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a b s t r a c t

While the vast majority of published studies on two-phase micro-channel heat sinks have been focused
on determination of pressure drop and heat transfer coefficient, very few studies have addressed the
operational limits of these devices. This study provided a comprehensive methodology for thermal design
of micro-channel heat sinks with saturated inlet conditions. This includes predictive methods for pres-
sure drop and heat transfer coefficient using universal correlations that rely on large databases amassed
from numerous sources, and which encompass many working fluids, and very broad ranges of hydraulic
diameter, mass velocity, inlet pressure, and inlet quality. This is followed by predictive tools for thermal
limits associated with dryout incipience and premature critical heat flux, as well as two-phase critical
flow limit. The three limits are combined to define an envelope for acceptable heat sink performance.
Using these tools, a parametric study is performed to determine the variation of maximum heat flux with
total volumetric flow rate for different combinations of the channel’s geometrical parameters for three
working fluids, HFE-7100, R134a, and water. Then, the values of maximum heat flux are used to assess
corresponding variations of pressure drop and maximum bottom wall temperature of the heat sink. It
is shown that maximum heat flux is dominated by different limits for different flow rate ranges, and
may be increased significantly, while decreasing bottom wall temperature, by using a large number of
small channels. Furthermore, using deeper micro-channels is shown to increase maximum heat flux
and decrease pressure drop, while producing a relatively weak adverse effect on bottom wall
temperature.

� 2016 Published by Elsevier Ltd.

1. Introduction

1.1. High-flux two-phase thermal management

As heat dissipation from electronic and power devices began to
escalate beyond the capabilities of air cooling technologies and,
later, single-phase liquid cooling technologies, thermal manage-
ment system designers shifted their attention to phase-change
cooling technologies, which capitalize on full cooling potential of
the working fluid, both sensible and latent [1].

Phase change cooling can be implemented in a variety of config-
urations, the simplest of which is pool boiling thermosyphons
[2–6]. These systems offer several advantages, including simplicity
of design, low cost, and, most importantly, passive circulation of

the working fluid with the aid of buoyancy. But low circulation
speeds place upper limits on cooling performance of ther-
mosyphons that are below the operating heat flux in many
cutting-edge electronics applications.

These limits have spurred numerous research efforts aimed at
achieving superior cooling performance by capitalizing on high
coolant speed achieved with pumped liquid loops. Currently,
attention is being placed on three primary competing pumped
two-phase cooling schemes: jet-impingement, spray, and micro-
channel [7]. Each of these schemes provides intrinsic cooling mer-
its while also posing performance challenges and limits.

Jet impingement provides enormous cooling heat fluxes, but
greatly increases coolant flow rate requirements as well as
produces appreciable temperature gradients across the heated wall
away from the impingement zone [8–10]. To mitigate large
temperature gradients, multiple jets have been recommended
[11–13] to create multiple impingement zones, but this tactic
poses additional challenges, including increased coolant flow rate
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and complex three-dimensional flow instabilities in the expelled
liquid.

Spray cooling features superior wall temperature uniformity
and reduced coolant flow rate requirements compared to jet-
impingement cooling. These merits are realized by breaking the
incoming liquid flow into a broad dispersion of small droplets,
which greatly increases both the liquid’s surface area to volume
ratio prior to impact and the fraction of heated wall area directly
impacted by liquid [14–20]. A key disadvantage of spray cooling
is greatly increased size of electronic module, brought about by
the relatively large nozzle-to-wall distance required to ensure liq-
uid breakup. Another disadvantage is the complexity of designing
spray cooling modules, given the dependence of cooling perfor-
mance on an unusually large number of parameters, including
thermophysical properties of coolant, inlet pressure, temperature

and flow rate, nozzle orifice diameter, spray cone angle, and
nozzle-to-surface distance [7].

Two-phase micro-channel cooling is commonly implemented
with the aid of a conductive micro-channel heat sink featuring
multiple sub-millimeter channels extending between upstream
and downstream plenums. Micro-channel heat sinks are very com-
pact and lightweight, provide high heat fluxes, and require mini-
mal coolant inventory [21]. Recent studies have also shown a
remarkable versatility of micro-channel heat sinks, including
adaptability to passive pumpless loops [22,23], and to implemen-
tation in hybrid modules combining the merits of both
micro-channel flow and jet impingement [24]. But, like jet-
impingement and spray cooling, they pose several drawbacks,
including large pressure drop and appreciable axial wall tempera-
ture gradients, and the potential for two-phase choking and

Nomenclature

A base area, A =W � L
Bo Boiling number, q00H/Ghfg
C parameter in Lockhart–Martinelli correlation for boiling

flows
Ca capillary number, Ca ¼ ðlf GÞ=ðqfrÞ
Cc contraction coefficient
Cnon-boiling parameter in Lockhart–Martinelli correlation for non-

boiling (adiabatic and condensing) flows
cp specific heat at constant pressure
D tube diameter
Dh hydraulic diameter
f Fanning friction factor
G mass velocity
Gc critical (choking) mass velocity
Hch micro-channel height
hfg latent heat of vaporization
htp two-phase heat transfer coefficient
k thermal conductivity
L device length (also micro-channel length)
m fin parameter
N number of micro-channels
P pressure
Pcrit critical pressure
PF wetted perimeter of micro-channel
PH heated perimeter of micro-channel
PR reduced pressure, PR = P/Pcrit
DP pressure drop
Qt total volumetric flow rate
q00 heat flux averaged over base area of heat sink
q00H effective heat flux averaged over heated perimeter of

micro-channel
q00P�CHF premature critical heat flux over heated perimeter of

micro-channel
Re Reynolds number
Ref superficial liquid Reynolds number, Ref = G(1 � x)Dh/lf

Refo liquid-only Reynolds number, Refo = GDh/lf

Reg superficial vapor Reynolds number, Reg = GxDh/lg

Sugo vapor-only Suratman number, Sugo = qgrDh/lg
2

T temperature
v specific volume
vfg specific volume difference between saturated vapor and

saturated liquid
W device width (also plenum width)
Wch micro-channel width
Ws width of solid sidewall separating micro-channels
Ws,e width of endwall of heat sink

Wefo liquid-only Weber number, Wefo ¼ ðG2DhÞ=ðqfrÞ
WeL Weber number based on micro-channel’s heated length,

WeL ¼ ðG2LÞ=ðqfrÞ
X Lockhart–Martinelli parameter, X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdP=dzÞf =ðdP=dzÞg

q
x thermodynamic equilibrium quality
xdi dryout incipience quality
Xtt Lockhart–Martinelli parameter based on turbulent

liquid-turbulent vapor flow, Xtt ¼ ðlf =lgÞ0:1ðð1� xÞ=
xÞ0:9ðqg=qf Þ0:5

z stream-wise coordinate

Greek symbols
a void fraction
b micro-channel aspect ratio (b < 1)
g fin efficiency
l dynamic viscosity
q density
r surface tension
rc area ratio, (WchN)/W
/ two-phase multiplier

Subscripts
A accelerational
c contraction
cb convective boiling dominant heat transfer
e expansion
F frictional
f saturated liquid
fo liquid only
g saturated vapor
go vapor only
in micro-channel inlet
k liquid (f) or vapor (g)
max maximum
nb nucleate boiling dominant heat transfer
out micro-channel outlet
sat saturation
tot total
tp two-phase
tt turbulent liquid-turbulent vapor
tv turbulent liquid-laminar vapor
vt laminar liquid-turbulent vapor
vv laminar liquid-laminar vapor
w wall
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