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ABSTRACT 

A design calculation has been performed to determine thermal limits in support of an experiment 
in two-phase microchannel water cooling. Under the operating condition (one atmosphere 
pressure and 23 "C inlet temperature), the calculation predicts that the experimental channel can 
withstand a maximum surface temperature of 115°C and a heat flux up to 975 W/cm2 without 
exceeding the critical heat ff ux limit. The predicted results also indicate that a uniform heat flux 
along the channel in the two-phase domain can be achieved so that the heat losses fiom the 
experimental test section can be calculated in a straightforward manner. 

INTRODUCTION 

As heat flux increases with increasing feature density on semiconductor devices, effective 
cooling becomes more important'". A two-phase microchannel water cooling design is being 
examined to determine thermal limits under low-pressure and low-flow boiling conditions. 
There are several advantages in two-phase system performance over that of single-phase. Two- 
phase systems can dissipate high power because of high heat transfer coefficients. For the same 
pumping power, two-phase systems can operate at up to six times higher heat flux levels than 
single-phase systems. In addition, two-phase systems can maintain a nearly uniform surface 
temperature along the channel length at a few degrees above the coolant saturation temperature. 
Two-phase systems require only a small pumping power because of low flow rates and lower 
pressure drop over a wide operating range. 

Experimental measurements will be made to determine flow instability and/or critical heat flux 
(CHF) limits in a microchannel under high heat flux conditions. To aid in the design of the 
microchannel construction and to interpret the experimental data, thermal analyses have been 
performed. This paper presents a design calculation to determine whether the chip can survive 
high heat flux loads up to 975 W/cm2 and to ensure that a uniform heat flux is achieved along the 
experimental channel. 

DESIGN DESCRIPTION AND CALCULATIONS 

A liquid-cooled heat sink normally consists of multiple parallel channels. However, to allow 



measurement of CHF and to avoid flow excursion in a parallel channel configuration, a single- 
channel heat sink experimental design was chosen. To facilitate multiple flow excursiodburnout 
experiments, a silicon wafer was etched to create several identical patterns, Each pattern 
consists of a single channel with inlet and outlet reservoirs as shown in Fig. 1. The channel 
dimensions are 50 pm wide, 300 pm deep, and 1 cm long with a channel wall 50 pm thick. Heat 
is supplied by a thin-film metal layer (100 pm wide x 1 cm long x -1 pm thick), which was 
sputtered onto the thermally-oxidized back surface of the wafer under the flow channel. Inlet 
and outlet reservoirs with an area of 4 mm x10 mm were etched as an integral part of the wafer to 
accommodate piping connections as well as instrumentation and control devices. 

The temperature distribution in the silicon heat sink and flow conditions in the channel were 
calculated iteratively. A simple FORTRAN routine was written to solve the correlations at the 
assumed conditions, Given the heat flux at the heater surface and the flow rate, the subroutine 
calculates two-phase flow performance parameters including the heat transfer coefficients for 
each phase, the location where transition fiom single- to two-phase flow occurs, the pressure 
drop over the channel, the exit quality, and the pumping power. Once the position-dependent 
coolant temperatures and heat transfer coefficients are calculated in the channel, HEATING76 
was used to calculate the temperature distribution within the silicon structure along with heat 
fluxes on selected boundaries. The calculated peak temperature is then compared to the 
maximum allowable temperature. If the temperature remains below the maximum allowable, the 
calculation stops; otherwise, the heat flux is decreased and the calculation is repeated until the 
required temperature is satisfied. 

RESULTS AND DISCUSSION 

Burnout in a two-phase microchannel can be achieved by decreasing the mass flux incrementally 
while keeping the power constant. At a heat flux of 975 W/cm2 on the heater surface (or an 
equivalent heat flux of 150 W/cm2 at the channel surfaces), the relevant flow parameters were 
calculated (using the FORTRAN routine) as a function of decreasing mass flux (Table 1). The 
minimum mass flux is maintained at 375 kg/m2 s to avoid CHF, a value reported by Mishima’ 
based on his experimental data. 



Table 1. Flow characteristics in a single two-phase water microchannel. 

Reynolds 
Number 

V(m/S)  AP' 

m a )  

1.044 .243 

.991 .242 

.939 .240 

387 .237 

335 .232 

Pumping Exit 
PoweP Quality 
(m W) 

3.797 .145 

3.595 .160 

Fraction 
of 
Single- 
Phase 
Length" 

.496 

.47 1 

.447 

100.25 1 

95.238 950.0 

900.0 3.378 I .177 90.226 

850.0 .O 133 

800.0 

3.149 

2.909 

85.213 .442 

80.20 1 .397 

75.188 .372 

70.175 .347 

65.163 .323 

60.150 .298 

55.138 .273 

750.0 1 .0117 .783 I .227 2.662 I .241 

700.0 I .0110 .730 I .220 2.410 I .269 
I -  

.0102 
~~ 

.678 .212 

.626 .203 

.574 .193 

.522 .181 

.470 .168 

650.0 

600.0 

2.157 .300 

1.905 .337 

1.658 .381 

1.417 .433 

.00939 

.0086 1 550.0 

500.0 .00783 50.125 I .248 

.00704 1.185 I .497 45.113 I .223 450.0 

400.0 I .00626 .417 I .154 ,967 I .577 

375.0 I00587 .391 I .147 ,863 I .625 

This pressure drop consists of only the acceleration-induced component, which is dominant in a 

Pumping power is the product of pressure drop and volumetric flow rate. 
high quality flow region. 

"This is the subcooled length measured from the inlet and is normalized by the heated length of 
the channel. 

To completely characterize the flow, heat transfer coefficients and bulk temperatures were also 
calculated. In the single-phase region, a constant Nusselt number correlation* was used because 
the flow is laminar. The heat transfer coefficient is about 54.2 kW/m2K and the bulk temperature 
increases from the inlet temperature of 23 "C to the saturation temperature at the point where 
the flow transitions from single- to two-phase flow. In the two-phase region, the Chen 



correlation9 was used because of the high exit quality conditions. The heat transfer coefficient 
was as high as 3.03 MW/m2K due to bubble effects inside the channel, and the superheat was 
about 3 "C at one atmosphere. 

In the HEATING7.2 conduction model, only one-half of the domain was considered due to 
geometric symmetry. The origin of the coordinate system was located at the bottom center of the 
channel with positive x measured from the inlet to the outlet, positive y measured fiom the 
center of the channel to the edge of the domain, and positive z measured from the bottom of the 
channel to the top of the heater. Six types of boundary conditions were specified: two natural 
convection boundaries to the inlet and the outlet water reservoirs, one forced convection 
boundary to the single-phase water in the channel, one forced convection boundary to the two- 
phase water in the channel, one constant heat flux boundary fiom the heater, and one natural 
convection boundary to the air for the remaining uninsulated surfaces. Specifically, flow 
conditions inside the channel €or the 375 kg/m2s case were: a heat transfer coefficient of 54.2 
kW/m2K, for O<x<O. 186 cm; a heat transfer coefficient of 3.03 MW/m*K, for 0.186 <x<l .O cm; 
T i,l,=23 "C, and Tbdk (x>0.186 cm)=lOO "C. Once these conditions were specified, 
HEATING7 calculated temperature and heat flux distributions for the heat sink. 

The maximum temperature and location are important to the design. The temperature 
distribution for a heat flux of 975 W/cm2 at the heater surface and a mass flux of 375 kg/m2s is 
shown in Fig. 2. The results show that the wall surface temperature ranges from about 65 to 110 
"C if a zero heater thickness is assumed. The temperature is seen to be uniform around the 
perimeter of the channel in the two-phase region, which is desirable for determining heat Iosses 
for burnout experiments. In actuality, the heater is separated from the silicon surface by a thin- 
film silicon oxide layer, and the surface temperature is increased due to an additional thermal 
resistance. The thermal conductivity of the layer depends on the silicon oxide crystal structure. 
Assuming a conductivity of 5 W/mK and a 1 pm silicon oxide layer, a maximum surface 
temperature of 1 15°C was calculated. The maximum temperature is located slightly upstream of 
the transition fiom the single- to two-phase flow region, where a sharp discontinuity in heat 
transfer coefficients exists. 

A heat flux uniformity is also desirable in assessing the CHF. The heat flux distribution is 
shown in Fig. 3, which covers a range from -5 to +10 MW/m2. Positive heat flux indicates 
incoming heat flow to the computational domain, and negative indicates outgoing heat flow. The 
heat flux profile on the channel perimeter becomes more uniform moving from the inlet to the 
outlet. In the vertical direction, the heat flux remains uniform after penetrating the thin silicon 
oxide layer and then spreads uniformly along the channel surfaces as desired, particularly in the 
two-phase flow region near the channel exit where CHF is most likely to be exceeded because 
the pressure is the lowest. 

CLOSING REMARKS AND FUTURE WORK 

The prediction indicates that the designed channel will produce a maximum wall temperature of 
1 15 "C. Furthermore, the results show that the designed channel can provide a relatively uniform 



heat flux in the two-phase region. Moreover, the designed channel can survive a heat flux of 
975 W/cm2 without exceeding the critical heat flux limit. Once these predictions are validated by 
the upcoming experiments, efforts will focus on semiconductor chip applications where flow 
excursion phenomena become important in a heat sink system with multiple, parallel channels. 
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Figure Captions 

Fig. 1. Layout of the water-cooled microchannel heat sink design (all dimensions in mm). 

Fig. 2. Predicted temperature distribution of the microchannel heat sink at 975 W/cm2 heater load 
and 375 kg/m2s mass flux. 

Fig. 3. Predicted heat flux distribution of the microchannel heat sink at 975 W/cm2 heater load 
and 375 kg/m2s mass flux. 
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