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Abstract
Particle Image Velocimetry (PIV) has been widely used in fluid mechanics for various single and two-phase flow visualization
studies. Using PIV, the net coolant flow rate required for quenching a copper circular heated surface under high heat flux pool boiling
applications was quantified. The flow rate was calculated using a control surface analysis of all the periphery vectors surrounding the
pool boiling activity. The vectors were deconstructed into their relevant Cartesian components using a custom Matlab code. The
acquired data may be useful for empirical modeling of many practical high-performance electronic systems including thermosiphons
and multi-component liquid immersion cooled servers. Boiling heat transfer fluxes ranging from 5.5 W/cm2 to 11 W/cm2 yielded
quenching fluid flow rate requirements ranging from 1.7 g/s to 93.6 g/s. The highest heat flux tested, 11 W/cm2 is near the Critical
Heat Flux (CHF) for the PF-5060working fluidwith a resultingmaximum heat transfer coefficient of 8.8 kW/(m2K).With subcooled
boiling conditions, it was found that as little as 2.5 °C reduction in pool temperature below the saturation point resulted in a 42%
reduction in required coolant flow rate. A further reduction in the cooling flow rate requirement, 87% below the saturated pool
condition, was found when the subcooling level was increased to 5 °C.When subcooling is introduced, transient conduction near the
microlayer vapor/surface/liquid interface of bubble formation begins to be the dominant heat transfer mechanism.

1 Introduction

According to the 2015 International Technology Roadmap for
Semiconductors (ITRS), “microfluidic cooling (single/two-
phase)” will be the long-term solution to avoid overheating
issues in high heat flux electronic components [13]. By 2024,
vertically stacked chips and memory will be prominent,
termed “the end of the 2D domain,” due to photolithographic,
economic, and physical constraints [13]. In specific cases of
energy-dense data center installations, system air cooling is
reaching its limit [17]. Reviewing Newton’s Law of Cooling
shows that in order to maintain thermal resistance levels (i.e.
chip operating temperature) at increased flux, the heat transfer
coefficient must increase for reliable long-term operation.

Fortunately, two-phase cooling provides the necessary heat
transfer coefficients that are orders of magnitude greater than
those produced by conventional air-cooling techniques [2,
25]. Even though two-phase cooling has the potential to meet
the future demands of industry/consumer needs, they have not
been widely implemented and accepted as a viable solution.
Up to this point, the perceived danger in boiling volatility and
concern with material compatibility with widely used elec-
tronic components has kept this solution from gaining more
of a technological foothold. The former is being targeted in
this work by using two-phase Particle Image Velocimetry
(PIV) to quantify the required quenching fluid flow rate re-
quirements to the boiling surface and showing that these
values follow fundamental and predictable trends over a prac-
tical working range of heat fluxes leading up to the Critical
Heat Flux (CHF). The coolant flow rate requirements acquired
using this technique will allow for energy dense surfaces,
those with high enough heat fluxes to induce boiling, to be
modeled as a hydrodynamic liquid sink. Reducing the com-
plex activity of two-phase heat transfer into an easily imple-
mented boundary condition based on the requisite net mass
flow rate will facilitate more economical reduced order model-
ling of fluid flow around a volatile boiling surface. Knowing
how fast and where the liquid coolant flows will allow
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designers to remove hydrodynamic impediments to the boil-
ing activity and design better boiling enhancement coatings/
microstructures. Ultimately, this method could be developed
into a test standard for boiling enhancement surfaces so that
any two-phase heat transfer activity can be placed in a hydro-
dynamic model for the determination of ambient coolant flow
around high heat flux boiling activity. Material compatibility
with dielectric fluids will not be addressed in this study, but
previous work has shown that plasticizer content must be or-
ders of magnitude higher than anticipated exposure levels be-
fore fully-developed heat transfer is negatively impacted [23].

Pool boiling heat transfer is known to remove high heat
fluxes through three main mechanisms: forced convection,
latent heat (through bubble formation) and the so-called
quenching heat transfer, resulting from the rewetting and re-
building of the thermal boundary layer after bubble detach-
ment (e.g. [10, 16]). Based on an approach with strong empir-
ical underpinnings, many authors emphasize the relative dom-
inance of the latter (e.g. [6]) while others (e.g. [27, 28]) advo-
cate for alternating dominance of different mechanisms, de-
pending on the working conditions. The results obtained in the
present study establish the dominant heat transfer mechanisms
in a quantitative way.

This study measures the quenching fluid flow rate of the
boiling process to a bare circular copper disk using PF-5060 as
the working fluid, a common dielectric fluid for liquid immer-
sion cooling applications, under saturated and subcooled con-
ditions. The results have shown the fundamental expectation
that quenching fluid flow rate requirements increase with in-
creasing heat flux. This is especially apparent under saturated
pool conditions where transient conduction as a heat transfer
mechanism is not as prevalent. Having the ability to control
the bulk fluid temperature at such a high resolution, the cham-
ber maintains a temperature uniformity across the entire pool
of ±0.5 °C. Experimentation has shown that transient conduc-
tion has a drastic effect on the overall net coolant flow rate
under subcooled boiling conditions [11]. When the bulk fluid
temperature is maintained at 2.5 °C and 5 °C below saturation
temperature (56 °C at 1 atm) the net coolant flow rate is sub-
stantially reduced by 42% and 87%, respectively, due to an
increase in thermal potential across the conduction thermal
boundary layer at the boiling surface. Uncertainty in the net
coolant flow rate was 11.6 g/s and 0.9 g/s at the highest and
lowest heat fluxes, respectively.

2 Literature review

Previous work in two-phase PIV was primarily performed
with water due to an inability to find a density-matched fluo-
rescent particle that is compatible with the heavier dielectric
fluid utilized in this study. Investigating previous works with
water shows that various flow visualization techniques such as

combinations of multi-camera setups, shadowgraphy, and
seeding configurations have been used for two-phase flow
characterization [24]. Permutations of experimental configu-
rations presented in this review [24] centered on the require-
ments of contrasting the vapor from the liquid phase. In a
previous work by the same authors [8] the contrast was pro-
vided by a rhodamine B coated particle with a specific density
of 1.51 g/ml, which is near the 1.6 g/ml of the dielectric used
for two-phase immersion cooling. The same particles and den-
sity matching were also used in the current study. In the pre-
vious study by Gess et al., a quad-socket board with a 2 × 2
array of 1″ × 1″ (25.4 mm× 25.4 mm) heated elements were
used to simulate high performance processor chips commonly
used on data server motherboards. Utilizing FC-72 as the
cooling agent, two-phase heat transfer was initiated with heat
fluxes as high as 11 W/cm2 from a bare silicon surface. In that
study [8], the ability to capture every vector flowing into the
surface was limited due to the confinement of the small form
factor Line-Replaceable Unit (LRU) server examined. More
specifically Gess et al. were unable to quantify the vectors
facing normal to the boiling surface, arguably the most impor-
tant when considering a net coolant flow rate calculation.
However, even with the mentioned limitations, it was shown
that increasing heat flux resulted in increased flow rate to the
surface [8]. As the boiling becomes more vigorous and vapor
generation increases, the surface requires a higher flow rate of
coolant to quench the surface to prevent burnout. The exper-
imental facility used in the current study was constructed with
optical access as the primary design feature, facilitating the
visualization of the vectors facing normal to the boiling
surface.

Particle Image Velocimetry (PIV) first appeared in litera-
ture in 1984, and it is defined as the accurate, quantitative, and
simultaneous measurement of fluid velocity vectors within a
prescribed Field of View (FOV) [1]. PIVexamines the motion
of illuminated particles seeded in a moving fluid over a known
time step. The displacement of these particles between two
successive images is related to the velocity by the known
sequential time-step. The particles selected for this study are
Rhodamine B coated microspheres of 1 μm in diameter. An
Nd:YAG laser, with an excitation wavelength of 532 nm, fluo-
resces a light signature from the particles of 584 nm. A high-
pass filter allows the fluorescing light to enter the camera’s
Charge-Coupled Device (CCD) but removes the excitation
laser emitted from the laser. The result is an image, like that
shown in Fig. 1, where reflection of green laser light from
rising vapor is removed for subsequent PIV analysis.
Previous work by Westerweel concluded that fluid motion
characterization is improved through higher spatial resolution
[29]. During the previous study by the same authors [11], the
net coolant flow rate was quantified using PIV and 4-μm di-
ameter particles. In an effort to improve upon the previous
results, this current study uses 1-μm diameter particles to
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achieve four times the spatial resolution while analyzing the
same optimal FOV determined analytically in the previous
work by the same authors [11]. This was done to minimize
the effects of slip velocity induced by increases in particle
diameter from 1 μm to 4 μm which was calculated to be
105 nm/s and 1.2 μm/s, respectively.

3 Experimental facility

3.1 Boiling chamber

During experimental facility design there were three major
areas of concern; the ability to have a 360° view of the boiling
surface, ability to control bulk fluid temperature at a high
spatial resolution, and control of the entire bulk fluid temper-
ature to within 0.5 K. Fig. 2 shows a 3D model of the facility
utilized during the experiment. The left image of Fig. 2 shows
a section view where many of the internal components used
for spatial control of the temperature within the pool surround-
ing the test surface are visible. The boiling chamber itself is
190 mm× 190 mm ×152 mm (W x D x H) with 85 mm×
85 mm square quartz windows on each side. These windows

allowed for an unobstructed view of the boiling surface during
experimentation and allowed for the laser sheet to exit the
facility cleanly, preventing any interference or reflection from
the back plane of the test chamber. The chamber holds roughly
5.5 l of PF-5060, the working fluid, and was filled to 80%
capacity during experimentation. Many boiling studies use
one thermocouple placed in a quiescent area within the pool
to measure the ambient fluid temperature. However, the cur-
rent study uses four Type-K thermocouples strategically
placed in feedback-loop controlled zones surrounding the
boiling test surface. Each thermocouple was placed 46 mm
from the edge of the boiling surface and 51 mm from their
respective condensing coils. This increased fidelity is needed
to make claims regarding the effect of minimal changes in
subcooling conditions, as little as 2.5 °C. This approach
yielded spatial uniformity throughout the pool of less than
±0.5 °C. The thermocouples were placed far enough away
from the boiling activity so as to not disrupt quenching fluid
flow paths. These thermocouples were calibrated against a
thermistor with a NIST-traceable uncertainty of 0.2 K within
an insulated lab-grade oven.

To achieve pool temperature uniformity, a mixture of four
cooling coils, eight resistance heaters, and a LabVIEW

Fig. 1 Typical image captured by camera/filter/laser system showing particles are the only items illuminated
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program were implemented. Figure 3 displays the flow loop
for the chilled water and placement of heaters/thermocouples

in the facility design. For heating the bulk fluid temperature,
eight Kapton resistive heaters were placed on the outside of

a) b)

Fig. 2 3D Solidworks model - a)
Section view of experimental fa-
cility. b) Side view of experimen-
tal facility

Fig. 3 Flow Schematic for experimental facility
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the facility, two on each wall on both sides of the viewing
window. A 2500-W chiller was used to supply chilled water
to the Graham condenser and each of the cooling coils that
were inserted in each corner of the chamber. A Graham con-
denser was used to maintain atmospheric conditions within
the chamber during all of the pool boiling experimentation
conducted. A solenoid valve was placed upstream of each
cooling coil to regulate flow depending on in situ pool tem-
perature readings.

Precise control was necessary to maintain pool temperature
uniformity with minimal uncertainty. This was achieved by
splitting the boiling chamber into four zones, which are pictured
in Fig. 4. The feedback control loop was managed through an
in-house LabVIEW VI. By indicating desired maximum and
minimum temperatures, each thermocouple readout would
open the corresponding solenoid valve to cool the corner, turn
on the heaters to raise the temperature, or bypass the flow and
turn off the heaters once the zone reached steady state under the
desired pool conditions. Using a time-averaged result from the
thermocouple output over 30 s, each zone could be controlled
within the desired 0.5 K temperature range.

3.2 Boiling surface

The boiling surface was made from a single 50.8mm diameter
rod of copper 110. The motivation for this was to eliminate
contact resistance between a separate surface structure and the
heating element, thus increasing overall accuracy of the sur-
face temperature and heat transfer coefficients measured. The
overall length of the rod was 167 mm. The smooth surface
was polished using a series of silicon carbide sand paper from
200 to 4000 grit. After obtaining a mirror-like finish with the
4000-grit sheet, the surface was then polished and cleansed
with PF-5060 to remove all contaminants left over from the
polish. The rod was heated uniformly by using four 6.35 mm
diameter and 38 mm tall cartridge heaters equally placed in a
25.4 mm diameter circle. Each heater was press fit into the
bottom of the rod. The power was controlled by a TDK

Lambda 10 kW power supply. The internal temperature gra-
dient was measured using four 76 mm long K-type sheathed
thermocouples. Each thermocouple was inserted 25.4mm into
the center of rod and placed at locations 53.5, 72.5, 91.5, and
110.6mm from the surface. Each thermocouple was calibrated
with the same technique used for the pool thermocouples
discussed in the Boiling Chamber section. Using the least
squares method, a linear equation was calculated, and the
surface temperature was determined using the known distance
from the heaters and linear extrapolation of Fourier’s Law. To
ensure ambient heat loss was negligible, the copper rod was
insulated using a Delrin carriage.

3.3 Uncertainty analysis

A Kline McClintock uncertainty analysis [18] was performed
to validate that this measurement technique would be within a
usable range. The q” and h are the two parameters of interest.
These will be used to validate this experimental facility
against previous work. Equations 1 and 2 display the method-
ology in which the uncertainty was calculated.

Uq0 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂q00

∂V
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� �2
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Table 1 depicts the calculated uncertainties for the highest
and lowest heat fluxes for each pool condition. It was found
that the surface temperature uncertainty remained constant
under various heat fluxes. The heat flux uncertainty was min-
imal due to the high precisionmachining of the copper rod and
the uncertainty in the current and voltage being 0.3% and
0.1% of the readings respectively. This resulted in minimal
uncertainty with the heat flux. The heat transfer coefficient
uncertainty averaged 3.5% over all the data points.

Copper
Boiling 
Surface

3

1 2

4

1

1 2

43

2

3 4

2

4

1

3

Fig. 4 Illustration of each zone in
which the boiling chamber was
split
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3.4 Net coolant flow rate error

The error associated with calculation of the net coolant
flow rate was found by implementing a standard error
mean approach. Equation 3 was used to calculate the
error. Where σ is the standard deviation and n is the
total number of samples taken for each steady state data
point. Tables 2 and 3 summarizes the error over the full
range of heat fluxes and pool conditions for saturated
and subcooled pool conditions respectively.

σx ¼ σ

√n
ð3Þ

3.5 PIV measurements: Set-up and procedures

A LaVision PIV suite was utilized for data acquisition and
analysis. Particles 1 μm in diameter, coated in Rhodamine
B, were used for tracking. A new wave SOLO PIV Nd:YAG
laser was placed 500 mm from the area of interest. A 1 mm
laser sheet was projected through the center of the boiling
surface. Images were captured using LaVison’s Imager
sCMOS camera (2560 × 2160 pixels2) with a 545 nm high
pass filter blocking all visible light that was not illuminated
by the laser particle interaction. The time delay between laser
pulses was held constant at 5 ms for all experiments. Forty
consecutive image sets were captured at a rate of 25.744Hz. A
typical image captured by this setup can be seen in Fig. 1.
Analysis was performed using DaVis 8.4 software. A cross
correlation algorithm with decreasing window sized was used
for the PIV image analysis. Starting with a 128 × 128 pixel
windowwith 50% overlap and two passes, it was then reduced
to a 64 × 64 pixel window with 75% overlap and three passes.
The resultant velocity profiles were then run through a non-
linear filter eliminating any erroneous vectors within the im-
age. Finally, an average was taken for all forty image sets.
Figure 5 shows the typical velocity vector map after post
processing.

3.6 Experimental facility validation

Previous work [20] was used to show that data yielded from
the current experimental facility was matching expected fun-
damental results. In Parker’s study, FC-72was used as a work-
ing fluid which has the same boiling characteristics as the PF-
5060 coolant used in this study. Table 4 is a condensed com-
parison of the thermophysical properties of the PF-5060 cool-
ant used for the current study and the FC-72 fluid used for
experimental validation. All of the data was obtained from
3 M’s material safety data sheets for each fluid, and the rela-
tive variance in properties maintains continuity with increased
fluid temperature.

Table 1 Uncertainty Values for
vital experimental parameters q”(W/cm2) Saturated 2.5.° Subcooled 5° Subcooled

11 5.5 11 5.5 11 5.5

Thermocouples (°C) 0.2 0.2 0.2 0.2 0.2 0.2

TSurface (°C) 0.4 0.4 0.4 0.4 0.4 0.4

TBulk (°C) 0.2 0.2 0.2 0.2 0.2 0.2

Area (cm2) 2.03E-02 2.03E-02 2.03E-02 2.03E-02 2.03E-02 2.03E-02

Current (mA) 8.7 6.2 8.7 6.2 8.7 6.2

Voltage (mV) 77 55 77 55 77 55

q”(W/cm2) 0.04 0.02 0.04 0.02 0.04 0.02

h (W/m2K) 301 160 230 108 146 72.66

Table 2 Standard Error of Net Coolant FlowRateUnder Saturated Pool
Conditions

HEAT Flux (W/cm2) Saturated Error(g/s) Saturated %Error

5.5 0.90 53.0%

6 0.80 32.6%

6.5 1.75 30.4%

7 1.73 34.2%

7.2 2.39 30.3%

7.4 2.81 39.6%

7.6 3.63 31.0%

7.8 5.04 26.7%

8 5.36 31.0%

8.2 5.71 24.5%

8.4 6.96 27.6%

8.6 6.91 19.9%

8.8 7.12 19.3%

9 9.19% 20.4%

9.5 9.38% 19.5%

10 10.59% 18.0%

10.5 10.31% 16.7%

11 11.67% 12.5%
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Parker’s work examined fluxes over the entire boiling curve,
as it was focused on developing fundamental characteristics of
boiling performance, while the current study focuses on a heat
flux range where boiling activity is sufficient enough to induce
measurable and practical net coolant flow rates. Figure 6 shows
that our results correlate well to the data reported by Parker when
comparing heat flux with respect to heat transfer coefficient. Heat
transfer coefficients were calculated based on the extrapolated
surface temperature process, as explained in Section 3B, and
the ambient pool temperature measured at each feedback-
controlled zone within the test chamber, as explained in
Section 3A, as the driving temperature difference in Newton’s
Law of Cooling. The heat flux was acquired using the exposed
copper surface area in tandemwith the heat applied to the surface,
calculated by multiplying the voltage and current of the power
supply feeding the cylindrical resistors embedded in the base of

the copper rod. It is shown that during saturated pool conditions,
current data are nearly identical to that of Parker for measured
heat transfer coefficients. As is fundamentally expected, data for
the 5 °C subcooled pool condition lays nearly half way between
Parker’s saturated and 10 °C subcooled (10°SC) pool condition
data. Current data for the 2.5 °C subcooled pool condition lays
halfway between the saturated and 5 °C subcooled pool condi-
tion. Intermediate pool conditions between saturation and 10 °C
subcooled follow the expected trend that decreased pool temper-
ature increases the pool boiling heat transfer coefficient.

4 Analytical approach

In the current study a control volume around the boiling sur-
face was established to account for all fluid motion travelling

Table 3 Standard Error of Net
Coolant Flow Rate Under
Subcooled Pool Conditions

Heat Flux (W/cm2) 5° Subcooled %
Error(g/s)

5° Subcooled %
Error

5° Subcooled %
Error(g/s)

5° Subcooled %
Error

5.5 0.25 33.8% 0.35 19.2%

6 0.28 25.7% 1.00 21.2%

6.5 0.30 45.4% 1.10 28.3%

7 1.54 23.6% 0.24 13.0%

7.5 2.11 20.8% 1.66 23.9%

8 2.76 26.5% 0.54 16.1%

8.5 3.36 23.4% 0.94 22.0%

9 2.95 21.8% 0.96 19.1%

9.5 3.35 22.9% 0.56 14.7%

10 3.74 25.4% 0.62 19.4%

10.5 4.18 28.4% 0.58 19.7%

11 3.42 26.5% 1.08 17.1%

Vapor
Genera�ng 
Surface

Fig. 5 PIV vector map produced
after image processing. Control
volume shown and it was
assumed all flow in through green
lines equals flow out through the
red line
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to the boiling surface. Figure 7 illustrates the general approach
of discretizing vectors that were acquired by PIVand how the
vector components were applied to the control volume to cal-
culate the net coolant flow rate. Equation 3 was used to cal-
culate this flow rate at each discretized level of the cylindrical
control volume. A 2D slice of this control volume is shown in
Fig. 5. This control volume was assumed to be axisymmetric
around the heating element and fixed in space. In previous work
by the same authors, an optimization algorithm was employed
to find the best control volume area around the fluid/vapor zone
to calculate the net coolant flow [11]. The same FOV
established in that work [11] was used as the control volume
in the current study with increased spatial resolution due to the
implementation of smaller 1-μm diameter particles and a de-
crease in the initial interrogation window size. The green lines
in Fig. 5 correspond to the optimal control volume established
in previous work by the same authors [11]. In the net coolant
flow rate computational algorithm, the red line is established by
connecting the optimally placed terminus of the bottom green
line nearest the boiling surface and the terminus of the top green

line nearest the boiling activity. The authors acknowledge that a
straight line connecting these two points does not represent the
curvature of the vapor plume formed. Future work will imple-
ment two-color Laser Induced Fluorescence (LIF) to establish a
more defined boundary and near field temperature profile to the
rising plume. The authors feel however, that the establishment
of the boundaries near the boiling surface and at a point near the
top of the plume where boiling activity is shown to end is
sufficient for the current study. To maintain uniformity, the dz.
component was also held constant at 355 μm, corresponding to
a 128 × 128 pixel final interrogation window for first pass anal-
ysis with a reduction to 64 × 64 pixel final pass. The incoming
densities, ρ, were adjusted based on pool conditions; saturated,
2.5 K and 5 K subcooled. The outgoing densities were assumed
to have been heated to the saturation temperature for each con-
dition. The net coolant flow rate presented here is the sum total
of all the discretized mass flow rates calculated by Eq. 3 over
the entire control volume surface.

m˙ m;n ¼ ρ � dz � π � D � u!m;n � n!m;n

� �
ð4Þ

The experimental error in the net coolant flow rate was
calculated by combining the uncertainty in the calibration
plate, spatial resolution of the camera, the resulting vector grid
array, and slip velocity error. A Single-Sided Single Plane
(SSSP) gridded calibration plate was machined in-house with
a hole diameter and spacing tolerance of 1.11mm. The 5.5MP
camera used has a spatial resolution of 0.2 nm/pixel within the
40.2 mm × 32.7 mm FOV examined. With a resulting 2D
135 × 160 vector array in the FOV, the uncertainty in the
height of each slice examined, shown as δz in Fig. 7, was
calculated to be 11.2 μm. Using the properties provided in
Table 5 and Eqs. 5–7, the slip velocity for the 1-μm diameter

Table 4 Main Thermophysical Properties of FC-72 and PF-5060 at
25 °C

Property FC-72 PF-5060

Avg. Molecular Weight 338 338

Boiling Point (1 atm) 56 °C 56 °C

Vapor Pressure 30.9 × 103 pascals 30.9 × 103 pascals

Latent Heat of Vaporization 88 J/g 88 J/g

Liquid Specific Heat 1.1 J/g °C 1.05 J/g °C

Liquid Density 1680 kg/m3 1680 kg/m3

Fig. 6 Comparison of heat
transfer coefficients between
Parkers experiment (triangles)
and current study
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particle used in this study was calculated to be 105 nm/s. The
discretized mass flow rate error associated with Eq. 4 was
summed over each vector analyzed for the final net coolant
flow rate error. The angle of the vector was calculated at each
location using the x and y components provided by the DaVis
software. Then, depending on where the analysis was con-
ducted, axial and radial component errors were excluded.
For example, for vector analysis around the circumference
of the control volume, the axial vector error was excluded.
In the analysis for the net coolant flow rate exiting or entering
from the top or bottom of the cylindrical control volume,
radial vector errors were excluded as these components are
not normal to the top and bottom control surface being
assessed. The calibration error, camera spatial resolution error,
and slip error were all applied to the resultant vector before
geometric decomposition into x and y components using the
calculated internal angle, , as shown in Fig. 7. Spatial resolu-
tion errors were then applied to the diameter of the control
volume, D, and the height of the slice, δz.

τp ¼
ρpd

2
p

18νlρl
ð5Þ

us ¼ ρ−1

ρ
gτp ð6Þ

ρ ¼ ρp
ρl

ð7Þ

Net coolant flow rate calculations show a dramatic shift in
the hydrodynamic and thermal behavior between subcooled
and saturated pool boiling conditions. As illustrated in Fig. 6,
it was shown that saturated and subcooled data were meeting
fundamental expectations for heat transfer coefficients in the
partially developed and fully developed boiling regime. Along
with validating thermal performance expectations from previ-
ous work [20], the present study displays the same trend from
previous work by the same authors that increased boiling ac-
tivity requires a higher flow rate of coolant supply [8]. As one
moves up the boiling curve, more nucleation sites become
active [12, 3] and, as the number of sites grow, the amount
of fluid being vaporized increases. This increase in vaporiza-
tion will result in the demand for more fluid to quench the
boiling surface. Restriction, or an inability for the coolant to
reach the boiling surface at this required flow rate, will induce
thermal runaway. This experimental technique could be used
in a practical application where coolant flow rate requirements
to multi-component systems could be modelled and optimized
using the net coolant flow rate measurements empirically ac-
quired as a hydrodynamic boundary condition.

The empirical input to an optimization model is arguably
more critical in two-phase heat transfer applications than
single-phase cooling as there are several parameters that affect
general heat transfer performance which are likely to impact
net coolant flow rate requirements. For example,
microstructuring and fouling over time can have a dramatic
effect on boiling heat transfer coefficients. Square surfaces
will behave differently than round surfaces due to conver-
gence of coolant flow near the corners. Future work is geared
toward modifying the existing experimental facility to quanti-
fy empirical data for all of these variables known to affect two-
phase heat transfer. The goal of this approach is to provide a
standard test procedure for development of empirical data in
conventional CFD codes used to optimize energy-dense two-
phase thermal management solutions. This study however
proves the viability of the technique by confirming

Fig. 7 Diagram displaying control volume and vector decomposition

Table 5 Properties used to calculate slip velocity error (Eq. 5–7)

Property Value

Particle Diameter 1 × 10−6 m

Particle Density 1510 kg/m3

Liquid Kinematic Viscosity 2.7 × 10−7 m2/s

Liquid Density 1593 kg/m3

Gravitational Acceleration 9.81 m/s2
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fundamental expectations regarding the need for increased
coolant supply at increased power dissipations (shown by
the orange saturated pool condition data in Fig. 8) and the
impact of subcooling on the dominant surface heat transfer
mechanisms (shown by the blue subcooled condition data in
Fig. 8).

Subcooling the bulk fluid affects many aspects of the boil-
ing process. It increases the departure frequency, while lower-
ing departure diameter [4, 3]. This in turn effects how heat is
transferred from the heated surface to the surrounding fluid.
Adjusting bubble characteristics/dynamics can have profound
effects on the fluid’s ability to quench the boiling surface.
Harrison et al. previously noted that even a minimal amount
of subcooling led to a dramatic reduction in fluid flow rate
requirements to the boiling surface [11]. Gunther and Kreith
noted that latent heat of vaporization during bubble formation
only plays a small role in overall heat transfer from a super-
heated surface [9]. That indicates that convection heat transfer
at the microlayer vapor/liquid/surface interface will be the
dominant form of heat transfer during fully developed saturat-
ed boiling. Once subcooling is introduced, the thermal poten-
tial between the surface and the ambient is increased. With
latent heat already playing a minority role in the heat transfer
mechanism during saturated boiling, this difference is only
amplified as the increase in the thermal potential drives even
more heat to be transferred by convection/transient conduc-
tionmechanisms. The 5 °C subcooled condition data shown in
Fig. 8 illustrate this dramatic drop in the coolant flow rate
requirements corresponding to the definitive shift in the pri-
mary heat transfer mechanism at the surface from latent to
convective/transient conduction. Using the ±0.5 °C spatial

uniformity of temperature within the bath that the experimen-
tal facility’s feedback loop and zone control provides, a 2.5 °C
subcooled pool condition test was conducted showing a tran-
sition point between the dramatic shift indicated by current
5 °C data on Fig. 8 and previous 5 °C, 10 °C, 20 °C data
[11] where latent heat has more of an effect and the surface
begins to demand slightly more coolant for a given heat flux.
Fundamentally, this conclusion is interesting in that it con-
firms through net coolant flow rate requirements that vapori-
zation plays a small role in the energy balance at the surface
under slightly subcooled pool boiling conditions. From a heat
transfer mechanism however, the transient conduction and
convection heat transfer modes would not be possible without
the decrease in bubble departure diameter and consequent
increase in bubble departure frequency associated with
subcooled pool boiling heat transfer. Future work will use
capacitance measurement in tandem with LIF techniques to
quantify the void fraction at the surface to complete the con-
servation of mass analysis, but the current technique confirms
fundamental expectations from a perspective that has not been
examined with a dielectric fluid, namely net coolant flow rate
requirements. This technique provides the foundation for a
test standard that quantifies the relative convective/latent heat
transfer relationship as a two-phase heat transfer surface per-
formance parameter.

The coolant flow rates measured show that the convective/
transient conduction heat transfer mechanism plays a much
larger role than latent effects, especially as subcooling is in-
creased. While it is difficult to model the effects of neighbor-
ing nucleation sites on a practical surface as coalescence and
vapor plume distortion increase as heat fluxes reach

Fig. 8 Net coolant flow rate vs
heat flux for saturated and
subcooled pool conditions
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conventional working limits, these effects can be removed if
structured nucleation sites are introduced and heat fluxes are
applied such that the boiling heat transfer performance mimics
that of the isolated bubble regime[19, 22]. Near term future
work will provide a model, based on accepted microlayer
vapor/surface/liquid convection heat transfer theory [14], that
will validate coolant flow rate requirements measured in the
isolated bubble regime. While this isolated bubble regime typ-
ically functions at low heat fluxes, a fundamental model val-
idating this experimental technique will provide greater con-
fidence that it can be applied to any surface structure.

Recent advances in optimal co-design of thermal manage-
ment solutions have centered around where passive and active
components should be placed in order to maximize the reli-
ability and efficiency of the final product in addition to min-
imizing the form factor and weight of the integrated solution
[5, 7, 15, 21]. All of these co-design efforts have sought to
quantify the effect of where and how fast the coolant enters the
area around the heated element on thermal and electrical per-
formance. An analysis of the vectors yielded by this technique
can answer this question directly for any high heat flux surface
cooled by two-phase heat transfer. For practical applications,
the designer may want to know how fast the incoming fluid is
approaching the boiling surface in order to assess the pressure
drop around objects leading up to the heated surface and how
nearby objects could be adjusted so as to reduce the pumping
power needed to deliver coolant to, over, and past the powered
component. A mean speed (magnitude of the velocity vector)
value was calculated for all of the vectors contained within the
full interrogation window highlighted in green in Fig. 5. As
expected, the results of this analysis, shown in Fig. 9, with

respect to input heat flux mirror closely the net coolant mass
flow rate results of Fig. 8. This empirical data could be used in
thermal management coolant flow optimization models as a
free stream velocity requirement in computationally efficient
reduced-order schemes. Data center optimization models do
this often at the server node level within a large scale rack and/
or multi-rack room [26].

In addition to knowing how fast the fluid is moving, it is of
practical interest to know the net direction of the incoming
fluid. Similar to the speed analysis data of Fig. 9, the average
vector angle was calculated in the full interrogation boundary
shown in green in Fig. 5. The change in angle with respect to
varying heat flux over the full interrogation window is shown
as solid line data on Fig. 10. The impact on this calculated
angle with respect to the interrogation boundary was exam-
ined by calculating the average value over a smaller region.
This smaller window boundary is shown in orange on the
legend of Fig. 10. A reference coordinate system is also pro-
vided on Fig. 10 to show the direction of the resulting angle
data with respect to the heated surface. Given the uncertainty
bars shown on the plot, the interrogation boundary examined
does not seem to have a statistically significant effect on the
average approach angle of incoming fluid to the boiling sur-
face. This is fundamentally expected as, at these interrogation
boundary scales, there should be some degree of indepen-
dence on the region selected via the continuity principle. At
higher heat fluxes, those generally of most importance to the
thermal engineer, subcooling does seem to draw the net ap-
proach angle more downward. This is an artifact of the signif-
icantly higher x-velocities in the saturated pool boiling case
than in either of the subcooled cases examined. The higher

Fig. 9 Average speed of the
incoming fluid to the boiling
activity as input heat flux is varied
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speeds (shown in Fig. 9) and net coolant flow rates (shown in
Fig. 8) under saturated conditions are being supplied by fluid
travelling horizontally into the interrogation boundary as the
region is significantly more confined at the top (vapor/liquid
free surface) and bottom of the boiling chamber than in the
space extending normal to the periphery of the cylindrical
control volume examined. Continuity mandates that these x-
velocities increase at higher heat flux and the resultant ap-
proach angle adjusts accordingly over the three pool condi-
tions examined as the magnitude of the coolant flow rate re-
quirements reduce dramatically when subcooling is increased.
At lower heat fluxes, the uncertainty begins to be on the order
of the measurement taken for both the speed (Fig. 9) and net
coolant flow rate (Fig. 8). Therefore, the projected uncertainty
on the angle of approach mandates that only weak claims can
be made on the impact of the heat flux and subcooling at these
lower values. Generally, however, the data does support the
fundamentally expected trend that as heat flux is increased, the
fluid is pulled more horizontally in accordance with the sur-
faces demand for more fluid. While there are some interesting
fundamental trends from the data presented in Fig. 10, it
should be emphasized that the primary application of this
approach angle data is more practical in nature. Similar to
the speed data, it can be used in empirical reduced order
models that seek to conclude what the impact is on pressure
drop/coolant pumping requirements of slightly heated or
completely passive neighboring components around an
energy-dense surface cooled by two-phase heat transfer.

5 Conclusions

Utilizing two-phase fluorescent PIV, the authors have present-
ed a novel way to quantify net coolant flow rates to boiling
surfaces, particularly with a dielectric fluid. Axisymmetry on a
circular boiling surface was used to construct an optimized
control volume around a copper boiling surface. The vectors
acquired through PIV were deconstructed around the periph-
ery of this control volume to determine how much fluid was
entering and leaving the area surrounding the boiling activity.
Over a heat flux range of 5 W/cm2 to 11 W/cm2 (HTC’s of
4.8 kW/(m2K) to 8.8 kW/(m2K)), net coolant flow rates varied
from 1.7 g/s to 93.6 g/s, respectively with an average error in
the flow rate measurement of 53.0% and 12.5% at minimum
and maximum heat flux respectively under saturated pool
conditions. The fundamental expectation of increased coolant
flow rate requirements with increased power dissipation at the
boiling surface was shown. Through these coolant flow rate
measurements, it was shown that the dominant form of heat
transfer changes dramatically with even the slightest amount
of subcooling, transferring from latent/convective combina-
tion to a primarily convective/transient conduction combina-
tion. Future work will include increasing heat flux resolution,
so the system can be tested closer to and with higher fidelity
near the CHF condition where vapor coalescence and pockets
of radiative heat transfer, which required no coolant to operate,
begin to effect the overall heat transfer mechanisms. More
fundamental expectations on the heat transfer mechanisms

Fig. 10 Average approach angle
of the coolant nearing the boiling
surface as input heat flux is varied
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near this point in the boiling curve and at the onset of fully
developed boiling can be validated with this technique.

The authors believe that this empirical data can be
employed in several practical applications for future models.
Specifically, thermosiphons can be modelled with mass flow
rate requirements as an empirical input. Multi-chip boards
under two-phase liquid immersion cooling can also be
modeled where fluid velocity boundary conditions are applied
to the periphery of an energy dense chip. The ability to predict
mass flow rates requirements, incoming coolant speeds, and
approach angles as a function of heat flux can be used as a
continuous empirical correlation in predictive reduced-order
models across a range of expected operating conditions.
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