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Unlike prior published two-phase micro-channel studies that concern mostly miniature heat sinks, the
present study addresses transport characteristics of a heat sink containing large length-to-diameter
micro-channels. The copper heat sink has a 609.6-mm long by 203.2-mm wide base area, and contains
100 parallel micro-channels having a 1 x 1 mm? cross-section, and a length-to-diameter ratio of 609.6
to 1. The study addresses pressure drop characteristics of R134a for subcooled inlet conditions with inlet
pressures of 689.4-731.3 kPa, mass velocities of 75.92-208.79 kg/m? s, and base heat fluxes of 4036-

ff/;?é ‘::fﬁf;nnel 28,255 W/m?. The data are compared to predictions of the Homogeneous Equilibrium Model (HEM) in
Heat sink conjunction with six different two-phase mixture viscosity relations, correlations based on the
Flow boiling Separated Flow Model (SFM) and intended for macro-channels, and correlations based on SFM and

intended for micro-channels. Overall, fairly good predictions are achieved with HEM, compared to poor
predictions with the macro-channel SFM correlations. The micro-channel SFM correlations fared better,
yielding mean absolute error values as low as 6.66%. Flow visualization results show appreciable periodic
fluctuations in two-phase flow patterns, which include four primary patterns: bubbly/slug, slug, transition,
and annular, along with two other patterns associated specifically with downstream dryout: transition
and annular. These observations point to the need for more research to address the role of flow instabil-
ities and fluctuations in flow pattern development.
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1. Introduction A variety of two-phase cooling schemes have been proposed,

whose design is based not only on thermal requirements but pack-

1.1. High-flux thermal management schemes

Development of many modern thermal devices is facing a myr-
iad of challenges, including compact and lightweight design, and,
most importantly, ability to dissipate enormous amounts of heat
from small surface areas while maintaining relatively low surface
temperatures. In the past, these challenges were adequately met
with a variety of finned air-cooled surface attachments, and in
more demanding situations, single-phase liquid cooling schemes.
But further escalation in heat dissipation prompted a shift to
two-phase cooling schemes, which, unlike single-phase schemes
that rely on sensible heat rise to dissipate the heat, capitalize on
both sensible and latent heat of the working fluid. Aside from their
ability to dissipate much higher heat fluxes, two-phase schemes
produce comparatively mild changes in surface temperature corre-
sponding to large fluctuations in the heat flux [1].
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aging concerns as well. Initially, efforts were focused on incorpo-
rating capillary-driven two-phase devices. But these devices pose
many challenges, including relatively low to moderate heat flux,
limited thermal span for conventional heat pipes [2,3], and startup
issues for capillary pumped loops and loop heat pipes [4]. A popu-
lar passive cooling alternative to capillary-driven devices is ther-
mosyphons, which rely on simultaneous pool boiling and
condensation as well as buoyancy to achieve the required thermal
performance. Thermosyphons provide a variety of advantages,
including low cost, passive coolant circulations, and adaptability
to cooling both small and large heat-dissipating packages. Addi-
tionally, their performance can be greatly enhanced by modifying
the surface with micro-grooves, micro-fins, or extended surfaces
[5-7]. Nonetheless, these strategies are often insufficient at han-
dling the high heat fluxes encountered in many modern
applications.

With these shortcomings, two-phase thermal management has
recently shifted to active cooling schemes, which utilize a mechan-
ical pump to circulate the coolant. The generic advantage of these
schemes is their ability to enhance cooling performance by faster
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Nomenclature

A cross-sectional area of flow channel
Abpase total base area of heat sink

B coefficient in Chisholm correlation
Bd Bond number

Bo boiling number

C parameter in Lockhart-Martinelli correlation
Ce contraction coefficient

Cp specific heat at constant pressure

D diameter

Dy hydraulic diameter

f friction factor

fapp apparent friction factor

Fr Froude number

G mass velocity

g gravitational acceleration

h enthalpy

He micro-channel height

hg latent heat of vaporization

H, plenum height

j superficial velocity

k exponent in Chisholm correlation

L length; micro-channel length

MAE mean absolute error (%)

m mass flow rate through micro-channel
Nen number of micro-channels in heat sink
Neonf Confinement number

p pressure

Pr frictional perimeter

Py heated perimeter

Ap pressure drop

Q heat input

qz heat flux based on total base area of heat sink

ay heat flux based on heated perimeter of micro-channel
Re Reynolds number

Su Suratman number

T temperature

u velocity

v specific volume

v specific volume of two-phase mixture

Vg specific volume difference between vapor and liquid
Wen micro-channel width

We Weber number

W, plenum width

X Lockhart-Martinelli parameter

X vapor quality

Xe thermodynamic equilibrium quality

z coordinate along flow direction

Greek symbols

a void fraction

p aspect ratio of micro-channel, =W, /Hep

r parameter in Chisholm correlation

o thickness of hydrodynamic boundary layer

5 dimensionless thickness of hydrodynamic boundary
layer

0 percentage predicted within +30%

IS paramer in Lee and Lee correlation

U viscosity

14 percentage predicted within +50%

p density

p density of two-phase mixture

OH two-phase mixture density based on Homogeneous
Equilibrium Model

g surface tension; standard deviation

O contraction area ratio

Oe expansion area ratio

T wall shear stress

@2 pressure drop multiplier

v paramer in Lee and Lee correlation

10} coefficient in Beattie and Whalley viscosity model

Subscripts

A accelerational

avg average

c inlet contraction

e exit expansion

exp experimental (measured)

F frictional

f liquid

fo liquid only

G gravitational

g vapor

go vapor only

in micro-channel inlet

k liquid (f) or vapor (g)

out micro-channel outlet

pred predicted

sat saturation

sp single phase

tp two phase

tt turbulent liquid-turbulent vapor

ty turbulent liquid-laminar vapor

vt laminar liquid-turbulent vapor

Vv laminar liquid-laminar vapor

fluid motion. The most basic of these schemes are macro-channel
flow boiling [8-12] and those utilizing falling films [13]. However,
there is now consensus that the most effective two-phase cooling
schemes are those utilizing micro-channel flow, jet impingement,
and sprays [14]. Even more effective are ‘hybrid cooling schemes’
combining the merits of micro-channel flow boiling and jet
impingement [15].

Jet-impingement has been used in a broad variety of applica-
tions demanding highly concentrated heat removal, but is known
to produce large gradients in the heat-dissipating surface [16].
And while they require only moderate pressure drop (mostly
across the jet nozzle) [17], they demand large coolant flow rates,
especially when implemented in multi-nozzle arrangements; such

arrangements are also known to induce unpredictable flow and
instabilities in the spent fluid emanating between adjacent
impingement zones.

Spray cooling is often deemed a competitor to jet-impingement
cooling. Its primary advantage compared to the latter is better sur-
face temperature uniformity, brought about by breaking the liquid
flow into fine droplets prior to the surface impact. These droplets
acquire a broad range of trajectories, ensuring better surface tem-
perature uniformity than with jet impingement [18-22]. Overall,
spray cooling requires higher pressure drop but lower coolant flow
rate than jet impingement. An important drawback of spray cool-
ing is dependence of its cooling performance on an unusually large
number of parameters (nozzle design, cone angle, nozzle-to-
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surface distance, inlet subcooling, flow rate, etc.), rendering spray
performance far more difficult to predict compared to micro-
channel cooling or jet-impingement.

1.2. Two-phase micro-channel cooling

Aside from their ability to tackle very high heat transfer coeffi-
cients (mostly because of small hydraulic diameter) and high crit-
ical heat flux (CHF), two-phase micro-channel cooling also greatly
decreases size and weight of cooling hardware, and minimizes
coolant inventory requirements [23-27]. They also provide great
adaptability to very high heat flux situations, such as water cooling
of industrial turbine blades and fusion reactors, with heat fluxes in
excess of 10% and 10* W/cm?, respectively. Most notably, Bowers
and Mudawar experimentally achieved CHF values up to
27,600 W/cm? using highly subcooled and high mass velocity
water flow through small diameter tubes [28,29]. Another interest-
ing development is the ability to incorporate micro-channel heat
sinks into pumpless two-phase loops [30]. However, as indicated
by Bowers and Mudawar, design of micro-channel heat sinks
requires a very thorough understanding of pressure drop and heat
transfer characteristics in order to avoid such complications as (1)
high compressibility, (2) flashing, (3) two-phase choking, (4) flow
instabilities, and (5) pre-mature CHF [23].

To alleviate the shortcomings of micro-channel flow boiling,
efforts in recent years have been focused on (1) amassing new
databases for different working fluids and channel geometries,
aided by high speed video capture of interfacial behavior, and (2)
developing improved methods for prediction of pressure drop, heat
transfer coefficient, and CHF. Most of these studies involve micro-
channel heat sinks containing many parallel micro-channels that
are formed into a thermally conducting substrate. Pressure drop
in these studies is assessed using a variety of predictive methods,
including several variations of the Homogeneous Equilibrium
Model (HEM) and Separated Flow Model (SFM), as well as empiri-
cal formulations. A few theoretical models have also been pro-
posed for heat sinks incurring annular flow [23].

1.3. Objectives of present study

While most prior studies addressing the transport characteris-
tics of two-phase micro-channels have focused on small heat sinks
compatible with electronics devices, the present study is focused
on much larger heat sinks containing parallel large length-to-
diameter micro-channels. The present study concern pressure drop
characteristics of these heat sinks.

This study is motivated by the need to develop multi-kilowatt
evaporators for future space vehicles that could tackle heat
removal from both avionics and crew. As discussed in [31-33],
adaptation of flow boiling in reduced gravity situations poses a
host of unique fundamental and practical challenges. A recent
study by the authors [34] addressed the challenges of incorporat-
ing large area micro-channel heat exchangers as evaporators in
Hybrid Thermal Control Systems (H-TCS) to tackle the heat
removal in space vehicle. The H-TCS allows the two-phase hard-
ware to be automatically reconfigured into a vapor compression
loop, a pumped two-phase cooling loop, or a pumped single-
phase loop. In follow-up studies, the authors examined local heat
transfer characteristics of a large area micro-channel heat sink
using a vapor compression TCS [35,36], as well as related practical
implementation concerns [37].

This present study concerns implementation of a large area
micro-channel heat sink utilizing the pumped loop configuration
of the H-TCS. A unique aspect of this study compared to the major-
ity of prior investigations of two-phase micro-channel heat sinks is
large length-to-diameter ratio. The long micro-channels

investigated here provide a broad axial span along which detailed
evolution of interfacial features and flow patterns may be
carefully measured and captured via high-speed video. Large
micro-channel length also represents a very valuable parameter
that can aid in the assessment of prior correlations developed
for relatively short micro-channels. The main objectives of this
study are as follows:

1. Perform detailed experimental investigation of the influence of
key flow parameters on micro-channel pressure drop.

2. Assess the accuracy of several variations of HEM and SEM, the
latter including formulations for macro-channels and micro-
channels, against the experimental data.

3. Explore transient variations of local flow regimes and pressure
drop for different operating conditions.

2. Experimental methods
2.1. Two-phase flow loop

Fig. 1 shows a schematic diagram of the two-phase cooling loop
that is configured to condition the working fluid, R134a, to desired
operating conditions at the inlet to the micro-channel module. This
fluid is selected based on a number of considerations, including the
loop’s thermodynamic performance, maximum system pressure,
flow rate requirements, and both safety and environmental con-
cerns [34]. Shown in Fig. 2(a) and (b) are, respectively, front view
and rear view 3D-CAD renderings of the entire test facility.

Both heat transfer measurement and high-speed video analysis
are performed with the micro-channel module. Within this mod-
ule, heat is supplied to the fluid from a thick film heater situated
beneath a micro-channel heat sink. The electrical power input is
supplied by an auto-transformer and measured by a power meter.
The power input causes the liquid entering the micro-channel
module to undergo gradual change of phase along the micro-
channels. As shown in Fig. 1, the two-phase mixture exiting the
micro-channel module is routed into a Trenton air-cooled con-
denser, where the fluid is brought to subcooled liquid state by
rejecting heat to ambient air. Heat rejection from the condenser
and the temperature of fluid exiting the condenser are adjusted
by controlling the condenser’s fan speed using a solid-state con-
troller connected to a permanent split capacitor motor. Pressure
within the flow loop is adjusted mainly by a PID controller that
receives signals from a pressure transducer mounted at the con-
denser outlet, and power input to an electric heater submerged
in the loop’s liquid reservoir. The reservoir’s pressure serves as a
set point for the flow loop. A Lytron modular cooler supplies cold
water through a helical coiled tube inside the vessel, which con-
denses the R134a vapor to liquid state. Liquid R134a is subcooled
further through a SWEP plate-type heat exchanger that is con-
nected to a second Lytron modular cooler, to make certain that
no vapor is routed to the downstream pump or turbine flow meter.
The fluid is circulated within the loop using a GB series magnetic
drive gear Micropump, which is driven by a Baldor 3-phase motor
and controlled by a VSTIMX AC duty Microdrive. Volumetric flow
rate is measured by the turbine flow meter before passing through
a manual control valve followed by the micro-channel module.

2.2. Construction of Micro-channel module

Fig. 3(a) shows a 3D CAD diagram illustrating the detailed lay-
ered construction of the micro-channel module. The main compo-
nent of the module is an oxygen-free copper heat sink having a
609.6-mm long by 203.2-mm wide top surface. Machined into
the top surface are 100 parallel micro-channels having a
1 x 1 mm? cross-section. Uniform heat flux is supplied to the heat
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Fig. 3. (a) Construction of micro-channel module. (b) Frontal view showing inlet flow manifold and pressure instrumentation. (c) Rear view showing temperature

instrumentation and outlet manifold.

sink using a Watlow thick-film heater. The copper heat sink tem-
peratures are measured with type-E thermocouples at several axial
locations provided in Table 1. The heat sink and thick film heater
are contained in an insulating housing made from G-7 fiberglass
and insulated beneath by a layer of G-10 fiberglass. The tops of
the micro-channels are closed off by a transparent cover plate
made from polycarbonate plastic (Lexan), which provides optical
access to the two-phase flow along the micro-channels. The multi-
ple layers of the micro-channel module are pressed tightly
together using a stainless steel cover brace and aluminum support
bars atop, as well as aluminum support bars below.

As shown in Fig. 3(b) and (c), the inlet and outlet plenums of the
micro-channel module possess four flow ports each, which serve to
enhance uniformity of flow distribution among the micro-
channels. Each of the flow ports contains a Sporlan Venturi throat
flow distributor and a custom flow manifold.

Table 1
Dimensions of the copper micro-channel heat sink and axial locations of the heat sink
thermocouples.

Length Width
[mm] [mm]

609.6 203.2 100

Number of
channels

Thermocouple axial locations [mm]

44.2,102.1, 160.0, 217.9, 275.8, 333.8,
391.7, 4343, 507.5, 565.4

2.3. Measurement instrumentation and data acquisition

As shown in Fig. 3(b), pressure is measured at the inlet and out-
let of the micro-channel module by a combination of two Omega-
MMA absolute pressure transducers and a Honeywell-THE differ-
ential pressure transducer. As depicted in Fig. 3(c), temperature
of the copper heat sink is measured at several axial locations with
the aid of type-E thermocouples, which possess the highest See-
beck coefficient of 68 uV/°C among the different thermocouple
types. Each thermocouple is inserted along a stainless steel sheath,
with the junction set along the centerline of the copper heat sink.

Volumetric flow rate is measured by a Flow Technology FTO
series turbine flow meter, which is installed in the single-phase lig-
uid portion of the flow loop. A Yokogawa WT310 power meter is
used to measure the voltage, current, and power input to the
thick-film heater.

An FET multiplexer collects signals from the thermocouples,
pressure transducers, flow meter, and power meter, which are pro-
cessed by an HP 3852a data acquisition system. Measurement
errors and uncertainty propagated in key calculated parameters
(using root sum square method) are provided in Table 2.

Images of the two-phase flow along the micro-channel module
are captured by a Photron-Ultima APX high-speed camera fitted
with a 105-mm Nikkor lens. This camera is capable of shutter
speeds as high as 1/120,000 s.



S. Lee et al./ International Journal of Heat and Mass Transfer 115 (2017) 1258-1275 1263

Table 2

Measurement error and uncertainty propagation.
Parameter Error  Parameter Uncertainty

(%) (%)
Absolute pressure, p +0.1 Heat transfer coefficient, <5.92
hep
Differential pressure, +0.1 Pressure drop, Ap <0.1
Ap

Temperature, T +0.5  Vapor quality change, Ax, <3.23
Mass flow rate, 1 +0.12
Heat input, Q +0.3

2.4. Operating conditions
The micro-channel module’s inlet quality, X, i, is determined

from the relation

hin — hf __ Cpf(Tsat —Ti)
hfg hfg

Xein = ; (1)
where ¢, 5, Tsar, and hy, are based on saturation pressure measured at
the module’s inlet, and T;, is the measured inlet temperature. The
outlet quality is determined by applying an energy balance to the
entire module,

Xeout = Xeiin + (qubase)/mhfgv (2)

where gj is the heat flux based on the 609.6-mm long by 203.2-mm
wide surface area, Apgse, Of the heat sink, and m the total flow rate of
R134a. Table 3 provides the detailed operating conditions tested in
this study.

3. Pressure drop predictive methods
3.1. Pressure drop components

The pressure drop measured by the pressure transducers in the
micro-channel module’s inlet and outlet plenums includes the sud-
den contraction loss and expansion recovery, respectively. Total
pressure drop, Ap, across the module for subcooled inlet conditions
also includes pressure drops associated with single-phase flow and
two-phase flow across the micro-channels. The total pressure drop
is expressed as

Ap = Ap. + Apg, s + (ADipr + APyp g + ADipa) + ADe, 3)

where Apc, Apsps, AP,k ADip,cy APip.a, and Ap, are pressure drop
components associated, respectively, with inlet contraction pres-
sure loss, upstream single-phase liquid flow, two-phase friction,
two-phase gravity, two-phase acceleration, and outlet expansion
recovery.The contraction loss and expansion recovery are
expressed, respectively, as [38]

sz/f 1 2 b
ApCT|:<C_C_1> +(1-07)

{1 + %} , @)
vy

Table 3
Operating conditions of micro-channel module.

where
_ Wcththh
R ThT (5)
and
Ap, = G*0.(1 — 0o)y; [1 + %} 6)
f
where
_ Wcththh

Notice that W, = H;, =1 mm in the present study. In Eq. (4), the
contraction coefficient, C., associated with the Vena-contracta is a
function of the area contraction ratio, o, and obtained from a rela-
tion by Geiger [39],

1-o0,
Ce=1- 2.08(1—o0.) +0.5371" ®)
The single-phase liquid pressure drop is expressed by
2f 1y G*Lop sV
APy = = P ©)

where f,pp is the apparent friction factor, which accounts for flow
development effects in addition to liquid friction. For hydrodynam-
ically developing laminar single-phase flow, f,p;, values are obtained
from Shah and London [40], and fitted to a Churchill and Usagi [41]
type empirical correlation. A continuous expression for f,,, span-
ning both the developing and fully-developed single-phase regions
was derived by Copeland [42],

1/2

2
+ (fsp.fReSP-f)

o Regs = |32(= 120 o
appTspd = ’ Resprh
for Reg; < 2000, (10)

where f;, ris the friction factor for fully-developed single-phase flow
through a rectangular channel with aspect ratio g (where g < 1), and
is given by

foprReps = 24(1 — 1.3553p + 1.94674° — 1.7012p°
+0.9564p* — 0.2537p°). (11)

For hydrodynamically developing turbulent single-phase flow,
the apparent friction factor is calculated using an analytical solu-
tion by Zhi-qing [43] for a circular tube based on L5 the axial
extent of the turbulent single-phase region,

1 0.25

fap= -
" {(1-0256"+006676")" | Lsos/Dn

for Regs > 2000,

(12)

G [kg/m? s] qs" [W/m?] Xein Xeout Pin [kPa] Number of Ap data points (69 total)
75.92 4005-10095 —0.031 to —0.022 0.331-0.893 688.3-690.0 4

94.90 3990-12185 —0.032 to —0.026 0.256-0.853 690.7-691.6 5

113.88 4039-16184 —0.039 to —-0.025 0.206-0.956 691.5-695.0 7

132.86 4074-17999 —0.038 to —0.026 0.174-0.908 692.7-699.2 8

151.85 4004-20185 —0.038 to —0.029 0.148-0.892 693.1-704.3 9

170.83 3993-24028 —0.040 to —0.031 0.128-0.944 694.1-711.9 11

189.81 4031-26209 —0.040 to —0.030 0.111-0.928 695.0-721.4 12

208.79 4039-28209 —0.041 to —0.030 0.096-0.927 695.9-731.3 13
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where
Lys/Dy = 1.4039Re} 76" (1+0.15775" — 017935
~0.01685" +0.00645"") for 5" < 1. (13)

The dimensionless hydrodynamic boundary layer thickness,
5" (= 6/(Dp/2)), is determined by solving Eq. (13), but, where the
flow becomes fully-developed, 6" is set equal to unity, which
reduces Egs. (12) and (13), respectively, to

Dy) 025

_ (0.07+ 031652/t 14
o ( ReOZ ) Lyy/D; a4
and

Lyps /Dy = 1.3590Re},7. (15)

As for the two-phase region, Apy, ¢ =0 for horizontal flow, and
the two-phase pressure drop is composed of only frictional and
accelerational components,

Lp d
Apy = APy + APpa = / [_ (d_lz)) :|dZ
0 tp

L))

The integration in Eq. (16) is performed along the flow direction
using the one-dimensional finite difference method from the loca-

{1 S ey + (1 %)) 3G e + (1 —Xe)yf]}&"‘ G vy (72

The momentum conservation equation for two-phase flow
along a uniformly heated channel can be expressed as [44]

(dp) G+ G (19)
dz) 14 ¢ [xe 9 4 (1 - x,) d”f]

where 1r, Pr, and A, are, respectively, the frictional shear stress, fric-
tion perimeter, and flow area. The frictional shear stress can be
expressed as

1G?

:ffm ﬁMM% + (1 - Xe) vy, (20)

where f;, is the two-phase friction coefficient.

The energy conservation equation is expressed as [44]
dre _ 1
4z {hy + G oglxeve + (1 - xe)vy]}

qZ]PH dh dhf dp 2 B
(B [ G (1= x) ] o - Gl + (1=
dv, dvf] dp
< ra-nglE) .

where g}, is the heat flux applied to the heated perimeter, Py, of the
channel.

Egs. (19) and (21) are ordinary differential equations that can be
combined to yield the following relation for two-phase pressure
gradient [44],

<3§> {1 + O [xevg+ (1-

P )Vf]} +G [Xe e 1 (1-xe) d”f] -

tion where X, = 0 to the micro-channel outlet, since X, o, < 1 for the
present study. The two-phase pressure gradient, —(dp/dz),,, can be
determined using one of two models, the Homogeneous Equilib-
rium Model (HEM) and the Separated Flow Model (SFM), details
of which will be addressed in the following sections.

3.2. Two-phase pressure drop

3.2.1. Homogeneous Equilibrium Model (HEM)

The Homogeneous Equilibrium Model treats the two-phase
mixture as a pseudo fluid that obeys simple single-phase conserva-
tion relations, with the two-phase mixture properties evaluated
using appropriate averaging techniques. Three key assumptions
of HEM are: (a) velocity profile across each phase is uniform and
velocities of the two phases are equal, (b) pressure is uniform
across the flow area, and (c) mixture properties are uniform across
the flow area.

With a slip ratio of vapor velocity to liquid velocity equal to
unity, the mixture density, given by
1 1
p O(pg + (1 - o{),Df

provides a simple relationship between void fraction, o, and ther-
modynamic equilibrium quality, x.,

1+ (2‘;’)( xexeﬂl_ (18)

=XeVg + (1 —X)vp =0, (17)

dh, dhe]’
ek [xe e+ (1 - %) 5]

(22)

which can solved by marching along the axial direction using the
Runge-Kutta method. The two terms in the numerator of Eq. (22)
represent contributions of friction and acceleration, respectively.
And the three terms in the denominator represent, in order, kinetic
energy, compressibility, and flashing effects. The compressibility
effects are reflected in specific volume gradients with respect to
pressure, dv,/dp (k = g for vapor and f for liquid), and the flashing
effects by enthalpy gradients with respect to pressure, dh/dp.
The quality is then determined by integrating the expression for
dx./dz given by Eq. (21).

The two-phase friction factor, fy,, for circular tubes is a function
of the two-phase mixture Reynolds number, Re;, = GDy/ tip, where
lp is the two-phase mixture viscosity [45],

Table 4
Two-phase mixture viscosity models employed in conjunction with the Homoge-
neous Equilibrium Model (HEM).

Author(s) Mixture viscosity
McAdams et al. [46] A X 1xe
Hp — By Ky
y
Akers et al. [47] i = E—
(1=Xe)+%e (—;)
Cicchitti et al. [48] Hep = Xellg + (1 = Xe) iy
Dukler et al. [49,50] _ XeUgltg +(1-Xe) Uy
lutp T XevgH(1-Xe)vr
Beattie & Whalley Hep = Optg + (1 —)(1 +2.50) 1y
51 _ X Uy
[51] o=y
Lin et al. [52 _ MM
[ ] 'utp Mg+ XMU:[ He)
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Table 5
Correlations for two-phase frictional pressure gradient.
Author(s) Equation(s) MAE (%)
Macro-channels
Lockhart & Martinelli [53 dp\ _ 2 _ (dp/dz) 87.22
> (B), = (B),07 0 = 1+5+3.X = Gt
Cyp =5,Crp = 10,Cpr = 12,Cr = 20
Chisholm [58] - 05 377.11
(%), = (%)ﬁ)(pﬁ,,(pﬁ, = {1 (2 - 1B (1 - x) ) +x§*")]
0.5
r= ((% (%)) . k=1 for Rey, < 2000,0.25 for 2000 < Re;, < 20000,0.2 for Re;, > 20000
details of parameter B are available in [58]
Friedel [59 dp\ _ 100.64
59 (®), - (8),%
091 0.19 0.7
¢fo (1 - %) + 22 (&) ( go) +3.24x078(1 — Xe)““(z/) (“!) (] _ %) Frt;o.mswet;o.o%
Frip = gvgr Wew = G2t P = seapsitsrsy
Miiller-Steinhagen & Heck [60] d d d d 13 (d 24.99
(8), = {(8), ~2[(®),, - @) Jrfa x>+ () 2
Mini/micro-channels
Mishima & Hibiki [61 q d 27.54
ishima ibiki [61] (Tg)F:(?g)fd,},d)f:]Jr)g(Jr%’
For rectangular channel, C = 21[1 — exp(—0.319 x 10°Dy)]; Dj(m)
For circular channel, C = 21[1 — exp(—0.333 x 10°D)]; D (m)
Tran et al. [62] dp\ _ (dp 2 _ & _ /1 192.72
(dl)r - (dz)fu¢f°’N‘°”f &y} (_ \/‘:d)
¢f =1+ [43 G — 1] Nam@57 (1 = x) %7 + X} 7]
Lee & Lee [63] d d iy u? 40.31
(), = (B) 01 07 =1+ S =" 0= 50
ny — 6.833 x 10—8/1—1 3]7w0'719R€%557, Ctv _ 3.627R€27']74
Cye = 6.185 x 10 °Ref,’?®, C = 0.048Ref*!
u & Mudawar [64 dp\ _ (d 2 2 6.66
° o (8), - () -1+
C =211 — exp(—0.319 x 10°D;)](0.00418G + 0.0613)
Sun & Mishima [65] For Ref <2000 and Rey < 2000, 35.17
dj Re |
(a‘?)F - (% ) 0F F =148+, C=26(1+ 5 [1 - exp (rolng)]
For Rey > 2000 or Reg > 2000,
” d Reg) 04 (1-x,\ O3
(€)= (&) 7 oF =1gfmtib. C=179(55) (%)
Zhang et al. [66] (%), - (% g) $F, F=1+5+5, C=21[1 - exp(~0.142/Neoy)] 17.56
Kim & Mudawar [57] (%p) _ (LT) ¢f d); —14§+h, X2= gp;sz 14.56
z) g z f ) X2 (dp/dz
d 2y G -—x’ (4 AR
_(‘Tg)f: 1Y ! X '_(le))g: gv:,h X
fi = 16Re;;! for Re, < 2000
fi = 0.079Re;,*% for 2000 < Re;, < 20,000
fi = 0.046Re;*? for Re, > 20,000
For laminar flow in rectangular channel,
fiRei = 24(1 — 13553+ 1.9467? — 1.70124> + 0.95644* — 0.25378°) for Re, < 2000
where subscript k denotes f or g for liquid and vapor phases respectively
— D,
035 0.35
Cron_boiting: 0-39Re33 %! (%) , 0.39Re3% 5] (%)
0.14
Cron_boiting: 8-7 x 107*Re% 75050 (g) , Re; > 2000, Reg < 2000 (tv)
g
0.36
Cron—boiting 0.0015Re%595u2019(g—/) , Re; < 2000, Re; > 2000 (t)
t:4
0.48
Cron_boiting? 3.5 x 10 °Rel 4451050 (ﬁi) , Re; < 2000, Re; < 2000 (vv)
g
C: Coon_hoiing |1 + 60Wel, (Bo )" "° | Rey = 2000
1.09
C: Cron—boiling {1 +530Wel? (Bo‘,’,—':) ],Ref <2000
fqJ = 16Re[p] for Rey, < 2000, (23) For laminar flow in a rectangular channel, Eq. (23) must be
replaced by [40]
fip = 0.079Re;,***for 2000 < Re;, < 20,000, (24) ”
and ftp Reo e (l —1.35535 + 1. 9467ﬁ - 1. 70125
4 5
fp=0. 046Re"°2for Reyp = (25) +0.9564p" — 0.2537p°) for Re;, < 2000. (26)
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Table 6
Application ranges of SFM two-phase frictional pressure gradient correlations.
Authors(s) Diameter Adiabatic/ Fluid(s) Configuration Remarks
boiling
Macro-channels
Lockhart & Martinelli [53] Dp=1.49-25.83 mm Adiabatic Water, oils, benzene, kerosene C, H/V Low pressure:
(various angles), p =110-360 kPa
single channel
Chisholm [58] N/A Boiling Water, R22, liquid metals CH, Turbulent-turbulent
single channel flow
Friedel [59] Dy >4 mm Adiabatic Air-water, air-oil, R12 R/C/ANN, H/VU/VD Mostly circular tube
data,
25,000 data points
Muller-Steinhagen & Heck D, =4-392 mm Adiabatic Air-water, air-oil, argon, argon-ethanol, R/C, H/VU/VD 9300 data points
[60] argon-water, steam-water, hydrocarbons,
neon, nitrogen, R11, R12, R12
Mini/micro-channels
Mishima & Hibiki [61] D, =0.7-25.37 mm Adiabatic Air-water, Ammonia, R113-N2 R/C, VU/H,
single channel
Tran et al. [62] Circular: Boiling R134a, R12, R113 R/C, H, p = 138-856 kPa,
D =2.46,2.92 mm single channel pr=0.04-0.23,
rectangular: 610 data points
Dp =2.40 mm
Lee & Lee [63] D,=0.78, 1.91, 3.64, Adiabatic Air-water R, H, water:
6.67 single channel Jr=0.03-2.39m/s
Hp=04,1, 2, 4mm air:
W =20 mm Jjg=0.05-18.7 m/s
X=0.303-79.4,
Res, = 175-17700,
305 data points
Qu & Mudawar [64] Dy =348.9 um Boiling Water R, H, 21-channel heat sink
Wep =231 pm, multi-channel
Hep =713 pm
Sun & Mishima [65] Dy =0.506-12 mm Adiabatic/ Adiabatic: R/C/Semi-triangular/ Res=10-37000,
boiling/ air-water, R134a, R22, R236ea, R245fa, ANN, Reg=3-4 x 10°,
condensing R407C, R410a single channel, 1840 data points
boiling: multi-channel
water, CO,, R123, R134a, R22, R402a,
R404a, R407C, R410A, R502, R507
condensing:
R134a
Zhang et al. [66] Dy =0.07-6.25 mm Adiabatic/ Adiabatic: R/C, H/VU, 2201 data points
boiling air-water, N-water, air-ethanol, air-oil, single channel,
NHs, N>-R113, R134a, R22, R236ea, R404a, multi channel
R410A
boiling:
water, R134a, R12
Kim & Mudawar [57] Dy =0.349-5.35 mm Boiling Water, R12, R134a, CO,, R410A, R22, R/C, H/VU, Rey, = 156-28010,

R245fa, FC72, ammonia

single channel,
multi-channel

pr=0.005-0.78,
2378 data points

C: circular, R: rectangular, ANN: annulus, H: horizontal, VU: vertical upwards, VD: vertical downwards.

Notice that the two-phase Reynolds number and two-phase 2/3 1
friction factor are functions of the specific mixture viscosity rela- o= |1+ Py ( —Xe
tion employed in HEM. Table 4 provides six popular relations for Pr Xe

the mixture viscosity.

)

(27)

3.2.2. Separated Flow Model (SFM) and Slip Flow Model

Unlike HEM, the Separated Flow Models (SFMs) allow for
velocity differences between the two phases. While SFMs also
allow velocity variations within each phase, the simplest form
of the SFM, the Slip Flow Model, assumes uniform velocity pro-
files within each phase. With a slip ratio of vapor velocity to
liquid velocity different from unity, the simple relation between
o and x. employed with HEM, Eq. (18), is not valid for the Slip
Flow Model. This is why several alternative relations between «
and x. have been proposed to facilitate closure in implementing
momentum and energy conservation when employing this
model [53-56]. Despite differences among these relations, they
provide fairly similar predictions for the two-phase accelera-
tional pressure gradient for micro-channels [57]. The relation
by Zivi [54]

is the most popular of these relations and is therefore employed in
the present study.

For the Slip Flow Model, the accelerational pressure gradient is
given by [57]

dp\ _ .d| X (1-x?
7<E>A_G |50 T
2 Xe 1—x.] dx. X2 (1-x.)*| da
¢ z{yﬁ fl—oc}a_ a2 T (1) | dxe
(28)
where
do v\ 1
dx, <1/_> 2312 29)
¢ N et (1-x) (/)]
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Fig. 4. Comparison of present pressure drop data with predictions of Homogeneous Equilibrium Model using two-phase viscosity models/relations of: (a) McAdams [46], (b)
Akers [47], (c) Cicchitti et al. [48], (d) Dukler et al. [49,50], (e) Beattie and Whalley [51], and (f) Lin et al. [52].

and
dxe _ qyPu
dz — GAhg

(30)

The frictional pressure gradient is expressed as the product of a fric-
tion factor for each phase, fi, and corresponding two-phase multi-

plier, ¢2 [57].

dp\ _ (dp\ ., [dp\
(E)F = (E)ﬂ’f = (E)fg’

where

(dp\ _ 2f;0rG* (1 - x.)°
dz f Dh

and

(dp\ _ 2, 0,G*x2
dz g Dh ’

The friction factors in Egs. (32) and (33) are given by
fr = 16Re; " for Re, < 2000,

31

(32)

fr = 0.079Re,** for 2000 < Re; < 20,000,

and

fr = 0.046Re;** for Re, > 20,000,

where

Rey = Rey = fo")Dh for liquid
and

Re, = Rey = GxDy for vapor.

g

(35)

(36)

(37)

(38)

For laminar flow in a rectangular channel with Re, < 2000, the
friction factor is obtained by using Eq. (26) after substituting fj

for f, and Rey for Reyp,.

Table 5 provides a summary of four macro-channel and seven
micro-channel SFM correlations for the frictional component of
pressure drop that are assessed in this study. Table 6 provides

additional details concerning these correlations.
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Fig. 5. Variation of two-phase mixture viscosity with thermodynamic equilibrium quality predicted according to different viscosity models adopted in conjunction with the
Homogeneous Equilibrium Model.
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Fig. 6. Comparison of present pressure drop data with predictions of empirical separated flow correlations recommended for macro-channels: (a) Lockhart and Martinelli
[53], (b) Chisholm [58], (c) Friedel [59], and (d) Miiller-Steinhagen and Heck [60].

4. Assessment of pressure drop predictive methods outlet recovery, Ap.. Excepting Apgr identical formulations

are used to predict all the other pressure drop components
as discussed in the previous sections. The accuracy of predic-
tions is quantified with the aid of mean absolute error (MAE),

4.1. Assessment methodology

The present pressure drop data include not only the two- defined as
phase frictional pressure drop, Apyr but also the pressure , A A
drops associated with two-phase acceleration, Apy,a, inlet con- MAE(%) =N Z [APyred = Abexs| % 100]. (39)

traction, Ap., upstream single-phase liquid flow, Apg,; and APeyy
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Fig. 7. Comparison of present pressure drop data with predictions of separated flow empirical correlations recommended for micro-channels: (a) Mishima and Hibiki [61], (b)
Tran et al. [62], (c) Lee and Lee [63], (d) Qu and Mudawar [64], (e) Sun and Mishima [65], (f) Zhang et al. [66], and (g) and Kim and Mudawar [57].

Predictive accuracy is further assessed by parameters 0 and ¢,
which are defined as percentages of the data predicted within
+30% and 50%, respectively, as well as standard deviation, o,
which is defined as

\/z (MAE — MAE,wg)
(%) = .

(40)

4.2. Experimental data versus HEM predictions

Fig. 4 compares the present pressure drop data with predictions
of HEM using the six two-phase viscosity relations provided in
Table 4. Overall, excepting the viscosity relation of Cicchitti et al.
[48], Fig. 4(c), all the other viscosity relations show fairly good pre-
dictions of the data, evidenced by MAE values below 15.83%, and 6
and ¢ better than 94.29% and 97.14%, respectively. For the relation
of Cicchitti et al., MAE = 25.56%, and 0 and ¢ are 74.29% and 82.86%,
respectively.

The inferior performance of the Cicchitti et al. relation can be
explained by examining a particular test corresponding to

q;=8098 W/m? and G=97.32kg/m?s, for which this relation
showed a MAE of 82.20% compared to less than 16% for all the other
relations. Fig. 5 shows the dependence of the different viscosity
relations on thermodynamic equilibrium quality for this particular
test, where the liquid and vapor properties are evaluated at the
average of the micro-channel inlet and outlet pressures. Excepting
the Akers relation [47], all the other viscosity relations satisfy the
limiting conditions of g, = s for x.=0 and p, = pg for x. =1, but
follow different trends in between. Notice that the relation of Cic-
chitti’s et al. over-predicts mixture viscosity considerably, espe-
cially at low qualities, compared to the other relations, resulting
in higher values for two-phase friction factor, f;p, which is reflected
in higher MAE values for this relation. Interestingly, the relations of
McAdams [46] and Dukler et al. [49,50], which provide the lowest
estimates for mixture viscosity, also yield the best predictions.

4.3. Experimental data versus predictions of Macro-channel SFM
correlations

Fig. 6 compares the present experimental data with predictions
of SFM correlations recommended for macro-channels. The
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Fig. 8. Variations of pressure drop across micro-channels with (a) heat flux, (b) mas velocity, (c) exit quality, and (d) length of single-phase liquid flow region.
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correlations by Lockhart and Martinelli [53], Fig. 6(a), Chisholm
[58], Fig. 6(b), and Friedel [59], Fig. 6(c), are shown yielding poor
predictions, reflected by MAE values of 87.22%, 377.11%, and
100.64%, respectively. Far better predictions are achieved with
the Miiller-Steinhagan and Heck correlation [60], Fig. 6(d), which

has a MAE of 24.99%. The superior performance of this correlation
may be explained by its broad application range, being based on
9300 data points for rectangular and circular channels, including
several fluids with drastically different thermophysical properties,
and different flow configurations and flow orientations. On the
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Fig. 10. Contributions of individual pressure drop components to total pressure drop predicted according to Kim and Mudawar’s correlation [57] for different operating

conditions corresponding to (a) fixed heat flux and (b) fixed mass velocity.

other hand, the Lockhart and Martinelli correlation and Friedel cor-
relation, which greatly over-predict the data, are derived from rel-
atively small databases. And the Chisholm correlation, which
shows the highest MAE, is based on adiabatic flow data, but mod-
ified for flow boiling at high vapor and liquid (turbulent-turbulent)
flow rates.

4.4. Experimental data versus predictions of Micro-channel SFM
correlations

Fig. 7 compares the present experimental data with predictions
of SFM correlations recommended for mini/micro-channels. Over-
all, predictions based on these frictional drop correlations are far
better than those for macro-channels, Fig. 6. Interestingly, the Mis-
hima and Hibiki correlation [61], Fig. 7(a), shows fair agreement
(MAE = 27.54%) despite being based on adiabatic flow data. Of
the seven micro-channel correlations examined in Fig. 7, the one
by Tran et al. [62], Fig. 7(b), shows the highest MAE of 192.72%.
A unique feature of the Tran et al. correlation is its use of the
liquid-only pressure gradient, (dp/dz)s,, and liquid-only multiplier,
¢, while all the others are based on (dp/dz); and ¢ where
q&f =1+ C/X +1/X% The Lee and Lee correlation [63], which, like
Mishima and Hibiki’s, is based on adiabatic flow data, but high
aspect ratio channels, shows a higher MAE of 40.31%, Fig. 7(c).
And, while Qu and Mudawar’s correlation [64] employs a formula-
tion similar to that of Mishima and Hibiki, its reliance on data for
flow boiling with subcooled inlet conditions in a multi rectangular
channel heat sink, conditions similar to those of the present study,
shows the best overall predictive accuracy with a MAE of 6.66%,
Fig. 7(d). The remaining three correlations by Sun and Mishima
[65], Zhang et al. [66], and Kim and Mudawar [57], are each based
on a very large database and a variety of fluids and flow configura-
tions. Among the three, better accuracy is achieved using the cor-
relation of Kim and Mudawar, Fig. 7(g), followed by Zhang et al.,
Fig. 7(f), and Sun and Mishima, Fig. 7(e), with MAE values of
14.56%, 17.56%, and 35.17%, respectively.

4.5. Dominant component of pressure drop

Further insight into the pressure drop characteristics is
achieved by examining the variations of pressure drop relative to
key parameters, as well as the contributions of individual pressure
drop components to total pressure drop. This is accomplished by
examining predictions based on the correlations of Qu and Muda-
war [64] and Kim and Mudawar [57], which, as shown in Fig. 7,
yielded the lowest MAE of the seven micro-channel correlations
tested, 6.66% and 14.56%, respectively.

Fig. 8 shows parametric variations of measured pressure drop as
well as pressure drop predicted according to the Qu and Mudawar
and Kim and Mudawar correlations. Shown are pressure drop vari-
ations relative to heat flux, Fig. 8(a), mass velocity, Fig. 8(b), exit
quality, Fig. 8(c), and single-phase length, Fig. 8(d). In each case,
remarkable agreement is achieved between the data and predicted
trends for both correlations.

Fig. 8(a) shows pressure drop increases monotonically with
increasing heat flux, qj, but with a slope that increases with
increasing G. For fixed qj, Fig. 8(b) shows pressure drop increases
linearly with increasing G, with a slope that also increases with
increasing qj. The increases relative to g and G are primarily the
result of increasing frictional pressure drop brought about by
increases in mean velocity of the two-phase mixture. Increasing
qj also increases the fraction of the micro-channel length undergo-
ing flow boiling. Fig. 8(c) shows Ap increasing monotonically with
increasing qj. It should be emphasized that the counterintuitive
decrease in Ap with increasing x. for a given heat flux is in fact
the result of decreasing G. Fig. 8(d) shows longer upstream
single-phase liquid length, Ly, is achieved at high G and small gj.
The same figure shows Ly, decreases and Ap increases with
increasing qj. Here too, the increase in Ap with increasing L, is
the result of increasing G.

Figs. 9 and 10 show the percentage contributions of individual
pressure drop components to total pressure drop predicted accord-
ing to the correlations of Qu and Mudawar [64]| and Kim and
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Fig. 11. Representative (a) photographs and (b) schematics of R-134a transient flow boiling patterns at four axial locations along micro-channel heat sink at two different

times, t; and t, for gj = 12,109 W/m? and G = 94.9 and 132.9 kg/m?s.

Mudawar [57], respectively. In each case, the variations of compo-
nent percentages are presented against G and gj. Overall, these
plots show pressure drop is dominated overwhelmingly by two-
phase friction (Apy,r). Figs. 9(a) and 10(a) show the percentage
contributions of pressure drop components versus G for two heat
fluxes, qj = 4036 and 16,146 W/m?s. Notice how the percentage
contribution of two-phase acceleration (Apy ) is quite small for
q3=4036 W/m?s and more noticeable for qj=16,146 W/m?s.
For the lower heat flux, the Ap, r percentage is shown decreasing

with increasing G, while, for the higher heat flux, the percentage
contribution of Ap,r increases slightly and Ap, . decreases with
increasing G.

Figs. 9(b) and 10(b) show the percentage contributions of pres-
sure drop components versus qj for two mass velocities, G = 94.9
and 208.8 kg/m? s. Both figures show the App,4 PEICENtage increas-
ing and Ap,, s mostly decreasing with increasing qj as Ly, decreases.
The decrease in the Aps, s percentage is also a bit more pronounced
for G =208.8 kg/m? s compared to 94.9 kg/m? s.
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Fig. 12. Pressure variations along micro-channel heat sink predicted according to Qu and Mudawar [62] and Kim and Mudawar [44], along with observed local flow patterns

for g = 12,109 W/m? with G =97.03 and 134.64 kg/m? s.

5. Flow visualization of interfacial behavior and flow patterns

Notice that, in addition to the parameters discussed earlier,
pressure drop is influenced by interfacial behavior and dominant
flow patterns. To better understand boiling behavior along the
micro-channels, high-speed video imaging is used to capture
interfacial behavior and flow patterns in two adjacent micro-
channels, as well as transient fluctuations, at four axial locations
and mass velocities of G=94.9 and 132.9 kg/m?s. Fig. 11(a)
shows representative flow images, while corresponding schemat-
ics are depicted in Fig. 11(b). For each mass velocity and axial
location, two different images are provided for two different
times, t; and t,, corresponding to instants of highest and lowest
liquid content in one cycle of the periodic flow pattern fluctua-
tions as suggested in a previous study by the authors [35]. It is
important to note that the ability to identify dominant flow pat-
terns during flow pattern fluctuations is, at times, hindered by
high complexity of interfacial structures, especially near flow pat-
tern boundaries. Four primary flow patterns are identified: bub-
bly/slug, slug, transition and annular, along with two other
patterns associated specifically with downstream dryout: transi-
tion and annular. Observed in subcooled and low quality saturated
boiling regions, bubbly/slug flow fluctuates between bubbly flow,
consisting of a large number of smaller bubbles, and slug flow,
where small bubbles coalesce into large oblong bubbles separated
by liquid slugs containing small bubbles. Bubbly flow alone and
slug flow alone are observed mostly upstream during the ‘liquid
surge period’ and ‘liquid deficient period’, respectively. The bub-
bly/slug flow is associated mostly with backflow, where the elon-
gated bubbles move upstream, except for high G and low gj
conditions. The elongated bubble shape is inverted as it moves
backwards as indicated for time t, corresponding to z = 44.2 mm
and G = 94.9 kg/m? s. The ensuing slug flow features a series of lig-
uid slugs and elongated bubbles, with velocities rapidly increas-
ing along the channel with the increasing void fraction.
Additionally, bubble nucleation along the wall within the liquid
slugs is significantly subdued as the liquid slug’s temperature
approaches saturation temperature, with the phase change

continuing to occur mostly at the boundary between the liquid
slug and elongated bubble. Downstream, slug flow is replaced by
transition flow, which consists of periodic fluctuations between
slug flow and annular flow. As shown for time t, corresponding
to z=449.6 mm and G = 132.9 kg/m? s, liquid droplets are formed
mostly by full breakup of remaining liquid slugs from the
upstream slug flow and to a lesser extent by interfacial breakup
in annular flow due to high vapor shear. Qu and Mudawar [64]
emphasized the importance of the entrained droplets in their the-
oretical pressure drop model. Transition flow is reminiscent of the
churn/annular flow pattern described in [67], and associated with
locally high heat transfer coefficients [36]. As shown for
z=565.4mm and G=94.9 kg/m? s, annular flow is established at
time t; and the liquid film is consumed by evaporation before
the wall is replenished with a wave-like liquid cluster. Dryout
occurs when the liquid film’s evaporation time is shorter than a
half period of the periodic cycle for this condition. Notice that
no dryout is observed for the same location and heat flux for
the higher mass velocity of G=132.9 kg/m?s; bubbles covering
the heated wall are washed away and the annular film is re-
established at t; and t,, respectively. It is important to note that
dryout has a noticeable influence on local frictional pressure gra-
dient as the liquid covering the wall is replaced by vapor.

Recent studies addressing flow boiling in heat sinks containing
parallel micro-channels describe fluctuations in flow patterns,
especially between slug flow and annular flow, and the ensuing dry-
out in manner that is more-or-less similar to that observed in the
present study. Wang and Bergles [68] described the influence of
temporal dryout on the pressure gradient in conjunction with
three flow patterns: steady bubbly/slug, alternating bubbly/annu-
lar, and alternating annular/mist. Revellin et al. [67] and Thome
[69] described alternating slug/semi-annular and semi-annular
patterns during the transition from churn-like flow to annular
flow. Saitoh et al. [70] pointed to flow instabilities as a key reason
for the periodic flows and heat transfer degradation resulting from
temporal dryout.

Clearly, the dominant flow patterns and transitions between
patterns are closely related to local pressure gradient. To further
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investigate this relationship, the axial pressure variations pre-
dicted according to the correlations of Qu and Mudawar [64] and
Kim and Mudawar [57] (including the other pressure drop compo-
nents) are designated with observed flow patterns corresponding
to axial locations of the heat sink thermocouples. Fig. 12 shows
these variations for g =12,109 W/m? and two mass velocities,
and includes the predicted and measured pressure drops. The
MAEs for G=97.03 kg/m?s and G=134.64 kg/m?s are 13.16%
and 10.39% for Qu and Mudawar, and 23.27% and 29.29% for Kim
and Mudawar, respectively. It should be noted that pressure drop
correlation of Qu and Mudawar developed by using annular flow
dominant database. Also notice that the pressure gradient is rela-
tively small for bubbly flow and slug flow, and, because of the axial
increases in both flow velocity and two-phase friction, increases
appreciably in transition flow and annular flow.

Clearly, more research is required to address the role of flow
instabilities and fluctuations between flow patterns since most
two-phase pressure drop correlations and/or models are based
on the assumption of a single dominant flow pattern.

6. Conclusions

This study addressed the two-phase pressure drop characteris-
tics of R134a for a heat sink containing large length-to-diameter
parallel micro-channels with subcooled inlet conditions. This
included detailed pressure drop measurements obtained over
broad ranges of mass velocity and heat flux, as well as high-
speed video analysis of interfacial behavior and flow patterns.
The data were compared to predictions of three types of models:
Homogeneous Equilibrium Model (HEM) with different two-
phase mixture viscosity relations, correlations based on the Sepa-
rated Flow Model (SFM) and intended for macro-channels, and cor-
relations based on SFM and intended for micro-channels. Key
conclusions from the study are as follows.

(1) Six popular two-phase mixture viscosity relations used in
conjunction with HEM showed fairly good accuracy in pre-
dicting pressure across the micro-channels, evidenced by
MAE values smaller than 16%, excepting the viscosity rela-
tion by Cicchitti et al., which had a MAE of 25.56%.

(2) Four different macro-channel correlations based on SFM
showed relatively poor overall accuracy in predicting the
present pressure drop data. MAE values ranged from
24.99% for the Miiller-Steinhagan and Heck correlation to
377.11% for the Chisholm correlation.

(3) Seven different correlations based on SFM and intended
specifically for micro-channels showed better overall accu-
racy than SFM macro-channel correlations. These micro-
channel correlations showed MAE values ranging from
6.66% to 59.95%, excepting the correlation of Tran et al.,
which had a MAE of 192.72%. Highest predictive accuracy
was achieved with the correlations of Qu and Mudawar
and Kim and Mudawar, which showed MAE values of
6.66% and 14.56%, respectively.

(4) Predictions show that two-phase frictional pressure drop is
the most dominant of five components comprising total
pressure drop, followed by either the two-phase accelera-
tional or single-phase frictional components, depending on
operating conditions.

(5) The flow visualization results show appreciable periodic
fluctuations in flow patterns. They consist of four primary
patterns: bubbly/slug, slug, transition, and annular, along with
two other patterns associated specifically with downstream
dryout: transition and annular.
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