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ABSTRACT h heat transfer coefficieritV/(mPK)]
The pressure drop and the convective heat transfer charac- Ahy, latent heat of vaporizatiofd /kg]
teristics of ethanol and water in a 6Qéhdiameter tube with and I electric currentA|
without phase change has been studied experimentally.€Bhet M mass flow ratekg/s|
section consists of a glass tube coated with a transparént IT Nu Nusselt numbef—]
(indium tin oxide) heater film. For single phase flow it was P pressuréPal
found that the measured Nusselt numbers and friction factor ¢ heat flux|W /n?]
are in good agreement with the theoretical values expeoted f r radius[m|

Poiseuille flow. Subsequently, the boiling heat transfestbanol T temperaturg°C]

was studied. It was found that boiling with bubble growth @tb t time s

upstream and downstream directions leaving behind a tlip-ev ~ V electric voltagdV]

orating liquid film on the tube wall is the dominant phase g&n X axial distancém|

process. Local Nusselt numbers are calculated for the t@egph X vapor quality[%o]

flow at different heat fluxes and Reynolds numbers. Compared A thermal conductivityW/(mK)]
to single phase flow the heat transfer is enhanced by a faicBor o
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INTRODUCTION

Heat and mass transfer in microchannels have been in the
focus of intense research activities in the past decade a@ue t
their relevance in fields such as electronic equipment rgoli
and Lab-on-a-Chip technology. With regard to electronibs,
heat flux density in microelectronic circuits has been camity
increasing, demanding more efficient cooling technolagikes
this context, boiling heat transfer in microchannels or navic
tubes has been identified as a method for removing high heat
fluxes. Despite the amount of research work in this area,ictnfl
ing results have been reported by different researchersmédro
the globe. For example, the Nusselt numbers for single phase
flow were found to vary from values less than the correspond-
ing value for Poiseuille flow [1] to values three times higtiean
that. The friction factors for micro channels and tubes hadse
shown scattering results and many researchers attriblueelft
fects to the surface conditions of the channels. A good summma
of the topic can readily be found in the papers by Sobhan and
Garimella [2], Palm [3] and more recently Morini [4]. The sca
ter of the experimental results may be in part due to diffieslt
associated with the experimental setup and the quantditatf
uncertainty levels, the temperature measurements incphati
Due to the size of the tube considered, direct temperatuee me
surements on the inner wall and in the liquid were not possibl
they were normally derived from the measurements of outér wa
temperature. Lelea et al. [5] and Celata et al. [6] are ambag t
few who have shown results that are close to the classicaiythe
value. Their experiments were conducted in a vacuum chamber
to minimize heat losses.

For experiments involving phase changes, the prime inter-
ests would be on the visualization of the bubble formatiam pr
cess. In many of the experiments conducted previously,eaucl
ate boiling, plug flow, slug flow and annular flow were iden-
tified as common flow patterns for microchannels and micro-
tubes [7], [8]. In contrast to macro size tubes, these flowepas
are typically alternating with one another even at conseatt
and mass fluxes in microtubes. Besides these well known flow
patterns, unique microchannel patterns have also beerilukxbc
Hetsroni et al. [9] found rapid bubble growth phenomena and
called it explosive evaporation process due to high projp@ga
velocity observed. Zhang et al. [10] postulate differeniibg
mechanisms depending on the channel size. For channeds larg
then 100umin diameter, they expect nucleate boiling as the ma-
jor heat transfer process. In channels smallep®Dthey identi-
fied explosive boiling without bubble nucleation as beingnéo

nant. Hardt et al. [11] observed explosive boiling processih
subsequent film evaporation in channels vagh= 50 umand as-
sumed bubble nucleation processes as a trigger to comntéace t
process.

In the present investigation, an indium tin oxide (ITO)
coated micro glass tube has been used for heat and masgtrans
studies. The arrangement can effectively generate a nmifeat
flux along the outer surface of the tube without providingi-opt
cal obstruction to the test section. By employing a high dpee
camera, the liquid phase change at high heat fluxes could-be v
sualized clearly.

EXPERIMENTAL ARRANGEMENT AND PROCEDURE
Figure 1 shows a schematic view of the experimental rig
used in the present investigation. Distilled and degassaenw
and degassed ethanol are used as the working fluids for the co
vective heat transfer experiments. The working fluid isveezgéd
to the test section via a micro pump. The flow rate is accumate t
within +/- 1 %. Experiments have been carried out in the range
of the inlet Reynolds number of 25-600. The fluid temperature
before and after the glass tubk,(and Ty ;) are measured by 0.5
mmdiameter K-type thermocouples in the inlet and outlet mix-
ing blocks. K-type thermocouples with a diameter ofif#Bare
used for the measurement of the temperatures along theTgbe (
T7). These thermocouples are glued by silicone with at therma
conductivity of 1.53W/(mK) to the outer wall of the tube. All
thermocoupels are calibrated for the experimental tentyera
range and have an accuracy of +/- B.1Pressure measurements
are performed by a Sokken Pz-77 pressure transducer with ¢
accuracy of +/- 98.Pa. The flow visualization is conducted via
a high speed camera (Vision Research Phantom V5.0) operat
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Figure 1. SCHEMATIC VIEW OF THE EXPERIMENTAL RIG.

Copyright © 2008 by ASME



Heated up at T=100 °C
in an oven

Heated up at T=70 °C
by applying voltage

. —

—

-—

2.4 — ‘ ‘ —— |
1000 1500 2000
time [s]

Figure 2. CHANGE OF ELECTRIC RESISTANCE OF UNPROTECTED
ITO FILM.

DATA REDUCTION AND UNCERTAINTIES
Estimation of heat losses

Preliminary experiments with an empty test section were
conducted to estimate heat losses due to free convection, co
duction and radiation. The heat transfer coefficient of thath
losses is defined as:

Qloss

1)

hloss = s
Twall,out — Tamb

Due to the fact that no working fluid is employed in the pre-
liminary case, the joule heating is transfered to the amdgian

VI
Ttdout lheat

()

QIoss = Qheat =

whereV and| are the voltage and the current measured at the
copper wires connected to the tulz,; is the outer diameter of
the tube andpeat is the heated length. The experimentally esti-

at a frame rate of up to 8100 per second and an interrogation matedhss has been compared to calculations following Nusselt
area of 1024 x 1024 pixels. The glass tube test section is a 600 number correlations for natural convection at the wall oba h

pminternal diameter tube (outer diameter 1Q0f with a rather
smooth inner surface, only shallow cavities with a diamefer
2-5umcould be identified. The outer surface of the glass tube is
coated with a 2umITO/Ag film such that Joule heating can be
applied uniformly along the coated surface, which remaiusst-
parent. The uniformity of the electric resistance of the Il

is within +/- 5 %. Silver paste with a specific electric resiste

of 5-10°> Q cmis used to connect the copper wires to the ITO
film to supply electric current. It became evident that th©IT
film is sensitive to oxidation. Figure 2 shows the electrisise
tance over time for the unprotected ITO film in the vicinityairf.
Without heating the electric resistance is monotonoustysias-
ing; but if the film is exposed to external heating or Jouletinga

is applied, it decreases. Therefore, we protected the '@ fil
from the enviromental oxygen by a 0.4n Parylene-F coating
to avoid oxidation. A constant heat flux is supplied along the
outer surface of the tube by applying a constant voltage datw
the two wires connected to the test section. The heatingldest
to within +/- 2 % over a period of six hours. The total length of
the glass tube is 20@m of which a section of 11fhmis heated.
The entry length in front of the heated section isr8&long to
ensure hydrodynamically developed flow.

The experiments were conducted as follows. The working

fluid is fed to the test section at room temperature=(23 °C).

The flow rate of the working fluid and the heating voltage were

fixed at the desired values. To assure a steady state canditio

the measurement data were taken after a waiting time of 20 min
utes. Temperature and pressure data was recorded in real tim
every 464ms The recorded data of 40 measurement cycles were
averaged for calculating the Nusselt number and frictiahofia

izontal cylinder [12]. Depending on the tube temperatuhe, t
experimentally derivethossis up to 40 % higher than the theo-
retical value for convection only. Additional heat losses do
radiation and conduction (axial along the tube and via tlee-th
mocouple and heater wires) are the likely reasons for this di
crepancy. Nevertheless, it was found that the heat losedess
than 10 % of the total heat input for all experiments with wiogk
fluid.

A second order polynomial is used to provide a continuous
relationship fomoss depending owailout — Tamb:

Gloss = (Twall,out — Tamb)z -C1+ (Twall,out —Tamp)-C2+C3 (3)

c1, C2, C3 are the coefficients that fit the experimental data best ir
a least-squares sense.

Calculation of local heat transfer performance

The local heat transfer performance for single phase and tw
phase flow between the inside wall of the tube and the working
fluid is expressed by the dimensionless Nusselt number. &-he |
cal Nusselt number is calculated for all thermocouple parsst
at the heated length of the tube:

(4)

The thermal conductivity of the pure liquidiquid, either ethanol
or water, and the inner diameter of the tube have been used fi
calculatingNu for single phase and two phase flow.
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The local heat transfer coefficient is given as:

QIoc
Twall,in — Thulk

®)

hIoc =

When pumping a working fluid through the tube, a part of
the heat is transfered into the working fluid and another toart
the ambiance. The heat transfered to the working fluid isuealc
lated as follows:

QIoc = qheat_ c.]Ioss (6)
. Vi .
Gioc = m — Uioss (7

Jioss IS calculated depending on the measured temperatures us-

ing Egn. (3). Due to the constant electric resistance of Ti@ |
film along the tubegeqa is constant over the total heated area.
The heat losgjess is a function of the temperature difference
Twall out — Tamb Which is changing along the heated tube due to
the heat transfer to the working fluid. Therefogrss and gjoc
are functions of the axial distange

The temperature at the inner wall of the tube at each ther-
mocouple position is computed using the one-dimensionai he
conduction equation in cylindrical coordinates:

dout
din

Qioc - din In

8
2. )\tube ( )

Twallin = Twall out —

The axial conduction number introduced by Maranzana et al.
[13], has been calculated to find out whether the assumption
of one-dimensional heat transfer is reasonable. Accorting
Maranzana axial conduction can be neglected if the conmlucti
number is lower than 1&. Depending on the flow rate we found
4.0-10°°...48-10°°,

The average fluid temperature, referred to as bulk tempera-
ture, is calculated for each thermocouple position by ke
energy balances:

T (_jin Xth

Ti Ti L d
= |; — X-
bulk in+ » /0 Qioc M Cp

©)

where X, is the axial distance of the thermocouple measured
from the starting point of the heated length. For the cateuta

the heated length of the tube has been discretized with 18 cy
drical elements with an increment ofrim For experiments
where boiling has been observed, the maximum bulk tempera-
ture is specified as the saturation temperature of the liqing

saturation pressure inside the tube is calculated by linéznpo-
lation between inlet block pressure and ambient pressure.

The heat transfered from each element to the workinc
fluid is then calculated in the same way as the local heat flu;
(Egn. (7)). The heat losses from the elements are estimated |
using Eqn. (3).

The mean outside wall temperature of the elements is in
terpolated by a third order polynomial. The coefficientstuf t
polynomial are found by fitting the polynomial to the tempera
tures measured by the micro thermocouples at the outside we
of the tube.

The local vapor quality for each measurement point is cal-
culated as:

Xth

4 dxndinxth Cp - (Touik—Tin)
oc . -

M Ahy, Ahy

X:; 0 (10)

The temperature dependent fluid properties such as visco
ity, density, thermal conductivity and specific heat are rozfi
for each measurement point based on the bulk temperature c:
culated by Egn. (9). The equivalent wall heat flux due to Imggti
of the liquid by viscous dissipation has been calculatedttebs
than 40W/n? which is in all cases less than 1 % of the joule
heating, and thus has been neclected.

The standard deviation of the Nusselt number due to the
measurement uncertainties is calculated following thesSian
error propagation formula to less thé{fﬁ’ = +20% for all test
runs.

RESULTS AND DISCUSSION
Single phase

The pressure drop for distilled water and ethanol was mea
sured in the whole range of inlet Reynolds numbers in whict he
transfer experiments were conducted. The derived fridaotor
is well in agreement with the theory for laminar flow (friatio
factor = 64R¢g (Fig. 3). Since the inlet pressure is measured
before the fluid enters the microtube, entrance effects sedm
negligible.

Figure 4 shows the typical temperature distribution foma si
gle phase test run. The wall temperatures and the bulk temper
tures are almost on parallel lines indicating that the haatgéen-
erated is uniformly distributed along the surface and hesgds
are marginal. Figure 5 shows the local Nusselt numbers for tw
Reynolds numbers and six different heat fluxes. They coeverg
towards the classical value for constant heat flux and Pitliseu
flow (Nu=4.36) at about 80 % of the heated tube length. Highel!
Nusselt numbers at the entrance to the heated section are a cc
sequence of thermal entrance effects. Grigull and Tratkift4
vestigated the thermal entrance problem for laminar flovi wit
constant heat flux numerically and evaluated the Nusselbeum

Copyright © 2008 by ASME
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Figure 3. FRICTION FACTOR COMPARED TO THEORY FOR LAMI-
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Figure 4. OUTER WALL, INNER WALL AND BULK TEMPERATURE.

as a function of the dimensionless axial distatrcgd Re Pp).

In Fig. 6 the data of multiple test runs using water and ethiano 0 0025 005 0-075X,(d*%}3*m0-125 015 0175 02
compared with the correlation of Grigull and Tratz. If thgex-
mental uncertainties are accounted for, the present measuts Figure 6. NUSSELT NUMBER, EXPERIMENTAL RESULTS COM-

agree with the classical theory. The results imply that m®me  pARED TO CORRELATION OF GRIGULL AND TRATZ FOR SINGLE
tum and heat transfer for single phase flow in microtubes @le w  pHASE HEAT TRANSFER.

described by the standard correlations.

the tube area upstream of the heated section is affecteddy tw
Boiling phase flow pattern due to counter streamwise bubble growth.
Boiling experiments have been conducted with ethanol as a liquid film is formed between the growing bubble and the tube
working fluid. Alternating flow patterns with a defined seqeen  wall. Due to evaporation the liquid film thickness decreasés
have been observed. A typical evaporation cycle starts avith the time period before the next liquid plug arrives is lorg t
single bubble nucleation process. At first the bubble is gigw liquid film ruptures and dryout occurs. Photographic imagfes
comparatively slowly, but once the bubble diameter reathes the described cyclic evaporation process are displayeéjinF
inner diameter of the tube, the bubble growth rate is styongl where a typical evaporation cycle starting with a bubblelewc
enhanced. Constricted by the tube wall, the bubble grows in ation event in the camera’s field of view is shown. The picture
streamwise direction as well as in counter streamwise tilirec were taken at a Reynolds number of 86 and a heat flux of 6600
Depending on the heat flux and the inlet Reynolds number, even W /n? between the 4th and the 5th thermocouple in the heate
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area with a resolution of 1000 fps.

t=0ms

e t =0 ms: Two vapor bubbles are detached from the heated E - i = ‘?—
wall and transported with the liquid. — > ,

e t = 3 ms: The bubbles are growing. Once the diameter of

a bubble equals the channel diameter, the bubble is growing t=3ms
faster than before (right bubble compared to left bubble). :
e t =7 ms: The left bubble has reached the channel diameter - W
and is expanding in streamwise direction. Liquid is pressed ———
to the channel wall due to the fast bubble growth forming a
thin liquid film between bubble and wall. The right bubble L ms

has left the camera’s view field. E = -,r
e t =16 ms: The bubble starts to grow in counter streamwise P —

direction as well. The smallest liquid film thickness is fdun
at the location of first contact of the bubble with the wall of

t=16 ms
the tube (indicated by an arrow).
e t = 30 ms: During the growth in counter streamwise direc- '
tion the liquid film thickness is decreasing and a film rupture

takes place (indicated by arrows).

e t =59 ms: Liquid is refilling the tube and pushing the bubble - 30ms D ol
out of the camera’s field of view in streamwise direction. m

By utilizing flow visualization, thin film evaporation trig-
gered by single bubble nucleation could be identified as ¢ime-d t=59 ms

inant phase change process.
High pressure fluctuations induced by the unsteady evapora- -

tion process have been measured. Figure 8 shows the change of

pressure drop for the transition from single phase heasfeato

boiling att = 2652 s in a test run. The pressure drop suddenly gigyre 7. EVOLUTION OF FLOW PATTERN DURING A BOILING CY-

jumps from a virtually constant value of 3300 Pa for singlagsh CLE.

flow to a fluctuating value of 8000-12000 Pa for the previously

described boiling process. The cyclic flow pattern, esplgcia

the upstream bubble growth, is the reason for the strongpres

fluctuations. 14000
Compared to the single phase experiments the heat transfer

performance is considerably enhanced by boiling. Figurd®9 12000

and 11 show the time averaged local Nusselt numbers as a func-

tion of vapor quality for three different inlet Reynolds nberms. 100001

In all cases, the liquid temperature at the first thermoaipl

the heated area is significantly lower than the saturatiompés-

ature of the liquid, so that the vapor quality for the first s@ad

local Nusselt number is equal to zero. Nevertheless, cosdgar

the single phase experiments the heat transfer is enhaneed e 40001

at a position where no boiling occurs. Since bubble growth in

counter streamwise direction is observed, this effect peaed 2000t

to be the reason for heat transfer enhancement upstreare of th

position where the saturation temperature is reached. oo 2300 2500 2600 2700 2800 2900 3000
For Re= 86, the local Nusselt numbers for boiling are about t[s]

20 and seem to be independent of the vapor quality and the heat

flux in the tested range (Fig. 9.). For higher Reynolds num- Figure 8. PRESSURE DROP, TRANSITION FROM SINGLE PHASE

bers higher local Nusselt numbers were measuredRest 128 FLOW TO BOILING. Re= 128, 4 = 79000 W /(mK).

and 171, the average local Nusselt numbers are about 27, and

8000+

Ap [Pa]

6000
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Figure 10. NUSSELT NUMBERS FOR BOILING. Re=128.
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Figure 9. NUSSELT NUMBERS FOR BOILING. Re= 86.

a dependency on the vapor quality could be observed. While
at the last thermocouple the local Nusselt number is about 20
in all cases, the Nusselt numbers are increasing with iserea
ing Reynolds number for the other thermocouples at loweowvap
quality. Dryout phenomena could be the reason for the ratiuce
heat transfer performance at the end of the tube in Figures 10
and 11, but the vapor qualities are lower than thatRer= 86
(Fig. 9). Nevertheless, alternating flow patterns may tigg
long dryout time fraction even at a low mean vapor qualityaf,
example, the time fraction for which liquid plugs are predsen
also comparatively long. As a consequence, the two-phase flo
pattern responsible for high heat transfer performancédntig
largely suppressed.

401

25
> 20]
15¢ —6— §=87000 [W/m?]
1 —%— ¢=90000 [W/m?]
—+— §=94000 [W/m?]
5 —%— §=97000 [W/m?]
Oo 5 10 15 20 25
Vapor quality [%]
Figure 11. NUSSELT NUMBERS FOR BOILING. Re=171.

and Mudawar [16] studied flow boiling of water in parallel mi-
crochannels and concluded that forced convection boifirtpe

The dependency of the heat transfer performance on heatdominant heat transfer mechanism in their heat sink. Coaapar

flux is rather unpronounced. Only Be= 171 a tendency could
be identified, the local Nusselt number is slightly decnegsiith
increasing heat flux, but the deviation is within the measuanat
uncertainty oft 20 % (Fig. 10). In common flow boiling models
the heat transfer is divided into two parts: nucleate bgitieat
transfer and convective boiling heat transfer. The nueléail-

ing heat transfer performance is know to be a function of heat
flux, while the convective heat transfer is found to be rather
dependent of it, but a function of mass velocity [15]. Thin t
behavior of the local Nusselt numbers supports the imprassi
obtained by flow visualization, namely that nucleate bgilia

not the dominant heat transfer process in our experiments. Q

7

ble to our studies, they found that the saturated flow boltiegt
transfer coefficient is a function of mass velocity and onlyeak
function of heat flux. However, in our experiments an inceeas
of the Reynolds number only slightly enhances the heatfeans
performance. While Qu and Mudawar employed water in their
boiling experiments, we used ethanol which has a highepsisc
ity. The lower fluidity of ethanol may decrease the depengenc
of the heat transfer performance on the Reynolds number.
Thome et al. [17] developed a model to predict the hea
transfer performance of boiling processes in microchanaet
found rather good agreement with the experimental databas
[18]. In their model, counter streamwise bubble growth i no

Copyright © 2008 by ASME



considered and the heat transfer performance is a functithreo
heat flux. Our results indicate that refined models are netxed
account for the phenomena observed in our experiments.

CONCLUSION

Experiments were conducted to determine friction factors
and Nusselt numbers in a microtube with an inner diameter of
600 um Distilled water and ethanol were used as the working
fluids. The major findings from the study are summarized as
follows:

e The friction factor and the Nusselt number for single phase
flow with constant heating agree with the classical theories
for laminar flow (friction factor = 64Re Nu = 4.36 for con-
stant heat flux).

e For boiling, alternating flow patterns with a defined se-
quence have been observed. Evaporation of a thin liquid
film covering the tube wall seems to be the dominant heat
transfer mechanism.

e The mean pressure drop for boiling is about 3 times higher
than that for single phase flow. Due to the fast alternating
flow patterns the pressure drop is fluctuating in a range of
about+ 10 %.

e The Nusselt number for boiling is: independent of the heat
flux, increasing with increasing Reynolds number, and up to
eight times higher than that for single phase heat transfer.

ACKNOWLEDGMENT

We thank Prof. Suzuki for valuable discussions and Mr.
Hamana, Mr. Hayashi and Mr. Miwa for technical assistance.
Boris Schilder received support for this project as a JSR&nSc
tific Visitor to the Turbulence and Heat Transfer Laborataty
The University of Tokyo.

REFERENCES
[1] Shah, R. K., and London, A. L., 1978aminar flow forced
convection in ducts : a source book for compact heat ex-
changer analytical dataAcademic Press.

[2] Sobhan, C. B., and Garimella, S. V., 2001. “A compara-
tive analysis of studies on heat transfer and fluid flow in
microchannels” Microscale Thermophysical Engineering,
5(4), Oct-Dec, pp. 293-311.

Palm, B., 2001. “Heat transfer in microchannelsMi-
croscale Thermophysical Engineerirgf3), pp. 155-175.
Morini, G. L., 2004. “Single-phase convective heat star

in microchannels: a review of experimental resultisiter-
national Journal of Thermal Sciencet(7), pp. 631-651.
Lelea, D., Nishio, S., and Takano, K., 2004. “The experi-
mental research on microtube heat transfer and fluid flow of

(3]
(4]

(5]

8

distilled water”. International Journal Of Heat And Mass

Transfer,47(12-13), Jun, pp. 2817-2830.

Celata, G. P., Cumo, M., Marconi, V., McPhalil, S. J., and

Zummo, G., 2006. “Microtube liquid single-phase heat

transfer in laminar flow”. International Journal of Heat

and Mass Transfed9(19-20), Sep, pp. 3538-3546.

Gasche, J. L., 2006. “Carbon dioxide evaporation in a sin

gle microchannel”Journal of the Brazilian Society of Me-

chanical Sciences and Engineerir2®, pp. 69-83.

[8] Yen, T. H., Shoji, M., Takemura, F., Suzuki, Y., and Kaisag

N., 2006. “Visualization of convective boiling heat trans-

fer in single microchannels with different shaped cross-

sections”. International Journal Of Heat And Mass Trans-

fer, 49(21-22), Oct, pp. 3884—3894.

Hetsroni, G., Mosyak, A., Pogrebnyak, E., and Segal,

Z., 2005. “Explosive boiling of water in parallel micro-

channels”. International Journal of Multiphase Flow,

31(4), Apr, pp. 371-392.

Zhang, L. A., Wang, E. N., Goodson, K. E., and Kenny,

T. W, 2005. “Phase change phenomena in silicon mi-

crochannels”. International Journal of Heat and Mass

Transfer,48(8), Apr, pp. 1572-1582.

Hardt, S., Schilder, B., Tiemann, D., Kolb, G., Hes&#),

and Stephan, P., 2007. “Analysis of flow patterns emerg:

ing during evaporation in parallel microchanneldhter-
national Journal of Heat and Mass Transféf(1-2), Jan,

pp. 226—-239.

[12] Verein Deutscher Ingenieure, 199Warmeatlas 6., erw.
aufl. ed. VDI-Verl.

[13] Maranzana, G., Perry, I., and Maillet, D., 2004. “Mini-
and micro-channels: influence of axial conduction in the
walls”. International Journal Of Heat And Mass Transfer,
47(17-18), Aug, pp. 3993-4004.

[14] Grigull, U., and Tratz, H., 1965. “Thermischer einlaof
ausgebildeter laminarer rohrétnung”. International Jour-
nal of Heat and Mass Transfe3(5), p. 669.

[15] Thome, J. R., and Collier, J. G., 19960nvective boiling
and condensatigr8rd ed. Clarendon Press.

[16] Qu, W., and Mudawar, I., 2003. “Flow boiling heat trans-

fer in two-phase micro-channel heat sinks—i. experimen:

tal investigation and assessment of correlation methods’

International Journal of Heat and Mass Transfdf(15),

p. 2755.

Thome, J. R., Dupont, V., and Jacobi, A. M., 2004. “Heat

transfer model for evaporation in microchannels. part i

presentation of the model'International Journal of Heat

and Mass Transfef7(14-16), Jul, pp. 3375-3385.

Dupont, V., Thome, J. R., and Jacobi, A. M., 2004. “Heat

transfer model for evaporation in microchannels. part ii:

comparison with the database’International Journal of

Heat and Mass Transfe47(14-16), Jul, pp. 3387-3401.

(6]

(7]

9]

[10]

[11]

[17]

[18]

Copyright © 2008 by ASME



