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DESCRIPTION

HIERARCHICAL HYDROPHILIC/HY DROPHOBIC MICRO/NANOSTRUCTURES FOR
PUSHING THE LIMITS OF CRITICAL HEAT FLUX

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application Serial No.
61/917,177, filed December 17, 2013, which is hereby incorporated by reference herein in its

entirety, including any figures, tables, or drawings.

BACKGROUND OF INVENTION

The primary mode of heat transfer for several decades has been single-phase cooling
due to its low cost and reliability. Very high heat flux dissipation has become critical for
miniaturized electronics with increased chip power densities. The use of microchannels for
single-phase cooling has been pursued but is limited by the high chip temperature and large
pumping power required. The traditional single-phase heat sinks are no longer capable of
dissipating the generated heat in such applications. As a result, introduction of innovative
thermal management methods is desired to address the demands of the future electronic
devices. Phase change heat sinks where boiling of a solvent is carried out has the ability to
dissipate large quantities of heat. Phase change heat transfer that utilizes latent heat of
vaporization is considered to be a solution for removing high heat flux from electronic
devices. Research of flow boiling in microchannels has focused on the heat transfer and
pressure drop performance of flow boiling in microchannels.

Flow instability, low heat transfer coefficient, and flow misdistribution have resulted
in poor performance of two-phase systems. Various techniques have been pursued to avoid
high pressure drops or pressure fluctuations. These techniques include artificial nucleation
sites, inlet restrictors, and different inlet/outlet configurations. Over the past decades,
extensive research efforts have been focused on enhancing boiling heat transfer and
mitigating its issues. Most of these studies involve modification of the heated surface to
enhance surface roughness, effective heat transfer area, or active nucleation sites. More
recently, wick structures are also employed in microchannels to promote liquid delivery to

the heated area and avoid dry-outs. Various geometries have been pursued, including:
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parallel trapezoidal cross section microchannels; parallel diverging microchannel with
artificial nucleation sites; and parallel triangular microchannels. Generally, it is held that the
use of inlet restrictors, an increase in system pressure, an increase in channel cross-section, a
reduction in the number of channels, and a reduction in channel length allow a more stable
flow in microchannels. Additional effects have been pursued by the use of: expanding
microchannels for lower pressure drop and wall temperature f{luctuation; cross-linked
microchannels; square parallel microchannels; and microchannel heat sink with structured
reentrant cavities. Open microchannels with tapered manifold configuration have been shown
to simultaneously increase the heat transfer coefficient and the critical heat flux (CHF), which
is the thermal limit of phase change during heating where there is a sudden decrease in the
efficiency of heat transfer and overheating of the heating surface. In this manner, relatively
high cooling rates without reaching CHF has been observed. However, high cooling rates
have only been achieved with high surface superheating, high mass flux, low heat transfer
coefficients, and/or low vapor exit quality. Although improvements in the heat transfer
characteristics of boiling at microscale have been reported, the nature of the boiling process is
not altered and, hence, the problems associated with boiling could not be eliminated.

The dynamics of heat transfer during nucleation process involves three different sub-
mechanisms where, during bubble nucleation, micro-layer evaporation is the most effective
mode of heat transfer and can dissipate heat fluxes up to 3 times greater than other sub-
mechanisms. Flow boiling heat transfer in microchannels display heat transfer rates with the
thin film evaporation that is greater than the average convective boiling processes. However,
thin film/micro-layer evaporative modes of heat transfer occur only for a very short period of
time (<5 ms) and over small areas, thus the overall boiling heat transfer rate is lower than
these modes. Dynamic and static instability issues associated with boiling at microscale and
identified random nucleation, sudden growth of bubbles and moving evaporating thin film
liquid cause of these instabilitics and whenever liquid-vapor interfaces are rapidly disrupted,
flow instability issues arc intensified.

Hence there remains a need to have a heat sink for miniaturized electronics with high
chip power densities that display high cooling rates, high heat transfer coefficients, low
surface superheat temperatures, high vapor exit quality, and superior coefficients of

performance (COP).
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BRIEF SUMMARY

Embodiments of the invention are directed to heat sinks that have a liquid fluid
entrance but a vapor fluid exit, where the vapor quality is 100%. The heat sink can employ a
nanofiber membrane through which vapor readily passes but liquid is constrained by the
nanoporous membrane. The device employs trenches that supply liquid refrigerant to an
active area where fins support the membrane from which refrigerant exits as a vapor to.a
condenser. The rate of liquid introduction is readily balanced with the vapor exit to be of
scrvice over an extremely wide range of heat loads. The device employs a new two-phase
cooling approach that is based on phase change over a predefined meniscus. The heat sink
utilizes micro-engineered-structures to form capillary-controlled meniscus separating liquid
and vapor fields at specific locations. This configuration maintains stable liquid-vapor
interface over a large area to employ thin film evaporation mode of heat transfer while
alleviating flow instabilities.

Embodiments of the invention are directed to two-phase heat sinks that utilize thin
film evaporation over a predefined liquid-vapor interface as the main mode of heat transfer.
In one embodiment, liquid and vapor microchannels are separated with arrays of equi-spaced
posts, which act as capillary forced valves and limit mixing of liquid and vapor phases. The
location and shape of meniscus can be altered by the device geometry, surface characteristics,
and liquid pressure at the interface. In this manner, instability issues associated with random-

moving evaporative interface in boiling can be significantly reduced.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 shows images of portions of the heat sink: a) an isometric view of the
device’s active area; b) scanning electron microscopy (SEM) image of a top view of the
active area; c¢) a further magnified view of the fins of the active area; and d) the supported
membrane, according to an embodiment of the invention.

Figure 2 shows a plot of heat flux as a function of superheat temperature for a heat
sink, according to an embodiment of the invention, relative to that reported for other heat
sinks designed for microelectronic devices, where comparative values for heat sinks that are
plotted in Figures 2-5 are from:

Chen T, Garimella S V. (2006) Measurements and high-speed visualizations of flow boiling

of a dielectric fluid in a silicon microchannel heat sink. /nt J Multiph Flow 32:957-971.
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Kalani A, Kandlikar S (2013) Experimental Investigation of Flow Boiling Performance of
Open Microchannels with Uniform and Tapered Manifolds (OMM). ASME 2013 Summer
Heat Transf. Conf. Minneapolis, pp 1-9.

Kosar A, Kuo C-J, Peles Y (2006) Suppression of Boiling Flow Oscillations in Parallel
Microchannels by Inlet Restrictors. J Heat Transfer 128:251.

Kuo C, Kosar A, Peles Y (2006) Bubble dynamics during boiling in enhanced surface
microchannels. Microelectromechanical Syst J 15:1514-1527.

Kuo C-J, Peles Y (2007) Local measurement of flow boiling in structured surface
microchannels. /nt J Heat Mass Transf 50:4513-4526.

Li D, Wu GS, Wang W, et al. (2012) Enhancing flow boiling heat transfer in microchannels
for thermal management with monolithically-integrated silicon nanowires. Nano Lett
12:3385-90.

Liu D, Garimella S V. (2007) Flow Boiling Heat Transfer in Microchannels. .J Heat Transfer
129:1321.

Morshed a. KMM, Yang F, Yakut Ali M, et al. (2012) Enhanced flow boiling in a
microchannel with integration of nanowires. Appl Therm Eng 32:68-75.

Qu W, Mudawar I (2003) Flow boiling heat transfer in two-phase micro-channel heat sinks—
I. Experimental investigation and assessment of correlation methods. Int J Heat Mass Transf
46:2755-2771.

Steinke ME, Kandlikar SG (2004) An Experimental Investigation of Flow Boiling
Characteristics of Water in Parallel Microchannels. J Heat Transfer 126:518.

Wang G, Cheng P, Bergles a. E (2008) Effects of inlet/outlet configurations on flow boiling
instability in parallel microchannels. Int J Heat Mass Transf 51:2267-2281.

Figure 3 shows a plot of heat flux as a function of mass flux for a heat sink, according
to an embodiment of the invention, relative to that reported for other heat sinks designed for
microelectronic devices.

Figure 4 shows a plot of heat transfer coefficient as a function of exit vapor quality for
a heat sink, according to an embodiment of the invention, relative to that reported for other
heat sinks designed for microclectronic devices.

Figure 5 shows a plot of the coefficient of performance as a function of heat flux for a
heat sink, according to an embodiment of the invention, relative to that reported for other heat

sinks designed for microelectronic devices.
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Figure 6 is a drawing of a heat sinks liquid and vapor microchannels that are
separated by arrays of equi-spaced posts that form capillary forced valves between the liquid
and vapor microchannels, according to an embodiment of the invention.

Figure 7 schematic of a unit cell of the embedded evaporative heat sink formed at the
capillary forced valves formed between the micro-posts as shown in Figure 6, according to an
embodiment of the invention.

Figure 8 is a schematic of the computational domain of the unit cell of Figure 7 which
is discretized by structured hexahedron meshes for computation of the characteristics of a
heat sink, according to an embodiment of the invention.

Figure 9 shows: a) a photograph the exemplary heat sink; and b) a scanning electron
microscopy (SEM) image of the liquid and vapor microchannels separated by capillary forced
valves, according to an embodiment of the invention.

Figure 10 is a schematic of a flow loop used to evaluate the exemplary heat sink of
Figure 9, according to an embodiment of the invention.

Figure 11 is an illustration of the anticipated effect of liquid pressure on the meniscus
that forms the capillary forced valve where: a) is a top view at the middle of a microchannel,
7=75um; and b is a numerical simulation of an isometric view, where AP3>AP2>AP1.

Figure 12 is a drawing of the effect of supplied pressure on the meniscus where: a)
illustrates a view at a plane at the middle of microchannel, z=75um; and b) an isometric view
over the height of the posts where AP3>AP2>AP].

Figure 13 illustrates: a) the effect of liquid pressure on the meniscus and temperature
distribution (AP3>AP,>AP;); and b) the local wall heat flux variations over the side wall of
the micro-pillars with pressure, according to an embodiment of the invention.

Figure 14 is a plot a) of wall heat flux variations over the side wall of the fins as a
function of supplied pressure (z = 50um) and b) a plot of local evaporative mass flux over the
liquid-vapor interface as a function of supplied pressure (z = 50um).

Figure 15 is a plot of a) experimental heat flux data as a function of wall superheat at
different supplied liquid pressures and a plot of b) calculated heat transfer coefficients vs.
wall superheat at different supplied liquid pressures for the heat sink device of Figure 9,

according to an embodiment of the invention.
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Figure 16 shows numerical temperature contour maps of the liquid at a relatively low
liquid pressure, left, and a relatively high liquid pressure, right, for a heat sink device of

Figure 9, according to an embodiment of the invention.

DETAILED DISCLOSURE

Embodiments of the invention are directed to heat sinks that require, but are not
limited to, a single liquid fluid inlet and have exclusively a vapor fluid outlet through a
membrane. The liquid fluid portion of a heat sink, according to an embodiment of the
invention, is illustrated in Figure 1. The fluid can be any fluid, ranging from water through
hydrofluorocarbons  refrigerants, for example: trifluoromethane,  difluoromethane,
fluoromethane, pentafluoroethane, pentafluorodimethyl ether, 1,1,2,2-tetrafluoroethane,
1,1,1,2-tetrafluoroethane, bis(difluoromethyl)ether, 1,1.2-trifluoroethane, 1,1,1-
trifluoroethane, methyl trifluoromethyl ether, 2,2,2-trifluoroethyl methyl ether, 1,2-
difluoroethane, 1,1-difluoroethane, fluoroethane, 1,1,2,2,3,3,3-heptafluoropropane,
trifluoromethyl 1,1,2,2-tetrafluorocthyl ether, 1,1,1,2,3,3,3-heptafluoropropane,
trifluoromethyl 1,2,2,2-tetrafluoroethyl ether, 1,1,1,2,2,3-hexafluoropropane,- 1,1,1,2,3,3-
hexafluoropropane, 1,1,1,3,3,3-hexafluoropropane, 1,2,2,2-tetrafluoroethyl difluoromethyl
ether, hexafluoropropane, 1,1,2,2,3-pentafluoropropane, pentafluoropropane, 1,1,2,3,3-
pentafluoropropane, 1,1,1,2,3-pentafluoropropane, 1,1,1,3,3-pentafluoropropane, methyl
pentafluoroethyl ether, difluoromethyl 2,2,2-trifluoroethyl ether, difluoromethyl 1,1,2-
trifluoroethyl ether, 1,1,2,2-tetrafluoropropane, methyl 1,1.2.2-tetrafluoroethyl ether,
trifluoropropane, or any fluorocarbon or hydrofluorocarbon. In general, flammable fluids are
avoided, but there is no limitation to the fluid as long as the boiling point is about 100 °C or
less. In an embodiment of the invention, the membrane is a nanostructured membrane that is
of a hydrophobic material. Hydrophobic materials are defined as any material upon which a
water droplet displays a contact angle of at least 90 degrees. For example, an exemplary
membrane is a polytetrafluoroethylene (PTFE) nanofiber membrane. Any other material can
be used as long as the material is hydrophobic as defined by the water contact angle.

The membrane is supported by fins, which are supports that extend perpendicularly
from the base of the heat sink in the active area of the heat sink, where the base is the surface
through which heat is transferred from the microelectronic device to the fluid through the

exposed base surface and the surfaces of the fins. The fins can have any geometry that allows
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the flow of a refrigerant between the fins. The fins permit fluid to flow from multiple sides
and are not restricted to flow from one dimension, as is common to current microchannel heat
sink devices. The fins have dimensions of about 1 to about 200 micrometer in cross-section
and have a height that is equal to or greater than the cross-section and can be about 250
micrometers or less. The fins can be of any shape; for example, the fins can be square pillars
in shape, cylinders in shape, or any polygon in shape that permits relative unimpeded flow of
fluid into the active arca. The fins can be paiterned by voids or other features on their
surfaces to increase surface area, promote nucleation of vapor, or perform any other desirable
action. The fins support the membrane and can transfer heat from the base of the heat sink.
The heat sink base and fins can be selected independently from any material with thermal
conductivity greater than about 10 W/mK. In some embodiments of the invention, the base
and the fins are of the same material. In an exemplary embodiment, the heat sink can be
silicon with a thermal conductivity of 149 W/mK. Other materials that can be employed
include metals and composites that include a filler of high thermal conductivity, such as
metal fibers, carbon nanotubes, or graphene flakes.

In embodiments of the invention, the central portion of the heat sink is the active area
that contains the fins. The active area is surrounded by trenches that fill with fluid and supply
the fluid to the active area. The trenches can have the same depth as the fins, sharing a
common base as that of the active area, or can be of other depths that promote regular even
flow of fluid into the active area. The trenches can contain a volume of fluid that is similar to
the volume of fluid that can be contained within the active area. For example, the trenches
can contain about 70 to about 150 percent of the fluid volume as the active area. The active
arca need not be square, as illustrated in Figure 1, but can be circular or of any other
geometry. Generally, although not necessarily, the geometry of the active area is a regular
geometry, for example, a regular polygon, and generally, but not necessarily, the trenches are
situated regularly about the active area.

In embodiments of the invention, a second portion, not illustrated in Figure 1, is
situated on the face distal to the base of the heat sink. The sccond portion covers at least the
active area of the first portion and directs the vapor fluid to a condenser where the vapor
reverts to a liquid for reintroduction into the heat sink. The condenser is maintained at a
temperature desirable to return the vapor to the liquid phase at a temperature equal to or

below the temperature of the liquid introduced to the heat sink. Depending on the fluid
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employed and the pressure maintained within the system, the temperature can be sub-ambient
to temperatures higher than the boiling point of the fluid at ambient pressures. The pressures
can be sub-ambient to multiple atmospheres, depending upon the heat sink material’s ability
to safely maintain that pressure, where, for example, for a metal heat sink, préssures in excess
of 100 psi are possible. The liquid fluid can return to the heat sink from the condenser by the
force of gravity or as provided by a pump. The condenser or any fluid reservoir downstream
of the condenser can be used to feed one or more heat sinks.

The exemplary heat sink, of the design indicated in Figure 1, can provide vastly
superior performance to that of state of the art heat sinks for microelectronic devices. As can
be seen in Figure 2, heat flux is plotted as a function of superheat tempcrature and is
compared to prior art heat sinks reported in the literature. The trend indicates that the heat
flux of the instant invention is a strong function of the surface superheat temperature, which,
unlike that displayed by the majority of prior art devices that employ uniform micro channels,
does not approach a plateau heat flux over the range of temperatures examined. Although not
to be limited by mechanism, the performance of the heat sink somewhat resembles that of
impingement cooling systems.

Figure 3 illustrates the hcat flux dependence on mass flux of the device. Again, in
comparison to other state of the art heat sinks, a superior heat flux is achieved at a much
lower mass flux, being more than an order of magnitude lower than that previously reported.
As the system has an unprecedented 100% vapor quality, a dramatically higher heat transfer
coefficient is achievable. When compared to the previous maximum vapor quality device,
the heat transfer coefficient is about an order of magnitude higher for the heat sink, according
to an embodiment of the invention.

Figure 4 shows a plot of the heat sinks coefficient of performance (COP) where:

COP = VAP, where V is the volumetric flow rate and AP is the pressure drop. The COP is
superior to state of the art heat sinks by more than an order of magnitude.

Hence, a heat sink, according to an exemplary embodiment of the invention, has been
constructed from silicon with a PTFE membranc, in the manner illustrated in Figure 1, that
displays a cooling rate of 383 W/em? and a heat transfer coefficient of 264 kW/m’K with an
exit vapor quality of 100% at a mass flux of 28.4 kg/mzs and a surface superheat temperature
of 23.4 °C. This compares favorably with the state of the art cooling rate of 370 W/em” that

requires a surface superheat temperature of 98.4 °C, or displays a lesser, but still relatively
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high, heat flux of 283 W/em? and heat transfer coefficient of 218 kW/m’K, but requires a
high mass flux of 372 kg/m’s with a vapor exit quality of about 10%, Kalani and Kandlikar
(2013). The exemplary heat sink, according to an embodiment of the invention, displays an
unprecedented coefficient of performance (COP) that is an order of magnitude higher than
any prior heat sink for microelectronic devices.

In an embodiment of the invention, thin film evaporation over a predefined liquid-
vapor interface as the main mode of heat transfer by employing liquid and vapor
microchannels that are separated with arrays of equi-spaced posts, which act as capillary
forced valves and limit mixing of liquid and vapor phases, as shown in Figure 6. As shown
in Figure 6, the meniscus plane is normal to the heated surface and the total evaporation
surface depends on the height of the micro-posts.

Figure 7 shows a schematic of a unit cell of the embedded evaporative heat sink
formed at the capillary forced valves formed between the micro-posts. In an exemplary
embodiment, the heat sink device is fabricated on a silicon wafer, with dimensions given in
Table 1, below, where these dimensions are selected to be within the capabilities and limits
that exist in standard state of the art micro-fabrication methods, such as Deep Reactive lon
Etching (DRIE).

Table 1: Geometrical Dimensions of micro-fabricated device

Channel Height, H (um) 150
Liquid Channel Width, ST (um) 30
Fin Width, S2 (um) 30
Vapor Channel Width, S3 (um) 30
Gap Width, 2xW1 (um) 15

Center to Center Pillar Spacing, 2xW2 (um) 35

Thermohydréulic characteristics of the proposed heat sink are computed by a set of
numerical simulations performed for the unit cell domain shown in figure 7 for different
working conditions. The computational domain is discretized by structured hexahedron
meshes, as illustrated in Figure 8. In simulations, liquid and vapor phases are separated by an
interface (ABCDEA plane in figure 8) across which the phase change occurs. The interface

temperature is fixed at the equilibrium saturation temperature corresponding to the system
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pressure. The boiling mass transfer rate at the liquid-vapor interface is equal to the jump
condition on the thermal flux divided by the latent heat of vaporization:

kg VT A+ VT | A

interface

7 ”(’Y{'Ip = L

-~

o,
g

Yo

i,
where » is interface normal vector, Ajperface 1S area of interface located within the
computational cell and V.. is the cell volume, as indicated in Figure 8. To accurately
estimate the spatial gradients at the interface, a Level-Set method is used, which is an
interface tracking scheme with a smooth and continuous nature. In Level-Set method, the
interface motion is captured by a convection equation for a Level-Set Function, ¢, which zero
level set separates the vapor phase (¢>0) from the liquid phase (¢<0):

2 3vp-0

at [2].
The level-set method is utilized only to compute the spatial gradients in calculations of
evaporation rate and surface tension forces at the interface. To track the liquid and vapor
volume fractions in each cell over the entire computational domain, a volume-conserved
technique, a Volume of Fluid (VOF) method, has been employed. In this method, a
convection equation is used to calculate the liquid volume fraction, al, as:
;—;(a[p[ ) + \7,‘7((:{!/)]) = ;';‘?emp a1
Volume conservation in each cell dictates the vapor volume fraction to be as a,=1-a1. Since,
the volume fraction values do not uniquely identify the interface between the phases, an
interface reconstructing scheme is revoked. A piecewise linear geometric reconstruction
scheme available in FLUENT, (User’s Guide for ANSYS FLUENT 12, Fluent Inc., 2009) is
employed to update the volume fraction values in each cell through a reconstruction step
followed by a propagation step. In the reconstruction step, the orientation of the segment that
divides each into the vapor and liquid parts is calculated. In the propagation Step, the flux of
volume of a particular fluid through a mixture cell face during a time step is computed and
the volume of fraction field at the new time is updated. In the exemplary heat sink device
using a length scales of 10-150 pm, the cffect of gravitational forces is found to be negligible
with respect to surface tension forces Bond number, Bo = pgl.2/c ~ 10-5 — 10-3) and is not
taken into account in the numerical simulation. Surface tension forces are considered using a

continuum surface force (CSF) model.
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The surface tension force can be converted into a volumetric force using the divergence
theorem:
2apxVa;

_(‘/Jf + p‘\} Hl

T =
where ¢ is the surface tension, p is the volume-fraction-averaged density (p = o py + @y py) In
the computational cell and x is the interface curvature calculated as the divergence of the
normal vector as:

'\7(1;

K=V.
’Vai

[5]-

This volumetric force then becomes a source for the momentum equation as follows:
(’) . . N
Z{p¥)+ V. pvv) ==Vp+ V. u(VF) 4
ax(p\)«-v (p\'\) D+ [;I(V\ }]*Fm,’ 6]

The finite-volume based solver, FLUENT, i1s employsd to solve the present multiphase

microscale problem. The evaporation model is implemented via a User-Defined Function
(UDF), written in C code and is capable of parallel computing. In the UDF, first,
computational cells located at the interface are detected. The interfacial computational cell
has at least one node with a different sign for the level set function compared to the other

nodes. Then, the interface plane (ABCDA plane in figure 8) and its normal direction (77) are

determined. Subsequently, temperature gradient component normal to the interface (VT.i7)
and area of the interface within the cells are calculated. Finally, the boiling mass transfer rate
of the interface cells (eq. [1]) is computed. The accuracy of the UDF is evaluated by the
experimental results, below.

Boundary conditions used in the simulations are provided in Figure 7. Liquid enters
the device at a constant temperature and pressure. The fluid temperature at the topside of the
field is at saturation temperature, while the top surface of the solid is assumed to be a free
convection wall. Symmetric and adiabatic boundary conditions are shown in the Figure 7.
Vapor exits the device at a constant pressure. The flow field is discretized by a uniform
computational grid. The grid dimensions of the computational domain were 0.2 um in all
three directions. A grid independence study ensured that the computational results arc
independent of the grid size. The maximum error in the calculations of local wall heat flux
and evaporative mass flux were found to be less than 3% when the grid size was reduced by a

factor of 2. Simulations were performed using UF NESL Sandy-Bridge cluster, which is a
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high performance server having computing nodes of hexa core Intel Xeon E5-2620
processors at 2 GHz and 32 GiB of RAM, where all simulations were run with 96 parallel
cores.

Figure 9 shows SEM micrographs of the micro-fabricated heat sink. There are two
types of microchannels inside the heat sink, as indicated in Figure 9b: channels with an open
inlet port (liquid channels) and channels with blocked inlets (vapor channels). As the
working liquid flows into the liquid microchannels, the capillary force acting between two
consecutive posts forms a meniscus between the pillars, which stops the liquid from entering
into the vapor channel. Geometrical dimensions of the exemplary micro-fabricated device
are presented in Table 1.

Device performance was tested in a custom made vacuum chamber in which the
pressure and temperature can be controlled, as shown schematically in Figure 10. The
selected cooling liquid, distilled water, is delivered to the heat sink through a piezoelectric
micropump (Model MP6, manufactured by Bartels Mikrotechnik GmbH), with two Vacuum
Setra pressure transducers (Setra 730) for monitoring the pressures inside the chamber and
the heat sink. An Agilent data acquisition system was used for recording the pressure and
temperature data of the chamber and the device. The water vapor generated during the device
operation was condensed by a thermo electric cooler (TEC) and returns back to the water
reservoir.

To accurately measure the surface heat flux, the heat transfer loss of the device was
measured as a function of its surface temperature. The heat was dissipated to the ambient and
to the wiring system that connects the device heaters and sensors to a set of terminals. A
measurement was conducted while the heat sink was dry and the energy supplied to the
device to maintain it at a set temperature 1s considered to be its heat loss.

Hydraulic Characteristics:

Under steady state condition, liquid flows in the main channels and forms a meniscus
between the gaps of the two adjacent microposts, in the manner illustrated in Figure 6. The
liquid-vapor interface is characterized by surface tension and pressure of supplied liquid.
Namely, at equilibrium, the hydrostatic pressure acting on the meniscus should cqual friction
and capillary forces. At the interface, the Young-Laplace equation:

20, cosb,

AP=P-P =
R
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where oy is surface tension of water, 6, is the advancing contact angle, R is the radius of
curvature and P; and P, denote liquid and vapor pressure, respectively.

In order to study the flow characteristics in the heat sink, a set of visualization
experiments were conducted. A transparent MEMS device with similar microstructure was
fabricated in Polydimethylsiloxane (PDMS), using soft-lithography techniques and was then
covered with a thin PDMS membrane. Tests were conducted at different liquid pressures to
investigate their effect on the shape and position of the meniscus. Images were captured from
the top-side of the device and at the middle height of the microchannel (z = 75 pm). At low
pressure, the interface curvature is almost zero and surface friction force acting on the
interface balances the pressure of the liquid and prevents liquid from flowing into the gap.
Increasing the pressure, as illustrated in the figure 11a, increases the curvature of meniscus
and expands the contact arca between liquid and side walls of the post. The meniscus, which
is still pinned to the top and bottom walls, starts to curve and move forward to compensate
for the increased pressure. Further increase in the pressure will result in the complete
progress of the meniscus until it is pinned at the end of the gap, as illustrated in Figure 11a.
The same trend in the advancement of the meniscus by increasing the liquid pressure is also
captured in the simulation results and illustrated in Figure 11b. However, slight differences
in the shape and the position of interface are can occur and to visualize these differences, as
in Figure 11, a constant contact angle measured by the static sessile drop method is assumed
and the sidewall scallop pattern formed in Deep Reactive lon Etching (DRIE) process affects
the surface flatness of the micropillars, which differs from perfectly flat side walls that are
assumed for the numerical simulations. When the pressure reaches a critical value (burst
pressure), increasing the curvature (i.e. reducing the radius of curvature) is insufficient to
cancel the excess pressure force and the meniscus breaks to allow the liquid flows into the
vapor channel. Use above the critical pressure is undesirable since it eliminates the liquid-
vapor interface and therefore is detrimental to the performance of the heat sink device.

Figure 12 shows the steady state temperature ficld of the liquid and vapor phase as
well as the particle path in the unit cell at low pressure. Liquid heats as it comes close to the
fins and evaporates at the interface. As can be seen from particle path in Figure 12a, higher
evaporation rates occurs in the vicinity of the wall, where a significant temperature gradient
exists between the wall and interface. Non-uniform evaporation rate over the interface causes

the liquid to have high velocity near the wall and low velocity in the middle and therefore
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imposes vortices in the flow pattern near the interface. The particle path for a 3D meniscus 1s
shown in Figure 12b, which illustrates that vortices occur over the entire meniscus to ensure
delivery of liquid to the high evaporation regions.

With the increase in the liquid pressure, the cooling liquid will flow further inside the
gap and brings more liquid in contact with the side walls of the posts. Modeling assumes that
the flow conditions are similar to flow between two walls with constant temperature. The
small hydraulic diameter of the gap corresponds to significant heat transfer rate between the
wall and liquid and therefore liquid temperature can rise quickly, as suggested in Figure 13a.
The variation of wall heat flux on the side wall of fins is illustrated in Figure 13b. Three
distinct regions can be identified as the liquid comes in contact with the fins: Region (A-B)
where micro-convective heat transfer dictates the mechanism of heat transfer between the
solid and liquid phases, where the heat transfer rate is significant at the entrance, an entry
length effect, and decreases as the liquid advances through the gap; Region (B-C) in the
vicinity of the interface, where conduction is the major mode of heat transfer to remove heat
from the fins with conduction heat transfer increasing as the distance between the wall and
meniscus reduces and reaches a maximum at the interface at point C; and Region (C-D) in
the vapor phase domain where heat transfer is significantly lower compared to the liquid
phase because of lower thermal conductivity and density of water vapor.

Figure 14a shows the rvariation of the heat flux over the side wall of the fins at
different pressures. At low pressure, wall heat flux starts from a maximum value very close
to the inlet of the gap and decreases rapidly. This results because, at low pressure, the
meniscus is formed very close to the gap entrance and, therefore, regions A- B and B-C will
overlap and result in relatively high wall heat flux at the inlet, which quickly reduces as vapor
comes in contact with the wall. Increasing the pressure brings the liquid further inside the
gap and the aforementioned regions can clearly be identified. Further incursion into the gap
will increase the temperature of liquid and results in higher conduction heat transfer from
wall to interfacc.

Local evaporative mass flux over the liquid-vapor interface at different supplied
liquid pressure is depicted in Figure 14b. Iligh evaporative mass flux in the vicinity of the
micro-pillars declines at the center of interface where a lower temperature gradient exists. As
the supplied liquid pressure increases, the gradient of the mass flux drop drops. The reason

for this relationship is apparent from Figure 13a in which a more uniform temperature field



wh

10

15

25

WO 2015/095356 PCT/US2014/070903

15

within the micro-pillars is obtained at higher liquid pressure. So as the supplied liquid
pressurc increases, the uniformity of evaporative mass flux over the entire interface increases.
The average evaporative mass flux increases with pressure due to an intensified heat transfer
characteristics of the liquid encapsulated between the micro-pillars at elevated supplicd
pressure. Evaporative mass {lux, as plotted in figure 14b, demonstrates that the heat sink is
not limited by constraints that are common to other evaporative cooling systems, where most
of all evaporation occurs from a small area, which decreases overall thermal performance.
The heat sink devices according to embodiments of the invention show higher and more
uniform evaporation rates over the entire liquid-vapor interface.

Experimentally observed effects of the supplied inlet pressure on the thermal
performance of the heat sink device of Figure 9, as a function of superheat temperature, is
shown in Figure 15. Increasing the liquid pressure intensifies the liquid temperature gradient
at the meniscus, which leads to an increase in the heat flux dissipated by the device at a
constant wall superheat temperature as can be seen in Figure 15a. Figure 15a provides heat
flux data of the numerical simulation with experimental results, showing agreement within
17%. The difference between the numerical and experimental results is consistent with: a
non-uniform pressure distribution within the device that varies from micro-pillar to micro-
pillar because of a pressure drop inside the liquid channels as opposed to the constant liquid
pressure used in the computations; assumption of sidewall flatness of the micro-pillars in
simulations as opposed to a scallop patterned wall formed by the Deep Reactive Ion Etching
(DRIE) process during fabrication; assumption of a constant contact angle in simulation
rather than a contact angle that is dynamically varying between advancing and receding
angles; and the slight variation in the experimental local surface temperature of the heat sink
observed in experiments but estimated by a constant averaged-temperature in the numerical
simulations.

Figure 15b shows heat transfer coefficients versus the surface temperature at different
liquid inlet pressures. The heat transfer coefficient increases with increasing liquid pressure
and decreases as the surface temperature rises. As boiling starts inside the device, the stable
liquid-vapor interface breaks and the heat transfer coefficient drops as indicated in Figure
15b).

Experimental results presented in Figure 15 illustrate that increasing the liquid

pressure delays the onset of nucleation boiling temperature in the heat sink. To explain this
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behavior, a set of numerical simulations were conducted based on the experimental
conditions to explore the region that has the highest probability for triggering the bubble
nucleation process, a region with highest temperature and the lowest heat transfer coefficient.
The simulations suggest that the region of highest probability of bubble nucleation is located
farthest from the interface and close to the center line of the liquid channel. Figure 16
illustrates the liquid temperature contours of a vertical plane intersecting the center line of the
liquid channel at two different inlet liquid pressures. As shown in Figure 16, increasing the
liquid pressure results in a lower bulk temperature, which suppresses bubble nucleation in the
main channel.

All publications referred to or cited herein are incorporated by reference in their
entirety, including all figures and tables, to the extent they are not inconsistent with the
explicit teachings of this specification.

It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

this application.
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CLAIMS

We claim:

1. A phase change heat sink, comprising:

at least one liquid fluid inlet;

an active area comprising a plurality of fins extending from a base;

a trench surrounding said active area and accessed by said liquid fluid inlet,
wherein said trench provides a liquid fluid to said active area; and

a membrane, wherein said membrane covers said active area and said

membrane is permeable to fluid vapor from said liquid fluid.

2. The phase change heat sink according to claim 1, wherein said trench is a liquid
microchannel for said liquid fluid and said plurality of fins extending from a base comprises
an arrays of equi-spaced posts, wherein said active area includes a vapor microchannel
separated from said liquid microchannel by capillary forced valves between pairs of said

equi-spaced posts.

3. The phase change heat sink according to claim 1, wherein said liquid fluid is water.

4. The phase change heat sink according to claim 1, wherein said liquid fluid is a

fluorocarbon or a hydrofluorocarbon.

5. The phase change heat sink according to claim 1, wherein said fins have cross-

sections of 1 to 200 micrometers.

6. The phase change heat sink according to claim 1, wherein said membrane is a

hydrophobic membrane.

7. The phase change heat sink according to claim 1, wherein said membrane is

nanoporous.
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8. A method to cool a microelectronic device, comprising:
contacting a microelectronic device to at least one phase change heat sink
according to claim 1;
providing said liquid fluid to said heat sink;
absorbing heat by vaporizing said liquid fluid to fluid vapor;
passing said fluid vapor through said membrane of said heat sink.
condensing fluid vapor at a condenser to reform said liquid fluid; and
re-providing said liquid fluid to said heat sink, wherein the vapor quality of

said fluid vapor is 100%.
9. The method of claim 8, wherein said providing is performed with a pump.

10. The method of claim 8, wherein said vaporizing said liquid fluid to fluid vapor occurs
at a capillary forced valves between said trench in the form of a liquid microchannel for said
liquid fluid and a vapor microchannel and situated between equi-spaced posts that comprise

said plurality of fins extending from a base comprises an arrays of said equi-spaced posts.
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