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Inertial migration of spherical particles suspended in square tube
flows of Newtonian fluids and viscoelastic fluids
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*Department of Pure and Applied Physics, Kansai University
**Graduate School of Engineering Science, Osaka University

Particles suspended in tube flows are known to migrate laterally due to the presence of inertial lift force
and eventually focus on specific locations in the downstream cross section. In the flow of viscoelastic
fluids, suspended particles also experience viscoelasticity-induced lift force. In the present paper, inertial
migration of spherical particles suspended in square tube flows of Newtonian fluids or viscoelastic fluids
are reviewed. The focusing positions of suspended particles appear at the center of channel faces, on the
diagonals, at intermediate positions, at the center or near the corners of the square cross section, depending
on the blockage ratio, the Reynolds number and the Weissenberg number. The particle focusing patterns
experimentally obtained are discussed in relation to the lift force map in the tube cross section.

Key Words: Segre-Silberberg effect, inertial migration, viscoelasticity-induced lift, inertial lift
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Fig. 1 (a)-(d) Experimental results for the particle distribution in the tube cross section for spherical particles
suspended in a Newtonian fluid (d/D = 0. 125, (a) Re = 200, (b) Re = 300, (c) Re = 350, (d) Re = 450). Circles:
midline equilibrium position (MEP), triangles: intermediate equilibrium position (IEP), squares: diagonal
equilibrium position (DEP). (e)-(f) Schematics of r-nullcline and énullcline in the first quadrant of the cross
section drawn based on the numerical simulation, corresponding to (a)-(d), respectively.
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Fig. 2 (a) The contours of axial flow velocity and approximate directions of the shear gradient-induced lift
force, (d) Example of numerical results for the lift force acting on the particle which is located at the origin
of each arrow, at low Re, (c) Schematics of r-nullcline and 6-nullcline, and the direction of lift force in the

first quadrant of the tube cross section.

FEL, K Re BOBAITEEY S 21— 2 T
SR 1 Bil% X 20000~ d. SFRED S5
1 SROIHENTND. FRANIHLBZEDIERIZH
DRI L BIIDMEX Z/RLTEY, B TED
KEIEEFEL TS, K 20)2BWT, WimH LD
FEs KOV E COREIRD RN E RAuE, il
725 <G HIH3FME & TF > 0), XA SHEEN D H) X
(0<0<n/4 TFy<0, M4<0<nf2 TF>0)THDHZ &
DHERSND. Fio, BRI T, HBIFNmET
(Fr<0), XHARUIDND X0 <0< n/4 TFo>0, n/d
<0<n2 TFR<0)THhHD. LIk, HE Il —v3
VCRDTEIDOIE DK 2@)70 5D OHEERE —ET 5
T EDVRENTL.

B ORIy Fr & NSy FoDIEA A Wik
D 1 BIRTHERATHN =00, K 20)Th5. F
B Fob, ZAVENN0 & 72 5P U7 SEHRA Wi o0
EEBEDRNAAET D, Fr=0 OSER(r X7 T4 v
EMES)ZBEE LT, Zhud W NBITT R i3l Oha &),
SMAIC Frid (Nm&) E725 (X 2(0) LX), ARk
INTHONT Y, Fo=0 DR UT-EHERROR L7 T4 L &
MR 2BEE L CEDMmHICHENEDD. S5HIZ, %
PRI S, RFdulsy, z #ll, &5V 3aR
HDHEED FolZ 0 L7250, y, z fillls USRS
Fo= 0 OSERR AR L TRV, ZOMHIT FoD4 5
WEDD (K20 FX) . 22T, v,z @iz
WY, EEEL AT L, x Sl IS & 5T
2.

Fr=0 OZfERY(r X/V7 T A )& Fo=0 OZfEFYO X
N TA 2y, z ks LOSHER) ORI, H57003 0
ERBIRTHDHDT, KiADOVhiHaEES. X 2b0)T
I, Y,z il B &SRR O TH D, y, z i
D A AT T, e R oD S S oA T
SICHIET 5. X 20K Re HOBA, r XL

T4 NTOXNT T4 L ORBINCHDHDT, ZHHD
A AT D JE A R G3 (Fe) D35 F#R A D BIEAL 2 1)
x OFESICFET D, - C, 0<0<n/d TiLy il
&, 4 <0< 2 Tz filimE O b FER,
DRI RZE T, SRR ZE S &
725, FERCIILE 72 S RITR PR Z 5 DT,
DR AR ST HERR T, b
TS OIE 2D, UELD, (K Re D84, X 1(a)
\ORTRFEF T — SR NS Z L3305, 2
ZC, xR L 0 O B3 0 L7 B R T
BHDN, FOUEOBINIAAE TH DI, NELEE
IR TTH Y, TR TERITE S S0,

I, K1) - (@RS LT, Re sk
LYEEBE % D, Re BT 5 LEMENKRE 22D,
ZIUTEES T 2002k LT AN B L, r XL
TTA L EOXNT TA AIERT D, BRI, y,
2B OERITEAUZ ERE 72008, y, z Bl DB
NI-fER TR E K BRI 5. Re OB LT, 1 X
NI TA L EOXNT TA L DOER AL LT
ORE 1E) - (N THDH. FHLGROARL, B
B NI TA 2, ROMRPOIILY T A v aFKT
F7, AEIBEHIN 0 &R ERL, BEVD
HEIDNEE S, B E OIEDEE S Th 5.

1E@)IIX 2(b) i~ LT, K Re BDTAE D r XV
TA L EORXIVT T A L OFERTH e E AR A AR
\ORLUTZTC, TS0 4 SN ZEE T TS T
B RHRUIKT L TR TH DD, 5120 <0< /4
DFEIRI > T AP - (N DEA b EEZ D Z LT 5.
Re BN KELRDH L T NI TFTA L EOXNT TA
1%, AMISRT & 912, 0<0<n/4 DOFEET 2 [a1474
T5. EORENRPHMER THD. L TEZ 2
SOHMERD H B, ZOFEFAOEIOmE X0 %t
FFRZULN T O PR (EP) X ZE TH D3, y il

_12_



HANA A LA m o —205E

(2T O HREEH S (EPYIIALE TH D Z E 03y
5. DR &t A RIS, EoTickir b
r VT T4 E0XNVT T4 2 OFRIZAERRD
K Re BDOLGA(X 1) ERIL THDHDT, ZNHDE
EMEGRIUC, HO TSN ZEE, 8 T s A
ThHD. 1E-T, ZOEEOR R O &
RS TR Z 2 Z L1272, X 1) DRi-50A[IC
RS 5.

I HIZ Re B4 5 &, X 1@ L 91,
FHETr XVY T4 ROV T A v & tBz THMA
\ZHEOND. ZOFER,  FohSeifafipa 6] < SR Zx 4
S SMFET D 2 L2720, ST I REIC e
5. HEoTC, ZOWGADLE R A R O,
HTAE S, MR TH Y, ZHOMRFEBRTRD
NADRFEPNE 2 RS, ZOBEORAD4 LK
1SS 5.

5|2 Re £MENNT 5 &, X 1hW)WTRT X 91,
1 THRONIZr NI TA L EOXNVT TA D3
[BIDZZFENS LRI & 72 1), L e R R TEIR S 5.
Z DB L TE T AR s U AT A & S A
20, TIOPRITEPAE TH A L)~ T Rt
HErhoRE— L5,

PLED X512, Re DAL LT AR TR.6
7= 4 SORFEF N Z— (M 1) - (d)1E, Bl 3 =
L—3 g RO NTE I bEA S LS. ik
A R & o ST R O ZEEME O 2 b & HR P R O
Bl JHIRIC R Y, R RZ — DBBNEZ S Z
LIVRENTZ. FNEFNORE — kR LT Re #
X4 OOFEI 3T D Z LINTE, ZTDEER LD Re
B3R Re 0 & ME I A . BEA Re B, Y1 Xtk dID
IEFE L CRELSELT S, £/, dDAAKEL 2D
L, ®1@) - @R LT 4 SORE TR S Z— LISk
DRI BBERSIND. HIZIE, WIZK 3c) TR
95, MAFHEDOHRORL R/ — 70 BB
DX 07D, FOFEMIENT 5.

3. HEMREDEABE RN DD SS $HR

MERSHIIDOLAFIIE, T ORSRERERF D= DI —fi%
\ZH T BEDRS T B /KRR Al & LT
W5, <A 7 afitihT A ZAHlaz 548 b,
B TR EE L 55580320, VP ORSy
FIHERDO LS IR NF—2E 2 DREN =T O
T, B TARKERII S b T uitEE o, fiEo
T, RHEMRAZBYE L 95 SS RO
PNATOND KD 127> T 7219, FhEEMERIRO I

W35 HE3E 2021 (72)

I, REEE AR O TIHE—E L A2 E DB
D&, AWM L CRERREZR LA RT D
DHPAET 5. BB ORSERIAE LT, @7+
Z k7 < polyvinylpyrrolidone (PVP) D i KIS A
HFoid, IROEEE L CHERAITZIL, FE
EOREE b o= a— F RO L T 5 2 &
(2 v, shear thinning <° shear thickening D284 FRok
L7z, SED G OMPEDID AT~ = LN TE
5. AfaTIE, 2Ok REAICRET 5.

X131, 3FEDEED PVP(Mw = 360k Da)/KIAiRIZ
[EPE d =60 um DERIZRL -4l S, HE D=400 um
DIEATEE I LTS B G b NIh -3 T 2 .
W BE AL 600 mm FROWHEIZIs1T B HIE
FERT, Re=50 DFATHSH. RUKMHFT=a—h
TARZ R, FAleh 7 3m O P T 5. X
3@ITRT, I bATELR PVP KIRROSENE, RifiE
SO 4 SITEF L CODORALH, =a—
kAR EERECTH D, DL PVP IRENREL 720,
BEOFENHINT 5 &, K 30T LI, kA
RO DRI EF R R OND X125, &5
WZPVPIRENEL 725 &, K3e0WIRTL1T, A
Ny YO AN i =G e/ TSV el

PO K X < 72 D120, R FEF D m
Tl XA T R~ C BT DB %2, BEE O
R 2505 b LIcBET 5.

FEEEDN T —EOREHIETHAT, 56 2 IS0
5 LIRS L ONNS IBETE BIGA,
PRICERT 2801358 1 IS 220 AR A3 25
ZEMMLNTND . BT, B LIERE AT
AMTHEED 2 Fl 2T 5 Ll TE 5 . 22T,
X 4@\, TEHEWIE OB AMNRED 2 TRk
R L. KFPORANL, ZOREORROMmN X 24
Wb DT, BRI LD I0mE 2. X 4a) &
0, WM Z ST EBRE AN E (F<0)T,
RHAFRO T Z AN TWA (B L RERTIE, 0<0<n/4
TFo>0,m4<0<n2 TR<Q)Z ENGND. Zhb
DO, X 22) TR L7zt AWNEE AR N5,
B L 28 L& Th D 2 LITHER LTV,

BPEIC K DA 0mE L, BV NS 72K Re $kic
BT, PVP KRR ORI o34 2 i~ % 2 & Thigs
THZLNTE D, X Ab)Q)IETDIBRFERDEIT,
Re = 1 DFAIT, (0)AVE AN BAENED 250 £ D HHHEfE
(28 D Wi, (€)2 1500 15D IEEEZ & 2 Wik R 737
g, BRI O 1) TiEH O BRHARRZE -
TR AR R LI, ZAUTX 4@VRTE 1850
TR HDVBEN T SRR 7R A SRS T 5 £ B 2

_13_



N5, FHOXK 4C)ixHi & A Z < IR ki 4
R RSN, ZIUT A@)RTHEISO Sk

T 5. ZILLDORERND, mmm%ﬁ$@%ﬁﬁm
SWGEIZIFT 68, TbbiE o

B LT, l4@ﬁ%%@éhé%ﬁ\ﬁ#ﬁwﬁ
U7z > TND Z L SR ST

[X] 3 127~ 9" Re = 50 D56, PVP KA ORI
i, EMECERT AEICINA T, MRk 280
ik%PTW%LPVP&E#W%@W.S@@%@u
1%, TPEORAEENGHNZDIZ, = a— b UARIRH & TR
RO, THS T S OB ORL FEEF R — AT b
Bz 5. KAD),DEEITIE, I X580
WEIZHIN L, ZDSeH RO X % z?)/D(l 4@) 7=
(2, ZETE 7R A RS O S D kA S S S -
TR END. ZDZ L1, FENE-P &7 /L% iz
Bl 2 2 L—ra ko ThER SN, Pt
BORNNZ X > TR 742 — 3K 3(2)-(b)-(C)
CHEBT D Z L hoRnENTE B, FENE-P &5 /UK
I C SO IIENTIA T ORI 2 L~V INFAET
HH0L LT, ZORIARH DGR )% F
T, BOTOIHTV IN~DEEEFTET L TH
2.

Fig. 3 Cross-sectional distributions of spherical particles
suspended in PVP aqueous solutions with
concentrations of (a) 1 wt%, (b) 1.9 wt%, and (c) 2.5
wt% (Re =50 and d/D = 0.15).
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Fig. 4 (a) Contours of the shear rate squared for the flow
of a Newtonian fluid. Arrows represent approximate
directions of elasticity-induced lift force. (b), (c)
Experimental results for the distribution of rigid
spherical particles suspended in 4 wt% PVP aqueous
solution flowing through a square tube at Re = 1, for
d/D =0.15. (b) L/D =250, (c) L/D = 1500 (L: distance
of the measurement site from the tube inlet).
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# 1 Society of Critical Care Medicine ®E® 7= EHHREDER Lk 2 L v 51H)

Diagnoses, manages, and delivers the care of critically ill patients
Has the medical training and skills to manage multiple heath problems, including but not limited to:

1.
2.

3.

W 0o =] O U

10.

Cardiovascular: shock, myocardial infarction, cardiac failure, arrhythmias
Respiratory: prevention and treatment of pneumonia, respiratory failure, acute respiratory

distress syndrome, chest trauma, smoke inhalation, and burns
Neurologic: stroke, traumatic brain injury, intracranial hypertension, seizures, brain death
evaluation

. Renal: insufficiency or failure, electrolyte and acid base disorders, rhabdomyolysis

. Endocrine disorders: adrenal insufficiency, diabetic emergdencies, thyroid storm

. Gastrointestinal: pancreatitis, gastrointestinal bleeding, hepatic failure

. Pharmacologic emergencies: overdose, drug reactions, poison

. Hematologic: anemia, coagulation disorders, thrombotic disorders

. Infectious disease: treatment of multiple infections and recognition of and treatment of

sepsis
Nutritional: prevention, recognition, and treatment of malnutrition

Able to manage or perform certain unit-specific procedures, including but not limited to:

1.
2.

Endotracheal intubation and mechanical ventilation
Placement of intravascular catheters, including central venous catheters, pulmonary artery
catheters, dialysis catheters, arterial catheters

. Cardiac pacing device insertion and management

3
4, Tube thoracostomy
5. Cardiopulmonary resuscitation
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a critical care center in the pandemic of COVID-19
(Background of the rapid increase in the number of severe patients)
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Fig. 1 The trend of hospitalization cases of COVID-19 in Kyoto.

Table 1 Situation of the Critical Care Center in our hospital.
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Fig. 3 Simulation scene for PPE inan ICU.
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Fig. 4 Damage control surgery in an ER with full PPE.
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Fig. 5 Exchanging the ECMO for a severe COVID-19
patient.

- RIS S A — DR
BEPI T = e A A R O RkE A LT 2
LT, BERAY v 7 OGS LUV COVIDA19 (et
TARGIEZATH T ENTE - iz, BYYEHS
Loy == VIR KOG OUH, SHRRR
SEEAFRARTD COVID-19 g s P itab 5 = &
INTETZEEZZ NS, L3>, BYRIESLET
JBYIER A TU  COVID-19 oz OB EE &%
A, kst 7 —& LTORETH D
=YHEEFE DZT NNEAlGE CE =D TRY ik
Ex .
= b /ST A% iz N A B VAT |
BIE0D COVID-19 BYSIRAA TV v, BYES 5
TR KoL L T AND TS, A S
> 7 OERO TS TND & ZARKE L, GRS
EHWEZGT) D ER RGOSR A S
7, WRTEHMMOME 230 > T 22, FER
SRR DUEAHRF CE DB QIR e B2
BIV5. F77, ICUR°HCU CHIEEFE W TH Y,

35 5 3E 2021 (86)

SARFINHOFEAHEAS 7 OHE & COVID-19 DEEE
B EGOT B 2 Te > TR MWEND 5. [RFIET
COVID-19 FAMEASEINL, ASehhEnd % Shal Zps
LT, AL—RIRREAFECTE D LT L TTAVR
THIRBRN

4. TEWABERD Y FA—ILEL2—0ER

FAVFON D15 256 7N T, —IREREEI3S
%, HFE, mESE, RS - AN, AL, ki
BEZor TN 5.

COVID-19 BAtE DRI, i IR T
NBEAEE AT 5 23, Wl T1T 9 LIRB AT
AFTURIRZ NG T E 2272 EOSEEN B 2
728, FETHFCld COVID-19 JERYLEDEENMI AL,
BF2HE3A 2T H R ABEER = hr—Lt
Z—)3ikiE SFUEH AP L BITE Bk L T
% (Fig. 6) .

Fig. 6 Control center for COVID-19 in Kyoto

prefecture.
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Fig. 7 Role of the medical control center for COVID-19.
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