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Discussions on Evaluation of Material Balance in Simulated Moving Bed Chromatography
by Orthogonal Collocation Finite Elements Method

KRIASRZERED
Takaki Ohkubo

1) (1) HAER AL ZEEFE (T042-0935 AbiEiE BAE ;T 13-2, E-mail: ohkubo@hakodate-ct.ac.jp)

This paper discuss on evaluation of material balance in simulated moving bed chromatography by using
the advantage of orthogonal collocation finite elements method (OCFEM) in terms of accuracy of
numerical calculation. The tool of OCFEM is differential operator represented by matrix in time and space
to make it easy to translate PDEs to algebraic equations, which have high precision numerical calculation
ability by high order collocation number. This study presents the dimensionless concentration profile
through the total column, and calculates the yields and purity at raffinate and extract. In conclusion, this
discussion showed that the total yield at raffinate and extract is not necessarily equal to 100%, but the
mass balance in total columns for each duration of cyclic steady condition is zero.

Key Words : Simulated Moving Bed, Chromatography, Orthogonal Collocation Finite Elements Method,

differential operator, time and space, high precision, mass balance, yield at raffinate and extract
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Fundamental Study on Combined Use of Multi-Point Constrains
and S-version Finite Element Method

L FED, AR Y, )1 AR,
Atsushi Sando, Nao Ishihara and Shuken Nishikawa
1) 1H(L) FakL L3S SRR maeiik L5 fl Hdz
(T 644-0023 Fnfk (L R EIES 4 HIITEF 577, E-mail: sandou@wakayama-nct.ac.jp)
2) FnEkil L3RR o ARtk LRt

The purpose of this study is to propose s-version finite element mesh superposition method (s-FEM) using
meshes bonded by the multi-point constraint (MPC) for improvement of the analytical accuracy. S-FEM
is applied to improve the analytical accuracy of a nonconforming mesh modeled by MPC. A simple two-
dimensional static analysis was performed by applying the proposed method. The analysis accuracy was
improved by a superimposing mesh on the multi-point constraint mesh.

Key Words : S-version FEM, Multi-point constraint, Nonconforming mesh
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CIP Runge-Kutta J5(C & % IR IKREN S I2N D BUERERHT

Numerical Analysis of Nonlinear Wave Equations by CIP Runge-Kutta Method

LIPS
Daiki TANAKA

DikRett NTT F— 25 Y 25 A (F 160-0016 FRERE 5 XAZ LT 35 (ZIRETE LA 1 B4, E-mail: tanaka@msi.co.jp)

CIP scheme is a finite difference scheme for linear advection equations. Although it has higher-order accu-
racy, there are some difficulty to apply it to complicated equations. We will introduce a new finite difference
scheme using the idea of CIP scheme. Our scheme has higher-oder accuracy and is capable of wide appli-
cation. We will apply the our scheme to nonlinear wave equations, the Burgers equation and KdV equation,

and their numerical results will be shown.

Key Words : #4711k, CIP i%, Runge-Kutta 3%, Burgers Jif23, KdV JifE=
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u(t,z—Ax)) EIREITHD. TIT, RIANIHERX
ZIRD & 5 IZMEIE LT CIP Runge-Kutta 5% @13 5.

ou  u(t,r+ Azx)+u(t,x — Az) du
i 5 e 0 ®
31X 2D & D BIBIE%#1T 5258 OBUEARERT
H2. B EEMETIIRAR L U THEBRICK S ZREND
R 5025, CIP Runge-Kutta IECIZENMI/NI < B>
TWd ZEenbnd. 72, A E7%E53EEX Murman-Cole
ETIHERB O HNTL £5TW5 %, CIP Runge-
Kutta JECIHEBE DO Z RO LN TE TN S.
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3) KdV AER 3 ; T g6 kUt
BT, KAV AR e
0 o 3 |
S buge +8%55 =0 ©)

ot oz ox3

DHWIHERTEIZ CIP Runge-Kutta 2 @A U 72458 %2
AT, KdV % « TR 95 &,

Ov Ov 2 w0
%%, ZIT, v=2"Tdhd. uvDZRHHOIHA
WZDWTIE, IROEMEMZ NS,

>*f
Oz3

(x) = ﬁ(f(m—i—QAm) —2f(z+ Azx)

of(x — Ax) — flz — 2Aa:)) +O(Az?)

M4 KdVv ARRXOREERR t =05

ZDESELPLEBIFRIED CIP 220 2@MA L, HG

12 B Runge-Kutta HEEHT 5. 28 ! ‘ cip runge-kutta
KAV 75 R o B G5 & U Tk, Zabusky- . Zebusky skl
Kruskal[4] IZ & 2D AF—LRE<HENT NS, |
U, = i - m(“iﬂ +ui tuiy) (i —ui )
_ 52m(ui+1 —2u  +2ui ) —u ) (11)
05 |
Z Z Tl&, Zabusky-Kruskal Dz 3 A% — A L CIP
Runge-Kutta (i DBUEFHRFER & IR T 5. [4]1 1285 or
W, §=0.022 20U, [0,2] ECHEIABESREMEERL, 4
W% F w(0,2) = cosmz & U Tz, 413¢t=05T 0
D, 51&t = 1.0 TOD Zabusky-Kruskal AF—2A & p , ‘ ,
CIP Runge-Kutta JEOBUEEI FAERTH L. W NDR 0 05 ! 15 2
ZNZHBWTE, CIP Runge-Kutta %I Zabusky-Kruskal
AF—LLIFE-BUMEREZ->TND. H-5 KaV AR OKEHERER t = 1.0
SEXm [2] T. Yabe, F. Xiao and T. Utsumi, Constrained interpola-
[1] H. Takewaki, A. Nishiguchi and T. Yabe, Cubin tion profile method for mutiphase analysis, J. Comput.

interpolated pseudo-particle method (CIP) for solv- Phys., 169 (2001), 556-593. )
ing hyperbolic-type equations, J. Comput. Phys., 61 [3] E.M. Murman, J. D. Cole, Calculation of plane steady
(1985), 261-268. transonic flows, AIAA Journal, 9 (1971), 114-121.

[4] N. J. Zabusky, M. D. Kruskal, Interactions of “soli-
tons” in a collisionless plasma and the recurrence of
initial states, Phys. Rev. Lett., 15 (1965), 240-243.
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A particle dynamics model for coarse-grained phase separation problems

BEfE R D

Daisuke Furihata

DI (T) RBXKRZE B4 N=RA T 1 7> R— #E% (T 560-0043 KPHFE i f53 (LA 1-32, E-mail:

daisuke.furihata.cmc @osaka-u.ac.jp)

The Cahn-Hilliard equation describing phase separation phenomena is a nonlinear partial differential equa-
tion with a wide range of applications and is in high demand for numerical calculations, but stable and fast
numerical calculations are somewhat difficult. It has been proven that this solution converges to the solution
of the Hele-Shaw problem in the limit of one coefficient parameter to zero, which is mathematically very sat-
isfactory as an order-reduction problem of the Cahn-Hilliard equation. However, the numerical computation
of the Hele-Shaw problem is also difficult. Therefore, we observed the coarsening process of phase separa-
tion phenomena produced by the Cahn-Hilliard equation and subsequently considered a particle dynamics

model that roughly reproduces the process.

Key Words : phase separation problem, Cahn—Hilliard equation, Hele—Shaw problem, order-
reduction problem, coarsening process

1. ELC®IC

Cahn—Hilliard FRERRMMOME FHOMHSR R Y OE
FTNFFER) OB %25 272\, Z OREITE &R
FERIANF DML Vo KBRS 2 ->TH
. T ULMEZFESHEIZZ V. Tho oMEZ R
79 2 BUEMRNT L T H B ME R BUER T (structure-
preserving method) (&, [EWNAH T —EREEDFE % X
WFTH Y, HlZIE SCiCADE &\ 5 [EERIF 7R E A Tl
ZORNEyZIZETE ey a v ERFEINS.
structure-preserving method &, HUEfEDVERE A EN T
W3 Z A%<, ODE TiENI L b VRER—AIZHL
DS Z D EIN7EH, PDE TIRENHEEE ML T
EBEABIENTE, HRFBOMEEZ 7 BEER LN
ZOHITHD. INSDFIEIE. MRS RE NEMm
[RTEHRBINEARL —X—] ZHEICERL &
MERIET 27 70 —FTHO, BHENIHEETH S
N, AHEEOKREIDVHENTHS.

IS DETORMAIZ L BEIET SN THEEL
TWBH, FHERIZ X > TSRO BRI HR A3 5
Do TUE DS BUROITHITEH L V. ZD720, AR
RgBT770—FHLMEITREEEEEXS. £ T,
Cahn-Hilliard /#2212 & 5 Fik A3 A 72 8H 43 il ]
XL, OIRFIFSRE QR ARG (RATHED SR,
ZALD E ) & R (KIS R A D 5, ZkiX
KEIHENE) LI REL AP ND Z L 2BEEAT, ZDH
F (LABE, MAUEEFE (coarsning process) & K 3% % HlE
)V (particle dynamics model) IZC¥ I ab—Ya v
5 emERSB.

2. HOBMBEDETI/ILAERN Cahn-Hilliard 2R
DEEE DEUERRE

Cahn-Hilliard AT 2 Bfffigik e L Cid, £
FIVREHE O T H % method of line 3D 5. Z LI
MG T O BERLIE Ar 2 /NS < TUE—IMEZ 508, B
BOAENE, VX —EMEITE E BN, YRR
ATEDPURBIEMRIZ 0D TH D, & KM
FRIZIIAETH S, BERTEEME L LU T OB
B EEBUE ENTE, ARERESFNAVAEHD, 72
P AF— L5 5) 1%, EEBREEZZLL
BFIEDOARGEWZ S, & AT WIS A — X L
R EBLALENMEL, BEMORET-HPWIEEIZE AL
WEWS Z b HE 0 EN, BUER D — AP LE
WG TE S — 285 H 5. 727170, %< DGEHIE
2% — LD AEIZERT, HERIIREDER D,
LELIZ L DI A T — LB 83T 2 5iEHRE H B,
RIEDIERMED LA DR TR W e [# 2T, F7/z,
DS 4 IR E MR B L BAEN IR AR ZEMEDEL 85 Z
CREDRIENH S, DX SIZ, Cahn-Hilliard /5%
RUIR U T Y e BUERE 2 S I8 5 &\ D IR
DWTIEHAELTWE LTS VHEHEW.,

3. Cahn-Hilliard 52 ® order reduction

Cahn—Hilliard 5D & 5 € F )V HEXOEHEE
BEPERTE2200—2D7 7a—FIZ, [MED order
reduction 23 5. DF 0, ENRASHIHOEKRTIEIF
W5 CTd2h, MEOHSE RS [ ORBEIC s
M) BEHR 5 2EZX50DTH 5.

Iz oW, Alikakos © A% Cahn—Hilliard /522
TORBTHB e lZDOWVWT e 0DEE, ZOMHM
(BB FE D FH D B2 A DS B AN EIS T S O S B T
& % Hele-Shaw FIEDRIZINKT 5 Z L ZFEFHL T W
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% [1]. Hele-Shaw [ XA ST R D28 % Flik 3~ 5 /5
BATHEH2 5, Zhik Cahn-Hilliard SRR L T
BUEHNZ B ES R ORI 1 KL, XFEED D order
reduction &> TH D, FEMITIXIZIFZELRKRT
H5. UL Hele-Shaw MEDOBUEMNTIE b Ro ¥ —
ZALE ETENRMETH Y, LA [Hele-Shaw [
EOUHEME & U T Cahn-Hilliard SRR %2 % < HiE)
NIREINDIRETH 728, Alikakos S DR %E F-
T Cahn-Hilliard 5 XD BUEFHE DO FHE & ORI T %
EDBZ LI TERVONREIRTH 5.

4. HEIBEBMBOHBLBEOTVNET ) VI

B 75 order reduction D %R A3 EHE BRI F S
LWz, oy 7a—F 25 68hrH5. T2
T, 770 —F DY LT, Cahn-Hilliard /i#2:\%
B2 04 72 F 35T order reduction 35 DIE\W -7 ALk,
Heh DOHDHMESIZE T A IERD A% HE
TEENRETNEZEZDLZ LTS, 72720, TO
B, D L EEAFEEBHET AL DICEZ 2.
EWVWSDE, TS UARWEYIIIZ 1D FD7RE R
2055056 THD.

% UL C, Cahn-Hilliard FFERIZ & > TE SN D HUE
fRIZ& D ZoMEULERZBIRT 5L, £7, 2K
B/REN fﬁ%’i@ij&?ﬁ@jfﬁ)é LiZgOL. s,
DEEL 72N A gEIsE T, EICHREEICHRAFE L 72510
E’J&*ﬁﬁf’ﬁﬂ%?ﬁ’@@%j&;t%ﬁ xNB. 27U,
EERDPHRARNBEH CTHL I 2 EBET DL, HEEMIZ
HDEIE D D B & T F D F - - & 2 THH
BI<ETIVEAZTTUE S & YRR TEMEL
hb. £IZT, SEBHECEH K, FUZHEB EEE -
TWVWEDPWEWRILESTEBLALEDLE IO RET
IHRLEFLW., BREERIZEY EEDO LS RFRE%E
/rondZehrs, HAIBERIZHLTUTD LS 4
particle ETNVEEZ DI EMNTES.

1 TEEN—EDIK (particle) DAL EFEE) D A

ZEikd 5.

e particle IZEJK L 2L, KEITHEDLSRWL
HR SR\ (i3 2B EHERZIR IZ X 5). \_?J/L
&> THERFEZ TR T 5.

e particle [ £:1%, HWVWOREHIZIGL T EHESHD
T LDHATH_RANGEVWDEDEEZ S,

o 7272L, particle WEZRSRWK ST, FEFITEN
BE I IHREERSIRA R PEH DL T 5.

o ¥7z, i< D particle Zf[EIZHBEATDONIEH F
D @D (RRKZE) %2 BB U R ERER)

\_ﬂ BB ZIETFED LS IZLTETIALT 5.
. Z2ff] L@ particle % NENEE & U TZEM
% Voronoi 23 #| L, Voronoi fEI% D BEEERILR D
SELNBEETYE M, £ T 5.

2. EFNINT A — &paﬁﬁbmﬁb,%w%
#1550% M, S My 2 U, M, 12 &>TH
BELTWwWa LS5 particle [ TD A
BHRET L LTS,

o J1 L HEDBRIZDOWTIE, Newton HFTIE4R<,
L WE D B EEDORERIZE £ D\WT particle (28

IR

o U

BBEEETHHER

< JJ o particle DHEE 2§ 5.
o FARIPTEMEA T, particle DEEIZIZ ERDH S
D LT % (tanh BIEUR &% FI\WTER).
ZDETVVIEHACTILEUTDES 0B DIC
n5.

dx;(t) -V (tanh(Cy%(t)))ﬁ_(t)

dt Gl @l
ZOEDIW O}
J
AT G,
||x] - X; .Uc
[0 = —2anf——75 (G i),
0 : (Mp)ij 753{47.%",

272U V,, Cy, C3 IBEBT, Ffhild (M), BE»
Dllxj—xill > ry THBI L, Zflii 1% (M,),; HE
Dlxj—xill <ry THDIIETHD. £, xi(0) 13 i-
#H D particle, M, = (M,,)’ T p SEBKRTHDB. £
LT, M, DERIZEENDEFHEITIE bool fREZEHW
5. ’)ib a- b—aandb,a+b—aorb 35, M,
1% Voroni fEI D BEEERAMRIZH D S BT TH B, D
£, Bhlx 12X D Voronoi FHIE V; &R x; 12X 5D
Voronoi FHi% V; & BBEHERIRIZH 5 & EIT (M,,); IFE
(true) T, THTHRWVWE ZXAL T 5.

5. HEETEA

X-1 1IZARETFIVIZ X B2 BUEGHEREROH &, AEFED
WIWHiE > & % ¥ & 7= Cahn—Hilliard /52X 0 Bl
B2 ARTHRT D, HL T THEIZL S EEHR
FMIZIE AR B h, —EDETV VI TETWSE LS
IZEbNDG, FEIFZIEZ OBMEEEH O X D 2 A
@'FDH:E) lz\f’\z\

6. RIREMESR

BAEF AR EN S, MOZENEZB LD IZED
N3, 9, BOLEELT, WS 20D [FEFIZBENA
A F I A DEBRIZ particle ET N THEINEZ &
BETSND. ZOXFOEX X, FHEBROBEPIRE
LA OEELRRMDO —D2HRDT, ZTOHEIFREXR
BREEOEEZOND. T, HEBOBEEENZ
DY A REFTEHZ L, %a®ﬁi®%@%i<
HHELTWA., ZO particle ET7I)VIZIZZ 5 UL7-shiE %
E%%Kﬁﬁ&ﬁﬂfv&m%w,_®ﬁﬁ@iﬁﬁ
BAMIEL B ZATHS. 7z, THUTI D particle
ETINTIEYERTHDIN, BEETFUPHRZNTWS
ZEHERVWHEEEE TRV,
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F28EE B THHER

LR, MEEZ K- TED, HIAX, BRiaE

g@?ﬁﬁfﬂ FNETET B 1D D B AR T A — R DIE%
N LR PSE LA 2 W R WIRILIC O WT, BURTIRE D &
PR AN AN CRETARE D, HEAESNTVAVE NS HE
° o es DBH5. INFSBROBETHS. £z, THIFID
o =2 EFANTEYURTHHH, FROME - MHEBHIR
AR 7Y BIEMTERVENHBEERD 55 ERON
PR A 5. ELINE, EROBREE G TR, T
° 36 %%@ BHb, PREY—OZEEDETRNENS D
° e, °“% EThHY, T3 UAEEKRTHELARIMEHABAE

Thd. T2, BEEFHIZHRIZHETETWSD,
Cahn—Hilliard 5RO E O T 3L F — DIz >
WTIHZDETNIEZED & S BB 2D DDA R

& < . ’C‘ﬁ) 5. ZHUTDWT I particle DESH & FEHIBBE R %
o% %’ T B 2o AR DY — DR BRI
& & ,u%)ﬁ’bé 7RG TIFRW. £72, ZO particle €
o FIOVIFEHREFEIZ Voronoi 43 El % & 1728 3 IRt

TOHBERBANVERII NG E LR WVWE, T
DWTIE Dwyer 578 EIZ K O REIHIC s 78GR G 1
DWIZEPHEATE D [2], AEMIZKERBESTIERVL
CHIfLTRWEEbNS.

SE R

[1] N. D. Alikakos, P. W. Bates and X. Chen, Conver-
gence of the Cahn—Hilliard equation to the Hele—Shaw
model, Arch. Rat. Mech. Anal. 128 (1994), 165-205.

[2] R. A. Dwyer, A faster divide-and-conquer
algorithm  for constructing delaunay trian-
gulations,  Algorithmica 2 (1987), 137-151.
https://doi.org/10.1007/BF®1840356
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Phase-field crack growth simulation reflecting boundary contact and non-penetration
conditions

AR D ARRIEA?

Takeshi Takaishi and Masato Kimura

D () BUREF K T9ER % (T 135-8181

H AL X A =T B 3 % 3 5, E-mail: taketaka@musashino-u.ac.jp)

D (B SRR HTRSEI 8% (T 920-1192 411 HL G R i 4 [H T, E-mail: mkimura@se kanazawa-u.ac.jp)

A new model that can treat crack surface with non-penetration condition using phase field is proposed. The
unilateral contact condition proposed by [4] can be easily included in our gradient flow type phase field

model.

Key Words :

1. XLC&IC

BELIFT AT 4=V RKETILEZHNZZ AL
F-AimMoEdAERETVEEHL (1], ZOET
NaPLRT 5 Z & TR % M 5 & S R ORI HER
BT ERER I FTIERBRERETESLZ L
ZRUTERZ([1,2]. ZTOETINVIE  Bourdin-Francfort-
Marigo (Z & 2 Mkl D fiME & & K T )L F — DU
RUZEOVTWVWB[3]. 7z —X 74—V REHAWEZE
HHRET IV, SHOMRVEBRZHEINS, &
M 22PN ERZ 5, SEERE IS HEHEBOZE
HEMAEDLRWRY, BEEHAE EOLZ S OREZR->T
WA, ZAFEROMESNZRNTEZ L6, 2O
FETRHEHMMPEELO WG IZIT@DIEITTL
£5. £2°C, THEMIFEML -EATHHEITEWN
=R A T 572812, Chambole-Conti-Francfort
IZ & > THZE X 117~ unilateral contact condition [4] % 2
FHODETIVIZHAAALR [2]. 2 ZTlE, BN
Y ITOEBICHBIT S SRHEROKRTZHET 5720
2, HREAETLVEZHAVWEIETED LS REZPIR
DOLEDBROSNBE D, £V OLDEBREMIZBE TS
SR DE % FreeFEM[5] & W72 8fEY I 2 L —
PEEINAS: Vi

2. EFILARER

ZZTIE, d-IRTTHEMERIZB I B EHERIZOWT
ERDH. Wik E W EEOARBHEBE QR 2 L
TEz, WhoZfi % ueRI T35, 22T, 4%
FHITET7z—AT74—)VRELT, sHEHT 1 =
DR WEIT 0 2725 & 5 Al e [0,1] 2%
Z%. B-F-M O T3 VF—DAEFE UTESES

This model can treat the contact condition of crack surface also crack growth in material.
crack growth, contact surface, phase field, FEM

OEHUZEZERETVIZRD XS I12ET S [1,2]:
—div ((1 - 2)%c[u]) = f(x.1)

G’Z% = (6 div (y(x)Vz) — 7@2 +olul : e[ul(1 — Z))
&)
ZZ T, (@) =max(a,0) T. efu]l = (Vu+Vu')/2 I3E
ATV, oul eI T VYNV THS. Tz, 1R
IZHWT, FHREEBOMNEER y=0Q 2B WT, T«
V7 VR Ty DA g(x, 1) THZ 50, FHHEMEEIC
BB ENIUNDINBIET L ) 1 < VIR Ty = T\Ip
LT 5.

CDETNTIE, 72—R714—IVRE2HETSZ
ETREMROWHET RN F -2 s SZHELOF S %
RALTWEZD, HOSHDGEIZIERER I 4
EEZHETE ), 2RICE D SHEIHEEMT
ZEECIINAEOMBNIIG U TEALTLE
5. % Z T, Chambole-Conti-Francfort IZ & » THEZ X
27~ unilateral contact condition [4] & Z D E FIVIZH
HiAA, EHRHMOIEAFZF M- THE KD B &
512U 7. elu]l = elu] - S(divwl &3 2%, FEHEA
D 5% I\ 72t /713 unilateral contact condition 7* &
olu] = B(divie), T — Bdivu)_I + 2uelu] £ FTZ L MNTE
2 ((divi)_ = (=divie)s, B 1= A+ 2u/d). $6>T, FEA
BRI AERE T VIFIRD X5 I1ZEL ZENT
5 2]

—div((1 - 2?5 [u]) = f(x.0)
a% = (e div(y(x)Vz) — @Z

- @)
+(Bdivi +24elull) (1 - 2))
3. YIal—vyaviER
& B RO 2 YOEIERRIC I LT, B R
AR 56T B SN AT S 5 > & e
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BBEEETHHER
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t=02 0.5 1

BM-1 () EE T3 2T14 VI LERELEREE QED
HFT)TAVILERELEBA., ETOERD, &
NERiEMIER & T 5.

t=02 0.5 1

-2 QEREETIL () TOEHII2L—YarviER

t=02 0.5 1

-3 IEAGEFEETIVL Q) TOEHIIaL—23 Y
R

ZDWTCHAARTz, NSt 2 W= 8 S a L —
¥ a > Tld FreeFEM @ IPOPT /8 v r — ¥ % 7z,
BN, AR Ty, Ty &, T4V 2 VIS T, T
ZRH (K-11)), Ty, Tas EENTN 0w =028, u = 0.2t
TELIE, FEAXMZRZRVETIV () LEEA
ZMMERHOETNV2TOREY I 2L —Ya v iEiro
7o, FEBALEERZRVETITIE, SAANERT
L@ T, MBOZERIZE ) SHEIHEEML, &
W DL DB ANE D B &\ 5 FEY R 7 i 5
MERETULES (M-2). —f, FEAZXMGZFEOET IV
TIX, JEWHMRERIZEL T, BormEZpRe
o TWBIZEeWbhb (H-3).

iz, IFEAZMEER>ETVERAWT, AHlO#H
T4V UER, AlEZEHERE UTHEY I 2

M4 ARl=BHRERE LEHED, FEAARREET IV
Q) TOHMIaL—>aviER

V—Yarvefiok (M-12). MEoAHE AR
ERTHILT, PRMENERHELEI LD
% (M-4).

4., &0

M2 LS B TlE, WM EE RS, 2
MDA 0, SRR F Z2EEPLL A 5N
5. EEAZMERODETFLTHEY I 2L —Ya Yy
BIT5Z8T, N IZESIT ETh SNk
TEHAEIIBVWT, SHEROBETERIZLD EA
ED T 2 Z & TEHRPIRE->TVBZ D
Mo 7.

SHORBIZ Tz —AX 74— IV REZHWSZ T
BAZLHEAZ/ELEYIalb—yardfFrsl e
5, B EMEE R OMBOLEKE 7 2 —X7 1 —
WRTRETELZZ RIS NG. /-, HEfmT
DEERETVATES L, IORENLEEY I 2
L=y avhaRee s e E26N5.
BiEE:  AWTSEIX JSPS B E JP21K03356 DBk % 3%
P Tirhbh .
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In recent years, the number of diabetic patients has been rapidly increasing along with changes
in lifestyle and social environment. Once the diabetes is developed, it is difficult to return back
to the healthy state, and thus the establishment of a mathematical understanding of human glu-
cose metabolism, so as to prevent the diabetes from developing, has become an important and
urgent issue. In this study, we aim at contructing mathematical modeling for the human glucose
metabolism system to attain a mathematical understanding of the mechanism of blood glucose
homeostasis.

In this presentation, we first present the construction of a compartmental model of systemic
circulation describing Glucose, Insulin, and C-peptide dynamics. Then, by using Oral Glucose
Tolerance Test (OGTT) data from healthy subjects,and the Markov Chain Monte-Carlo method
we perform the parameter estimation for this compartmental model. The results obtained from
the model are validated by the medical facts, such as the halflife times and the insulin hepatic rate.
And we finally discuss some future directions, such as using the data of the mouse of different
diets.

Key Words : Glucose metabolism, Mathematical modeling, Parameter estimation

1. INTRODUCTION transport glucose, insulin and C-peptide into hepatic, pan-
creas, mesentery, renal, upper arm, lower limbs, brain and
stomach through artery. The blood then flows out of each
organ and transport the 3 sustances back towards the heart
through the vein. The blood flows out of renal, upper arms,
lower limbs and brain will flow back directly to the heart;
meanwhile the blood flowing out of pancreas, mesentery
and stomach will first gather together at the portal vein,
then flow into the hepatic, and flow out of hepatic to go
back to the heart.

In each organ, we apply the following conservation prin-
ciple for the moles of Glucose, Insulin and C-peptide re-
spectively:

Many mathematical models have been developed to bet-
ter understand the mechanisms of the glucose-insulin reg-
ulatory system. [1] gives an overview of some of the math-
ematical models for the glucose-insulin regulatory system
in relation to diabetes. In 2021, Kurata [2] proposed the
most comprehensive, largest, and highly predictive model
of the whole-body metabolism. The model consists of 202
ordinary differential equations with 217 reaction rates and
1140 kinetic parameter constants which makes it laborious
for parameter estimation. [3] presents Bayesian analysis of
a model for glucose insulin dynamics during OGTT, how-
ever the model does not consider the detail functions of
different organs ni contain the dynamic of C-peptide and
they have not considered the medical validations such as
insulin and C-peptide’s half-life times.

change of the moles per unite time
= the moles taken in by inflow

— the moles taken away by outflow @8
In our work, we consider the blood circulation among 9

] + secretion or digestion
organs: Heart, Hepatic, Pancreas, Mesentery, Renal, Up-

© —MHFEABAGEIZS

per arm, Lower limbs, Brain and Stomach. And we use
the letters T, H, P, M, R, U, L, B and S to represent them
respectively. The blood flux goes out from the heart and

— consumption or excretion.

The secretion/digestion and consumption/excretion are
based on the following facts.
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1. The C-peptide is excreted from the renal.

2. The insulin is cleared in hepatic and in the upper and
lower limbs.

3. The secretion of C-peptide and of insulin is at the ra-
tio 1:1 with respect to the moles in pancreas; and is
intrigued by the nerves and by the increment of the
glucose in pancreas.

4. The glucose is taken from the mouth, absorbed from
the mesentery and consumed in hepatic, pancreas and
brain.

5. When the concentration of glucose in blood vessels is
high, the glucose will be stored in the heptocyte in the
form of glycogen; and when the concentration is low
in blood vessels of the hepatic, the hepatocyte will
transfer glycogen to glucose into the blood vessels.

6. In upper arms and lower limbs, the consumed insulin
stimulates the protein GLUT4 who transports glu-
cose across the plasma membrane, which results in
the decrease of the concentration of the glucose in the
blood.

2. The mathematical model

Based on the blood circulation and the upper facts, we
construct the mathematical model. We denote by Cj, the
concentration of the C-peptide in the blood vessels of the
organ i, wherei € {T,H,P,M,R, U,L, B, S}, and we de-
note by I; and Gj for the concentrations of insulin and glu-
cose respectively. Let |V;] to be the volume of the blood
vessels and @; to be flux through the organ i, we denote
by Cpy the concentration of the C-peptide at the portal
vein. We then compute the concentration of C-peptide at
the heart at the portal vein by the following formula

Cr =

(QP + QM + QS + QH)CH + Zi:{U,B,L,R} Qici

Qu+Q+QL+Qr+Qp+Qum+0Qs+Qn

and

QprCp + QmCwm + QsCs
Qp +Qu + Qs

It, G and Ipy, Gpy are computed in a similar way.

Cpy =

(QP + QM + QS + QH)IH + Zi:{U,B,LVR} QiIi

I = Qu+ QB+ QL+ Qr+Qp+ QM+ Qs+ Qu
and
oy = Qplp + Qulnm + Qsls
Qr+Qu+Qs
And
_ (Q@p +Qu+ Qs + Qu)Gu + 25,17y QiGi
T QU+ Qs+ QL+ Qr+Qp +Qu+ Qs + Qu
and

QrCp + QumGwm + QsGs
Qp +Qm + Qs )

It, Gt and Ipy We present the model on the dynamics of

Gpy =

F28MOETEITHHEER
C-peptide.
\ H‘dd% =QuCt + QpvCpv — QvCH
\ P\ dCP = QrCt — QpCp + |Vp|Finsulin (Sin, GP)Cpc
[Vl ddc;M =QuCr — QuCMm
Vi R|% = QrCT — QrCR — |VR‘]””’CR3%
Vi U\@ =QuCr — QuCu
VL @ =QLC0T — QLCL
Ve % =Q@pCr — UCB
Vs s|% = QRsCt — QsCs.
(2)

where, the secretion of C peptide is given as

d
aCPC = — Finsulin(Sin» Gp)Cpc + ksChey  (3)

where Fiysutin(Sin, Gp) = kg (75‘;‘&" + kap ,YGCfGP +
kout- The first term represents the secretion rate stimulated
when the absorptive epithelial cell of mesentery sense the
intake of glucose; the second term represents the secretion
rate stimulated by the increasement of glucose concentra-
tion in pancreas’ blood vessels; and the third term is the
basic secretion rate. Using the same idea, we construct the

model on the dynamics of insulin

dlyg
\VH\ = Qulr + Qpvipv — Qvlin

mi

|VH|k1H1W

d
\VP Y — Qplr — Qplp + |VP | Finsulin (Sin, G ) Ipc

\VM‘iM = QmIr — Qumim

d
|VR|7R =Qrlr — Qrlr
zri

I
\% =Qulr — Qulvy — kv ————7
‘ U‘ d QU T QU U |VU| IU,ynle +Im12

dI L e

Vi It — It — | Vi |k, ———e
|L =Qult — Qul |L| IL,ymls +Im’3

d
Ve 7B =Qplr — QBlB

|Vs|thS =Qslt — Qsls.
“)

We remark that following the fact 3, we have Cpc = Ipc.
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Next, we present the model for the glucose

dGu

&)
We then present the model describing the glucose diges-
tion, fact 4, which is given as follows,

f) = :
=TT oxp (_2t76T1) 1+ exp (_2%)
Mass of glucose[g]
S(t) = e e % 55.5 I/L
(8) =(?) Water volume[dL] % [mmol/L}
d
V;n in in - Sin
\ |dt = QinS(t) — Qsm
g2
\% m Sin = kgm |3 7m’
| M\ 29 = Qsm om| M‘,ngrgrzn
(6)

where T3 is the time moment the testee starts to drink
the water, which will be set to 0, and 75 is the time finish
drinking. @y is the water flux from mouth to the mesen-
tery, S(t) is the concentration of glucose at time ¢ in to
the mouth; Sj, is the concentration of glucose absorbed by
the absorptive epithelial cell; gy, is the glucose in the blood

vessels of the mesentery and kg |Vai| 25’# is the glucose

in the blood vessel of the mesentery Wthh participated in
the circulation.

The glucose dynamics in the hepatocyte considering the
phosphorylation and the tricarboxylic acid cycle are given

Vi T = QuGr + QpvGpv — QvGa
_|VH‘I€GH17$Q1 —%Zggl + |VH|kGH2W:$
Vi 1>|dGP =QpGt — QpGp — |VP‘kGLUT2’YG:;7+PGP
\VM|(€TM =QuGt — QuGn + kngMvggflg?ﬂ
‘VR|% = QrGr — QrGR
14 U|dGU = QuGt — QuGu — kcuGau|Vu|Gu
|VL\% = QLGT — QLGL — kaLGaL|VL|GL
|VB|% = QpGT — QBGE — keB|VB|GB
|VS\% = QsGt — QsGs.

FE28MEtETHHEER
by
dGuc ok G bk e
dt = RGH1 ’Y"qu + qul GH2 hni’id + Gmhd
Guc
— kucr——————Iuc
T 2 + G 1
Gep Vh 2
+ kuc S
HO2 s + Gep Yrea + G&
dGer = kuci _Guo Iuc
dt Vhe2 + GuC
_ kHCZ G6P 7}%@2
Yhes + Gop Vieo + Gh
Gep
— krca————— + koy (GFv — Ggp),
T S roa + Gep sy (Giy o)
@)
where Iyc satisfies
dInc e
=k — knal 8
& S n3lHC- (®)

The glucose and insulin dynamics, including the glucose
transporter 4, in the upper and lower limbs for the fact 6
are given as

dG
d:U = kcau (G — Gau)luc — kauGau
dG ©)
d;L = kaar (GA™ — Gan)Inc — kaGar
where Iyc and I1c satisfy
Iy
4 U ol
g lve = kru 2,12 kualuc
(10)
i] k 712‘ — koI
dt LC — IL’}/IQQ +Iﬁ 124L.C-

(1) The parameter estimation

We apply clinical data of the oral glucose tolerance test
(OGTT) to perform the parameter estimation for the total
system consists of the models (2) — (10).

In the OGTT, the healthy testee is asked to take 15.1
grams of glucose dissolved in 100 mL water within 3 min-
utes; and the concentration of glucose, insulin, and C-
peptide concentrations in blood vessel of upper arm vein
for every 15 minutes till time length of two hours will be
taken as data.

The model contains 34 equations and about 40 param-
eters, and we apply Markov Chain Monte-Carlo (MCMC)
method [5] to search for the parameters which minimize
the error between the simulation results and the data.

(2) The medical validations

Once we obtained the estimated values parameters, we
will computed the half-life time of insulin and of C-peptide
and the hepatic insulin clearance rate to give the validation
of the model in the medical sense.
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The half-life time
We compute the total moles of insulin and of C-peptide
respectively, such that

La(t) =Y [Vili(t), and Can(t) = > [VA|Ci(t),

where i € {H,P,M,R,U,L,B,S}, and I,;(0) and
C.an(0) is the value of insulin and C-peptide data at time
t = 0 respectively. The half-life time ¢; /5 of insulin is the
time that . (t1/2) = 0.5 x I(0) under the assumption
that there is no secretion of insulin. And we define the half-
life time of C-peptide correspondingly. We recall that as a
medical fact, ¢y /o is about 4 to 10 minutes for insulin and
t1/2 ~ 30 minutes for C-peptide.
The insulin hepatic clearance

While circulating in the body, the insulin will be cleared
by hepatic and also by the upper arm and lower limbs. The
ratio of the hepatic clearance is an important index of re-
flecting the hepatic function.

Insulin Hepatic Clearance rate (%)
Insulin cleared by hepatic

" Insulin cleared by hepatic and by upper and lower limbs

II"—IrLil
kra —m—
mi mp
B ,Yil il + IH 1
I?;Inil {IniZ I]’En'ii‘)
krm + kru + ki,
,-Yil il + IH il 712 i2 + IU i2 ,-yl3 i3 + IL i3

As a medical fact, this rate shall be within 30% ~ 80%.

3. Numerical results

We present the volume size of the blood vessels and the
flux of blood through each organ. We apply the values in
Table 1 [4].

Table 1 Values concerning the blood flux

Organ Volume of blood vessels  Flux ratio
Hepatic |Va| =1.14 ag = 0.05
Pancreas |[Vp| =1.14 ap = 0.05
Mesentery VM| = 0.94 x aM“ﬁas aym = 0.1
Renal Vi| = 0.51 ag =02
Upper arm Vo[ =074 x 22— ay=0.15
Lower limbs  |V,| = 0.74 X aU‘eraL ar, = 0.25
Brain |V =0.26 ag =0.15
Stomach [Vs| = 0.94 x 8- ag = 0.05
And there holds
QT = Z Qs
; (11)

Qi = aQr,

where i € {H,P,M,R,U,L,B,S}, Qr = 3.6 [L/min],
which is the total flux goes in and out of the heart. We set
all the power in the Hill’s function to be 2 and we perform
estimation and present one estimated results as follows in
Jupyter widgets.

£ r‘-‘-ﬁigt""A

F28EFEIRERS

In [8]: %run ./20230227_Model2_noslider. ipynb
ki | 800 3| ka | 00226729 3| keu | 115223
Gy | 010067 3 kGs1, | 0.00135702 kqr | 0.0408214

7o | 110178 @ o 119178
ra [ 119176 3 ra [ 119170
Go Exccute

Reset Parameters Execute

For Average Data: the Halflife of C-peptide is 38.35 mins; the Halflfe of Insulin is 5.48 mins

Fig. 1 Numerical results

From the simulation results, we observe that the insulin
hepatic clearance varies within the region from 30% to
80%. With the estimated parameters, we simulate the total
moles of insulin ,; and of C-peptide Cl);, and compute
the half-life times which turn out to be 6.07 minutes for
insulin and 38.35 minutes for C-peptide.

4. Conclusion

In this work, we present a compartmental model of sys-
temic circulation which describes the glucose, insulin and
C-peptide dynamics. The model is constructed based on
the principle of conservation of moles, and has taken the
blood circulation and the dynamics of all the organs con-
cerning with glucose, insulin and C-peptide into account.
We apply Markov Chain Monte-Carlo method to estimate
the parameters’ values which minimize the error between
the model results and the data. We apply the estimated pa-
rameters and compute the half-life times of insulin and of
C-peptide, as well as the insulin hepatic clearance, and the
results are validated by the medical facts.

Our results obtained the medical validation for the
model. As the aim of this research is to find the early
signals of the diabetes so to prevent the diabetes from de-
veloping, and the data we have used in this presentation
is from the healthy people, a next step is to use the data
of the mouse with different diet. High fat diet treated
mouse is widely used as experimental animal model for
hyperglycemia study. We plan to determine the parame-
ters which are different between the healthy mouse and the
hyperglycemia mouse, and we expect the results to lead to
the clarification of healthy and unhealthy mouse, and then
to the definition of healthy, pre-disease, and disease states
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of diabetes by the mathematical model.
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APPENDIX : The parameters to be estimated.

Table 2 Parameters to be estimated
Parameters Explanation

kcRr3» Vel Excretion of C-petide

k1u, Yo Insulin upper arm clearance

krms Vi1 Insulin hepatic clearance

kL, i3 Insulin lower limbs clearance

kg, IS¢ Insulin basic production

kg, s Insulin secretion (intake of glucose)
kcip, Yo Insulin secretion (increasement of G'p)
Kout Basic Insulin secretion

kcH2s Vhel Glucose from hepatocyte to blood
ka1, Vg1 Glucose from blood to heptocyte
Qsm> Th Glucose intake

kgm, Ve Glucose absorption

kcLuT,Yyap  Glucose in pancreas
kuci, kuce  Dynamics in hepatocyte

Yhe2> Vhe3 Dynamics in hepatocyte

Yhe2s kn3 Dynamics in hepatocyte

krca, yrca  Dynamics in hepatocyte

kely, Giy Dynamics in hepatocyte

kcau, GR7*  GLUT4 dynamics

kqu GLUT4 dynamics

ka2, Yu2 Insulin dynamics in upper arms
k12, Y12 Insulin dynamics in lower limbs
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Learning Hamiltonian systems by the kernel method and
its acceleration by randomization

R RIS D MRS 24 DR 3
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In recent years, particularly since the Hamiltonian neural network was proposed, there has been much re-
search on modeling physical phenomena using neural networks. However, due to the nature of neural net-
works, the accuracy may not be good when the number of data is small. In this study, we address this
problem by using the kernel method for learning Hamiltonian systems. We also propose an accelerated

method by using the random Fourier features.

Key Words : Hamiltonian system, kernel method, random Fourier features
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