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Abstract

In this study, we employ a micro-schlieren system to observe Marangoni convection
induced by concentration gradient during boiling of binary mixtures in square capillary
tubes of various sizes. The effects of channel size, concentration of working fluids and
mixture characteristic on boiling heat transfer are investigated experimentally. From the
relation between refractive index gradient and grayscale ratio, we are able to quantify the
concentration gradient near the vapor-liquid interface.

The inner widths of square capillary tubes we use are 200 um, 500 wm and 900 pum,
and our working fluids are binary mixtures of 2-propanol/water, 2-butanol/water,
1-butanol/water, ethylene glycol/water, acetic acid/water and butyric acid/water. In
general, binary mixtures can be classified into positive mixtures and negative mixtures. In
this work, positive mixtures include 2-propanol/water and 2-butanol/water.

Our experimental results reveal that both size of the square capillary and
concentration play a prominent role in the heat transfer coefficients. Yet, heat transfer of
2-butanol/water mixtures is independent of size of capillary and varying concentration
has no impact on the heat transfer of butyric acid/water mixtures. Results of this work
confirm that the concentration induced Marangoni convection is significant to the boiling
of binary mixtures. For 2-propanol/water and acetic acid/water mixtures, we find out that
the Marangoni effect is particularly vital at low concentration. Heat transfer of
2-propanol/water mixture is enhanced at low concentration because the surface tension
gradient acts to induce liquid motion towards the heated surface. Nevertheless, opposite

trend is found for acid/water mixture. An interesting phenomenon, bubble oscillation, is



discovered in smaller square capillary tube when concentrations are close to the
azeotropic point and the mole fraction of liquid phase is higher than that of vapor.

Usually, the schlieren patterns can be easily found in square capillary tubes of larger
size. No schlieren phenomenon is observed in capillary of 200 um in width. By
comparing the refractive index derivatives with respect to temperature and concentration,
we verify that the schlieren indeed corresponds to the concentration induced Marangoni
convection. With the correlation of refractive index gradient and grayscale ratio, we are
able to quantify the concentration gradients near the liquid-vapor interface during boiling
of binary mixtures when the Marangoni convection is strong.

Keywords : micro-schlieren technique, binary mixtures, Marangoni convection,

refractive index gradient, quantification of concentration gradient, confined boiling.
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Ca Capillary number Ca= ﬂ'zci
Co i £ specific heat (kJ kg™t °C™)
D = 4] L W 42 inner width of square capillary tube (um)
E Segm T AVE B 20 BB the distance between top surface of heater element
and thermocouple (mm)
h #. 18 % #c heat transfer coefficient (W cm™ °C'1)
hiv 1 fEjn 482 4 heat of vaporization (kJ kg™)
Ja Jakob number Ja = M
Py

k #4182 4c thermal conductivity (W m™ °C™)
m ¥ ® £ & component weight (g)

1/2
Ma Marangoni number Ma= AUZ { g } -Pr

AL 9(p-p.)

n 375+ % refractive index
N £ Bk & % ¥ number of sample
P & 4 pressure (Pa)
q" #.3 £ heat flux (W cm™)
Q R84t 7 % volume flow rate (m® s™)
R % %4 ¥ ¥ universal gas constant (m?s? °C™)
T /8 A& temperature (°C)

u 1 fegnliniE flow velocity (ms™)
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U B34 total error

\Y 7 /B voltage (V)

We Weber number We = p'?;

w 7t EE 7 ~ kA liquid mass fraction
X e k83 B 4 % liquid mole fraction
y F #8334 & vapor mole fraction
#* P

P 1 (e A density (kg m?)

o % & % 4 surface tension (MN m™)
u Ak e viscosity (N's m™)
PERT IR

ave I }2 average

bp # 2L boiling point

d # 2L dew point

h AR B osuperheat » ATp = Tg - Tey
i B~ 2L sample number

I e %8 liquid

rand “T 3% 4 random error

S ‘vt & 5 the top surface of heater element
sat 4 {c 8t saturation point

sys & Xz A sysmatic error

Vv F %8 vapor
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ZFpEoR AR NERR R IERRAS S E 0 I 58 CFD-ACE+2 2 12
2 BE oV RERE R SV LB IER PR 2 B pHE T (sensitivity limit)
502x10° m™ o d BB R S AR B 2T ORI TR R R PF R SUM % Hsiao
and Sun [12] &y R GE QI * ) T2 2E 2 0 o BB EBRIERBR E A

pa 22 ~
R B A

13 E3 B th
TG 2P A B GNP BRI Bk BRI ACE AR N 0 Z AR S KB

Frdl#d & ende BOEET 0 A 2 4k F o Marangoni $1 R % 0 3 E A

F_‘-

B X2 ;‘J;J;,{{ﬁ—,&;}ﬂj%—,lo/ﬁzﬁj IMITEF A e 2 H o kAR B :b;‘,%,gg

3

Hdr o @ PR T BBz 7 4 (Knife-edge) AR H fRFE 0 i R il 3 24

Bud 2R A TR REERD GRS B - AR A e H
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Y- F FHREPIE RS

w4 BHERZBGY A ST R E (positive mixture) i g f R £ (negative
mixture) k3o XA E NI BPHINA L EA DL A% R R ER/IK
(2-propanol/water) % # = fg/-k (2-butanol/water) e it & & % (i{e i 7 A /0K
(1-butanol/water) ~ ¢ = fg/-k (ethylene glycol/water) ~ ¢ f&/-k (acetic acid/water) % ~

Felok (butyric acid/water) e % & i st # ¥ § & 7 8k (azeotropic point) iRt &

N

5

B
FI

Bk BRIk BT ARE T Rk E s 2

—=

LABEGNR BB

>

e S PEPKE e EIPKRZGR GG FTRMRLS R G LRI T o e iR
H5 1Wem? 2 AWem?> E#E & ¥ 5 0°C 3 90°C: HesE ) inif thie * H 7 5 &
#3 (borosilicate glass) 2 = 3= fwg - P 4ZF 200 pm ~ 500 um £ 900 um = 44 -

# A& 4 5 100 pm ~ 100 um £ 180 um > £ & ¥ 5 1000 um ¢



Y- F FHRERE RIS

¥-F FHEREIAREIMEALA

21 RARRHA

AP ETR Y PP SRR K L RT A LI TR e R~ B ORLIB oy
SLE FOREEE KA Z 3R > doB] 21 47T o R TR D MR 2 2P o i
TR B F A N R F e B8 TR AR R R R B A R

R LR @RISR N ARSI -

S LTES RS ENTERLE RSO S AT T

B ER S BY LA R ANRY 21 R RE RS F AR ERR

AL AREY BB Fhosr AL T A24 4 o

2.1.1 Mg~ it

TRINGREE FLEFRPRFDLE - A R aatBaln (borosilicate
glass) #l = = 4= m ¥ (square capillary tube, WaleApparatus, vitrotubes) p & {7 i#
WeF SoH ¢ * 7 200 pm~500 pm £ 900 pum = &P A F EEE R A B 5 100 um

100 um % 180 pum » £ & ' % 1000 pm o

212 e R R x h
ML B % %é 3 Rk iese (DM IL LED, Leica Microsystems) ~ # % 5 %, e
¥ # ;% LED (light-emitting diode) &% ~ *x+ & &% % 10 & (Leica, N PLAN, NA & %

0.25) z_ i~ 4% (objective lens) % 7 % (knife-edge) » & *t 2 % # #2214 (high speed



£ % FSERS UL

camera, IDT, NX7-S1) L% & iediinif b e ¥R > R * 3 @& JHAB 4190
% (Motion Studio, IDT) 4p#&F % ¥ 4> H 347 & 5 1920 x 1080 pixels » #f5~:# F
% 2000 fps (frame per second) -

LED kikhg &2 kM SER LR (condenser) 2 — = B E 51 » sABLR IS
dARS R IRERZER G T F LR s FP kR E A A RiT o RITE
MUMESE NP o A4 - R E o - IR E{s2 Baiocy 50% 3k % (cutoff)

T gk REE G ¥ AL B

27 HIARIA itk R 0 A S B

—=

TR Lot PR 2 SRR T

dRHRERRT A ES ek B A S P RE Y G2 F LT
R R AR o d TR G 2 p TR R
EERE ST BIUAML AT g AR AT AY S b L R S
TR od Snell’slaw 7 v 0 k A ED b AR 0 & e 4TRSS 2 AR
AR HRZERBULFEAFE A Ed PR IRFEARTAR B Y 2 w2
Ak R T p Y 2o A P EBE2 7 G # T B2 B E
BLRIFIRF > Bl DRe § 2 GER o

A2 3T TR R ER T AR A AR INEGFIEARLLE

Mg hIER DA o FU TR IZ R PERERFE BNERZ ERZ LR
PN 2P R RV RERSZERARLATE S ZITHIHBRALE A
W RN AR R T AIMIPARE AFTER T 2ATHIER Y HEER
T2ATHF R G AL TR RERZABER P N A ERT T
Moz fe AL FE F R AL F TS o BA FITHF L ER LA LKL EAp

ST ELZTRERT FIERR A @ A2 3T IR 0 FURRT 2375 54



>

Yo% FRERE LA

Eﬁ";}ﬁrﬂi—l T'E“,,, p_~5’5$}&}§: ’ ’:‘J'-:Eﬁ 1" L /%ETEE’EELT?H‘),@ i Q‘f*m-)iz‘ g\!:’/-ﬂ-
BoehdThf 5 o #en 4TS L BHERLEAAFTT BT REAT FIEARN A

EEER L SR

‘\’Jﬂ-

'Qr’%\ 21HT'T o d "/\))é,'ﬁ%?]|+;,‘l:7 /k)i%ﬁ HT-LB

ZATHFHRTEAER

@E

Lt R 2 TSR O P AT SR VAL

FlEREYRZ AR A4 RBIER o

213 b kE
B BT ABE e ERY > NEFFE R RERSE (laboratory DC power

supply, GW, GPC-3060D) #r#|% & » ¥ #% 444l

e

b o TR H

TRt sREEDTHE REBEEPETHB AN TRt PREFH

l“b

TEBY OZHIE VERER R EAE R AR P R L 250W
BRARKELTRIOE0V MTILL 286Q -

Se BB FeB] 2.2 90 0 HF 5 4 4k (ANSI304) - H A B i 149
WmteCh, g #4aE ~3 2 /25 10mm~iER 5 30mme fde £ B npG e1w
BEEZ 1 mm-;#RE S5 mmeiEt s igﬂ\éw’ B E R A B EE R 0 AR
2.3 9757 o AT B g R REE-E A §) 1000 £ cnPfriE 5o S F R iRy B i
IR e SR e TR AT 0 #1000 B RcE T, T L E MR 0w B
BRBE e B o ok Sofde FERERE B EEGd 0] T2 2o

WAL (S TR AM AN TET A+ (@K E B¢ Toz2 q'Fd & (21) 2 (22)

;‘L-Er = 2o e
4 4 4
Y EDT->EYET
T, =12 4i: i:14 i:12 (2.2)
= —(Z E
i=1 i=1

10



4

¥ F FHRTPIE T AT
4 4
Q}w Zazl
q — i= i= : i=: . (2.2)
e [ZE.j
PTs R Ao A G g R Q"

v B

HE BT B REKE L 4
Eis el Ao AT RapER Tii BT BER K3
*%ﬁﬁﬂmﬁﬂﬁiﬁéﬁﬁkﬁﬁﬁv%
R AT

Se B M S Gl o
LR A W 2 £ b

e B Ae BB~ Ao BB Bl
FU2 B e 5T MR o b b iRy 6
E=ER # F (thermal grease, Prolimatech, PK-3)
OC'l °

H&@EGEs 11.2Wm

214 FHLHEE

2

A kA

, 2

RIA R 4 pr e R 1 B
MR ,‘Eégﬁ'xzfjimﬁﬂ

TORLFRPF e R RIHKE

7o BB Y UE T W (thermocouple) kit {7 E

ANA a7 s HER > LERHEE X o § ERBELET ERLE

WA A fe] h 4 > #i % Seebeck effecte { BRI Y HE-E P DOTRE 42
RIZG B R o R 2k duR R FF B & 150°C » #7102 figiiE * T-type

AT o R R F 2-270°C 2 400°C -

b F B Py hRp P

oo * FRLfEE-+  (data acquisition board, National
Instruments, PCI NI-6221) % 4% r

TRDTRAEGL B IFE P R

ok 11 £ (National Instruments, SCB-68) i 24t
PR

ERR RS

T HEAT B HERIEERA T
B e FE Tt fie & LabVIEW 8.0 (National Instrument) 12 258 4478 & %
GRS AT T e e

11
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215 1 iEn 48

AR ARG L POk (LEPY F4k, KA 3) - B (2-propanol,

TEDIA, ¥ & 99.95%) - # 7 f% (2-butanol, nacalai tesque, * & 99%) ~ & ~ f%
(1-butanol, Fisher scientific, * & 99.9%) - ¢ = f& (ethylene glycol, Fisher scientific,
R 99.95%) - ¢ pa (acetic acid, nacalai tesque, & 99%)% ~ f& (butyric acid,
nacalai tesque, % /& 99%) c M- AR L3 N H R A FE R A Fona (iAo 2
PRIk R E ARERERT I F A A S5 x=0 (%K) x=0.015+x=0.07 -
X=06-x=069-~x=085%2 x=1(Rpf); T/ k2 RE FNFHRERT * &
Ao Fax=0015-x=03%2 x=05; "/ k2 iRE L RFHRERTF X RAK
5 Xx=02-x=03%2 x=09;2¢ -/ k2 RE FNFHERTF 3 2L K5 x=003
2 x=09: ¢ flkzmE s hfsmERAT X R A %5 x=0015% x=075; 7 i

[PkzoRE FaqBERT - 32455 x=0015~x=015~x=0.65% x=0.75-

2 RH%E PR

B RE A R A2 ﬁzﬂ TER AP e B o K1 TETRREIR £ 325 1 0 M EIFA
¥ 0] 0.22 um =g (syringe filters, ChromTech, SNY 2225) i g 14 4 ",lrt FeE o iE
Mt BRI LT A o B XA AR B BT A
1 #REd| L g AR ARPIT S IAFIRT > LR EHFRT B D ANE

B 2P AT RALRE L B AR TIRERALE - RAFRT D

o

BRI S A I
2. #1 ﬁ"?ﬁ*ﬁﬁl rAEF L mE ¢ o I PR SR 2 0 TR

AEIRY SRR S s

12
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- F FHRERE I UL AT

3 MTAERBBELHIAFI AL IAHELYN L mE oo FAORTELR
BX20°C 2% > 2 BHARF 04 EBAFTH T P IR BDT Lo
4. J1* LabVIEW A2 S i # T B TR RIFIE R > T 3687 b PR BRI o

R R E AR RS P A ER S HRIER - B

m

EFWERL K ELAFAT

23 2 L5

FHREARY FHFI TR RES L F %ﬁ‘* PFEEE AT R G B R TP
B L > * NEPIHRLEENTER c DL LART AL FAEL
(systematic uncertainty) £ %g#:% % (random uncertainty) & f& > Siif i 2dp F1F
R E SR S InE L f AL i FIF SR PR e B B ek AL
;v (23) #roF e

U, =,U?  +U?

Z,5Ys z,rand

(2.3)
—J,—d: v U, 7:1 'E_/?'J;y‘i ’ Uz,sys 7; /:‘5 “fb;ﬁ"i ’ Uz,rand ]t:» Efﬁﬁ;ﬁ'_,l °
FRHREFZEINKBB REDPE T Z=1(1,22,...,2)° Fl 5 354 B (error

propagation) B % > 78 Bl g 4L host (2.4) #rF e

2 V2 22
Y. _|y(2zez B )| 3228 (2.4)
z 0z, /z, —\ oz, Z '

i=1 Zi

B UJZ 5 Z24pghipioU b 22 madtoU, 5 &b B RIS E7 T
231 2% 2B

S H R G RA FER L B N SN N

oy
N
Rd
W
(g
=

Ao HP ERlanEied & (25) #F e

13
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¥ SRR A

1/2
|1 _a
UT’SYS—LZ(T -T, ” Eiﬂ (2.5)

=1

H i@

7~

B

5 121°C e e LA U ( (RIL BRI BT B4 I amBL BT I08 2
EH2me s 0.12mm e

o BBRGEESAR 2397 c B¥ NECBEATRT BELFAKT G R
PHEERERZ B2 meld WG CBATSE B T2V MREL > TR E

be BB AR ER o d WF T R4 TFELDBE o A R R DI R S

(2.6) 1 o

2
\/UT sys E sys) (26)
BY U GHBB 20 BRFETMEREE BRIGE | T2 24 M2 A5 o3y

TiEAGEREDIETMLL 1.21°C -

232 EFER
R FFHREBIER LTI ETTEREERER LM G B ESN

(24) ¥ FEFERE PP FEIN 0 4ot (2.8) HrF o

AT, =T, -T, (2.7)
2 2 1/2
Us, _|[ AT, /AT, Uy L[ OAT, /AT, U,
AT, oT T, T, M T T
(2.8)
1/2
U 2 U 2
) [1 Ts] +(_1A]
AT, AT,
-,ﬁ:é ’U-l—Sa1 ‘;J—]F/rl ’gﬁé@‘fr/g_}:§7 7‘ 'ri’,%qéilyi—é"OUAT pﬁéﬁ‘ }:27 *

FEEM > RARSERL Y] 2249

14
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EH

LR R &

233 #U g

DR (22) TN LG REE BEN (24) T ERT B L

i

do (2.9) #A o

2
. 4E, -3 E,
UQ" = Z k- 2 k:l4 2 (UT,sys2 +UT, randz)
Sl E? —(Z Ekj
k=1 k=1

—’t! ¢ UT,rand ;‘% %LL?J f@_’ Fﬁg’*’fi;ﬁé ’ —:d— i

A0 85 002°C - § AR il & Pfp ¥4 v 28.7% -

i

234 #1b hik

1/2

E, sys

(2.9)

B 5 R B3] 61000 g B BT 518 2 R E

i3 (210) v @B T RAOH B GEO B EN (24) VERD GO T

Moo et (2.11) #ir o
_9"
AT,

2 2 V2
U, _|(éh/h YUe) [ on/h Uy,
h|log"/q" q") OAT, /AT, AT,

2 2 1/2
= 1& —+ _1.UATh
q" AT,

HoY BB £00 GHrip$:ie s %) 2+0.1% o

15

(2.10)

(2.11)



>

Y- F FHRERE TS

235 ¥FAA X
EE WA ETEAH F x=00 R AWk F

Z
Ax=10 MG 0 7RI kY HE R A S 405t (212) # e

X= 2 (2.12)

BY XZEALF o MEAZRM2ZAFE om > £32RMZF

ek

o

FA A FAREE AL AoN (213) T o

U, |00 Uy [ _ax Uy
X om; X om, o X
M;m, ,m i
_ i'H0M Um + —|\/|i Um
My,om +Mim,, 5 My, oM +Mim,, o

2¢ Uy &R E

2 1/2

(2.13)

2 1/2

=k

PE2. % FE R d 2t feE @ % i T (Semi-Micro Balance,
Mettler Toledo, MS205-DU) # & % 0.2 mg > F]#* Up 2 0.1 mg > Uy 2 3 8 & F 2

A FEE M o Hi® A E 4 5 +0.00011% 3 £0.00109% -

236 ERHAR
IR (1) TE BT RBAR AR B AZ A LT RO BER 24) 7
@G A FER 0 dod (215) s o

OX I
Fv AT +4 (2.14)

0

ox/oY ol /1 ! ox/aY ) (ox/aY) 1,

(SRR

Usyer _[[G(GX/GY)/@X/@Y).&]24_( ol /1, _Ulo jzluz
o

(2.15)

1/2

16



Y- F FHRERE RIS

B2 AT P HRERY KR

\\\Xr

4 Ar

Ae U s aFE2 2T U i

0

Berfp iR L 0w ) 3t +5.1% o

237 & F=x 2k
1. Marangoni number

Marangoni number 2_ #_& 43¢ (2.16) [13]#77 -

Ma =

2
Ai{ g }-m (2.16)
AU 9 (,0| _pv)

TR AR A PE 0 R A AN A BRI 6 R AT A kR
Rendo RS 2 Tfr A4 e A ERAS PR aRF o kg4 Falin
# enIfl % 0 F]Pt T & Marangoni number KPP IR % o 4ot (2.16)97 o H P Ao A

1 Em AR RE BEERZ 2w R4 L Pria v/ 2 Prandtl number -

Marangoni number z_ p 3% % ;%4038 (2.17) #77 o

1/2
Uy, [(oMa/Ma U, Y
Ma oxIx X

]

#¢ U, » k& Marangoni number 2 2 sz 2+ > Uy 2 32 & F2 2 ma o et

(2.17)

3 @ > Marangoni number z_ 4p ¥43%- £ - >720.073% > 3+ 5 2. B & 4ok 2.2 AT o

2.  Weber number

Weber number z_ #_& 45 (2.18) #157 o

P|Q2
We = 2.18
Do ( )

17
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Hypg 4 24 e sk4 ant B7 022 & 0 & Fl=x 58 Weber number » 43¢
(2.18) #i7 « B o5 1 (TRl B A 0 Q ST oh 1 (T A B ES

D523l lmy chg [T o RAPHTEL 2 474030 (219) #757 -

1/2
Upe (aWe/We_U_Dszr oWe/We Ug Y
we |l oD/D D QIQ Q

) U 542
S

(2.19)

# ¢ Up & Hrimig R 07 FE T Uqg » MAR it 5 eh% F2 T > Uye = Weber number

7 R TR APEEA K 5 £15% o

3. Capillary number

Capillary number z_ z_% 4-3% (2.20) #7577 o
Ca ,U|Q

. (2.20)
g1 TR Ak k2 H £ g k4 gt BV & D E F)= 49k Capillary
number > e3¢ (2.20) #75F o B ¥ gy 53 (TR b Gl Q MM T o ok

Endlend g &4 oW S BRSO R 0D A HoRE iER o HAPHEEL A 7ot

(2.21) #t7 o

1/2
Ue, _ (aCa/Ca_U_Dj2+ oCa/Ca Ug )
Ca |\ aD/D D QIQ Q

{17

(2.21)

AP Up s tlimig iFR P FE T » Ug = WA F 07 ;T > Uca = Capillary

number 1% Fr Tt 0 Ap¥IEEL G 5 +£10% o

18
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4. Jakob number

Jakob number z_ T_&4r3¢ (2.22) #7157 o

c (T.-T
=M (2.22)
pvhlv
Jakob number crE & L 1 Ein A R RE R TE N B e G 2 2 L pE

PN

FEELZ W E o Aot (222) AT o HP o A1 ITIBRARAE o B L IE D

FRBAC L L TR e #ohy 51 (T2 RO T S e B 45 R

Toa 5 1 (E M et ol B o HAPSHE L A 454050 (223) #77% o

U, (&Ja/Ja U jz

Ja |\oT, /T, T,

J— U TS
- Ts _Tsat

AUy 5 4c#B b 4G B R D3 FETE 0 Ujy 5 Jakob number 97 fx T % # %

1/2

(2.23)

19



AA - D = 3 kg o ] >
$ 2% FHEE

Y2 PEHREFEHH

3.1 Y

AR EARY  BEERREARERELEHRT  FEINIRRE FRAT FE
B & Fphenit gy @ (boilingcurve) o A HEF A A - R AR B 1
& k%3 ¢ R pR/-k (2-propanol/water) % # = FR/-k (2-butanol/water) = & ; § iR
& s xpl3 ¢ &7 pg/-k (1-butanol/water) ~ ¢ = fR/-k (ethylene glycol/water) ~ ¢ f&/
-k (acetic acid/water) % = f&/-k (butyric acid/water) = f& o & & R-&-47 IR &

VAN

oo A AES REG R X RS F  F g .

311 3L wmF F AT EA Y M2 B F

BREA kR E P o he@ 31 1B 33477 0L my F /L5 900 pm pE
H A Qg 25 200 pm 2 500 um pF L F 0 £ H A E R R MO 30°C B
FUEBEH P AERERACE 30°C 4 RUERLG L8R A L
FF IS G 200 um 2 500 pm pE A W RARE Y R FEHRE AR A oREE A .
F =% 900 um pE o B g Box B9 % 1L8Woem?s A F % 200 um 2 500
umpF > B B9 5 2 Wem?e

BT AR kR & kY o 4o 34 9T 0 BRGER M 20°C P A B
Fitgo] o FHAFEE 00 pmpERR G P A ® AEAERALE30°C KR ZfAF
o R LB RS e ARE R ARtA > F/S 5 000 um pE 0 X B X 5 25

Wem? s @ /£ 5 200 um 2 500 um o #id B h L B9 5 3 Wem? o

20



2

2

L7 ROk kY o 5 200 um 2 500 pm 2 A ARE L g o e )

357 3 2 MF A > F SEFEHBAL A RA R oA HE R

B #i55200umpF s A EAAEH S 1.8 Wem? > 42 5 500 um pF -
BxEH5 2 Wem?e

*e»
\v‘b

Bl 9 = e PR S

/, U

s drB) 3.6 AT 0 SEEFIBAVE R FH o AR R R
Eonhg2 P oo oA Fad §en? ;

G4 > # 2% 200 um % 500 um pF 0 K 5 5Wem®?
F 25 900 um PERIHI 9 % 45 Wem? e
o PRl E f BT o doB] 37 1R o A R ABRE
=5 7

m p¥ o

B 0°C % 40°C =

HEpg2 r o 2 AF iR RS AEE LFEF 4 > 200 um 2 500
9% 26 Wem?» #5900 um ¥ » Plug i< 5 2.5 Wem
BT RRIR R § ks

gke? s de@ 384t o BB
R E K

Tk s ez KR ke
SRR o AEY MY ZREFERERY S > RUEE

Y K PRI S
£ EF 95 4 Wem?e

PSR s - = G 4k
BEVHEAFI PR ARE LR

iR e B ST 2 AN R L g S5 900
um P 2 Ap e B AR

BT Ao Flad 2z Bl g 25 200 pm 2 500 pm pEF i

Bex i F R @

REFRZBARIRE BT RIRRERR D ﬂi‘/‘ﬂ’gf
R ARMERERDERT ORI T AP L 2B A H AL oy g2 5 900
wm P ) AR o

312 X8 A F*gd @2 L F

BRAMIKARE K Y % ¥R A S 5 x=0 (%K) x=0.015x=0.07 ~
x=06-x=069-x=085% x=1 (% f fit)

Bl 313 H 33 %7 » ¥ AL S

21



$Z % FmEFEUS

5 x=00152 x=007 > iR ERERT > “THREIDRIEERH-LZ BAH
BRI A SAR] BRI RARR R AR PR A g2 s 900 pm pEF o

Wl MR GEARHAREA S o FERAF L x=06-x=069 (% A8) 2 x=
085/ » ARl EAERT » “THEI DRI E LW K2 HE AR > R ¥
AR >rEXx=069(/*8) F> AFBERERT > “THENREEEH R L

Uk R AP v

FI

o F E AT A 200 pm pE o UG 5 PAE G A F AT A 900 um pE o A
WK E HEEBART A o

BT AR kHER S kY s B2 XA A F L x=0015-Xx=03 2% x=05¢ 4
B 3.4 9757 % # /25 200 um % 500 pm o fdp b iEAGE R T o E B A F 5 x=03
P s Pl BRE R A S 5 x=0015-x=05p+ s £ H §§F B LKL x=
0.015pF » .~ #9926 Wem?» 12 x=032 3.1 Wem? 2 x=052 28 W
cm? o

A TRKEER S KB > B X AL F 5 x=02-X=032 x=0.9° 4§
3505 0 F HiT 5 200 um pF > A A K A x =032 0T o AR R F 3 30°C
o AREBEAGL S AFEAAFEIX=025 x=095 BlRSRY &
BERL50°CP x=03F hAHALE 9L L8Wem?e § 4 /x5 500 um pF

AL FLEX=0320FET O EAEARI0CE S kR ARELTER LR

4

%o vEMEFER S 50°CF > x=09 7% S A E 9% 2 Wem?
ho - RkavR E kY o Fk2ZE B A F L Xx=0032% x=09- 4B 3.6 7

Fod ABYRTEREFAAFE x=09 P AR BRERT » THBEIZ A

(i

i

FAEE RN F L X003 2 F RSk FHLE FE L 000 um o H a2

f@®9% 15 Wem?2e

22



>

;}/’i:g: —Eﬁw‘\" %‘/\

1 %

l"i’—b ﬁ’;:/’}{‘fﬁlgglf‘\%fbﬂ ’?‘%Eg E—:‘—BAV\_:’%‘;

Food AR RTERE T DA S XS 0I5 AR ERERT 0 TEHETIZ

b,_}v,\_,,',-

il

\“‘b

2

AT BT 2 B ARG T PR FAAS 000 um > HRE T AL B X

0.1 Wem? o
w7 ﬁ;/’}‘ﬁ"/ﬂ @ ,f‘ - ?‘%}j\_“g’_"ﬂ P

075 4B 382 B 3977 » w72 FERZ 7 RRIKREZ R 2

A w5 200 um ~ 500 um %2 900 um 2 iEE T AR o S P A E B o

L 4L [ ALY - = % st A
BErHE2fBr R RS KA

kBT 2 A M B Rk SR &

N~

p
O
AN

¥

P oo ¥R o FE x=0015% x=007 > Rz BT ERE 0P XA

X=069FF » sr¥t iz B £E5 M AR T EIkanR & kR > P E X E

SIS

2 REIE G RSB R  BD C RIkauR S ke

W MG A AR o BIKE C flkemR g sy

Rl g hfl %

FALGGRFLBLE AT IR S J Y R LAY S R
AR -
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W A

% A.19 2-propanol/water i~ 32 4 F

liquid mole pe! ey c 7 hiv Cpl
fraction (kgm®) (kgm® MNmMY) (Nsm? (kIkg?) (kikg!K?)

0 955 0.59 58.36  2.70x10™ 2290 4.20
0.015 939 0.67 2331  2.93x10™* 2073 4.19
0.07 897 0.88 18.67  3.06x10™ 1690 4.13
0.1 888 1.31 19.13  3.88x10™ 1093 4.09
0.2 841 1.36 18.08  4.20x10™ 1059 3.96
0.3 809 1.40 17.47  4.42x10™ 1033 3.85
0.4 787 1.44 17.01  4.59x10* 1006 3.74
0.5 770 1.49 16.63  4.73x10™ 975 3.63
0.6 757 1.55 1631  4.83x10™ 938 3.53
0.69 740 1.75 1517  4.30x10™ 836 3.45
0.7 747 1.63 16.03  4.90x10* 896 3.42
0.8 738 1.73 15.76  4.93x10™ 844 3.31
0.85 732 1.78 1654  4.72x10* 716 3.22
0.9 730 1.86 1549  4.91x10™ 736 3.21

1 723 2.05 15.16  4.81x10™ 703 3.10

% A.20 2-butanol /water i~ 32}
liquid mole el ey o Lh hiv Cpl
fraction (kgm®) (kgm®) MNm?  (Nsm? (kIkg?) (kikg* K™

0 955 0.59 58.36  2.70x10™ 2290 4.20
0.015 945 1.15 1863  11.6x10™ 1215 4.16
0.1 930 1.26 1771 23.0x10™ 1127 4.03
0.2 891 1.29 17.73  30.8x10* 1104 3.88
0.3 867 1.32 17.75  35.7x10* 1079 3.72
0.4 850 1.36 17.76  39.1x10™ 1048 3.57
0.5 838 1.42 17.75  41.5x10™ 1011 3.42
0.6 829 1.49 1771 43.4x10* 964 3.27
0.7 821 1.58 17.64  44.9x10™ 904 3.12
0.8 815 1.72 1751  46.1x10™ 828 2.96
0.9 810 1.96 17.25  47.1x10* 726 2.81

1 806 2.41 16.77 47.9x10™ 584 2.66
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W A

% A.21 1-butanol/water 3 32 |+

liquid mole pe! ey c 7 hiv Cpl
fraction (kgm®) (kgm® MNmMY) (Nsm? (kIkg?) (kikg!K?)

0 955 0.59 58.36  2.70x10™ 2290 4.20
0.1 878 1.05 19.21  2.54x10™ 1525 4.00
0.2 838 1.02 19.23  2.66x10™ 1416 3.81
0.3 810 1.06 1881  2.80x10™ 1417 3.63
0.4 788 1.16 1812  2.98x10™ 1470 3.65
0.5 771 1.28 17.47  3.22x10* 1487 3.28
0.6 757 1.42 16.88  3.54x10™ 1454 3.10
0.7 746 1.58 16.37  3.98x10™ 1362 2.93
0.8 736 1.78 1597  4.43x10* 1202 2.75
0.9 728 2.01 1551  4.80x10™ 956 2.58

1 721 2.29 15.14  5.60x10™ 605 2.41

# A.22 ethylene glycol/water i~ 32 4 §
liquid mole el ey o Lh hiv Cpl
fraction (kgm®) (kgm®) MNm?  (Nsm? (kIkg?) (kikg* K™

0 955 0.59 58.36  2.70x10™ 2290 4.20
0.03 968 0.59 4939  3.86x10™ 2275 4.13
0.1 979 0.59 4554  6.56x10™ 2268 4.06
0.2 995 0.59 4231  8.74x10™ 2245 3.92
0.3 1006 0.59 4041  10.03x10* 2223 3.79
0.4 1014 0.60 3896  10.72x10* 2197 3.65
0.5 1019 0.60 3766  10.94x10* 2166 3.52
0.6 1023 0.61 36.31  10.71x10* 2123 3.39
0.7 1023 0.62 3474 10.00x10* 2056 3.27
0.8 1020 0.65 3266  8.69x10™ 1933 3.15
0.9 1009 0.75 29.32  6.55x10™ 1652 3.05

1 968 1.60 2154  3.23x10™ 894 3.05
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W A

% A.23 acetic acid/water i~ 32}

liquid mole pe! ey c 7 hiv Cpl
fraction (kgm®) (kgm® MNmMY) (Nsm? (kIkg?) (kikg!K?)

0 955 0.59 58.36  2.70x10™ 2290 4.20
0.015 959 0.61 20.73  9.05x10™ 2210 4.15
0.1 1013 0.68 19.68  9.76x10™ 1991 3.97
0.2 1022 0.77 1958  10.4x10™ 1788 3.75
0.3 1028 0.85 19.46  10.8x10™ 1614 3.54
0.4 1033 0.94 19.33  11.1x10™ 1456 3.33
0.5 1037 1.08 1919  11.4x10* 1303 3.12
0.6 1041 1.16 19.01  11.6x10™ 1159 2.90
0.7 1040 1.30 1881  11.8x10™ 1021 2.69
0.75 1043 1.37 1870  11.9x10* 955 2.58
0.8 1045 1.45 1858  12.0x10™ 889 2.48
0.9 1047 1.64 1832  12.1x10* 762 2.26

1 1049 1.87 18.02  12.2x10* 640 2.05

# A.24 butyric acid/water g 324
liquid mole el ey o Lh hiv Cpl
fraction (kgm®) (kgm?®) MNm?  (Nsm? (kIkg?) (kikg?K™

0 955 0.59 58.36 2.7x10™ 2290 4.20
0.015 955 0.67 2026  9.31x10™ 1453 4.15
0.1 957 0.72 19.28  11.0x10™ 1305 3.96
0.15 957 0.72 19.28  11.6x10™ 969 3.86
0.2 957 0.73 19.27  12.2x10* 748 3.75
0.3 958 0.74 19.23  12.9x10* 471 3.53
0.4 958 0.75 19.18  13.5x10* 302 3.32
0.5 959 0.75 19.12  13.8x10* 193 3.10
0.6 959 0.77 19.04  14.1x10* 131 2.88
0.65 959 0.77 18.98  14.2x10* 114 2.78
0.7 959 0.78 1889  14.3x10™ 107 2.67
0.75 959 0.80 18.76  14.4x10* 110 2.56
0.8 959 0.82 1854  14.5x10™ 123 2.45
0.9 960 0.96 17.64  14.7x10™ 194 2.24

1 960 2.45 13.65 14.8x10™ 467 2.02
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W A

% A25 ;% (Ad) #+EREDR»TT 2 ¥k

working fluid A B <
2-propanol 0.26785 0.26475 0.24300
2-butanol 0.27343 0.26350 0.26040
1-butanol 0.26891 0.26674 0.24570
ethylene glycol 0.32503 0.25499 0.17200
acetic acid 0.35182 0.26954 0.26843
butyric acid 0.31132 0.26192 0.27997

2 A2658 (AD) #5245 %4 1 2 ¥k

working fluid A B
2-propanol 65.930 1.2222
2-butanol 65.688 1.2222
1-butanol 64.526 1.2222

ethylene glycol 106.491 1.2222
acetic acid 57.050 1.0703

butyric acid 56.230 1.1930
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W A

# A2735 (AB) B Ry #urr 2 ¥k

working fluid A B C D
2-propanol 72.525 7.9553x10"  -2.6330x10°  3.6498x10°
2-butanol 95.037 5.6593x10"  -1.8256x10°  2.6675x10°
1-butanol 83.877 5.6628x10"  -1.7208x10°  2.2780x10°
ethylene glycol 75.878 6.4182x10"  -1.6493x10°  1.6937x10°
acetic acid -18.944 10.971x10%  -2.8921x10°  2.9275x10°®
butyric acid 28.210 11.040x10%  -2.8523x10°  2.9528x10°
£ A285% (A7) #E4feg i Berr 2 F k&
working fluid A
2-propanol 8.1182 1580.92 219.62
2-butanol 7.4743 1314.19 186.51
1-butanol 7.4768 1362.39 178.73
ethylene glycol 8.7945 2615.40 244.91
acetic acid 7.2996 1479.02 216.82
butyric acid 6.1095 2634.47 -3.47

61



% 21 LPBRIEET 2 on/ox g on/oT

mixture type X on/ox on/at
(°C?)

0.015 0.19 -1.8x10°°

0.07 0.12 -1.5x10°®

2-propanol/water 0.6 0.04 -0.6x10°°

0.69 0.03 0

0.85 0.02 -0.5x10°®

0.015 0.27 -1.8x10°

2-butanol/water 0.3 0.11 -0.9x10°®

0.5 0.07 -0.6x10°®

0.2 0.18 -1.1x10°

1-butanol/water 0.3 0.14 -0.9x10°®

0.9 0.05 -0.4x10°®

0.03 0.5 -2.1x10°®

ethylene glycol/water 3
0.9 0.24 -0.4x10

. 0.015 0.32 -2.0x10°®

acetic acid/water 3
0.75 0.07 -0.6x10

0.015 0.56 -1.9x10°®

. 0.15 0.34 -1.3x10°®

butyric acid/water 3
0.65 0.15 -0.6x10

0.75 0.13 -0.6x10°°
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4 2.2 &% %% T 2 Marangoni number

mixture type X Ma
0.015 5.08
0.07 9.01

2-propanol/water 0.6 0
0.69 0.07
0.85 0.13
0.015 6.4
2-butanol/water 0.3 0.44
0.5 0.15
0.2 0.37
1-butanol/water 0.3 0.47
0.9 2.65
ethylene glycol/water 003 9.08
0.9 3.72
acetic acid/water 0.015 011
0.75 0.06
0.015 0.29
butyric acid/water 015 9.7
0.65 20.4

0.75 20.3
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LED lamp thermocouples

power supply

data acquisition

board
objective 10X —@
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capillary —
knife-edge
_ H
high-speed camera .
.
N image acquisition J
Bl 21 F %K & X% R
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temperature (°C)
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heat flux (W cm-2)

heat flux (W cm2)

Bl 321 1%/ B E-K2 2 RIRRREY A7 b g /52 3L g p 2 KW
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D = 200 pm

) 2-propanol/water mixtures

D =500 pm

D =900 pm

2.0f
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14f
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a oscillation observed

x =0.69
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a oscillation observed
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heat flux (W cm2)

Bl 341 Eimtls ¥ o ek 2 RIERBEF & b F/02 410 mf 2 A0k

D =200 pm

2-butanol/water mixtures
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heat flux (W cm2)
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heat flux (W cm2)

heat flux (W cm2)

i)

D =200 pm
s 0ethylene glycol/water mixtures

D = 500 pm

D = 900 pm

45l X=003

4.0 °
35
3.0
25
2.0 e no schlieren observed

15

x =0.03
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x =0.03
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5.0
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acetic acid/water mixtures
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D = 900 pm

100
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D =200 pm
butyric acid/water mixtures

D = 500 pm

D = 900 pm
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2-propanol/water mixtures
0.16

water
A4
0 D = 200 pm
fp 0.12f D =500 um
g-) 0.10_ — D:900um
S 0.08F o
£ N\
o 0.06f .
; 0.04} T
< \.
"E 0.02f
lg 2 2 2 2 Il Il
'S 0.00
Y= 0.16
E 2-propanol
o o D = 200 um
E 0.12} D =500 pm
wn — D =900 um
© .
= 0.08
= o
E 0.06} -
0.04} \'\.
TT—— o —0—
0.02f
0-00 [ [ [ [ [ [
0 10 20 30 40 50 60 70

superheat (°C)
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T
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2-propanol/water mixtures
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2-propanol/water mixtures
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heat transfer coefficient (W cm-2 °C-1)

B 3.13 1
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2-butanol/water mixtures

EEEEE PR R R A
1% 7 4 BT R4

76

N

0.20
x =0.015
D = 200 pm
0.16} D =500 um
—— D =900 um
0.12f
0.08} \
0.04 : : : : :
0.20
x=0.3
D =200 um
0.16} D =500 um
0.12f
0.08}
0.04
0.20
x=0.5
D =200 um
0.16} D =500 pm
0.12f
0.08}
0.04 . : . . .
0 10 20 30 40 50 60
superheat (°C)
ﬁﬁ@é - kA2 WA KR LA Zkﬁu"ﬂ‘m?97%®

ﬁ:u[ﬁflqlglljlz\,ﬂ“ Pﬁ



1-butanol/water mixtures
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ethylene glycol/water mixtures
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acetic acid/water mixtures
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butyric acid/water mixtures
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2-propanol/water mixtures
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heat transfer coefficient (W cm= °C-1)

1-butanol/water mixtures
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heat transfer coefficient (W cm2 °C-1)

ethylene glycol/water mixtures
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butyric acid/water mixtures

0.16
D = 200 pm
X =0.015
0.14f X =0.15
—— Xx =065
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0.10}
@,
\
0.08} \
~
A Q
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< 0.14f
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<
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2-propanol/water x = 0.015

4,

® g 500 um

AT, =11.19°C, schlieren observed

l l
!
!

(@t=0ms (b)t=5ms (c)t=10ms

AT\, = 17.49°C, schlieren observed

(@t=0ms (b)t=150ms (c)t=200ms

AT =19.89°C, schlieren observed

(@t=0ms (b)t=25ms (c)t=75m

ATy = 24.39°C, schlieren observed

(@t=0ms (b)t=5ms (c)t=10ms

AT, = 28.59°C

!
|
|||

(@t=0ms (b)t=5ms (c)t=10ms

ATy, = 36.99°C

(@t=0ms (b)t=2ms (c)t=4ms
Y

Bl 324 1 iv/nM8 5 x=00152 B fe KR &4 g is 5 500 pm > 3L o g
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2-propanol/water x = 0.015

® g 450 pm

ATy, = 2.99°C, schlieren observed

(@t=0ms (b)t=75ms

(c)t=15ms

ATy, = 7.79°C, schlieren observed

i

(@t=0ms (b) t =360 ms

(c)t=375ms

i

AT, =12.19°C, schlieren observed

(@t=0ms (b)t=75ms

(c) t =100 ms

ATy = 21.59°C, schlieren observed

(@t=0ms (b)t=15ms

(c)t=25ms

ATy, = 27.79°C, schlieren observed

(@t=0ms

(b)t=25ms

ATy, = 35.29°C, schlieren observed

(@t=0ms (b)t=10 ms (c)t=25ms

ATy = 43.09°C, schlieren observed

(@t=0ms

(b)t=5ms

(c)t=10ms

ATj, = 54.09°C, schlieren observed

(@t=0ms (b)t=2ms

(c)t=45ms
Y

Bl 325 1 1F/n4 5 x=00152 B A Agr kR & g /25 900 um = 3| =~

e ERGE R T 2 g i
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2-propanol/water x = 0.07 q
—

@ g 500 um

AT, =16.27°C, schlieren observed

II

(@t=0ms (b)t=20ms (c)t=50ms

ATy, = 25.37°C, schlieren observed

(@t=0ms (b)t=40ms (c)t=60ms

ATy = 31.07°C, schlieren observed

II

(@t=0ms (b)t=25ms (c)t=40ms

ATy, = 41.87°C, schlieren observed

(@t=0ms (b)t=25ms (c)t=80ms

AT, =45.37°C

(@t=0ms ()t=25ms (c)t=50ms

AT, =51.97°C

(@t=0ms (b)t=15ms (c)t=30ms
Y

Bl 3.26 1 iF/nd8 5 x=0.07 2 B 5 g &2

KR £ 4 B A5 500 um AL P
AL

Pf'_ﬁ’«g“m_}i—r Z_ /HJ%“EQJ
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. - " 450 um
2-propanol/water x = 0.07 q Xy m

AT =11.77°C, schlieren observed ATy, = 18.37°C, schlieren observed

(@t=0ms (b) t=50 ms (c)t =100 ms (@t=0ms (b) t=50 ms (c) t =100 ms
AT, = 22.27°C, schlieren observed AT}, =30.87°C, schlieren observed

(@t=0ms (b)t=10ms (c)t=12ms (@t=0ms (b)t =50 ms (c) t=100 ms
ATy, = 37.47°C, schlieren observed ATy, = 45.47°C, schlieren observed

(@t=0ms (b)t=15ms (c)t=175ms (@t=0ms (b)t=10 ms (c)t=20ms

ATy =50.87°C, schlieren observed ATy, = 62.57°C, schlieren observed

(@t=0ms (b)t=10ms (c)t=25ms (@t=0ms (b)t=50ms (c) t=100 ms
Y

Bl 327 1 iE/nd 5 x=007 2 2 M- KR & AF T % 900 um = 4] L fm g p 7
B EGE BT 2 B i

90



2-butanol/water x = 0.015 q ® g 500 pm
—- —
AT, =9.15°C ATy, = 21.45°C
(@t=0ms (b)t=25ms (c)t=50ms (@t=0ms (b)t=50ms (c)t=100ms
ATy = 26.35°C, schlieren observed ATy =33.35°C
(@t=0ms (b)t=25ms (c)t=75ms (@t=0ms (b)t=25ms (c)t=50ms
ATy, = 39.05°C ATy, = 48.95°C
X4
(@t=0ms (b)t=50ms (c)t=100ms (@t=0ms (b)t=50ms (c)t=100ms
Y

Bl 328 1 iF/nd i x=0.0152 ¥ 7 ARz kiR &4 A F 2% 500 pm = AL g p
I dEAGE R T 200 A
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| = 450 pm
2-butanol/water x = 0.015 q ® g il

ATy = 9.26°C, schlieren observed ATy = 19.95°C, schlieren observed
(@t=0ms (b)t=25ms c)t=50ms (@t=0ms (b)t=25ms (c)t=50ms
ATy, = 29.75°C, schlieren observed ATy, = 34.15°C, schlieren observed
(@t=0ms (b) t=50 ms (c)t=75ms (@t=0ms b)t=25ms (c)t=50ms
ATy = 44.15°C, schlieren observed ATy, = 49.05°C, schlieren observed
| | 1 .- | '
(@t=0ms (b)t=75ms (c)t=250ms (@t=0ms (b) t=125ms (c)t=150 ms
Y

B 3.29 1 fFind s x=00152 ¥ 7 ARz kiR & F & F 42 5 900 pm = AL m g p
7@ RGE R T 2
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1-butanol/water x = 0.2 q ® g 500 pm
—- —
AT, =11.25°C AT, = 21.05°C, schlieren observed
(@t=0ms (b)t=25ms (c)t=50ms (@t=0ms (b)t=20ms (c)t=75ms

ATy, = 30.85°C, schlieren observed

ATy, = 37.55°C, schlieren observed

(@t=0ms (b)t=25ms (c)t=225ms

(@t=0ms (b)t=50ms (c)t=100ms

ATy, = 47.25°C, schlieren observed

(b)t=5ms

(@t=0ms (c)t=10ms

AT, =56.25°C, schlieren observed

(@t=0ms

(b)t=50ms (c)t=100ms
Y

B 3.30 1 fEind 5 x=022 0 7 R KR & g 2 5 500 pm = 3] g o7
B AGE R T 2 A
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) - " 500 pm
1-butanol/water x = 0.3 q ®g p

ATy =17.05°C, schlieren observed ATy, = 28.45°C, schlieren observed

(@t=0ms (b)t=25ms (c)t=50ms (@t=0ms (b)t=15ms (c)t=55ms

AT, = 34.85°C, schlieren observed ATy, = 42.65°C

(@t=0ms (b)t=10ms (c)t=30ms (@t=0ms (b)t=50ms (c)t=100ms

ATy = 51.85°C, schlieren observed ATp =59.15°C

(@t=0ms (b)t=30ms (c)t=40ms (@t=0ms (b)t=50ms (c)t=100ms
Y

Bl 331 1 (%A 3 x=032 1 7 e kiR &4t T3 500 um = AL m g p A
iR BT 2R R

94



= 500 pm
ethylene glycol/water x = 0.9 q ®g M

AT, =2.36°C AT, = 17.66°C

@t=0ms (b)t=20ms (c)t=40ms (@t=0ms (b)t=20ms (c)t=40ms

ATy, = 28.26°C, schlieren observed AT, =50.56°C, schlieren observed

X

(@t=0ms (b)t=50ms (c)t=100ms (@t=0ms (b)t=25ms (c)t=125ms
Y

A

B 332 1 fFind i x=092 ¢ Z kR ES B F /S5 500 um AL mE poA
AR AT 2 oA
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butyric acid/water x = 0.015 q Xa 450 pm

AT, =13.25°C AT}, = 31.55°C

(@t=0ms (b)t=20 ms (c)t=40ms (@t=0ms (b)t=20ms (c)t=40ms
ATy, = 44.55°C, schlieren observed AT, =64.95°C

(@t=0ms (b) t =150 ms (c)t=325ms (@t=0ms (b)t=20ms (c)t=40ms
AT, =77.15°C

(@t=0ms (b)t=20ms (c)t=40ms

y [

B 333 1 iT;nf¥ 5 x=0.0152~ ik &2 o[ R &4 &? YEillY
B AGE BT 2R

900 um = £ fmH p 3
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n
i i = 500 pm
butyric acid/water x = 0.15 q ® g vl

ATy = 29.15°C, schlieren observed ATy, = 44.05°C, schlieren observed

(@t=0ms (b)t=30ms (c)t=60ms (@t=0ms (b)t=30ms (c)t=60ms
ATy = 61.05°C, schlieren observed ATy, = 76.15°C, schlieren observed

I ‘ I

(@t=0ms (b)t=75ms (c)t=225ms (@t=0ms (b)t=50ms (c)t=75ms

AT, =91.35°C, schlieren observed

(@t=0ms (b)t=50ms (c)t=250ms
Y

Bl 334 1 iv/nM8 5 x=0152 7 R KR &4 A g /o5 500 pm = AL g p 3 e
WEEGE R T 2 E) R
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butyric acid/water x = 0.15 q
—

Ry 450 pm

AT, =8.45°C

ATy = 21.45°C, schlieren observed

ILI

(@t=0ms (b)t=20ms (c)t=40ms (@t=0ms b)t =60 ms (c)t=75ms
ATy, = 38.95°C, schlieren observed ATy, = 58.45°C, schlieren observed
(@t=0ms (b) t =100 ms (c)t=150 ms (@t=0ms (b) t =150 ms (c)t=750 ms

ATy = 70.85°C, schlieren observed

(@t=0ms (b) t =100 ms

(c)t=250ms

ATy, = 87.45°C, schlieren observed

(@t=0ms (b) t =100 ms

(c)t=250ms
Y

}%] 335 1 IE‘/,,L'EQ w X = 015—7\—’ ﬁ';:;}? ’K/E"

WEEGE R T 20 HT i
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Bl 3.36 1 fFind 5 x=0692 B3 ki & A ,F o

B AR

2-propanol/water x = 0.69 q
—

X9

200 pm

AT, =21.38°C AT, =30.38°C
(@t=0ms (b)t=35ms (c)t=70ms (@t=0ms (b)t=50ms (c)t=100ms
ATy = 34.48°C, oscillation observed AT, =48.38°C
(@t=0ms (b)t=05ms (c)t=1ms (@t=0ms (b)t=25ms (c)t=50ms
AT, =56.48°C
(@t=0ms (b)t=10ms (c)t=20ms

Y

}i'r -7» /VIL}%‘_iJ
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- = 500 pm
2-propanol/water x = 0.69 q ®g "

AT, =10.18°C AT, =27.28°C

@t=0ms (b)t=50ms (c)t=100 ms (@t=0ms (b)t=25ms (c)t=50ms

ATy = 32.68°C, oscillation observed ATy, = 35.08°C, oscillation observed

I I
@t=0ms (b)t=25ms (c)t=5ms (@t=0ms (b)t=25ms (c)t=5ms
AT, = 48.78°C AT, = 56.38°C

(@t=0ms (b)t=20ms (c)t=40ms (@t=0ms (b)t=25ms (c)t=50ms
Y

Bl 3.37 1 (vindll 5 x=0.692 B3 e ki &4 A F /T 5 500 um = 4|4 g 3
iR BT 2R R
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- = 200 pm
2-propanol/water x = 0.85 q ® g "

AT, = 20.6°C ATh = 30.4°C
(@t=0ms (b)t=25ms (c)t=50ms (@t=0ms (b)t=25ms (c)t=50ms
AT}, = 38.9°C, oscillation observed AT, = 46.7°C

I I
|
|
|

(@t=0ms (b)t=05ms (c)t=1ms (@t=0ms (b)t=25ms (c)t=50ms

AT =53.7°C, oscillation observed

X

(@t=0ms (b)t=05ms (c)t=1ms

B 3.38 1 i¥/ik s x=0852 B A kiR &4 s s 200 um > )L e p A
iR BT 2R R
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2-propanol/water x = 0.85 q 500 pm
prop , X9 s Ml
AT, =8.8°C ATp =18.1°C
@t=0ms (b)t=25ms (c)t=50ms (@t=0ms (b)t=50ms (c)t=100ms
AT, =30.3°C AT, =38.6°C
(@ t=0ms (b)t=50ms (c)t=100 ms (@t=0ms (b)t=15ms (c)t=30ms
ATy, = 46.9°C, oscillation observed AT, =54.7°C
X
(@t=0ms (b)t=25ms (c)t=5ms (@t=0ms (b)t=10ms (c)t=20ms
Y

B 3.39 1
FeiEFug BT 2

PIEE: Sl 1A

e s x=0.852 B e kiR & 4 AT 5
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n
- = 500 um
2-butanol/water x = 0.5 q ® g vl

AT, =7.25°C AT, =18.25°C

(@t=0ms (b)t=50ms (c)t=100ms (@t=0ms (b)t=15ms (c)t=55ms

AT, = 24.25°C ATy, = 29.55°C, oscillation observed

(@t=0ms (b)t=50ms (c)t=100ms (@t=0ms (b)t=25ms (c)t=5ms

ATy, = 37.85°C, oscillation observed AT, =55.25°C

l X

(@)t=0ms (b)t=5ms (c)t=10ms (@t=0ms (b)t=25ms (c)t=50ms J
Y

B 3401 FiiM 5 x=052 # 7 e R & A0 5 500 um = AL mE ) A R
WEEGE R T 2 E) R
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1-butanol/water x = 0.3 q

X9

200 pm

AT, = 11.05°C

(b)t=50ms (c)t=100 ms

(@t=0ms

AT, = 24.35°C

(@t=0ms (b)t=50ms (c)t=100ms

ATh = 34.95°C, oscillation observed

ATy = 41.95°C, oscillation observed

(@t=0ms (b)t=05ms (c)t=1ms (@t=0ms (b)t=05ms (c)t=1ms
AT, =51.05°C ATy =59.55°C
X
(@t=0ms (b)t=25ms (c)t=35ms (@t=0ms (b)t=25ms (c)t=35ms
Y

B 341 1 fEind 5 x=03 20 7 B kiR & F w g L5 200 pm = 3] g 7
B AGE R T 2 A
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2-propanol/water mixtures
x =0.015 x =0.07

250 pm

-20-10 -5 0 5 10 20 X103

concentration gradient, Vx (um-1)

Bl 3.42 2-propanol/water ;& & s 3tz ERH-R B (L 2%
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2-butanol/water mixtures
x=0.015

250 mm

7 4 20 2 4 7 x10*

concentration gradient, Nx(mm™)

B 3.43 2-butanol/water ;& & % sz BB H-B B (C &%
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1-butanol/water mixtures
x=0.2 x =0.3

250 pm

-8 -4 -2 0 2 4 8 X10*

concentration gradient, Vx (um-1)

B 3.44 1-butanol/water ;& & sz kR H-B B L &%
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ethylene glycol/water mixtures
x=0.9

250 pm

-54 -27 -13 0 13 27 54 X102

concentration gradient, Vw (um-1)

B 3.45 ethylene glycol/water 2 & s %ez kR R E %%
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butyric acid/water mixtures
x =0.15 x =0.75

250 pm

-8 4 -2 0 2 4 8 X10*

concentration gradient, Vx (um-1)

B 3.46 butyric acid/water ;& & k52 JERH- B B L &%
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