of the project

Centreline shock reflection commonly takes place in axisymmetric flowfields of various
engineering applications including supersonic air intakes and nozzles. Mach reflection
comprising an incident shock, a reflected shock and a Mach stem (disk) occurs at the
centreline, because regular reflection is precluded by theory at the symmetry axis in the
inviscid regime and at high Reynolds number.

The flow undergoes an abrupt change across the Mach disk, which can exert crucial
impact on the performance of the applications, responsible for undesirable events such
as intake unstart and under-expanded nozzle operation. On the other hand, it can also
represent a potential benefit for applications that can take advantage of high
pressure/temperature downstream of the Mach disk, which may be suitable to be used
for fuel ignition and flame holding in scramjet propulsion for instance, if designed and
handled appropriately. The characteristics and behaviour of centreline shock reflection,
however, are yet to be fully understood, in contrast with planar shock reflection, whose
behaviour is well understood hence predictable.

This project aims to develop a methodology for prediction and design of centreline Mach
reflection by formulating its behaviour and characteristics in a best-practice approach
coupling experiment, computation, theory and optimisation. The attributes for the
incident shock and Mach stem will be used in analytical approaches based on Guderley’s
analogy, three-shock and curved-shock theories. The resultant methodology will not
only serve as a useful design tool for axisymmetric supersonic applications but also
provide valuable insights into underlying flow physics and key design factors.

2. Details of program implement

The research is to be undertaken in a multidirectional approach combining experiment,
computation and theory; (a) Experimental testing using supersonic ring models is to be
conducted in the IFS ballistic range for optical flow visualisation, in conjunction with
supersonic wind tunnel experiment where the centreline flow properties are measured
using state-of-the-art laser diagnostics techniques; (b) High-resolution numerical
simulation employing local adaptive mesh refinement is to be performed to resolve the
detailed shock structure at a minuscule level, in conjunction with viscous correction to
allow for model design that takes the effects of boundary layer (BL) into account; and (c)
Theoretical analysis based on the curved shock and Guderley singularity theories along
with the method of characteristics is to be conducted to enable formulation of the Mach
reflection configuration for given inflow condition and intake/nozzle geometries.
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3. Achievements ring wedge ring wedge

The effects of viscosity and presence of a
perpendicular wall behind the trailing edge
on the axisymmetric shock structure have

been investigated numerically for the " KN K v N
supersonic flowfields in ring wedge intakes ey >

in M. = 2.5 freestream (Fig. 1).

Figure 2 compares the viscous flowfield for =~~~ centreline — B centreline

the intake geometry modified via viscous (a) with base (b) without base
correction with the case with slip wall. This Figure 1 : Schematic of ring wedge
signifies that the shock structure without configurations

boundary layer have been reproduced

owing to viscous correction even in the .
presence of BL caused by viscosity. gloseup (s\llillsocxovg?l)

The viscous flowfields with / without
of a ring base compared in Fig. 3
indicate the Mach stem located farther )
upstream in the case with a base. This (c‘élrsrz(cntl;d)
is attributed to the existence of base
flow following rapid expansion at the
tailing edge of the ring, as the BL
growth on the inner wall must be the
same between the two cases.

Figure 2: Comparison of inviscid and
viscous flowfields after viscous correction

close-up with base
4. Summaries and future plans

Insights have been gained into the

effects of viscosity and presence of a

base on the flowfields as well as the without base
effectiveness of viscous correction. The

results are described in Ref. [2].

without base

Figure 3: Flowfields with/without ring base

Future plans include the development : .
(viscous regime)

of the prediction method for centreline
shock reflection by coupling analytical approaches and shock theories in conjunction with
further numerical investigation as well as experimental approaches using advanced flow
measurement techniques such as molecular tagging velocimetry and flow visualisation
in the supersonic wind tunnel and the IFS ballistic range to be conducted for verification.

5. Research results

1) Journal

[1] C. Fujio and H. Ogawa: Physical insight into axisymmetric scramjet intake design
via multi-objective design optimization using surrogate-assisted evolutionary
algorithms, Aerosp. Sci. Technol, Vol. 113 (2021), 106676 (14 pages), doi:
10.1016/;.ast.2021.106676

2) International and domestic conferences, meeting, oral presentation etc

[2] H. Ogawa, C. Fujio, M. Matsunaga, Y. Higa, T. Handa, and K. Ohtani: Investigation
on Viscous and Base Effects in Supersonic Ring Wedge Intake Flowfield, Proceedings
of the Twenty-first International Symposium on Advanced Fluid Information,
Sendai, (2021), CRF-55, pp. 120-121.

(8] REEE, BEKE, NIFHH, B &, PEHAR: BENT LI XN HBE
WEIE 2 v ORI EAL, B AMZETH S 2 S MmEH s 2021, T4 ),
(2021), JSASS-2021-S011.

3) Patent, award, press release etc.
Not applicable.
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[1] S. Miyauchi, S. Kosaka, T. Hayase, K. Funamoto: Numerical Analysis of a Blood Flow in

the Left Ventricle-Aorta System, Proceedings of the Twenty-first International
Symposium on Advanced Fluid Information, Sendai, (2021), CRF-75, pp. 159-160.

(2] HEMREE, EPUE, AR —  KEIR RIS & 22 0ENIRS O 2 BT 5 f#r, H

AHEW T 32 [BINA A7 1 7 ¢ 7 ekl i am 2, No. 21-103, (2022), 2C12.

3) Fih (4FF ZE, YRXIIHERRH)

L

— 235 —



Project code J211098

Classification General collaborative research
Subject area Health, Welfare and Medical Cares
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Project status 3rd year

Towards Next Generation CFD Models of Intracranial Aneurysm (NX-CFD): In-vitro
validation studies and in-silico benchmarking of intracranial transitional flow

Khalid M. Saqr*{, Makoto Ohta**j+
Simon Tupin**
* Arab Academy for Science, Technology and Maritime Transport
**Institute of Fluid Science, Tohoku University
TApplicant, T¥IFS responsible member

1. Purpose of the project
1- To determine the criteria for transition to turbulence in cerebral aneurysm
2- To develop open source CFD solver for transitional flow in cerebral aneurysm

2. Details of program implement

Recent research findings confirmed the existence of transitional flow in cerebral
aneurysm. Transitional flow is linked to aneurysm formation and rupture via
pro-inflammatory responses of endothelial cells. The characteristics of transitional flow,
and its relationship with arterial geometry and aneurysm morphology is unknown until
the present day. Current CFD models and methods are not sufficient to study the
transitional flow in aneurysm and link it with clinical and biological implications. This
project aims at conducting in-vitro and in-silico investigations of transitional flow in
cerebral aneurysms of different sizes and morphologies. The in-vitro study will be
conducted using PIV and silicone models. The in-silico study will be conducted using the
open source CFD package OpenFOAM.

Figure 1 : The venture business company operated by K. M. Saqr

3. Achievements
Sufficient Results

4. Summaries and future plans

Using the results and knowledge of endovascular treatment and the CFD efficacy to the
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treatment diagnosis, we would like to operate a venture business company. Now, it is
just started. Figure 1 shows an advertisement of company. Bio-CFD is the world's first
Computational Fluid Dynamics (CFD) platform for medicine and life sciences.

The platform is designed to empower personalized medicine, surgical simulations and
customized drug delivery systems. Its technology is optimized for patient-specific
simulations with clinically-relevant reporting capabilities. Bio-CFD empowers
clinicians and biomedical engineers who need CFD simulations in numerous areas such
as vascular medicine and devices and reparatory infection control.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

[1]S. TUPIN, K. Takase, and M. Ohta: Experimental analysis of pressure and flow
alterations during and after insertion of a Multilayer Flow Modulator into an AAA
model with incorporated branch, Cardio Vascular and Interventional Radiology,
44(8) (2021), pp. 1251-1259, doi: 10.1007/s00270-021-02835-z

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

[2] S. Tupin, M. Zhang, Y. Li, and M Ohta: Dual-Stent Microstructural Characteristics
and their Impact on Intra-Aneurysmal Haemodynamics, Proceedings of the
Fighteenth International Conference on Flow Dynamics - ICFD 2021, Sendai,
(2021) 0OS14-1, pp. 558-559

[3]M. Ohta: Computer simulation, flow chamber and biomodel for development of
medical devices, UTM-IFS 3rd International Biofluid Symposium 2021, Sendai,
(2021)

3) Patent, award, press release etc.

Venture Business Company. BIO-CFD
https://bio-cfd.com/posts/343
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Application of core-based inversion to reconstruct stress field
in an underground geoscience laboratory

Takatoshi Ito*t, Xiaodong Ma**{}, Yusuke Mukuhira*
*Institute of Fluid Science, Tohoku University
**Department of Earth Sciences, ETH Ziirich

TApplicant, fnon-IFS responsible member

Purpose of the project

We have developed the novel in-situ stress estimation method called diametrical core
deformation analysis (DCDA) by measuring the asymmetric variation of rock core
diameter which cut out from at the study depth. In a laboratory experiment and
several field case studies, DCDA showed reasonable performance to demonstrate its
validity. Then, we are expanding the DCDA application not only to estimate the
differential stress but also to estimate the magnitude of each horizontal stresses.
However, we need more application validation of the DCDA method to the rock core
from greater depth where rock is subject to significant differential stress. The
acquisition of rock core from greater depth is not easy due to the cost and difficulty
of core-drilling. So, the application of the DCDA method to real field scale has been
limited due to difficulty to access the core from greater depth.

So we need to apply DCDA to more field applications to demonstrate its validity and
feasibility, by comparison, the result from other methods. We have started the
collaboration with the project Deep Underground Geoscience Laboratory (DUGLab)
in the Swiss central Alps, which is operated by ETH Zurich and the Swiss competence
center for energy research - supply of energy (SCCER-SoE). Multidisciplinary
measurement, experiment, and study are planned in this project for mainly
geothermal and also for better understanding of induced seismicity associated with
fluid injection. Application of DCDA to the rock core samples from this project will
provide stress profile along the borehole and the heterogeneity of the differential
stress. So, another objective is to contributing DUGLab by providing the in situ stress
estimation with the DCDA method and to contribute a comprehensive understanding
of the stress field around the Bedretto underground laboratory.

Details of program implement

In addition to the measurement result by Dr. Ma during his visit to ifs in 1st year of
this project, we performed the DCDA measurement for same rock core samples. We
also measured the anisotropy of elastic wave velocity in rock mass sample. Then, we
confirmed the rock core sample is subject to the spiral move of drill bit and there is
significant anisotropy in elasticity in our rock core sample (Fig. 1).

We will compile all measurement result of DCDA and invert the in-situ stress
considering anisotropy in elasticity. Then, we estimate the differential stress and
orientation of maximum stress at the different core retrieval depth. In a DUGLab
project, Dr. Ma and his colleagues estimate stress magnitude referring to the
minimum principal stress in borehole coordinate and overburden. Finally, we compare
the result of stress estimation by the conventional method of borehole breakout

— 238 —



— 239 —



(Press release)
Not applicable

(External grant)
Our proposal about this collaboration to Bridging Grants with China, Japan, South

Korea and the ASEAN region 2020 has been accepted by ETH (the total grant sum of

CHF 25000.00).
(Project number: BG 07-072020, “Integrated in situ & ex situ stress measurements at

the Bedretto Lab - opportunities for geothermal reservoir developments”).
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Tensile Effect by Wall Shear Stress around Stagnation Point and Flow Instability by
Wall Elasticity in Full-Scale Patient-Specific Aneurysm Model

Gaku Tanaka*t, Ryuheil Yamaguchi**, Hitomi Anzai**, Nadia Shafii***,
and Makoto Ohta**{¥
*Graduate School of Engineering, Chiba University
**Institute of Fluid Science, Tohoku University
***Faculty of health and cardiovascular engineering, Universiti Teknologi Malaysia
TApplicant, $1IF'S responsible member

1. Research Objective
In the present study, we examined the effect of wall property on frequency characteristics
in a patient-specific middle cerebral aneurysm using in vitro PIV. The effect of elastic wall
on flow instability was examined in comparison with that of rigid wall.

d;=2.8 mm

2. Content of Research Result

Cerebral aneurysm models with rigid wall
have been extensively simulated by
computational fluid dynamics (CFD) [1].
Several groups have also attempted to
calculate elastic cerebral aneurysm models

using fluid-structure interaction to assess the

-J

d=23mm d3=18mmj-—"

hemodynamics that occur inside cerebral

aneurysms, including hemodynamic stress

for ruptured and unruptured aneurysms. Fig.1 Morphology of cerebral phantom model
Hemodynamic factors, such as wall shear stress and flow instability, are known as risk
indicators for aneurysm progression and rupture. However, few experimental approaches
were carried out for the elastic wall model [2-6]. We fabricated a thin-walled elastic
phantom model a full-scale patient-specific aneurysm at the apex of the bifurcation in the
middle cerebral artery (MCA). One purpose of this study was to determine the effects of
wall property on flow instability within a patient-specific cerebral aneurysm [3]. (2021

ICFD, Oct 29th)

3. Achievement Progress of Research Objective
We noticed the effect of elasticity on flow instability. Globally, the wall elasticity
suppressing the kinetic energy cascade 10-fold smaller than that in rigid model was
clarified experimentally at four typical points within aneurysm (Fig. 2) [3]. In particular,
there was a difference in the flow instability between the elastic and rigid models (Fig. 2).
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As shown in Fig. 2(a), KEC at point C immediately downstream from the separating flow
after collision decreased simply and steeper in the elastic model compared with that in the
rigid model (from 15 to 102 Hz), which KEC is attenuated at 10-8 and 107 in the elastic
and rigid models, respectively. Similar trends were also observed at another two points A
and S except for point M.

Fig. 2 Comparison of the flow instability of the elastic with rigid models at four typical points.

4. Summary and Next Topic

We fabricated a thin-walled elastic phantom model of a full-scale patient-specific
aneurysm at the apex of the bifurcation of the MCA. In the low-frequency range (<102 Hz),
the KEC gradient decrease in the elastic model is larger than that in rigid model. In the
high frequency range (>102 Hz), the KEC in the elastic model is attenuated 10-fold less
than that in the rigid model. In future, the flow stability is globally clarified, and
furthermore is denoted the tensile effect at the median plane and the perpendicular plane
to median plane inside bottom wall of aneurysm.

5. Research Achievement
1) Academic Journal with Review
[1] Yamazaki T, Tanaka G., Yamaguchi R., Okazaki Y., Anzai H., Ishida F., Ohta M.:
Numerical Simulation of Flow Behavior in Basilar Bifurcation Aneurysms Based on 4-
Dimensional Computed Tomography Angiography, World Journal of Mechanics, 2021, 11,
71-82. DOI: 10.4236/wjm.2021.114006

2) International & Domestic Conference, etc
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Wall Property on Frequency Characteristics of Full-Scale Cerebral Aneurysm Model,
AFI2021, Sendai, 2021, Nov, 29, CRF-77.

[4] Yamaguchi R.: Interesting phenomena in elastic cerebral aneurysm and notification in
PIV measurement, 39 Int Biofluid Symposium 2021, Malaysia, 2021, p.11.

[5] Yamaguchi R., Shafii N., M. Ohta: Effect of wall property on flow instability of patient-

specific middle, AP Biomech, Kyoto, 2021, PP1-21.

3) ETC (Patent, Award, Media announcement) Not applicable.
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Project code J21R001

Classification International Multiple

Collaborative Research

Subject area Health, welfare and medical cares
Research period April 2021 ~ March 2022
Project status 2nd year

1.

Endovascular stent and vessel remodeling

Aike Qiao*F, Makoto Ohta****{+
Hanbing Zhang*, Shiliang Chen*, Yu Zhang*

Hongfang Song**, Wenyu Fu*** Hitomi Anzai****
*Faculty of Environment and Life, Beijing University of Technology,
**School of Biomedical Engineering, Capital Medical University,
***College of Robotics, Beijing Union University,
****Institute of Fluid Science, Tohoku University
tApplicant, ¥+IFS responsible member

Purpose of the project

The geometry and material properties of the absorbable stent may change during
the degradation process. Understanding the service performance of degradable
stents 1s essential to improve its therapeutic efficacy and reduce the occurrence of
adverse events. In this project, based on the principle of continuous damage
mechanics, a dynamic degradation algorithm was proposed to set material
properties and corrosion properties for individual elements while considering
uniform corrosion, stress cracking corrosion and pitting corrosion. The
morphological and mechanical properties of stents during degradation were
analyzed by finite element method.

2. Details of program implement

The collaborators discussed and made the detailed research plan and the division
based on this program. The research has been finished well up to now and the
results have been published in The Eighteenth International Conference on Flow
Dynamics, Sendai, (2021). The detailed research results are described as follows:

As shown in Fig. 1, for the case that the corrosion rate was not set to vary
dynamically with the number of exposed faces of the element, the stent struts
became thinner due to the exposed surfaces of the stents were peeled off
simultaneously. For the case that the corrosion rate was set to vary dynamically
with the number of exposed faces of the element, the elements located at the edges
with more exposed surfaces of the stent degraded first, and the originally square
stent cross-section first became rounded, and then became thinner. This
phenomenon was closer to the real degradation.

As shown in Fig. 2, stent degradation was divided into three stages in both cases.
In the first stage, the inside corolla of the stent with high tensile stress degraded
first. Stress corrosion was dominant at this stage, which accounted for more than
80% of the total damage of the element. In the second stage, the deleted elements in
the first stage resulted in more non-exposed elements exposed to the corrosive
environment, and the stent struts gradually became thinner under the action of
uniform corrosion. In the third stage, the stent fractured when the strength of the
stent was reduced insufficiently so as not to resist the load, and the fracture region
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was located at the connection between the corolla of the stent and the connecting

struts.
(b)
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Fig.1 Changes in stent cross-section. (a) Corrosion rate was adjusted by the number of
exposed faces of the element, (b) Corrosion rate wasn’t adjusted by the number of
exposed faces of the element

(a)
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Fig.2 Stent degradation process. (a) Dynamic changes of stress corrosion threshold, (b)
No dynamic changes of stress corrosion threshold

By comparing the two settings of whether the dynamic change of the stress
threshold or not, for the case without dynamic change of stress threshold mainly
showed the uniform thinning of the stent struts. The change of the stress corrosion
threshold made the tensile stress of more elements reach the stress corrosion
threshold, and mainly showed the fracture at the corolla of the stent. It would speed
up the fracture time of the stent by 30% and reduced the mass loss by 25% when
the stent fractured (Fig. 3). It is the key breakthrough in optimizing the
degradation model of the stent.

Mass Loss (%)

Time Unit

Fig. 3 Mass loss of the stent during degradation

3. Achievements

A dynamic degradation algorithm was proposed which could simulate the
nonuniform degradation process by identifying and updating the corrosion
properties of the element during the degradation process. The stent degradation
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process was tested via the finite element method and the simulation results
suggested that element degradation rate was adjusted by the number of exposed
faces made results closer to reality and dynamic changes of stress corrosion
threshold could accelerate the degradation of stents. The algorithm and results
demonstrated the necessity of setting corrosion properties and material properties
for independent elements in stent degradation model.

4. Summaries and future plans
The reconstruction of the blood vessel should be considered. Establishing a
coupled model of stent degradation and vascular reconstruction is essential to
predict the therapeutic effect of degradable stents. These analyses are reserved for
future studies.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

analysis of the mechanical performance of a zinc alloy stent with the tenon-and-mortise
structure. Technology and Health Care. 2022;30(2):351-359. doi: 10.3233/THC-212905

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Hitomi Anzai, Makoto Ohta: Algorithm for Mimicking Dynamic Corrosion
Procedure of Biodegradable Stents. Proceedings of the Twenty-first International
Symposium on Advanced Fluid Information, Sendai, (2021).

3) Patent, award, press release etc.

Not applicable.
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1.

An electrically efficient self-sustained microcombustion/flame-assisted fuel
cell (FFC) system

Jeongmin Ahn*¥, Kaoru Maruta**{+, Ryan Milcarek***
*Department of Mechanical and Aerospace Engineering, Syracuse University
**Institute of Fluid Science, Tohoku University
***School for Engineering of Matter, Transport and Energy, Arizona State University
TApplicant, §1IFS responsible member

Purpose of the project

During the IFS Collaborative Research Project from 2020 to 2021, the project focused
on chemical and electrochemical reactions from various hydrocarbon fuels as
potential fuels of a microcombustion based flame-assisted fuel cell (FFC) power and
heat cogeneration system. Work from the IFS Collaboration has been published in
high impact journal papers in 2019, 2020 and a recent paper in 2022 [1]. Illustrating
the potential in microcombustion based FFC, the next step in the field has been to
focus on developing a FFC-based combined heat and power (CHP) system that can
operate for extended periods of time while maintaining high electrically efficiency.
Current FFC research has only operated microcombustion based FFCs for a couple of
hours. Further research is warranted into the long-term stability and performance of
FFCs to develop towards a FFC based CHP system. To conduct this research, this
project utilized the Syracuse University-Arizona State University-Tohoku University
collaboration. In this work, a microcombustion based FFC system utilizing n-butane
was investigated for extended period of operation for further research advancements
in micro-FFC based CHP applications.

Details of program implement

Microcombustion characterization of n-butane/air was first performed to identify the
optimal operating conditions to generate the most synthesis gas production while
avoiding soot formation. Once operating conditions were determined, two FFC cells
were manufactured, each with a different cathode material, and tested in the n-
butane/air microcombustion exhaust. Polarization curves and power density curves
were taken to characterize the performance of the FFCs. One of the main objectives
of the project was to investigate the stability of the FFCs being fed with
microcombustion exhaust. To accomplish this, a galvanostatic test was performed at
an equivalence ratio of 1.5 and a current density of 250 mA.cm™2. After 24 hours of
testing, a polarization curve and a potentiostatic impedance test was conducted to
monitor the performance of the cell over time. The power density degradation of one
of the FFC tested is shown in Fig. 1 below. To help deconvolute the potentiostatic test
results, a distribution of relaxation times (DRT) analysis was performed using
DRTtools. A detailed analysis on all the obtained results were performed and plotted
to provide better visualization of the results.
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Figure 1: Long term stability test of a mT-FFC utilizing n-butane/air microcombustion

2)

exhaust at an equivalence ratio of 1.5 and constant current density of 250 mA.cm2.

Achievements

Utilizing n-butane/air microcombustion, the FFCs operated over 100 hours of
continual testing with minimum voltage degradation without any catalysts or
additional fuel reformer. Specifically, one of the FFCs operated over 288 hours with
a voltage degradation of 0.34 mV.h, one of the lowest degradation rates recorded in
SOFC operation with n-butane. High power density was achieved as well, with a max
power density of 317 mW.cm2. Fuel utilization of up to 53% was achieved with an
electrical efficiency calculated to be 17.4%.

Summaries and future plans

Operation of a FFC utilizing n-butane/air microcombustion exhaust was
demonstrated to operate for over 200 hours with minimal voltage degradation. High
fuel utilization and electrical efficiency were achieved with no signs of carbon
deposition found on the anode surface. The results of this years’ work was published
In an international peer reviewed journal, Energy Conversion and Management.

Research results
Journal (included international conference with peer review and tutorial paper)

Thermal Partial Oxidation of n-Butane in a Micro-flow Reactor and Solid Oxide
Fuel Cell Stability Assessment, Energy Conversion and Management, 254 (2022),
pp. 115222.

International and domestic conferences, meeting, oral presentation etc.

(included international conference without peer review)
Not applicable.
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1.

Model ing on boiling and bubble dynamics induced by laser emitted from optical
fiber

Junnosuke Okajima***}, Roman Fursenko***}+t
Sergey Mokrin**** Vladimir Gubernov***** Sergey Minaev** ****
*Institute of Fluid Science, Tohoku University
**Institute for Applied Mathematics, Far Eastern Branch of the Russian Academy of
Sciences, Russia
***Institute of Theoretical and Applied Mechanics, Siberian Branch of the Russian
Academy of Sciences
****Engineering School, Far-Eastern Federal University
****+Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
TApplicant, $¥Non-IFS responsible member

Purpose of the project

Laser thermal therapy has been attracted because of its low invasiveness and
good controllability. For example, laser heating was applied to local intensive heating
by combining the gold nanorod (Okuno et al., J. Contr. Release, 2013). Besides, it has
been proposed that the jet of high-temperature fluid is used to coagulate or remove
an affected area and the jet is formed by bubble dynamics induced by laser in the
biological fluid around the optical fiber. Chudnovskii et al. (/nt. J. Heat Mass Trans.,
2020) confirmed the phenomenon that a vapor bubble was generated by the local
heating by laser, and a jet was formed by the condensation of a vapor bubble in
subcooled liquid.

This project aims to model the boiling process and bubble dynamics, such as
growth, interface instability, and collapse, which are induced by the laser emitted by
optical fiber inserted in the liquid. Through the modeling of bubble dynamics induced
thermally, the thermal effect on the collapse of the cavitation bubble will be clarified.
The practical results of the project will facilitate the appearance of a breakthrough in
laser-tissue cutting that can be realized in practice by surgeons in the future.

The submerged jet is generated by intensive local heating through an optical fiber
using for laser radiation transmission. Since the diameter of the quartz core of optical
fibers, which are commonly used in surgery, is 100 - 600 pm, the intensity of the laser
radiation at the output of the optical fiber allows the generation of large heat flux.
For example, with a low radiation power of 1 W and 50% converted to heat, the heat
flux at the end of an optical fiber with a diameter of 400 um can reach 400 W / cm2.
When the laser is emitted in the liquid, the vapor bubble is formed near the tip of the
fiber. The bubble expands by absorbing the heat from the superheated liquid. After
all stored energy in the liquid is absorbed, the bubble is cooled by the surrounding
liquid and starts to contract by condensation. During the contraction process, the flow
field toward the tip of the fiber is formed, and, finally, the jet is generated. The
strength of the jet should be determined by the thermal and geometrical conditions.
We will reveal the thermal-fluidic interfacial phenomena and the dominant factor of
jet formation.
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2. Details of program implement

To model this complex phenomenon, we will approach it from different directions.
Dr. Gubernov in Lebedev Physical Institute RAS will model this phenomenon
theoretically. Dr. Fursenko in ITAM SB RAS will take in lead in the computational
modeling of interface instability. Prof. Okajima in Tohoku Univ will model the thermal
effect in bubble dynamics. Dr. Mokrin in FEFU will experiment with the validation of
the modeling. Prof. Minaev and his group in IAM FEB RAS will implement the model
in the numerical simulation.

In 2021, we had web-based meetings to discuss the results and future direction.
The online meetings were held 4 times (6 April, 23 April, 20 May, 27 September, and
26 October, 2021). Additionally, although the situation was under the COVID-19
pandemic, Prof. Okajima visited IAM FEB RAS, Far-Eastern Federal University in
Vladivostok and Lebedev Physical Institute in Moscow to discuss this collaborative
research and visit the experimental room and computational system for this project
in Russia.

Furthermore, we organized two international workshops “Theory, experiments
and numerical modeling of reaction-diffusion systems in applications for
biotechnology, biomedicine and energy production” (1st workshop: Oct 12-16, 2020, 2nd
workshop: Sept. 27- Oct. 1, 2021) and one organized session “Flow Dynamics of
Diffusion-reactive and Phase Transition Systems” in 18tk International Conference on
Flow Dynamics. Our achievement was also reported in one of the important
conference in Russia, “Science of Future”[2].

Figure 1 : Framework of collaboration research
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3. Achievements

In the 1st year, we focused on the mechanisms of jet formation. Figure 2 and 3
describes the mechanism of jet formation explained last year. It is shown that
symmetry breaking is a necessary condition for jet formation. When the bubble
shrinks, the flow toward the tip of the optical fiber is formed. The flow deforms the
bubble into a cylindrical shape. This deformation induces the collision of flow in a
radial direction. This collision generates the jet forward. As a result of collision and
jet formation, the vortex is formed at the tip of the deformed bubble, and it grows
larger. The jet velocity is maximal at the moment of its formation and monotonically
decreases with time. Besides, the jet velocity depends on the fiber radius. The
maximal jet intensity is reached at a certain finite value of the fiber thickness which
depends on the initial vapor bubble radius. Water jet velocity is also directly
correlated with the rate of gas bubble volume reduction.

Figure 2: Water velocity magnitude and streamlines: ri = 0.2 mm and rr= 0.2 mm
(left) and r f = 0.1 mm (right) [R. V. Fursenko, V. M. Chudnovskii, S. S. Minaev and J. Okajima:

Mechanism of high velocity jet formation after a gas bubble collapse near the micro fiber immersed in
a liquid, Int. J. Heat Mass Trans., 163 (2020), 120420]
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Figure 3: Schematic of the jet formation mechanism [Tohoku University Global Site,
Revealing the Reason Behind Jet Formation at the Tip of Laser Optical Fiber, 2020. 10. 9]

To clarify the process of bubble expansion-contraction, the whole step of bubble
growth by evaporation and condensation was simulated. The bubble collapse was
simulated by the volume of fluid (VOF) method with phase change. Phase change was
driven by the temperature difference at the liquid-vapor interface and heat
release/consumption was included in the energy conservation equation. As shown in
Fig. 4, the initial vapor bubble was located at the tip of the fiber. Initial temperature
distribution was set to assume the existence of superheated liquid layer by laser
heating. The vapor bubble grows by absorbing that heat, and after reaching the
maximum size, vapor bubble shrinks and collapses by condensation in subcooled
liquid.

Figure 4: Schematic of initial bubble and temperature conditions

Figure 5 shows the calculation results and comparison with the experimental
image. This simulation was qualitatively like the bubble behavior in the experiment.
In the left image of Fig. 5, the bubble shape just before the departure looked similar,
especially near the fiber wall. The bubble lifted off and transported upward by the
longitudinal jet and shrinking. Even in this small initial bubble, the hot jet was
observed in the simulation.
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Figure 5: Calculation results and comparison with the experimental image

Next, we discussed the direction control of the liquid jet. We prepared the
experimental system as shown in Fig. 6. The experimental system consists of the fiber
laser (maximum power 7W, wavelength 0.97um), High-speed camera (Photron
Fastcam SA-Z), and the LED light source.

In Fig. 7, an optical fiber installed on the horizontal side is placed so that a bubble
growing near the end of the vertically installed optical fiber covers its tip as well. The
bubble thus covers both ends of two perpendicular optical fibers during its expansion.
When a bubble collapses, bridges are formed on its surface near each of the two ends
(frame 8 of Fig. 7) and two jets that add up. In addition, two submerged jets are formed,
directed in opposite directions along axes coinciding with the diagonal from the fiber
intersection optical axes (Fig. 7, frames 9-12). Hence, by using the second fiber, the
direction of the jets can be rotated by 45° relative to the one shown in Figure 7. In
frames 9-12 of Fig. 7, two jets pointing along the diagonal between the directions of
the perpendicular fiber are detected, i.e., at an angle of approximately 45° to each of
the fibers. These jets, in turn, are the result of adding two jets directed from the end
of the fiber. The average velocity of the resulting submerged jet directed forward from
the fiber ends, determined from the frames in Fig. 7, is 5.4 + 0.5 m /s. The average
velocity of the second jet moving in the opposite direction is much less and equal to
0.01+0.01 m /s.

Figure 6: Experimental system to observe bubble dynamics around the optical fiber
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Figure 7: Direction control of hot jet by using two optical fibers [published in Ref. 1]

Additionally, we studied the propagation of hot liquid jet generated by local laser
heating inside of finite volume. Experimental study was conducted for various values
of laser power from 0.5W to 7 W. The results of shadowgraph experiments are shown
in Fig. 8.

Fig. 8 Direct photos of hot liquid jet propagating inside of cuvette obtained for
various values of laser power.

It was found that decreasing of laser power leads to increasing of liquid jet. Besides

that, faster jet has lower temperature. This information could be very useful for the
laser surgery operations related with cyst treatment.

— 257 —



We also suggested the mathematical model describing the hot liquid jet
propagation. Model is based on Navier-Storks and energy equations which include
heat transfer and friction between liquid and cuvette walls. This model does not
consider the gas phase and compressibility of media.

The comparison of numerical results and experiment are presented below in Fig.
9. As can be seen from Fig. 9, results of numerical simulation are in good qualitative
agreements with experiment.

Fig. 9 Hot liquid jet propagation. a) 2D temperature field, b) experimental result

4. Summaries and future plans

Through the numerical simulation of the condensation process of the vapor
bubble, the main mechanism of jet formation was described. When the bubble shrinks,
the flow toward the tip of the optical fiber is formed. The flow deforms the bubble into
a cylindrical shape. This deformation induces the collision of flow in a radial direction.
This collision generates the jet forward. To enhance the jet velocity, the size of the
initial bubble and the relationship between it and fiber radius become an important
factor.

To investigate the bubble formation process, the experimental system was
constructed, and the observation of the phenomena has been started. In the
experiment, the relationship between the heating condition of the laser and the actual
jet velocity will be evaluated.

We simulated the whole process of bubble dynamics containing the evaporation
and condensation process and compare it with the experimental image. In addition,
we demonstrated the direction control of hot water jet by using two optical fibers.

Through the modeling of bubble dynamics induced thermally, thermal effect on
the collapse of the cavitation bubble will be clarified. Additionally, this model should
be related to the bubble dynamics and heat transfer of subcooled boiling. Furthermore,
the practical results of the project will facilitate the appearance of a breakthrough in
laser-tissue cutting that can be realized in practice by surgeons in the future.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)

methods for controlling direction and velocity of liquid jets formed during subcooled
boiling, International Journal of Heat and Mass Transfer, 173 (2021), p. 121250, doi:

10.1016/j.ijheatmasstransfer.2021.121250.
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2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

[2] J. Okajima: Interface dynamics appearing in application for biotechnology,
biomedicine and energy production, Science of the Future (invited lecture, Moscow,
Russia), 2021.11.18.

[3] J. Okajima: Dynamics behavior of phase change in high-speed flow with intensive

heating, Dynamics of the Reaction-Diffusion Systems (invited lecture, Moscow,
Russia), 2021.11.19.

and Bubble Dynamics Induced by Laser Emitted from Optical Fiber, Proceedings of

the Twenty-first International Symposium on Advanced Fluid Information, (2021)
CRF-4.

of Jet Formation Induced by Gas Bubble Collapse Near the Micro Fiber Immersed

in a Liquid, Proceedings of the Eighteenth International Conference on Flow
Dynamics, (2021), pp. 676-678.

3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project

This project aims at developing an efficient algorithm of inlet turbulence generation
for cross-platform-based parallel computation. The research is based on PyFR
(www.pyfr.org), a high-order accurate Python-based computational flow solver. The
High-fidelity scale resolving simulations of flow over a low-pressure turbine blade was
also targeted using high-order flux-reconstruction (FR) schemes. In the simulation, the
blade was mounted in a linear cascade with expanding end walls. The fifth-order
accurate simulation at a chord-based Reynolds number of 90,000 will be formulated
with laminar and turbulent inflow conditions on a mesh with over 2 billion solution
points. Specifically, we will investigate differences between flow characteristics with
laminar and turbulent inflow conditions, comparing with experimental data.
Furthermore, the implementation of the solver to vector architecture NEC SX-Aurora)
has been attempted to demonstrate the capability of high-order FR schemes on vector
machines and cross-platform portability of the solver.

2. Details of program implement

The project was mainly performed by Tohoku University and Imperial College
London with the support from Texas A&M and Concordia University. The primary goal
is to develop the inlet turbulence generation algorithm for a cross-platform-based
parallel computation, and the subsequent objective is a demonstration of the inlet
turbulence generation algorithm to the flows over a low-pressure turbine blade and
demonstration of the performance on new vector architecture to show a portability of
the solver. In this report, we start from the conditions for the flow simulation, and then
explain the details of inlet turbulence generation including its algorithm and
performance test. Then, results of flow simulations over the low-pressure turbine blade
will be presented. Finally, the implementation of the FR scheme on vector architecture
(NEC SX-Aurora) and its performance will be reported.

3. Achievements
3-1 Flow conditions
This study focuses on scale resolving flow simulations over a highly loaded
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low-pressure turbine blade. The blade is mounted in a linear turbine cascade bounded
by diverging end walls in the experiment. Specifically, this study focuses on single blade
including end walls and assumes a periodic condition in the pitch-wise (vertical)
direction. In the reminder of this report, subscripts 1 and 2 stand for values at the inlet
and outlet plane. All the variables are normalized by blade chord length and total
pressure at the outlet. We also assume cpr; = y/(y —1)RT¢t = 3.5 and p, = 1.0 as a stagnation
state, where y = 1.4 is used. Inflow and outflow angles (normal to the radial direction at
the centerline) are f; = 131.0 and f, = 25.0. Inlet and outlet Mach number is 0.3857 and
0.5543, respectively. A blade-chord-based Reynolds number is 90,000. The other inlet
and outlet variables are derived from isentropic relations.
3-2 Domain and mesh

The computational domain and mesh are shown in Fig. 1. The inlet and outlet
planes correspond to left and right boundaries of Fig. 1 (i.e., 0.92 and 0.78 time chord
length upstream and downstream of the blade), respectively. The mesh is periodic in the
pitch-wise (vertical) direction and prismatic in the span-wise direction. Both sides of the
blade are bounded by end walls which are diverging in the downstream direction. The
mesh consists of 19,560,000 hexahedral elements defined by a second-order shape
function, which was generated using Gmsh.

Figure 1 : Computational domain and mesh

3-3 Boundary conditions

The wall boundary condition is a no-slip adiabatic condition, which is applied to the
blade surface and end wall surfaces. The outlet condition is a non-reflecting
characteristic boundary condition based on Riemann invariant. The characteristic
boundary condition does not explicitly enforce a static pressure, and thus a preliminary
simulation was conducted with a pressure controller which adjusts the outlet pressure
to match the experimental results. The corrected characteristic boundary condition
(with pressure correction) is then applied in the physics simulation. In the pitch-wise
direction, a periodic boundary condition is imposed.

Next, a laminar inlet condition is described. The inlet plane is bounded by end walls
at z = £hz = +£1.14391. In this study, a Blasius boundary layer is assumed near the end
walls, which is approximated by hyperbolic tangent function of the velocity magnitude
according to Eq. (2) in [4]. Therefore, the inlet boundary condition is imposed as a total
pressure profile as:
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Pt = Pt;+ + Pt;— — Pt;mid- (3)

Note that cpr; is a constant (= 8.5); z is a spanwise coordinate (~hz < z < hz); 3y
corresponds to 99% thickness of the boundary layer profile approximated by [tanh{(as
mnw }]1/np , where 5 is a distance from the wall.

Finally, a turbulent inlet condition is introduced, based on the digital filter (DF)
technique of Klein et al. [5,7]. The algorithm follows [6], which requires the integral
length scale in each direction (, 1,, I.), the Lagrangian time scale (zr = Ix/U where U is the
mean inlet streamwise velocity), and the prescribed Reynolds stress profile. The
integral length scale and the Lagrangian time scale is estimated from the wake region
in the laminar inlet simulation. The Reynolds stress profile is assumed as a function of z
(spanwise coordinate), which has a form of :

Rl'j = Cij (tanh [aij(z — hz)]
+ tanh[a;; (h, — 2)] — 1)(z* + byy), (4)

where R; are parameters to be adjusted. These parameters are adjusted such that R;
corresponds to the experimental profile. Specifically, R; is designed to have a turbulent
intensity of 6% as a peak value in the vicinity of the end walls and 4% as a flat value
around the centerline in the inlet plane. As such, the random velocity field is obtained,
which is then superimposed on the laminar velocity profile as a ghost state of the
Riemann solver in the boundary condition kernel. The code implementation of the
velocity fluctuation will be described later. Next, a density fluctuation is introduced by
the strong Reynolds analogy (SRA). The original idea is that the total temperature
fluctuation is negligible in the sense of its Favre mean. More specifically, only the terms
that are linear in the fluctuation are retained, which leads to:

!/ /! 1
cpTy = cpT" +uyuy, (5)

where u.” is a fluctuation of the velocity component in the inflow angle. u; stands for the
inlet velocity condition that was defined before. Equation (5) leads to:

A SN YR L (6)

3-4 Flow solver, numerical schemes, and simulation procedure

Throughout this study, we adopt PyFR [2] to solve flows over the low-pressure
turbine blade. PyFR solves the compressible Navier—Stokes equations using the FR
scheme first proposed by [3]. PyFR is a Python based implementation of the FR
approach. It is designed to be compact, efficient, and platform portable. PyFR is capable
of operating on high performance computing clusters utilising distributed memory
parallelism. All Message Passing Interface (MPI) functionality is implemented at the
Python level through the mpi4dpy wrapper. To enhance the scalability of the code care
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has been taken to ensure that all requests are persistent, point-to- point and
non-blocking. Further, the format of data that is shared between ranks has been made
back- end independent. It is therefore possible to deploy PyFR on heterogeneous
clusters consisting of both conventional CPUs and accelerators.
3-5 Inlet turbulence generation algorithm

As explained in the previous section, the flow solver is mainly written in Python and
partly by Mako templating engine as a kernel that generates a CUDA code for GPU
computations. In this section, we describe two different implementations of the velocity
fluctuation. The algorithm basically follows Touber and Sandham [6]. Let us assume
that the inlet plane exists in ymin <y < Ymax a0d Zmin <z < Zmax. The integral length scales in
the inlet plane are given as [, and L, and the Lagrangian time scale is defined as 7z = Ix /U.
Figure 3 (left side) shows a pressure loss at the wake region, where red and blue lines
are of simulation with and without turbulence inlet. The experimental results contain
turbulence inlet with different levels (2 and 4 % turbulent intensity), and thus, the
simulation result with inlet turbulence is close to experimental results than that
without inlet turbulence. The comparison of isentropic Mach number on the mid-span
blade surface is shown in the right side of Fig. 3, which also shows a good agreement
between the simulation with inlet turbulence and experimental result. It is also
interesting that this discrepancy between turbulent and laminar inlet simulations is
clear in the Re=90k case as shown in Fig. 3, while the laminar inlet simulation agrees
well with experiments in the Re=200k case although it is not shown in this report. The
results indicate that the inlet turbulence has a significant effect on performing a
realistic simulation at least in the case of Re=90k as the most of experimental results
suffers from inlet turbulence. The relevant result has been published from international

journal [Research result 1].
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Figure 3 : Pressure drop in the wake (left) and isentropic Mach number on the blade
surface (right).

3-6 Performance on vector architecture

Based on the discussion above, we have attempted to implement the present solver on
vector architecture, i.e., NEC SX-Aurora, and demonstrate its performance compared
with that using GPUs. First, the code implementation for the purpose of vectorization
on SX-Aurora will be briefly explained. In the PyFR solver, each kernel, e.g.,
inviscid/viscous flux calculation, is generated during the computation (run-time
compile). The left side of Fig. 4 shows a part of the source code that generates a common
structure of the kernel source, where the left side is a straightforward implementation
of a directives (“pragma _NEC ivdep”) for SX-Aurora. After compiling the kernel with
the NEC compiler, it turned out that the present code was not fully vectorized due to the
dependency of loop length on SOA_SZ , i.e., the size of a structure of array, and thus, the
performance is significantly degraded. The code structure was then reconsidered, and it
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is replaced by the simpler one in the right side of Fig. 4, which achieves fully vectorized
kernels. The similar tuning was carefully performed on the other part including Mako
template for the inviscid/viscous flux functions.

# -*— coding: wtf-0 -*- # —%- coding: utf-g —%-
from pyfr.backends.base.generator import BaseKernelGenerator from pyfr -base. or import 1 or
class VeoKerne.Generator (BaseKerne.Generator): class 1 or( 1 or):
def render{self): def render(self):
if self.ndim == 1: if swelf.ndim == l:
inner = ' inner = '''
int cb, ce; int cb, ce;
loop_sched_ld(_nx, align, &cb, &ce); loop_siched_ld(_nx, align, &cb, &ce);
int neci = ({ce - cb) / SO0A_SZ)*S0A_S%; #praqrf\a _NE? ivdep . .
for (int _xi = cb; _xi < cb + nci; _xi += SOA_S%Z) for (int _xi = cb; _xi < ce; _xi++)
8
#pragma _NEC ivdep {body)
for (int _xj = 0; _xj < SOA_S%Z; _xi++) 3 - format (body=self.body)

“
{body}
I3}
9

for (int _xi = ¢b + nci, _xj = 0; _xj < ce - _xi; _xj++)
{body)
}}' ' format (body=self .body)
Figure 4 : Example of the code change in PyFR for fully vectorizable code on NEC
SX-Aurora

Figure 5 shows a time per DOF per right hand side evaluation for a Taylor-Green vortex
simulation on an NVIDIA TitanV GPU and NEC SX-Aurora. We have tested a different
set of SoA size and OMP_NUM_THREADS for original and vectorized PyFR with the
order of polynomials p3-p5. The total DOF (number of solution points) was set to be
around 8 million, which corresponds to DOF of 40 million in terms of entire 5 variables,
and the time integral scheme was RK45 (5 stages). The first line shows results of GPU
(NVIDIA TitanV) which ranges between 0.52 and 0.83 for different polynomial orders.
The present values are comparable to those reported in [8]. The second line shows the
results of a straightforward implementation without vectorization, which shows
significantly (100 times) slower result than GPU. We have then changed the code as
explained above, and get a 10 times speed-up from the original implementation in the
third line. Furthermore, the SoA size and OMP_NUM_THREADS were also tuned, and
finally the time of t=1.67 with p4 had been achieved. However, the speed was still
slower than GPU (t=0.57), and thus, we have further investigated the implementation
this year. Consequently, the number of queues for calling kernel has been changed to
single queue after a drastic change of the entire structure of the code. Then, we have
achieved three times speed-up, i.e., t=0.71, as in the last line of Fig. 5, which is
sufficiently comparable to the existent GPU (Titan V) performance (t=0.57). Finally, the
new PyFR code was tested on large scale VE system (AOBA at Tohoku University) and
the strong scaling upto 576VEs has been investigated. The result is shown in Fig. 6,
which is not perfectly scalable, but the performance is considered sufficient for practical
simulation with a large number of parallelization of VE.

Figure 5 : Time (109 s) per DOF per right hand side evaluation for a Taylor-Green
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vortex simulation on an NVIDIA TitanV GPU and NEC SX-Aurora

VESs strong scaling (MPI-OpenMP hybrid: OMP NUM THREADS=8,
1 process / 1 VE with 8 cores)

7 p—0— NC=250(DoFs=(NC*(p+1))~3=1.95e+09) -

Speed ups
w

N
T

Q Q Q ~Q ©
® ,\/b q)‘b n;l» <,;\
Number of VEs (1 proc./1 VE)
Figure 6 : Strong scaling of PyFR on NEC SX-Aurora (AOBA at Tohoku University)

4. Summaries

This project developed an inlet turbulence generation algorithm for a cross platform
based parallel computation, and the algorithm was demonstrated to simulate flows over
the low-pressure turbine blade. In this report, we started from the conditions for the
flow simulation, and then explained the details of inlet turbulence generation including
its algorithm and performance test. The results of flow simulations over the
low-pressure turbine blade shows that the effect of turbulence is significant in the
prediction of wake expansion behind the blade in the present Re=90k case. Furthermore,
the implementation of the FR scheme on vector architecture (NEC SX-Aurora) has been
tested, and its performance were investigated. The results are promising in that the
fully vectorized code was obtained by a series of tuning, and 150 times speed-up has
been achieved. The strong scaling has been also shown with 576VEs at AOBA of Tohoku
University, which is considered sufficiently efficient for practical computation with a
large number of partitions.
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1. Purpose of the project

Generating droplets from liquid and spraying them are the important elemental
technology in environmental energy devices. When the size of this droplet becomes
smaller and faster, the measurement becomes very difficult. Therefore, we aim at
developing the measurement method for the performance improvement of the devices
through the EHD technologies.

2. Details of program implement

In this study, we exchanged the research information through online meetings and a
special lecture given by Prof. Cotton.

The special seminar entitled “Electrohydrodynamics (EHD): the next generation
thermal management technology” was insightful and informative. The content includes
following topics. (1) Identification of the primary mechanism of heat transfer
enhancement and even deterioration - the interfacial forces on flow pattern. (2)
Methodology to numerically simulate the electric field distributions in two-phase flow
and estimate the effect that the interfacial forces have on flow pattern. (3) Development
of a theoretical EHD flow pattern map for annular channels. (4) Discovery of unique
flow regimes resulting from the influence of EHD. (5) Ability to independently control
pressure drop and heat transfer coefficient by varying AC voltage, frequency and/or
waveform. (6) Discovery of solid-liquid phase change thermal storage and
electrophoretic bifurcation convective cell enhancement through EHD.

Prof. Sato introduced following his research topics through online meetings. (1)
Initiation and propagation mechanism of underwater streamers: We clarified that a
primary streamer propagated intermittently synchronized with appearance of pulsed
currents with velocity of 2.5 km/s and a secondary streamer propagated with around 20
km/s during a continuous current appears. (2) Chemical transport by plasma actuator:
To apply medical applications and environmental treatment, we have clarified flow
patterns and mechanisms of plasma induced flow. Bullet type of thermal flow is
generated when plasma is generated from the tip of the electrode to the water surface.
This flow generates circulating flow in water and enhances the chemical transport
generated by plasma. (3) Dynamics of plasma-induced cavitation bubble: We aim at
developing a medical instrument using plasma in water by investigating dynamics of
rebound bubbles. The rebound dynamics changes due to inclusion of hydrogen gas,
which is non-condensation gas, when the bubbles are generated by plasma such as laser
or spark.
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3. Achievements

Although Prof. Cotton was unable to visit the Institute of Fluid Science in this year
because of COVID-19, we were able to understand each other's research strengths and
discuss how to use them in energy equipment and high-speed mist measurement
applications.

4. Summaries and future plans

We have decided to continue the collaboration research and plans to visualize EHD
flows using Prof. Sato’s laboratory equipments and also develop measurement methods
of high-speed mist using EHD technologies.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

thermal management technology, The 21st International Symposium on Advanced
Fluid Information (AFI-2021), 7> 7 A > Bi&, (2021), Presentation No. CRF-82.

3) Patent, award, press release etc.
(Patent)

Not applicable.
(Award)

Not applicable.
(Press release)
Not applicable.
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Stability of jet diffusion flames cofiring with carbon-free ammonia

Hideaki Kobayashi**¥, Dany Escudie*®
Cedric Galizzi*1f, Manuel Kuhni*,
Akihiro Hayakawa**, Sophie Colson**
*CETHIL, INSA de Lyon, France
**Institute of Fluid Science, Tohoku University
TApplicant, $¥Non-IFS responsible member

1. Purpose of the project

Ammonia (NHs) is a promising carbon-free fuel. Though mainly produced from
hydrocarbons nowadays, it has a strong potential for a carbon-neutral society as it can
be produced from renewable resources and present major advantages for energy
transportation and storage of those highly intermittent resources. The energy stored
can then be used through direct combustion of NHs in a wide range of applications
currently based on the combustion of fossil fuels, such as the power, industry, or
transportation sectors.

Nonetheless, the use of NHs in those applications is challenging due to the properties of
NHs as a fuel, with low burning velocity, which might lead to stabilization issues, high
ignition energies, as well as the emissions of NOx, harmful to the health and
environment which should be managed carefully. Investigations of NHs and NHs blend
fuel are thus necessary for its development, and the determination of its fundamental
characteristics is essential.

Jet diffusion flames configurations are a common, simple configuration often employed
in combustion research to study flame stabilization. This simple configuration also
enables relatively simple modeling, which can be employed to confront existing kinetics
with experimental results. Though being simple, this configuration is also close to
several industrial applications such as industrial furnaces and can be employed for the
investigation of NHs use in those applications.

In this collaborative research project, NH3s/CH4 flames were investigated as a means of
direct reduction of CO2 emissions by the introduction of NHs. The flame stabilization
domain and the effect of NHs addition were investigated experimentally in a jet flame
configuration. In addition to the evolution of the stabilization domain, the evolution of
the stabilization dynamics at the base of the flame and its interaction with the burner
was observed up to liftoff by observing the flame tip position as well as the heat transfer
to the burner lip. The change in the local flame stabilization was mostly attributed to a
change in the chemistry, with a variation of the mixture reactivity, and stoichiometric
mixing fraction, changing the local dynamics at the flame base.

Quantitative experimental measurement in this region however remains complex, and
numerical analysis is considered in the present work to go further in the analysis of the
local stabilization dynamics. The objective of the present study is thus first to model the
experimental configuration used, validate this model based on the experimental
observation, confirm the dynamics inferred from the flame position evolution, and
finally use the numerical model to observe the flame tip structure and its evolution with
NHs addition.
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2. Details of program implement

The present collaborative research started in 2017 in the framework of a double-degree
Ph.D. thesis on the study of fundamental combustion characteristics of
ammonia/methane blends. It completes experimental work performed in the CETHIL in
France from 2018, including flame stabilization domain determination with ammonia
addition, and a detailed study of the local stabilization up to liftoff.

The experimental results obtained in France, relative to the local stabilization dynamics
of the flame up to liftoff, were further analyzed to observe the evolution of the local
couplings (aero-thermo-chemistry) which led to the earlier liftoff in the case of ammonia
addition. The resulting analysis, based on experimental observations, was described in
a journal paper published in 2021.

This work was then completed using numerical simulations as a way to investigate the
flame structure and the local dynamics, including fuel mixing and local velocity at the
burner lip which can not be investigated experimentally. In addition, the development of
a numerical model for the configuration is also an essential tool for understanding the
dominant parameters in the stabilization couplings, as each coupling parameter can be
artificially modified, and their effects observed independently. This numerical part of
the study was performed in the IFS, using OpenFOAM software with a fully detailed
chemistry for NHs/CH4 blends, taking advantage of the AFI-NITY supercomputer
facility in the IFS.

3. Achievements

In previous experimental work, the flame base position was observed experimentally. It
could be observed that its position changes up to liftoff under the combined effect of the
local flow velocity, but also thermal interaction with the burner and change in the fuel
gas properties as shown in Fig. 1.
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Figure 1: Evolution of flame position with increasing jet velocity, and for various
ammonia mixing ratios £. Black symbols represents the flame tip position just before
liftoff. from Colson et al., Combust Flame, 2021

Particularly, the change in chemistry associated with ammonia addition was assumed
to be predominant through the decrease of the mixture reactivity and the change in the
stoichiometric fraction. The couplings observed experimentally suggested that flame
position was strongly affected by the change in the mixture reactivity (and thus the
local velocity of the flame) and the change in stoichiometric mixture fraction, pushing
the flammable mixture domain into a region of higher local velocities, and consequently
requiring the flame to stabilize further away from the burner. The thermal interactions
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with the burner were shown to be strongly correlated with the change in flame position.
The results of this analysis were published in an international peer-reviewed journal
and presented at the international conference of fluids dynamics (ICFD2021).

Simple simulations were first realized to clarify the evolution of the local mixing
fraction and local velocity for the cold flow case as shown in Fig. 2. The simulations
corroborated the experimental analysis, and particularly, the local evolution of the
stoichiometric mixture fraction line, Z:. Whereas the flow field is merely affected by the
increase in ammonia content, the variation in mixture physical properties remaining
minor and the white streamlines remaining identical, the stoichiometric mixture
fraction iso-contour in red is located closer to jet center.

U;=0.03m/s U;=0.05m/s U;=0.15m/s U;=0.30 m/s U;=0.50 m/s Ur=0.95m/s Us=2mls Ui=5mis

(a)

N EENEEEEIN (MW EENEEENENIENENAD
(b)

N EEEEEE O EEYEENEIISD
Figure 2. Effect of the jet velocity on local mixing fraction and flow field (a) CH4 case; (b)

NH3/CH4 case with £=0.3. Cold flow laminar simulations.

Investigations of the NH3/CH4 flame structure at the tip was started, as represented in
Fig. 3, first to confirm the chemiluminescence observation, and then to observe the
formation of pollutants species in the flame. Flame simulation using the Okafor
mechanism detailed chemistry agreed qualitatively with the experimental observations
but some refinements will be necessary to go further as developed in section 4.

(a) CH (b) NH (c) NO (d) HCN

6.0E8 1.3E° 4.0E 1.2E3

0 0 0 0
T AT aimn
Figure 3. Flame intermediates species distributions for £ = 0.3 and Ur= 0.95 m/s. (a)
CH; (b) NH; () NO; (d) HCN. Simulation using Okafor mechanism.

4. Summaries and future plans
The present work enabled to get a deeper understanding of the effect of ammonia
addition on the evolution of the flame local stabilization up to liftoff. The preliminary
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numerical simulations confirmed the analysis of the experimental observations. In
future work, the modeling of the flame will be refined.

Particularly, the thermal interaction with the burner will be further investigated by
observing the effect of the wall thermal boundary conditions on the flame position for
both methane and methane/ammonia flames. In addition, radiation heat losses were not
modeled in the present work and will be included in further development. Indeed, major
changes in the radiation properties of the flame are expected to occur with ammonia
addition through the change of the flame temperature and radiative species.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)

Stabilization mechanism of an ammonia/methane non-premixed jet flame up to
liftoff, Combust Flame., 234 (2021), pp. 111657, doi:
10.1016/j.combustflame.2021.111657.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

stabilization dynamics of ammonia/methane non-premixed flames, ELyT Workshop
June 2021, online, (2021).

[3] S. Colson: Breaking the wall of carbon emissions with ammonia, Falling Walls Lab
Sendai, online, (2021).

[4] S. Colson: Study of ammonia combustion fundamental characteristics, 11th Saudi
Arabian Section of the Combustion Institute Meeting, online, (2021), invited talk.

Stabilization Dynamics of a Methane/ammonia Non-premixed Jet Flame Up to
Liftoff, 7 Proceedings of the Twenty-first International Symposium on Advanced
Fluid Information, Sendai, (2021), Paper ID5117-1 (Presentation 0S22-1/0S23-3).

3) Patent, award, press release etc.

(Patent)

(Award)

Grand Prix of the Jury Award at the France-Japan Science Photo Contest “Hidden
Beauty of science — Beauté cachée de la science” hosted by the Embassy of France in
Japan for the picture “Toward decarbonized combustion (Vers une combustion
décarbonée)”

(Press release)
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Thermal AcTuation and energy hArvesting using MultlIphysic alloys (TATAMI)

Mickaél LALLART*§, Hiroyuki MIKI**{%, Gaél SEBALD*** Tetsuya UCHIMOTO**
*Univ. Lyon, INSA-Lyon, LGEF EA 682, F-69621, France
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1. Purpose of the project
TATAMI aims at investigating thermo-mechano-electrical and
electro-thermo-mechanical energy conversion materials and systems. The project
objective is to propose alternatives to conventional ways for thermal energy harvesting
devices and actuators, thanks to materials providing couplings between the electrical,
magnetic, thermal and mechanical domains (Figure 1). To this end, commercial (or
ready-made) or homemade alloys are considered and included within a global approach
driven by “material and device by design” philosophy. The project thus encompasses
material, structural and interfacing aspects through:

1) The design or selection of appropriate materials, such as conventional
ferromagnetic materials (e.g., Phytherm from Aperam -
https://www.aperam.com/product/), or new MultiPhysics Memory Alloys (MPMA,
coupling thermal, magnetic and mechanical physical domains), such as Heusler
alloys.

2) The design of innovative thermal energy harvesters, based on heat engines that
allows providing mechanical and thermal oscillations from constant temperature
gradients, that can then be efficiently converted into electrical energy through
piezoelectric and/or pyroelectric effects for instance. By proper design of the
structural and electrical interfaces, such approaches may provide attractive
approaches to conventional thermoelectric modules that suffers from high thermal
conductivity.

3) The development of small-scale integrated actuation devices, whose mechanical
movement is triggered by temperature, directly or indirectly (.e., Joule heating
through the application of an electrical current or use of thermoelectric modules).
To this end, bistable mechanisms, obtained by mechanical and/or magnetic
interactions, are considered for providing energy-efficient approaches compared to
classical solutions.

4) The conception of dedicated electrical interfaces for harvesting or for actuation. For
both application objectives (harvesting or actuation), one particular aim of the
development of such interfaces will be to provide energy-efficient circuits, either to
provide realistic self-powered sensors using harvested energy, or to facilitate the
global integration of the actuator.
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Figure 1: TATAMI concept.

2. Details of program implement

The origins of the TATAMI project lie in previous collaborations in the framework of the
ELyT initiative, such as ELyT Global International Associated Laboratory (then
International Research Network) and JSPS Core-to-Core project entitled “International
research core on smart layered materials and structures for energy saving”. Another
important aspect in the root of the project was the long-term research stay of Prof.
Lallart in the framework of an invitational JSPS fellowship (2019-2020) which, among
other aspects, allowed defining the project.

Hence, based on these preliminary results, TATAMI aims at exploring new ways for the
use of energy conversion materials able to couple three to four domains of Physics
(mechanical, thermal, magnetic and electrical). Based on the complementary skills of
the partners regarding material elaboration, material physics and device development
(structure and electrical interface), the project is driven by a “material and system by
design” approach, that consists in considering the device as a whole for a global
understanding and optimization. To this end, the project is divided into 4 Work
Packages with tight connections between each other:

- WP1 - material selection, fabrication and optimization: the first task lies in the
selection of materials, either through homemade composition or suitable
commercial samples. The material under consideration will show multiphysic
coupling with optimized properties in terms of conversion between mechanical,
thermal, magnetic and electrical domains.

- WP2 - MPMA modeling and characterization: the optimized integration of the
material goes through a fine understanding of the underlying mechanisms at
the origin of the coupling. Hence, deep characterizations at microscale levels will
be compared with theoretical development. The later, once confirmed, will
permit highlighting the parameters of interest in order to properly tailor
next-gen materials. In addition to this interaction with WPI1, the
characterization will also give premium properties for the integration achieved
in the next Work Packages.

- WP3 — energy harvesting device: from the material characteristics and coupling
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aspects, as well as the characteristics of the operative environment (e.g.,
working temperature and temperature variation range), original structures for
energy harvesting will be envisioned, based on heat engines transforming heat
gradient into mechanical oscillations and local temperature time-domain
variations. This WP will also include the development of suitable electrical
interface.

- WP4 — actuation system: in addition to energy harvesting device, actuation
systems based on thermal to mechanical conversion are also under consideration,
thanks to magnetic interactions that are dependent upon the temperature of
parts of the device. Still in close relationship of the previous Work Packages, the
principle here will be to design and implement energy-efficient small-scale
actuators, for example taking advantage of bistability. Electrical driving circuits
are also part of this investigation.

While the support of JSPS through invitational fellowship allowed starting the work in
FY2020 (until June 2020), the premises of IFS Lyon Center (LyC) in Lyon provided
significant support for the collaborative work, especially in regards to the sanitary
situation that prevented from traveling.

3. Achievements

Summary of previous achievements

The first part of the project work was devoted to the understanding and associated
modeling of a home-made material (NissCosMnsselnis4 Heusler alloy), as well as its
applications to thermal energy harvesting through the use of heat engines.

It enabled the understanding of temperature-dependence of the material magnetic
properties, thanks to the consideration of two simultaneous phase transitions (first
order structural transition and second order ferromagnetic one - Figure 2), revealing the
mechanisms behind these transitions for a better material tailoring?.

Following this characterization and physical model of considered materials, these have
then been applied to the design of a novel energy harvesting device exploiting the
remarkable characteristic of magnetic property gain with temperature of the considered
alloy. Furthermore, the proposed device allowed the development of innovative

SMA transition — Martensic/Austenite: first order
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Figure 2. MPMA model principles and results.

1 M. Lallart, H. Miki, L. Yan, G. Diguet, M. Ohtsuka: Investigation of Low Field Response of
Metamagnetic Heusler Alloys as MultiPhysic Memory Alloys, /. Phys. D’ Appl. Phys., Vol. 53
(2020), 345002. DOI: 10.1088/1361-6463/ab8c7c
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approach for thermal energy conversion thanks to a direct conversion of the generated
temperature variations to electricity thanks to the use of pyroelectric elements?,
yielding a gain up to 25 in terms of energy density compared to similar devices.

Achievements in F'Y2021

While previous year focused on the material characterization and energy harvesting
first structures, work achieved in FY2021 mainly focused on the actuation device. The
use of bistable devices was considered in order to provide energy-efficient solutions.
More particularly, the principles lie in tailoring the magnetic interaction between
permanent magnets and ferromagnetic materials (Aperam® Phytherm iron-nickel soft
magnetic alloy3) or Ferromagnetic Shape Memory Alloys (FSMA) that lose their
magnetic properties with the temperature, along with heating element such as power
resistors or thermoelectric modules (Figure 4). For instance, considering the expression

(a)

(b) (0)
Figure 3. MPMA/pyroelectric heat engine: (a) schematics, (b) implementation and (c)
experimental response.

2 M. Lallart, L. Yan, H. Miki, G. Sebald, G. Diguet, M. Ohtsuka and M. Kohl: Heusler
Alloy-Based Heat Engine using Pyroelectric Conversion for Small-Scale Thermal Energy
Harvesting, Applied Energy, Vol. 288 (April 2021), 116617 (13 pages),
https://doi.org/10.1016/j.apenergy.2021.116617

3 https!//www.aperam.com/product/phytherm-55/
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of the magnetic field Bcreated by a cuboid magnet at a distance x as4:

B(x)= 5. [arctan[(ﬁd-cm"l)\/‘lmzH’mzJ’()“W’”CM)2 J—arctan[(ﬁd) a,>+b,> +(x+d) H @

” am bm am bm

with Br the remnant field, am, bm and cm the magnet dimensions, and d the magnet
boundary and the expression of the material permeability ¢ as a function of the

temperature 7'given bys:
Iy
ﬂ(T)=:uo+ﬂ0K[l_[T_j J (2)
C

where w0 and uox denote the vacuum permeability and material permeability at 0 K, 7¢
the Curie temperature and n a fitting factor, yields the results depicted in Figure 5 in
terms of force exerted on the moving magnet. It can be for instance seen that as the left
material is heated, the force progressively goes from a negative value (meaning that the
magnet is more attracted by this side compared to the right one) until the temperature
reaches a limit value where the force goes positive, relating the fact that the magnet
gets attracted to the right side. When the two alloy temperatures are equal the magnet
is still attracted by the side it is close to, denoting the stability of the position. This thus
shows that energy should be provided for heating only during transitions.

Such a concept was for example applied to a small-scale gripper (Figure 6). In that case,
thermoelectric modules were used for heating the ferromagnetic part. The use of
thermoelectric elements is here interesting as it can also be used for cooling down more
quickly ferromagnetic plates, hence allowing a higher operating frequency.
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Figure 4. Ferromagnetic alloy-based actuating principles.

4 M. Gueltig, F. Wendler, H. Ossmer, M. Ohtsuka, H. Miki, T. Takagi and M. Kohl:
High-Performance Thermomagnetic Generators Based on Heusler Alloy Films, Advanced
Energy Materials, Vol. 7 (2017), 1601879.

5 https!//www.aperam.com/sites/default/files/documents/Phyterm for%20induction.pdf
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Figure 5. Total force when heating left-side magnetic alloy (top) or right-side magnetic alloy
(bottom). Te=60 °C, n=0.6, ok =100u0.
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Figure 6. Small-scale gripper using ferromagnetic materials.

The development made in these directions allowed to initiate the patenting of an
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electrical protection device using the properties of the investigated materials. The first
application of the patent has been done in mid-2021, and feedback from the patenting
office will allow envisioning PCT extension in 2022. As this patenting process is not yet
finished, more information will be given in a future report.

Finally, the exposed principles can also be used for small-scale conveying devices
(Figure 7). In this case, the principles lie in considering an array of Multiphysic Memory
Alloys or ferromagnetic materials, potentially placed beneath a moving magnet (in
order not to block its movement). For the MPMA case, when the material is heated, is
gain in terms of magnetic properties will thus attract the magnet, yielding the
movement of the latter. For ferromagnetic implementation, the principle consists in two
adjacent materials so that they loose their magnetic properties, so that the magnet gets
attracted by the non-heated material close to it (another possibility is cooling down the
latter while not heating the former).

4. Summaries and future plans

TATAMI project is a project resolutely addressing multiphysic coupling, along with
multiscale analyses encompassing material, magnetic, thermal, mechanical and
electrical aspects and their interfaces (“material and system by design approach”) with
studies ranging from modeling and simulations through experimental investigations
and validations. This global analysis and systemic methodology are of prior importance
in multiphysic coupling and associated systems, as these coupling yields suboptimal
devices when associating parts that are independently optimized. Yet, in addition to this
global approach, TATAMI also opens new understandings and concepts in each
addressed field (e.g., material behavior).

As previously explained, while previous years developed the material aspects and
energy harvesting device, this year focused on actuation systems. With in minds the
small-scale aspect along with energy efficiency, the possibility of playing with the
magnetic properties of the considered materials through the temperature allowed the
development of new actuators such as a microgripper. Most of these actuators share the
same principle of a moving magnet between two MPMAs or ferromagnetic plates,
allowing bistable behavior that permits no energy consumption at rest in any position.
Heating can be achieved through resistive element (Joule effect), but thermoelectric
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Figure 7. Use of MPMA or ferromagnetic material for 1D or 2D microconveyor: a) FSMA/ferromagnetic
implementation; (b) MPMA implementation and (c) 2D extension (NB: magnet can be above or below
ferromagnetic/MPMA plates, so that its movement is not limited by them).
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coupling can also be taken into consideration as it brings the advantage of potentially
cooling the other active material of the device for increasing the performance (e.g.,
operational frequency).

Current work focuses on the optimization and transferability of the developed
transducers. In particular, an innovative electrical protection device finding its roots in
the exposed concept in under patenting, and further works will aim:

- On the scientific aspect: to finely model the behavior of the transducers to reveal
the key parameters to tune the device characteristics’ for given specifications.

- On the technical aspect: to develop and optimize a robust proof-of-concept design
showing the validity of the concept.

- On the applicative aspect: to foster partnerships with industrial companies (for
instance identified through valorization offices of universities) to ensure a
successful technology transfer.

Finally, electrical interfaces are still in the process of development, both for the energy
harvesting part and for the actuating devices. For the former aspect and assuming the
use of pyroelectric element in conjunction with the MPMA of ferromagnetic materials,
nonlinear interfaces will be particularly under consideration as they allow a significant
increase of the electrothermal coupling®. For the actuation part, efficient driving of
heating (and potentially cooling) elements, through a fine control of the transient and
steady-state heating process, could be an interesting investigation route, as well as
ensuring feedback regarding the actuator position.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
:A_ll_ogf_-]_Szi_séd_ Heat Engine u_s;r_lé_f;gr_oe_léc_t}ic Conversion for Small-Scale Thermal
Energy Harvesting, Applied Energy, Vol. 288 (April 2021), 116617 (13 pages),
https://doi.org/10.1016/j.apenergy.2021.116617

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
[2] M. Lallart, H. Miki, L. Yan, G. Sebald, G. Diguet, M. Ohtsuka, M. Kohl, Heat

engine based on MultiPhysic Memory Alloys and pyroelectric conversion for
thermal energy harvesting, ELyT Workshop 2021, online, June 21-25, 2021.

Heusler Alloy Based Heat Engine with Pyroelectric Energy Conversion,
Proceedings of the Twenty-first International Symposium on Advanced Fluid
Information (AFI-2021), Sendai, Japan, October 27-29, 2021.

3) Patent, award, press release etc.
(Patent under application at the moment of writing)

6 D. Guyomar, G. Sebald, S. Pruvost, M. Lallart, A. Khodayari and C. Richard: Energy
Harvesting From Ambient Vibrations and Heat, Journal of Intelligent Material Systems and
Structures, 20 (2009), 609-624. DOI: 10.1177/1045389X08096888
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Microfluidic Tools to Study Aerotaxis in Eukaryotic Cells

Jean-Paul Rieu*¥, Christophe Anjard*, Olivier Cochet-Escartin®*, Rémy Fulcrand*,
Kenichi Funamoto**f+, Satomi Hirose**
*The Institute of Light and Matter, Claude Bernard University Lyon 1
**Institute of Fluid Science, Tohoku University
TApplicant, 1IFS responsible member

Purpose of the project

It is well known that eukaryotic cells sense oxygen tension and change their
behaviors accordingly either by regulating gene expression as just highlighted by the
Nobel Prize in Medicine 2019. It is less known that they can also move to regions of
favorable oxygen level (aerotaxis) [M. Deygas, et al. Nat. Comm., 2018]. Using a
self-generated hypoxic assay, we showed at 1LM that the social amoeba
Dictyostelium (Dicty) displays a spectacular aerotactic behavior. When a cell colony
is covered by a coverglass, cells quickly consume the available O2 and move outward
of the hypoxia area, forming a dense expending ring moving at constant speed. Hence,
aerotaxis seems a conserved mechanism in various eukaryotic cells.

The self-generated hypoxic response in our spot assay combined with the easy use of
Dicty for quantitative biology provides a powerful experimental framework to
understand the molecular nature of the O: directed migration as well as the
detection and sensing mechanisms (sensitivity to a threshold or to a gradient,
response time, and cell adaptation). However, to get further insight in the Oz sensing
mechanisms, we need to develop oxygen gradient microfluidic devices to investigate
the cell responses to various types of Oz gradient as functions of gradient steepness
and absolute Oz level. Therefore, we designed a new device to study aerotaxis
adapted from Funamoto’s microfluidic devices for observations of cancer and
endothelial cells [K. Funamoto, et al., Lab Chip, 12 (2012), Integr. Biol., 9 (2017)]
during a two-month stay of K. Funamoto and S. Hirose in 2019. Dicty cells responded
in the 0-2% range of Oz concentration. This is an extremely low Oz concentration
indicating a very efficient Oz detection mechanism for those cells. We are trying to
understand which proteins are involved in the Oz detection and response pathways.

Details of program implement

The project was affected by the COVID situation as JP Rieu could not visit IFS in
2021 (nor in 2020). In particular, we could not achieve the development of a second
generation of device to adjust gradients in the Oz concentration range of 0.1-0.5%.
Fortunately, S. Hirose could join Rieu’s lab in Lyon from December 2021 for a
6-month stay (JSPS fellowship). We have continued to improve the existing
microfluidic device and successfully tested it with Dicty parental strains during
these two years both in Lyon and Sendai. Since December 2021, we are testing
mutant strains of Dicty and pharmacological compounds that, we believe, are
associated with proteins involved in the Oz detection and response pathways.
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3. Achievements

® We published a major paper in “eLIFE” journal in spring 2021 including the ring
assay, the microfluidic results, and a model. A complementary more detailed
paper focusing on the microfluidic device was published in “Processes” journal in
early 2022.

® We tested several mutants of Dicty, and among them, flavohemoglobin (Fh) null
mutants seems to show clear defect in aerotaxis. As this protein protects the cell
against nitric oxide (NO) damages, we also tested that the release of NO by the
chemical SNP has the same effect.

Figure 1: (Top right) Two-layer microfluidic device developed jointly by IFS and iLM
generates an Oz gradient between 0% and 21% in the x-direction with two gas channels
(in blue) above three media channels (in pink) with cells inside (in yellow). (Middle)
Microscopy images of cells inside the device along the x-direction. (Bottom) Examples of
aerotactic cell trajectories in the 0-2% Oz region (left) and random trajectories in the
10-20% Oz region (right). (Top right) Averaged cell displacement as a function of the
position of x along the gradient.

4. Summaries and future plans

We need to confirm the role of Fh and NO in the aerotaxis: NO could just be an
inhibitor of aerotaxis (and of aerokinetic, not shown) when not properly degraded by
Fh or a secondary gradient. Direct aerotaxis experiments with a NO gradient is
envisioned using the very same device. Our preliminary results indicate that Dicty
cells become aerotactic when Oz concentration is lower than 2%. The current device
can barely not control the Oz concentration down to 0.5%. We need hence to work on
a second generation of devices or to adjust protocols to control more precisely
gradient in the Oz concentration range of 0.1-0.5%.
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5. Research results
1) Journal (included international conference with peer review and tutorial paper)

aerotactic migration in Dictyostelium discoideum. eLife, Vol. 10, (2021), 64731, doi:
10.7554/eLife.64731.

Gradient ir_l_flgf_p_o;c ‘Conditions Enhances and Guides Dictyostelium discoideum
Migration. Processes Vol. 10, No. 2, (2022), 318, doi:10.3390/pr10020318.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
oxygen availability triggers aerotaxis and aerokinesis of Dictyostelium.
Proceedings of the LyonSE&N & ELyT Global Workshop 2021, (2021), pp. 31-32.
(4] BE#E 2, Jean-Paul Rieu, A ft—: (KEREAMIZ X 2 MIFRVERS B o BB P |2
BI3 250, AABMSSE 33 [ A= =7V > JiES, (2021), 1S1-13.

models. Proceedings of the 2I1st International Symposium on Advanced Fluid
Information (AFI-2021), (2021), pp. 221-222.

gradient under severe _h_y_p_oxzz; Cilgl;l_gé; _]_)_i(:t_yz)ége_li_um migration directionality.
Proceedings of the 18th International Conference on Flow Dynamics (ICFD2021),
(2021), pp. 487-488.

Aerotaxis and aerokinesis of "l_?;'cjt;/_ogt_e_ll_ﬂzg discoideum under hypoxic
microenvironments. Proceeding of the 43rd Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (EMBC 2021), (2021), pp.
1187-1190.

discoideum _zizei):e;lzhng on oxygen environment. Proceedings of the 11th
Asian-Pacific Conference on Biomechanics (AP Biomech 2021), (2021), AB-07.

3) Patent, award, press release etc.
(Patent)
Not applicable

(Award)
Outstanding Abstract Award, “Migration characteristics of Dictyostelium
discoideum depending on oxygen environment”, S. Hirose, J.-P. Rieu, and K.
Funamoto, December 4, 2021, The 11th Asian-Pacific Conference on Biomechanics
(AP Biomech 2021)

(Press release)
CNRS Press release, 2021. “Des amibes en mouvement a la recherche 'oxygéne”,
November 4, 2021.
https://www.inp.cnrs.fr/fr/cnrsinfo/des-amibes-en-mouvement-la-recherche-doxygen
ed
FAERFZZT LAY U —R, “Fgz RO TEN Ml AR O B2 253 5
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Response Characteristics of Cellulose Nanofibril under AC Electric Field

Hidemasa Takana*t, Florent Dalmas**§¥
Jean-Yves Cavaille**

Anthony Dichiara***, Heather Wise **
*Institute of Fluid Science, Tohoku University
**INSA Lyon
***College of the Environment, University of Washington
TApplicant, $¥Non-IFS responsible member

1. Purpose of the project

Cellulose nanofibrils (CNFs) with a width of around 4-20 nm and a length of around
1 micro meter have attracted significant attention as a basis for advanced bio-based
materials. To fabricate materials such as filaments or films with high mechanical
performance from CNFs, it is essential to align the fibrils in the macroscopic
structures. It has been demonstrated in the previous study that CNF's can be aligned
and assembled into strong filaments using a flow-focusing channel where an
elongational flow field is aligning the fibrils in the flow direction.

Takana, et al. of IFS Tohoku Univ. proposed AC electrostatic field in combination
with the flow-focusing technique for further control of the CNF alignment. AC electric
field is applied upstream of the flow-focusing location aiming at electrostatically
control the fibril alignment in the flow. The effect of the applied alternating electric
field on the CNF alignment in the flow will be clarified through numerical simulation.

2. Details of program implement
To realize the full potential of this method described above, a numerical simulation
has been conducted. The effect of the sheath flow inlet angle in the flow-focusing
channel on the cellulose filament fabrication was clarified through elucidation of the
elongational flow field during the material fabrication.

3. Achievements

In this study, the flow-focusing channel geometries with 90 and 45 degrees sheath
flow inlet angle are respectively considered. Both channels have 1 mm x 1 mm
rectangular cross-section. The channels have a double focusing configuration with
introducing first and second sheath flows. The CNF-water dispersion as a core flow is
introduced by a syringe pump at ¢-= 2.4 mL/h from the top. Water as the first sheath
flow is supplied from the side of the channel to create an elongational flow and HCI
solution is injected as the second sheath flow for the sol-gel transition of the CNF
dispersion. The distance between the focusing points of the first and second sheath
flows is set to 4 mm in both channels. The total flow rate of the first and second
sheath flow, @s+@st is 19.2 mL/h. The numerical simulation and experiments were
conducted with changing the sheath flow rate ratio @s/@si with keeping the total
flow rate constant.

Figure 1 shows the contour map of the strain rate for @s2/@s1 = 1.67 on the interface
for 90° and 45¢° inlets, respectively. The shear rate is locally larger around the
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Figure 1 : Contour of strain rate for @s2/@s1 = 1.67 at the CNF dispersion interface
(right) and in the cross section (left) for flow channel with (a) 90° and (b) 45° sheath flow
inlet.
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Figure 2 : Effect of flow focusing angle on the ultimate tensile strength and elastic
modulus of fabricated cellulose filament at different sheath flow rate ratio.

downstream corner of the first and second sheath flow inlet, which enhances the
nano-fibrils alignment by the shear effect. In the case of 450 inlet, strain rate is larger
in the vicinity of the first sheath flow inlet position.

Figure 2 shows the averaged ultimate tensile strength and elastic modulus of the
fabricated cellulose filaments using flow-focusing channel with 90° and 45° sheath
flow inlet, respectively for different sheath flow rate ratios. The fabrication procedure
is well described in the previous publications. For all flow rate ratios, higher ultimate
tensile strength is obtained for the channel with 45¢ inlet compared to 90° inlet.
Furthermore, in the case of 45° inlet, the ultimate tensile strength increases by 11 %
as flow rate ratio increases from 1.0 to 3.0. On the other hand, for 90° inlet, the
ultimate tensile strength decreases at @s/@s1 = 3.0. This enhancement in tensile
strength can be supported by the numerical simulation results showing larger strain
rate along the interface for 450 inlet as shown in Fig.1. There is no clear dependence of
channel configuration and flow rate ratio on the elastic modulus of fabricated
filament.
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4. Summaries and future plans

The effect of sheath flow inlet angle on elongational flow field in the flow-focusing
channel was clarified for cellulose filament fabrication from cellulose nano-fibrils. The
ultimate tensile strength of the fabricated filament increases with flow rate ratio of
the second (downstream) sheath flow to the first sheath flow. In the case of 45° inlet
angle of the sheath flow, the ultimate tensile strength increases by 11 % as the flow
rate ratio increases from 1.0 to 3.0 with creating larger area of higher shear rate
along the interface. The single fiber fabrication with assist of electric field will be
conducted under the optimized flow rates using the channel with 450 sheath inlet.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Takana: Effect of Electric Field on the Hydrodynamic Assembly of Polydisperse and
Entangled Fibrillar Suspensions, Langmuir, 37 (2021), pp. 8339-8347, doi:
10.1021/acs.langmuir.1c01196.

(2] BARFBE: iEhis & B4 EE Lo/ ML SN X 5 ' v — 2 HgkiE O & iR
- mEl, =X — - fLF - 7T b oRAEHEE JETL 69-4 (2021), pp. 58-61.

8] MAEFBE: Brmn—RF ) 77 A N—&FH LT DL 0 — 2 HHHED mIRE - mE
PEAb, IhZEEHGHT, 60-7 (2021), pp. 1-5.

(4] By it BfE, ®AHE fh 37 %4 7/ h—R v - F e — 2055 - Bl
A IR 5 11 & s ES & iiEi 2 A6 W7z CNF Blmis, v —T Ay
— i, (2021), pp. 242-251, ISBN 978-4-7813-1628-4.

[5] HAHE, RARFE: Bro—A W0 oF /7 BHEFFER IR T 2 8E I 2
—vay, BABEBESEE THEEM =—a2—21v%— 2 A%, (2021),
https://www.jsme-fed.org/newsletters/2022_2/no4.html.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

[6] H. Takana and S. Fukumori: Effect of Flow-Focusing Channel Geometry on
Field-Assisted Alignment of Cellulose Nanofibrils, Proceedings of the Twenty-first
International Symposium on Advanced Fluid Information, Sendai, (2021), 0S22-3,
pp. 197-198.

Aligned Nanocellulose and Carbon Nanotubes Synthesized by a Filed-assisted
Flow Focusing Method, Proceedings of the Twenty-first International Symposium
on Advanced Fluid Information, Sendai, (2021), CRF-20, pp. 46-47.

(8] fE4x B, ®mAFE: 7Ju—Tx—" LU 7EICBT ST MR ER S RICE T
D RERIENT, B A S 5 99 BV A L7 P9 58 2 5 SC4E, online, (2021),
0S08-09.

[9] HAHE, AEFE: Bruo—2A W00 T /7 B ERMICET 2 5E I 2 L
—ar, HAMIYS 5 99 MR TP 2256 SC2E, online, (2021), 0S08-10.

3) Patent, award, press release etc.

(Patent) 72 L

(Award) Award, presentation titles, name or group, date of awarded, organizer of award.

[1] 2020 £ B AR S HINE, [RiES B L OMMEREY: 2 AW o a8t /i
HERC M S OBRFE ), B AR 4, 2021 428 A 25 H.

(2] EHHER, 2o — R0t oF /BRIl 2 8EY I 21—
V1, BARBHES B 99 WIVEIAR Ly sk <s, 2021 £ 11 H 9 H.

(Press release) 72 L
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[1] Shuta Noro, Hiroshi Koibuchi, Satoshi Hongo, Shinichiro Nagahiro, Hisatoshi Ikai,

simulation of protoplasmic streaming by 2D MAC method,
http:/arxiv.org/abs/2112.10901  (FFEHE

[2] Shuta Noro, Hiroshi Koibuchi, Satoshi Hongo, Shinichiro Nagahiro, Hisatoshi Ikai,
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3)
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Numerical model ing of the particle temperature evolution during the cold spray process

Chrystelle Bernard*f, Hidemasa Takana**{¥
Olivier Lame*** Kazuhiro Ogawa**** Jean-Yves Cavaillé*****
*Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Japan
**Institute of Fluid Science, Tohoku University, Japan
***MATEIS, INSA de Lyon, Université de Lyon, France
***%* Fracture and Reliability Research Institute, Tohoku University, Japan
wR*xFELyTMaX UMI 3757, CNRS — Université de Lyon — Tohoku University,
International Joint Unit, Tohoku University, Japan
tApplicant, ¥IFS responsible member

1. Purpose of the project

During the cold spray process, particles are accelerated through a DeLaval nozzle before
impacting a substrate. During the process, particles are submitted to the surrounding
gas resulting in an increase in their temperature. Knowing the particle temperature
allows having better insight into the particle deformation during impact. Unlike
metallic particles, whose temperature is relatively homogenous, polymer particles
exhibit a non-negligible temperature gradient. As polymers are highly sensitive to
temperature and strain rate, the first step in understanding their impact behavior
starts with clariflying their thermal history during the flight.

2. Details of program implement

In our previous research (paper accepted in April 2022 to the Journal of Thermal Spray
Technology), we investigated the particle history inside the cold spray nozzle.
Computational Fluid Dynamics simulations (CFD) have been used to assess the fluid
dynamics and the evolution of the particle temperature and velocity during the flight.
However, if the particle velocity can be compared to experimental data, it is rather
difficult to measure the temperature of micrometer-sized particles projected at more
than 150 m s'l. During the CFD simulations, the particles are considered as discrete
elements. Thus, no consideration of the particle volume is made despite the existence of
a thermal gradient, as stated in our previous research (Bernard et al., Journal of
Material Processing Technology, 2020). Therefore, the particle temperature obtained
from the CFD calculations is merely the average particle temperature.

To obtain an accurate map of the particle temperature distribution during the cold
spray process, multiphysics simulations, considering both fluid dynamics and heat
transfer, are a prerequisite. Using COMSOL Multiphysics, the model illustrated in
Figure 1 was developed. The boundary conditions for the gas temperature, pressure,
and relative velocity are based on our previous calculations. Different particle sizes are
under investigation. However, for the purpose of this report, only one particle size will
be discussed.
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Figure 1: 3D model and boundary conditions used for simulating the gas dynamics around
the particle and the particle thermal gradient.

The time evolution of the gas temperature (7%), gas pressure (P), and gas relative
velocity (V) are illustrated in Figure 2 for a 60 um particle. Initially, the particle is at
300 K, and its velocity is null.
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Figure 2! Boundary conditions. Time evolution of the gas temperature, pressure, and
relative velocity for a 60 pm particle. These boundary conditions come directly from the CFD
simulations.

During its flight, the particle is influenced by the gas behavior and experiences its
temperature increase, as shown in Figure 3a. Besides, change of the velocity direction
behind the particle appears (see Figure 3b), which could be explained by the apparition
of small vortices. It is expected that the fluid regime evolves during the particle's flight
due to velocity differences. Thus, at 700 m/s large vortices appear in behind the particle.
In addition, it is important to note that the particle is here considered spherical, which
is an ideal case of the polymer particle geometry. In reality, the polymer powder exhibits
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a more random shape. Thus, the particle will more likely rotate to minimize the viscous
drag during its flight, which is not and will not be included in the model. The
temperature gradient observed in the particle (see Figure 3a) leads to a gradient of
mechanical properties determinant to understand the particle deformation behavior
upon impact.

Figure 3: a) Temperature and b) velocity maps of 60 pm particle before its impact on the
substrate. These results were obtained at the final time (1.68 ms).

3. Achievements

During the past year, we wrote a paper on the previous year's project regarding the
influence of the pipe's inner shape on the particle history and its probability of
rebounding inside the cold spray nozzle. The paper has been accepted for publication in
the Journal of Thermal Spray Technology in April 2022. Therefore, it will be listed in
next year's achievement list.

Also, after several difficulties, we successfully managed for our simulation to work as
we expected. After validating the temperature distribution for given particle size,
several other particle sizes were planned to be investigated. The calculations are
currently running for several other particle sizes. A paper relating to the particle
thermal gradient is being written.

4. Summaries and future plans

During the cold spray process, even though the flight duration is short, polymer
particles are submitted to an important thermal gradient that could easily reach 80 K
for 60 pm particle. Such a finding is to put in perspective of the low thermal conduction
of polymer material and the high strain rate and temperature dependence of their
mechanical behavior.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

thermal gradient of polymer particles during cold-spray process, Proceedings of the
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Twenty-first International Symposium on Advanced Fluid Information, Sendai,
Japan, October 2021

polymer coating by cold spray process, ELyT Worshop 2021, online, June 2021

3) Patent, award, press release etc.
(Patent) Not applicable.

(Award) Not applicable.

(Press release) Not applicable.
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Multiscale simulation of carbon electromigration in iron
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Takashi Tokumasu***¥
*Graduate School of Engineering, Tohoku University
**LAMCOS, INSA-Lyon
*** Institute of Fluid Science, Tohoku University
TApplicant, $¥Non-IFS responsible member

1. Purpose of the project
Electromigration is an electric field induced mass transfer in solids. To describe
this phenomenon, the model considers that each specie has an equivalent electric
charge. This project has to main objectives: determine the physical phenomena that
lead to this equivalent electric charge in order to simulate electromigration at the
atomic scale.

2. Details of program implement

In this study, the EAM (Embedded Atom Method) potential was used as the
intermolecular force. The EAM potential is the potential used when reproducing a
metal crystal. The electric field strength was kept constant and the temperature
was changed. In order to analyze the electric field dependence, the temperature
was kept constant and the electric field strength was changed. It was applied in the
x-axis direction. Fig.1

In the particles of the initial structure shown in Fig. 1, red represents iron atoms
and yellow represents carbon atoms. As shown in the figure, 4000 iron atoms in the
body-centered cubic lattice are arranged, and one carbon atom is arranged in the
structure. As the analysis contents, the displacement of carbon in the direction of
the electric field with respect to time, each temperature, and the velocity with
respect to each electric field strength were investigated for both electric field
dependence and temperature dependence. The result is shown in Fig. 2.

Regarding the electric field dependence, it was found that the displacement of
carbon becomes linear when the electric field strength is constant. This indicates
that the velocity of carbon is constant, and there is no change in the kinetic energy
of carbon. It can be seen that this suggests that the energy received from the
electric field due to collision etc. is transferred to the crystal lattice of iron. It can be
seen that the velocity increases linearly as the electric field strength increases.

Regarding the temperature dependence, it was found that the displacement
increases as the temperature rises. This is because the energy of the carbon atom
increases as the temperature rises, and it becomes easier to overcome the energy
barrier of the potential. It is also possible. It was also found that the velocity
increases linearly as the temperature rises. By using this gradient, carbon transfer
by an electric field at a low temperature close to the actual system is obtained from
the calculation results at a high temperature. You can predict the speed.
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3. Achievements
In this study, we clarified the dependence of temperature and electric field on the
migration of carbon atom and the aim in this year is achieved.
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Fig. 2: The position of carbon atom

Fig. 1: Initial Structure versus the time at different E

4. Summaries and future plans
Next year we will make a simulation system which includes multiple carbon atom
and we will analyze the dependence of carbon concentration on the diffusivity of
carbon. Moreover, we will simulate the phase change of iron including carbon atoms.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Simulation of Carbon _]_El_e;:';rgr_n_ig?razior_l_ in _Ir_on_,_ _f’;o_c_eéZ{;ngS of the Twenty-first
International Symposium on Advanced Fluid Information, Online, (2021).

[2] AbRER, JEH4AER, Patrice Chantrenne, TEM§S:: &Y FIZHIT HBEMMEI O K FE

JEBUZ RIS 2 2 FRmbOfigtly, B ARHEIR 72 2021 4EEEAERCR 4, Online, (2021).

3) Patent, award, press release etc.
(Patent) Not applicable

(Award) Not applicable

(Press release) Not applicable
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1. Purpose of the project

Compact magnetic circuits are promoted in the design of new aircraft. However,
compactness and proximity mean higher working temperatures and mechanical
stresses resulting in undesired aging behaviors. These low magnetic dynamic
phenomena are complex to observe and consequently weakly analyzed. In this project,
we develop alternative characterization methods. Combined with simulation results, we
improve the observation of magnetic aging in modern soft ferromagnets (mostly
nanocrystalline materials).

2. Details of program implement

The electrification of modern transportation is a source of intense research. The
objective is to improve the versatility and the energy conversion. Electrification needs
magnetic supports. The magnetic circuits have to be compacted and of reduced losses.
Reducing the volumes triggers variations of the working conditions (higher
temperatures and mechanical stresses) and low-frequency degradations of the magnetic
properties.

The aging of modern soft ferromagnetic materials is a contemporary investigation
challenge. Different ways can be followed, according to the nature of the magnetic
material (polycrystalline, nanocrystalline, amorphous, ferrites, etc.).

Relatively Few papers are found to be [1][2] dedicated to the aging of FeCuNbSiB
nanocrystalline materials. The main magnetic property that finds interest in these two
references is permeability, which can be expressed with a logarithmic predictive law. It
is noticed that the permeability decreases with aging, whatever the annealing type is
(without or with a transverse magnetic field annealing). According to reference [2], the
reason relates to the induction of local anisotropy energy during aging. The latter is
introduced in each magnetic domain due to a short-range atomic diffusion.

In 1988, Yoshizawa and his team discovered a new iron-based alloy presenting very
soft magnetic properties [3]. It is the oldest alloy of the Finemet nanocrystalline family,
having a composition of FepallanceCuo.5-1Nb2-3S112-16Bs-9. It was cast as an initially
amorphous ribbon transformed to the nanocrystalline state by a subsequent annealing
treatment in the temperature range of 500—600 C for around one hour.

The nanocrystalline alloys consist of a crystalline phase in the form of nano-grains
(10-15 nm) distributed homogeneously in the rest of the amorphous structure (1-2 nm
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of amorphous separation of nano-grains). The 70% of the crystalline phase is very poor
of Si. The formation of such a structure with grain size around 10-15 nm requires a
high nucleation rate and a slow growth rate of the grains. The nanocrystalline alloys
with the composition of Fe73.5CulNb3Si15.5B7 owe their nanocrystallization to the 1
at.% Cu and 3 at.% Nb playing, respectively, the role of nucleation and controlling the
grain size [4][5]. Applying the annealing (500-600 °C, one hour) without an external
magnetic field allows to obtain nanocrystalline alloys with high DC (direct current)
permeability ranged between 500 000 and 106. But this permeability can be reduced in a
controlled way to amplitudes of 104, 103, and even 102. Such a wide range of
permeability is possible due to the annealing steps: annealing under transversal
magnetic field and annealing under mechanical stress [6][7]. In this project, we are
developing alternative characterization methods (Magnetic Barkhausen Noise (MBN),
Magnetic Incremental Permeability (MIP)). Combined with simulation development
and results, we improve the observation and understanding of magnetic aging in
nanocrystalline materials.

In Ampére laboratory in France, L. Morel and M.A. Raulet (Ampére) have been
testing aged ferromagnets by plotting their hysteresis cycles [8][9]. Different indicators
have been observed, including the hysteresis area, remanence, coercivity, and
permeability.

At the same time, at Tohoku University and in ELyTMaX in Japan, alternative
characterization methods, including the Magnetic Incremental Permeability (MIP) or
the Magnetic Barkhausen Noise (MBN), have been developed. These characterization
methods provide alternative information on the magnetization processes. The idea is to
isolate the magnetization mechanisms. These mechanisms can be regrouped into 5
categories
e the magnetic domain wall bulging (in the low amplitude range [8][9]),

e the domain wall irreversible motions (in the middle amplitude range),

the magnetization rotation (in the high amplitude range),

the domain wall frequency dependence, ripples, and avalanches phenomena [10],

the macroscopic eddy currents (Skin effect [11]).

The domain wall bulging is well observed with MIP. Similarly, irreversible motion can
be characterized by MBN. They are complementary to the standard B(H) hysteresis
cycles and to the limited permeability observation.

Fig. 1 Quasi-static hysteresis loops of a high permeability Finemet nanocrystalline core
measured at 1 Hz for different aging times (extract from [12]).
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3. Achievements

Covid restrictions forbade any international exchange and strongly limited the
development of this project. At this time, it is unfortunate, but no real achievement can
be pointed out.

4. Summaries and future plans
Covid restrictions have unfortunately slew down the pace of this project. It is
currently on hold and will start again when limitations will be lifted up.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

ferromagnetic, Proceedings of the Twenty-first International Symposium on
Advanced Fluid Information, Sendai, (2021).

noise evolution during FeSiCuNbB nanocrystalline materials ageing, 25t Soft
Materials Conference, Grenoble, 2022, SMM25.

3) Patent, award, press release etc.

Not applicable
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J21Ly12

Classification

LyC Collaborative Research

Subject area

Multi-scale mobility for humans and materials

Research period

April 2021 ~ March 2022

Project status

3rd year

Active Control of Protein Mass Transfer by Membrane Utilizing Variation of Surrounding

1.

Condition

Atsuki Komiya*f, Sébastien Livi**{¥
Hani Alkitabi Aldaftari* ***
*Institute of Fluid Science, Tohoku University
**IMP, INSA Lyon, Université de Lyon
***Department of Mechanical Engineering, Tohoku University
TApplicant, $1Non-IFS responsible member

Purpose of the project

This study focuses on the mass transfer control of protein, and quantitative
evaluation of mass transport phenomenon by changing the pore size and patterning
of membrane. To achieve an ideal crystal growth process under gravitational
condition, the authors are considering a locally active control of mass flux of protein
by using a functional membrane. The transient field of lysozyme in hindered
diffusion is carefully visualized with changing the condition such as microchannel
and pore size by using optical interferometer in this study. The capability and
technique for active control of protein mass transfer are also discussed in this study.

Details of program implement

In this study, we focus on the hindered yet controlled mass transfer phenomenon.
Both French and Japanese sides have concrete roles and they are merged in this
collaborative research framework. French side provides a special membrane and
Japanese side performs visualization experiment. In the visualization experiment, a
typical protein, Lysozyme (molecular mass = 14 kDa), was applied as target protein.
Distilled water was used as solvent in all the solutions. The experiments were
performed by using two solutions couple whose concentrations are different. The
concentration difference was fixed to 5mg/ml to analyze transient diffusion field
clearly. Several types of the separated plates were used that were shown in Fig. 1(b).
The visualized images of transient diffusion field by the interferometer are stored at
the elapsed times, 900, 1600, 2500 and 3600seconds.

Figure 2 shows the comparisons of time variation of penetrated mass between
numerical and experimental data. As is obvious from Fig. 2, the penetrated mass
differs among three conditions even though the aperture ratio of the plate is the
same through three plates. Numerical simulation presumes that different driving
forces for the diffusion process occur near the pores, due to peculiar concentration
profile as time progresses. The difference is numerically evident in terms of
concentration profile and its gradient among three cases. Interestingly, the local
concentration difference between upper and lower ends of pore is not as same among
the three plates due to the difference of distance between neighboring pores. The
experimental results could indirectly evaluate the difference of concentration profiles
at both upper and lower ends of pores.
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Fig. 1 (a) Integration of separated plate, Fig. 2 Comparisons of time variation of
(b) photos of the membranes with patterned penetrated mass between numerical and
pores. experimental data.

3. Achievements
At current stage, the achievement level can be evaluated at 90%. We have one
peer-reviewed international journal paper, and two keynote lectures in international
conferences. As mentioned above, the difference of penetrated mass among several
different patterned membrane was quantitatively discussed. This might be good
contribution to discuss the active control of solute in aqueous solutions.

4. Summaries and future plans
In this year, a series of clear visualized images of concentration profiles of diffusion
fields was obtained. The experimental results show that the patterning of macropore
on membrane is one of potential parameter to control mass diffusion process. We
could control the penetrated mass within the range from 0.08 to 1.2 mg/cm2. As
future plan, we will continue the visualization experiments and evaluate the
hindered mass diffusion process.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
evaluation of membrane pore pat_t:e;ﬁ_o_n_ Tc}_le_I;r_o_téi_n diffusion, Proceedings of the
32nd International Symposium on Transport Phenomena, Tianjin, (2022), paper
134.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Control throug_h_ a Membrane with a Macropore Pattern, Proceedings of the 58th
National Heat Transfer Symposium of Japan, Koriyama, (2021), D313.
the Relationship between Pore Patterning "and Protein Hindered Diffusion,
Proceedings of the 21st International Symposium on Advanced Fluid Information,
Sendai, (2021), 0S22-9, pp.211-212.

3) Patent, award, press release etc.

(Patent) (Award) (Press release) Not Applicable
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Research period
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Project status

3rd year

Ionic Liquid Polymer for corrosion resistance applications

Nicolas Mary*+, Tetsuya Uchimoto**++
Sebastien Livi***, Lucas Ollivier-Lamarque*
*ELyTMaX, CNRS-UdL-Tohoku University
**Institute of Fluide of Science, Tohoku University
***IMP, INSA Lyon
TApplicant, T¥IFS responsible member

Purpose of the project

Extension of material durability is an important issue to save partially earth ores
resources. Among other strategies, the coating application on the existing metallic
structure is one solution. Epoxy-amine polymers have been extensively studied, and
their good resistance to water uptake is stated. Recently, amines were classified as
a carcinogen. An alternative solution was proposed based on Ionic Liquids. First-
year of the project deals with the opportunity of ionic liquid addition to the epoxy
polymer material. The second-year project is dedicated to hydrogen issues
evaluation for these materials. The third-year project focuses on water-uptake
properties of ionic liquid epoxy resin versus classical epoxy-diamine resin

Details of program implement

Polymer materials were produced at IMP (INSA, France). Samples consisted only of
polymer discs. The methodology developed in the first-year program was applied to
various polymer samples. It consisted of comparing mass evolution and capacitance
variation measurements as a function of immersion time in weak saline solutions.

2.1. sample and technique

Epoxy—amine and epoxy—ionic liquid samples were prepared with the diglycidyl
ether of bisphenol A (DGEBA) based epoxy prepolymer (Epon 828, Hexion Co, Lou-
vain-la-Neuve, Belgium). A conventional aliphatic diamine denoted Jeffamine D400
(AHEW = 400 g mol-1 , Huntsman, The Woodlands, Texas, USA) was used as
curing agent to prepare the epoxy—amine system considered as a reference in this
paper. In addition, a phosphonium ionic liquid supplied by Solvay denoted IL105
(trihex-yl(tetradecyl)-phosphonium 2-ethylhexanoate) was used as an initiator of
epoxy prepolymer to prepare epoxy—ionic liquid network.

The epoxy—amine samples were prepared at a stoichiometric ratio of 63 phr of
diamine to obtain a fully cured network. The curing heat treatment consisted of a
temperature ramp of 2 h at 80 °C, 3 h at 120 °C, then 2 h of cooling at room
temperature. The epoxy—IL samples were prepared considering a mixing ratio of 10
phr (IL-10) without exudation phenomenon. A specific curing heat treatment in the
oven was applied for IL samples: 2 h at 80 °C and 3 h at 140 °C, then 2 h of cooling
at room temperature.

The samples were immersed in individual glass containers filled with about 40 mL
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4.

5.
1)

[1]

2)

3)

of a solution composed by 0.1 M NaCl and having a pH of 5.5. Immersion tests were
carried out at 35 °C in a controlled temperature chamber. The containers were
sealed to avoid the electrolyte evaporation. Gravimetric and permittivity
measurements were performed simultaneously along a period of 3 months.

Achievements

During this project year, the water-uptake of polymer discs was analyzed either by
gravimetry or capacitive measurements. Relative mass variations are displayed in
Figure 1a. Using a second Fick law, both polymer's water diffusion coefficient and
saturation percentage were calculated. For Diamine epoxy polymer the diffusion
coefficient is about 8 X109 cm?/s and the saturation is about 2.2 wt.%. In the case of
ionic liquid polymer the diffusion coefficient decreases up to 3.6 x10 cm?/s and the
saturation drops about 0.6 wt%

Summaries and future plans

Capacitive and permittivity measurements allowed the water diffusion coefficients
to be quantified in the different polymers coupons. It allowed selecting one
composition regarding its higher physical-chemical properties, including
hydrophobicity.

Capacitance measurements were performed using a parallel sensor suitable for
polymer coupons. However, the polymer film may be deposited on the metallic
substrate to provide a corrosion-resistant coating. With this geometry, such a
parallel sensor is no longer available, and a coplanar sensor has to be designed.

Research results
Journal (included international conference with peer review and tutorial
paper)

liquid free film polymer by gravimetric analysis and comparison with non
destructive dielectric analysis. Nanomaterials. 12 (2022) 651. DOI
10.3390/nan012040651

International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

detect water uptake in polymer materials using non contact capacitor sensor.
Proceedings of the Twenty-first International Symposium on Advanced Fluid
Information (AF12021) 10/2021. Sendai, Japan. Best presentation award

Patent, award, press release etc
Non applicable
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HMEEEMHEOE U VT ETFTO—IN—RRT 4 U I~DIH
MACASH (MAgnetostrictive Composites for Application in Sensing and Harvesting)

SEH KM, KHE A, LALLART Mickagl***
FHALRFRFGERI TR, AR AR TERT
***FEDORA, INSA-LYON
THIEEE, TTPTPUSEE

HEB
HEHE DOMRZEE L THER T SHEAR Y ~—&2RA L, HEE-OHZE T 05 T
A ) TG A DTHREIATRED D, BREEEMBIC M TREZ, M2 @I FIcBfi T
LB MBI Z RIS 5.

MELRDOARE
11T FeasCos9VehiF% 40 vol.%IRNN L7~ PU-FeCoV V7 ha Ry bi— D =RoT

X # CT Wiz ~d. ZORBRA Tl T RED MR Sz, PU-FeCoV V7 Far Ry y

kS— b O _EREERTIE, NERRENE & Ll L CRE RILEIER S D A3, PU-FeCoV Y 7 k
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PU-FeCoV Y7 b2 ARTYy bi— MO FEHEBICIE, MRS R L TLDZ< D
FesCowoVe BRI FEIEL TV, L2235 T, PU-FeCoV V7 kv Ry y hi— kD
FERREIERE, BEFE L FeaCownVe BaDERAT~DWG| IO HIZ L > THET 5. —4,
FeaCoagVe BaDRIF-03 D72 < | KL T2 D EMEHMER MR FAE, MRIORZEIC &
DALY HEL Zp o TS AFZETIE, PU-FeCoV V7 b2 iRy b — FDEDR
EBENET D701, (FRTREA TRL TRIAEZTXTRET DR A G L7z, LovL
SERICRILERET D Z LiIFTE ot

2 - PU-FeCoV V7 haL BTy ki — hOEERE

PU-FeCoV ¥ 7 ha Ry y hi— M, RS T TS E S ERIEBIT— RSN 2
EBDLDIUL, T T 4 7 AT A AFIATE HAREER S H. —F7, PU-FeCoV V7 k
aRY Y hy— FOBRERIT, KILOBEEZ) ) 5T, FeawCouVe A&k DIRFESY R
DN AIZ O3 THN L=

3. HIRBEDERIKR
JEFRIZER LT D, IR RAEIEE L, HimmCs LTRE L. &1 2 4% INSA-
LYON ~JRiET 5 Z & TTTICAE L, WtE iR <720,

4 FLOHLSBERDRE

5 HAEMR
1) it &R OTERRE MBREFEZET)
[1] Kurita H, Keino T, Senzaki T, Narita F, Direct and Inverse Magnetostrictive Properties
of Fe-Co-V Alloy Particle-dispersed Polyurethane Matrix Soft Composite Sheets,
Sensors and Actuators A: Physical, 337, 113427, 2022

2) EfRE - BRNFR - BIRR - OEERF
L
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L
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3D simulations of skyrmion instability and mechanism of magnetostriction

PE SCat*, N #5EkH, GILDAS Diguet**, Hung T. Diep***,
Sahbi El Hog****, ziggEK %’T*****’ ﬁ%{/{:ﬂ 51[&%:*****’
FRIR TR, R RAIZERT, ***CY Cergy Paris K
*xkkMonastir K5, *****|lI&mEEE MR

THIREE, TS #E
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DIEEL OWEHFZEN 72 ST D, ARFFETIE, ltidE B S Q0 288087112 L 5 Sky D
LA E T IIALEBIGUTX LT Finsler 8(iE7 /L L) HIFEE A L/ 3\— B 23BAZAIE L T
ETEHLWFEAZEA L, 3RITD 4 HIERE % H\ 7= Monte Carlo #1512 K - TEDZRE A
HNE=ALEATH LT 52 L, B, ThEEBLT, WEHSOBEOMALZ BT

2. HIERROAE

1: 3 RITD disk (ZH31F B (a) Sky FLEIRFED snapshot,
(b) spin @ z j%53>0 @ 3 IKTTFR, (¢) —2>D Sky DHLKIX

2 LD 3 ATk 12 T ET WbD 75 % (10.1103/PhysRevB.104.024402) % 3 ¥ITIC
PEIE L72(X 1), 8 It TIIAMINT Lo TRAET D2MENET O OT B8 3 RITHINZR 0, Z Dk
R, ETAEOABELOTHIGO 3 TR AMERNTREIC /2 5. AWFSETIY, NS
LRI CH TN ERMET 5 & Sky WARZEL L, Wk & EESTNEME T2 L 2efbdd L)
X0 R ERRERAFHCX 5008 ) D Egt L71=(X 2).
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WD Z DD, TR 4 AITIREEMEIREE, kD 3MIZA M T A T, RKbDT. AkEO
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4 FHEAER BB EYATICBIRY IS N2 I25E8 0 (a) i B—IRE T #XK & (b)—G)
A RRE (fi) BXOOUTHYS GEREO/NSZAHFE) @ snapshots. X 3 DR I DA
(2T Sky (@) DOFEIEIAN > TWNDDNGIND.
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AN T DIE S DV IGD Z &, & HICEBROWEI AT RIS & 2 IS AR ZED
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4. FEHESEDRE

Skyrmion OGNS D EERFER 25 L OET U E(Finsler (€7 /L) D H1ET 3K
JTEDETIVTHIZE LTz, EORERITHE SN TV D FERFER & consistent TH D, ZDZ &1,
FG 7V 7 OHFEN, I35 Sky DIVEIZEI LT, AR THRE LI-WEIC
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5 HIREER
1) PMES EROSERRE BHRFEE0)

Carlo studies on shape deformation and stability of 3D skyrmions under mechanical
stresses, J. Phys.: Conf. Ser. 2090 012080 (2021)
https:/[iopscience.iop.org/article/10.1088/1742-6596/2090/1/012080  (EFHtoX)
open access; International Conference on Mathematical Modeling in Physical Sciences
(IC-Msquare) 2021, 6-9 September 2021 (EFEEE),

2) EFRE - BNER - IRS - NBERRE

Carlo Studies on 3D Skyrmion Stability and Shape Deformation under Uniaxial Stress,
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Project code J21Ly16

Classification LyC Collaborative Research
Subject area Health, Welfare and Medical Cares
Research period | August 2021 ~ March 2022
Project status 1st year

Investigation of a predictive therapeutic response under controlled oxygen
condition in cancer patient—derived organoids

Nicolas Aznar*f, Kenichi Funamoto**+
Jean-paul Rieu*, Zhouxing Su*, Satoshi Aratake**, Olivier Cochet-Escartin*
*University Claude Bernard Lyon 1
**Institute of Fluid Science, Tohoku University
TApplicant, FIFS responsible member

1. Purpose of the project

Although some cancers are effectively treated through the standard strategy of surgery,
radiation and/or chemotherapy, some patients have a recurrence of their cancer and a
life-threatening spread to other parts of the body. Despite decades of research, we are
still unable to predict which cancers will be efficiently treated and which are likely to
spread, thus there is an urgent need to find new or better treatment alternatives for
colorectal cancers (CRC). Cancer stem cells (CSC) located within the tumor constitute a
key medical issue. Due to their high plasticity, this particular cancer cell population is
extremly resistant to conventional therapy and responsible for the recurrence of the
disease in patients. Therefore, identify novel mechanisms regulating cancer cell
plasticity and targeting those CSCs is a prerequisite to open novel therapeutic avenues.
A tripartite collaboration including a team at IFS, ILM and CRCL is ready to tackle the
challenge of examining how oxygen (02) concentration influence CSC plasticity and their
response to anti-cancer therapies.

Using a novel integrative approach that couple innovative ex vivo organoid culture
system as well as cutting edge O2 diffusion technologies, the outcomes of this work could
lead to the development of translational research. On the one hand, this project will help
understand how 02 therapy 02 could impact cancer cell plasticity (CSCs properties) and
therefore improve efficacy of conventional chemotherapy. On the other hand, this project
could also contribute to enhance human disease modeling paving the way for more
pertinent drug screening in combination with O2 therapy.

2. Details of program implement

Specific aim 1: Generation of microfluidic device compatible with 3D organoid cultures.
While normal cells need the right balance (not too little/not too much) in 02
concentration to stay healthy, cancer cells in the other hand reside mostly in low 02
concentration conditions (hypoxia) fueling their growth, resistance to conventional
therapies and therefore their aggressiveness. However, due to technological issues, the
02 level within in vitro cell culture experiments is rarely considered and mechanisms
regulating differences in O2 levels between cancer cells and normal cells are yet to be
fully unraveled.
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Dr K. Funamoto located at IFS and Dr Rieu Jean-Paul located at ILM are both leading
expert in oxygen tension gradient modeling in cancer as well as microfluidic tool
development. Dr N. Aznar located at Cancer Research Center of Lyon has developed a
strong background in colorectal cancer patient derived-organoid culture as well as a new
3D cell culture technology (patent pending) to study CSC plasticity. Therefore, the first
part of this project will be focused in combining all collaborators ‘expertise to develop a
cutting-edge technology allowing to modulate O2 tension in 3D cell culture using
colorectal cancer patient derived-organoid. This one of kind device will be designed and
fabricated at IFS. Experiments will be performed in order to validate the
biocompatibility of the system with organoid cultures as well as the impact of O2
(hypoxia vs normoxia) on (1) their self-renewal capacity (colony forming efficiency), (2)
their differentiation potential and (3) their stemness properties through analysis of
specific SC vs differentiation markers (by Immunofluorescence, Immunoblot and RT-
gqPCR analysis).

Specific aim 2: Proof of concept on the impact of O2 modulation on therapeutic drug
response and resistance in Colorectal cancer.

Previous studies have shown strong connections between O2 and cancer. However,
underlying mechanisms are still to be understood. To test if modulating O2 concentration
in the tumor microenvironment could be a good strategy to improve conventional
therapeutic drugs’ efficiency, experiments using 3D tumor organoid cultures (from a
biobank of CRC patients generated by Dr Aznar) will be performed as described above
in hypoxia vs normoxia condition in combination with drugs routinely used to treat CRC
patients (5-Fluorouracile and Oxaliplatin). Surviving cells will be monitored by
microscopy (MTT assay and Toxicity assays) as well as expression of CSC markers (by
Immunofluorescence, Immunoblot and RT-qPCR analysis). Drug-surviving cells will be
analyzed for cytotoxic resistance (cell viability tests), tumor cell aggressiveness (invasion
and migration assays) and CSCs’ properties (colony efficiency assays in 3D cultures).

3. Achievements

Update on aim 1 since the project started (August 2021):

Dr Funamoto and Dr Rieu are currently designing a device which will mimic an Oz
concentration gradient and will be compatible with both 2D and 3D cell cultures. In parallel,
Dr Funamoto acquired colorectal cancer cell lines and will test the biocompatibility of his
current device (mostly optimized for 2D cell culture) with the colorectal cancer cell lines.

Update on aim 2 since the project started (August 2021):

Due to the pandemic situation, accessibility to fresh tumor samples from colorectal cancer
patients present some challenges delaying the generation of our patient-derived organoid
biobank. Therefore, in parallel to patient-derived organoid cultures, we decided to use HCT116
colorectal cancer cell line to assess the impact of both nutritional and oxygen heterogeneity
found in tumors and responsible of tumor recurrence and resistance to conventional therapies.
To mimic those conditions, HCT116 cells were cultivated in 2D and in normoxia (21% 02) vs
hypoxia (1% 02) where their proliferation rate was measured by crystal violet analysis. Our
data show that HCT116 cells proliferate less in hypoxia compare to normoxia and therefore
that a modulating oxygen tension has an impact in cell proliferation (Fig 1A).

Next, cells were cultivated in normoxia vs hypoxia and in presence of complete or low amino
acid cell media Our qPCR analysis revealed that in condition of nutritional stress (low amino
acid media condition), expression of specific stress markers such as EGLN3, TRB3, ASNS and
CHOP 1is decreased in HCT116 cells cultivated in hypoxic conditions compared to normoxia
(Fig 1B,C). These data revealed that in 2D condition, low oxygen conditions dampened
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nutritional stress response and could help cancer cells to survive these extreme conditions
found in tumors. Therefore, to test if hypoxia participate to tumor recurrence and resistance
to therapies, HCT116 cells cultivated in normoxia vs hypoxia were treated with increasing
concentrations of 5FU (Fig 1C). Crystal violet analysis show that cells cultivated in hypoxia
are more resistant to 5FU compare to normoxia.
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Figure 1: Oxygen tension controls cell proliferation and resistance to chemotherapy
in 2D culture conditions. (A) HCT116 cells were cultivated in 2D on hard plastic
surface either in normoxia (21% O2) or in hypoxia (1% 02). Cell proliferation was
analyzed by crystal violet staining. (B, C) HCT116 cells were cultivated in 2D in
presence of a complete media (Full) or in low amino acid media (Low) in normiax or
hypoxia. qPCR analysis was performed to monitor expression of specific stress
markers (EGLN3, TRB3, ASNS and CHOP). (D) HCT116 cells were cultivated in 2D
and treated with increasing concentrations of 5FU and in normoxia or hypoxia. Cell
viability assays were performed using MTT staining.

4. Summaries and future plans

We will combine various technological developments to achieve robust control and
measurements of O2 environments to test their effect on CSC properties. This proposal
will be performed using HCT116 and HT29 3D spheroids as well as colorectal tumor
organoids to determine the impact in the response of CSC to O2 levels but the
methodology used in this project could also be applied on other cancers. This project will
decipher the unexpected role of O2 pressure on CSC plasticity (determination vs de-
differentiation) and evaluate whether strategies aiming at modulating O2 level could
induce a “forced differentiation” in order to dampen CSC plasticity. By promoting CSC
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differentiation, the final aim of this project will be to sensitize them to conventional
therapies and consequently opening a new avenue to eradicate them, thus identifying
new alternatives for drug sensitivity that will pave the way for stratified chemotherapy.

To reinforce our collaboration, Zhouxing Su (Dr Aznar’s master student) is currently in
Japan for 2 months to perform experiments assessing the impact of O2 concentration
gradient on colorectal cancer cells cultivated in 2D in Dr Funamoto’s lab. Satoshi
Aratake (Dr Funamoto’s master student) will join Dr Aznar’s team in France to perform
experiments assessing the impact of O2 concentration gradient on colorectal cancer cells
cultivated in 3D (6 months training from May to October 2022).

5. Research results
Not applicable
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Experimental and Numerical Approaches for Water Film and
Particle Flow Analyses (and its Particle Deposition Behavior) for
Repairing Leakage Pipes by Cold Spray Process (or Solid-State Particle
Impingement Process)

Chrystelle Bernard* ***f, Hidemasa Takana**{
Yuxian Meng*** Hiroki Saito***, Yuji Ichikawa***, Daniel Nelias**** Kazuhiro
Ogawa***
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1. Purpose of the project

Water leakage is a severe problem for piping systems in power plants. Meanwhile,
high temperatures should be avoided in some parts of piping systems to ensure safety.
Therefore, we proposed to use the low-pressure cold spray (LPCS) method to repair
the water leakage. In this study, we developed a water leakage repairing technology
based on LPCS technology. After that, the microstructure of the deposited coating is
characterized. Besides, the particle deposition behavior in the presence of a water
film is studied.

2. Details of program implement
2.1 Experimental results about water leakage repairing

Different mixed ratios of Sn/Zn powder are used to repair an active leaking pipe
(0.5 mm diameter hole, 4800 mL/min water flow rate) using the LPCS technique.
The effect of the powder mixing ratio, gas temperature, and gas pressure (see Table 1)
were considered. After repairing, a water-pressure test (2.5 MPa, keep 24 hours) was
carried out to confirm the reliability of the fixed pipe. Besides, the coating properties,
including the Zn ratio in the coating, Vickers hardness, and cross-sectional area,
were also measured. The results show that the pipe can be fixed by the LPCS method
(see Fig. 1). The optimized Zn ratio in the feedstock is between 30 and 50%. Besides,
the optimized gas temperature is between 275 and 380°C. The different gas pressure
conditions used in this study can fix the pipe.
Table 1: Experimental conditions

Gas pressure 0.4/0.5/0.6 MPa

Gas temperature 190/275/380/460°C
Stand-off distance 10 mm

Spray time 10s

f:tiz;‘“o in feedstock (weight |, )/q0/70/50/30/10/0 wt.2%
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Figure 1: Cross-sectional image of the pipe repaired under the spray conditions
(0.4 MPa, 275°C) . The spray time is 10 s.

2.2 Repair mechanisms

During spraying, the gas hinders the water from leaking from the hole. Then, the
particles deposit on the hole wall and pipe surface. Gradually, the hole was wholly
covered by the sprayed powders.

From Fig. 1, we can find that no delamination/cracks were observed at the
coating/pipe interface, indicating a high bonding strength as proved by the
water-pressure test. Some Zn particles can be observed on the coating, which served
as reinforced particles during spraying. As shown in Fig. 2, except for the bottom side,
Sn particles also suffer significant deformation induced by the Zn impact on the top
side. Zn particles have three positive influences on the repairing process: 1)
shot-peening effect, which could improve the coating strength; 2) removal of the oxide
film, which improves the bonding strength; 3) tamping densification, which improves
the coating strength. Results show that the Zn particles are important for improving
the bonding strength of Sn particles with the substrate and each other.

Fig. 2 (a) Effective plastic deformation of Zn particle/Sn particle/304 stainless
substrate. The initial velocity of Zn and Sn was obtained from computational fluid
dynamics (CFD) simulation, which is equal to 315 and 260 m/s, respectively. (b)
Corresponding experiment results.

2.3 Impact simulation with the presence of a water film

Figure 3 shows the temperature contour of Sn particle impact on the 304 stainless
steel substrate with/without water film. It can be found that the water film on the
top side of the particle was nearly unaffected by the impact, while the bottom side
water film was squeezed and scattered. Meanwhile, the impact-induced jetting can
remove the water film from the interface, allowing bonding. Besides, in both cases,
the particle temperature at the rim of the interface could reach the melting
temperature. It implies that the metallic bonding between particle and substrate
could happen even if the water film existed.
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3.
1)

2)

3)

4.

Wy 1Y) W)
Figure 3: Particle temperature contours for Sn particle impact on 304 substrates: (a)
no water film, (b) with water film (thickness: 2 pm).

Figure 4 shows the kinetic energy and impact direction velocity for particle (Sn),
substrate (304 stainless steel), and water. With the presence of a water film, the
particle velocity decreases at the initial stage due to the hindering effect of the water
film (see Fig. 4(b)). Correspondingly, the kinetic energy of particle and water film was
decreased and increased, respectively (see Fig. 4(a)). It is evident that the water film
mainly influences the particle kinetic energy at the initial stage, i.e., before the
particle contacts the substrate. After the particle contacts the substrate, the water is
easily removed by the jetting from the particle. Therefore, the particle could be
deposited on the substrate. The simulation results indicated that the water film
mainly influences the particle velocity (or kinetic energy) at the initial stage (before
contacting the substrate).

Figure 4: Time evolution of the (a) particle kinetic energy and (b) velocity following
the impact direction.

Achievements

The appropriate parameters (i.e., powder mixing ratio, gas temperature, and gas
pressure) for successfully repairing water-leaking pipe were confirmed;

The shot-peening effect of Zn particles on Sn particles was investigated by
multi-particles impact simulation combined with experimental observation;

The effect of water/water film on the particle impact behavior was elucidated.
Specifically, the cooling effect of water flow and the hindering effect of water film on
the particle deposition behavior was studied.

Summar ies and future plans
1) Summary: the experimental results demonstrated that the active water leaking
pipe could be repaired by the LPCS technique using Sn/Zn mixed powder. The
simulation results indicated that the particle could deposit even with the presence of
a water film on the substrate.
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2) Future plan: the simulation results of this study indicated that the particle could
overcome the hindering effect of the water film and deposit on the substrate. Based
on these observations, an underwater repair experiment will confirm whether the
LPCS could be applied for underwater repair.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

(1] 22 fxot, I5E 728, Chrystelle A. Bernard, wi)ll #&+t, /NI FofE, KE=—/L R
AT L —EIZ X DIRAK S T OHiE (“Active water-leaking pipe repaired by cold
spray: experiment and simulation”), H K&K ¥ 2 2 [E#HH K2, online, 204,
November 2021.

3) Patent, award, press release etc.
Not applicable
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Theory for Electrostriction of PolymeRic Actuator. (TEmPuRA)
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1. Purpose of the project

The present project deals with the experimental study and modeling of electroactive
elastomers. The deformation of thin polyurethane films stimulated by an electric field
has been extensively studied by our group in compression and bending. Interestingly, a
complex kinetics of deformation, which can last more than 15 hours, has been evidenced.
This kinetics seem to be linked to the movement of charge carriers inside the sample.
Therefore, polyurethane should not be considered as an ideal dielectric elastomer. The
origin of these charge carriers could be the presence of ionic impurities from its industrial
synthesis. Moreover, doping the sample with a NaCl salt increases its electromechanical
activity. Although we have tried to model this behavior in a qualitative way, we wish to
continue our study on model samples doped with a controlled amount of salt, whether
organic or inorganic. Two main objectives are targeted:(i) to better understand the
electro-actuation mechanisms of dielectric elastomers containing a controlled quantity
of charge carriers by modeling and simulating their electromechanical behaviors in a
quantitative way (ii) to propose different solutions to improve their efficiency (temporal
response, deformation amplitude...).

2. Details of program implement
Since the beginning of the project, the experimental data analysis of the electro-
actuation under bending of polyurethane films doped with salt has been continued.
Figure.1 shows the principle of the experiment.

Figure. 1 Principe of the bending actuation: A thin film of polyurethane covered by two
gold electrodes is clamped in one side, the other side is free. Under an applied
electric field, the free end can move.
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In parallel, the simulation has been improved. It is now possible to link the
kinetics of bending with the kinetics of charge accumulation near the electrodes. The
main hypothesis is that before applying the electric field, ionic charge carriers with
different mobilities are distributed randomly in polyurethane. After applying the
electric field, the faster ions reach the counter electrodes first and the slower later.

It results in a heterogeneous time dependent distribution of charge responsible

of electrostatic energy gradients. This gradient leads to the time dependent
expansion of the polymer near the sample surfaces.
Figure.2. a) shows the simulated displacement versus the experimental, a relatively
good correlation is observed in terms of amplitude. However, some discrepancies are
observed regarding the kinetics. The simulated bending starts and finishes earlier
than the experimental. It could be inferred to an initial heterogeneous distribution
of charge inside the material. This point will be studied on the next year.
Furthermore, near the electrode, the polymer expansion might be also responsible of
the sample shrinkage in the electric field direction and may have an important role
in the so-called "electrostriction".

Figure.2: Preliminary results of simulation versus experimental data. a) bending
displacement as a function of time b) longitudinal extension of the sample
(simulation only)

3. Achievements
In the previous year, we failed to develop model materials for a better understanding
of the electro-action of polymers under bending. Therefore, this objective is still
relevant. Regarding the simulation, a lot of effort has been devoted to its improvement.
Qualitatively, the physics of the bending of polymer thin films under electric field
seems to be treated in a satisfactory way. We will submit soon an article about the
description of the experimental and simulated data on polyurethane.
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4.

Summaries and future plans

A lot of efforts have been devoted to the experimental data analysis and simulation of
polyurethane bending under a constant applied electric field. The submission of an
article is ongoing.

On the other hand, we can note that the budget we obtained LyC, which was initially
requested for traveling, has been used for the purchase of new Comsol licenses for Prof.
Hidemasa Takana's lab. It will be useful for sharing simulations, and for other work done
at IFS during future stays, after the end of the pandemic: thus, we would like to renew
our funding request for traveling for the next year.

5.
1)

2)

3)

Research results
Journal (included international conference with peer review and tutorial paper)
Not applicable

International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Proceedings of the 18th International Conference on Flow Dynamics (ICFD2021),

Patent, award, press release etc.
Not applicable
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Modal approach for extracting flow structure related to
the subsonic jet noise generation

Aiko Yakeno*T, Shota Morita*, Christophe Bogey**++
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** Laboratoire de Mécanique des Fluides et d'Acoustique, Ecole Centrale du Lyon
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Purpose of the project

Jet noise is a phenomenon caused by unsteady and nonlinear turbulent vortices,
and its reduction is desired from the viewpoint of environmental compatibility in
recent decades. Although the remarkable development of computer technology has
made it possible to obtain large scale and highly accurate numerical data of jet noise,
it 1s difficult to understand the data without appropriate analytical methods.
In response to this, Mode Decomposition Method has been attracting attention in
recent years for extracting important feature structures(modes) from large scale
unsteady flow simulation data.

Based on this method, this project aims to (1) develop a method for extracting flow
structures related to noise generation using a mode decomposition method, and (2)
quantitatively explain the mechanism of jet noise generation.

Details of program implement

This project is a collaboration between Dr. Bogey of ECL (France), Dr. Yakino and
Mr. Morita, a second-year PhD student of IFS(Japan). = The research was carried
out in both France and Japan, with each having a role to study. In France, Dr. Bogey
performed flow simulations with high enough accuracy to resolve acoustic waves. In
Japan, the highly accurate data computed by Dr. Bogey was analyzed by a data
analysis method called mode decomposition method to try to extract the flow
structure related to the noise generation. The study was carried out via e-mail and
online meeting, instead of face-to-face meting due to COVID-19 pandemic.

In this year, we focused on (2) quantitatively explaining the mechanism of jet
noise generation as mentioned in the purpose of our project. First, we attempted to
extract the flow structure near the jet exit by applying Dynamic Mode
Decomposition(DMD) to the results of subsonic free jets. DMD is a technique that
enables the visualization of flow structures by extracting phenomena of specific
frequencies from the flow. As a result(Figure.1), a vortex structure caused by K-H
instability, a phenomenon that triggers vortex generation in the wake of a free jet,
and an upstream propagating acoustic wave structure were found on the jet axis.
This result supports the "feedback loop phenomenon" proposed by Bogey (2021), in
which the flow structure is determined by the interference between the vortex
structure caused by the K-H instability and the sound waves propagating upstream.
We plan to clarify the effect of the upstream propagating sound waves by
conducting stability analysis in the future.

These results were presented at ICFD2021[2], JSASS northern branch [3], and are
now being compiled into a paper for submission.
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Figure 1. The schematics of DMD(left half of picture) and DMD visualization
result(right half of picture).

3. Achievements

In the application form, we showed three sections as the expected results..

1. New insights will be gained by performing accurate large-scale numerical
simulations of jet engines.

2. A quantitative index for the design of noise reduction of jet engine exhaust will be
provided.

3. Proposal of a turbulence control method to prevent the flow structure related to
the noise generation.

This year, by combining the highly accurate simulation results and the mode
decomposition method, we were able to obtain a new knowledge of the feedback loop
phenomenon as shown in Section 1. We could say that the objective of section 1 had
been largely achieved. However, further verification of this feedback loop
phenomenon is needed and will be the subject of future work. We plan to continue
our research on the other 2. and 3. in the fiscal year 2022.

4. Summaries and future plans

The objective of this project is to Clarify the mechanism of jet noise by combining
numerical simulations and mode decomposition methods. First, we applied the mode
decomposition method to the time series of free jet simulation data computed by Prof.
Bogey and tried to extract the fluid structures involved in the noise generation. As a
result, the structure of pressure waves propagating upstream from the end of the
potential core, which is the point where the noise is generated, was found. This flow
structure was found to oscillate at a frequency equivalent to that of the K-H
instability that triggers turbulence in the wake. This result supports the "feedback
loop phenomenon" (Bogey (2021)) in which sound waves from the wake induce the
K-H instability in a free jet, and is a step forward toward clarifying the mechanism
of jet noise generation.

In the future, stability analysis will be conducted to further verify this feedback
loop phenomenon, and a new fluid structure extraction method will be developed
based on the results of this study.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable
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2) International and domestic conferences, meeting, oral presentation etc. (included

international conference without peer review)

[1] Shota Morita, Aiko Yakeno, Christophe Bogey, Shigeru Obayashi, “Mode

Decomposition Method for Extracting Characteristic Structures Related to the
Subsonic Jet Noise Generation”, Proceedings of the Twenty-first International
Symposium on Advanced Fluid Information, Sendai (Online), (2021)

[2] ARmMEEK, BeBF#i{- Christophe Bogey, KM%, “FT— RofETFiEz2 AWz liE#EHA
FRPELE OO 5 280 AR R L2 B o B IR G OFRNT” , AT A 2, (2021)

3) Patent, award, press release etc.
Not applicable
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Corrosion characterization for pipe wall by ultrasonic wave
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Purpose of the project

The objective of this project is to develop high wear resistance coating to protect
structures against hydrodynamic cavitation. This phenomenon induces drop of the
performance and earlier failure of propellors, for example. Deplancke, Lame et al.
(Wear, 2015) showed that ultra-high molecular weight polyethylene (UHMWPE)
exhibited outstanding cavitation erosion properties. Ravi, Lame, Ogawa et al. (2015,
2016, 2018) manufactured UHMWPE polymer coating by cold spray process. However,
the deposition efficiency remains low and the adhesion strength weak. Recently,
Ogawa laboratory successfully deposited perfluoroalkoxy alkane (another polymer) on
metallic substrate by introducting a Titanium bond coat between the polymer and the
metallic substrate. The resulting coating exhibited very high deposition efficiency
(>96%) and an adhesion strength of 3.5 MPa.

Following these interesting results, in this project, we proposed to develop a new
UHMWPE/Ti composites coating exhibiting high wear resistance. High deposition
efficiency and strong adhesion strength are also important parameters to validate our
approach.

Different parameters will be investigated: () UHMWPE with Ti bond coat, (i) a
mixture of UHMWPE and Ti particles in different ratio, (iii) the substrate initial
temperature, and (iv) the nozzle shape known to highly influenced the particle
temperature and velocity.

2. Details of program implement

This project can be decomposed into two main part respectively performed at
MATEIS lab at INSA Lyon under the supervision of Prof. O. Lame and Prof. J.Y.
Cavaillé, and at Tohoku University under the supervision of Prof. K. Ogawa, Prof.
Takana, and Assist. Prof. C. Bernard.

At INSA Lyon, UHMWPE/Ti compressed-sintered specimens will be characterized
in terms of microstructure by tomography, X rays, DSC DMA. Influence of the Ti ratio
content and relative porosity will be evaluated. Mechanical testing as well as impact
test will be performed to evaluate the performance of the material and understand
the relationship with the microstructure. The wear resistance to hydrodynamic
cavitations (one of the main objective application of this coating) will be evaluated by
cavitation tunnel experiments performed at MATEIS lab.

At Tohoku University, cold spray process experiments will be carried out to
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manufacture UHMWPE coating with different Ti content ratio. Different parameters
will be investigated to optimize the coating mechanical resistance (identified at INSA
Lyon) and adhesion strength: (i) Ti bond coat, (ii) different UHMWPE/Ti ratio, (iii) gas
pressure and temperature, (iv) substrate temperature, and (v) nozzle shape. Thanks
to fluid numerical simulations in collaboration with the team of Prof H. Tanaka, some
preliminaries studies shown that high particle temperature and low velocity could be
achieved by the use of a long nozzle with low gas pressure. This new compromise is
likely to increase the adhesion of the material. The analysis of the particle history
inside the nozzle will be performed in collaboration with Prof. H. Takana, specialist of
the numerical simulation of the gas flow in the cold spray device. Finally, the obtained
coating will be characterized in particular in term of resistance to hydrodynamic
cavitation.

3. Achievements

Due to covid restrictions as well as an important building renovation plan at INSA
LYON. The project has now few months of delay. As a consequence, sintering of
TYUHMWPE has not been done until now. However, few preliminary tests have been
performed as well as the design of a new and much more precise device of sintering
apparatus.

It particular, we have shown that the polymer powder exhibits a slight memory
effect which is important in cold spray perspective as the time spent over the melting
point should be very little and then the microstructure obtained should probably keep
the memory of the nascent one.

In figure 2 one can see on the DSC analyses performed for two UHMWPE grades
(GUR 4130 with 3,9Mg/mol and GUR 4170 with 10,5 Mg/mol) the shift of the
crystallization after a first melting followed (or not) by an annealing of an hour and
half. In the particular case of cold spray this effect could be beneficial as we observe
an earlier crystallization without annealing which means that the material is easier
to crystallize. As a consequence, this could ease the co-crystallization of neighboring
powder grains.

Figure 2 : Comparison of crystallization behavior using DSC analysis for two UHMWPE
(3,9 and 10,5 Mg/mol respectively named “4130” and “4170”) without annealing (top)
and with 1H30 of annealing at 165°C.
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4. Summaries and future plans
The new sintering device is now arrived and is actually tested and optimized. In the
next few month, TYUHMWPE mixture will be sintered at different porosity rate and
temperature. Then the characterization phase will begin.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Not applicable

3) Patent, award, press release etc.
Not applicable
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Fig. 1 Comparison of absorption in different treatment time.
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Scattering properties of gas molecules on interfaces of nanostructures
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Development and application of numerical method for various particulate flows
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7% 1 Interaction parameter dependence of slip length

Interaction parameter between fluid and solid [J] Slip length [nm]
3 x10% 2.40
4 x102 1.70
5x10% 1.37
6 x1022 0.95
7 x10722 0.60
8 x10% 0.43
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