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ABSTRACT

The physics of subcooled flow boiling of water were explored using high-speed
video (HSV), and infrared (IR) thermography. HSV allowed measurement of the
bubble departure diameter, and IR thermography allowed measurement of wall
superheat (both the local distribution and the surface-averaged value), heat
transfer coefficient, nucleation site density, and bubble wait time. The tests were
performed at atmospheric pressure at a constant subcooling of 10°C. The mass
flux values explored were 100, 250, 500, 750, 1000, and 1250 kg/mz—s. The heat
flux values explored were 100, 200, 400, 600, 800, 1000, and 1200 KW/m>. As
expected, the heat transfer coefficients increased with increasing mass flux in the
single-phase convection and partial boiling regions, and they converged to a fully-
developed boiling curve for high heat fluxes. The bubble departure diameter
decreased with increasing mass flux and decreasing heat flux, in accord with
Klausner’s model. However the model systematically overpredicted the data.
The nucleation site density increased with increasing superheat and decreasing
mass flux, in accord with the model by Kocamustafaogullari and Ishii, which
however does not account for the effect of subcooling. The bubble wait time
increased with the ratio of local superheat to heat flux. The wait time correlation
of Basu does not reproduce the data correctly, as it ignores the effects of
subcooling and heater thermal diffusivity, which are expected to be important.
Significant localized cooling was observed underneath bubbles sliding along the
wall after departure from a nucleation site, an effect which should be considered
in advanced models of subcooled flow boiling.
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1. INTRODUCTION

Subcooled flow boiling is a complicated physical phenomenon present in many industrial heat
transfer applications including conventional power plants and nuclear power reactors. It includes
multiple heat transfer mechanisms (e.g. single phase convection, nucleate boiling, condensation,
sliding bubbles), two phase flow and thermal non-equilibrium conditions existing between the
vapor and the liquid phases, and is further complicated by the effects of the chemico-physical
conditions (e.g. roughness, hydrophilicity, porosity) present on the boiling surface. Although, it
has been studied for many years, it is difficult to fully understand the underlying physics because
of limitations on the quantities and phenomena that can be accurately measured. A better
understanding of subcooled flow boiling would allow for development of better codes and
predictive methods, with consequent benefits for the aforementioned applications.

1.1 Objective

The objective for the proposed work is to generate a new set of high-resolution data on
subcooled flow boiling characteristics, including bubble departure diameter, wait time, and
temperature profiles of the boiling surface. This data may inspire the development of analytical
models of subcooled flow boiling as well as be used to validate numerical models in CFD codes.
The approaches used in CFD include the Eulerian-Eulerian, two-fluid, six-equation model [1],
and closure relations momentum and energy equations can be provided by models such as the
heat flux partitioning model of Kurul and Podowski [2] and Kolev’s bubble interaction model
[3], which require bubble departure diameter, wait and growth times, and nucleation site density
as input.

1.2 Previous Work

Subcooled flow boiling has been extensively investigated. Here we limit the literature survey to
those studies that have utilized techniques similar to the ones adopted in this study.

Del Valle and Kenning [4] measured surface temperature and used high speed photography in
subcooled flow boiling with water to examine nucleation site density in a rectangular channel.
They calculated the heat removed through various processes including microlayer evaporation,
quenching of the surface after bubble departure, and convection and compared the total values to
the experimental heat flux. They found that for their 84 K subcooled flow, quenching of the
surface was the most important component of the heat transfer and the microlayer evaporation
effect was negligible.

Basu et al. [5] measured the temperature distribution with thermocouples in a rod bundle. They
developed a correlation for the onset of subcooled nucleate boiling based on the contact angle of
the fluid with the surface, the local subcooling, and the axial location. Their correlation is for
water and valid for contact angles from 1-85°, pressures from 1-137.5 bars, local liquid
subcooling of 1.7-80°C, and velocities from 0 m/s-17 m/s. They found that the nucleation site
density depended only on contact angle and wall superheat.

Situ et al. [6] conducted subcooled flow boiling experiments with water in an annular channel.
They measured bubble parameters such as departure diameter, nucleation site density, departure
frequency, and velocity after departure with high speed photography. Situ et al. [7] went on to
develop a correlation for bubble departure frequency. Hong et. al [8] measured departure
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diameters in stationary and heaving conditions and developed a model to predict departure
diameter.

Euh et al. [9] examined bubble departure in an annular channel during subcooled boiling. They
varied the test conditions over a test matrix of 167-346 kPa, mass fluxes of 214-1869 kg/mz/s,
heat fluxes of 61-238 kW/m®, and subcooling of 7.5-23.4°C. They compared their data to the
mechanistic models of Basu [10], Podowski et al. [11] and Situ et al [7]. They found that the data
fit Situ’s model well, and developed a modified form of the model to better represent their data.

Thorncroft et al. [12] performed high speed camera analysis of upward and downward flow
boiling of slightly subcooled FC-87 in a square test section equipped with a heating strip. They
measured the heater surface temperature at various axial positions using thermocouples. They
found that the dynamics were vastly different for upward and downward flow. They also
concluded that a major mechanism of heat removal was the “sliding” of the bubbles along the
surface prior to their departure. A bubble can either slide along the surface, or immediately
depart into the bulk fluid and collapse [13]. Bubble sliding has been further investigated such as
by Li et al. [14] and they found that the distribution of bubble sliding velocities and sliding
diameters was quite large. They also identified two regimes of bubble sliding. The first is for
bubbles with a short lifetime whose diameters fluctuate rapidly during sliding from rapid
vaporization and condensation. The second type has a longer lifetime and the diameter changes
more slowly. The interaction of nucleation sites can also have an influence on the departure
diameter [15], in pool boiling the closer two sites are together tends to lower the departure
diameter.

Chen et al. [16] investigated how bubble characteristics varied for R-407C in a narrow
rectangular annular horizontal channel using HSV. They found that the heat transfer coefficient
increased with a smaller gap. They also proposed correlations for nucleation site density and
bubble frequency.

Recently, Sugrue et al. [17] conducted a systematic experimental investigation of bubble
departure diameter in subcooled flow boiling over a range of mass fluxes, heat fluxes, inclination
angles, pressures and subcoolings. Their data indicate that the bubble departure diameter
increases with increasing heat flux, decreasing mass flux, decreasing subcooling, and decreasing
pressure. Also, the bubble departure diameter increases with decreasing orientation angle, i.e.
the largest bubbles are found to detach from a downward-facing horizontal surface.

High speed infrared cameras have been used to capture 2D temperature profiles of the surface
during boiling. The data collected has been used to measure bubble parameters, the effect of
nanofluids on bubble parameters, nucleation site density, bubble interactions, and surface
temperature during quenching [18, 19, 20, 21, 22, 23, 24]. There has been some work done with
IR thermography to measure the wall temperature of a heater during flow boiling using very low
frame rates that were unable to capture individual nucleation events [25].

2. EXPERIMENTAL FACILITY

2.1 Flow Loop

The flow loop consists of a pump, a flow meter, a preheater (used to maintain constant
subcooling), a heat exchanger, an accumulator with a nitrogen gas over pressure, a fill and
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drain tank, and various RTD and pressure sensors. The schematic is shown in Figure 1. For a
detailed description of each component see Ref [26].
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Figure 1 — Diagram of the flow loop.

2.2 Test Section and Heater

The test section is composed of a quartz rectangular channel with nominal dimensions of 10 mm
x 30 mm and a length of 220 mm. The quartz section allows for excellent visualization from
various angles for HSV images. The test section has over 6 L/D values of quartz upstream and
downstream of the heater recess. On the inlet side the cell is mated with a stainless steel conduit
that has the same dimensions as the quartz flow channel and is over 64 L/D long to provide for
fully developed flow entering the quartz test section. The quartz section is shown in Figure 2.

The heater cartridge consists of two graphite electrodes and two Macor insulators that are
epoxied and bolted together. The heater cartridge is machined to fit, and is machined to sit flush
with the inside face of the channel. The small gap between the heater and the cartridge is filled
with a hydrophilic sealant to minimize the nucleation sites at the interface. The gap between the
heater cartridge and the flow channel is only heated by conduction, and has a small enough heat
flux that nucleation does not occur at this interface. The gap is also sized such that it closes via
thermal expansion when the section is at temperature. The sapphire heater is 1 mm thick with
filleted edges on to ends, and is coated with and Indium-Tin Oxide (ITO), ~700 nm thick, which
is the active heating element. The ITO acts as the boiling surface and has a static contact angle
of 100-110°. The ITO has different surface characteristics compared to that of fuel rods, but the
purpose of this work is to gain a more fundamental understanding of the various boiling
parameters. The ITO transmits almost no infrared waves in the 3-5 um range that the IR camera
is sensitive to, so the signal received by the IR camera is that of the surface and can be calibrated
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to the surface temperature. The ITO wraps around the filleted edges onto the back of the
sapphire where 2.5 mm silver pads are laid on top of the ITO to make the electrical connections
to the heater. The sapphire heater is epoxied into the heater cartridge flush with the face of the
cartridge. The active heater area is 20 mm x 10 mm with the 20 mm direction being in the
direction of the flow. The channel and heater positioning is shown in Figure 2.

2.3  Experimental Setup

The Phantom V12.1 high speed video (HSV) camera is oriented parallel to the plane of the
heater, and with its associated optics is configured to have a spatial resolution of better than 15
microns. 90 degrees from the Phantom camera, and looking at the plane of the heater is the
FLIR SC6000 high speed infrared (IR) camera. The IR camera images the ITO surface, to
measure the 2D temperature distribution on the surface. The IR camera is configured to have a
spatial resolution of 90 microns.

10 n}'n
FLIR SC
6000 20 mm
IR Camera
: Flow
PhantomV12.1
HSV Camera Direction

Figure 2 — Experimental setup for HSV and IR thermography (left), picture of the quartz section
(middle), and diagram of flow channel with the heated area shown in red.

2.4  Experimental Procedure

The loop is filled with deionized water from the fill and drain tank using nitrogen gas. The pump
is then started and non-condensable gasses are vented out of the system while makeup water is
added through the fill tank. The preheater is started to raise the temperature of the liquid, which
lowers the solubility of non-condensable gases. When the fluid reaches about 40°C the mass flux
is increased to 500 kg/m*-s, and the test section heater is energized to allow for nucleate boiling
to assist in degassing. When the fluid temperature reaches 60°C the temperature is stabilized by
adjusting the power of the preheater and the degassing line is cycled. The degassing line valve is
cycled every 10 minutes until no more bubbles emerge from the degassing line. The dissolved
oxygen (DO) probe is installed and flow is aligned to the DO probe. A low reading of dissolved
oxygen (5 ppm or less) confirms that the loop is degassed.

The loop bulk temperature is then set to the desired temperature for the test. The high speed
video camera and the high speed IR camera are set up, and a spatial calibration is obtained for
each.

CASL-U-2013-0094-000



The 15" International Topical Meeting on Nuclear Reactor Thermal - Hydraulics, NURETH-15 NURETH15-213
Pisa, Italy, May 12-17, 2013

When the loop temperature is stable the mass flux is adjusted to the desired level. Then the heat
flux of the heater is adjusted to the desired value, and simultaneous HSV and IR images are
acquired.

The temperature of the surface is determined via IR thermography. The IR camera first
undergoes a non-uniformity correction using a blackbody simulator to compensate for non-
uniform response in the pixels. The IR camera signal is then calibrated by imaging the heater
while being heated with a thermocouple on the surface to read the average temperature. This
data is used to construct a temperature vs. signal calibration curve. The average temperature on
the surface is then determined using a custom MATLAB script that averages the temperature
across the heater both spatially and temporally. The IR camera calibration is checked one more
time in situ against the loop temperature, before the test section heater is energized. Examples of
the raw IR and HSV data can be found in Figure 6 and 8.

3. RESULTS

The data were collected at atmospheric pressure at a constant subcooling of 10°C. The mass flux
values explored were 100, 250, 500, 750, 1000, and 1250 kg/mz—s. The heat flux values explored
were 100, 200, 400, 600, 800, 1000, and 1200 kW/m>.

3.1 Boiling Curves and Heat Transfer Coefficients

The boiling curves and heat transfer coefficients are plotted in Figure 3.
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Figure 3 - Boiling curve (left) and heat transfer coefficient for 10K subcooling at 1 atmosphere.
Heat flux error is 5% and wall superheat uncertainty is 2%.

The boiling curves show the classic trends of nucleate flow boiling [27]. There is a flat slope
during the single phase heat transfer region. The wall superheat at the onset of nucleate boiling
(ONB) increases with increasing mass flux. At ONB the boiling curve slope increases indicating
a rise in the heat transfer coefficient. As the heat flux and wall superheat increase beyond ONB,
nucleate boiling becomes fully-developed and the heat transfer coefficients converges to a single
curve, independently insensitive to changes in mass flux.

3.2 Bubble Departure Diameter, Wait Time, and Nucleation Site Density

The bubble departure diameter was measured using HSV, the spatial resolution was 15 um per
pixel and an area of 1280x800 pixels was imaged at a rate of 1000-5000 Hz, as appropriate for
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the flow conditions. The bubble departure diameter is defined here as the diameter of the bubble
at the time of lift-off (detachment perpendicular to the wall) or slide (detachment parallel to the
wall), whichever comes first. The diameter was only measured for flow regimes in which
individual bubbles could be identified and were not greatly influenced by other bubbles during
their growth (i.e. no bubble coalescence on the surface). The distribution of the bubble departure
diameters was much larger than the spatial resolution of the images, and the error bars on the plot
in Figure 4 represent the standard deviation of the distribution. The Klausner force-balance
model [28] is also shown as a comparison. This model consistently overestimates the measured
departure diameter by about 75%. However, it does follow a very consistent trend with the
measured data. The data shows increasing departure diameters with increasing heat flux, and
decreasing departure diameters with increased mass flux as expected. These results are
consistent with the observations of Sugrue et al. [17].

The wait time is defined as the time between bubble departure and nucleation of the next bubble.
Effectively, it is a measure of the time required to reconstruct the thermal boundary layer
following bubble departure. In this study the wait time was determined from the IR
thermography images, as a bubble nucleation is marked by a sharp drop in the wall temperature,
while the wall temperature starts to rise again at bubble detachment. The temporal resolution of
the IR images was 1 ms. The wait time was measured by choosing individual sites near the inlet
of the heater to minimize the effect of sliding bubbles on the site. The distribution of the wait
time was much larger than the measurement error so the error bars represent the standard
distribution of the sample. The bubble wait time data are shown in Figure 4, plotted vs. the ratio
of the local nucleation superheat to the heat flux, as wait time is expected to increase with
increasing nucleation temperature and decrease with increasing heat flux. However, a clear trend
is not distinguishable in the data with this parameterization, likely because it does not capture the
effect of mass flux on reconstruction of the thermal boundary layer. The wait times are
compared to a correlation by Basu [10], which is shown in (10).

r, =139.1(aT, ') (10)

The correlation is only dependent on the average wall superheat and assumes that there is no
effect of subcooling, heat flux, heat transfer coefficient and heater thermal diffusivity, which are
expected to be important. Not surprisingly, the correlation cannot predict the experimental
values accurately. Wait times of Podowski [29] and Hsu and Graham [30] are also shown on the
plot.

The nucleation site density was measured from the IR thermography images by automatically
counting the sites using a custom MATLAB program. The detection algorithm takes an average
value from each pixel across time and subtracts the mean value from the current frame. This
highlights specific sites; a signal cutoff value is applied to leave only the nucleation sites in the
image. Clusters of pixels are then identified and their centroids calculated. The site is then
checked for size, if it is too large it is rejected to prevent counting nucleation sites late in the
ebullition cycle. The centroids are then rounded to whole pixel values, and this coordinate is
compared to previously recorded sites. A site was only counted as a new site if there was not a
previous site in the nearest neighbor pixels. A convergence criterion was imposed to minimize
the counting of noise as nucleation sites. For example, if an infinite number of frames were
counted the nucleation site count would slowly creep up as spurious points were counted. There
are several potential forms of error in this methodology. The first is from the choice of the
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heuristics for selecting a site. These include the signal cutoff value, the convergence criteria, and
the maximum site size. These were varied to explore the sensitivity, and within the reasonable
range of possible choices affected the outcome by about 6% and this is the value represented by
the error bars in Figure 5. The cutoff value has to be restrictive enough to be able to distinguish
at low heat fluxes between nucleation events and the thermal effects of a sliding bubble, but not
so restrictive that sites are missed. There is also the error associated with camera spatial
resolution. The spatial resolution of the pixels are 90 um and as the site density gets higher there
will be more missed sites because of the increased likelihood of sites overlapping that are closer
together than the resolution of the camera. The automatic MATLAB-based counting algorithm
was validated by comparing it to manual counting and found to agree within 10%. However, the
automatic site counter was consistently larger, and would identify sites missed during the hand
counting.

The nucleation site model proposed by Kocamustafaogullari and Ishii [31, 32] is shown in (1)-
(4) and shown along with the plot for a mass flux of 1250 kg/m*/s. This model was chosen as a
reference because it is applicable to flow boiling, and the parameters that make up the model are
readily deduced from the experimental data. The departure diameter was taken from the
experimental data rather than using a model to estimate it.

N, =fl’ R N, =N, D} (1)
£lo*)=2.157x107 p™*2(1+0.0049p" )" p =, -p,)Ip, 2)
. 20il+p, /p,}I P
R'=R /(D,/2) R = . AT, =S(T, -T.
T AT U
S =(1+1.5x10"Re,, ) Rey =(G(1l-x)D/u, JF'* &)

N,,1s the nucleation site density (m™), R, is the effective critical cavity size (m), p, is the
density of the vapor (kg/m3), P 1s the density of the liquid (kg/m3), D, is the departure diameter
(m), o is the surface tension (N/m), P, is the liquid pressure (N/mz), i,1s the heat of
vaporization (J/kg), R is the gas constant (J/kg/K), AT, is the effective wall superheat (K), T, is

the vapor temperature (K), 7, is the saturation temperature (K), G is the mass flux (kg/mz/s), X

S

is the quality, D is the hydraulic diameter (m), 4, is the viscosity of the fluid, F=1 for cases
where the Martinelli parameter is > 10.

The measured values of the nucleation site density for a given wall superheat are lower than
predicted by the model. This is likely because the model does not explicitly deal with
subcooling of the bulk fluid. Instead the model is extended from a pool boiling model, and uses
a correction factor to S to calculate the effective wall superheat from the actual wall superheat to
account for the convective heat transfer mechanisms. Also, it is important to recognize that
nucleation site density depends on the number of microcavities present on a surface, a
dependence that is not considered by the Kocamustafaogullari and Ishii model.
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Figure 5 - Nucleation site density vs. wall superheat (left), and site counting convergence plot
(right).

3.3  Temperature Profile of a Single Sliding Bubble

In addition to the ensemble data discussed in the previous section, the experiment can also be
used to capture more detailed data on individual bubbles. An example is shown in Figure 6 for a
low heat flux of 130 kW/m?/s, a mass flux of 200 kg/m’/s, and 10°C subcooling. A single bubble
was examined as it slid along the surface of the heater. The HSV images were taken from the
front. Both images are scaled the same to the bar shown in the HSV images.

The temperature profile along the path of the sliding bubble is shown in Figure 7. The small
increase in the temperature along the heater surface in the direction of the flow is due to single-
phase convective heat transfer to the fluid. As the bubble slides over the surface, the surface
temperature drops, signaling significant localized cooling, which is likely due to evaporation of
the liquid layer between the bubble and the wall. Approximately 80 ms after bubble passage, the
surface temperature returns to the single-phase profile. Similar results were found for the
individual bubbles observed in the study with similarly low heat fluxes and mass fluxes.

Whether a bubble departs from the wall by either sliding or detaching and entering the bulk fluid
depends upon whether the force balance on the bubble is broken in the direction of the flow or
perpendicular to the flow first [2, 17]. At low mass fluxes drag force and buoyancy dominate
thus tending to make the bubble slide along the surface. At higher mass fluxes shear lift forces
begin to become more dominant and make the bubble tend to depart normal to the flow. This is
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consistent with observations of Dix [33] and Saha and Zuber [34] that observed at lower Peclet
numbers (< 70,000) bubbles tend to slide while at higher Peclet numbers the bubbles tend to
detach from the wall.

Flo

137

77 ms 154ms 160 ms 166 ms

Figure 6 - HSV (top) and IR (botto) of a bubble from the onset of sliding (t=0 ms) to the deg
of the frame (t=166 ms).
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Figure 7 - Temperature profile along the sliding bubble path at various time steps. t=0 is the
onset of bubble sliding. The circles on the plot show the approximate position of the bubble at
each time step. (The measurement uncertainty on temperature is = 2.0°C; error bars not shown)
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The cooling underneath a bubble as it slides was measured for varius conditions. This heat
transfer mechanism is one that is ignored in mechanistic models. The temperature was measured
via IR thermography and was plotted for constant nucleation site density. An average of
approximately 20 sliding bubbles was used for each point. To be considered the bubble had to
nucleate on the surface, slide a minimum of 0.5 mm, and not be influenced by another bubble.
The sliding velocity was also measured for the same set of bubbles and both are shown below in
Figure 8.

There does not seem to be a clear trend for the cooling under a sliding bubble as a function of
mass flux. The value is rather constant and varies roughly between 2-4°C. The velocity of a
sliding bubble increases almost linearly with mass flux. There seems to be no strong dependence
on the heat flux. At low mass fluxes the bubbles move at nearly the same speed as the bulk flow
and at higher mass fluxes the bubbles move at 50-60% of the speed of the bulk flow. However,
the bubbles are near the wall where the velocity is less than that of the bulk fluid.
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Figure 8 — Maximum cooling under a sliding bubble vs. mass flux (left) and velocity of sliding
bubbles vs. mass flux (right).

3.4  Temperature Profile vs. Time for High Heat Flux

An example with a higher heat flux of 600 kW/mz—s, a mass flux of 200 kg/mz—s, and 9°C
subcooling is shown in Figure 8. The temperature history of the nucleation site circled in red is
shown in Figure 9, this shows the temperature of the center of the nucleation site as a function of
time. Four complete ebullition cycles are shown. The time during which the temperature rises
represents the wait time, while the surface is heating up after the previous bubble formation.
Then the bubble nucleates, grows and departs, which determines the fast drop in temperature,
and the cycle repeats.
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Figure 9 — HSV (top) and IR (bottom) images for a high heat flux case.
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Figure 10 — Average surface temperature vs. time for 0.1 mm radius on heater surface at
nucleation site circled in red in Figure 9.

4. CONCLUSIONS

Several key subcooled flow boiling quantities were successfully measured simultaneously
including bubble departure diameter, bubble wait time, bubble sliding velocity, cooling under
sliding bubbles, nucleation site density, the wall superheat, and heat transfer coefficient, using
High-Speed Video (HSV) and IR thermography.
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Existing models for nucleation site density and bubble wait time do not accurately capture the
data, because they do not account for important effects such as fluid subcooling and heater
thermal diffusivity, i.e. nucleation site density is expected to decrease with increasing
subcooling; wait time is expected to increase with increasing subcooling and decreasing heater
thermal diffusivity.

Synchronized IR and HSV images of individual bubbles sliding along the wall revealed that
significant localized cooling occurs at the wall underneath a sliding bubble, likely from
evaporation of the liquid film sandwiched between the bubble and the wall. The cooling does
not appear to have a strong dependence on heat flux or mass flux. This cooling effect should be
accounted for in future mechanistic models of subcooled flow boiling heat transfer.
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