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Impact of Pressure Drop Oscillations and Parallel Channel Instabilities on Microchannel
Flow Boiling and Critical Heat Flux
Matthew D. Clark, Justin A. Weibel®, Suresh V. Garimella?
Cooling Technologies Research Center, School of Mechanical Engineering
Purdue University, 585 Purdue Mall, West Lafayette, IN 47907 USA
Abstract
Microchannel flow boiling heat sinks that leverage the highly efficient heat transfer mechanisms

associated with phase change are a primary candidate for cooling next-generation electronics in electric
vehicles. In order to design flow boiling heat sinks for such practical applications, one key obstacle is an
understanding of the conditions for occurrence of dynamic two-phase flow instabilities, to which
microscale flow boiling is particularly susceptible, as well as their impact on heat transfer performance.
While mapping the operational regimes of these instabilities has been well-studied, with numerous
stability criteria available, their impact on the heat transfer performance of heat sinks in practical
applications is not understood. This work seeks to assess the impact of pressure drop oscillations and
parallel channel instabilities on the surface temperature and critical heat flux in parallel microchannel heat
sinks. This is achieved through measurement of time-averaged steady-state temperatures and pressures,
combined with high-frequency pressure signals and high-speed flow visualization. These data are
compared across three controlled flow configurations that comprise a condition of stable flow boiling, a
condition where only parallel channel instabilities can occur, and a third where both pressure drop
oscillations and parallel channel instabilities can occur. Experiments are performed using the dielectric
refrigerant HFE-7100 in 2 cm long parallel microchannel heat sinks with square-cross-section channels
(0.25, 0.5, 0.75, and 1 mm widths) at three mass fluxes (100, 400, and 1600 kg/m?s). Across this range of
conditions, the time-averaged surface temperature and critical heat flux were remarkably insensitive to the
occurrence of these instabilities despite the significant hydrodynamic events and transient flow patterns

observed.

Keywords
Flow boiling; instabilities; compressibility; microchannels; two-phase heat transfer; electronics

cooling

! Corresponding author E-mail address: jaweibel @purdue.edu
2 Suresh Garimella is currently with The University of Vermont, Burlington, VT 05405 USA.



mailto:jaweibel@purdue.edu

Nomenclature

Awet
BI

Pelec

total heat sink wetted area [m?]

Boiling number (g"/(Ghyg))

oscillation frequency [Hz]

mass flux [kg/m?s]

channel height [mm]

latent heat of vaporization [J/kg]

electrical current [A]

number of channels

pressure measured at test section inlet [kPa]

inlet pressure oscillation about mean value (Piniet — Pintet,mean) [KPa]
wetted-area heat flux ((Pojec — Qoss)/Awet) [W/cm?]
heat loss [W]

average extrapolated surface temperature [°C]

fluid saturation temperature [°C]

electrical power (AV=l) [W]

power supply voltage drop [V]

volumetric flow rate [mL/min]

channel width [mm]

thermal diffusivity [m?/s]
thermal penetration depth (4/2ma/f) [m]



1 Introduction

As technological and physical packaging requirements of next-generation electronic devices continue
toward higher power densities, thermal management strategies must be improved over conventional
single-phase air or liquid cold plates [1]-[3]. A specific application having challenging thermal
management demands is the traction power inverter modules necessary for propulsion of electric vehicles.
The most promising methods for meeting the needs of these high-power-density packages utilize the
highly efficient heat transfer mechanisms associated with liquid-vapor phase change. At the cutting-edge
of heat sink technology, researchers have demonstrated the integration of microfluidic two-phase cooling
channels directly into semiconductor devices, achieving heat dissipation in excess of 1000 W/cm? [4]-[7].
In applications such as power converter modules in electric vehicles, a nearer-term approach is the
operation of conventional or reduced-volume cold plate designs in the two-phase regime. However, in all
instances of the practical implementation of pumped two-phase loops, challenges remain. Of these
challenges, two-phase flow instabilities have been a subject of concern for many decades in macroscale
systems such as nuclear reactors and heat exchangers [8], [9]. These same instabilities are also observed,
if not exacerbated, at smaller scales such as in microchannel cold plates [10].

Two-phase flow instabilities are broadly categorized as either static or dynamic [8]. Static instabilities
are characterized by a flow which, when disturbed, transitions from one unstable operating condition to a
different stable operating condition, such as during the Ledinegg instability [11], [12]. Dynamic
instabilities are a result of interactions and delayed feedback between, for example, the inertia of a two-
phase mixture within a heated channel and a source of compressibility outside of the channel [9], [13]. In
microchannel heat sinks, two types of dynamic instabilities are of particular concern: pressure drop
oscillations and parallel channel instabilities. Pressure drop oscillations are a result of the two-phase
mixture within the heat sink interacting with a source of compressibility, such as trapped noncondensable
gas, upstream of the heat sink. Parallel channel instabilities are dictated by similar system compressibility
mechanisms, but instead result from interactions between the two-phase mixtures in neighboring channels
within a heat sink, as described in more detail below.

In a channel with constant heating, the pressure required to maintain a given mass flux changes
according to its characteristic pressure demand curve. Unique to flow boiling, during two-phase
operation, the pressure demand of the channel can increase with reducing mass flux as the amount of
vapor generation increases (higher exit vapor quality); bubbles accelerate the flow as they nucleate, grow,
and become confined by the channel walls. If there is a source of compressibility upstream of the channel
inlet, the system will dynamically respond to this demand increase, pressurizing the compressible volume
and momentarily reducing mass flux into the channel. Eventually, the upstream compressible volume

pressurizes enough to overcome the channel pressure drop and mass flux into the channel increases,



causing a temporary reduction in vapor quality within the channel. A periodic continuation of this cycle
characterizes the pressure drop oscillation instability. In a parallel channel system, the two-phase mixture
within neighboring channels can interact in a similar way, even without the presence of a compressible
volume upstream of the channel inlets. In this case, individual channels experience vapor confinement,
backflow, and rewetting, in cycles that are out of phase with neighboring channels.

Investigations of these dynamic two-phase flow instabilities, primarily in macro-scale channels, are
documented in a number of reviews [10], [14]-[18]. Most of these studies focused on the fundamental
two-phase flow dynamics and instability mechanisms under idealized conditions, with comparatively less
attention directed at understanding the impact of pressure drop oscillations and parallel channel
instabilities on heat transfer performance in practical heat sink geometries. Of those that do studied
practical heat sink geometries, the focus was on suppressing instabilities through methods such as inlet
restrictors [19]-[21], rather than quantifying the heat transfer implications of the instabilities. Our recent
study [22] reported on the development of a novel two-phase flow facility that could isolate and identify
the effects of pressure drop oscillations on surface temperature and critical heat flux in single channels.
This was achieved by comparing time-averaged surface temperatures and transient pressure signals in a
single 20 mm long square-cross-section microchannel (w = 0.5, 0.75, and 1 mm) with and without the
presence of an upstream compressible volume. The presence of the compressible volume was found to
induce pressure drop oscillations with frequencies that increased in a range from 10 — 40 Hz with
increasing heat flux, similar to the frequencies reported by Kingston et al. [23] for a single 0.5 mm-
diameter glass microchannel. These pressure drop oscillations resulted in an increase in time-averaged
surface temperatures ranging from 0.5 — 6.0 °C. The severity of the temperature rise was found to
directly correlate with both the amplitude and frequency of the pressure drop oscillations, and
performance was more sensitive to the oscillations in smaller channel geometries. The critical heat flux
was insensitive to the occurrence of pressure drop oscillations except in the smallest channel geometry of
We = 0.5 mm.

The current study is the first to delineate the individual and combined effects of both pressure drop
oscillations and parallel channel instabilities on the heat transfer performance in parallel channel systems.
Using the two-phase flow loop developed in our previous work [22], coupled with a modified parallel
microchannel heat sink test section, the effect of these instabilities on surface temperature and critical heat
flux is investigated. The coolant, material properties, and geometry of the heat sinks are informed by
emerging two-phase cold plate applications. The heat sinks have square-cross-section channels ranging

from w. of 0.25 mm to 1 mm machined into a copper block and are tested over a range of mass fluxes
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(100, 400, and 1600 kg/m?s) under multiple flow configurations designed to isolate parallel channel
instabilities from pressure drop oscillations relative to a baseline case with stable flow. The occurrence
and type of the dynamic instabilities are identified through analysis of high-frequency pressure
measurements synchronized with high-speed visualizations. The impact of these instabilities on heat
transfer performance is assessed through comparison of time-averaged heat transfer results across the

different flow configurations.

2 Experimental Methods
2.1 Flow Configurations

Three different flow configurations, shown schematically in Fig. 1, are employed to investigate the
effect of pressure drop oscillations and parallel channel instabilities on heat transfer performance of a
parallel channel heat sink. First, baseline stable flow boiling conditions are provided by configuration (i),
where flow restrictors are installed at the inlet of each individual channel in the heat sink. Such inlet
restrictors are an established method for preventing interaction between the two-phase mixture in the
channels with either neighboring channels or compressibility in the system upstream of the heat sink [24].
For the second configuration (ii), the channel inlet restrictors are removed. This provides the necessary
conditions for parallel channel instabilities to occur by allowing neighboring channels to interact with one
another. However, because no upstream compressible volume is present in this configuration, pressure
drop oscillations will not occur. In the final configuration (iii), an upstream compressible volume is added
and the channel inlet restrictors are removed, providing conditions that allow for both pressure drop
oscillations and parallel channel instabilities to occur. The specific experimental methods used to

implement these three flow configurations are described in Section 2.2 below.
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Fig. 1. Schematic diagrams of the three flow configurations implemented: (i) with inlet restrictors; (ii)
without inlet restrictors; and (iii) with an upstream compressible volume. Shaded regions differentiate the
length of the channels filled with two-phase mixture from the solid black regions filled with liquid only.
The interface between these regions can move upstream or downstream during instabilities.

2.2 Flow Loop and Test Section

The experimental two-phase flow facility used in this study, shown schematically in Fig. 2, is charged
with the dielectric fluid HFE-7100 [25]. For degassing of the working fluid, the custom-built reservoir is
equipped with immersion heaters and Graham condensers connected to a chilled water supply. The
reservoir remains open to atmosphere through the Graham condensers throughout all tests. A positive
displacement gear pump (GB-P23, Micropump) provides the desired flow rate through the system. Fine
control of liquid flow rate to the test section is achieved by regulating a portion of the flow through a
bypass at the pump exit leading back to the reservoir. After the remaining fluid flow passes through an
activated carbon filter and 7 um particulate filter, the mass flow rate is measured by a Coriolis mass
flowmeter (Micromotion CMF010M). The liquid temperature is either reduced using a liquid-to-air heat
exchanger or increased by applying power to the electrically heated liquid preheater to achieve the desired
inlet subcooling before it enters the test section.

The flow loop differs from the description in Ref. [22] in two primary ways to adapt the facility to the
order-of-magnitude higher flow rates required for the parallel-channel experiments compared to a single
channel. First, a needle valve that was located between the buffer volume and the test section is removed
to prevent a large flow resistance across the valve, even when fully opened, from undesirably damping
interaction between the test section and the buffer volume. Second, an additional heat exchanger is added
between the flow meter and preheater to aid in maintaining the desired inlet subcooling to the heat sink.
All other components and sensor arrangements are identical.
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Any of the components within the flow loop might contain trapped air despite thorough degassing of
the working fluid prior to and during each experiment. This trapped air can provide a source of upstream
compressibility which can interact with the test section and induce pressure drop oscillations during flow
configurations in which it is to be avoided. The needle valve labeled “system throttle” in Fig. 2 is used to
maintain a system pressure, defined just upstream of the valve, of at least 90 kPa above the outlet pressure
in the test section. This system pressure is approximately an order of magnitude greater than the nominal
pressure drop across the test section and thereby effectively suppresses any interaction between a two-
phase mixture in the test section and compressibility in the components upstream.

In order to allow for a controlled degree of compressibility upstream of the heat sink inlet, a custom-
fabricated graduated glass cylinder (labeled “buffer volume” in Fig. 2) with threaded connections on
either end is situated between the system throttle and the test section inlet. Under the flow configuration
where an upstream compressible volume is desired, the cap on top of the buffer volume is removed and
the valve labeled “buffer cut-off” in Fig. 2 is opened while circulating the working fluid, allowing the
liquid level within the buffer to rise to a specified level. The buffer cut-off valve is then closed and the
buffer volume capped, trapping a measurable volume of air at atmospheric pressure within the glass
cylinder. At the beginning of the experiment, the buffer cut-off valve is opened, exposing the volume of
compressible air to the test section inlet. A float ball placed in the cylinder minimizes the liquid-air
interfacial area and prevents the air from dissolving into the working fluid. For flow configurations where

zero upstream compressible volume is desired, the buffer cut-off valve remains closed.
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Fig. 2. Schematic diagram of the flow loop including an inset 3D model of the test section and buffer
volume outlined in the blue dashed region of the flow loop. A labelled photograph of the instrumented
parallel microchannel test section is also shown.

The test section assembly detailed in Fig. 3 is a modified version of that used in Ref. [22]. The
component labeled “heat sink™ in the cross-section view of the assembly in Fig. 3(a) is an interchangeable
20 mm x 20 mm x 10 mm oxygen-free copper block with microchannels directly machined into the top
surface. For this study, four different parallel microchannel heat sink geometries are machined using a
series of circular jeweler saw blades and spacers installed onto a custom mandril. The heat sinks include
three thermocouple taps located 2.5 mm below the top surface and reaching into the centerline of the
block at the inlet, center, and outlet of the channels. Heat is supplied through resistance cartridge heaters
inserted into the bottom of a separate copper block below the heat sink. A thermal interface material
(Laird Technologies, Tflex 700) is placed between the heater block and heat sink. The particular thermal
interface material is chosen because it has a low dependence of thermal resistance on contact pressures
above 70 kPa, thereby providing good test-to-test repeatability as it is also replaced each time a new heat
sink is installed in the test section. The heat sink is held in alignment with the surrounding PEEK
(polyether ether ketone) carrier by steel alignment pins as shown in the exploded assembly view in Fig.
3(b). Fluid is routed through manifolds machined into the PEEK carriers, which include taps for
temperature and pressure measurements at the inlet and outlet plenums as labeled in Fig. 3(a).

For flow configuration (i) with channel inlet restrictions, restrictor plates are laser-cut (Universal
Laser Systems, PLS6MW) from 3.2 mm-thick PTFE and aligned using the existing steel alignment pins
as shown in Fig. 3(b). Each individual restrictor orifice is aligned to the center of the corresponding
microchannel inlet. The nominal restrictor designs are circular in shape with nominal diameters of 0.21,
0.3, and 0.4 mm for the w; = 0.5, 0.75, and 1 mm channels, respectively. Restrictors for the we = 0.25 mm
channels could not be fabricated due to limitations on the minimum hole diameter that could be laser-cut
in the PTFE plate. The nominal restrictor diameters correspond to a fixed restrictor-to-channel area ratio
of 16%, which was chosen based on modeling results for the restrictor ratio required to suppress static
instabilities [26], [27]. The laser-cutting process produces a hole that is conical in shape, where the
diameter of the hole at the narrow end of the cone is close to the nominal diameter; the small end of the
cone is positioned facing towards the heat sink. Unintended flash boiling of the fluid due to expansion
after the restrictor was of concern, but this was not observed during testing with restrictors. Additional

details regarding the test section assembly and sealing method can be found in Ref. [22].
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Fig. 3. (a) Cross-sectional view of the test section with identification of key components and (b)
exploded view of the heat sink carrier assembly with a restrictor plate installed.
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2.3 Experimental Procedure

Experiments are performed using four parallel microchannel heat sinks, each with different channel
cross section dimensions, as listed in Table 1. The nominal channel sizes were chosen to match those of
the previous single-channel study [22] (w. = 0.5, 0.75, and 1 mm) with an additional smaller channel size
of we = 0.25 mm. The nominal wall thickness is equal to the channel width except for the 0.25 mm
channels, where the wall thickness is 0.5 mm to maintain structural rigidity during machining. The wall
thicknesses were chosen to ensure a fin efficiency greater than 97%. All heat sinks have a flow length of
20 mm. The actual as-fabricated channel dimensions were measured under a microscope (Olympus
BX53M), and the mean channel widths and heights are listed in Table 1. Each heat sink is tested over the
range of mass fluxes listed in Table 2 under the three flow configurations described in Section 2.1, with
the exception of the heat sink with w = 0.25 mm channels, which is not tested with inlet restrictors. The
working fluid is degassed for a minimum of 2 hr prior to the start of each experiment by vigorously
boiling the fluid in the reservoir while allowing noncondensable gasses to vent out of the system through
the Graham condensers and circulating the fluid through the facility. This process ensures that any air
trapped within the test section or other components is dissolved into the working fluid flowing through
the lines and then expelled from the system through the Graham condensers. By maintaining saturated
boiling conditions in the reservoir throughout the experiments, the working fluid is held in a degassed

state.



At the beginning of each experiment, the desired inlet subcooling, mass flux, and flow configuration
are set while maintaining a system pressure of 90-100 kPa above the outlet pressure. The inlet subcooling
is set at 20 °C as measured by the thermocouple in the test section inlet plenum. For each flow
configuration, power supplied to the heater is incremented in small steps, allowing a steady state to be
reached at each step where data is recorded as described in Section 2.4. A complete boiling curve of the
measured heat flux versus surface superheat is thereby constructed that spans flow regimes from single-
phase to two-phase operation, up to the critical heat flux (CHF). This procedure is repeated for each heat
sink and mass flux combination listed in Table 2 under flow configurations (i) with inlet restrictors, (ii)

without inlet restrictors, and (iii) with a compressible volume and no inlet restrictors.

Table 1. Measured heat sink channel dimensions.

Number of Mean Channel Width, Mean Channel Height,
Channels, N we [mm] he [mm]

26 0.29 0.29

19 0.55 0.47

12 0.85 0.83

10 1.04 0.99

Table 2. Nominal test parameters.

Number of Channel Width, Mass Flux, Flow Rate, Heat Flux,
Channels, N we [mm] G [kg/m?3s] V [mL/min] q" [Wicm?]
100 7 0-8
26 0.25 400 26 0-25
1600 105 0-59
100 19 0-12
19 0.5 400 77 0-34
1600 308 0-60
100 27 0-14
12 0.75 400 110 0-36
1600 438 0-64
100 41 0-10
10 1
400 162 0-23
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2.4 Data Acquisition and Processing

A data acquisition system (National Instruments cRIO-9024) with the necessary input/output modules
is used to record data from all sensors in the facility. In order to capture transient pressure fluctuations
associated with dynamic two-phase flow instabilities, high-frequency characterization is required [23].
Pressure transducers are sampled at a frequency of 25 kHz and down-sampled by averaging every 10 data
points to reduce noise. These high-frequency pressure signals are paired with high-speed visualizations
(Vision Research, Phantom v1212), which are sampled at 1000 frames per second and triggered
simultaneously by the data acquisition system. The test section is illuminated by an LED panel
(Advanced Illlumination). At each steady-state heat flux, 10 s of high-frequency pressure data and high-
speed video are recorded. All other data are sampled over 2 min at a rate of 1 Hz and time-averaged.
Pressure transducers are calibrated (Scandura, Pascal 100) prior to experimentation.

Heat loss from the heater block, Quss, is experimentally calibrated as described in Ref. [22]. Heat flux
within the heater block is calculated by subtracting Qiess from the total electrical power, Peiec, supplied to
the cartridge heaters. The total electrical power is calculated from the voltage drop across the power
supply and the electrical current measured using a shunt resistor. Channel wetted-area heat flux is
calculated assuming that the power supplied to the heat sink is equal to the heat-loss-corrected power
supplied to the heater block (¢” = (Pejec — Qioss)/Awet)- Channel surface temperatures are extrapolated
from the three thermocouples embedded along the centerline of the heat sink 2.5 mm below the top
surface using the channel wetted-area heat flux. Sensor measurement uncertainties as well as uncertainties
in the wetted-area heat flux and extrapolated surface temperature are calculated as described in Ref. [22]
and listed in Table 3.

Table 3. Summary of measurement uncertainties.

Measurement Uncertainty
Calibrated T-type thermocouples +0.3°C
Pressure transducers +2.13 kPa

+0.02 W/cm? (lowest flux) to
+0.2 W/cm? (highest flux)

Wetted-area heat flux

Extrapolated surface temperature +0.4°C

11



3 Results and Discussion

Time-averaged heat transfer data are presented and compared for thermal performance across all test
parameters and flow conditions. Trends associated with the time-averaged data are then explained using
high-frequency pressure data and flow visualizations.

3.1 Time-Averaged Flow Boiling Behavior

Time-averaged steady-state boiling curves for all test cases in Table 2 are presented in Fig. 4. The
boiling curves present the channel wetted-area heat flux plotted against the difference between the time-
averaged channel surface temperature and the saturation temperature of the fluid at atmospheric pressure,
also known as surface superheat. Channel surface temperature is the mean value of the three
thermocouples positioned along the channel length. Each subplot in Fig. 4(a-d) corresponds to a particular
channel size and the individual curves correspond to different mass fluxes grouped by color. For each
mass flux, the shape of the data point denotes the flow configuration: (i) triangles correspond to tests with
inlet restrictors installed; (ii) squares correspond to tests without inlet restrictors; and (iii) circles
correspond to tests without inlet restrictors and a compressible volume upstream of the heat sink inlet.

All of the individual boiling curves follow a common characteristic trend. At the lowest heat fluxes,
the surface superheat increases linearly with heat flux as the heat sink operates in the single-phase regime,
reflecting the expected constant heat transfer coefficient for single-phase internal flow. For the same
channel size and mass flux, the surface superheat for configuration (i) is lower than for configurations (ii)
and (iii) for a given heat flux within the single-phase regime. This decrease in temperature is attributed to
expansion of flow exiting the channel inlet restrictors. Once nucleate boiling begins in the heat sink, the
boiling curves turn sharply upward reflecting the increased heat transfer coefficient associated with phase
change. Within this two-phase flow regime, the curves collapse indicating that the heat transfer
coefficient is independent of mass flux. The heat sink operates within this regime with increasing heat
flux until a critical heat flux condition is reached, which is indicated by an immediate transient excursion
in channel surface temperature and visual observation of local dryout within channels in the heat sink.
The data point at the highest heat flux for each individual boiling curve presented in Fig. 4 corresponds to
the final steady-state data recorded prior to the occurrence of CHF. This final steady-state value is chosen
to represent CHF in the discussion below.

In the we = 0.25 mm heat sink (Fig. 4(a)), boiling curves corresponding to flow configurations (ii) and
(iii), with their potential for flow instabilities in the absence of inlet restrictors, generally overlap within
the two-phase flow region across all mass fluxes. In terms of surface superheat, the difference between

these two flow configurations is negligible. The boiling curves primarily differ in their CHF limit, which
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depends heavily on mass flux, increasing from 7.9 W/cm? at the lowest (G = 100 kg/m?s) to 58.7 W/cm?
at the highest (G = 1600 kg/m?s) mass fluxes for flow configuration (ii). The addition of an upstream
compressible volume in configuration (iii) leads to a slight reduction in CHF of 4 W/cm? or less; this
effect is minor compared to the CHF sensitivity to mass flux.

Similar observations are made in Fig. 4(b) for all three flow configurations with the next larger
channel size (w; = 0.5 mm). In the nucleate boiling regime, the curves spanning all three mass fluxes and
flow configurations overlap, indicating that the effect of the flow configurations has minor impact on heat
sink surface temperature, with any differences being within the limits of measurement uncertainty. The
CHEF is seen to be insensitive to the different flow configurations, with any small differences in CHF
falling within the span of a single steady-state power increment. As in the case of the smallest channel
size, CHF is sensitive to mass flux, increasing by approximately 5.5 times as the mass flux increases from
G =100 kg/m?s to G = 1600 kg/m?s.

A greater influence of flow configuration on surface superheat is observed at the next larger channel
size, we = 0.75 mm (Fig. 4(c)). At the lower mass fluxes of G = 100 and G = 400 kg/m?s, a surface
temperature increase of up to 3 °C is observed when the inlet restrictors are removed (from configuration
(i) to (ii)), while a further increase of 3 °C results upon the inclusion of an upstream compressible volume
in configuration (iii). No significant variation in surface temperature between flow configurations is
observed at the highest mass flux of G = 1600 kg/m?s; as will be discussed in the coming sections, flow
instabilities are suppressed at this highest mass flux. At the lower mass fluxes of G =100 and G =
400 kg/m?s, the CHF is largely insensitive to flow configuration (with minor changes being within a
single power-increment span). However, at the highest mass flux of G = 1600 kg/m?s, a significant
reduction of approximately 12.5 W/cm? in CHF was observed for configuration (iii) with an upstream
compressible volume compared configurations (i) and (ii). In this outlier case, no instabilities were
observed until the final increment in heat flux, whereupon instabilities were triggered and resulted in
immediate occurrence of CHF. This is attributed to the stochastic nature of these boiling processes, and
the authors expect that, if this test were repeated many times, the CHF would be extended to higher heat
fluxes in some cases.

The heat sink with the largest channel w. = 1 mm (Fig. 4(d)) generally exhibits higher surface
temperatures at a given heat flux relative to the smaller channel geometries. Like the we = 0.75 mm heat
sink, a small increase in surface temperature is observed operating under configuration (iii) with a
compressible volume compared to configuration (i) with inlet restrictors at the two mass fluxes tested.

Configuration (ii) without the compressible volume, however, resulted in little to no increase in surface
13



temperature relative to the case with inlet restrictors. No significant change in CHF is observed at either

mass flux across the three

flow configurations.
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inlet restrictors, (ii) without inlet restrictors, and (iii) with an upstream compressible volume.
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3.2 Transient Two-Phase Flow Pattern Observations

Although the time-averaged surface temperature and CHF limit were found to be generally insensitive
to the flow configuration, as discussed in Section 3.1, each configuration is characterized by quite
different transient two-phase flow patterns as observed via high-speed visualization and high-frequency
pressure measurements. In Fig. 5, still-frame images from these visualizations are selected to best
showcase the nature of these flow patterns under each flow configuration for the we = 0.75 mm heat sink
at G = 400 kg/m?s and q'’ = 20 W/cm?. This operating condition had the most contrast between the
different flow configurations of all the time-averaged heat transfer data. Under each annotated frame, the
transient pressure data Piniet = Pintet — Pinletmean iS plotted over a 10 s duration and the time of the still frame
is marked as a dashed, vertical red line.

Flow configuration (i) is shown in Fig. 5(a) where the individual restrictor orifices are outlined with
horizontal dashed lines at the inlet of the heat sink. After the subcooled liquid passes through the restrictor
orifice and enters a channel, there is a short length over which the bulk fluid remains as a single-phase
liquid. Further downstream, nucleate boiling is initiated and the bubbles generated depart and exit the
channel downstream with no signs of flow reversal. The dashed blue line serves as a visual aid to mark
the approximate location within each channel where boiling begins. The location of this single-to-two-
phase transition is steady in time and the two-phase flow is thereby determined to be stable. This is
reflected in the corresponding plot where Piqer remains constant across the 10 s recording window and

only negligible fluctuations are observed.
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Flow Configuration (i) Flow Configuration (ii) Flow Configuration (iii)

- =

—20 kPa

Compressible
Volume

i Channels

t Restrictors

Fig. 5. Snapshots of the N = 12, w, = 0.75 mm heat sink at a mass flux of 400 kg/m?s and heat flux of
20 W/cm? for flow configurations (a) with inlet restrictors, (b) without inlet restrictors, and (c) with an
upstream compressible volume. Below each snapshot, Piniet =Piniet — Pintetmean is plotted over 10 s and the
location of the snapshot frame is noted by a vertical dashed, red line. See Electronic Annex 1 in the online
version of this article for full length videos.

An image frame from flow configuration (ii) with the inlet restrictors removed is shown in Fig. 5(b).
Under this configuration, the two-phase mixture in an individual channel can dynamically interact with
the mixture in neighboring channels. In the case shown in Fig. 5(b), this results in the occurrence of
parallel channel instabilities. During this instability, vapor generated within an individual channel
becomes confined and, due to the compressibility in neighboring channels, bubble growth is permitted in
both upstream and downstream directions. Vapor from the channel is ejected into the inlet header and
either condensed by the incoming subcooled liquid or is driven into neighboring channels until eventually
subcooled liquid enters the channel again. In the chosen frame representing this flow pattern, vapor
pockets which have been ejected into the inlet header from individual channels are filled in blue and
labeled. Unlike configuration (i) in Fig. 5(a), there is no stable boiling regime established in any of the
channels throughout the heat sink and the dashed line indicating the start of the two-phase region is drawn
vertically at the inlet. Because the inlet pressure is measured across the array of channels within the inlet
plenum, flow oscillations localized to individual channels and at different phases register in the pressure

data as only a small amount of additional noise in Pinet, as plotted below the still frame.
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The final flow configuration (iii) is shown in Fig. 5(c), where inlet restrictors are removed, and the
test section is allowed to interact with a compressible volume located in the upstream buffer. Like
configuration (ii), the individual channels can interact with one another, and parallel channel instabilities
are observed to occur. However, the presence of the compressible volume upstream of the heat sink also
provides the conditions necessary for pressure drop oscillations, resulting in a co-existence of the two
types of dynamic instabilities. The pressure drop oscillations are observed to act on a heat-sink-level, as
opposed to parallel channel instabilities which act on individual channels. For the heat sink geometry and
operating conditions shown in Fig. 5, pressure drop oscillations appear as lower frequency oscillations
occurring across the entire heat sink width, where vapor confinement and flow reversal occurs in unison
across all channels and the combined vapor ejected from the channels spans the entire heat sink, as
outlined in Fig. 5(c) as the blue regions. Once the pressure in the buffer increases enough to overcome the
momentary increase in the heat sink pressure drop, all channels are flooded again with subcooled fluid.
This is typically followed by secondary oscillations throughout all channels of a higher frequency, as can
be seen in Pine plotted in Fig. 5(c). During the portion of the pressure drop oscillation cycle where
backflow is not occurring on a heat-sink-level, flow through individual channels is still observed to
oscillate at a high frequency indicative of parallel channel instabilities. In general, the amplitude of heat-
sink-level oscillations is observed to increase, and the frequency is observed to decrease, with increasing
channel width. This is likely resulting in the apparent increase in the effect of instabilities on time-

averaged surface temperatures for larger channel geometries in Fig. 4.

3.3 Effect of Mass Flux

To demonstrate the effect of mass flux on the occurrence of dynamic instabilities, it is useful to
compare cases at a constant boiling number, which represents the ratio between the applied heat flux and
the theoretical heat flux required to vaporize all of the fluid, Bl = q"'/(Ghyg). A constant Boiling Number
implies that the exit vapor quality is the same across each case. Fig. 6 shows still-frame images and
pressure signals for the we = 0.75 mm heat sink under flow configuration (iii) at mass fluxes of 100, 400,
and 1600 kg/m?s at a constant Bl = 0.0024, corresponding to heat fluxes of 3, 12, and 47 W/cm?,
respectively. At the lowest mass flux G = 100 kg/m?s (Fig. 6(a)), heat-sink-level oscillations resulting in
vapor backflow spanning all channels into the plenum are observed at a regular frequency. At this heat
flux, pressure drop oscillations dominate the flow pattern, appearing as periodic oscillations at a single

frequency in the pressure signal; parallel channel instabilities are not observed. At the intermediate mass
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flux G = 400 kg/m?s (Fig. 6(b)), the flow in the channels again oscillates in unison due to the interaction
with the upstream compressible volume, though this oscillation appears as a less defined frequency in the
pressure signal, due to some out-of-phase channel-to-channel oscillations associated with parallel channel
instabilities. At the highest mass flux G = 1600 kg/m?s (Fig. 6(c)), the flow inertia is sufficient to suppress
both pressure drop oscillations and parallel channel instabilities and no backflow is observed in the
visualizations. Instead, the flow pattern appears similar to that observed in flow configuration (i) with
inlet restrictors, where the subcooled fluid remains in single-phase over a short distance before nucleation

begins at a stable streamwise location in the channel.

G =100 kg/m?s, q'' =3 W/cm?

G =400 kg/m?s, q" =12 W/cm? G =1600 kg/m?s, q" =47 W/cm?

R

= e | c‘ O, 2

ase
S TW e

st Phase

Stable flow

10s

Fig. 6. Snapshots of the N = 12, w; = 0.75 mm heat sink at mass fluxes of (a) 100 kg/m?s, (b) 400 kg/m?s,
and (c) 1600 kg/m?s for flow configuration (iii) with an upstream compressible volume, where snapshot
boxes are colored to correspond with boiling curves above. Below each snapshot, Piniet = Pintet — Pintet mean

is plotted over 10 s and the location of the snapshot frame is noted by a vertical dashed, red line. See
Electronic Annex 2 in the online version of this article for full length videos.

3.4 Wall Temperature Fluctuations

When pressure drop oscillations occur under flow configuration (iii) with an upstream compressible
volume and cause heat-sink-level oscillations in mass flux, corresponding oscillations in surface
temperatures are also observed. To showcase an example, temperature signals corresponding to the three
thermocouples embedded 2.5 mm below the top surface of the we = 0.75 mm heat sink are plotted in Fig.
7 over a 60 s duration at a mass flux of G = 400 kg/m?s and heat flux of 28 W/cm? under each flow
configuration. Temperatures T, T, and Ts correspond to the thermocouples located 2, 10, and 18 mm
respectively from the inlet along the centerline of the heat sink. Under flow configuration (i), the
temperature signals (Fig. 7(a)) remain constant and no oscillations are observed due to the stable flow
pattern produced by the inlet restrictors. When parallel channel instabilities are present under flow

configuration (ii) due to the removal of the inlet restrictors, oscillations occur within individual channels
18



throughout the heat sink, with these oscillations being out of phase with one another. Due to effective heat
spreading in the thick copper heat sink base, these channel-level follow oscillations do not result in any
oscillations in the temperature signals (Fig. 7(b)). However, the mean temperatures are higher than those
observed under configuration (i), as discussed in the analysis of the time-averaged data in Section 3.1. In
contrast, the heat-sink-level mass flux oscillations caused by pressure drop oscillations under flow
configuration (iii) result in a measurable oscillation of the temperature at each thermocouple location, as
seen in Fig. 7(c). In this example, the oscillation occurs at a frequency of approximately 0.24 Hz, which is
similar to the frequency of pressure drop oscillations observed in the pressure signal. Across the three

thermocouples, the maximum peak-to-trough fluctuation is 2.6 °C. Given that the penetration depth (6, =

4./2ma/f) at this frequency is 34 mm into the copper block, the amplitude of the temperature fluctuation

at the surface is not expected to differ from that measured at the embedded thermocouple depth.
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Fig. 7. Temperature signals of thermocouples embedded 2.5 mm below the top surface of the N = 12, w,
=0.75 mm heat sink at G = 400 kg/m?s and g"' = 28 W/cm? for flow configurations (a) with inlet
restrictors, (b) without inlet restrictors, and (c) with an upstream compressible volume.

4 Conclusions

Flow boiling experiments were performed in parallel microchannel heat sinks of four different

channel sizes (w; = 0.25 mm, 0.5 mm, 0.75 mm, and 1 mm) at mass fluxes of 100, 400, and 1600 kg/m?s
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under three flow configurations to isolate and investigate the effects of pressure drop oscillations and

parallel channel instabilities. Configuration (i) with flow restrictors at the inlet to each individual channel

in the heat sink provides a stable flow boiling condition. Configuration (ii) removes these inlet restrictors

to provide conditions where parallel channel instabilities can occur. Configuration (iii) with a

compressible volume added upstream provides conditions necessary for both parallel channel instabilities

and pressure drop oscillations to occur. By comparing the time-averaged heat transfer performance and

transient flow patterns produced by these three flow configurations, the following conclusions are drawn

regarding the impact of pressure drop oscillations and parallel channel instabilities:

Across the range of geometries and flow conditions tested, time-averaged surface temperatures
are generally insensitive to the occurrence of the dynamic instabilities, and the boiling curves
corresponding to the three flow configurations nearly overlap. In a few exceptions, such as the w
= 0.75 mm heat sink, a modest temperature rise due to the presence of instabilities is observed,
with a maximum increase of approximately 6 °C.

The effect of both parallel channel instabilities and pressure drop oscillations on the critical heat
flux (CHF) is small. Any differences observed were within a single 4 W/cm? steady-state power
increment used in the current experiments. One exception is a significant reduction in CHF of
12.5 W/cm? in the we = 0.75 mm heat sink at a mass flux of G = 1600 kg/m?s under the flow
configuration with an upstream compressible volume.

When pressure drop oscillations result in heat-sink-level mass flux oscillations, transient
fluctuations in temperatures are also observed. The maximum amplitude of such temperature
fluctuations observed across all tests is approximately 3 °C. During both stable flow boiling and
the occurrence of parallel channel instabilities, no fluctuations are observed in measured
temperatures.

While mass flux oscillations resulting from pressure drop oscillations and parallel channel
instabilities might have greater effect under some conditions, the impact on time-averaged surface
temperatures and critical heat flux is generally small in the system studied in this work. Further
study is warranted into the effects of heat sink thermal capacity, which may impact the transient
temperature response during oscillations in mass flux and represent a critical system parameter

that governs whether these instabilities have deleterious effects.
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