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A Comprehensive Flow Regime Map for Microchannel Fdw Boiling with

Quantitative Transition Criteria *

Tannaz Harirchian and Suresh V. Garinfella
School of Mechanical Engineering and Birck Nanotetbgy Center
585 Purdue Mall, Purdue University
West Lafayette, IN 47907-2088 USA

ABSTRACT

Due to the critical role of vapor confinement intaddishing distinct flow and heat transfer
characteristics in microchannels (as distinct fithiose in larger channels), the conditions underckwhi
such confinement occurs in microchannels are oftgirgerest. It is shown in the present work that
channel dimensions and flow properties alone, agqsed in past studies, are insufficient for deteing
confinement effects in microchannel boiling. Heneenew criterion for physical confinement in
microchannel flow boiling, termed thenvective confinement number, that incorporates the effects of
mass flux, as well as channel cross-sectional andafluid properties, is proposed. This criterfwips
determine the conditions under which a channelifigglas a microchannel for two-phase flow, needing
special treatment, and when a macroscale treatimadequate. In addition, based on previous wgrk b
the authors, a new comprehensive flow regime mageigloped for a wide range of experimental
parameters and channel dimensions, along with tjagwe transition criteria based on nondimensional

boiling parameters.
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NOMENCLATURE

A,  cross-sectional area of a microchannel,”/mm Q. wall heat flux, W rif
A wetted area of a fin, m Re Reynolds numberRe=GD / )
A total heated/wetted area of all microchannels | temperature, °C

in a heat sink, fn T  reference temperaturel; in single-phase

Bl boiling number Bl = q\',; / thg) region andTwt in two-phase region, °C
_ 2 W microchannel width, m
Bo  bond numberBo=g(p; - p,)D°/0)
W, microchannel fin width, m
d microchannel depth, m
Greek symbols
D length scale {{ A ), m 0 density, kg i
D, hydraulic diameteym U dynamic viscosity, kg ths®
g gravitational acceleration o surface tension, N
G mass flux, kg M s* n; efficiency of a fin in the microchannel heat
h heat transfer coefficient, WK™ sink
hfg latent heat of vaporization for FC-77, J'kg 7, overall surface efficiency of the
Ks thermal conductivity of silicon W thK™ microchannel heat sink
L microchannel length, m Subscripts
m used in fin efficiency calculation f liquid
(m=/2h/ksw; ), m* g vapor
MAPE mean absolute percentage error sat saturated liquid
N number of microchannels in a test piece w microchannel wall

0.  heatdissipated to the fluid, W

Keywords: Microchannel flow boiling, confinement effectspss-sectional area, microchannel size, flow

regime map, transition criteria

1. INTRODUCTION

In flow boiling through channels, as the channek silecreases to approach the bubble diameter,
physical confinement begins to modify the influermfethe different governing forces, resulting in

different behavior of boiling in microchannels camgd to that in conventional-sized channels.



Kandlikar [1] classified channels with hydrauliadieters between 10 to 2Qfnh as microchannels for
flow boiling, based merely on dimensions and nopbwsical behavior. Kew and Cornwell [2] proposed
a criterion for a threshold hydraulic diameter belshich microchannel two-phase flow is charactetize
by confined single bubbles; the available modetsniacroscale boiling were found to be unsuitabte fo
the prediction of heat transfer and pressure driothese small channel sizes. Serizawa et al. [3]
recommended a confinement criterion similar to thakKew and Cornwell representing the ratio of
surface tension and gravity forces for the chammimd below which the influence of surface tension
becomes important. These confinement criteria3]2include channel hydraulic diameter and fluid
properties; however, it will be shown from the fesobtained from the current study that mass é8lso
governs bubble confinement. A new criterion fag ticcurrence of vapor confinement in flow boilimg i
microchannels is proposed that incorporates massa well as channel cross-sectional area and flui
properties based on these results.

Flow regime maps are commonly used to determinefltive patterns that exist under different
operating conditions, as well as the conditionsflfiaw pattern transitions. Such maps are esseatitie
development of flow regime-based models for th&igtmn of the heat transfer rate and pressure girop
flow boiling. The coordinates used to plot thdsevfregime maps can be superficial phase velocities
derived parameters containing these velocities; dvew the effects of important parameters such as
channel size are not represented in a number sétmaps. Baker [4], Hewitt and Roberts [5], aniteTa
and Dukler [6] developed early flow regime mapsHorizontal and vertical two-phase flow in channels
with diameters of a few centimeters. In recentryea few studies [7-11] have developed flow regime
maps for boiling in microchannels using similar sves conventional maps with flow regime definitions
pertinent to microscale boiling, and have showrt fltav regime maps developed for larger tubes are
inapplicable for predicting flow regime transitioims microchannels. Flow regime maps for adiabatic
two-phase flow in microchannels have also been queg through high-speed visualizations [12-14];
however, it has been shown [9] that adiabatic flegime maps are not suitable for the prediction of
microscale boiling. Despite the inability of mastale boiling maps or adiabatic two-phase flowmegi

maps to predict the boiling flow patterns in midraonels, a review of the literature shows a deairth



investigations into flow regime maps specificabygeted at microchannels undergoing flow boilinat th
are applicable to a wide range of microchannel dstas and experimental conditions.

In recent work by the authors [15-17], the effasftsnicrochannel dimensions and mass flux on flow
boiling regimes and heat transfer rates were iigatstd. Experiments were conducted with the
perfluorinated dielectric fluid, Fluorinert FC-7@yer a wide range of channel dimensions and mass
fluxes. The microchannel width, aspect ratio, agdraulic diameter in these experiments ranged from
100 pm to 5850 um, 0.27 to 15.55, and 96 um to|it@y respectively, and the mass flux ranged from
225 to 1420 kg/8s. The dependence of the boiling heat transfefficiemt on vapor quality was also
investigated in detail for a number of refrigerafit8]. In [16], two types of flow regime maps were
developed, one on mass flux-vapor quality coord®and the other on vapor-liquid superficial veloci
coordinates. However, the flow regime maps remteskin these coordinate systems depend on channel
dimensions, and therefore, individual maps weresliged for each channel size.

This review of the literature shows that existitguf regime maps for boiling in microchannels are
limited to narrow ranges of channel sizes and Haaen developed for water and refrigerants. In the
present work, a new type of comprehensive flowmegimap for microchannel flow boiling is developed
for a wide range of experimental parameters andiraadimensions for FC-77; quantitative transition
criteria based on nondimensional parameters apepatgposed. Also, a new criterion for the defomitiof

a microchannel based on the presence or abseroafiriement effects in flow boiling is proposed.

2. EXPERIMENTAL SETUP AND TEST PROCEDURES

In this section, key details of the experimentsadnich the present comprehensive flow regime map
and vapor confinement transition criterion are Haaee explained. More details of the test section
assembly, flow loop, and calibration proceduresaaglable in Harirchian and Garimella [15].

The test loop consists of a magnetically coupleat geimp, a preheater installed upstream of the test
section to heat the coolant to the desired submgpdiemperature, and a water-to-air heat exchanger
located downstream of the test section to cooflthié before it enters a reservoir (Figure 1). Tiogid

is fully degassed before initiating each test udiwg degassing ports and the expandable reservoir.



Details of the expandable reservoir design and dibgassing procedure are available in Chen and
Garimella [19]. A flow meter with a measuremeniga of 20-200 ml/min monitors the flow rate through
the loop and five T-type thermocouples are utilimedneasure the fluid temperature at different tioos

in the loop. The pressure in the outlet manifdidhe test section is maintained at 1 atmosphditee
pressure in the inlet manifold and the pressure daross the microchannel array are measured asing
pressure transducer (Gems Sensors, 2200 serieg) diffdrential pressure transducer (Omega, PX2300
series), respectively.

The microchannel test piece shown in Figure 2(apists of a 12.7 mm x 12.7 mm silicon substrate
mounted on a printed circuit board (PCB). Paraihtrochannels of rectangular cross-section are cut
into the top surface of the silicon chip using eirttj saw. A polycarbonate top cover positionedvatibe
test piece and sealed with an O-ring provides sed@assages for the liquid through the microcHanne
(Figure 2(b)).

Twelve test pieces, with microchannel widths ragdiom 100um to 5850um and depths ranging
from 100 um to 400um, all having a channel length of 12.7 mm, areudet in the experimental
investigation. The aspect ratio and hydraulic ditan of the microchannels in the different testege
take values from 0.27 to 15.55 and#6 to 707um, respectively. The width (w), depth (d), and hem
(N), along with the hydraulic diameter (D aspect ratio (w/d), and single channel crossieseal area
(Ace of the microchannels in each test piece are suinethin Table 1. The average roughness of the
bottom wall of the microchannels ranges from 0.8 #%um for the different test pieces as measured by
an optical profilometer; the bottom wall of the 1@én-wide microchannels has a lower average
roughness of 0.fim since a single dicing cut was used in their fation.

A5 x 5 array of individually addressable resistaheat sources is fabricated on the undersideeof th
silicon chip. In the present work, a uniform hftax is provided to the base of the microchann&gce
the resistances of all 25 heat sources are meatuiteel almost identical, they are connected inljghra
and are supplied with a single DC voltage in otdeprovide a uniform heat flux. Also, a like arrafy
temperature-sensing diodes facilitates local messents of the base temperature. For a given durren

passing through a diode temperature sensor, th@geoldrop across the diode determines the wall



temperature. Details of the integrated resistdreaers and diode temperature sensors, as weleas t
procedures used to calibrate the heaters and seaserprovided in [15].

Experiments are conducted with 12 test piecesudyghe effects of microchannel dimensions on the
boiling heat transfer and flow patterns for fourssidluxes ranging from 225 to 1420 kggm Before
initiating each test, the liquid in the test losfflly degassed. It is then driven into the l@b@ constant
flow rate and preheated to approximately 92°C, wliog 5°C of subcooling at the inlet of the chamsnel
For each test, the flow rate and the inlet fluichperature are kept constant throughout the testtand
uniform heat flux provided to the chip is incrermemhfrom zero to the point at which the maximum wall
temperature reaches 150°C, which is the upper fionithe safe operation of the test chips. Haat fl
values approaching critical heat flux are not usethe experiments since the corresponding tempest
could cause the solder bumps in the test chipilto fa

Fully degassing the liquid in the test loop befand@iating each test helps to minimize flow
instabilities. Also, a valve positioned upstreafrithe test section serves to suppress instabilitiebe
microchannel heat sink. Mild flow reversals weti#l sbserved at the inlet of the microchannelghe
highest heat fluxes studied, for microchannelsroés-sectional area 0.144 rhand smaller; however,
these instabilities did not affect the inlet fls@mperature, which is held constant throughout éesth

At each heat flux and after the system reachesalgtstate, high-speed visualizations are performed
simultaneously with the heat transfer and presdurp measurements. Movies of the flow patterns are
captured at various frame rates ranging from 2féfiies per second (fps) to 24,000 fps, with thédig
frame rates used for the smaller microchannelbetarger heat and mass fluxes. The images obltaine
from the camera are then post-processed using aLMBT20] code developed in-house to enhance the

quality of the images, especially for those cagtwaehigher frame rates.
2.1. Data reduction

The local heat transfer coefficient is calculatexirf

n
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where T, is the local mean fluid temperature in the sirgitase region and the liquid saturation

temperature in the two-phase region, is the overall surface efficiency of the microchels defined as

NA,

n, :1—7(1—/7f ) where A; =2Ld is the wetted area of a fin ang :M

is the efficiency

of a fin with an adiabatic tip. The heat flux usedeq. (1) is the wall heat flux and is defined as
G = G/ (A 1 25) ()

where A is the total heated area of the microchannels

A=N(w+2d)L 3)
The net heat transfer rate to the fluig,, , is obtained from the energy balance for eachirgat
element:
Ot =07 Goss @)
in which g is the total heat dissipated from each heat soarwk (. is the heat loss which is

experimentally determined before the test assemsbtharged with coolant. Further details of thathe
loss measurement procedure and data reductionecéouhd in Harirchian and Garimella [15]. The heat
loss values range from 7% to 50% of the net heasfer rate for different test pieces and differeats
fluxes, and are larger for wider microchanneloatdr mass fluxes.

The calculated local heat transfer coefficientsented in this paper are based on measurements from
the temperature sensor located along the centefitiee test piece near the exit. In general,itgistarts
at the downstream end of the microchannels andptvese flow does not cover the whole length of the
microchannels at low heat fluxes. In this stutlg, fbcal values are reported for the location tieamexit
of the central microchannels.

Important nondimensional parameters often usetbim boiling include Reynolds numbédRe, Bond
number,Bo, and Boiling numbel3l. The Reynolds number is calculated using thadighase mass flux

as:

Re=CP (5)

H;



The Bond number represents the ratio of buoyanmefto surface tension force and becomes important

in microscale boiling:

_9 (e, —a p, )0 o

As demonstrated in Harirchian and Garimella [1i§¢ thannel cross-sectional area plays a critidalino

Bo

determining microchannel boiling mechanisms andt tiemsfer; therefore, the length scale used in
equations (5) and (6) is the square root of theszeectional area of one channel rather than dsaljic
diameter. Boiling number is the nondimensionairfaf the heat flux and is calculated using theitiqu

mass flux and latent heat as follows:

Bl =
Gh,

The measurement uncertainties for the flow metdrtha pressure transducers are 1% and 0.25% of

Q)

full scale, respectively. The uncertainties in theasurement of the channel dimensions, the T-type
thermocouples and the diode temperature sensorstEseum, +0.3°C and 20.3°C, respectively.
Following a standard uncertainty analysis [21], Wheertainties associated with the wall heat flog the
heat transfer coefficient are estimated to be @.01t4% and 2.2 to 11.7%, respectively, for theesas
considered, with the larger uncertainties occurforgsmaller microchannels at lower heat fluxefieSe
uncertainties are primarily governed by uncertagitn the measurement of the wetted surface dre®, s
the uncertainties in the net heat transfer ratdl, temperature, and saturation temperature ardivela

small.

3. RESULTS AND DISCUSSION

As mentioned in the introduction, a systematic stigation of boiling flow patterns and heat tramsfe
with respect to microchannel dimensions and massylas recently performed by the authors [16, 17]
and it was shown that confinement effects are ptdselow a threshold value of channel cross-seation
area for a fixed mass flux [17]. In the presentkya criterion is developed for the existence lojgical
confinement in microchannel boiling based on chhdimaensions, mass flux and fluid properties. The

effects of vapor confinement on the boiling heansfer coefficient are then discussed. Finally, a



comprehensive flow regime map is developed baseapproximately 390 experimental data points [16,

17].

3.1. Microscale phenomena

There has been a good deal of discussion in tbealiire regarding the appropriate definition of a
microchannel; however, a clear, physics-basedndistin of microchannels from conventional-sized
channels has not emerged. In general, a microehaafers to a channel for which the heat transfer
coefficient and pressure drop deviate from the iptexhs from widely accepted models for conventlena
sized channels. For single-phase flow, Liu andir@elfa [22] and Lee et al. [23] showed that chaanel
with hydraulic diameters as small as 24% (the minimum considered in the studies) stillibitrheat
transfer and pressure drop behavior that is weltHoted by conventional models. With boiling prese
in the channels, however, the flow phenomena dfffem those in macroscale channels as the channel
approaches the bubble diameter in size. In themsd €hannels, correlations and models developed fo
larger channels no longer apply [24]. In this Eegta new criterion is developed for delineating
microchannels from macroscale channels based quréisence of vapor confinement.

In Harirchian and Garimella [16], flow visualizati® were performed with simultaneous heat transfer
measurements during flow boiling in microchanndilsliferent sizes for different flow rates. Fivied
regimes — bubbly, slug, churn, wispy-annular, andudar flow — were identified in these microchamnel
and reference may be made to that paper for phagtbgr schematic diagrams and detailed descriptions
the regimes. The changes in flow regimes with aglbannel size and mass flux were discussed inldetai
Figure 3 shows a summary of the existing flow reggrat different microchannel sizes and differenésna
fluxes. Itis seen that in the smaller microchdsmaad at low mass fluxes, bubbly flow is not eksaled;
instead, slug flow is observed for low heat fluxds. slug flow, elongated vapor bubbles are comfine
within the channel cross-section and are sepafatatthe walls by a thin liquid layer. As the héaix
is increased, an alternating churn and confinedulanrflow appears in these microchannels. In the
confined annular flow, the vapor core occupies Wimle cross-section of the microchannels and is

separated from the walls by a thin liquid film.



As the channel cross-sectional area or the magdrftiieases, bubbly flow is observed at low heat
fluxes. In the bubbly flow regime, bubbles are Benaelative to the cross section of the chaneld
multiple bubbles may occupy the channel; confinani®not observed. At higher heat fluxes, altantat
churn and wispy-annular or annular flow occurs. tha wispy-annular or annular flow, the vapor core
does not necessarily occupy the entire cross-seatid can instead exist on only one side of tharméla
in other words, the flow is not confined by the mhal walls. For example, the annular flow and ohur
flow patterns are distributed side by side acrbeswtidth of the channel for channels with a largpeat
ratio, as explained in [16].

The experimental flow visualizations reveal tha¢ ttow confinement depends not only on the
channel size, but also on the mass flux since thble diameter varies with flow rate. The diffdren
experimental cases listed in Table 1 for variousnciel sizes and mass fluxes are categorized irgo tw
groups of confined and unconfined flow regardlefsthe heat input, and are represented in Figure 4 o
Reynolds number and Bond number coordinates. plus shows that for channels of small cross-
sectional area and at low mass fluxes, vapor cenfent is observed, while for larger microchannat$ a
at high mass fluxes, the flow is not confined. Hodid line on this plot shows the transition betwe

confined and unconfined flow and is a curve fithte transition points, represented by

0.5

Bo®® x Re:i M GD? =160 8)

Hi o

Bo**xRe, a parameter named thenvective confinement number here, is proportional to the mass flux,
G, and the cross-sectional ar&, and is inversely proportional to the fluid sudaension. This new
flow boiling transition criterion recommends that fBo%° x Re <160, vapor bubbles are confined and

the channel should be considered as a microcharial.larger convective confinement numbers, the

flow does not experience physical confinement eyahannel walls and the channel can be considered a
a conventional (macroscale) channel. It is impdrta note that this transition criterion is indegent of

the heat flux and is very useful in determining thiee a channel behaves as a microchannel or a

conventional, macroscale channel, regardless of hbat input, for practical applications. A
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comprehensive flow regime map accounting for thegt gout which determines the specific flow patsern
is presented in section 3.3.

The proposed criterion for transition between awedi and unconfined flow is compared in Figure 5
with available experimental observations from otberdies in the literature for water [1, 3, 7, 28;3
dielectric liquids [32-35], and refrigerants [3@Details of the fluid, geometry, mass flux, andtHkac of
the data points used in this comparison are listd@ble 2. Figure 5 shows that the proposedraites
successful in predicting the confined or unconfimadure of the flow from a variety of studies ireth
literature.

The effects of the physical confinement by the clehrwalls on the heat transfer coefficient are

discussed next.
3.2. Effect of vapor confinement on the heat transfer cefficient

The experimentally determined heat transfer cdefits for various microchannel sizes and four
mass fluxes in the range of 225 to 1420 Kg/are plotted in Figure 6. At the mass flux of Xg@nTs,
vapor confinement is visually observed in microarels with cross-sectional area of 0.258 imm
(corresponding to the 70@m x 400pum microchannels) and smaller. Figure 6(a) shows tthe heat
transfer coefficients for the microchannels wittclsdlow confinement are larger in the low heat flux
region. As explained in Harirchian and Garimell&][ for the confined flowi(e., slug flow at low heat
fluxes), evaporation of the thin liquid film at thwalls contributes to the heat transfer, and ntelea
boiling is not the only boiling mechanism. Thiadis to higher heat transfer coefficient valueshigher
heat fluxes, where annular flow exists in all chelnsizes, heat transfer coefficients in small
microchannels approach those of larger channelalire.

For the mass flux of 630 kgfs) flow visualizations reveal confinement in midiaonels smaller
than 250um x 400pm [17]. Correspondingly, Figure 6(b) shows that tteat transfer coefficients in
these microchannels depend on the channel dimensaoil also take values that are higher relative to
those in larger microchannels, increasing with éasing channel cross-sectional area [17]. For

microchannels with cross-sectional area of 0.08% mnd larger, in which confinement is not visually
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observed and nucleate boiling is dominant, the hestsfer coefficient is independent of channel
dimensions.

At a higher mass flux of 1050 kgfs slug flow and vapor confinement are seen ontjén100um x
400 um microchannel, and all other microchannels extsbhilar values of heat transfer coefficient
regardless of the channel size (Figure 6(c)). therlargest mass flux tested of 1420 Kgmvapor
confinement is not observed for any of the microcteds considered, and Figure 6(d) shows an
independence of the heat transfer coefficient @amnbl dimensions.

The plots in Figure 6 show that for the channelsvitich confinement is not present and nucleate

boiling is dominant up to very high heat fluxesdafor which the convective confinement number
Bo®° x Re is larger than 160, the heat transfer coefficisimdependent of microchannel size and all the
curves collapse on to a single curve. For micronokh dimensions and mass fluxes which result in
Bo%°x Re<160, the heat transfer coefficients are larger duga¢ocontribution of thin film evaporation

to the heat transfer mechanisms.

In a previous work by the authors [15], the experital results for the heat transfer coefficientever
compared to predictions from a number of existimgrelations in the literature developed for
macrochannel flow boiling, microchannel flow boginand for pool boiling. It was shown that for mos
of the cases studied in that work (now determimetave Bo’®x Re >160), the nucleate pool boiling
correlation of Cooper [37] predicted the experimaénesults very well, with a mean absolute peragmta
error of 7.2%. For smaller microchannels at lowsss fluxes (which would exhibit vapor confinement
according to the criterion proposed here), the reassociated with the prediction of heat transfer
coefficient using this correlation was larger at%t5however, this correlation still predicted the
experimental results better than other empiricaletations developed specifically for microchanfhelv
boiling.

It can be concluded that foBo%°x Re>160 where vapor confinement is not detected, the heat
transfer is governed by bubble nucleation, andnigleate pool boiling correlation of Cooper [37] is

suitable for heat transfer predictions. For charsiees and mass fluxes with smaller convective

12



confinement numbers, vapor confinement and mictesefiects become important, resulting in larger
errors in the prediction of heat transfer coeffitieising nucleate boiling correlations. Other X
empirical correlations do not seem to be suitabtepfediction of heat transfer in these microchésne
either, and flow regime-based models need to beldpgd to accurately account for the microscale
effects and the differences in the heat transfenpmena compared to macroscale boiling mechanisms

[24, 38].
3.3. Comprehensive flow regime map

In recent work by the authors [16], two differeppés of flow regime maps for microchannel flow
boiling of FC-77 were developed based on the erpartally visualized flow patterns. Twelve diffeten
flow regime maps were plotted for the six chanmeledhsions considered using coordinates of mass flux
vapor quality and of liquid superficial velocity dwwapor superficial velocity. Both types of floegime
maps depend on channel dimensions; hence, forawsinel dimension, a separate flow regime map is
required to capture the flow regime transitionsuaately. The effects of channel width on the flow
regime transition were discussed as well. The flegime maps developed in [16] were also compared t
flow transitions from other studies in the litenador adiabatic two-phase flow and for boilingnracro-
and micro-channels. It was concluded that onlyftbe regime maps developed for microscale flow
boiling in comparable channel sizes could reasgnataltch the observed flow transitions. A review of
the literature reveals that despite the inabilityracroscale boiling maps and adiabatic two-phése f
maps to predict the flow patterns for boiling incnaichannels, there is a lack of flow regime maps
developed for microchannel flow boiling for a rarafechannel dimensions.

Due to dependence of flow regimes (and regime mapsghannel dimensions, it is important to
include the effects of channel size in the flowimegymaps. To address this need, a comprehensie fl
regime map is developed here.

Figure 7 shows the comprehensive flow regime magldped based on the experimental results and

flow visualizations performed with FC-77. The dbsa in this plot is the convective confinement

number, Bo®° x Re, which is proportional tdG x D>. The ordinate is a nondimensional form of the

13



heat flux, Bl x Re, which is proportional tog,, x D . Plotting all the ~390 experimental data points
obtained in [16] and [17] for 12 different microctmel test pieces, four mass fluxes, and heat flirxes
the range of 25 to 380 kW#non Bl x Re versusBo”®x Re logarithmic axes leads to a comprehensive

flow regime map with four distinct regions of camd slug flow, churn/confined annular flow, bubbly

flow, and churn/annular/wispy-annular flow.
The vertical transition line is given bBo®®x Re =160, which represents the transition to confined
flow. The other transition line is a curve fit tbe points of transition from bubbly or slug flow t

alternating churn/annular or churn/wispy-annulenflgiven by

Bl xRe= 0.017( Bo%° x Re)o'7 (9)
which can be rearranged to give

Bl = 0.017( Bo%* x Re‘°'3) (10)

This flow regime map shows that f@0°° x Re <160 vapor confinement is observed in both slug
and churn/annular flow regimes while f@0%°x Re>160, the flow is not confined. For low heat

fluxes with Bl <0.017Bo™xRe™?), flow patterns of slug (ifBo*®x Re<160) or bubbly (if

Bo’°xRe>160) flow exist in the microchannels. At higher heafluxes with
Bl >O.017(Bo°'4>< Re‘°'3), vapor bubbles coalesce resulting in a continueapor core in the

alternating churn/annular or churn/wispy annulawffegimes.
In Figure 8, experimental data from a range of o#tedies in the literature are plotted on this
comprehensive flow regime map. The map develoged Is clearly able to represent the flow regimes

found in the literature for water and fluorocarbiguids.

4. CONCLUSIONS

Based on the experimental results obtained in tegerk by the authors, a new transition criterien i
developed which predicts the conditions under whithroscale confinement effects are exhibited in

flow boiling. This criterion depends on the valoka parameter termed the convective confinement

14



number in this studyBo®® x Re, which depends not only on the channel dimensamasfluid properties,

but also on the mass flux. It is shown that fawflboiling of FC-77, physical confinement in the
microchannels exists for convective confinement Ipeirs less than 160; under this condition, thin film
evaporation contributes to heat transfer in additionucleate boiling, and results in larger valoEbeat
transfer coefficient compared to those cases irthvhb confinement is observed and nucleate boiting
dominant.

A comprehensive flow regime map for flow boiling BE-77 is developed with approximately 390
data points encompassing a wide range of microelatimensions with channel cross-sectional area in

the range of 0.009-2.201 mMpmmass flux in the range of 225-1420 kgmand heat flux in the range of
25-380 kW/m. The convective confinement numbBg’®x Re, and a nondimensional form of heat
flux, Bl xRe, are used as the abscissa and the ordinate ofnthjs respectively. Using these

coordinates, the flow regime map reveals four wistregions of confined slug, bubbly, churn/condine

annular, and churn/annular/wispy-annular flow reggnwith two transition lines. One transition line,

Bo®°x Re =160, represents the transition to confined flow, whilke other transition line,
BI 20.017(800'4>< Re‘o's) ,.which includes the effects of heat flux, illuse® the transition from

bubbly/confined slug flow to alternating churn/afamiwispy-annular flow.
For Bo®®>x Re>160, where physical confinement does not occur in familing, the heat transfer

coefficient is independent of channel dimensiond ean be accurately predicted by a nucleate pool
boiling correlation; however, for convective comfinent numbers below 160, modified empirical

correlations or regime-based models are requirechdoe precisely account for the microscale effects
present.

The proposed confinement transition criterion dreldomprehensive flow regime map developed are
shown to capture trends observed in the experirhéeata from the literature as well, and show good
agreement with results for water and fluorocarlgnidls. While the convective confinement number
criterion and the flow regime map have been shawhet very promising tools for predicting the flow

regimes and their transitions in microchannel hbgilionly limited studies are available for compamisas
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both visualized flow boiling patterns in microchatmas well as heat flux data are necessary fdr suc
comparisons. As more well-characterized data becavailable, it will be possible to further genal
this confinement criterion and to expand the apyliity of the comprehensive flow regime map toesth

fluids.
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Table 1. Microchannel dimensions and mass fluxethg microchannel widths and depths are
referred to in the rest of the paper by the nominalalues that are provided in the table; similarly,
the four mass fluxes are referred to in the rest athe paper by the nominal values of 225, 630, 1050,
and 1420 kg/nis).

W (um) d (um) N Dn g Aes G
(actual values) (actual values) (um) (mn?) (kg/nts)
100 (99) 100 (94) 61 96 105 0.009 660
100 (97) 220 (217) 63 134 0.45 0.021 630
100 (102) 400 (369) 60 159 027 0.037 214, 621710405
250 (240) 400 (371) 35 291 0.64 0.089 226,611611215
400 (398) 100 (65) 25 111 612 0.026 615
400 (400) 220 (197) 25 264 203 0.079 637
400 (395) 400 (365) 24 379 1.08 0.144 227,633110331
700 (686) 400 (376) 14 486 183 0.258 225, 641310861
1000 (1024) 220 (226) 10 370 4.53 0.231 630
1000 (978) 400 (374) 10 541 262 0.366 224, 623710440
2200 (2203) 400 (370) 5 634 595 0815 227, 633410427
5850 (5851) 400 (376) 2 707 1555 2.201 229, 662811289
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Table 2. Summary of the experimental data fronliteeture used in the comparisons of the

confinement transition criterion and of the flovgire map.

Reference Fluid Geometry

Mass flux Wall heat flux

(kg/nts) (kW/m?)
Peles et al. [25] Water Parallel microchannels 3500, i
1999 Dh =157, 207 pum 6000
Jiang et al. [26] Parallel grooves
2001 DI Water W = 50 pum 110-365 -
Kandiikar [1] 2002 DI Water el microchannels 40 -
Serizawa et al. [3] Circular tube
2002 DI Water D = 50 um 24 -
Parallel microchannels
Lee et al. [27] 2003 DI Water W =120 um, d = 14 pum 30-60 -
Hetsroni et al. [7] Parallel triangular microchannels
2003 Water Dy = 103, 129 um 87-108 80-220
Kitnzlri]llz:r?gg] DI Water Wpf‘r;yj' mniqcrgc_hggge'sm 115-467 55-839
2003 - oA Hm = SUH
Zhang et al. [29] Single microchannel i
2005 DI Water W =50 um, d = 40 um 160
Garimella et al. Parallel microchannels
[30]2006  D'Water 575 um, d =636 um 651 160
Wang et al. [31] Parallel trapezoidal microchannels .
2008 DI Water W = 208, 427 um, d = 146 um 91-787 365, 486
. Parallel triangular
Hetsroni et al. [32] Vertrel microchannels 148 36
2002 XF Dh = 130 um
Mukherjee and Parallel mini- and microchannels
Mudawar [33] FC-72 inagap, w=200pum, d=660um500-1100 -
2003 w=1.57 mm, d = 3.05 mm
Zhang et al. [34] i Parallel microchannels
2005 FC-72 w = 200 pm, d = 2000 gm 120 42
C_hen and Parallel microchannels
Garimella [35] FC-77 W =389 um. d = 389 um 345 9-56
2006 - SeHm, d=seg il
Coleman and Glass tube
Garimella [36] R134a W =49 mm 150, 750 -
2003 o
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Figure 2. (a) Microchannel test chip, and (b) testection assembly.

23



G (kg/m?s)

630

1420

1050

225

A

A

Width x Depth (Area)
(um) x (um) (mm 2)

| B ] CIW | 5850 x 400 (2.201)
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B: Bubbly S: Slug C: Churn W: Wispy-annular A: Annular
B/S: Alternating bubbly/slug flow
C/W: Alternating churn/wispy-annular flow
C/A: Alternating churn/annular flow
: Single-phase flow

Figure 3. Summary of boiling flow patterns in themicrochannel test pieces; the microchannel
dimensions are presented as widthufm) x depth (wm) with a single-channel cross-sectional area

(mm?) in parentheses.
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