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I-1 ZL®HIC

ARFFRE, VUV HEHAEAREEIJECERTSZ 2ICLY, vA7aF
¥ R E DEEUEM 2 XE T2 ERBERTH I ERIEDO RS H 5\ idHE
EICETAEBHRMREBLZLEANELTNS. 22T/ 7 8F ¥ X
WV EERRER A B 72 7 L — PRERKRAERORRIRIEDA L MR &
LTW3a. flziX, HERREEMEOHER~DEARMHR DD DAFEEIC
BWTIE, BEEASAT— LA e LTOREM, BE#ErE-T-oic, &
RIIIBHR « a7 MERERIND. IR 0O&EERTTERED
—R e LT, BMAEELZVOGEREBEIERL, -8R L OEEDOR
REZ/NELLTHZERTEDvA 7 0F ¥ RXNAERKIRBER LA ND Z L3
Zz2zoNb. O L RGEITE, WERRVFEW<A 7 aF » I AVERO S
L TERGERMEEZEL I LREELEXOND.

BEHRIZB VT — RIS, [IEER - RE - BEBLICE bR VIR, &
AR, BIUOERR L EEEOMIIER SN 5 ERES OXE N EEFCE
MICEBLAIKRL LTGEREEREDOND. AFROMNE LTI
0 F ¥ R0 LS REIRREA CHlBENAE U ABEITIE, BRI EEEEC X
STHLOEEND Z LICKYRIEFERIZRY, BEIEEEER FICIEN 5.
ZDZ LIHRIG L TERRIE - BEEICER I N2 BRIEICBIT 2B EE M=
BB ARETHDICHICEERRE L2 LI LTS, Z0Xkdit~vA 71
F ¥ XNVROPBEERRIL, T—NEEE IBEROERXD 20 I3EENER - &
BNCFRET 2 ANTEEL, ThOICEUCHE - #8 (V BV Fuita 5 12
FomEIhLTW5.

E£H5LO—EIEATEH O IRV T, v 7 uF vy XCBT B BEEIER LV
AERAEREGOBRRNEIToT2. A4 7 aF v ANAREKRERICRIT A EEE
mORNE, BRTE S EREEEEOBRICOVWTERNICRIT L, £ b8,
CEEEELIRTAEERRFTHEI 2R L. BB 0.25 mm 25 10 mm
DF ¥ RXVITBWT, 7y U7 MTHE, BEFZ B8OV a— kg
a—7 4 v 7AW TREE O RV BKED S Bk MEE CELEET-. B
HZIC BT B RIEFF R EfEx OFBRTIZOVWTEEIZITY, BRIz
FIETEEBRIVEDEEIIOWTHRET L. ZORR, 17— LBz HEY
THMRAZIRD - 10 mm OF ¥ RVITEBWTEAEDOH FIZBREZESET I8
AEMZRTDS, Wi, BR0.25mm ~ 1.0mm D<A 7 2 F ¥ R TEBWNT
Mk L7z, ZRIRERICEIT ARIRORR L REE BT R S5 Bk
BEDTEL & % DHERIC X D BVEEDREIZ L D Z L 2B L. g @ it
L0NAED BIFRBR LT ¥ v a— NE_ EOERBRIZI T B B i o H E R R
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EELORBLELOEZR 1 ITART. w47 0F ¥ RVICKITHHE - BB
R EEROERBERIC L AHRRERIEERIC L5 “BREXESER” &7
¥ RV A A ENIZB W TR EIE » 1B AHIMICRL, HAESTIEIRT A
TUNEELS “FIAT7 U MHBRER XSS, ZOEABEBETRS
NTW5B., <A 7 aF X RAMERR 0.5 mm L FOWTHOHEITE TS,
FEROBFMEIZ FF A4 7 ¥ MHIRERICTHRN, Fh b0 70~80 %Ri#E £ T
RS BEIRARRT 5. LR o T, w47 8F ¥ FABERICEBNTT
EIREXRERS SNSRIV TEERBEWRE L 2o TWA I &b,
F7-, BlzIF Fujita 52 L RBBIZ, HEASBENE DRV VRN TIZRIBRAS
BNFEBVBRRERE L 7220, BREOHEKL L HICHETIERZRT
ZENbnB. UEnD, vA 7 aF ¥ INREBBRICEBT DEEBHEE - it
DOHEEDOT-HIZIE, BREXEOMANULETH D Z L1fERIND.

—7%, Cooper - Lloyd () 1%, 1EERDEEMBIEICEB W THEREITED KR X 2K
R[N EREE, BRAEOEELER EPLEREE S 2 ERMICHREIT S &
E BT, MBEITFHETNVERETAZEICIVEREEZZTFHI LTS,
F7, LV —BELERECRRERREBICE LT, S FHOzEERBIIANEI Y
o LU TOERIE TNV ORI E~OE AR EAEERRIN TR 58,
R RS ND2FT WIREA = A 0 206 BIREERE T EDIEEA =

Region
1000_| v 10.Osmr2 0.25 Micrg-llgyer : .
(<O 1.0 O 0.15 dominant
o 05
® 05 A
NE m 0.15
S 100L i
s 1o :
o X
¢ L
5
= i
= 10:_ __
@ - 3
T 5
1 i) | L
0.1 1 10 100

Surface Superheat AT K

Fig.1 Effect of gap sizes on boiling curves on titanium oxide-coated surface



R T AERIZ I 1T B BIRERRICETAMERER LTS, LirL, AFE
DXBLTHA 7 0 F X XNVHER T, FEE LIRS 5 BIREOE
\ﬁkéwiﬁ%KMéﬁbigﬁ“ﬁ%ﬁbé Lhhb 6T, MIKEE
CBIT 2 BN ARBHRITB LN TOARN. LER-T, BREDZN S DEE
%ﬁéiﬁmﬁﬁ%ﬁﬁ_kmﬁﬁﬂﬁm%wt%xé
utﬁmtio , AR CIREER ) OfRESE 2T, BREESHER X
VESHER - mﬁﬁﬁwﬁ@%ﬁw,%ﬁﬁéﬁk%%x#kwﬁ%wow
TREZEZRD. :?UVj~ﬁ@%ﬁC%WWﬁﬁ%f%%E’Tiﬁ
BT RLEXONATYD, FOESHEAECIIFEEM - SIEEEE2ET5HEE
RERAVWAHAZENREEZ L. I T, v 7 aF ¥R VEREREZNFHE
CEATAESICTRL, 2E50—8 7Y Aok TAVWTE RN L—F
WIVEDE I RTRE G L LT, ,

122 REREEH LU HK

M 2 (@R &) ICEREEIIVA 7 0 F ¥ XNABREERZL IO —VE
BIRDD72Y, BEEEN L —VRERLREBOMICMETS. K2 b)IR
ENHHBEREBEOEBRII~A 72 F ¥ XVHERWVWTHIREFERETHD D
T, TITCTHESZRET. A 70 Fy X VEREBO LRICRIT ONTZREK
B DK L MBI LY, v~ 7 eF ¥ X AHOEER I IX—EIZHR-N,
BRI LBEARA 7 0 F ¥ IAMEEEND. v/ 7 0F ¥ XABLT
TNBFED & DERART MR EZ R TABIIEINS. K2 lc~v,/ 7Ty
INVERDEEMZ TR LT, EE LTHRIAL—FROBB LT WVWEEY T T &
DERESILTWD. <A 7 aF v XAHBEITHINCER Sz 2 O FHEY
FAEBRRIC L VEENRTWA. I512, ZOIMUDRREN T ARIZ L V{5
AR & ORI BEEREZBETZODOMBERELN TS, BHE 137 mm O
IR RO 82 mm 2R & L TEREZRD I LITL Y, ZOWHH
FEERYRMBENE & 72> TV 5. FREEIEIX 45 mm IZRESNTWAS., AREDZE
KIREA 110~300 CO&HHEH TEL IR D Z LI VMBGRE 2T LT-. (58
WMEDOHEEDMNBEEDD -0, BIFRAFRNLTH 12 mm O EBEICER
30 pm DF ¥ BT 4 ZERITTWD. £, HTAEEROE S5O F0HR
WX LT ET 10 mm OALEIZ A 249D DF 4 ETIZIEER X OEYEREIE
AOBREMERB L. ThbL, FRENORBETICEVNT, B2 mm O
B D REMNBIZHT BN ¢0.30 mm OFFLIZAME 0. 25 mm D > — RAEE ST
BIBASN TS, BB, RUEBICHAWEGER THAFHEY T X FOfiAD
B IXEIEORRK 260CH Y, Tz, B0, 15 mmicBIFA~A 7 aF ¥
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FIVEREEE T T AT 47—V THIE LTERER 0.147 ~ 0. 158 mm O
Whote. Lo T, BERRIITZREAEZ DL BT 78 F v
NEABIT—ERDOREMEICH LTHARBEZB L TWAZ LR IND.

K2@ Ok, ~J7LRA LV L—FREFHLFHINSER 3 mm,
B 3.39 pm ORI TF 3 v, TV AZRTERE 0. 6 mm IR bivy A
7aF ¥ FVEEERTS. £O®K, ML X, ﬁ%74W¢%ﬁLTfVV
(LenBlye B ER T2 EH L2 YE 33 mm® OREEICRVAENS. FDE

BlidEmEEN A7 CING L-EBR L R L TREINS. BELEEHEME
HEERE 2 D12, AREOMBAEICRT HHEMIELZRE TS 2B &I
TG,

AREAEBIZEIT S V—FHEEEIIRBNTE, 17 aF 3 XVIEBKLETOAN
S>TWHIKREBOBRHBANKRESL [, v 7 2 F ¥ RAWICHEIRES OTFEE
THREROER T LT, (1) @ Lambert OIERICESWTHEE X 25k S
BID.

§=-(1/2)m(1/1) (1)

TIT, BLV A RENENEREESBICEEREER L TWS. KDHE
FHARBUISCR (7) Lo, 22T, HIERBEICE L CIESTR() TIT 2 72 at
DHEAIN, AEOKBEESH2 ~ 30 um OFEICBNT I/ 1, DEIZIZE
0.2 ~ 0.9RBREDELRY, +oRBEORIENFRETHS.

chopper micro-channel apparatus
i high speed camera
ilter

" Ien detector.

tank heating tank hot ai gun

(a) Whole system
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quartz glass- 7' '_ "

hot air

passage .|
controller

fan heater | ;_

hot air ]

orifice

(b) Micro-channel boiling system

vapor
__,ghannel gap
B ‘ micro channel
=
- o
hot air K type %
passage thermocouple
quartz — (0.25 mm in dia.)
glass il H hot air
= Cavity
BER HEI (30 pm in dia.)
|15

water t

section A-A

condenser

8
115
137
166

45

<« A

70 mm;

F Y

(c) Details of micro-channel and heating plates

Fig.2 Experimental apparatus
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I3 RBRERBLUEE

1-3-1 ARARREE & BREE S

X3 @) ~ (c) C&23 38 OBRFHKIZEIT 2 REMRARIAREIBRORE
FEERBEEIOR(ILEZ TR LE. BROFROGHIIERIEE X L —FHIED
MEBZRLTWD. KIBERS L —FHIE mifébt”uﬁﬁﬁﬁ%&éh
ZFOESITHIET D HRENRHBICREINDS. WThOHSICHEKILIT
ARITHEF IR U GAE L2 B> TOLRFIHERSNS. w%mﬁ%m
RN 3 (@) D g=2.5kWm®> OFFITIL, KT EEITT HERKIEOKIRITRD

SRR OE RN TVWAER, BURROHEMZ i@mﬁﬁﬁwﬁﬁﬁgﬂ
HRT B3 (b) D g=45kWm? IZBWVTIE, RKIEOETIZE bRro> TN
%%ﬁﬂnfmé.é%m,%mﬁwk%wx3@)k ST, BLv2 RO
ﬁﬁ@%%ﬁﬁﬂbt%u@ﬁréﬁxﬁ IR TV AERFBBEN TN D

S EAEEEICER @ﬂ#kbtﬁu,ﬁhim@%@o<08t%“%ﬁ
Lf@< BIEN BT KUBTFEERH OBWR IR FAEITTH<, WIiho
BAEHIT $3m~me&f<bot

—7%, K3 @~@@D7 T 7I2bHbbd LI, BRITLHBEBBBIZER S
N5 R S 3R L & LI ERERL, TORICEKAOBRKTIC
LV ABICERTS. ﬁﬁﬁ@%kL#OT%@ﬁfé@ﬁ9$iﬁkbt
THEIRREEOEELEZ NS, B, RZAOBEIISLT L H—ETIX
&<,mﬂ@%@h%hié%@%Mbét ,&ﬁFéTMi%#L% E
@@ﬁ%?#%éﬁﬂbfi&mot.%mﬁ%ﬁ&wméwﬁ%ﬁﬁﬁ@m

_%W@W%TT% HLEE L.

1&2mﬁﬁﬁﬁﬁémkiﬁ¢ﬁmﬁﬁﬁ50%@

ARIRDEEIC L > TV I ERBLOT N 5BRICBWT, BEmETE
WCIRBEPRYERINDIMERE LTERRIZAELS. LR-T, [IADBEHE
EORBELRELZITIDHIENEZLND. BIRD K H 1T, BREESIIERK
HOBRFEIZIVFERINTZE, REBICEARSCIVBILT D, 22T
HIRIEOBABRRICERZRY, ZRIGLRBRER OV EREESS, 2K
NOMBEETDH. MHEREEIL, BREROEELZ T TRRKAKRERE
®ﬁ$%&ﬁ%éﬁﬁibﬁﬁénétb,%&ﬁéﬁuﬁﬁéﬁxgk%z
LZZENTED. LNEOBRFRMEERE ISR 2 MHEREE X%, K8l
LBV BEOBER, BEERNDOENCIZW LS LEE, HA5VII0HE
AR DR ETAR O T~ DB B2 CIIRET A AREMENSE 2 5 5. L
BoT, T TEHREMEICRIT2ARKILSLHBIEREDBIEE V'L BLUOR
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Fig.3 Aspect of bubble growth and variation of micro-layer thickness for s = 0.5 mm
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AR SHEIEMNE~BZET AL TOEHEE V v O 2BEOKBREERE %
AL, X4(a), () IR s = 0.5 mm 2} 5HRKE D EE T 5 Bk
HWEXOBREZZALIUR L, PIEREE SIIKEEIEEE IR MRS
ZRL, WTEhOKIALEEE OHAICH EEMNICEROER 2R LZ. BE
DO/INSWVEID S, KIAREREICK L CEBMCELT 5 “EREmMmER”
L, FE—EEERT —EEIEE KRy ShE. TOEFRIIRITEE VL
352 mis 3B VITESEE VS 1 m/s Bt Th oz, EROBIIMERTIX, #
HEREE S OBEEIXIZIE2 ~ 30 um OHEICH V, —FE I\ O0IHHE
WEE XSy 13824 um ThHho Tz,

40 T T T T T T 1
S
=1
S 30
7
@
&
= 20
o
s
S 10
L
=
1 i ] L | 1 | " | 1
0 1 2 3 4 5 6
Local velocity of bubble forefront V| m/s
(a) Micro-layer thickness and local velocity
40'7'1"l'l'Tv'*|

s=0.5 mm

Micro-layer thickness &y um
N
o

>~ R S R SRR S
0 05 1 15 2 25 3 35
Mean velocity of bubble forefront Vy; m/s

(b) Micro-layer thickness and mean velocity
Fig.4 Micro-layer thickness and velocity of bubble forefront for s = 0.5 mm
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I-3-3 FEEREE ik ST MR-TEoZE

B 513 3FEHEDOEI s=0.5,0.3,0.15 mm 2B 2 RIEFLHEE 23 5 0IH
BIEEE SRR LTV, WTFNORBRIZIEN TS, K4 () IR L s=0.
S5mm OB L FELUOEREZR L. T7205,0.38L000. 15mm B W TH,
SVAEIEEE Ve 2 s=0.5mm & FEEICH 2 m/s OFTZICEW TRIAEEEE
T S IEERIEE S OB(LERNR R IBRER LZ. 2, MHERE
B S IXER-HECBEEREELZ, BMESES 221 LR T L.
PIHEREE X O—EEBIZB VT, §s=0.5,0.3,0. 15mm 1253 L TERFR
So =24,18,9um ThoT-.

RBZORER, K1 IZANEX SR, ~A 7 aF ¥ RAREBRPHVTE
RBBEBICB T A2RMENKRE L, TEMABFHEIMEN & 2HBETEE
BERAI=ALEEZDLND. Thbb, BREXEERICBNT, X kn
MROBKREE S XLV EL, LV RREENENEND 72 DO EE DM
L, ZORRL L TEVWBBEERZEL FIRRICT 5. —7F, BURRS RT3 &,
BUVWREE S IZX 0 EHBITHEEAL NI4T U MERER~OBITHREE D,
BRABWHROET 225 LHEIND.

-
o

Micro-layer thickness 5 um
N
o

Local velocity of bubble forefront V| m/s

Fig.5 Micro-layer thickness and velocity of bubble forefront for s=0.15, 0.3 and 0.5 mm
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I-3-4 FIHEREESICBRIETHORTFORE

PIHEREE S ICBXIETMOFER L LT, EFI2CREWRERE
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Fig.9 Definition of measuring system of initial micro-layer thickness
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Fig.13 Theoretic model of micro-layer in nucleate boiling by Cooper & Lloid"
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Part V

Configuration of the micro-layer and characteristics of heat

transfer in a narrow gap mini/micro-channel boiling system
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V-1 Introduction

Recently, the researches and applications on the microscopic phenomena are of great
interest. One of the examples in the field of heat transfer with phase change is
mini/micro-channel type vapor generator for a fuel cell vehicle with a reformer. A fuel
cell vehicle with a reformer requires a high efficiency of heat exchange and low heat
capacity to meet power train requirements and realize fast response and compactness.
The use of a narrow gap mini/micro-channel vapor generator for a reformer with a large
surface area per unit volume and small heat capacity is one possible approach to satisfy
these requirements. Since there are several definitions of “mini” and “micro” were
presented depending on the hydraulic diameter of other non-dimensional variables and
the size in this study span both, the term of mini/micro is used in this study. The
mini/micro-channel refers to that section of the bulk liquid in a plate-shaped vapor
generator with thin gaps between the heating plates, as shown in Figure 1. In the boiling
process, the bulk liquid, superheated micro-layer and the bubbles generally affect the
boiling characteristics in complicated ways. In particular, in the case of a restricted flow
path such as a mini/micro-channel, vapor bubbles have a depressed shape, because they
are pushed and crushed by the heating plates and rapidly spread over the heating plates.
Therefore, the rate of evaporation at the micro-layer between the plates and the bubbles

plays an important role in determining the heat-transfer rate.

Unit
—hn,
High temp. 5 High temp.
air u u ' air
b
N "~ Separator
0
L L UL i'.
i , Partition
Steam : Stea
Water

Figure 1 Mini/micro-channel vapor generator
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There have been many investigations on mini/micro-channels. Kandlikar [1] studied
the behavior of flow caused by a pressure drop between the inlet and outlet in a
horizontal micro-channel with a cross section of 1x1 mm. Wen et al.[2] studied the heat
transfer coefficient of a vertical micro-channel with a cross section of 1 mm by 2 mm,
and a vertical pipe ranging in diameter from 0.8 to 1.7 mm. Thome et al. [3] and Dupont
et al. [4] presented a three-zone flow boiling model formulated to describe evaporation
of elongated bubbles in micro-channels and is compared to experimental data. For the
boiling in narrow gap mini/micro-channels, Katto and Yokoya [5] and Fujita et al. [6]
| reported that the evaporation characteristics in a mini/micro-channel with a reduced gap
size formed by a flat heating surface are completely different from those of pool boiling.
On the other hand, studies on the thin film that forms between the heating surface
and bubbles in nucleate pool boiling have been performed. For example, Cooper et al.
[8] measured the change in the heating surface temperature and calculated the thin film
thickness from the experimental results using an ideal analytical model. Recently, some
attempts (Stephan[9] and Wayner[10]) have been made to elucidate the mechanism of
heat and mass transfer by precisely modeling the thin film, taking into account the
adsorbed liquid film in which intermolecular forces are influential. Comparison with
practical cases is still insufficient, and it is important to accumulate experimental results
for a variety of boiling systems.

In a previous report, Tasaki and Utaka [7] described observations of the aspects of
vapor behavior and heat transfer measurements in the mini/micro-channel. The effects
of the gap size between the heating plates and the wettability of the heating surface of a
mini/micro-channel on the heat-transfer characteristics were experimentally studied. It
was pointed out that the heat-transfer characteristics are mainly governed by these
factors. In the case of a gap size between 0.25 and 10 mm, wettability was changed
from hydrophilic to hydrophobic by applying coatings of titanium oxide and silicon
resin to the lapped copper heating surfaces. The effects of surface wettability on the
boiling curve were investigated by observing various factors that affect boiling. It was
found that hydrophilic surfaces reduced heat transfer with a 10 mm gap size. On the
other hand, with a gap size between 0.25 mm and 1.0 mm, heat transfer was enhanced.
It was concluded that the enhancement of heat transfer was due to the formation and
sustaining of a micro-liquid-layer on the heating plate with a highly wettable surface.

Two regions are seen for boiling or vaporization in the mini/micro-channel, namely a
micro-layer-dominant region and a dryout region as shown in Fig.2. The open and
clesed symbols denote the micro-layer-dominant region and the dryout region,
respectively. Intermittent formation of the micro-layer, due to the generation of vapor
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Figure 2 Effect of gap sizes on boiling curves on titanium oxide-coated surface

bubble, is observed in the first region. In the other region, periodic forward and
backward movements of the liquid at the entrance of the chanhel, and the appearance of
dryout at the exit are observed. The dotted line in the figure divides the two regions. For
all cases of a gap size of less than 0.5 mm, the maximum heat flux occurs in the dryout
region. However, the micro-layer-dominant region occupies approximately 70 to 80% of
the maximum heat flux. Hence, it is seen that the micro-layer-dominant region
represents the principal form of heat transfer for mini/micro-channel boiling. For
instance, in the region of relatively low superheat, a narrower gap size results in a
higher heat-transfer coefficient. However, with increasing superheat, the change tends to
have an opposite trend. Therefore, clarification of the behavior of the micro-layer is a
very important factor in elucidating the mechanism and characteristics of boiling heat
transfer in a mini/micro-channel vaporizer.

In this study, the characteristics of the micro-layer that forms in the
mini/micro-channel vapor generator between the heat transfer surface and bubbles
generated during boiling were clarified by the application of high response and
non-contact laser extinction method to measure the micro-layer thickness. Furthermore,
the mechanism and characteristics of heat transfer was quantitatively analyzed by
investigating factors such as the position of the generated vapor bubble, velocity of
vapor forefront, the periods of micro-layer dominance and liquid saturation in the
boiling cycle, and so forth, on the basis of the heat transfer measurements, observations
of the aspect of boiling given in the previous report [7], and the configuration of the
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' micro-layer.
V-2 Nomenclatures

A : extinction coefficient

D : distance from incipient bubble site

H : height of heat transfer surface

I : detected laser intensity with liquid-layer

I, : detected laser intensity without liquid-layer

L :latent heat of vaporizaiton

N, :number of times of initial micro-layer appearance by bubble growth in a bubble period
N,, : number of times of micro-layer appearance by liquid slug in a bubble period
q : average heat flux '
s : gap size

t:time

t : time after formation of micro-layer

¢, : term filled with bulk liquid

t,, : term with micro-layer

T : liquid temperature

T, : vapor saturation temperature

T, : temperature of heat transfer surface

T, : final temperature in term with micro-layer

AT =T,, —T, :superheat of heat transfer surface

v : rate of decrease of micro-layer thickness

V. :local bubble forefront velocity

W : twidth of heat transfer surface

x*=x/H: nondimensional height of heat transfer surface

y*=y/W: nondimensional width of heat transfer surface

z:axis of gap thickness

o thermal diffusivity

J : micro-layer thickness

0, : initial micro-layer thickness
p,, - density

A : thermal conducitvity
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V-3 Experimental apparatus and method

Figure 3(a) shows the experimental apparatus consisting of a boiling section in the
mini/micro-channel vapor generator, and a section for -measuring the micro-layer
thickness by application of the laser extinction method. The vapor generator is located
between a laser emitter and a detector. The mini/micro -channel system apparatus is the
same as that used in the previous study [7], with the exception of the

mini/micro-channel section. A water reservoir and heating tank were placed upstream in
| the mini/micro-channel test apparatus. The cross-sectional area of the water reservoir
was large enough to maintain a constant water level in the mini/micro-channel. The
water supplied to the mini/micro-channel apparatus was boiled in a heating tank that
was open to the atmosphere. Vapor generated from the mini/micro-channel vapor
generator and the heating tank flowed through a condenser and back to the water
reservoir. Figure 3(b) shows the details of the mini/micro-channel test apparatus. Quartz
glass with a high transparency for infrared light was mainly utilized for the test
apparatus to enable more accurate measurements. Two quartz glass plates form the
mini/micro-channel, which is filled with water as the test fluid. Passages for high
temperature air used as the heating fluid to heat the mini/micro-channel were positioned
at the back and front of the mini/micro-channel. The central part of the 82 mm high
passage, which essentially served as the heating area, was narrowed to enhance heating.
The width of the passage was 45 mm. The heat flux into the mini/micro-channel was
controlled by varying the air temperature from 110 to 300 °C. A cavity of 30 um
diameter was located 12 mm below the center of the mini/micro-channel to provide an
incipient bubble site on the heating plate. Two thermocouples to measure the heat flux
were embedded at different depths in the quartz glass at points 12 mm above and below
the center, respectively. '

The contact angle of pure water on the quartz glass heating plates was 26° and the
real gap size of the narrower mini/micro-channel, as measured with a plasti-gauge, was
in the range of 0.147 to 0.158 mm for a 0.15 mm test gap size. Therefore, it was
confirmed that the heating surface had sufficient wettability, and that the gap size was
constant and sufficiently accurate with respect to the target value.

For the laser extinction method, a laser ray (3 mm diameter and 3.39 um wavelength)
was launched from a He-Ne laser emitter through the mini/micro-channel via a chopper,
as shown in Figure 3(c). A convex lens was used to focus the laser ray to a diameter of
0.6 mm. After passing through the convex lens and an optical filter, the laser ray was
introduced to a Pb-Se detector with a light detection surface area of 3x3 mm?>.
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The principle of the laser extinction method is to determine the micro-layer thickness,
as illustrated in Figure 4(a). The micro-layer thickness was determined using Lambert’s
law, as given in Eq. (1). Iy and I denote the light intensities at the detector when the
mini/micro-channel being measured is filled with steam and with a thin water layer and
steam, respectively. § and 4 are the micro-layer thickness and extinction coefficient,
respectively.
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(a) Principle of laser extinction method for measuring micro-layer thickness
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The extinction coefficient for water was measured, and the precision of measurement
was investigated by Utaka and Nishikawa [11]. This method is sufficiently accurate to
measure the micro-layer thickness of water on a micron scale, because the values of /1 o
are varied from 0.2 to 0.9 in relation to a range of 2 to 30 um for the thickness of the
micro-layer of water.

The laser signals were recorded in synchronization with the process of bubble growth,
which was recorded with a high-speed camera placed in front of the mini/micro-channel,
as shown in Figure 4(b). The relative location of the incident laser ray on the heating
surface was adj usted to vary the distance from the incipient bubble.

V-4 Configuration of micro-layer in narrow gap mini/micro-channel boiling system

V-4-1 Effect of heat flux and distance from incipient bubble site on the initial
micro-layer thickness

Heat flux and the distance from the incipient bubble site were examined as possible
factors affecting the initial micro-layer thickness for the gap sizes of 0.15, 0.3 and 0.5
mm. The effect of heat flux on the initial micro-layer thickness for a gap size of 0.3 mm
is shown in Figure 5. Measurements were made at four different heat flux levels. No
distinction in the initial micro-layer thickness was observed for different heat flux levels
as similar to the cases of 0.15 and 0.5 mm gap sizes, indicating that the formation of the
micro-layer is determined by the dynamic behavior of the liquid-vapor interface.
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Figure 5 Relation between micro-layer thickness and bubble forefront velocity flux on
micro-layer and effect of heat thickness for a gap size of 0.3 mm
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The effect of the distance from the bubble formation site on the initial micro-layer
thickness for three gap size of 0.5, 0.3 and 0.15 mm is shown in Figure 6 for six
different bubble forefront velocities. It was observed that the initial micro-layer
thickness was weakly dependent on the distance from the bubble incipient site.
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Figure 6 Effects of distance from incipient bubble site and velocity of bubble forefront
on initial micro-layer thickness

77



V-4-2 Effect of bubble forefront velocity and gap size on initial micro-layer thickness

The micro-layer is formed as a result of liquid remaining on the heating surface
immediately after the liquid is pushed away by the bubble growth. The micro-layer
thickness varies due to the effects of bubble forefront velocity and movement, and the
evaporation rate from the micro-layer. Attention was focused on the initial micro-layer
thickness & that appears immediately after the passage of the bubble forefront. It is
thought that & is determined by the kinetic interface behavior in the process of bubble
growth without being affected by evaporation of the micro-layer. On a highly wettable
surface, the initial micro-layer thickness may depend on the effect of the two
characteristic regions that are distinguished at a bubble forefront velocity of
approximately 2 m/s (Fig. 7). Initial micro-layer thicknesses of between 2 and 23 um
were measured in the linear-increase region and approximately 18 pum in the constant
~ thickness region for a gap size of 0.3 mm.

The variation of the initial micro-layer thickness in relation to the bubble forefront
velocity is shown in Figure 7 for three different mini/micro-channel gap sizes of 0.5, 0.3
and 0.15 mm. The tendency of the initial micro-layer thickness relative to the bubble
forefront velocity for the different gap sizes changed at a bubble forefront velocity of
2.0 m/s. Moreover, the initial micro-layer thickness was strongly affected by the gap
size, and decreased with decreasing gap size. In the constant thickness region, initial
micro-layer thicknesses of 23, 18 and 9 um were measured for gap sizes of 0.5, 0.3 and
0.15 mm, respectively.
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Figure 7 Velocity of bubble forefront and distance from incipient bubble site
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These characteristics suggest that, for smaller gap sizes, the heat flux is larger in the
low heat flux domain and the critical heat flux is lower than the dominant domain in the
boiling curves. That is, in the micro-layer dominant region, the vaporization rate is
increased, and higher boiling heat transfer is possible due to the thinner micro-layer. On
the contrary, due to an increase in heat flux, the thinner liquid film disappears for a short
time and a dryout region appears. '

V-4-3 Distribution of initial micro-layer thickness

Figure 8(a) shows the typical variations of bubble forefront velocity in relation to the
distance, D, from the incipient bubble site at three different heat fluxes and a gap size of
0.5 mm. As a bubble grows and enlarges, the velocity of the bubble forefront increases.
Figure 8(b) shows the distributions of initial micro-layer thickness on the heating
surface, derived from the relation between the bubble forefront velocity and the distance
from the bubble formation site, as shown in Figures 6 and 7. The initial micro-layer
thickness increases, because the bubble forefront velocity increases with increasing heat
flux; and the initial micro-layer thickness is between 1-2 and 10-20 pm, in the region of
D between 3 and 50 mm, respectively. Furthermore, the initial micro-layer thickness
increases with increasing D, which corresponds to the tendency for the bubble forefront
velocity to increase, as shown in Figure 7. The initial micro-layer thickness increases
monotonically in the lower heat flux region in which the bubble forefront velocity is out
of the region of constant micro-layer thickness. On the other hand, as the heat flux
increases, a constant thickness appears in the region of larger D. The initial micro-layer
thickness becomes constant at smaller D with increasing heat flux.

V-5 Consideration of heat transfer characteristics on the basis of configuration of

micro-layer

V-5-1 Characteristics of phenomena in micro-layer dominant region and method of
analysis of heat transfer characteristics

A micro-layer dominant region is the principal form of heat transfer in narrow gap
mini/micro-channel boiling. Therefore, the heat transfer characteristics are discussed
using various characteristics of the liquid micro-layer thickness elucidated in Chapter 3,
and heat transfer measurement data and analysis of images taken, for the micro-layer
dominant region reported in ref. [7]. The measuring system used in ref. [3] is basically
the same as that used in this study; therefore, the results of the heat transfer and liquid
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micro-layer measurements are comparable.

The micro-layer dominant region consists of a liquid saturation period where the
whole gap is filled with the liquid and a micro-layer period where the vapor bubble is
formed in the gap and a micro-layer exists on the heat transfer surface underneath the
vapor bubble. These two periods are repeated alternately. The micro-layer period can be
classified into two phases: an initial liquid micro-layer that is formed on the heat
transfer surface by bubble generation and growth from the liquid saturation period, and
a reformed liquid micro-layer that is formed again by the transfer of a liquid slug
accompanying the dynamic and complicated behavior of bubbles.

To study the eVaporation mechanism and heat transfer characteristics in the
micro-layer dominant region, the mini/micro-channel boiling phenomenon is modeled
as described below. Although the heating conditions require further study, in the present
investigation, the heat flux is assumed to be constant.

(1) The bubble generation cycle is the sum of the liquid saturation period 7, and the
micro-layer period f.

(2) The micro-layer period consists of an initial micro-layer and a reformed
micro-layer.

(3) Bubbles are generated at a constant site that is a function of the heat flux.

(4) The bubble growth rate is another function of the heat flux.

(5) The averaged values during the period of measurement were used for the above
mentioned factors such as the bubble generation cycle, liquid saturation period,
micro-layer period, initial micro-layer period, reformed micro-layer period,
incipient bubble site, and bubble growth rate all data throughout during the
period of measurement is averaged.

Fér the heat transfer surface indices, average values were measured at a total of nine
representative reading positions, as shown in Figure 9: three non-dimensional positions
(x* = 0.20, 0.50, 0.80) from upstream to downstream of the heat transfer surface with
height H =102 mm and three non-dimensional positions (* = 0.22, 0.5, 0.78) in the span
direction width W = 50 mm, as used for heat transfer measurements in ref. [7]. Since
every index showed a small difference in the y* direction, the averages in the y* direction
were adopted by taking the x* direction into consideration.

V-5-1-1 Determination of the incipient bubble site and the bubble front velocity
Figures 10 and 11 show the changes of the average incipient bubble site for each

average heat flux determined from high-speed images, and the changes of the mean

bubble forefront velocities generated from these sites, respectively. In Figure 10, symbol
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o represents the measured position of incipient bubble sites and ® represents the average
position. At each heat flux, the changes in the positions of the incipient bubble site are
limited to a comparatively narrow range. This justifies the validity of averaging. The
curves in Figure 11 show the averages of 5 to 10 patterns of bubble forefront velocity as
determined from the images under each heat flux condition. The bubble forefront velocity
V1, tends to increase monotonically as the distance and heat flux increases.

The bubble forefront velocity V7, at distance D from the incipient bubble point can then
be qalculated. By applying these values to the results shown in Figure 6, the initial
micro-layer thickness &, at each position x* in the micro-layer period, can be obtained,
where the value at an arbitrary bubble forefront velocity is determined by interpolation.

V-5-1-2 Determination of the liquid saturation period 7 and the micro-layer period #y

The liquid saturation period and the micro-layer period were measured as a time series
throughout the image capturing period. Figure 12 shows the relationship between the
average heat flux, and the average liquid saturation period #, and liquid micro-layer
period fy at three x* positions. As x* increases, the liquid saturation period becomes
shorter and the micro-layer period becomes longer. As the heat flux increases, the liquid
saturation period becomes remarkably shorter and the micro-layer period becomes longer.
As mentioned in 5-1-1, this indicates that the incipient bubble site x* grows with a
decrease in heat flux and the bubbles generated tend to pool high under gravity.
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V-5-1-3 Ratio of micro-layer reformation in the liquid micro-layer period

The liquid micro-layer period consists of both initial and reformed micro-layers. It is
necessary to determine the number of micro-layers reformed in a single liquid
micro-layer period. From the experimental images, the number of initial micro-layers
formed by bubble growth, and the number of micro-layers reformed by later liquid
movement were determined and their ratio was calculated, as shown by Eq. (2).

N, number of times of micro-layer re-appearance by liquid slug 2)
N, number of times of initial micro-layer appearance by bubble growth

Both the initial and reformed liquid micro-layers were equally dependent on the
determining factors of micro-layer-thickness, with no discrepancy between them. Figure
13 shows the measured results. In the region of small heat flux, the number of reformed
micro-layers is very small. However, as the heat flux increases, the movement of the
liquid slug becomes active and the frequency of micro-layer reformation increases. At the
upstream where x* is small, micro-layers are hardly reformed. However, as x* increases,

the frequency of reformed micro-layers increases.
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V-5-1-4 Calculation of the micro-layer thickness and the degree of superheat

To study the heat transfer characteristics where a liquid micro-layer is formed, the
variation of the liquid micro-layer thickness and the degree of superheat in the bubble
generation cycle were determined as follows:

Micro-layer period:

In the micro-layer period, steady-state heat conduction by the micro-layer, which is
dependent on the wall temperature 7w and the saturation temperature 7, and causes
liquid to evaporate at constant heat flux, so that the micro-layer loses thickness & is
reduced from the initial micro-layer thickness & ¢. This is also same to the reformed
liquid micro-layer. Using Eqs. (3), (4), and (5), the changes in the micro-layer thickness
during the micro-layer period, and the transition of the degree of superheat on the heat
transfer surface were calculated.
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Liquid saturation period:

Figure 14 shows a model of the liquid saturation period. Immediately after vapor
bubbles pass, the gap is filled with water at saturation temperature, and is heated from the
heat transfer surface at constant heat flux. The surface facing the gap side of the heat
transfer surface is thermally insulated. The liquid moves comparatively slowly, so that
only heat conduction is considered in regard to the temperature changes in the liquid. By
solving the one-dimensional equation of heat conduction in unsteady state (Eq. (6)),

under the initial conditions (Eq. (7)), and boundary conditions (Eq. (8)),.the degree of
superheat is calculated.
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Figure 14 Calculation model in liquid saturation period
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V-5-2 Analysis and Discussion of the Heat Transfer Characteristics

Using the method shown above, the analysis was performed for a gap of 0.5 mm with
five patterns of heat flux. As an example, Figures 15(a), (b), and (c) show the transitions
of the micro-layer thickness, and the degree of superheat during a cycle of bubble
generation at x* = 0.20, 0.50, and 0.80, respectively, for a heat flux of 16.2 kW/m?. In the
liquid saturation period, the degree of superheat increases over time. Once the
micro-layer is formed, the degree of superheat drastically decreases. As evaporation
reduces the thickness of the micro-layer, the degree of superheat is gradually decreased
further. The micro-layer period can be divided into several periods. Between the divided
periods, there are also periods of several milliseconds in duration where the micro-layer
thickness increases. These periods are attributable to the quick passage of a liquid slug. In
Fig. 15, different results are given for each x* on the right and left. This is because the
value of the micro-layer reformation ratio Ng/Np from Eq. (1) does not generally become
~ an integer, and therefore those micro-layer reformations counted with a difference of one
were divided right way. For example, when the micro-layer reformation ratio is greater
than 0, but smaller than 1, bubble generation cycles with no micro-layer reformation and
those with single micro-layer reformation coexist, and are therefore divided according to
the ratio. With regard to the reformed micro-layer thickness in the cycles, the movement
velocities of liquid for reforming micro-layers were mostly distributed from 0.8 to 1.6 m/s
at every heat flux in this experiment. Consequently, the initial liquid micro-layer
thickness of reformation is calculated to be approximately 10 to 16 um. The reformed
micro-layer thickness is distributed narrow range; therefore, a constant value of 13.6 pum,
averaged from all data, was adopted as the reformed micro-layer thickness. The other
conditions were also equally determined.

Figure 16 shows the results of calculating the average degree of superheat at each heat
flux, and comparing the calculated results with the experimentally obtained boiling curve
in ref. [7]. In the Figure 16, symbol m represent experimentally obtained results, and o
represent calculated values. The calculated values are in good agreement with the
experimental results. This confirms that an evaporation rate can be predicted using the
micro-layer thickness; that the micro-layer dominant region, the principal form of narrow
gap mini/micro-channel boiling, is determined by the liquid saturation period constituting
a bubble generation cycle, and a micro-layer period where the micro-layer evaporates. In
addition, the low degree of superheat in the micro-layer period, which occupied a
comparatively long duration, indicates good heat transfer in the micro-layer dominant

region.
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V-6 Conclusions

The thickness of the micro-layer that forms on a heating surface by vapor growth was
measured using the laser extinction method for mini/micro-channel gap sizes of 0.5, 0.3
and 0.15 mm, in order to ciarify the heat-transfer characteristics of boiling in a
mini/micro-channel vapor generator. Furthermore, the heat transfer characteristics in
narrow gap mini/micro-channel boiling were investigated for the micro-layer dominant
region. The following results were obtained for mini/micro-channel gap sizes of 0.5, 0.3
and 0.15 mm.

(1) The initial micro-layer thickness was determined by the gap size and the velocity of
the bubble forefront.

(2) The trend in the variation of the micro-layer thickness, relative to the velocity of the
bubble forefront, is divided into two regions; from the low velocity side, a region where
the thickness increases linearly with increasing velocity, and a region where the
thickness is almost constant. The boundaries of the two regions were determined at a
bubble forefront velocity of 2 m/s.

(3) The initial micro-layer thickness decreases with the decreasing gap size of the
mini/micro-channel. The initial micro-layer thickness was approximately 1 to 2 pm in
the region of linear increase. In the constant thickness region, the micro-layer thickness
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values were 8 to 24 pum for a mini/micro-channel gap size in the range of 0.15 to 0.50
mm.

(4) The initial micro-layer thickness increases due to an increase in the bubble forefront
velocity with increasing heat flux. The distribution of initial micro-layer thicknesses of
between 4 and 24 um on the heating surface is in the region of distance, D, between 10
and 60 mm.

(5) On the basis of the measured characteristics of the micro-layer, the factors analyzed,
that is, (a) the position of incipient bubble site, (b) the bubble forefront velocity against
the distance from the bubble site, (¢) the terms of liquid saturation and micro-layer
formation, and (d) the ratio between numbers of initial micro-layer appearances by
bubble growth and by a formation of liquid slug, were measured and their
characteristics were clarified.

(6) Prediction of the vaporization rate was confirmed by applying the measured
micro-layer thickness and the factors outlined in (5) above.
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