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a b s t r a c t

Two-phase micro-channel heat sinks are prime candidates for incorporation into thermal control systems
(TCSs) of future space vehicles and planetary habitats. Unlike small heat sinks employed in the electron-
ics industry, TCS heat sinks are characterized by large length-to-diameter ratio, for which limited infor-
mation is presently available. This study employs a 609.6-mm long by 203.2-mm wide heat sink
containing 100 of 1 � 1 mm2 micro-channels and uses R134a as working fluid. The large length-to-
diameter ratio of 609.6 is especially instrumental to capturing detailed axial variations of flow pattern
and corresponding variations in local heat transfer coefficient. High-speed video analysis of the inlet ple-
num shows appreciable vapor backflow under certain operating conditions, which is also reflected in
periodic oscillations in the measured pressure drop. In fact, the backflow frequency captured by video
matches closely the frequency obtained from Fourier analysis of the pressure drop signal. While
density-wave oscillations are encountered in individual channels, the phenomena observed are more clo-
sely related to parallel-channel instability. It is shown the periodic oscillations and vapor backflow are
responsible for initiating intermittent dryout and appreciable drop in local heat transfer coefficient in
the downstream regions of the channels. A parametric study of oscillation frequency shows a dependence
on four dimensionless parameters that account for amount of vapor generation, subcooling, and
upstream liquid length, in addition to Weber number. A new correlation for oscillation frequency is con-
structed that captures the frequency variations relative to these individual parameters.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Emergence of Two-phase cooling technologies

During the past four decades, the rate of heat dissipation in a
number of technologies, especially electronics and power applica-
tions, has increased enormously, exasperated by a quest for
smaller and more lightweight system architectures. To cope with
these challenges, a variety of two-phase high-heat-flux thermal
management techniques, with device heat fluxes in the range of
102–103 W/cm2, have been proposed, and some have evolved into
practical solutions [1]. The most basic of these techniques are
passive cooling schemes such as capillary-driven devices (heat
pipes, capillary pumped loops, and loop heat pipes) [2–4] and pool
boiling thermosyphons [5–7]. But the more demanding cooling sit-
uations are tackled with the aid of a mechanical pump to capitalize
upon the heat transfer merits of faster fluid motion. The pumped
cooling schemes are the focus of extensive studies that have been
performed at the Purdue University Boiling and Two-Phase Flow
Laboratory (PU-BTPFL). They include falling film [8], channel flow
boiling [9–13], mini/micro-channel flow boiling [14–20],
jet-impingement [21–23], and spray [24–28], as well as hybrid
cooling schemes combining the merits of mini/micro-channel flow
boiling and jet impingement [29].

1.2. Two-phase mini/micro-channel cooling

As discussed in [30], mini/micro-channel flow boiling has
received unprecedented attention because of its ability to not only
achieve high heat fluxes, but also reduce size and weight of cooling
hardware as well as coolant inventory, let alone their design sim-
plicity and low manufacturing cost. It is important to note that
single-phase mini/micro-channel heat sinks have also received
significant attention, especially in the electronics industry. The pri-
mary merit of this single-phase cooling scheme is the inverse
dependence of heat transfer coefficient on hydraulic diameter for
laminar flow typically encountered in mini/micro-channels, mean-
ing cooling performance may be enhanced simply by decreasing
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Nomenclature

A cross-sectional area of micro-channel [m2]
Abase total base area of heat sink [m2]
Bo boiling number
Cn complex Fourier coefficient
cp specific heat at constant pressure [J/kg K]
Dh hydraulic diameter [m]
f frequency [Hz]
fk complex form of Fourier series
fmargin marginal frequency [Hz]
f̂ discrete Fourier transform
f̂ � complex conjugate of discrete Fourier transform
G mass velocity [kg/m2 s]
h enthalpy [J/kg]; heat transfer coefficient [W/m2 K]
Hch height of micro-channel’s cross-section [m]
hfg latent heat of vaporization [J/kg]
Isp,f dimensionless single-phase liquid length parameter
j superficial velocity [m/s]
k thermal conductivity [W/m K]
L micro-channel length [m]
LH heated length of channel [m]
m fin parameter
_m total mass flow rate of heat sink [kg/s]
N number of measurement points
Nch number of micro-channels in heat sink
Npch dimensionless phase change parameter
Nsub dimensionless subcooling parameter
p pressure [Pa]
Pe Peclet number
PF friction perimeter of channel [m]
PH heated perimeter of channel [m]
Pr reduced pressure
Dp pressure drop [Pa]
q00 heat flux [W/m2]
q00B heat flux based on total base area of heat sink [W/m2]
q00H heat flux based on heated perimeter of micro-channel

[W/m2]
Q volumetric flow rate [m3/s]
Qg vapor generation rate [m3/s]
T temperature [�C]
t time; oscillation period [s]
Tsat saturation temperature [�C]
Tw wall temperature [�C]
�u mean fluid velocity [m/s]
Wch width of micro-channel’s cross-section [m]
We Weber number

Ww half-width of copper sidewall separating micro-
channels [m]

xe thermodynamic equilibrium quality
xk sampling point in time, 0 � xk � 2p [rad]
z coordinate along micro-channel [m]

Greek symbols
a thermal diffusivity [m2/s]
d film thickness [lm]
g fin efficiency
q density [kg/m3]
r surface tension [N/m]
s period [s]

Subscripts
avg average
b bottom of micro-channel
evap evaporation
exp experimental
f liquid
fo liquid-only
g vapor
in micro-channel inlet; inlet
out micro-channel outlet; outlet
pred predicted
s solid material of heat sink
sat saturation
sp single-phase
super superheated
tc thermocouple
up upstream plenum
w wall

Acronyms
CHF critical heat flux
DNB departure from nucleate boiling
DWO density-wave oscillation
EBO explosive boiling oscillation
LED Ledinegg instability
ONB onset of nucleate boiling
PCI parallel-channel instability
SPDO severe pressure-drop oscillation
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the channel diameter. However, the cooling performance of these
single-phase devices is limited by their sole dependence on sensi-
ble heat rise of the coolant. On the other hand, two-phase heat
sinks can achieve orders of magnitude enhancement in the heat
transfer coefficient by utilizing the coolant’s both sensible and
latent heat. They also result in smaller temperature gradients both
between the device and coolant, and axially along the channel.

Despite these merits, two-phase mini/micro-channel heat sinks
are not without shortcomings. By decreasing the hydraulic diame-
ter in order to increase the two-phase heat transfer coefficient,
pressure drop across the channels can increase appreciably, result-
ing in significant compressibility (resulting from axial changes of
vapor and liquid specific volumes with pressure) and flashing
(resulting from axial changes of vapor and liquid enthalpies with
pressure), as well as increased likelihood of two-phase choking
[30]. These performance drawbacks are, in fact, closely related to
the distinction between channel sizes: one to a few millimeters
for mini-channels versus ten to several hundred micrometers for
micro-channels. For example, Bowers and Mudawar [31] compared
the cooling performances of a mini-channel heat sink with
Dh = 2.5 mm to that of a micro-channel heat sink with
Dh = 0.51 mm, and showed that, while they produce fairly similar
heat transfer performances, the latter produced significantly
higher pressure drop and incurred appreciable compressibility
and flashing.

Recently, the authors of the present study explored the
implementation of two-phase mini/micro-channel heat sinks as
multi-kilowatt evaporators for future space vehicles that could
tackle heat removal from both avionics and crew [32]. They also
proposed the concept of using the same evaporators in a ‘Hybrid
Thermal Control System’ (H-TCS) for space vehicles, allowing the
cooling loop to be automatically reconfigured into a vapor com-
pression loop, a pumped two-phase cooling loop, or a pumped
single-phase loop.
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1.3. Large length-to-diameter mini/micro-channels and heat sinks

Mini/micro-channels featuring large length-to-diameter ratios
are especially instrumental for understanding the axial variations
of flow patterns and heat transfer mechanisms. Many such studies
have been focused on boiling in a single long channel, and revealed
gradual changes in the dominant heat transfer mechanism, from
nucleate flow boiling in the upstream low quality region to convec-
tive flow boiling in the downstream high quality region [33–36].
And high-speed video captured a succession of dominant flow pat-
terns, namely bubbly, slug, churn, and annular [37,38]. But, from a
practical point of view, two-phase mini/micro-channel heat sinks,
which are comprised of a large number of channels extending
between shared upstream and downstream plenums, are better
suited for electronic cooling applications. The present authors have
examined the two-phase transport characteristics of large length-
to-diameter heat sinks [39]. They captured a series of dominant
heat transfer mechanisms consisting of nucleate boiling, confined
bubble boiling, convective boiling, and partial dryout. When used
as evaporator in a vapor compression system [39], these heat sinks
exhibited partial dry-out and complete dryout; both are closely
associated with flow instabilities [40,41].

1.4. Instabilities in mini/micro-channel flow boiling

1.4.1. Static instability
As discussed in previous review articles [42,43], two-phase flow

instabilities can be grouped into two main categories, static and
dynamic. The system is deemed statically stable if, after disturbance,
operating conditions are restored to pre-disturbance levels. Con-
versely, the system is deemed statically unstable if the new operat-
ing conditions are different from pre-disturbance levels. Operating
conditions leading to static instability can be determined by com-
paring the flow loop’s internal characteristics curve (pressure drop
of flow boiling component versus mass velocity) and external char-
acteristics curve (pressure drop of loop components excluding the
flow boiling component versus mass velocity), and the condition
for Ledinegg (LED) instability, the most well-known type of static
instability, is expressed algebraically as [44]
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As this inequality implies, occurrence of LED depends highly on
the components and operating conditions dictating the external
characteristics curve. However, Zhang et al. [45] demonstrated
experimentally the susceptibility of a pumped loop incorporating
a multi-channel heat sink to LED, and the increased likelihood of
LED with increasing number of channels.

1.4.2. Dynamic instability
This form of instability is defined as flow oscillations sustained

by feedback among flow rate, pressure drop, and density changes,
depending on the rate of vapor generation in the boiling
component.

Density-wave Oscillations (DWO) - This type of dynamic instabil-
ity is observed mostly in micro-channel flow boiling [46,47],
which, for a constant exit pressure, is manifest by a delayed
response in mass flow rate to an increase in the pressure drop
[48,49]. Because of small cross-section and high confinement
effects, rapid bubble growth causes flow reversal and a corre-
sponding increase in inlet plenum pressure [46], a primary cause
of DWO in mini/micro-channels that is not evident in macro-
channels. In fact, flow boiling experiments conducted by Saitoh
et al. [47] using single tubes showed a drop in the heat transfer
coefficient with decreasing hydraulic diameter, which they
attributed to DWO-induced dryout. They also showed that the
amplitude of oscillations reaches peak value with inlet qualities
close to xe,in = 0.13, implying DWO and flow reversal are direct out-
comes of increased vapor volume. Recently, O’Neill et al. [50]
investigated the effects of DWO on system dynamics and assessed
different stability criteria for flow boiling at different flow orienta-
tions [51].

Parallel-channel Instability (PCI) – This type of dynamic instabil-
ity has been identified in parallel mini/micro-channels [52], and
takes the form of relatively mild flow oscillations that persist even
when severe pressure oscillations are eliminated by increasing
upstream flow resistance with the aid of a throttling valve. This
type of instability is manifest by random, albeit mild fluctuations
in the inlet and outlet pressures. In fact, the amplitudes of pressure
fluctuations in the plenums have been used to construct criteria for
occurrence of PCI in parallel-channel heat sinks [46]. It is impor-
tant to note that, while DWO can occur within individual channels,
PCI is the result of pressure feedback among parallel channels shar-
ing the same inlet and outlet plenums.

Severe Pressure-drop Oscillation (SPDO) - This is another type of
dynamic instability that is associated with much longer oscillation
periods (�10 min) [52–55] compared to those for DWO (�60 s)
[56]. SPDO occurs in the negative slope region of the internal char-
acteristics curve when the external characteristics curve has an
algebraically smaller slope than the internal characteristics curve
[44],
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Maulbetsch and Griffith derived the above inequality for an
unstable state using a lumped parameter model based on diver-
gence in solution of the momentum equation [44,57–59]. SPDO
associated with flow boiling in micro-channel heat sinks has
received increased attention in recent years. Qu and Mudawar
measured a SPDO amplitude of 0.3 bar and period of 10 s for a
water heat sink containing 21 of 231–713-lm2 rectangular
micro-channels [52]. Zhang et al. [55] observed SPDO in water flow
boiling in a micro-channel heat sink, and numerically solved the
momentum equation using a nonlinear parameter identification
technique.
1.5. Effects of flow oscillations on heat transfer characteristics of mini/
micro-channel heat sinks

A few studies aimed to identify dominant parameters responsi-
ble for initiating flow oscillations in mini/micro-channel heat sinks,
pointing to heat flux as the most crucial of these parameters
[46,48,60]. These studies also report severe flow reversal resulting
from rapid bubble growth caused by bubble confinement effects in
small channels, which is followed by rapid nucleation once a heat
flux threshold is exceeded. The frequency of oscillation has been
reported to increase with increasing heat flux in the low heat flux
range, but tends to fluctuate in the high flux range because of
increasing interaction among the parallel channels [61–63].

A unique flow boiling oscillation phenomenon that has been
observed at high heat fluxes and low Reynolds numbers is Explosive
Boiling Oscillation (EBO) [64]. Qu and Mudawar [65] and Lee and
Mudawar [14] observed this phenomenon in multi micro-
channel heat sink flow boiling of water and HFE-7100, respectively,
triggering critical heat flux (CHF) due to intense boiling and vapor
backflow. EBO is associated with liquid surge and liquid deficient
periods, and dryout occurs over the entire channel in the liquid
deficient period. EBO frequency (6.67–50.0 Hz) is typically orders
of magnitude greater than the oscillation frequency of the heat
sink’s plenum pressure (1.4–2.8 Hz) [62].
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Oscillation frequency is also highly influenced by the heat sink’s
channel geometry. For example, heat sinks with increased flow
area, such as those employing diverging channels [66] or cross-
linked channels [67], increase the space available for bubble
growth, thus reducing the intensity of oscillations. Studies have
also shown a dependence of oscillation frequency on inlet plenum
design [68], and vapor back flow on magnitude of oscillation [69].
Table 1 provides a summary of criteria for unstable flow boiling
and the influence of channel configuration on oscillation
amplitude.

Several studies have addressed the influence of periodic flow
patterns, induced by vapor back flow [14,62,65] and flow oscilla-
tions [40,49,70,71], on the heat transfer coefficient and its degrada-
tion due to dryout [33,36,72,73] in micro-channel heat sinks.
Recently, the authors of the present study observed intermittent
dryout in the downstream region of a large L/Dh heat sink for low
heat fluxes and low Reynolds numbers [39]. Oscillation frequency
has been identified as one of the most important parameters for
describing heat transfer in periodic flow boiling [70]. There have
been a few attempts to develop predictive tools for oscillation fre-
quency [62,67,74], however, no such tools have been developed for
very large L/Dh heat sinks. It is imperative that large L/Dh heat sinks
incur much higher confinement effects than those with small L/Dh.
Table 2 provides a summary of studies concerning flow boiling
instabilities in micro-channel heat sinks with different L/Dh ratios.

1.6. Objectives of study

Recent studies by the authors [39,40] involving large L/Dh

multi-channel heat sinks have demonstrated close relationship
between pressure oscillations and downstream intermittent dry-
out, and highlighted the importance of oscillation frequency to
the dryout process. This study will address the parametric trends
of oscillation frequency and identify key dimensionless parameters
that govern frequency value. A new frequency correlation will be
derived specifically for large L/Dh heat sinks. Also discussed will
be detailed parametric trends of the local heat transfer coefficient,
and determination of conditions leading to intermittent dryout in
the downstream regions of the channels.

2. Experimental set-up

2.1. Two-phase flow loop

Shown in Fig. 1(a) is a schematic diagram of the two-phase
cooling loop that is assembled for the purpose of delivering
R134a to the micro-channel test module at desired operating
conditions. R134a is selected for the study based on a number of
Table 1
Unstable flow boiling oscillation criteria.

Author(s) Criteria

Saha et al. [48] Nsub ¼ 0:0022Pe A
PHLH

Npch for Pe 6 70;000

Nsub ¼ 154 Pe A
PH LH

Npch for Pe P 70;000

Pe ¼ ðqf �uf ;inDh cp;f Þ=kf

Brutin et al. [60] pin or pout > 1 kPa
or p2peak/p2avg,noise > 20

Chang and Pan [46] d(Dp) � 6 kPa

Lu and Pan [66] d(Dp) � 3 kPa
considerations, including thermodynamic performance, maximum
system pressure, flow rate requirements, and both safety and envi-
ronmental concerns [32]. Fig. 1(b) shows a 3D CAD renderings of
the entire test facility.

Heat is supplied to the micro-channel module from a thick-film
heater situated beneath the test module’s copper heat sink
(described below). The fluid enters the micro-channel module is
subcooled state and gradually changes phase from liquid to vapor
along the micro-channels. The two-phase mixture exiting the test
module is routed to an air-cooled condenser, where it is returned
to liquid state by rejecting heat to the ambient. The amount of sub-
cooling at the condenser’s exit is determined by the condenser’s
fan speed, which is regulated by a solid-state controller. Constant
pressure is maintained in the loop’s liquid reservoir by simultane-
ously heating the reservoir’s liquid with the aid of a PID-controlled
electric heater, and condensing the reservoir’s vapor using a helical
condenser that is cooled by a Lytron modular cooling system. The
liquid is subcooled further by flowing through a SWEP plate-type
heat exchanger that is cooled by a second modular cooling system,
ensuring that no vapor enters the downstream Micro-pump GB
series gear pump or turbine flow meter. The flow cycle is com-
pleted as the fluid is returned to the micro-channel module.

2.2. Construction and instrumentation of the micro-channel module

Fig. 2(a) shows 3D CAD renderings of the layered construction
of the micro-channel test module. Multiple layers are shown
embracing the pure copper heat sink, the central component of
the test module. The copper heat sink has a top heat transfer area
measuring 609.6-mm long by 203.2-mm wide, machined into
which are 100 of 1 � 1 mm2 micro-channels. Uniform heat flux is
supplied from a Watlow thick-film heater situated beneath the
heat sink. The heat sink temperatures are measured along the cen-
terline by type-E thermocouples inserted at several axial locations
as indicated in Table 3. The heat sink and thick film heater are con-
tained in an insulating housing made from G-7 fiberglass and insu-
lated 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, which also provides optical access to the
two-phase flow along the micro-channels. The entire test module
assembly is pressed tightly together with the aid of a stainless steel
cover brace and aluminum support bars atop, and aluminum sup-
port bars below. This support is intended to preclude buckling of
the intermediate layers, as well as close off any gaps between
the top surface of the heat sink and the cover plate. The inlet and
outlet plenums of the test module possess four flow ports each,
which serve to ensure uniformity of flow distribution among the
micro-channels.
Remarks

Thermal equilibrium model

Single macro-channel

Dh = 10 mm

LH = 2.743 m
R-113
Single rectangular micro-channel
4 � 0.5 mm2

n-Pantane
Multi rectangular micro-channel heat sink
99.4 � 76.3 lm2

Water
Multi rectangular micro-channel heat sink with 0.5� a diverging cross-section
99.4 � 76.3 lm2

Water



Table 2
Previous studies on flow boiling instabilities in micro-channel heat sinks.

Author(s) Instability
type�

Operating conditions Channel geometry Remarks*,**

Brutin et al. [60] DWO G = 125–475 kg/m2 L = 50, 200 mm R
qH00 = 200–700 kW/m2 Wch � Hch = 4 � 0.5 mm2 S

Dh = 0.889 mm n-Pentane
L/Dh =56.2, 225.0

Hetsroni et al. [73] PCI G = 69.0–276.0, 86.4–363.0, 44.2–
232.2 kg/m2

L = 15 mm T

qH00 = 80–300, 90–360, Dh = 0.129, 0.103, 0.161 mm M
51–500 kW/m2 L/Dh = 116.3, 145.6, 93.2 Water

Brutin and Tadrist [75] DWO G = 95.8–2258 kg/m2 L = 50, 200 mm C
qH00 = 15.7–125.6 kW/m2 Wch � Hch = 4 � 0.5 mm2 S

Dh = 0.889 mm n-Pentane
L/Dh = 56.2, 225.0

Qu and Mudawar [65] EBO, PCI G = 85.9–368.4 kg/m2 L = 44.8 mm R
qB00 = 0–2078.5 kW/m2 Wch � Hch = 0.231 � 0.712 mm2 M

Dh = 0.349 mm water
L/Dh = 128.4

Qu and Mudawar [52] PCI, SPDO G=134.9–400.1 kg/m2 L = 44.8 mm R
qB00 = 0–2400 kW/m2 Wch � Hch = 0.231 � 0.712 mm2 M

Dh = 0.349 mm Water
L/Dh = 128.4

Wu and Cheng [76] PCI, SPDO G = 112–146 kg/m2 L = 30 mm TZ
qH00 = 135.0–226.0 kW/m2 Dh = 0.186 mm M

L/Dh = 161.3 Water
Balasubramanian and

Kandlikar [61]
PCI G = 112–120 kg/m2 L = 63.5 mm R

qH00 = 208–316 226.0 kW/m2 Wch � Hch = 0.990 � 0.207 mm2 M
Dh = 0.333 mm Water
L/Dh = 190.7

Hetsroni et al. [64] EBO, PCI G = 95–340 kg/m2 L = 15 mm T
qH00 = 80–330 226.0 kW/m2 Dh=0.129 mm M

L/Dh =116.3 Water
Xu et al. [77] PCI, SPDO G = 20–1200 kg/m2 L = 50 mm R

qH00 = 35.7–160.4 kW/m2 Wch � Hch = 0.3 � 0.8 mm2 M
Dh = 0.436 mm Water
L/Dh = 114.7 Methanol

Hetsroni et al. [62] EBO, PCI G = 32.0–200 kg/m2 L = 15 mm T
qH00 = 120.0–270.0 kW/m2 Dh = 0.1, 0.13, 0.22 mm M

L/Dh = 150, 115.4, 227.3 Water, ethanol
Chang and Pan [46] PCI G = 22–110 kg/m2 L = 14 mm R

qH00 = 7.86–95.5 kW/m2 Wch � Hch = 0.0994 � 0.0763 mm2 M
Dh = 0.0863 mm water
L/Dh = 162.2

Muwanga et al. [67] PCI G = 91–228 kg/m2 L = 16 mm R
qH00 = 0–100 kW/m2 Wch � Hch = 0.269 � 0.283 mm2 M

Dh = 0.2758 mm water
L/Dh = 58

Wang et al. [78] PCI G = 142.3–311.2 (M) L = 30 mm TZ
950–3523.2 (S) kg/m2 Dh = 0.186 mm S, M
qH00 = 226.9–497.8 (M), L/Dh = 161.3 Water
84.5–297.8 (S) kW/m2

Lu and Pan [66] PCI G = 99–297 kg/m2 L = 26 mm R
qH00 = 10–400 kW/m2 Wch � Hch = (inlet: 0.1–outlet: 0.56) �

0.076 mm2
M

Dh = 0.12 mm Water
L/Dh = 217 Diverging cross-section (0.5�

angle)
Wang et al. [68] PCI G = 91.4–787.3 kg/m2 L = 30 mm TR

qH00 = 184.2–485.5 kW/m2 Dh = 0.186 mm M
L/Dh = 161.3 Water

Type-B
Bogojevic et al. [79,80] PCI G = 72.2–433.3 kg/m2 L = 15 mm R

qH00 = 178–445 kW/m2 Wch � Hch=0.15 � 0.273 mm2 M
Dh = 0.194 mm water
L/Dh = 77.3

Zhang et al. [45] LED G = 0–1200 kg/m2 L = 15 mm R
qH00 = 9.7–19.3, Wch � Hch = M
16.1–32.3, 0.061 � 0.272, Water,
17.2–34.3 kW/m2 0.165 � 0.330, HFE-7100

0.340 � 0.335 mm2

Dh = 0.1, 0.22, 0.337 mm
L/Dh = 150, 68.2, 44.5

Zhang et al. [55] SPDO G = 0–1200 kg/m2 L = 15 mm R
qH00 = 9.7–19.3 kW/m2 Wch � Hch = 0.061 � 0.272 mm2 M

Dh = 0.1 mm Water
L/Dh = 150

(continued on next page)
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Table 2 (continued)

Author(s) Instability
type�

Operating conditions Channel geometry Remarks*,**

Lee and Mudawar [40] PCI G = 75.9–436.6 kg/m2 L = 609.6 mm R
qH00 = 2.7–29.6 kW/m2 Wch � Hch = 1.0 � 1.02 M

Dh = 1.0 mm R134a
L/Dh = 609.6

� DWO: density-wave oscillations, EBO: explosive boiling oscillations, PCI: parallel-channel instability, SPDO: severe pressure-drop oscillations, LED: Ledinegg instability.
* R: rectangular, C: circular, T: triangular, TZ: trapezoidal.
** S: single-channel, M: multi-channel.

(a) 

(b) 

(a)
P P

P
T

Micro-channel 
Module

Relief 
Valve

Solid-state 
Controller

High Speed
 Camera

Turbine 
Flow Meter

Air-cooled 
Condenser

Fan

TP

Control Valve
(Cv = 1.8)

Relief 
Valve

Power 
Meter

Auto-
Transformer

Filter
Liquid 

Reservoir

Auto-
Transformer

Modular 
Cooler

PID
Controller

T P

Modular 
Subcooler

Gear 
Pump

Plate-type 
Heat 

Exchanger
TP

Heater

Turbine 
Flow Meter

Air-cooled
Condenser

Modular 
Cooler

Gear 
Pump

Refrigeration Loop
(not used in present study)  

Micro-channel
 Module

Plate-type
Heat Exchanger

Δ

Fig. 1. (a) Schematic diagram of two-phase loop. (b) 3D CAD rendering of test facility.
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Power input to the heat sink is measured by a YokogawaWT310
power meter. Pressure drop across the micro-channels is measured
by a combination of two Omega-MMA absolute pressure transduc-
ers connected to the inlet and outlet plenums, and a Honeywell-
THE differential pressure transducer connected between the two
plenums. The type-E thermocouples are chosen for their highest
measurement sensitivity, 68 lV/�C, among the different high tem-
perature thermocouple types. The volumetric flow rate is mea-
sured by a Flow Technology FTO series turbine flow meter. An
FET multiplexer collects signals from the thermocouples, pressure



Fig. 2. Micro-channel module design: (a) CAD rendering, (b) cross-sectional view, and (c) two-dimensional micro-channel unit cell.

Table 3
Dimensions of the copper micro-channel heat sink and axial locations of the heat sink
thermocouples.

Length
[mm]

Width
[mm]

Number of
Channels

Thermocouple Axial Locations [mm]

609.6 203.2 100 44.2, 102.1, 160.0, 217.9, 275.8, 333.8,
391.7, 434.3, 507.5, 565.4

Table 4
Measurement error and uncertainty propagation.

Parameter Error Parameter Uncertainty

Absolute pressure ±0.1% Heat transfer coefficient, h �5.92%
Differential pressure ±0.1% Pressure drop, Dp �0.1%
Temperature, T ±0.5% Vapor quality change, Dxe �3.23%
Mass flow rate, _m ±0.12%
Heat input, Q ±0.3%
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transducers, flow meter, and power meter, which are processed by
an HP data acquisition system. Measurement errors and uncer-
tainty propagated in key calculated parameters (using root sum
square method) are provided in Table 4.

Images of the two-phase flow along the micro-channels are cap-
tured with the aid of a Photron-Ultima APX high-speed camera fit-
ted with a 105-mm Nikkor lens. This camera is capable of shutter
speeds as high as 1/120,000 s.

2.3. Operating conditions

The micro-channel module’s inlet quality, xe,in, is determined
from the relation

xe;in ¼ hin � hf

hfg
¼ � cp;f ðTsat � TinÞ

hfg
; ð3Þ

where cp,f, Tsat, and hfg are based on saturation pressure measured at
the module’s inlet, and Tin is the measured inlet temperature. The
outlet quality is determined by applying an energy balance to the
entire module,

xe;out ¼ xe;in þ ðq00
BAbaseÞ= _mhfg ; ð4Þ

where qB00 is the heat flux based on the 609.6-mm long by
203.2-mm wide base area, Abase, of the heat sink, and _m the total
mass flow rate of R134a. Table 5 provides the detailed operating
conditions tested in the study.

2.4. Determination of heat transfer coefficient

Shown in Fig. 2(b) is a cross-sectional diagram of the micro-
channel test module assembly. The thermocouples are inserted
transversely up to the heat sink’s centerline where the thermocou-
ple junctions are embedded. Fig. 2(c) shows a unit cell consisting of
a single micro-channel and half the thicknesses of copper walls on



Table 5
Operating conditions of micro-channel module.

G [kg/m2s] qB00 [W/m2] xe,in xe,out pin [kPa] Number of Dp data points (69 total)

75.92 4005–10,094 �0.031 to �0.022 0.331–0.893 688.3–690.0 4
94.90 3990–12,185 �0.032 to �0.026 0.256–0.853 690.7–691.6 5
113.88 4039–16,184 �0.039 to �0.025 0.206–0.956 691.5–695.0 7
132.86 4074–17,999 �0.038 to �0.026 0.174–0.908 692.7–699.2 8
151.85 4003–20,185 �0.038 to �0.029 0.148–0.892 693.1–704.3 9
170.83 3993–24,028 �0.040 to �0.031 0.128–0.944 694.1–711.9 11
189.81 4031–26,209 �0.040 to �0.030 0.111–0.928 695.0–721.4 12
208.79 4039–28,209 �0.041 to �0.030 0.096–0.927 695.9–731.3 13

Table 6
Dimensions of micro-channel heat sink unit cell.

Ww [mm] Wch [mm] Hch [mm] Htc [mm]

0.5 1.0 1.0 4.08
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either side. Detailed dimensions of the unit cell are provided in
Table 6. The two-phase heat transfer coefficient is determined by
equating heat input from the underside of the copper heat sink
to convection along the micro-channel walls, with the sidewalls
treated as fins,

htp ¼ q00
BðWch þ 2WwÞ

ðTw;b � Tf ;satÞðWch þ 2gHchÞ : ð5Þ

The fin efficiency, g, is based on the assumption of adiabatic tip,
g ¼ tanhðmHchÞ=ðmHchÞ, where m the fin parameter given by
m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h=ðksWwÞ

p
[81].

The micro-channel’s bottom wall temperature, Tw,b, is calcu-
lated by assuming one-dimensional heat conduction between the
planes of the thermocouple and micro-channel’s bottom wall,

Tw;b ¼ Ttc � q00
BHtc=ks; ð6Þ

where Htc and ks are the distance between the thermocouple junc-
tion and micro-channel’s bottom wall, and thermal conductivity of
copper, respectively. The fluid saturation temperature, Tf,sat, in the
micro-channels is determined from the corresponding saturation
pressure, which is calculated by linear interpolation between the
inlet and outlet pressures.
3. Experimental and statistical results of pressure oscillations

3.1. High-speed images of vapor backflow in inlet plenum

Fig. 3(a) shows images of periodic vapor back flow in the heat
sinks’ inlet plenum for G = 170.83 kg/m2s and four heat fluxes in
the range of qB00 = 18,164–24,219W/m2. Two representative
images are shown for each heat flux, one captured at the beginning
of the backflow period, and a second the middle of the period.
Notice that, because of increased rate of vapor generation, the
period decreases with increasing heat flux, 1424, 1304, 1200 and
1096 ms for heat fluxes of 18,164, 20,182, 22,201 and 24,219W/
m2, respectively. Here, the backflow period is defined as the time
that the sinusoidal shaped bubble mass in the upstream plenum
completes one cycle. Fig. 3(b) shows, for G = 170.83 kg/m2s and
qB00 = 24,219W/m2, a sequence of flow images of the inlet plenum
encompassing a full period of the backflow. Physically, the vapor
backflow period may be described as follows. Initially, intense
vapor generation increases flow resistance along the channel,
causing the vapor to follow backwards to the inlet plenum, which
also increases the inlet plenum pressure. The now high inlet
plenum pressure begins to push the flow downstream through
the micro-channels. This, in turn, serves to decrease the inlet ple-
num pressure, followed by a new phase of intense vapor genera-
tion. Notice in Fig. 3(b) that the vapor backflow does not occur
simultaneously in all the channels, but is preferential to channels
along one side of the plenum.

While flow maldistribution in the lateral direction is a com-
mon occurrence with micro-channel heat sinks, this problem
was minimized in the present study by employing a flow dis-
tributor upstream of the micro-channel module. The periodic
behavior described in conjunction with Fig. 3 is different from
that commonly encountered in multi-channel heat sinks. In
the present study, flow periodicity along the axial direction is
far more significant than the lateral direction. This is confirmed
experimentally by the observation that the period captured
along the centerline using high speed video closely matching
the period of backflow oscillation in the inlet. The axial period-
icity is also reflected in the temperature measurements at the
centerline. Furthermore, the present findings point to periodic
dryout that is more dominant along the axial direction than
the lateral.

3.2. Frequency and power density spectrum analysis of pressure
oscillation data

Fig. 4(a) shows 50-s temporal records of the test module’s pres-
sure drop oscillations for G = 170.83 kg/m2s and four heat fluxes in
the range of qB00 = 16,083–24,219 W/m2. The most obvious observa-
tions from this figure are (a) increased amplitude of pressure drop
oscillations and (b) increased frequency of oscillations with
increasing heat flux. To preserve consistency in analyzing temporal
records, all pressure drop signals are truncated at N = 2321, the
total number of measurement points, to have equal number of
sampling points for a discrete Fourier transform over the same
time domain of 614.3 s. Additionally, the signals are converted to
frequency domain at a sampling frequency of 3.78 Hz. The Fourier
transform of pressure drop time record, fk, is expressed in complex
form of Fourier series as [82]

f k ¼ f ðxkÞ ¼
XN�1

n¼0

Cne�inxk n ¼ 0;1; . . . ;N � 1; ð7Þ

where xk represents the sampling points in time, xk ¼ 2pk=N, N the
total number of measurement points, and Cn the complex Fourier
coefficient of fk at sampling frequency nxk.

Cn ¼ 1
N

XN�1

k¼0

f ke
�inxk : ð8Þ

The discrete Fourier transform is expressed as

f̂ n ¼ NCn ¼
XN�1

k¼0

f ke
�inxk ; ð9Þ
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Fig. 3. Images of vapor backflow in inlet plenum. (a) Two representative images in a half period for G = 170.83 kg/m2 s with heat flux, qB00 and corresponding period of (i)
18,164 W/m2 and 1424 ms, (ii) 20,182 W/m2 and 1304 ms, (iii) 22,201 W/m2 and 1200 ms, and (iv) 24,219 W/m2 and 1096 ms, respectively. (b) Sequence of flow oscillation
images for G = 170.83 kg/m2 s and qB00 = 24,219 W/m2.
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and, using Matlab [83], and the average power density spectrum is
determined as

P ¼ 1
N

XN�1

n¼0

f̂ nf̂ �n; ð10Þ

where f̂ �n is the complex conjugate of Fourier transform. Fig. 4(b)
shows the average power spectrum of pressure drop records. Both
amplitude and frequency show significant and monotonic increases
with increasing heat flux. The oscillation frequencies identified
using the discrete Fourier transform are 0.706, 0.764, 0.830, and
0.913 Hz for heat fluxes of 18,164, 20,182, 22,201, and 24,219W/
m2, respectively. These frequencies are close to the measured fre-
quencies of 0.702, 0.767, 0.833, and 0.912 Hz, associated with the
vapor backflow, Fig. 3(a), and determined from reciprocals of the
time periods, 1/1424, 1/1304, 1/1200, and 1/1096 ms�1,
respectively.
3.3. Impact of pressure oscillations on heat transfer performance of
heat sink

Pressure oscillations induced by the vapor backflow can have a
profound influence on the local heat transfer coefficient along the
channel. This is especially a concern in the downstream regions of
the channels incurring quality values approaching unity. Here,
fluctuations associated with the vapor backflow can lead to inter-
mittent downstream dryout if the annular liquid film is locally
evaporated before the next liquid surge of the instability period.
This phenomenon is captured in Fig. 5(a) for conditions associated
with high quality values, evidenced by a sharp decline in the local
heat transfer coefficient due to intermittent dryout, especially for
the highest heat flux. qB00 = 24,219 W/m2. Another manifestation
of the same phenomenon is a substantial increase in the fluid
superheat measured in the test module’s outlet plenum,
Tsuper,out � Tsat,out, for qB00 � 22,201 W/m2, Fig. 5(b), even where xe
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is below unity. This is also captured in Fig. 5(c), where the outlet
superheat is shown suddenly increasing above xe,out = 0.8. The
influence of the vapor backflow is also felt in the inlet plenum,
which is manifest by the temperature measured in the inlet ple-
num, Tin, exceeding the liquid temperature, Tup, measured
upstream of the test module. Fig. 5(d) shows the difference
between the two temperatures, DTup,in = Tin � Tup, which increases
as the vapor backflow is intensified with increasing heat flux. For
mass velocities in the range of G = 132.86–170.83 kg/m2 s, this
temperature difference increases with increasing heat flux, reach-
ing peak value before decreasing with a further increase in the heat
flux.

The inlet temperature increase depicted in Fig. 5(d) has been
reported in a previous study [66] both with or without vapor back-
flow to the inlet plenum, which indicates this temperature increase
can result from both single-phase and two-phase mixing. It is
important to note that, while both intermittent dryout and pre-
mature CHF [14] are associated with flow oscillations and vapor



Fig. 5. Temperature changes in the inlet and outlet plenums for different operating conditions; data are time-averaged over 5 min after reaching steady state. (a) Variations of
local heat transfer coefficient with quality for G = 170.83 kg/m2 s and different heat fluxes. (b) Variations of outlet plenum superheat and quality with heat flux for
G = 170.83 kg/m2 s. (c) Variations of outlet plenum superheat with exit quality for different mass velocities. (d) Variations of measured inlet temperature relative to liquid
temperature upstream of test module with increasing heat flux for different mass velocities.
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backflow, they are fundamentally different in that intermittent
dryout is encountered in saturated flow boiling at low heat fluxes
and low mass velocities, conditions associated with high exit
quality, while premature-CHF is encountered at high heat fluxes
and high mass velocities, and occurs even with negative exit
quality.
3.4. Effects of heat flux and mass velocity on pressure oscillations

Fig. 6(a)–(d) provide an assessment of the influences of heat
flux and mass velocity on pressure oscillations using the discrete
Fourier transform (DFT). Fig. 6(a) shows the power density spec-
trum of pressure oscillation amplitude versus heat flux for differ-
ent mass velocities. It shows an abrupt increase in the power
density spectrum corresponding to the onset of parallel-channel
instability (PCI) for each mass velocity once a threshold heat flux
is exceeded, and the heat flux threshold increases with increasing
mass velocity. Fig. 6(b) shows a much clearer and fairly linear
dependence of oscillation frequency on heat flux. Interestingly,
Fig. 6(b) also points to a lack of dependence of oscillation fre-
quency on mass velocity, which is consistent with observations
from previous studies [46,48]. Oscillation frequency is also gov-
erned by liquid inertia from the inlet to the flow reversal point,
as well as the stiffness of compressible volume in the inlet plenum,
resembling resonance in a mechanically vibrating system. Notice
that the effects of liquid inertia on amplitude and frequency are
clearly captured in the present study, given the large length to
diameter ratio of L/Dh = 609.6 used. Bruin et al. [60] presented res-
onance characteristics versus heat flux and mass velocity resem-
bling those in Fig. 6(a) and (c), and indicated that vapor
blackflow increases the inlet plenum’s compressible volume.
Fig. 6(c) shows the amplitude increases with increasing mass
velocity up to peak value then decreases as high liquid inertia
begins to suppress oscillations, and the mass velocity correspond-
ing to peak amplitude increases with increasing heat flux. Fig. 6(d)
shows mass velocity has a relatively weak influence on oscillation
frequency.
4. New correlation for oscillation frequency

4.1. Comparison with prior relations for oscillation frequency

Table 7 provides a list of prior relations for pressure oscillation
frequency for single-channel and multi-channel flow boiling, along
with their accuracy in predicting frequencies measured in the pre-
sent study and determined by Fourier transform. Fig. 7(a)–(c) show
detailed comparisons with predictions of Plesset and Zwick [84],
Jacobi and Thome [74], and Hetsroni et al. [62], respectively.
Dupont et al. [74] suggested the onset of nucleate boiling (ONB)
occurs at xe = 0 and that the frequency of periodic flow is dictated
by the time it takes a bubble to grow to the channel diameter. They
derived a correlation for frequency based on a three-zone periodic
flow model [70], which does not explain the flow oscillation
physics despite good predictions of their data. Their frequency
was based on Plesset and Zwick’s model for bubble growth in
superheated liquids. Fig. 7(a) shows the Plesset and Zwick
model underpredicts the present frequency data with a MAE of
60.4%. Physically, bubble growth alone cannot explain the DWO
induced by rapid pressure drop. Additionally, there are appreciable
differences in oscillations occurring in a single-channel compared



Fig. 6. Assessment of effects of operating conditions on flow oscillations using discrete Fourier transform (DFT): (a) Power density spectrum of pressure oscillation amplitude
versus heat flux. (b) Oscillation frequency versus heat flux. (c) Power density spectrum of pressure oscillation amplitude versus mass velocity. (d) Oscillation frequency versus
mass velocity.

Table 7
Previous relations for flow boiling oscillation frequency.

Author(s) Relations Remarks

Plesset and Zwick [84]
f ¼ 1=s ¼ 2qf cp;fDTsat;avg

qgDhfgDh

h i2 12af
p

Analytical model for bubble growth rate in superheated liquid

DTsat;avg ¼ Tw;avg � Tsat;avg , af ¼ kf
qf cp;f

MAE=60.4%

Dupont et al. [74] f ¼ ðq00H=q00ref Þ1:74 Single circular tube; multi-channel with circular and rectangular channels

q00ref ¼ 3328ðPrÞ�0:5 CO2, R11, R113, R12, R123, R-134a/, R141 b

MAE=170.9%
Hetsroni et al. [62] f ¼ ½0:000030 �uDhBo

�2��1 Frequency for explosive boiling oscillation (EBO) in single micro-channel

�u ’ jf ;Bo ¼ q00H=ðGhfgÞ Water, ethanol
MAE=6619.8%

Muwanga et al. [67] f ¼ �uin
L C1Bo

C2NC3
subWeC4NC5

ch
Frequency for explosive boiling oscillation (EBO) in multi micro-channel heat sink

C1 ¼ 3:383� 10�15;C2 ¼ �1:408;C3 ¼ 4:328; Distilled water

C4 ¼ 0:144;C5 ¼ �0:137 MAE=99.9%

We ¼ ðG2Dh=rqf Þ, �uin ¼ jf ;in
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to those in a multi-channel heat sink. Fig. 7(b) shows the frequency
relation by Jacobi and Thome overpredicts the present frequency
data with a MAE of 170.9%. Hetsroni et al. reported that the
temporal dryout associated with explosive boiling
oscillation (EBO), which occurs at relatively high heat
fluxes (qH00 = 120–270 kW/m2) and low mass velocities
(G = 32–200 kg/m2 s), leads to significant out-of-phase high fre-
quency oscillations in individual channels of a multi-channel heat
sink, and increases waiting time for re-wetting. Fig. 7(c) shows
appreciable departure of the EBO frequency predictions from the
present data, evidenced by a MAE of 6619.8%. Another frequency
correlation by Muwanga [67], developed for multi-channel heat
sink, underpredicts the present data with a MAE of 99.9%, which
may be explained by their use of a length-to-diameter ratio, L/Dh,
that is smaller than those of most other studies as indicated in
Table 2. Failure of the available frequency relations to predict the
present data points to the need for a new and improved frequency
correlation.



Fig. 7. Assessment of previous frequency relations against present pressure drop oscillation data: (a) Plesset and Zwick [84], (b) Jacobi and Thome [74], and (c) Hetsroni et al.
[62].
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4.2. Determination of dominant non-dimensional parameters

As discussed earlier in regards to the influences of heat flux and
mass velocity, the amplitude and frequency of the complex oscilla-
tion phenomena observed in the present study are closely associ-
ated with vapor generation rate, as suggested in a previous study
by Brutin et al. [60]. To determine dominant non-dimensional
parameters governing the pressure oscillations, three parameters
that influence vapor generation are examined: (a) rate of total
vapor generation, DQg , (b) rate of vapor generation per unit length,
dQg=dz, and (c) extent of upstream single-phase liquid length, Lsp,f,
from the inlet to the location where xe = 0, which are expressed,
respectively, as

DQg ¼
q00
BðWch þ 2WwÞNchðL� Lsp;f Þ

qg;inhfg;in
; ð11Þ

dQg

dz
¼ q00

BðWch þ 2WwÞNch

qg;inhfg;in
; ð12Þ

and Lsp;f ¼ GWchHch

q00
BðWch þ 2WwÞ cp;f ðTsat � Tb;f Þin: ð13Þ
Fig. 8(a)–(e) capture the influences of the above parameters on
average power spectrum and oscillation frequency. Increases in
DQg , Fig. 8(a), and dQg=dz, Fig. 8(c), are shown increasing oscilla-
tion amplitude by intensifying vapor backflow to the inlet plenum.
Similarly, they increase oscillation frequency almost linearly, as
shown in Fig. 8(b) and (d), because of faster vapor generation that
decreases waiting time for the vapor backflow. Eqs. (11) and (12)
show that, in terms of vapor generation, qB00 has the most dominant
impact on both amplitude and frequency. Fig. 8(e) and (f), show
that amplitude and frequency, respectively, of the oscillations gen-
erally decrease with increasing inlet subcooling, DTsub,in, due to
damping of vapor backflow by increased liquid inertia and vapor-
liquid mixing in the inlet plenum. Notice that, while DQg and
dQg=dz are influenced mostly by qB00, Lsp,f is influenced by both
qB00 and G.

To derive a non-dimensional correlation for oscillation fre-
quency, four dependent dimensionless parameters are defined:
phase change parameter, Npch, subcooling parameter, Nsub, single-
phase length parameter, Isp,f, and Weber number, Wefo. The phase
change parameter is defined as

Npch ¼ q00
H

Ghfg

� �
L

A=PH

� � qf � qg

qg

 !
¼ Bo

L
A=PH

� � qf � qg

qg

 !
; ð14Þ



Fig. 8. Effects of vapor generation parameters on average power spectrum and frequency of pressure drop oscillations. (a) Power spectrum versus vapor volume. (b)
Frequency versus vapor volume. (c) Power spectrum versus vapor generation rate. (d) Frequency versus vapor generation rate. (e) Power spectrum versus liquid length. (f)
Frequency versus liquid length.
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where PH =Wch + 2Hch. The proportional dependence of Npch on qH00

is reflected in Fig. 9(a) by a monotonic increase of oscillation fre-
quency with increasing Npch. The subcooling parameter is defined
by

Nsub ¼
qf � qg

qg

 !
cp;f ðTsat � TinÞ

hfg

� �
: ð15Þ
Fig. 9(b) shows that increasing Nsub suppresses oscillation fre-
quency, however this dependence is less clearly defined than that
relative to Npch, given the relatively small range of subcooling of the
present experiments, 3.5–5 �C, and a corresponding Nsub range of
0.9–1.4. The two remaining dimensionless parameters, the
single-phase length parameter, Isp,f, and the Weber number, Wefo,
are defined, respectively, as
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Isp;f ¼ Lsp;f
Dh

ð16Þ

and

Wefo ¼ G2Dh

qfr
: ð17Þ

Fig. 9(c) shows the frequency decays almost exponentially with
increasing liquid inertia that is reflected in Isp,f. Fig. 9(d) show two
separate trends in the dependence of frequency on Weber number.
For each heat flux, the frequency initially shows weak dependence
on Wefo up to a threshold Weber number value, above which it
drops sharply with increasing Wefo. Because Weber number repre-
sents ratio of liquid inertia to surface tension force, the threshold
Wefo value marks a transition from high oscillation low Wefo range
to highWefo range where oscillations are suppressed by high liquid
inertia. Fig. 9(d) shows the boundary between the two Wefo
regimes fitted according to

f m arg in ¼ 0:297 We0:5fo : ð18Þ
4.3. New correlation for oscillation frequency

Combining the parametric trends of frequency with the individ-
ual dimensionless parameters yields the following correlation for
oscillation frequency,

f ½Hz� ¼ 0:031Npch �0:292e�0:016Isp �0:211Nsub þ0:112Wefo �0:039:

ð19Þ
Fig. 10(a) and (b) show the variations of the correlation’s abso-

lute error, defined as
AE ¼ jf pred � f expj
f exp

� 100 ð%Þ; ð20Þ

with Npch and Nsub, respectively, with the individual data segregated
relative to fmargin. Notice the relatively large scatter in Fig. 10
(a) and (b) for Npch < 20 and Nsub > 1.1, respectively. On the other
hand, relatively small errors are achieved for Npch > 20, with a
MAE of 8.13% for 30 of 58 data points, and Nsub > 1.1, with a MAE
of 11.97% for 27 of 58 data points, where

MAE ¼
X jf pred � f expj

f exp
� 100ð%Þ: ð21Þ

Notice also that the data points associated with fexp > fmargin in
Fig. 10(a) correspond well with the range Npch > 20. On the other
hand, no such correspondence is observed in Fig. 10(b) for
Nsub < 1.1. Because of the better correspondence for data corre-
sponding to fexp > fmargin in the variation relative to Npch, Fig. 10(c)
shows a smaller MAE of 9.98% for fexp � fmargin compared to a larger
MAE of 52.71% for fexp < fmargin. Fig. 10(c) also shows overall MAE for
the entire database is 26.93%.

5. Heat transfer degradation due to intermittent dryout

5.1. Relation between pressure oscillations and intermittent dryout

As discussed earlier, two-phase flow between two plenums is
known to induce periodic pressure oscillations that influence the
local heat transfer coefficient, h, by promoting intermittent dryout.
For a channel with large L/Dh and both low mass velocity and low
heat flux, the intermittent dryout is initiated in the downstream
region of the channel by annular film dryout, and is manifest by
a sharp and significant drop in the local heat transfer coefficient.
For a micro-channel heat sink with small L/Dh, high heat flux com-
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Fig. 10. Assessment of accuracy of new frequency correlation. (a) Absolute error versus Npch. (b) Absolute error versus Nsub. (c) Predicted versus measured frequency.
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bined with small mass velocity causes a reduction in the heat
transfer coefficient along the entire channel by explosive boiling
oscillation (EBO) because of temporal and/or complete liquid film
dryout. Given the large value of L/Dh in the present study, the pri-
mary influence of pressure oscillations is localized intermittent liq-
uid film dryout and reduction in the local heat transfer coefficient
only in the downstream region of the channel.

As shown in Fig. 11(a), different trends of local heat transfer
coefficient are observed in the present study, segregated by a
specific Boiling number value of Bo ¼ q00

H=ðGhfgÞ ¼ 4:5� 10�4. In
the low xe range corresponding to Bo < 4.5 � 10�4, the local heat
transfer coefficient increases almost linearly with increasing Bo
because of intensification of boiling in a predominantly nucleate
boiling region. However, h data are quite dispersed for
Bo � 4.5 � 10�4, due to intermittent dryout in a predominantly
convective boiling region. The segregation in local heat transfer
coefficient data is emphasized further by plotting h data versus
xe separately for Bo < 4.5 � 10�4, Fig. 11(b), and Bo � 4.5 � 10�4,
Fig. 11(c). Notice that for Bo � 4.5 � 10�4 h is simultaneously
enhanced by nucleate boiling upstream and degraded by intermit-
tent dryout downstream, with the degradation dominating the
trend relative to xe, especially as xe approaches unity as shown in
Fig. 11(c). This trend is also supported by Fig. 11(d), which shows
exit quality values above 0.8 correspond closely to the range
Bo � 4.5 � 10�4. The results in Figs. 5(a)–(c) and 11(a)–(d), point
to intermittent dryout and very high quality values downstream
as key causes for the downstream degradation in h.

It is important to note that the pressure oscillations and vapor
backflow induce the periodic flow oscillations that are responsible
for the downstream intermittent dryout. It is also expected that
further increases in Bo and xe,out due to increasing heat flux can
trigger critical heat flux (CHF). Notice that this type of CHF, which
occurs in saturated flow boiling, is fundamentally different from
premature CHF [14], which is encountered with subcooled outlet
conditions, xe,out < 0.

To further explore the intermittent dryout phenomenon, the
mean thickness of the annular liquid film incurring dryout by
evaporation is estimated over period t of the flow oscillation.



Fig. 11. Effects of pressure and flow oscillations and intermittent dryout on heat transfer degradation; data are time-averaged over 5 min after reaching steady state. (a) h
versus Bo. (b) h versus xe,out for Bo � 4.5 � 10�4. (c) h versus xe,out for Bo < 4.5 � 10�4. (d) xe,out versus Bo. (e) qH00 versus evaporating film thickness, devap, during one oscillation
cycle for Bo � 4.5 � 10�4.
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devap ¼ q00
Ht

qf hfg
¼ Wch þ 2Ww

Wch þ 2Hch

� �
q00
Bt

qf hfg
: ð22Þ

Fig. 11(e) shows the film thickness is fairly constant, 80–
100 lm, for Bo � 4.5 � 10�4 because the opposing effects of evap-
oration period and heat flux on film thickness tend to cancel one
another.
5.2. Future work

A long-term objective of this study is to implement flow boiling
and condensation in thermal control systems (TCSs) for future
space vehicles and planetary habitats. These operating environ-
ments pose additional challenges stemming from influences of
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reduced gravity on flow instabilities in the two-phase loop, espe-
cially the flow boiling module. For example, past studies at the Pur-
due University Boiling and Two-Phase Flow Laboratory (PU-BTPFL)
[85–87] have shown profound changes in flow boiling interfacial
behavior in microgravity, Lunar gravity, and Martian gravity com-
pared to Earth gravity, especially at low coolant flow rates. Another
concern is to ensure that recently developed predictive tools for
both flow boiling [88,89] and condensation [90–92] are valid for
the different gravities. Future studies must therefore address
two-phase flow and heat transfer instability issues in reduced
gravity, and provide, if needed, improved methods for predicting
flow boiling and condensation in reduced gravity.
6. Conclusion

This study explored the complex two-phase phenomena associ-
ated with pressure oscillations in a large length-to-diameter multi
micro-channel heat sink using R134a as working fluid. Vapor back-
flow to the upstream plenum was investigated with the aid of
high-speed video and used to estimate oscillation frequency. A
detailed parametric study of oscillation frequency was conducted
to identify key dimensionless parameters governing the instability,
and to develop a new frequency correlation. Also discussed was the
influence of oscillation frequency on intermittent dryout in the
downstream regions of the channels. Key findings from the study
are as follows.

1. High-speed video analysis proved vapor backflow induces peri-
odic pressure oscillations in the inlet plenum. The frequency
estimated from the vapor backflow video analysis matches clo-
sely the frequency obtained from Fourier analysis of the mea-
sured pressure drop signals. While density-wave oscillations
are encountered in individual channels, the phenomena
observed are more closely related to parallel-channel
instability.

2. The periodic oscillations and vapor backflow are responsible for
initiating intermittent dryout in the downstream regions of the
channels, which is manifest by an appreciable drop in the local
heat transfer coefficient, especially for downstream locations
where xe,out � 0.8.

3. Oscillation frequency is governed by four dimensionless param-
eters that account for amount of vapor generation, subcooling,
and upstream liquid length, in addition to Weber number. A
correlation for oscillation frequency is constructed which cap-
tures the frequency variations relative to the individual
parameters.
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