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Measurements and Modeling of Two-Phase Flow
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Abstract—Two-phase forced convective flow in microchannels Peleset al. proposed a one-dimensional (1-D) flow model
is promising for the cooling of integrated circuits. There has been with flat evaporation front dividing the liquid and vapor into
limited research on boiling flow in channels with dimensions below two distinct domains based on their experiments with 50 to
100 gzm, in which bubble formation and flow regimes can differ . . .
from those in larger channels. This work develops single and multi- 200 Hm hydraulic diameter F:hannels [71- cher experlmenta.l
channel experimental structures using plasma-etched silicon with Studies have focused on microchannels with larger hydraulic
pyrex glass cover, which allow uniform heating and spatially-re- diameters [8]—[10]. However, more research is needed to better
solved thermometry and provide optical access for visualization of ynderstand the behavior of boiling flow regimes in channels
boiling regimes. Boiling was observed with less than 5C of super- with diameters below 10Q:m, in particular the impact of the

heating in rectangular channels with hydraulic diameters between . . -
25 and 60pm. The channel wall widths are below 35Q:m, which small dimensions on bubble nucleation and the heat transfer

minimizes solid conduction and reduces variations in the heat flux CO€fficient.
boundary condition. Pressure drop and wall temperature distribu- In our previous study [11], nucleate boiling was observed in

tion qata are consistent with predictions accou_nting for solid con- 55 pm hydraulic diameter microchannels. In order to study the
duction and homogeneous two-phase convection. Uphase change as well as heat transfer in microchannels in more
Index Terms—Heat exchanger, microchannel, two-phase detail, we developed single and multichannel devices which are
cooling. designed to minimize variations in the heat flux boundary con-
ditions and preheating of the fluid before entry into the channel.
|. INTRODUCTION This is achieved by reducing the channel wall thickness and
modifying flow entrance geometry. The microchannels are in-

. . Hhannel width ranges from 20 to 50m, with 50 to 100.:m
1000 W/cni, and demonstrated a microchannel heat sink thﬂtdepth, giving a range of 25 to §am hydraulic diameters. A

removes 790 W/c?nw!th 71°C temperature increase at BOd lass slide seals the channels and provides optical access to the
mL/min flow rate. While subsequent research has focused %

deli d optimization of sinale-phase liauid mi h fernal flow conditions.
modeling and optimizalion of single-phase liquid microchannet . developed simulation models for single and two-phase

heat exchangers [2], [3], the more complicated physics %w heat transfer using finite volume method. Both homoge-

gcc))lillli:g ﬂco%\/g]cgfr?;haponri:;nhasb;i;i'\slsd it“t:lee Slitrt:s?tlloe Mous flow model and annular flow model were used in two-
9 P 9 d ase simulation, and the theoretical predictions were compared

pumpmghpO\;ve_r tl??ﬂ smglle-ph_a?e I|quu|13;gn\|/e_ct|ontm a;cr(ye ith experimental results. The homogenous model results are in
a given heat sink thermal resistance. @l. investigate egttef agreement with experimental data.

flow transition and heat transfer in V-shaped microchann
with hydraulic diameters ranging from 200 to 6@6n [4],
[5]. Jiang et al. studied phase change in diamond-shaped Il. DESIGN

microchannels with hydraulic diameters less than A00[6]. Fig. 1 shows the schematic of the test device. The overall
dimension is 2 by 6.5 cm. The narrowed bridge design helps to
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Fig. 1. Schematic of the test device, showing arrangement of inlet and outlet
ports and the narrow free standing, instrumented microchannel.
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Fig. 2. Close-up views of microchannels and resistors. (a) Single channel
design. (b) Resistors on a multichannel design.

(d)

TABLE |
STRUCTURAL PARAMETERS
Structure Dimension
Inlet reservoir 600 pm wide, 250 pm deep, 1 cm long
Bridge 500 pm (single) / 2 mm (multi) wide,
2 cm long
Single-channel 40-50 pm wide, 50-100 pm deep,
design 2 c¢m long ®©

Multi-channel design | 20 pm (width) x 50-70 pm (depth) x 40,
40 pm (width) x 100 pm (depth) x 20,
2 cm long

Resistor (heater) 400 pm wide, 1.6 cm long (single)

1 mm wide, 1.8 cm long (multi)

800 Q (single) and 360 Q (multi)

preheating of the fluid. There is a similar exit region at the

outlet. A single resistor [see Fig. 2(b)] is formed on the back

side of the channel by ion implantation to single crystal silicon. ®

The resistor is divided into nine segments and functions Bi§. 3. Schematic of fabrication process. (a) Forming the resistor by ion

both a heater and nine thermometers in series. When a curi@pfantation and anealing. (b) Depositing Al pads as contacts (10 in reality).
¢), Front side DRIE etching reservoir and outlet. (d) Etching microchannels.

1S applled to the rESISt.OI’, the resistance change of individ Back side etching inlet/outlet through holes. (f) Schematic of fabrication
segments, corresponding to the change of wall temperatur@cess.

can be measured by recording the voltage across each segment.

In order to study phase-change in microchannels and boili
uniformity across a group of channels, we have developed b%ﬂ
single-channel and multichannel test devices. Design para
ters are listed in Table 1.

00 €2/cm resistivity silicon wafers as substrates. As shownin
1g. 3, fabrication process begins with ion implantation to form
e resistor on the back side. Boron is implanted to the resistor
region at 1e16 ions/ctrdose and 40 keV energy, with 1,6n
photoresist as mask. The dopant is then activated and driven in
with 15-min wet oxidation at 1100 C, followed by a six-hour

For the current micro-scale heat transfer test devices, we havmealing at 1150°C. The process forms about 2700 A sil-
selected 4-inch, N-typ&100 orientation, 400 zm thick, and icon dioxide to protect the resistor; with approximately.@n

I1l. FABRICATION
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a b

@ (b) Fig. 5. Photograph of experimental setup, showing microchannel sample
Fig. 4. SEM images of microchannels. (a) A 40 by 10 single-channel mounted in test fixture with electrical connections to the circuit board, and
design. (b) A 40 parallel 40 by 100m multichannel design. fluidic connections to a syringe pump and a pressure sensor.

junction depth, and 18/ sheet resistance. The deep PN junc- V. EXPERIMENTAL RESULTS

tion with high substrate resistivity can dramatically increase they /4 rious devices were tested under constant flow rates. With
break-down voltage, which is higher than 100 V in this case. {hese experiments, we aim to verify the pressure variation with
Next, contact windows are opened through the oxide layggating input through the initiation of boiling. We also aim to
and 99% aluminum with 1% Si is deposited as contacts. SingfRasure the wall temperature distribution during phase change
boron oxide may form during the high-dose annealing process; supporting data for our flow model.
an argon etch prior to deposition is strongly recommended toMeasurement results of two devices are presented here. De-
form a good contact. After aluminum etch, a freckle etch is pevice 1 is a 40-channel design, each channel ig20 wide and
formed to remove aluminum freckles from the substrate surfagé-um deep (31#m hydraulic diameter). Device 2 is a 50m
to prevent shorts between contacts. Then the contact is finishéde and 70 pm deep (58 pm hydraulic diameter) single-
by a one-hour forming gas anneal (10% Eind 90% N) at channel design. Both results were measured at 0.1 mL/min con-
400 °C. stant DI wafer flow rate.
The process is then continued with etching the reservoirs and
channels from the front side. The 2n@r-deep reservoir and A. Thermometer Calibration

outlet are first DRIE etched into the subst_rate. Themvthick Wall temperature change is indicated by the change in resis-
photoresist (e.g., SPR220-7 or AZ4620) is used as the chanpglce of the thermometers. By recording the applied current and
etching mask, which is thick enough to cover the 260-deep yoltage difference across each thermometer, we obtain the resis-
trenches. Channel etching stops at desired depth by a timed ggite, hence the temperature. Temperature-resistance curves of
and inspection, as shown in Fig. 4. Next, the device wafer éach of the nine thermometers on every single device are in-
bonded to a support wafer with photoresist and etched througiividually measured and fitted. The resistances are calibrated
Finally, the device chip is anodically bonded to a prediced Pyréy placing the silicon chip in a convection oven with a refer-
7740 piece. ence thermocouple, and recording the resistance changes in each
segment of the resistor as the temperature is raised through the
measurement range of 20 to 140. Fig. 6 gives a typical fit-

ting curve, which includes measurement data from six calibra-
tion cycles. In all experimental data in the following figures, the
ain source of error is uncertainty in the thermometer calibra-

1 °C.

IV. EXPERIMENTAL SETUP

As shown in Fig. 5, the device is clamped in a fixture with a e
internal O-ring to seal the inlet. A pressure transducer is locati@: Which is aboutt3
at the flow entrance of the fixture. Since the internal flow chan-
nels in the fixture are much larger than the microchannels, tRe
pressure drop within the fixture can be neglected. The outlet isFigs. 7-9 give the pressure and local wall temperature
open to the air and a 10@m-diameter thermocouple is fixedchanges against increasing heat power, as well as wall temper-
right at the outlet of the microchannel to measure exit water terture distributions before and after phase change.
perature. A constant flow rate syringe pump supplies DI waterIn Fig. 7, as we observed before [11], pressure decreases with
to the system. increasing power during single-phase flow due to the decrease

The data acquisition system consists of a laptop computeindiquid viscosity with increasing temperature. Just after the
16-bit, 16-channel PCMCIA A/D card, and signal conditioningnset of boiling, because the density of vapor is much lower
circuitry. The system is controlled through LabVIEW G prothan that of water, the local volume flow rate in the channel
gramming, capable of continuously scanning the 12 signalssatddenly increases. The resulting acceleration of the mixture
1000 Hz frequency. yields a large pressure drop along the channel.

Multichannel Device Measurements
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Fig. 6. Thermometer calibration and fitting curve. This figure shows a typical

temperature-resistance calibration for one of the resistors in our sample. TII_L\i
figure shows data recorded during six independent calib

resistor, illustrating repeatability and linearity.

9. Wall temperature distributions in a 40-channel device, measured at

rations of the sa{ﬂg% heat power levels for a fixed DI water flow rate of 0.1 mL/min. The onset

of bailing occurs at 2.14 W heat power.

% slight reduction in wall temperature at the initiation of boiling
25 f - - - B for all of the thermometers. This may be due to the local
- temperature superheating as a result of nucleation and bubble
§ 0% [ departure. However, it may also be due to the effect of pressure
el ® e . Boiline o fluctuations. In work presented elsewhere [12], we show that
1 | ; ‘e pressure fluctuations in the microchannel is the main source
8 10| . S of small-amplitude resistance changes through a strain effect.
& 3 d Y Therefore, the onset of these fluctuations in the electrical
5t - B — signals is a very useful indicator of boiling, but the average
0 ‘ ‘ ‘ resistance measurements become more difficult to interpret as
0.0 0.5 10 15 20 25 temperatqre measurements. Work is ongoing to understand the
' ‘ relationship between these phenomena in the sensors.
Heat Power (W)

Fig. 9 shows wall temperature distributions at various input

Fig.7. Pressure change in a 40-channel device, measured as a function of R@¥€r. The parabolic shape results from the conduction losses
power for a fixed DI water flow rate of 0.1 mL/min.

along the walls into the fluid entrance and exit region.

120 C. Single-Channel Device Measurements
100 f N .‘:7 Figs. 10-12 plot the same measurements performed on a
o a®, single-channel device. Comparing the results, the pressure
g 80| : B I _ curves in Figs. 10 and 7 are similar, except that the onset of
B A 0ol boiling in the single channel occurs at a lower heat power (1.32
2 60 - R ] = Ho W) than in multichannels (2.14 W). This is due to the larger
E * g heat loss in the multichannel design which will be discussed in
= 40 s v Boiling, the modeling section.
=2 20 ¥ . i i i ) Because of the large change in the pressure distribution along
.f the channel as phase change is occurring, boiling instability
0 x could occur if the mass flow rate provided by the pump is cou-
0.0 0.5 1.0 15 20 25 pled with pressure loading. The instability appears as transitions
Heat Power (W) between flow patterns, that is, at some point after boiling be-
o middle point Qinlet Aoutlet gins, the fluid suddenly changes back to liquid phase, then starts

boiling again. This cycle usually has a long time period of up to

Fig.8. Local walltemperatures of a 40-channel device, measured as a funcéofew minutes. Since the instability affects the flow pattern and
of heat power for a fixed DI water flow rate of 0.1 mL/min.

heat transfer, the loading capacity should be considered in pump
design or selection for microchannel heat exchangers.

Local wall temperatures are plotted in Fig. 8. Although Fig. 11 plots the temperature changes of the inlet, outlet and

boiling is quite uniform across the channels, that is, boilingiddle point of the channel against increasing heat power. The
occurs at about the same place in each channel, current dath indicate no decrease in the wall temperature after the onset
voltage signals at every measurement point begin fluctuatio§ boiling. Once again, it should be emphasized that the un-
in time after the onset of boiling. The data also indicate @ertainty of the temperature measurements in the two-phase re-
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Fig. 10. Measurement and simulations of pressure change in a single-channe. : !

device, as a function of heat power for a fixed DI water flow rate of 0.1 mL/min.

Both homogeneous and annular flow model simulations are plotted. Fig. 12. Measurement and simulation of wall temperature distributions in a
single-channel device at three heat power levels for a fixed DI water flow rate of
0.1 mL/min. M refers to measurements, H refers to simulation result from the

140 ® homogeneous flow model, and A refers to simulation result from the annular
flow model.
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Fig. 11. Local wall temperatures of a single-channel device, measured s
function of heat power for a fixed DI water flow rate of 0.1 mL/min. CVS1= I(R)* Rw/2,
CVS2=CVS1+I(R)*Rw/2+I(R2)* Rw/2,
CVS3=CVS2+I(R2)*Rw/2+I(R3)*Rw/2,
CVS4=CVS3+I(R3)* Rw/2+I(R4)*Rw/2,

CVS5=CVS4+I(R4)* Rw/2

gionis increased due to the transient fluctuations in current a
voltage signals across the thermometers.

The wall temperature profiles in Fig. 12 are also approx
mately parabolic, as in the case of the multichannel device. T... -
highest measured wall temperature was 284 which is close
to the boiling point of water at the recorded pressure.

Although the phase-change in microchannels is not 8§ o microchannel flow. A detailed internal flow model that
stable as n macroscale channels, all our eXpe”mems Sh(9 siders both single and two-phase flow is developed to sim-
that nucl_eat|0n and small bubbl_e growth oceur in plasn]ﬂate pressure and temperature distribution with finite volume
etched microchannels under §am in hydraulic diameter. No | 04 By applying energy balance equations and using clas-

surface cond|t|pn-|ndgced superhegtlng was measured in thgﬁ%\l heat transfer coefficient fittings, the simulation and mea-
channels. Optical microscopy indicates that the tWO'pha§8rement results are in reasonable agreement.
microchannel flow is mostly annular flow with a very thin

layer of liquid. Typical bubbly and plug flow observed inA. Heat Loss Estimation
macroscopic channels are absent in these microchannels.

Fig. 13. Schematic of the thermal circuit.

Athermal circuit has been developed to estimate the heat loss
in the test system. Heat loss here is defined as the fraction of the
input power that is carried away by anything other than the fluid.

The model integrates macroscopic thermal resistances for thés shown in Fig. 13, the internal fluid flow (single phase) is
test system with microscopic finite volumes for internal mimodeled as controlled voltage sources (C\i3).is the equiv-
crochannel flow. Heat distribution is taken care of in the thermalent resistance of convective flow with heat excharigerc,,
circuit model, which predicts the fraction of heat carried awayherer is the mass flow rate, ang is the liquid specific heat).

VI. M ODELING
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TABLE I 70
THERMAL RESISTANCES OF ASINGLE-CHANNEL DEVICE
)
Resistance Value (K/W) °
R, (1/ i1 c,, fluid) 1435 2
R1 (1/hA, reservoir) 13.8 §
R2 (1/hA, entrance) 0.5 g'
R3 (1/hA, microchannel) 3.8 o
R4 (1/hA, exit) 0.5 =
R21 (VkA, entrance-reservoir) 80 %
R32 (V/kA, channel-entrance) 300 E4
R34 (I/kA, channel-exit) 300
R10 (fixture, estimated) 75 20
R40 (fixture, estimated) 130
R30 (device, estimated) 300 0.0 Qil tP (W; 0 15
eat PFower

® measurement simulation

Nodes 1 through 4 are the average temperatures of inlet reser-
voir, entrance region, microchannel, and the exit region (shown’
in Figs. 1 and 2). Nodes 11 through 41 are the average tem-

peratures of the fluid in the corresponding sections, and nodeThe measured and estimated exit water temperature during

51 is the outlet fluid temperatur&1 to R4 are forced convec- single-phase heat transfer experiments on Device 2, are plotted

. . . . - together in Fig. 14. The measurements and simulations are in
tive resistancesl(h A, whereh is convective coefficient, and L
A is convective area)R10 and R40 represent the sum of de_good agreement, indicating that the model accounts well for the

. . . various heat transfer paths in the device. We use this model to
vice-system contact resistance, system conductive, free convec:

: L . . : . estimate the fraction of the system heat loss to the fixture and
tive and radiative resistanceB30 is free convective and radla_environment as well as the fraction of the heat carried awav b
tive resistance of the devic&21, R32, andR34 are conductive y by

. ST ; . the fluid.
resstanpgs n S'.l'.COMkA’ wherel Is the [engthk 's thermal At 0.1 mL/min flow rate, the estimated system heat loss for
conductivity of silicon, and4 is cross-sectional area).

i - i I 0, 1 0, -
Ideally, all heat power, which is modeled as the currerl%evIce 1 (40-channel design) is 39%, with 20% lost to pre

source, should go throughR3 (forced convection in the heating of inlet water. The system heat loss for Device 2 (single-

. . . channel design) is 26%, with 12% lost to preheating.
microchannel) and cause fluid temperature rise. However, thequ. S .
ith the thermal circuit model, we have an accurate descrip-

exists heat loss from the device as well as the system in real tg,n of the heat transfer in the system during single-phase fluid

which is reflected by the current in other resistors in the circub. . .
. . : : . ehavior. Therefore, we can now focus on the heat transfer in-
By simulating the current in all resistors, we can predict the

heat distribution in the system. side the microchannel in the two-phase case.

The thermal _circ_uit gnalysis sugg_es?s that the_sys_tem heat IBssPhase Change Simulation
due to conduction in silicon can be limited by adjusting the ratio . ) o
of R3 to other resistors, that is, changing the geometry of the” 1-D microchannel flow and heat transfer simulation is de-
test chip. The model has been used to design the dimension¥gPPed for comparison with the experimental results [13]. The
the reservoir and channel wall thickness so as to maximize ffgulation numerically solves energy equations for heat con-

thermal conduction resistance in these regions. As an exam&%‘?non in the §|_I|con v_vaII and convection by the fluid, W_'th
Table Il lists the resistance values of Device 2, a 5 wide boundary conditions dictated by the heat loss to the environ-
tgnent. The simulation uses the finite volume method and con-

and 70 m deep single-channel design, at 0.1 mL/min flow rate’, o
b%p_ders the temperature and pressure dependence of the liquid

The thermal resistance for conduction through the silicon q ios based lati bulated d
tween the resistor and the fluid-wall interface is approximateﬁp vapor properties based on correlations to tabulated data.

0.23 K/W (single-channel) or 0.06 K/W (multichannel), while The simulation is 1-D in the direction along the channel an.d
the convection resistance into the fluid is never smaller than 3855 a:jverage Iocal_ te:npe;]atures for the sc_)l|d wall and the fluid,
K/W. As a result, the thermometers provide an accurate meastire@"dZy, respectively. The energy equations are

14. OQutlet water temperature measurement and simulation.

of the wall temperature. d dT,,
The model also suggests that increasing flow rate is an 1 </€wAw W) — NheonP(Ly — 1)
effective method to reduce heat loss. For example, at 0.5 (T — To)
mL/min flow rate, the system heat loss in Device 1 is as low - "= 4 d'w=0 Q)
as 5%, with 5% preheating. However, large flow rates may be di Ren
detrimental because the local temporal pressure increase during m dL: — Nheonvp(Tw —Tf) =0 )

phase change is severe in microchannels in this dimension.
Even silicon-glass bonds that survive 500 kPa static presswigerez is the coordinate along the channal, is the channel
could be broken by the boiling, which has been observed wall cross-sectional areajs the perimeter of the channel cross
our experiments. Therefore, we chose 0.1 mL/min flow rate 8ection, andv is the pitch of one channel. The fin effectiveness,
above experiments. Larger flow rates will be tested in futurg accounts for the temperature variation normal to the heat sink
studies. within the local channel wallg:,, is the thermal conductivity of
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silicon, 7 is the mass flow rate, ankl..,., is the convection Fig. 12 compares predictions and experimental data for the
coefficient for heat transfer between the channel wall and thall temperature distribution along the channel. Relatively poor
fluid. The fluid enthalpy per unit mass;, for two-phase flow agreement exists in the middle of the channel for 0.61 W power
is expressed in terms of local fluid quality which is the mass and the entry region for 2.12 W. The deviation for 0.61 W almost

fraction of the vapor phase, using certainly results from an error in the value of the environmental
‘ ‘ ‘ thermal resistanceli.,, in (1). The deviation for 2.12 W is
if = (1 — )it + xty 3) probably due to the effects of liquid preheating. The simulations

are reasonably effective at predicting the temperature magnitude
l(J':m_d the onset of boiling. Although they do not provide sufficient
Etail to choose between the annular and homogeneous models,
Sei %pressure drop data lend support to the homogeneous model.
: . . . . 3ice the pressure field evaluated by the annular flow model is
the environment using the resistari¢g,, in the third term. Ra- . .
. . . .. lower than that of homogeneous model, its corresponding satu-
diation heat loss is neglected due to its very small magmtucie s
. . rated-temperature field is also lower than that of homogeneous
The fluid flow equation (2) relates the change of the average - .
odel. The qualitative agreement provides support for the con-

enthalpy density of the fluid against the heat transfer rate intg . - : . .
: vection coefficient correlation, which has not previously been
the fluid from the channel walls.

Two flow models are proposed for the two-phase regime. %}plled to channels with hydraulic diameters below 0@

homogeneous flow model assumes that the liquid and vapor
have the same velocity at every positionThe other approach VIl. CONCLUSION

is annular two-phase flow model, which assumes that a thin, . . .
L . . We have developed silicon test devices with nearly-constant
slow-moving liquid film surrounds a rapidly moving core of

vapor. The data of Stanlest al.[14] for heat flux and friction heat flux boundary conditions to study forced boiling convec-

coefficient for two-phase flow along channels of comparable atfpn in microchannels. Rectangular channels with hydraulic

mension end moe stppor 1 1 Nomageneous flow mod S PEET 2 27 50T e et wos beeen L
The pressure distribution is governed by : ' P

sure and wall temperature distribution during phase change. A
dpP fm? d (m"? thermal circuit model and a detailed two-phase microchannel

- <d2) T 2oD ' dz < P ) 4 flow model yielded predictions in reasonable agreement with

the measured pressure drop and wall temperature distribution.

where subscriptsandw refer to liquid and vapor phase in two-

tion along silicon wall in the first term, convection heat transf

for the homogeneous model and by Both models should prove very useful for microchannel design.
"2 2 The experiments show that boiling occurs in plasma-etched
dP 27; m'’s d T . . . . ) .
N = =t — | — (5) microchannels with these dimensions without excessive super-
dz Dj2-6 a dz \ ap, heating

for the annular model, respectivepyis the density of the liquid-
vapor mixturep,, is the density of vapor phasgjs the globally
averaged friction factor, anfd is the channel hydraulic diam-
eter. The mass fluxn” is related to the mass flow rate by The authors wish to thank E. Towe of DARPA/ETO and S.
m” = m/A., whereA, is the cross-sectional area of the flonBenning of AFRL/IFSC for their technical input and project
passages is the liquid film thicknessy; is the shear stress atmanagement; S. Banerjee for designing and machining the fix-
liguid-vapor interface in annular flow model, ands void frac- ture; P. Zhou for helping with experimental setup; R. King, A.
tion, which is the ratio of the vapor flow cross-sectional area féartridge, E. Chow, N. Latta, J. Shott, J. McVittie, and P. Griffin
the total flow cross-sectional area. The friction facfaand the at Stanford University for their great help with the device fabri-
convection coefficient are taken from experimental correlatiogstion.
and are discussed in detail in [13].

The experimental data are compared with the simulation re-
sults in Figs. 10 and 12. Fig. 10 shows reasonably good agree-
ment between predictions and measurement data for the predtl D. B. Tuckerman and R. F. W. Pease, “High-performance heat sinking
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