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Carbon Dioxide Evaporation in a
Single Microchannel

Despite its importance for designing evaporators and condensers, a review of the
literature shows that heat transfer data during phase change of carbon dioxide is very
limited, mainly for microchannel flows. In order to give a contribution on this subject, an
experimental study of CO2 evaporation inside a 0.8 mm-hydraulic diameter microchannel
was performed in this work. The average heat transfer coefficient along the microchannel
was measured and visualization of the flow patterns was conducted. A total of 67 tests
were performed at saturation temperature of 23.3<C for a heat flux of 1800 W/(m2 C).
Vapor qualities ranged from 0.005 to 0.88 and mass flux ranged from 58 to 235 kg/(m2s).
An average heat transfer coefficient of 9700 W/(m2 <C) with a standard deviation of 35%
was obtained. Nucleate boiling was found to characterize the flow regime for the test
conditions. The dryout of the flow, characterized by the sudden reduction in the heat
transfer coefficient, was identified at vapor qualities around 0.85. Flow visualization
results showed three flow patterns. For low vapor qualities (up to about 0.25), plug flow
was predominant, while slug flow occurred at moderated vapor qualities (from about 0.25
to 0.50). Annular flow was the flow pattern for higher vapor qualities.
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Introduction

It is widely known that the synthetic halocarbonsed in
refrigerating and air-conditioning systems are nphased out
owing to their negative impact on the global enwirent.
Promising alternatives for refrigeration technologne substances
called by natural fluids, because of their negligiglobal warming
potential (GWP). Among these fluids one can mentiefnigerants
like the hydrocarbons, ammonia, and carbon dioxitleon-toxic
and non-flammable fluid is required, carbon dioxi@@0O,) is a
competitive refrigerant and has gained much atiarrécently*

In addition to this environmental benefit, €¢@as excellent
thermo physical properties. It has a much smallefase tension
and liquid viscosity. In consequence, bubble foiomats facilitated
due to the decreased surface tension, resultihgghrer boiling heat
transfer coefficient, while smaller pressure drap be found due to
the decreased liquid viscosity. The propertieshef ¢ritical point
(31°C and 74 bar) indicate that the pressure levehiishfgher in
CO, systems than in conventional systems, which has
disadvantage of requiring the development of siétabmponents.
On the other hand, the high-pressure level perthissdesign of
systems with small component dimensions and low pression
ratios, which improve compressor efficiency.

As examples mentioned by Cavallini (1996), carbimxide has
been successfully used in a prototype automotiveaaiditioner (an
application with high direct global warming impasthen using
HFC134a), and excellent prospects are also predisteommercial
refrigerating units with associated tap-water hggtiand in high-
temperature-range heat pumps.

Associated with the compactness resulted from geeaf CQ
as working fluid, the use of the microchannel tethgy (channel
having hydraulic diameter of less than 2 mm) inhkat exchangers
design yields to very compact and lightweight eqmeépts. The high
heat transfer coefficients and significant potdritiadecreasing the
heat exchanger surface area are the major advantdgesing this
kind of geometry. For these reasons microchannad &echangers
have been used in bioengineering and microeletsamscwell as in
evaporators and condensers of refrigeration systems
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Regarding to the refrigeration systems applicatitre heat
transfer performance of the evaporator is one @f ithportant
features of the successful operation of the refaien unit. Since
the optimum design of the evaporator depends on ctireect
evaluation of the heat transfer characteristicthefflow during the
phase change of the refrigerant, the knowledgeat dn two-phase
flow and heat transfer is essential.

Studies on two-phase flow and heat transfer in ooitannel
geometries have mostly been focused on low-pressifiigerants,
and air/water systems at atmospheric pressure. Ef@n
conventional fluids, the knowledge on microcharfi@lv and heat
transfer is limited, Pettersen (2001). There are feevious works
on systematic experimental investigation of carlsboxide heat
transfer and its modeling.

Good reviews of microchannel heat transfer can dasnd in
Zhao et al. (2000), Pettersen (2001), and Palmi(g@hao et al.
(2000) presented a review of microchannel heastearfor single-
phase and two-phase (condensation and evaporafiomced
convection. In this work they presented a shortergvof CO, heat

thransfer, from which one can conclude that mosthamst have

studied CQ heat transfer for channels of large diametersn{fro
about 5 to 11 mm). In this review the authors comex that only
Pettersen et al. (1998) had experimentally evailitite overall heat
transfer coefficient in microchannel heat exchangéitao et al.
(2000) also performed a series of experimentsudysflow boiling
of CO, in microchannels. The experiments were conducted t
investigate the effect of mass flux and heat flaxtloe boiling heat
transfer coefficient and pressure drop. The expamim were
conducted for mass flux from 250 to 700 kdgin heat flux from 8
to 25 kwi/nf, and saturation temperatures from 5 t8CL5The inlet
vapor quality of all tests was 0.05. They did naotsent the
dimensions of the microchannel used. The preliminegsults
showed that the effects of mass flux and heat @imheat transfer
coefficient were negligible. It was also found ththe thermal-
hydraulic performance of CQvas superior to R134a.

Pettersen (2001) presented a good review on &@poration
heat transfer and pressure drop for large-dianileteras well as for
microchannel flow. He mentioned that earlier stadien CQ
evaporation heat transfer for large diameter floevevperformed by
Bredesen et al. (1997), Hogaard Knudsen and Je(k@87),
Rieberer (1998), Sun and Groll (2001), and Yunle{2001). On
microchannel flow, heat transfer data for L®ere obtained by
Hihara and Tanaka (2000), Zhao et al. (2000), Obk&di. (2000),
and Koyama et al. (2001). Pettersen (2001) comrdetitat the
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results presented by these authors were obtainedlitigrent
experimental methods and for various operationaditmns and
have shown certain discrepancies among the dattersan (2001)
also conducted heat transfer tests in a rig usirftata extruded
aluminum microchannel tube of 540 mm length withcR&nnels of
0.81 mm diameter. The test tube was heated by \veatieet in order
to get representative boundary conditions for @irefrigerant heat
transfer (“fluid heating”). Evaporation heat tragisfand pressure
drop data were recorded over a wide range of comditincluding
temperatures from 0 to 25, heat flux from 5 to 20 kW/fm mass

flux from 190 to 570 kg/(13s), and vapor qualities between 0.2 an

0.8. Test results showed that the nucleate boilingchanism
dominated at low/moderate vapor qualities, wheeehbat transfer
coefficient increased with heat flux and tempemtlut was less
affected by varying mass flux and vapor fractioreaH transfer
coefficients ranging from about 10 to 20 kW#(8) were measured
in this region. Dryout effects became very impoartainhigher mass
flux and temperature, where the heat transfer moefit dropped
rapidly at increasing vapor quality. A special vigs also built in
order to observe two-phase flow patterns. A hotiabguartz glass
tube with internal diameter of 0.98 mm coated bans$parent
resistive coating of indium tin oxide was used &fprm the tests.
Two-phase flow patterns were recorded mainly araperature of
20°C, and mass flux ranging from 100 to 580 kd&m The
observation showed a dominance of intermittentgfsflow at low
vapor qualities, and wavy annular flow with entragnt at higher
vapor qualities. At high mass flux, the annulanaimment flow
pattern was described as dispersed. Stratified Wew not observed
in the tests with heat load. The nucleate (pooailjrigpcorrelation of
Gorenflo (1993) gave the best fit to the experirakdita; values
8% above the test data on average (using a refem@efficient of
4170 W/(n? °C)).

Palm (2001) also presented a good review on haasfer in
microchannels. He stated that for two-phase flowryvlittle
information was available for microchannels. Esalygi the size
range below 1 mm had been investigated by onlyvarésearchers,
most of them concerning to evaporation. Relatefd@ evaporation
on microchannels, Palm (2001) mentioned only thekvperformed
by Zhao et al. (2000), commented earlier in thiskwble concluded
from this review that flow boiling was governed migiby nucleate
boiling mechanisms in the diameter range below adomm. A
pool boiling correlation such as Coopers’ gave opable but
conservative values for heat transfer coefficieatlang as the
critical heat flux was not reached. Like Petteré2@01), he also
concluded that there were still many open questiortse answered
before reliable design tools were available inftren of correlating
equations for heat transfer and pressure drop agdested that
more research was needed in this field.

As mentioned before, among the few works in thisaar
experimental results performed by Hihara and Tan@k®0) and
Koyama et al. (2001) are found, who utilized a Ergjainless steel
tube in order to obtain the heat transfer coeffici¢lowever, they
did not perform the flow visualization, which is a@mportant
characteristic when dealing with phase change. Astioned by
Thome (2001), the best approaches for modeling giaase heat
transfer and two-phase pressure drops are bastdogphase flow
pattern analysis.

Zhao et al. (2000) and Ohadi et al. (2000) useckst tig
containing several parallel microchannels, whichroduce an
additional variable to the problem: the flow distriion through the
microchannels. Like Hihara and Tanaka (2000), angiatha et al.
(2001), they also did not perform the flow visuatinn.

Only Pettersen (2001) presented results for baght kransfer
coefficient and flow visualization. But even Pestan (2001) did not
perform the tests in a same test rig. The heasfearcoefficients
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were measured in a test rig containing several aoi@nnels and
the flow visualization were performed in a differdest rig using a
glass tube in order to permit the visual acceghedlow. At these
conditions, the heat transfer data and the flowaligation results
could not be exactly interrelated.

In this work, a test rig with a single microchanmels used in
order to measure the heat transfer coefficient tandisualize the
flow patterns in the same experimental setup.

J\Iomenclature

A = area,n?

G =mass flux (mass velocity, kg/(mPs)

Guavy = dratified wavy- intermittent/annular mass flux
transition, kg/(nPs)

Geuar= Stratified-stratified wavy mass flux transition, kg/(ns)

H = heat transfer coefficient, W/(m? C)

h, = Gorenflo reference heat transfer coefficient, 4170 W/(nm? <C)

h* = heat transfer coefficient inside channel 3, 15 KWI/(f <C)

k = thermal conductivity, W/(m <)

L = length, m

m =mass, kg

m = mass flow rate, kg/s

P =perimeter, m

Q = heat flux, Wn?

Q = heat load (power), W

q,= radial heat flux, Win?

re= external radius of channel 3, m

r, =internal radius of channel 3, m

T =temperature, T

R =heater resistance, 2

V = voltage, V

X = vapor quality

XIA = intermittent-annular transition vapor quality
Greek

At timeinterval, s

AT=T,-Ts, temperature difference at the microchanf@l,
6p fitting base temperaturd;

o standard deviation

Subscripts

amb ambient

ch channel

CS Ccross section

e external

fit fitting

| internal

sat saturation

w  wall

w3 wall of channel 3

1,2,and 3 channels 1, 2 and 3, respectivehareas
1to 10 thermocouple location for temperature suesments

Experimental Method

Overview

A once-through, open-loop, CO2 delivery system designed
by Aldana (2000), and modified in this work, tooa¥l control of the
CO2 thermodynamic state entering the test sectiet.iThe test
loop is shown in Fig. 1.
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Figure 1. Carbon dioxide open loop system.

The CQ source was a 9.1 kg liquid-G@ylinder with a central
riser tube that allowed liquid to be syphoned friime cylinder
bottom. Electric heating blankets were used toease the CO
cylinder temperature and pressure to a desirecev&@uce a target
pressure was reached, the regulator was openedC@dlowed
down a chilled inlet section, named subcooler, Whiensured
subcooled liquid entered the preheater. The preheas a copper
tube wrapped by an electric heater and was usextt@ desired
vapor quality at the inlet of the test section. Mdlew rate was
calculated from the decrease in source-cylindersmasr time. The

PID (Proportional Integral Differential) feedbaaop, which also
provided power to the heating blankets. A variatsensformer
allowed variable control of the blanket heat dgngit15.5 kW/nf).

Control of the CO, Test Section Inlet Vapor Quality

Before reaching the test section inlet the,@lowed through a
subcooler in order to permit that subcooled liqedtered the
preheater. The subcooler was a copper tube colaverfieat
exchanger using a 50% water-50% ethylene glycoturéx cooled

pressure difference in the GBuperheated vapor flow through ato 0°C in a temperature bath, as a heat sink. The prheacopper

capillary tube installed at the end of the testplowas used for
monitoring the mass flow rate. Throttle valves lre texhaust line
were used to adjust the desired mass flow ratenstiicer data
allowed monitoring of flow conditions, and were inted into a PC-
based Data Acquisition System (DAS). Thermocouplé pressure
readings were hardwired into a National Instruni&ntdata

acquisition board and routed directly to a persamahputer. Data
interpretation and manipulation was performed ughng software
package LabVIEW 5.0 by National InstruméHtsThe following

hardware was used to receive and interpret thetidata: data
acquisition device, PCI-MIO-16XE-10 (up to 100 kHiata

acquisition capability); SCXI Chassis, SCXI-10002>3 module,

SCXI-1100; and terminal block, SCXI-1300. The sanupl
frequency used was 1 kHz for each channel, howesaeh point
showed in Fig. 3 represents an average of 500 8pexific aspects
of the test loop are described as follows.

Control of CO, Cylinder Pressure

A pressure relief valve, bleed valve, and presstarsducer
were placed in-line before the pressure reguldibe in-line relief
valve (designed to begin opening at 10.32 MPa) redsemergency
removal of over-pressurized GClar below the cylinder burst
pressure of 41.3 MPa. The bleed valve allowed reinof/the in-
line pressure between the outlet and the closdddsi valve. The
pressure transducer allowed pressure measuremeni® source

tube heat exchanger wounded by an electric heatss, used to
allow that saturated CQentered the test section inlet at a desired
vapor quality. A variable transformer was useddjust the voltage
supplied to the electric heater and a digital velen was used to
measure the voltage. The supplied electric power egdculated by
knowing the resistance of the heater. A polyethglfmam tube was
utilized to insulate the preheater in order to mige the heat
transfer to the ambient. The inlet and outlet terafpees of the CO
flow in the preheater were measured by two 1.58W5-agiameter
type-K thermocouples installed inside the flow tihgh fitting, and
the energy balance was applied to determine tlet walpor quality
at the test section. A pressure transducer was tasettasure the
absolute pressure at the preheater inlet, which nesded to
determine the inlet state of the €flbw. Three 0.254-mm diameter
type-K thermocouples were installed on the insafasurface and
the temperatures measured were used to estimateettigransfer
interactions with the ambient, resulting values dowthan 1%
compared to the supplied electric power.

Control of the Mass Flow Rate

Mass flow rates were determined by using a 1-gresolution
scale. The cylinder, including the heating blanketsulation, and
tubing, was placed on the scale and the total weaigdasured. As
CO, exited the cylinder, the reduction in mass wassuesl over
time. A needle valve installed after the superhreatas used to

cylinder. Two 15.5 kW/rh heating blankets were clamped to thethrottle the flow, controlling the mass flow rafewo other valves

cylinder, and used to control the pressure insfkde dylinder. A
copper tube heat exchanger connected to a 50%-b@%erethylene
glycol temperature bath was wrapped around thg &@nder in
order to improve the pressure control. The cylindexs then
insulated with foil-faced polyethylene air pillowrap. A control
box was used to regulate and monitor the cylindediions with a
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were installed after the needle valve to improwe tiass flow rate
control. Another copper-tube electric heater, narsagerheater,
was installed with the objective of superheating tbQ, before
entering the needle control valve in order to avtedhperature
reduction in the flow through the needle valve;enttise it would
be difficult to get a good control on the mass flate. In order to
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have an instantaneous control on the mass flow itat@s installed
a capillary tube after the control valves. The pues drop of the
CO, superheated flow through the capillary tube wasduas a
signal for monitoring the stability of the masswioate.

Test Section

Figure 2 shows a layout of the test section, wisimhsisted of a
rectangular microchannel milled into an aluminumbsttate.
Aluminum was chosen as the substrate material weirmmnditions
within a compact heat exchanger. The section cusisf a lower
frame, including the microchannel, piping, and rastentation; a
glass window that allowed for flow visualizationnch an upper
frame, which clamped down over the window onto ltdveer frame

José L. Gasche

and provided a pressure seal. The 0.794-mm x 0-6888 50.8-

mm microchannel had 1.6-mm diameter inlet and optbets bored
at right angles into the substrate, allowing aring-groove to be
milled around both ports and encircle the chanfibe aluminum
substrate provided three of the four microchanredlsv The fourth
wall was a 6.35-mm rectangular glass window thatied inside
the lower frame. The rectangular upper frame bottethe lower
frame with 20 lockdown screws, compressing thesgtargto an o-
ring and providing the pressure seal. The glassdwin was

protected from the upper frame by gasket mateFiae upper frame
provided a 10.16-mm X 63.5-mm viewing area of thdire

microchannel.

Upper frame
I'ﬂioroch\annel Glass cover
Inlet fitting N _
(stainless steel)| T, ° ® 0 ® ° ® | Outlet fitting
' —- I I Ts Ts Tz Ts Tq F 1
Ts Toa : | Tyo
s . l—\ — I - 6
Channel 1
3
Z Channel 2
Channgl 3 Lower frame (aluminum)

Figure 2. Microchannel test section.

Two 1.5875-mm diameter type-K thermocouples westaited
inside the flow through fittings at the inlet andtlet of the test
section in order to measure the temperature of G, and a
pressure transducer was installed at the exit @ftélt section. Six
type-K thermocouples with 0.254-mm diameter staslesteel
sheath and ungrounded junction were installed eabtittom of the
microchannel through holes drilled into the lowsmfie. A 50.8-mm
X 50.8-mm square ultra-thin heating blanket (15\8/tk?) was
attached to the back of the lower frame, locatednt8 from the
microchannel and the thermocouples, to provideat fiex to the
CG; in the microchannel. The entire test section waslated using
polyethylene foam to minimize heat transfer to #imebient. Three
0.254-mm diameter type-K thermocouples were irefaibn the
insulation surface and the temperatures measuree weed to
estimate the heat transfer interactions with thbiamnt.

Running a Test

The first step in running the G@&xperiment was to obtain the
desired pressure within the source cylinder. Afagijusting the
desired pressure level in the test and settingaéiffgevalue to the
heating blankets, the cylinder valve was fully ogeénwith the
pressure regulator fully closed. Once the cylintbeget pressure
was achieved, the pressure regulator was fully egpeand CQ
flowed through the subcooler and the preheaterrbafeaching the

test section inlet. CQentered the test section at the left side throug

a stainless steel fitting, flowed through a 2.4-rdiameter 5 mm
channel length (channel 3, still inside the fitingnd then flowed
through a 6.4-mm diameter 8.8-mm channel lengthr(okl 2), and
a 1.6-mm diameter 17.0-mm channel length (chanpebefore
reaching the microchannel. Then the Liwed within the 50.8-
mm microchannel length across the test sectiont flmmards the
outlet port. The outlet-piping configuration wasiar to the inlet
configuration. After flowing through the microchainthe CQ

flowed through the superheater, the mass flow catgrol valves,
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and the capillary tube, towards the line exit, avab exhausted to
the ambient. All data were recorded during five utés after the
steady state regime was reached. A PC-based Dagaision
System (DAS) was used to process transducers dé¢ated from
the test loop. During the time of data recordingesal photographs
of the flow were taken using a digital camera.

Data reduction and I nterpretation

Figure 2 depicts a detail of the test section amdiged to
describe the methodology developed to calculatehts transfer
coefficient from the experimental data. The hegipsied by the
electric heater to the flow was supposed to beibiged as:

Q:h(ACh+2A1+2A2) (Tw ~ T+

) ) 1)
+2h A3 (T3~ Tsad + Qamp* 2 it
In this model, it was assumed that the heat trarsfefficient
was uniform at the four channels: microchannel anhannels 1, 2
and 3, which have the heat transfer areas equAltel10 mnf,
A;=85,5 mm, A,=177 mni, and A=37,7 mni, respectively. The
channel heat transfer area was assumed to be fdognéide three
aluminum sides in contact with the flow; the foudlass side was
onsidered to be insulated. The saturation temperatas assumed
0 have three values: the temperature at the ¢etiba inlet, E; the
temperature at the test section outlet,y, Tand the average
temperature of Fand T, named here by, I For each of these
saturation temperatures it was calculated a haasfer coefficient.
The results of this calculation procedure can lea $e Fig. 5, which
shows three values for the heat transfer coefficlerfor each vapor
quality.
The wall temperature of the microchanngl, Was calculated as
the average of the temperatures © Ty. A typical standard
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deviation for T, was about 0.025C. Fig. 3 shows a typical result of Instrumentation and Uncertainty
the signal obtained forTo T. o
This uniform value for Jj along the microchannel suggested the A PC-based Data Acquisition System (DAS) was used t
assumption of a constant wall temperature for ldinmels made in Process thermocouples and pressure transducersalteted from
the aluminum substrate. Instead, owing to the lowrsrmal the test loop. A digital multimeter was used to suga voltages and
conductivity of the stainless steel fitting, anotheall temperature, €lectric resistances. The type-K thermocouples walibrated using
T.a Was estimated for channel 3. Based on the coiuduct a 0.C-resolution mercury-in-glass thermometer and@ri@¢e bath
resistance of the fitting, the following equatioaswsed to estimate in the temperature range from°@ to 30C (a reference
Twar thermocouple was placed in a Dewar flask contaifimgly ground
ice chips and water, creating a two-phase ice bal) this
Tw3 =Tw _qr[ln(re/ri)/(ZT'kL)] ) temperature range a linear regression of the dataved a 25
uncertainty of+0.2°C for the voltage-temperature curve fitting.
Otherwise, for the temperature range fromfil® 25C, which was

23.7 the temperature range used to calculate the teeefar coefficients,
Tsto Toand Ty another voltage-temperature curve fitting was peném, leading to

236 i i Lilhk a 2.0 uncertainty of+0.05°C. This value was used to estimate the
'; il ';l‘@ i I u uncertainty of the difference between the microcighrwall and

235 'W‘ H\}-; ‘m‘ wﬂ,ﬂ“l““’f“f"i”']r\lw'l‘ i : | saturation temperatureAT=T,-Ts,; Which is the most expressive
- N ¥ ﬁlf I L"WWL J‘ | contribution in the estimation of the heat transfavefficient
é:, 234 t— H'\‘ R ‘g\’”‘ T uncertainty. Another influencing factor on this arainty is the

I\ p J

"‘ ﬁ* fluctuation of the temperature signals during thstd. As can be
— seen in Fig. 4, a typical standard deviation of Affesignals was
about 0.025C for the same test showed in Fig. 3. Combining the
uncertainty of the thermocouple calibratior0Q7C, which
includes the uncertainty of the mercury-in-glas€rtometer,
231 ‘ ‘ ‘ ‘ +0.05C, and the uncertainty of the voltage-temperatunevec

50 100 150 200 250 300 fitting, +0.05°C) with the 26 fluctuation of theAT signal on the

ts) RMS base, one can estimate the uncertainty,of JJ;in +0.1°C.

Figure 3. Signals obtained for T3 to T10 from a typical test.
0.35

Tw-Ts=0.169 °C (0=0.02 °C)
—————— Tw-T3=0.161°C (0=0.03 °C) |
Tw-T10=0.177 °C (¢=0.03 °C)
L Gl g p bl ]
JoddPhL AN
“I .Nﬂ i

il ok

where, 0.30 4

dr = (Tw ~Tsay /[1/(2T[ri Lh") +In(re )/(2T|kL)} (2a) 025 |

The fittings were considered as two infinite fingsulated
externally and connected into the aluminum substrat typical 5
value of 15kW/(rf°C) for the heat transfer coefficient during the 0.10 A
CO, evaporation inside the fitting channel, vas used to estimate

Tw-T (°C)

. 0.05
the heat loss through the fitting®;, . The well-known equation for
infinite fin was used, 0.00 ‘ ‘ ‘ ‘
50 100 150 200 250 300
N 12 t(s)
Qsit = (0 PkAc)™* B (3)
Figure 4. AT signals considering three values for the saturation
where, temperature.
eb =(Tw +TW3)/ 2_Tsat (3a) The manufacture-stated absolute pressure transdaocer
differential pressure transducer accuracies w&d3% full scale
P= 2T[ri (3b)  (¥10 kPa), andt0.15% of the full scalex0.26 kPa), respectively.

The uncertainties of all measured variables arggmted in Table 1.
2 9 The uncertainties of reduced data were determingd b
Acs=TUrg sl ) (3c) propagating the measurement uncertainties usingrigtbodology
proposed by Moffat (1988). The results are shownhahle 2.

The results showed th&"@fit was 5% ofQ in average. The heat . .
Results and Discussion

transfer to the ambienQamb, was estimated by measuring surface

temperatures of the insulation and ambient temperaand showed
to be negligible compared to other heat transferem

A total of 105 experimental tests were conductedtjuding
subcooled liquid flow, saturated flow and superbdafiow. Data
from 67 tests (including 6 tests in which dryoutsvedoserved) were
used to estimate the heat transfer coefficient,vasuhlization of the
flow during the CQ evaporation was performed in 28 tests. All tests
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were performed for one heating value of 1.28 Whathkottom of the
test section, considering mass flux in the rang&8ato 235 kg/(ifs)
and inlet vapor qualities from 0.005 to 0.88. Theathflux at the
bottom of the microchannel was estimated in #8596 W/n? (2-0
dispersion), and the saturation temperature wagna&sd in
23.3t0.3°C (2 dispersion) for all saturated flow tests.

Table 1. Uncertainty of the measured variables.

Variable

Uncertainty

Voltage (V)

+1% of value

Electric resistance (R)

+2% of value

Mass (m)

+5% of value

Time interval [t)

+1% of value

Channel dimensions +0.01 mm
Other dimensions +0.2 mm
Enthalpy +5% of value
Tu-Tsat +0.1°C
Absolute pressure +0.13%
Differential pressure +0.15%
Other temperatures +0.2°C

José L. Gasche

Table 2. Uncertainty of the reduced data.

Variable Uncertainty
Q:VQ/R +3% of value
m=m/At +5% of value
A, +1% of value
other areas +10% of value
G=m/A, +5% of value
X +10% of value
h +40% of value

Heat Transfer Coefficient

Results for heat transfer coefficients are preskneFig. 5.
Despites of the relatively high data scatteringneccharacteristics
of the overall behavior of the heat transfer cogffit may be taken
from this figure. It can be noted small heat trangfoefficients for
mass fraction lower than about 0.1, which are usesillts for the
nucleate boiling region. For intermediary mass tfoms, ranging
from about 0.1 to 0.5, the heat transfer coefficishows weak
increasing tendency. For mass fraction ranging fédsnto 0.85, one
can speculate that the heat transfer coefficieightyy increases.
Finally, for mass fractions around 0.85 there ssidden reduction in
the heat transfer coefficient, which characterittess dryout of the
flow. This overall qualitative behavior is in agmreent with the
results produced by the heat transfer correlatpmoposed by Sha
(1982) and Kandlikar (1990), as shown in BandaiitzoR2002).

Tea=23.3°C =1800 W/m?
20000 ¢ G=58kg/(m3s)
* ., o m  G=96 kg/(m?s)
16000 - B g0 = A G=113 kgi(m?s)
X o o, oX o
— ~ X o X o o e G=123 kg/(m3s)
O 12000 e e e —— 4 SN U — X G=149 kgl(s)
(9, ® xg ] xe - of & o
e m x al = é ‘a a a8 o  G=188 kg/(m?s)
N *
< R DN [ ° > Q0
m - 2ora H X A4 - . o O G=235kg/(m?s)
= 8000 [k pAH T etg ot g .
fat .-ri - o ] ® — - —Cooper (1984)
E X' O o
_v;_-_-_-_-_-_-_-_-_-_-_-_-_x ''''' - - - - Borishanski (1969)
X
4000 7;2' """"""""""""""" . o o N — — Gorenflo with ho=5100 W/(m2 )
s « ™ o — - - Gorenflo with ho=4170 W/(m2 <)
$ I' This work (average)
O T T T T
0 0.2 04 0.6 0.8 1
X

Figure 5. Heat transfer coefficient for all 67 tests.

These correlations and the correlation proposedBagdarra
Filho (1997), cited in Bandarra Filho (2002), wetsed in order to
reproduce the data also quantitatively, but failed fit the
experimental data, under-predicting all the resultso important
facts could be used to explain these discrepantiescorrelations
have not been developed for microchannel flows, ahd
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investigators have not used carbon dioxide flonadatobtain the
correlations. In addition to the geometric diffezenthe working
fluid plays an important role in the case of carlzboxide flow
because of its unusual physical properties, whaenpeoed to the
other refrigerants.
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Carbon Dioxide Evaporation in a Single Microchannel

For microchannel flow boiling the heat transfer fioeent has
been shown experimentally to be similar to nuclgatel boiling
heat transfer, Thome (2004). However, based inva elengated
bubble flow heat transfer model developed by Jaewsisi Thome
(2002), Thome (2004) suggested that the convetidiing model
is physically more consistent to predict the heanigfer coefficient
in microchannel flows, but concluded that this sabjis still in its
infancy and much more work remains to be done.

Otherwise, contrary to the suggestion of Thome 4208un et
al. (2005) compared their experimental results émnvective
boiling heat transfer coefficient of carbon dioxidemicrochannels
to the results produced by nucleate pool boilingretations, as
those proposed by Cooper (1984) and Gorenflo (1993)

By observing the overall behavior of the heat transoefficient
in Fig. 5, which shows an almost constant heatstearcoefficient,
the same procedure of Yun et al. (2005) is usedhis work.
Therefore, assuming nucleate boiling regime, arraaee value of
9700 W/(nf°C) is obtained from all data (except after-drydata)
with a standard deviation of 35%. Comparing touvakies given by
the correlations of Cooper (1984), Borishanski @)%&nd Gorenflo
(1993) for nucleate boiling, the Gorenflo (1993)retation with

h,=4170 W/(n°’C) gave the best fit to these data (h=8320

W/(m?°C)), 15% lower than the average experimental tesul

Visualization

Flow visualization results for 28 tests are giverfFigs. 6 to 11.
Multiple photographs were taken at different tinfes each test
while measurements were being conducted. In adletigures CQ

flows from the right to the left. Using the flowgienes described by

Carey (1992), three types of flow patterns wereeoled, namely
plug, slug, and annular flow. Annular flow was assd to be the
regime when no bubbles were observed in the floW.pAtterns
were observed for the smaller values of mass flup (0 149
kg/(ms)); plug flow was predominant for low qualitieg(to about
0.25); slug flow was predominant for intermediatealifies (from
about 0.25 to 0.50), and annular flow was obserf@d high
qualities (above 0.50). For mass flux of 188 an8l Rg/(nts), only
two flow patterns could be observed: slug and aamfibw. Slug
flow was predominant for low qualities (up to abduf5) and

annular flow was observed for high qualities. Thene tendencies

and flow patterns were observed by Pettersen (200he
visualization results for annular flows were ndtralich clear. The

decision favorable to this flow pattern in somdgdegas made when

no bubble was detected in the flow and some wawefilrm

appeared on the pictures. Table 4 presents a symohdhe flow
regimes.

The flow patterns observed in the visualizationtstesere
plotted in Fig. 12 on the flow pattern map devetbpg Thome and
Hajal (2002). This map predicts flow pattern datadeven different
refrigerants (not including the GDcovering a wide range of mass
velocities (10 to 500 kg/fe), vapor qualities (0.01 to 0.99), and
saturation pressures (about 0.1 to 0.9 MPa). An oitapt
characteristic of this map is that it is valid footh adiabatic and
diabatic (evaporating) flows.

Table 4. Flow regimes for saturated flows.

G (kg/(m%) Test X Flow regime
1 0.13 Plug
2 0.16 Plug
3 0.48 Slug
10 0.06 Plug
12 0.25 Plug
15 0.52 Annular
16 0.66 Annular
24 0.02 Plug
28 0.15 Plug
123 30 0.36 Slug
31 0.61 Annular
36 0.01 Plug
40 0.13 Plug
149 41 0.25 Plug
43 0.29 Slug
45 0.50 Slug/annular
46 0.73 Annular
50 0.12 Slug
52 0.25 Slug
188 54 0.45 Slug/annular
55 0.67 Annular
56 0.79 Annular
58 0.12 Slug
59 0.25 Slug
235 62 0.41 Slug
63 0.59 Annular
65 0.71 Annular
66 0.81 Annular

Figure 6(a). Flow pattern in test 1 (plug flow), where G=58 kg/(m2s) and x=0.13.
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Figure 7(b). Flow pattern in test 12 (plug flow), where G=96 kg/(m2s) and x=0.25.
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Carbon Dioxide Evaporation in a Single Microchannel

Figure 8(b). Flow pattern in test 28 (plug flow), where G=123 kg/(m2s) and x=0.15.
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Figure 9(c). Flow pattern in test 41 (plug flow), where G=149 kg/(m2s) and x=0.25.
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Carbon Dioxide Evaporation in a Single Microchannel

Figure 10(b). Flow pattern in test 52 (slug flow), where G=188 kg/(m2s) and x=0.25.
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Figure 11(b). Flow pattern in test 59 (slug flow), where G=235 kg/(m2s) and x=0.25.
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Carbon Dioxide Evaporation in a Single Microchannel

Figure 11(f). Flow pattern in test 66 (annular flow), where G=235 kg/(m2s) and x=0.81.
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Figure 12. Flow patterns represented on the flow pattern map proposed by Thome and Hajal (2002).

In Fig. 12 the dashed lines were obtained using353&y/(nfs)
while the continuous lines were plotted utilizing®8 kg/(nfs). As
can be seen in this figure, the flow pattern mayppsed by Thome
and Hajal (2002) predicts reasonably well the flmatterns obtained

regimes. For low vapor qualities (up to about 0.28)g flow was
predominant, while slug flow occurred at moderatedor qualities
(from about 0.25 to 0.50). Annular flow was thewfgattern for
high vapor qualities (above 0.50).

for the CQ evaporation in the microchannel. However, the

transition between intermittent flow and annulawflseems to be
over predicted on the Thome-Hajal map. It is waortting that the
Thome-Hajal map was tested for tube diameters ah@® 14 mm,
which are much higher than the hydraulic diametér tioe
microchannel. Therefore, the use of this map foe 168G
evaporation in the microchannel may not be suitable

Summary and Conclusion

An experimental study of COevaporation inside a 0.8 mm-

hydraulic diameter microchannel is presented irs thiork. The
average heat transfer coefficient along the micaockel was
measured and visualization of the flow regimes w@asducted. A
total of 67 tests were performed at saturation tatpres around
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