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Introduction micro-channels with hydraulic diameters from 25 to @t and

Two-phase micro-channel heat sinks have emerged in rec@spect ratios from 1.0 to 3.5. Nucleation and small bubble growth

. were observed inside the micro-channels at low heat fluxes, but
years as a prime contender for thermal management of next 95Hhular flow became dominant at high heat fluxes. Hetsroni et al.

eration high-power-density commercial and defense electroni §] . - . L . ;
- i L studied flow boiling of dielectric liquid Vertel XF in a micro-
These heat sinks feature flow boiling of liquid coolant through %wannel heat sink containing 21 parallel triangular micro-channels

series of parallel micro-channels with cross-sectional dimensions . . . - :
ranging from 10 to 100Qum. The combination of small channel H?wmg a base dimension of 256m. The flow in the micro-

: i channels alternated between single-phase liquid and elongated va-
size and flow bolllllfr:g offers mfény atlivan_tages such a; low thern;)%r bubbles. Qu and Mudawargexpperimentglly studied Sressure
resistance, small flow rate and coolant inventory, and stream-w : S S
temperature uniformity. &l%p and heat transfer characteristics of water flow boiling in a

rectangular micro-channel heat sink containing 2313 um?
Two-phase Heat Transfer in Micro-Channels. Because of micro-channel§9-11]. Previous macro-channel models and em-
these and other practical merits, two-phase micro-channel hedical correlations were assessed and deemed unable to accu-
sinks have received considerable attention in recent years. An extely predict pressure drop or heat transfer in micro-channel heat
tensive review on the subject of boiling and two-phase flow isinks. An annular flow model was developed to describe the heat
micro-channels and micro-channel structures has been providexhsport characteristics of the heat sink, which showed excellent
by Ghiaasiaan and Abdel-Khalik]. Recent studies particularly predictive capability.
concerned with transport phenomena in two-phase micro-channelhese studies reveal that the flow boiling characteristics in
heat sinks are summarized below. micro-channel heat sinks deviate significantly from those in con-
Bowers and Mudawai2—4] studied pressure drop and criticalventional macro-channels. Previous pressure drop and heat trans-
heat flux (CHF) of R-113 flow boiling in circular mini-channel fer models and correlations developed for macro-channel flow
(2.54 mm inner diametgrand micro-channe(510 um inner di- boiling fail to provide a satisfactory description of the flow in
amete) heat sinks. A pressure drop model was developed to awicro-channels. Overall, research in this area is still in its infancy
curately predict experimental data. CHF values in excess a@hd new research efforts are needed to develop a fundamental
200 W/cnt were obtained with both heat sinks. Peng and Warignderstanding as well as yield accurate predictive tools that are
[5] explored water flow boiling in 608700um? rectangular €ssential for heat sink design and optimization.
micro-channels. Their results indicate channel size and geometry<nowledge of dominant two-phase flow patterns in micro-
have a profound influence on flow boiling behavior. In particulaéhannels is key to developing accurate and physically sound pre-
no apparent partial nucleate boiling existed for subcooled flodictive tools for heat sink design. As pointed out by Host],
boiling, i.e., fully developed boiling was induced much earlieknowing which two-phase flow pattern prevails in a micro-
than in macro-channels. Jiang et B8] conducted visualization channel is analogous to knowing whether a single-phase flow is
studies of water flow boiling in triangular micro-channels witfurbulent or laminar. Unfortunately, interfacial interactions be-
nominal widths of 50 and 10@m. Annular flow was the domi- fWeen the vapor and liquid phases during flow boiling in a micro-
nant flow pattern at moderate to high heat fluxes. The bubbly fii/@nnel are often far too complex to permit accurate measurement
regime, common to macro flow boiling systems, was never ofl quantitative assessment of flow patterns. For a micro-channel

served. Zhang et aJ7] studied water flow boiling in rectangular N2t sink, the situation is further complicated by the two-phase
flow instability inherent to the multiple parallel channel arrange-
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channels can be determined fairly accurately. An adiabatic micrdrople) were observed in the 0.3 mm channel. With decreasing
channel two-phase flow system may be used to simulate mictannel depth, the transition boundaries for bubbly-slug, slug-
channel flow boiling based on the assumption that if channel sigburn, and churn-annular flow all shifted to lower values of su-
and geometry as well as corresponding phase velocities are equetficial gas velocity.
for the two systems, dominant flow patterns should also be theThe above studies reveal many unique features of flow patterns
same. in mini/micro-channels, includingl) the disappearance of certain
. . flow patterns in mini/micro-channels, such as stratified and churn

Two-phase I_:Iow Patterns in Mlcro-Chan_neIs. The present flow, and (2) the shift in flow pattern transition boundaries to
study was motivated by the lack of connection between studies pfj,er superficial gas velocities. However, research in this area
adiabatic two-phase flow in a single micro-channel and those cQies not cover channel sizes and geometries found in micro-
cerning flow boil_ing !n a_multi-channel _micro-channel heat sinkahannel heat sinks. Most previous adiabatic two-phase mini/
Such a connection is vital to developing a fundamental undgicro-channel studies concern rectangular channels with very
standing of the transport behavior of micro-channel heat sinkgyaj| aspect ratidratio of depth to width, while practical micro-
which can ultimately lead to a reliable and physically sound met@hannel heat sinks mostly employ rectangular micro-channels
odology for two-phase micro-channel heat sink design. In thgith moderate aspect ratios of 0.2 to 1.0.
present study, the connection is established by incorporating ex1n this study, new experiments are conducted to explore flow
perimental results of adiabatic two-phase flow patterns in a regiiterns and flow pattern transitions of adiabatic nitrogen-water
angular mlcro-channel into an annular two-phase flow model ttho-phase flow in a moderate aspect ratio rectangular micro-
was previously developed by two of the present authors to dghannel. Two-phase flow patterns in the micro-channel are first
scribe water flow boiling in a rectangular micro-channel heat singentified and discussed. Unique features are then employed to
[10]. ) ] ) ~_validate major approximations used in a previously developed an-

Adiabatic two-phase flow patterns in rectangular mini/micronylar flow model specifically tailored for flow boiling in micro-
channels have been discussed in several recent studies. Mitjannel heat sinks. The earlier model is modified based on new
channels are channels with cross-sectional dimensions from 1 tgrfings from the adiabatic two-phase flow study. The predictions
few millimeters, and micro-channels less than 1 mm. Wambsganf&sm the modified model are then compared with available experi-
et al. [13] studied adiabatic air-water horizontal two-phase flowhental data for pressure drop and heat transfer coefficient in a
patterns in a rectangular mini-channel that was 3.18 mm deep agglter-cooled two-phase micro-channel heat sink.
19.05 mm wide. Four flow patterrfbubbly, plug, slug, and annu-
lar) were observed along the loripase side of the channel. A Adiabatic Two-Phase Flow Patterns and Flow Pattern
comparison with previous flow pattern maps showed that, whitgansitions
these maps provide useful qualitative trends, they simply could
not be relied upon for quantitative predictions. Ali and Kawaji Micro-channel Adiabatic Two-phase Flow Apparatus. Fig-
[14] studied adiabatic air-water two-phase flow in a rectangulare 1 shows a schematic of the flow loop that was constructed to
mini-channek1.465 mm depth and 80 mm widtht four different supply the nitrogen-water two-phase mixture to the micro-channel
orientations(vertical upflow and downflow, horizontal flow with test module. The water was circulated through the loop from a
long side or short side as bas€our flow patterngbubbly, inter- reservoir using a variable speed gear pump. The water was passed
mittent, rivulet, and annularwere observed for all orientationsthrough a filter to remove any solid particles before entering one
except horizontal flow with the short side as base. For this lattef five liquid rotameters for flow rate measurement. The nitrogen
orientation, four flow patterngbubbly, intermittent, plug, and was supplied from a compressed nitrogen cylinder and its flow
stratified wavy were identified. In general, transition to annularate measured by one of five gas rotameters. Use of multiple rota-
flow was observed at superficial air velocities much lower thameters for both fluids enabled testing broad flow rate ranges for
those of macro-channels. Mishima et fl5] studied adiabatic both with accuracy better than 4%. After the flow rate measure-
air-water vertical upflow in three rectangular mini-chann@®, ment, both fluids entered a mixer to form a two-phase mixture.
2.4, and 5.0 mm deep, and 40 mm wid&our flow patterns The mixture flowed through the micro-channel test module where
(bubbly, slug, churn, and annujarere identified; churn flow was the flow patterns were identified with the aid of both still photo-
never observed in the 1.0 mm channel. Wilmarth and Igt6] micrography and high-speed video imaging. Exiting the test mod-
studied adiabatic air-water two-phase flow in two rectangulate, the two-phase mixture returned to the reservoir, where the
mini-channelg(1.0 and 2.0 mm depth with channel widths of 2hitrogen was released to the ambient through a vent. Several con-
and 15 mm, respectivelyThe 1.0 mm channel was investigatedrol valves were incorporated in the flow loop to aid in the flow
in vertical upflow and the 2.0 mm in both vertical upflow andontrol.
horizontal flow with the short side as base. Four flow patterns Figure 2a) illustrates the construction of the test module that
(bubbly, slug, churn-turbulent, annulaand three transition re- was composed of a base plate, a cover plate, @sioppor} plate,
gions (cap-bubbly, elongated slug flow, churn-turbulent to annwand a pair of clamps. The three plates were fabricated from trans-
lar) were observed for vertical upflow, while five flow patterngarent acrylic to facilitate optical and visual access to the two-
(stratified smooth, plug, slug, dispersed bubbly, wavy anhaled phase flow in the micro-channel. A rectangular micro-slot 0.406
three transition regiongelongated plug, elongated slug, capmm deep, 2.032 mm wide, and 12 cm long was machined into the
bubbly) were identified for horizontal flow. Using a mixture oftop surface of the base plate. The top plate, which was hollowed
nitrogen and an ethanol-water liquid solution, Fujita et[alZ] outin the middle, was pressed against the cover plate with the aid
studied adiabatic horizontal two-phase flow in five rectangulaf the clamps to form the micro-channel. This arrangement en-
mini/micro-channelg0.2-2.0 mm in depth and 10 mm in width abled the use of a thin cover plate to bring the microscopic lens to
Changing the ethanol concentration enabled them to vary surfagi¢hin a very short distance from the flow, while providing suffi-
tension of the liquid. Four flow patterriplug, slug, streak, annu- cient mechanical pressure to compress an o-ring in the base plate
lar) were identified. Decreasing the liquid surface tension genexnd maintain a leak-proof assembly.
ally shifted the boundaries between flow patterns to lower super-As shown in Fig. o), the mixer consisted of a housing and a
ficial gas velocities. Xu et al[18] studied adiabatic air-water 40 um porous tube. The nitrogen was bubbled into the water
vertical upflow in three rectangular mini/micro-chann€l2 mm stream which was supplied through the annulus between the po-
in width, 0.3, 0.6, and 1.0 mm in depttFour flow patterngbub- rous tube and housing.
bly, slug, churn, annularand two transition region&ap-bubbly, The micro-channel test module was mounted horizontally with
slug-churn were identified in the 0.6 and 1.0 mm channels; onlyhe cover plate facing upwards. Flow patterns were examined near
four flow patterns (cap-bubbly, slug-droplet, churn, annularthe middle of the micro-channel to avoid inlet and outlet effects.
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Fig. 1 Flow loop for adiabatic micro-channel two-phase flow study

The flow patterns were first identified with the aid of a high-spee
video camera situated above the test module. Still photos we
then taken for representative flow patterns using a Nikon came
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whereA, is the micro-channel cross-sectional area, @ydand
Q; are the volume flow rates of nitrogen and water, respectivel Inlet
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Pressure Port

Flow Patterns. Figures 3a) to 3(e) depict five distinct flow
patterns that were identified for the adiabatic nitrogen-water tw
phase micro-channel flow. The bubbly, stratified and churn flo Micro-siot
patterns commonly encountered in macro-channels were ne,/”)ié.iaéa.‘ 4
observed in the present study. On the left side of Figs). ® 3(e) 0‘
are still photos of the dominant flow patterns, which are als g?mr?:;g
illustrated schematically to the right of each photo. These flo
patterns are based on the following characterization.

Slug flow-lllustrated in Fig. 8), this flow pattern features
large nitrogen bubbles that are separated by water slugs. The
trogen bubble width approaches that of the channel, while bubt
length is several times the channel width. No water droplets &
observed in the nitrogen bubble, nor are any nitrogen bubbl
present in the water slugs.

Annular flow-As shown in Fig. &), this flow pattern is char- \
acterized by a thin water film which flows along the channel wa (Stames Seal) (S ) (b)
with the nitrogen comprising the central core. Unlike annular
macro-channel flow, the interface between the two phases is faifig. 2 (a) Test module for adiabatic micro-channel two-phase
smooth, and no droplets are entrained in the nitrogen core.  flow study, and (b) mixer construction
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Taitel and Ducklef20] and Weisman et a[21] developed the-
Fig. 3 Photographs and schematics of adiabatic micro- oretical models to predict flow pattern transition boundaries for
channel two-phase flow patterns: (&) slug flow, (b) annular  horizontal adiabatic two-phase flow. Key equations of these two
flow, (c) bubble /slug flow, (d) liquid /slug flow, and (e) liquid/ models are summarized in Table 1. Figufe)Sshows significant
annular flow departure of the Taitel and Duckler models from the present data,
especially at lowjy. However, predictions of the transition to
annular flow are reasonably accurate. The predicted transition

Bubbly/slug flow-Shown in Fig. &), this pattern is similar to boundary between the stratified smooth and stratified wavy flow
slug flow except that nitrogen bubbles are observed in the liquightterns is not plotted in Fig.(B) as the line falls outside the
slugs. Viewed from above, these bubbles have a circular shapeatified region for the conditions of the present study.
with a diameter smaller than the channel width. Figure 5c) shows poor agreement between the Weisman et al.

Liquid/slug flow-Depicted in Fig. &), this pattern is charac- models and present micro-channel data. The transition boundary
terized by periodic oscillation between single-phase liquid flowetween intermittent and dispersed flow has been excluded from
and slug flow; the latter has the same features as those of the shig figure because it falls beyond the range of the present map.
flow pattern.

Liquid/annular flow-As shown in Fig. &), this flow pattern
features periodic oscillation between single-phase liquid flow and
annular flow. Comparison With Prior Mini /Micro-channel Flow Pattern

Figure 4 depicts these flow patterns and the flow pattern traMlaps. Figures 6a)—(f) compare the present flow pattern map
sition boundaries in a flow pattern map utilizing the superficia¥ith those from previous studies on adiabatic two-phase flow in
velocities of nitrogen and watef, and |, respectively, as coor- rectangular mini/micro-channels. The present map as well as all
dinates. At low values of;, the flow is slug or bubbly/slug for Six previous maps show a shift in the transition to annular flow to
low j4, but predominantly annular for higly . For highj;, the jg values significantly smaller than those of the Mandhane et al.
flow transitions from liquid/slug to liquid/annular with increasingmap. Interestingly, this shift is greatest for the present map, which
i can be explained by the much smaller channel cross-sectional area
utilized in the present study compared to the prior mini/micro-

Comparison With Prior Macro-channel Flow Pattern Maps channel studies. There is also appreciable discrepancy in both
and Transition Models. Mandhane et al.19] developed one of flow patterns and transition boundaries among all mini/micro-
the most popular flow pattern maps for horizontal adiabatic twahannel studies. One possible reason for this discrepancy is the
phase flow in macro-channels. Figur@bshows significant dis- significant sensitivity of gas-liquid flow pattern to working fluid,
crepancy between their map and the present micro-channel datzannel size and geometry for mini/micro-channel flows, espe-
Most notably, certain flow patterns in their mégiratified, wavy, cially at low superficial velocities. A small change in channel size
disperseflwere never observed in the present study. Furthermosnd geometry may significantly alter flow patterns and flow pat-
the micro-channel data show an order of magnitude shiffgin tern transitions, which leads to the conclusion that a Mandhane
values corresponding to the transition to annular flow. These al. type universal flow pattern map may not be possible for
unique features of adiabatic two-phase micro-channel flow can tmécro-channel flow.
attributed to several factors, including strong effects of surface Due to the strong influences of both channel size and geometry
tension and negligible gravitational effects. In addition, low flovon two-phase flow in micro-channels, the dimensionless param-
rates in micro-channels often produce laminar liquid and gaters commonly employed in flow pattern transition models may
flows, a combination not commonly encountered in macraot be adequate for micro-channel flow. Among others, the Con-
channels. finement Number,

lg-
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proposed by Cornwell and Kef22] is often employed as a mea-
sure of channel size effects. The numerator in E).is the
Laplace constant, which is proportional to the wavelength of in-
terfacial waves corresponding to the Taylor instability for horizon-
tal two-phase flow. Suo and Griffiff23] suggested buoyancy ef-
fects become negligible fa& 0= 3.3. The confinement number for
the present test is about 4.0, while those for the previous adiabatic
mini/micro-channel studies span the range of 0.5 to 6.96 as indi-
cated in Figs. @G)—(f). Large differences i€ o between different
studies suggest appreciable differences in channel wall effects,
which might be one of the reasons behind the large deviations
among different mini/micro-channel flow pattern maps.

In general, working fluids, channel size and channel geometry
can alter the magnitude of several forces that are important to flow
pattern development in mini/micro-channels. Aside from inertia,
these include surface tension, gravity, and viscous forces. The
confinement numbe€o discussed above is the ratio of surface
tension force to gravity. Micro-channel two-phase flow is typi-
cally associated with larg€o values, indicating a predominance
of surface tension force over gravity. This may explain the disap-
pearance of the stratified flow pattern in micro-channel flows.

Due to small channel size and small flow rates in micro-
channels, the ratios of inertia to viscous force for each phase,
which are represented by the following Reynolds numbers,

Ref:Pflfdh and R%:Pngdhy @)

Mt Mg
fall mostly into the laminar range for both phases. The absence of
strong turbulent mixing between the two phases may explain the
disappearance of churn flow from some mini/micro-channel stud-
ies, as well as the lack of entrainment of small liquid droplets in
the continuous gas core or small vapor bubbles in the liquid flow
for adiabatic systems.

Overall, the great difficulty in generating a universal flow pat-
tern map for adiabatic mini/micro-channel flows is a result of the
need to maintain simultaneously the values of a large number of
dimensionless parameters. This is a formidable task which, to the
knowledge of the authors, has not been accomplished in any mini/
micro-channel study. Such a map will require comprehensive
study of the influences of Reand Rg as well as each of the
following dimensionless parameters:

2 :2
_Pflfdh _Pglgdh
= and We,= prant (5a)
Fr :i and Fr :ﬁ (5b)
" gdy ¢ gdy’
Ml
Ca P (5¢)
and
Iy
S== (5d)

e

where Weber numberg/e; and We, are the ratios of inertia to
surface tension, Froude numbdts; and Fr inertia to gravity,
Capillary numberCa liquid viscous force to surface tension, and
S (slip ratio) vapor inertia to liquid inertia.
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Table 1 Flow pattern transition models for horizontal adiabatic two-phase flow.
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Annular Two-Phase Flow Boiling Model Model Construction. In a previous paper by two of the au-

In this section, the experimental results of the above adiabaﬁ&ors[lo]’ a theoretical ”.‘Ode' based on the annqlar flow pattern
micro-channel two-phase study are employed to validate an ant{(RS developed to dgscrlbe_ the transport behavior of two-phase
lar two-phase flow boiling model that was previously develope@'cro":hannel heat smks. Figure 7 illustrates the general features
by two of the present authors to describe pressure drop and haihe annular flow region. The vapor phase flows along the chan-
transfer characteristics of two-phase micro-channel heat sink§! center as a continuous vapor core, and the liquid is comprised
The previous model is modified based on the new findings froff two portions: one portion flows as a thin film along the channel
the adiabatic study. Predictions of the modified model are comwall, while the other is entrained in the vapor core as liquid drop-
pared with available pressure drop and heat transfer coefficiégfts. The following key approximations are used to describe the
data obtained using a water-cooled two-phase micro-channel hidesv structure adopted in the model development. The thickness
sink. of the annular liquid film is uniform along the channel circumfer-
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Fig. 6 Comparison of present flow pattern map with mini /micro-channel maps of (@) Wambsganss et al. [13], (b) Ali and
Kawaji [14], (c) Mishima et al. [15], (d) Wilmarth and Ishii [16], (e) Fujita et al. [17], and (f) Xu et al. [18]
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— az =~ Fretla (62)
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Tl 'T/ dz =Ta, (60)
. » .. : . d e o 0‘ . . ~...
c. L. : . r.» . -- . ..-'
MASENE Set i i . *T . dmg
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‘ wherel'¢q andI'y represent the rates of mass transfer by evapo-
Liquid Film Vapor Core W, ration and deposition, respectively, per unit channel length. De-
¢ tails concerning the method for evaluatifigy andI' 4 are given in
Fig. 7 Idealized annular flow region in two-phase micro- Ref. [10]. .
channel heat sink Integrating Eqs(6a) to (6¢) leads to local values ahg, mg;,

andmg. The following two boundary conditions are required to
carry out the integration. The first is the location of the onset of
annular flow, which is determined fropdi0]

ence, and thin compared to the hydraulic diameter. Flows in both 2

the liquid film and vapor core are laminar. The interface between X Mt 1=Xo ﬁ)

liquid film and vapor core is smooth. Liquid droplets are assumed vo0 g Xo Vg

to be entrained into the vapor core entirely at the onset of annular . L i

flow pattern, and are gradually deposited onto the liquid film inthe second is the initial liquid droplet mass flow ratgro, which

—16. @)

terface along the stream-wise direction. can be evaluated using the relatidi0]

The annular flow model is constructed by applying conserva- C%do.
tion equations to both the liquid film and vapor core. Key ele- mEfO_(O-951_0.15\/ hUf )
ments of the model are given below with details left in R&D]

for brevity. . .
Y Momentum Conservation. Momentum conservation for the

Mass Conservation. Mass conservation in the liquid film and liquid film was analyzed using the control volume shown in Fig.
vapor core due to interfacial evaporation as well as droplet defg(a). Momentum conservation requires that the sum of all forces
sition requires that acting on the liquid film control volume in the direction equal

g Tl b
_____ ﬁ y ===

o —_T > __
- . : 0‘ * bt c- v :. : ..'..‘riPL‘hAz .. et :
. * . . .. dpP
Tu Az » Tpuhz - P(6-y)Py - . (P+—Az)(6 )P,
. - . . - e - - L 4 . ® id - 'E"P Az ol » . v
. . e S ISP L S A DO
2 e
7777 WW
TP, Az
Liquid Film Vapor Core Liquid Film Vapor Core
(@
T uAz Tu Az T,P Az
ég i d*ve id o
te ® .M__-:/I' * ... b -. I-.-'-.——-: '.' [
'.'.I‘-.o.l'.'.'.d ® e .."-.I' ’. ¢;P
Pl At s o v A, 4 —(opl A PA ) T P +¥c),§z
: ..'.o' :};_-_%:.."'.0-. b '.. . :-'-.-'-.-.:..: * .' Z
T, u,Az Tou Az TP.A
W%W”'W WW
Liquid Film Vapor Core Liquid Film Vapor Core
(b)
Fig. 8 Momentum conservation for control volumes encompassing (@) liquid film and (b) va-

por core [10]
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Table 2 Key equations in annular two-phase flow model.

Equation
dm:f dmg¢ dmg
Tdz ~Tigtla; Tdz =—Ta; dz =T
qeff
r ; I'q=DP.
fg Nhfg d—
D=kCef; Pc=2(Wen—20)+(Hcp—20)]
| c 0.147
—mEf 47830( Ef) ;
mgvg+n\5fvf J Py
erW my
Bo= v g=
N(Wch+2Hch)thg pgAch
1—x 1/2
B.C. (‘”—va) ~1.93,
Mg Xo Ug
G dhvf
Mgo=| 0.951-0.15 p m
Penprd® [ dp)  Penpid? Pf52
M= 3/'l'f ( dZ + 2,U~f Ti— (ngul quc)
I o 2mg mgetmg
Pf(Acthc) ' pcAc
A= (Wey—26) (Hop—28); po= — o TTEf
¢=(Wep=28)(Hen—29); PC—W
1 dp dA,] 1 d
1 = R 2
7i PC[AC( dz) Paz|” P, zPetcho)
1
+ P_(ngui_rduc)
C
1 )
n=fi[§pc<uc—ui>2 = 7p, (Uemt)
v f; Reg=24(1— 1.3558.+ 1.94782— 1.70183+ 0.95632 — 0.2543°)
_Pc(uc_ui)dh,c_ _Wch—25. _ﬂ
mg U° Hg—28' M P
the net momentum in the same direction. This yields the following 1 I
relation for shear stress across the laminar liquid film, Ti="; §PH(UC—Ui)2 — ﬁ(uc—ui). (12)
Cc

du; 1
T:/.Lfd_y _h(rfgui_rduc)-
C

dp
:<5—y)(—5)+n—P ©)

Equation(12) assumes the liquid film and vapor core are both
laminar. The second term to the right-hand side of 8@) ac-

The local velocity in the liquid film can be obtained by integratingounts for the effect of interfacial evaporation on shear stress.

Eq. (9), incorporating the non-slip condition af;=0 at y=0.

Integrating the velocity profile across the film thickness yields eters:mg;, 4,

Penprd°
2

2
Pf5
Ti— (rfgul

Igue).
(10)

Penprd®
Mg = -

dP)
3

dz

The annular flow boiling model contains four primary param-
—(dP/d2) and 7;, which can be evaluated by
solving the above equatio&0]. All other parameters in the an-
nular flow region, including pressure drop and heat transfer coef-
ficient can be easily determined once the four primary parameters
are obtained10,11].

Similarly, Momentum conservation for the vapor core was ana-

lyzed using the control volume shown in Figh® Equating the
net momentum in the direction to the net force yields

ri—Pi[Ac(—dp) dAC} 1 d

ekl 2
dz dz| P, dz(pHu Ac)
1
+ P_(ngui_rduc)-
C

(11)

Assessment of Physical Basis of Annular Flow Boiling
Model. The above annular flow boiling model was developed
based on the assumption that annular flow is the dominant flow
pattern in two-phase micro-channel heat sinks at moderate to high
heat fluxes. This finding was obtained from flow visualization of a
water-cooled two-phase micro-channel heat diik However,
flow patterns in the micro-channel heat sink were only explored in
a qualitative manner in the previous sty@y} because of the tech-

Interfacial Shear Stress. The interfacial shear stress the benical difficulties previously discussed in this paper. In order to

tween liquid film and vapor core is given by
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strengthen the physical basis of the model, key approximations
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examined based on the new findings from the adiabatic study. oxp

Unlike adiabatic two-phase flow, flow boiling produces appre-

ciable axial variations in superficial liquid and vapor Velocmeégsg\'/vélcl)as(szgj?gr]F?;?%ncz;ﬁ;i?ir?:iaodnesiso;naéingglzlgt(i)g\:\smv(\?i?ﬁl
n rr nding axial chan in flow pattern. However, tw0> -
and corresponding axial changes ow patte owever, esent pressure drop data for  T;,=30°C and G=400 kg/m?s.

phase micro-channel heat sinks often utilize low coolant flo ) Comparison of annular flow model predictions with all

rates, which lead to low superficial liquid velocities. On the othq{resem pressure drop data

hand, the superficial vapor velocity can increase very rapidly once

flow boiling commences due to the intense vapor production. The

net result is that broad ranges of superficial vapor and liquid ve-

locities in two-phase micro-channel heat sink fall mostly into themall wavelength disturbances along the film interface. The valid-

lower right hand side of the present flow pattern map, which coity of this assumption can be justified by examining the annular

responds to the annular flow pattern. This is precisely the situatiiow pattern in Fig. 3. A fairly smooth interface exits between the

in the previous experimental study on the water-cooled two-phasguid film and vapor core due to the strong influence of surface

micro-channel heat sinl®], where ranges of superficial vapor andension in micro-channels.

liquid velocities werej,=0-116.0 m/s and;=0.12—-0.42 m/s, One should also be mindful of the limitations of the analogy

respectively. This shows annular flow is the dominant flow pattetretween adiabatic two-phase flow in a micro-channel and flow

in two-phase micro-channel heat sinks corresponding to moderatgling in a micro-channel heat sink. A key limitation is that the

to high heat fluxes of practical interest, and the theoretical modadiabatic system cannot simulate the liquid droplet behavior in the

based on the annular flow pattern is appropriate for describiagnular flow region. In fact, while the adiabatic study showed no

flow boiling in water-cooled heat sinks. liquid droplet entrainment in the gas core, flow visualization stud-
A key assumption in the model development is that the inteles with the two-phase micro-channel heat sink revealed a large

face between the liquid film and vapor core is smooth. This asumber of droplets were present in the vapor d&je

sumption was the basis for several key equations used in conAs indicated in the previous section, the Taitel and Duc|@ék

structing the model(e.g., interfacial shear stress El2)). model provided fairly accurate prediction of the transition bound-

Additionally, it leads to another important approximation that thary to annular flow for adiabatic micro-channel flow. Their tran-

liquid droplets are entrained into the vapor core entirely at trgtion relation, which is based on the Martinelli parameter for

onset of annular flow pattern development in the absence of aayninar liquid-laminar vapor flow, is used here to determine the
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vapor quality,xy, corresponding to location of the onset of annu 140 T T T

lar flow for micro-channel flow boiling. This leads to a criterion A Exp. data z.,
slightly different from the one used in the original model devel ooz Shen [%’ggll 7,=30°C |
opment[10], Eq. (7), 120 = - == Ka:dli[kaF ] &' =400 kg/m?s]
2 e—— Steiner and Taborek [32]
_ (ﬂ 1-Xo ﬁ) —103 13) == ——— Annular flow model .
vv0 lu'g Xo Ug, . . OLJ 100 //'¢.’/"
In the following, Eq.(13) is used to replace Eq7) in the model = i

development.

Comparison of Modified Model Predictions With Experi-
mental Data. Key equations of the modified annular flow boil-
ing model are summarized in Table 2. The modified model pr
dictions are compared with experimental results for pressure dr
and heat transfer obtained from a water-cooled two-phase mic
channel heat sink experimental facility. Detailed description of tr
experimental facility is available in R€9]; only a brief overview

. . . . . 2 1 1 L

is given here. As shov_vn in Fig. 9,_ the test module consisted of %.00 0.05 0.10 015 0.20
micro-channel heat sink, a housing, a cover plate, and twel (a)
cartridge heaters. The top surface of the heat sink measured X

cm wide and 4.48 cm long. Twenty-one rectangular 234 -wide

and 712um deep micro-slots were cut into the heat sink’s toj

surface. Four thermocouples were embedded beneath the top

face to measure stream-wise temperature distribution along 1

heat sink; they are indicated in Fig. 9 as tcl to tc4 from upstree 4.0 — T T

to downstream. The bottom surface of the heat sink was bored Annular flow model MAE=12.2%

accommodate twelve cartridge heaters. The heat sink was insel A T,=30 °C
into the central hollowed portion of the housing. The housin - T =60 °C

contained deep and shallow plenums both upstream and dou 3.0 } .

stream of the micro-channels to ensure even flow distributio

Two absolute pressure transducers were connected to the d

plenums via pressure taps to measure the inlet and outlet pr

sures,P;,, andP,,,. Also located in the deep plenums were tweS. 20 | B

thermocouples to measure inlet and outlet temperatdigsand

Tout- The micro-channels were formed by bolting the cover plai

atop the housing. Water was used as working fluid. The accurac

of flow rate and pressure measurements were better than 4 . 44

3.5%, respectively, and thermocouple error was smaller th

+0.3°C. Heat loss from the test module was estimated to be I

than 4%. All heat fluxes presented in this study were therefo

based on electrical power input, which was measured by a we 0.0

meter having an accuracy of 0.5%. The operating conditions we "0.00 0.05 0.10 0.15 0.20

as follows: inlet temperature df.,=30.0 or 60.0°C, mass veloc- X (b)

ity of G=134.9 to 400.1 kg/fs, and outlet pressure ¢¥,,, ¢

=1.17 bar. The input effective heat flug, o, based on the heat Fig. 11 (a) Comparison of predictions of annular flow model

sink’s top surface area, was adjusted to yield steady flow boilirg well as popular macro-channel correlations with present

in the micro-channels. The inlet and outlet pressufs, and saturated flow boiling heat transfer coefficient data for Tin

P.u, inlet and outlet temperatures;, and T,,,, and heat sink =30°C and G=400 kg/m?s. (b) Comparison of annular flow

temperaturesT,.; to T4 were all measured. From these, thénodel predictions with all present saturated flow boiling heat

pressure drop across the heat sifl, and heat transfer coeffi- tansfer coefficient data

cient in the saturated regioh,,, were evaluated. Detailed infor-

mation concerning experimental data reduction can be found in

refs.[9] and[11]. flow boiling correlationd27—32 are also included for compari-
Figures 10a) and 1@b) compare predicted pressure dropson. Figure 1(a) shows the present model accurately predicts

AP, eq, and measured pressure drdfP.,,. Figure 1Ga) shows both the trend and magnltude bf, while the previous cqrrela-

good agreement in both trend and magnitude betwsepqand  tions show poor predictions for both. The overall predictive capa-

APy, for T;,=30°C andG=400 kg/nfs. Figure 1(b) shows bility of the annular flow model is illustrated in Fig. () for all

the annular flow model provides good predictive capability whelije present saturated flow boiling micro-channel data. All data are

compared with the entire pressure drop database from the pres&iwn located within & 40% error band with a MAE of 12.2%.

study, evidenced by a mean absolute efMAE) of 14.0%. Ex-

cepting the Lockhart-Martinelli correlatid25], Fig. 1Qa) shows Conclusions

popular macro-channel pressure drop correlati@¥%2€6 over-

Enr:?g'fr: the present micro-channel pressure drop data by a lafga‘?tern transitions for adiabatic nitrogen-water two-phase flow in

Figures 11a) and 11b) compare predictions of the annular flow? rectangular micro-channel. Features unique to micro-channel
mod%l and measured satur£ed fFI)ow boiling heat transfer coe vo-phase flow were identified and incorporated into a theoretical
. . olling odel for flow boiling in micro-channel heat sinks. Key findings

cient. Figure 1la) compares the modified annular flow mode .
- rom the study are as follows:
predictions Ny, preq, @andhy, e, at the downstream thermocouple
location as a function of thermodynamic equilibrium qualiy, 1. Flow patterns in micro-channels deviate significantly from
for T;,=30°C andG =400 kg/nt s. Predictions based on popular those in macro-channels. Slug and annular flow constitute

tp,exp

tp,pred

) Water )
135 kg/m-s ISG <402 kqlm S

Experiments were performed to study flow patterns and flow
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dominant flow patterns in micro-channels, and transition to N
annular flow occurs at much lower values of superficial gas P
velocity than macro-channels. There is also appreciable dis- P,
crepancy in both flow patterns and transition boundaries Py,
among mini/micro-channel studies. Overall, this study P
shows it is difficult to generate a universal flow pattern map

for adiabatic mini/micro-channel flows because of the need p

number of micro-channels in heat sink
pressure

vapor core perimeter

channel perimeter

= dimensionless channel perimeter in contact with

liquid
dimensionless channel perimeter in contact with gas

to maintain simultaneously values of a large number of di-
mensionless parameters.

validate key assumptions adopted in an annular flow boiling

model that was previously developed to describe the pres- Rge
sure drop and heat transfer characteristics of two-phase

micro-channel heat sinks. These assumptions include domi
nant annular flow pattern for moderate to high heat fluxes,

smooth interface between the liquid film and vapor core, as

well as droplet entrainment entirely at the onset of annular
flow pattern development.

. The annular flow boiling model is modified by incorporating
new findings from the adiabatic two-phase flow study to
predict the transition between annular flow and other flow
patterns. Good agreement is achieved between the modifie
annular flow boiling model predictions and experimental

data for both pressure drop and saturated flow boiling heat

transfer coefficient in a water-cooled two-phase micro-
channel heat sink.
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