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EXECUTIVE SUMMARY

This report reviews selected experiments and proposes a framework that describes phenomena of high
heat flux subcooled flow boiling. The core of this framework is the two-fluid model used to predict CHF. A
novel boiling model is based on the scale separation concept, which is centered on consideration that the
CHF is governed by micro-hydrodynamics of evaporating thin liquid film on heater surface. In pool boiling,
these micro-hydrodynamics form and behave autonomously at high heat flux, whereas in flow boiling

external flow serves as mass and momentum sources.

Based on this framework, the whole flow domain can be divided into three regimes: the bulk flow, the
vapor rich layer, and the thin liquid film. The bulk flow regime can be simulated by the two-fluid model in a
Computational Fluid Dynamics solver. The predictions of this model on boundary with the vapor rich layer
can be used to evaluate interfacial instability and shear stress, which will have impact on the hydrodynamics
of thin liquid film. The vapor rich layer plays a transition role, which transmits momentum, mass and energy
between thin liquid film layer and bulk fluid layer and keeps the whole flow regime in a dynamic
equilibrium state. The thickness and rupture of the liquid layer due to nucleated bubbles and contact line
dynamics are important parameters for the CHF determination. The hydrodynamics of thin liquid film
govern heat transfer, bubble nucleation, bubble growth, liquid rewet process, and their interactions. In this
report, an initial set of models is proposed using insights obtained from analysis of experimental data and
observations from the thin liquid film boiling experiments. Further experimentation is recommended and
detailed data analysis is needed to assess applicability of the scale separation model.
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NOMENCLATURE

Latin letters

Cp Heat capacity

d Droplet size

k Fluid turbulent kinetic energy or Heat conductivity
M Interfacial momentum transfer/force or atom mass number
g Gravity

h Heat transfer coefficient

Na Active nucleation site density

p Pressure

P Vapor recoil stress

q Wall heat flux

Q \Volume heat generation rate

Rc Cavity radius

Re Reynolds number

t Time

T Temperature

ATsup Fluid subcooling (=Ts — T)

ATy Wall superheat (=Tw—Ts)

u Velocity

We Weber number

Greek letters
Phase volume fraction
Half of cavity cone angle
Dissipation rate of fluid turbulent energy
Dynamic viscosity
Vapor rich layer thickness
Density
Surface tension
Stress tensor
Interfacial mass transfer rate

s L T e TR S ISR "« N

Superscripts

eff Effective value
t Turbulent
Subscripts

b bubble

c carrier phase
cr critical

f fluid
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ACRONYMS

CHF Critical heat flux

CRUD Chalk River Unidentified Deposits

IET Integral Effect Test

MET  Mix effect test

NSD Nucleation side density

PWR  Pressurized water reactor

SET Separate effect test

TDMI  Total data model integration

VUQ  Validation and uncertainty quantification
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Micro-hydrodynamics in High Heat Flux Boiling
and Burnout: Experimental Data and Model

Development

1. INTRODUCTION

Nucleate boiling is a highly efficient and desirable cooling mechanism in
high-power-density systems. It is well-known that when the heat flux on boiling surface
reaches so-called critical heat flux (CHF), at that point the departure of nucleate boiling is
occurred leading to substantial reduction of the system’s coolability. Thus, the mechanistic
understanding, model-based prediction, control and enhancement of nucleate boiling are the
focuses of extensive research on boiling heat transfer. For more than half century, a large
number of experiments were conducted and a lot of simulation models have been proposed.
The boiling models basing on point measurement in space (e.g., using thermocouples) and
snapshot in time (e.g., X-ray images) obtained in the traditional boiling experiments usually
describes boiling processes by time- and space-averaged parameters. For example, the
nucleation is characterized by nucleation site density. These boiling models are tending to
predict lower CHF for higher nucleation site density of nucleate boiling, which is contradicted
to the findings of the modern experiments using high-speed infrared imaging for heat-transfer
surface thermometry.

A number of experiments conducted recently reinforced the belief that CHF is largely
governed by the micro-hydrodynamics of the thin liquid film on heating surface. On other hand,
Zuber’s vapor column instability theory proposed more than half century ago has not been
observed in these experiments. Based on the new findings from their experiments, Theofanous
group proposed the scale separation concept to explain the CHF of high heat flux boiling. In
this report, the scale separation assumption and their experiment BETA, along with three other
experiments (Chu experiment M2 Gong experiment®® and O’Hanley experiment®) are
reviewed. Based on the scale separation assumption, a new framework that aims at evaluating
CHF for subcooled flow boiling has been proposed, and a model with simplifications is
formulated. For  future model development, more detailed model with
total-data-model-integration approach would be implemented for the high heat flux boiling
simulation.

2. SCALE SEPARATION CONCEPT

Scale separation concept is proposed by Theofanous based on the observation from the
BETA and subsequent BETA-B experiments. According to the radiographic image taken during
BETA tests, within 1mm of the heater surface the average cross-sectional void fraction reaches
up to 80-90% (as shown in Figure 1) in nucleate pool boiling. This indicates a most remarkable
separation of the external (macro) hydrodynamics from the heating surface. Also, infrared
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image in Figure 2 showed the nucleation behavior is fairly regular under high heat flux, which
implies the nucleation behaves autonomously without the influence of churn turbulent flow of
the bulk fluid.
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Figure 1. Experimental evidence of scale separation !

Figure 2. Regular behavior of nucleation site shown by infrared images
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As implied by the experimental evidence, the main idea of the scale separation assumption
is the fact that the two-phase hydrodynamics of the bulk fluid do not directly affect CHF; but it
can indirectly influence CHF by affecting the hydrodynamics of thin liquid film (which is
believed to be in micrometer-scale). As a result, the pool boiling under high heat flux can be
separated into several regimes of different scale: (1) the meter-scale (m-scale) bulk fluid, (2) the
millimeter-scale (mm-scale) vapor rich layer which separates bulk fluid and thin liquid film, (3)
the micrometer-scale (jm-scale) thin liquid film, and (4) the nanometer-scale (nm-scale)
surface properties. The CHF is mainly determined by the hydrodynamics of pm-scale thin
liquid film, while the nm-scale surface property can strongly impact the hydrodynamics by
impacting the nucleation site density, triple contact line dynamics etc. Also, the m-scale bulk
fluid can affect the thin liquid film hydrodynamics by inducing shear and droplet irrigation to
the liquid film. The interactive relationships between different scales are illustrated in Figure 3.

System Effects
m-scale

Two-phase (Macro)Hydrodynamics

cm-scale

Liquid supply Scale separation mm-scale

v

Microlayer |
wm-scale (micro)Hydro- | Y
dynamics Surface
+ properties

Nucleation |<—

Burnout

nm-scale

Figure 3. Schematic of scale separation concept!*?l.

It is necessary to mention that the whole system should be in dynamic equilibrium state, but
not steady state. The thin liquid film is constantly evaporating due to boiling, and the bulk fluid
continuously supplies the liquid film preventing burnout of the heating surface by “droplet
irrigation”. One implication of the scale separation concept is that the heater surface and the
extended liquid micro-layer on it operate autonomously, that is, without any significant
influence of the external hydrodynamics. Subsequently, because the presence of the liquid pool
is incidental, the burnout phenomenon can be studied independently by focusing on the
micro-layer of the heater system alone.
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3. REVIEW OF EXPERIMENTS AND DATA

High heat flux boiling and CHF are in the center of thermal hydraulics research, thus, there
are many experiments conducted throughout the years. One of the main objectives of these
experiments is to find underlying mechanisms defining CHF of a heating surface. Recently, the
main interest is in the heater’s surface properties. The popular consensus has been formed
among researchers is that CHF is mainly determined by the hydrodynamics of thin liquid film
on the heating surface. Theofanous group proposed the concept of scale separation, which was
based on the findings of a series of their experiments (BETA and BETA-B) presented in two
journal papers (Theofanous & Dinh 2006 and Dinh & Tu 2007). Also, basing on his
experiments, Chu proposed that burnout is caused by the expansion of a small residual dry area
to a large dry area when the bubble nucleation around the residual dry area is sufficiently
vigorous. Conducting experiments to study the separate effect of surface on CHF, O’Hanly
gives emphasis to the importance of surface influence on CHF.

All these three experiment can be explained in scale separation assumption, since BETA and
Chu’s experiment both confirmed burnout is caused by the failure of wettability of dry spot (or
dry patch), and O’Hanley’s experiment confirmed the importance of surface characteristic on
CHF. These historical experiments provide valuable data and insights on high heat flux boiling
phenomena, especially on CHF, which are discussed in details in following subsections.

3.1. BETA Experiment

Figure 4 depicts the setup of BETA’s experiment (€110 One feature of the BETA test is the
use of nano-scale metal film heater putting on top of glass substrate. Such design ensures
uniform heat flux distribution on heating surface and allows clear picture of bubble nucleation.
The temperature of heater’s surface is observed by high speed infrared imaging of the
nano-film heater from below using very strong light source for both configurations, A and B.
Detailed bubble behavior is captured by the high speed video from the top in Configuration B.
Notably, Configuration A and Configuration B have almost similar CHF value, which can be
used to demonstrate the scale separation concept.
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CONFIGURATION A CONFIGURATION B

Heater Element Detail - -
(20 mm x 40 mm)

140 nm Ti . .
[ High Sspeed Video
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I \r\ - Cu—Vapor Laser
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Q) - I/'_‘\I I‘\_ _/I

. Film
Flash X—ray _/ ~ /
(5ns, 50 pm) .g L

______________ [ —
|

Heater Elements

- o /
High—speed IR 4

(10kHz , 30 pm)

Figure 4. Schematic of the BETA experiment setupl®l,

BETA experiment provides three types of experiment data: (1) the temperature profile of
nucleation site at different time steps, (2) the temperature history at the center of nucleation site,
and (3) the history of bubble progression. Types 1 and 2 data were extracted from images taken
by the high-speed infrared camera and Type 3 data come the image taken by high-speed video
camera used in Configuration B. Those data provided a good foundation to perform total data
model integration (TDMI) in future’s model calibration and validation work. Also, in BETA
experiment, the heater is on top of the substrate producing very uniform heat flux on the surface,
which helps reduce data uncertainty and renders very small thermal inertia, therefore the
burnout occurred almost immediately at CHF.

In addition, it has been found that there was very small difference between CHFs in
Configurations A and B for similar experiment condition. This finding indirectly ratifies the
scale separation assumption. Similar observation was also confirmed in Gong’s experiment*®!
(Figure 5), in his experiment, liquid films with various thick has similar CHF.
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Figure 5. CHF values as function of liquid film thickness [*3].

3.2. Chu Experiment

Chu conducted experiments that aimed at finding the CHF mechanism of up-facing pool
boiling ('), Figure 6 illustrated Chu’s experiment configuration. Chu employed two different
methods to visualize the bubble behavior on the surface, total reflection received from bottom
by high speed video camera from bottom, and image by 39<C diagonal view camera.

There are a few differences between configurations of Chu’s experiment and BETA
experiment. Firstly, in Chu’s experiment the heater was on the bottom of substrate, which
means heater was not in direct contact with the liquid. This may result in a non-uniform heat
flux distribution on the top surface of substrate. Secondly, although thermocouple was
employed in this experiment, the surface temperature has not been measured. This is because
the thermocouples were attached to the bottom surface of the substrate outside the visualization
area in order to monitor whether the critical heat flux was triggered inside the visualization area
or not. And lastly, the thin film boiling was not conducted in Chu’s experiment. These
differences may explain the significant difference in CHF time scale between these two
experiments. In BETA experiment, the burnout happened in less than 100ms in CHF condition,
while in Chu’s experiment, burnout never happen, but only large irreversible dry patches were
observed in CHF, and the time scale is second.
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Figure 6. Schematic configuration of Chu’s experiment [1],

3.3. O’Hanley Experiment

O’Hanley conducted experiment to test the separate effect (in his case, surface effect include
roughness, wettability, and porosity) of surface on CHF [6]. In his experiment, wettability is

defined by the contact angle ( £) at the triple contact line between vapor, liquid, and the solid

surface. Wettability is quantitatively evaluated based on Wenzel’s definition of roughness
factor, r, as the ratio of actual contact area to the projected area under the liquid.

cos 8 =L "I p _peos g
O

As can be seen, rougher surface would make hydrophilic surfaces (£ <90° ) even more

hydrophilic and hydrophobic surfaces (£ >90° ) even more hydrophobic.

Roughness is defined by surface’s vertical deviations from an ideal flat surface. Three
different criterions for roughness quantification are presented in O’Hanley’s paper [6]. The
first criterion is arithmetic averaged height of all surface features (in absolute value). The
second criterion is the root mean square of the surface feature heights. The third one is the
averaged distance of the five highest peaks to the five lowest valleys.

In the paper, a porous layer on the surface is assumed to be present; and, therefore, it was
described by the void fraction € in the porous layer.
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Nine combinations of surface has been fabricated and run for CHF test, and results are listed

in Figure 7.

O’Hanley’s experiment found that the porous hydrophilic surface enhanced CHF by 50%—
60%, while the porous hydrophobic surface resulted in a reduction of CHF by 97%. Separately,
wettability had little effect on the smooth non-porous surface CHF and surface roughness had
no effect on CHF. Therefore, he suggested wettability and porosity would affect CHF
significantly in a coupled manner.

Roughness Contact angle (degrees)
R, R, R. Roughness  Porosity CHF
Test # Pattern Fabrication (um)  (um)  (um) factor, r (vol. %) Sttic Advancing Receding (KW/m?)
1 Smooth uncoated » No fabrication required =001 001 <0.01 1 1} ~T5 82 48 YA =77
heater (reference)
2 Smooth non-porous  + Electron beam deposition <001 001 002 1 1} <5 =) =4 1009 = 103
hydrophilic of 20nm Si0x layer
3 Smooth non-porous  « Electron beam deposition 001 001 003 1 0 112 131 8l G968 = 173
hydrophobic of 20nm Si0, layer
+» Chemical vapor deposition
of fluorosilane
4 Smooth porous » LbL deposition of 50 nm 014 018 078 ~1 50 <5 ~) ~4) 1617 =177
hydrophilic diameter 5i0- particles, fifty
layers
5 Smooth porous +» LbL deposition of 50nm 012 015 072 =1 50 137 160 w7 44
hydrophobic diameter 5i0 particles, fifty
layers
+» Chemical vapor deposition
of fluorosilane
& Rough non-porous + Photolithography of 20 ym 269 454 1456 100447 0 <5 ~{ ~0 1063 = 58
hydrophilic diameter, 15 g tall posts:
0.5 mm pitch
+ Electron beam deposition
of 20nm Si0, layer
7 Rough non-porous * Photolithography of 20 um 262 443 1522 1.0044* 0 113 132 86 1067 = 163
hydrophobic diameter, 15 pm tall posts;
0.5 mum pitch
+ Electron beam deposition
of 20nm Si0; layer
*» Chemical vapor deposition
of fluorosilane
b Rough porous + Photolithography of 20 um 222 385 1408 1.0044% 50 <5 ~) ~A) 1591 =111
hydrophilic diameter, 15 pm tall posts;
0.5 mim pitch
+» LbL deposition of 50nm
diameter 5i0 particles, fifty
layers
b Rough porous + Photolithography of 20 ym 205 373 1325 100447 50 140 144 104 2040

hydrophobic

diameter, 15 g tall posts:
0.5 mm pitch

+ LbL deposition of 50 nm

diameter 85i0. particles, fifty
layers

* Chemical vapor deposition

of fluorosilane

Figure 7. CHF data on different surface in O’Hanley’s experiment [],

Notably, although O’Hanley’s experiments tested three separate effect in detail, there are
still more complex surface characteristics that its effect on CHF still remain unclear or even
unknown (e.g. thermal physical changes due to oxidation), and some effects are highly coupled
that it cannot be simply regarded as “separate effect”, e.g. nearly all the surface characteristics
has influence on nucleation site density. In this sense, the surface effect on CHF cannot be
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simply quantitatively evaluated from those separate effect test results. In other word, a model
validated using these separate effect test (SET) data would have unacceptable uncertainty in
validation and uncertainty quantification (VUQ) process due to uncertainty propagation. This is
because the SET data has a very large and unclear covariance. However, those SET data would
be important and useful in providing qualitative guidance for the surface effect test and for
experiment design, but cannot be directly used for model development. Another approach
based on TDMI would be discussed in next section.

3.4. Surface Temperature Data

In order to perform TDMI and VUQ), experimental data that can be used to validate against
modeling should be provided. For the scale separation based modeling, the heating surface
temperature and history of bubble growth within the thin liquid film are needed. From BETA
experiments, two kinds of surface temperature data can be obtained: the temporal profile of
temperature at the center of a nucleation site and the spatial profile of temperature across a
nucleation site for two types of nucleation site, cold spot and hot spot. The temperature data in
these two nucleation sites are vastly different.

For the cold spot, a significant drop of temperature at nucleation site was observed because
evaporation serves as effective heat sink. Usually, the low heat flux boiling progresses in
following sequence: bubble nucleation, bubble growth to a critical size, and bubble departure.
On contrary, for high heat flux boiling, a thin liquid film would formed automatically agreeing
to scale separation assumption, so the boiling process would follow a different sequence:
bubble nucleation, bubble growth to a critical size, bubble collapse, and liquid rewet the
nucleation site (as shown in Figure 8).

Vapor Space
~ LTl s * _.:l D o
Healer
Bubbles Bubble Bubble collapse -
nucleation growth liquid recede

Figure 8. Schematic of bubble dynamics in thin liquid film for high flux boiling.

For BETA Configuration A experiments, the temperature profile across the cold spot and the
temperature history in the center of cold spot were measured for different levels of heat flux.
Figure 9 shows that with increase in heat flux, the temperature at the center of cold spot varies
more drastically [8]. The temperature drop occurred within 1-2 ms in all heat flux scenarios, but
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the temperature increases more rapidly when heat flux increases. In case of highest heat flux
(g=900kW/m?), temperature increase finishes in less than 5ms, while in the case of lowest heat
flux (g=90kW/m?), the increase time is about 50ms. This significant difference may be due to
two different mechanisms of bubble growth, which can be explained by scale separation
concept. For high heat flus, a thin liquid film on top of the heating surface was formed, which

makes the bubble behavior different with low heat flux situation.
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Figure 9. Temporal temperature profile at the center of nucleation site in cold spot of a fresh
heating surface at four heat fluxes: (a) g=90kW/m?; (b) q=200kW/m?; (c) g=400kW/m?; and

(d) q=900KW/m? .

Figure 10 shows temporal temperature profiles at the center of nucleation site in hot spot of
a fresh heating surface at three high heat fluxes: (a) g=900kW/m?; (b) q=850kW/m?; and (c)
q=950kW/m2, It was also observable that some of the cold spot would transit into hot spot,
which means a higher temperature in the center of nucleation site than surrounding area. Some
of the hot spots are reversible, which means it can be rewetted, while some of the hot spots can
become irreversible, which causes the heater burnout. By definition, the heat flux that caused
burnout is CHF. Additionally, even the reversible hot spot may remain for tens or even
hundreds of milliseconds, while cold spot usually lasts only few milliseconds. It is still not very
clear what triggered the transition from cold spot to hot spot, and why the hot spot lasts for
much longer time than cold spot. There is an assumption that the depletion of micro-layer under
the bubble and the molecular surface effect on triple contact line (such as vapor recoil) may be
the reason that caused the long-lasting hot spot. However, this hypothesis still needs further
investigation. The mechanism causing the hot spot become irreversible is of immense interest
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in order to enhance CHF to prevent surface burnout. The surface properties are believed to play
an important role on this mechanism. Also, this transition is assumed to be a stochastic process.
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Figure 10. Temporal temperature profiles at the center of nucleation site in hot spot of a fresh
heating surface at three heat fluxes: (a) g=900kW/m?; (b) qg=850kW/m?; and (c) q=950kW/m?

(irreversible).

The temperature profile across a nucleation site at different times has also been measured.
Figure 11 shows the temperature profiles across surface of a fresh heater at different times !
for three heat fluxes: (a) g=200kW/m?; (b) g=900kW/m?; and (c) q=950kW/m?. These data are
useful for developing a mechanistic model that describing high heat flux boiling. According to
these plots, the diameter of the hot spot is around 1-2 mm which is smaller than the bubble
diameter observed in bubble images. For Chu experiment, the “dry patch” expansion was
observed while in BETA experiment the “hot spot” expansion is not observed. The reason could
be the fact that in BETA experiment, the hot spot caused burnout before it expands.
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Figure 11. Temperature profiles across surface of a fresh heater at different times [ for three

heat fluxes: (a) g=200kW/m?; (b) g=900kW/m?; and (c) q=950kW/m?.

Admittedly, there are still “missing knowledge” and “missing information” that cannot get
from current experiments for the framework using scale separation assumption. Currently, we
developed several assumptions to fill the missing part. These assumptions can be modified with
future investigation. This includes the mechanism that cause the cold spot transformation into
hot spot, and the mechanism that causes the long lasting hot spot become irreversible.

3.5.

Data from Bubble Images

Bubble image was captured in both BETA and Chu experiment. Bubble images in BETA
experiments are obtained in Configuration B (boiling in liquid film) from the top heating
surface, while in Chu experiment the images of ordinary pool boiling are taken from bottom

surface using total reflection technology.
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Figure 12. Boiling images from BETA Configuration B experiment.

As illustrated in Figure 12, the bubble shape from BETA experiments was very regular
circle; this makes it relatively easy to obtain the bubble size information through image
processing. Figure 13 showed bubble diameters as function of time taken from images
obtained in BETA Configuration B experiment.
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Figure 13. Bubble diameters as function of times for BETA Configuration B experiment.

The bubble images show that the bubble diameter varied considerably due to bubble
interactions. There are two interaction mechanisms observable through these images. The first
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interaction is bubble coalesce, observed from video, which happened mainly in the beginning
of bubble growth. If two bubble nucleation sites are close and they activated almost at the same
time, then, there is a high possibility that they would coalesce. Another interaction is bubble
rapture, which is more common than bubble coalescing. If one bubble growth and touches
another bubble that growth earlier, there is a high possibility that the “older” bubble would be
ruptured due to the collision with “new” bubble. Basing on these observations, we could
develop a relatively simple bubble interaction model for the high heat flux boiling which is
shown in the model development section.

Bubble images obtained in Chu experiment are quite different than images in BETA
experiment. Firstly, Chu’s bubbles have irregular shape, as illustrated in Figure 14 and Figure
15, which are difficult to get quantitative data. Secondly, bubble coalesce is much more
common in their observation while bubble collapse due to interaction is not observable. Thirdly,
the dry patch expansion was observed in Chu’s experiment in a second-time scale, while such
events have not been observed in BETA experiment. This is because the heater in BETA test
was put on top of substrate and would burnout in ms-time scale once heat flux reached CHF.
Basing on his observations, Chu assumed burnout is caused by small residual dry area expands
to a large dry area when the bubble nucleation around the residual dry area is sufficiently
vigorous. That is, in BETA experiment burnout is assumed to happen during one cycle of
nucleation in that site, while Chu assumes burnout is caused by multiple times of nucleation in
that site and surround area. Figure 16 presents fractions of dry area measured for different heat
fluxes in Chu experiment.

15 A~

Figure 14. Bubble images from Chu experiment !
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Figure 15. Burnout images from Chu experiment 11,

In both BETA and Chu experiments, the bubble images cannot clearly distinguish the dry
spot from micro-layer under the bubble. When bubble nucleate, a micro-layer (usually assumes
to be several micrometers) would be trapped under bubble and the micro-layer could evaporate
and dry area would appear under the bubble. The micro-layer’s behavior under the bubble is an
essential phenomenon to be included to the model. However, with current experiments, we
could only deduce the micro-layer’s behavior from BETA’s temperature profile across
nucleation site.

Although BETA and Chu’s experiments showed different observations, the bubble
progression and the burnout phenomena are still quite similar. Even through their CHF values
and bubble images are not comparable because the surface characteristics are quite different in
the two experiments. However, this is still possible that the boiling processes in these two
experiments were controlled by the same mechanism. One could argue that irregular bubble
shape in Chu experiment is due to non-uniform heat flux. In Chu experiment, the heater is on
the bottom of the substrate, so the heat flux may not be as uniform as in BETA experiment,
where the heater is in direct contact with liquid. It is also possible that the dry patch expansion
in Chu experiment was a subsequent process after the irreversible hot spot was formed (as
shown in Figure 14) and this process is not observed in BETA test because the heater (low
thermal inertial) burned as soon as heat flux reached CHF. As a result, the scale separation
concept can be used to explain data from Chu experiment.

At the present time, the bubble data extracted from BETA experiments are used for
assessment of the TDMI and VUQ framework.
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1. Red Line: Dry area fraction of all dry areas including the dry spots in the rewetting region
2. Blue Dotted Line: Dry area fraction of the maximum size dry patch under the large vapor mass

100 100
— Total Dry Area (@) 95% CHF — Total Dry Area (b) 99% CHF
------ Single Max. Dry Area --==-- Single Max. Dry Area
80 80
S 8
_g 60 _g 60 |7
B B
E ol £l
40} 40} ;
§ i §
< < i
Z 20 E oot
0 L 3 L . L 0 L L . L
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Time, sec Time (sec)
100 100
—— Total Dry Area — Total Dry Area (d) CHF
vvvvvv Single Max. Dry Area - Single Max. Dry Area
o 80F 80| ~
o N By | \ *’k \ \ A #
5 > d e L ) i
g’ 60 A ) N‘T‘ﬁa ;4) ,I g 60 - f&‘ i ;]‘ gvmf ‘J\ %}rA f# 'l{\ fl
© ! LA g £ M A \:gﬂ: B AN T . W‘ o M
- : }!} 1 T o0 “(’y k 0" 4 I}:‘ i ! B ¥ P’{J' ’p‘e
g “0f Pt g Wiy Iy
< : i i £ y uf i ! i
g 20 fi i 20 A i '
o I ! f =] i
o 1 1 1 1 o 1 1 1 1
-0.4 -0.3 -0.2 -0.1 0.0 0.0 0.1 0.2 0.3 0.4 0.5
Time (sec) Time (sec)
100 100
Total Dry Area
~~~~~~ Single Max. Dry Area /{\\a
80} fl ao L
° | ° 4\ /’Vﬁ
: AWTIAY A,
S oo \ B ;IA,‘! i H h il § eol }‘!“'V '
g | iR \q g
g AN A1 . 8
'S 40 : | : a0l
g @ — Total Dry Area (f) Post-CHF
; (e) Post-CHF < [ Single Max. Dry Area
20 g 20}
a a
0 . . . . 0 . . . .
0.5 0.6 0.7 0.8 0.9 1.0 1.5 1.6 1.7 1.8 1.9 2.0
Time (sec) Time (sec)
100 100 M
RN WLV W’W\«M Al
w 4\ ,/\. '\W{ / ‘Wx/\»"v
80 \*W r'\ ,Jw M“N\MMW sol
8 8
3 3
S 60} S 60f
g ;
e a0l [ a0
§ — Total Dry Area (g) Post-CHF § — Total Dry Area (h) Post-CHF
I Single Max. Dry Area S [ Single Max. Dry Area
= 20f Z 20}
a a
o 1 I 1 1 0 I il 1 I
2.5 2.6 2.7 2.8 2.9 3.0 3.5 3.6 3.7 3.8 3.9 4.0
Time (sec) Time (sec)

Figure 16. Fractions of dry area measured in Chu experiment [,
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4. PHENOMENA DISCUSSION

4.1. Surface Effect

O’Hanley’s experiment provided a good perspective to view the surface effect on CHF
because a set of combinations of different separate effects (i.e., wettability, roughness, and
porosity) was tested. However, the surface characteristics not only influence on the liquid film
dynamics, but also on the nucleation site density and heat transfer of the heater. Therefore, the
surface effect on CHF can be decomposed as shown in Figure 17.

Surface Effect
Eff_ect_on Thm Effect on Nucleation Effect on Heat
Liquid Film . .
. Site Density Transfer
Dynamics
Material Property

Wettability Roughness Porosity Changes due to

Oxidation

Figure 17. Phenomena decomposition of surface effect on CHF.

In BETA tests, the surface effect on nucleation site density was investigated. The effect of
surface oxidation has been clearly observed, but it was very difficult to quantitatively evaluate.
This test showed that the aging heater surface can improve CHF (as shown in Figure 18). The
explanation is that as the heater ages, the oxidation increases leading to increase in surface
roughness. In other word, oxidation changes the surface property impacting heat transfer
between the heater surface and the thin liquid film. On contrary, basing on his experiment,
O’Hanley concluded that surface roughness would not affect CHF. Then, the oxidation in aging
heater surface becomes a reason for positive effect on CHF is due to effect on heat transfer.

The effect of aging on nucleation site density is also investigated in the BETA experiments.
There are three conclusions are drawn from the results: (1) aging can significantly increase the
nucleation site density (plot on the left of Figure 19), (2) the nucleation site density varies
considerably among heaters with similar age, which suggest that nucleation site density is also
very sensitive to surface and external conditions, and (3) the nucleation site density follows a
linear relation with heat flux for the same heater, which can be modelled using regression
method for a particular scenario. The conditions of tests presented in Figure 19 are: Test F9 was
run with clean distilled water, Tests F1 and F4 were with HPLC class water, Heater A1 was
aged by pulse heating in air, and Heaters A3 and A4 were heavily aged by repeated pulse
heating and boiling in water.
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Figure 18. SEM images of three heaters: fresh (top), aged (middle), and heavily aged (bottom)
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As mentioned in previous section, the data from separate effect tests alone are not suitable
to use as validation data due to the highly coupled mechanism between those effects and large
covariance induced data uncertainty. Therefore, an approach of TDMI can be used as
described in the modified validation pyramid in Figure 20.

Quantity of interest
(CHF in reactor core

/ effect tests

Model based on
scale separation
(ensure consistency
with real system and
MET system)

Calibration and
Uncertainty
Quantification

Multiple effect
tests

Ensure
qualitative
consistency

Fresh / Aged heater

Separate effect tests

Qualitative
guidance

+ Other Effects ...

p @ &
wettability porosity roughness

Figure 20. Modified validation pyramid for subcooled flow boiling.

As shown, the key in this approach is the consistency between model and various types of
experimental data. The acceptable model should be consistent with data from both mix effect
test (MET) (i.e., pool and film boiling) and actual system (i.e., the high heat flux subcooled
flow boiling). To achieve this objective, the scale separation assumption can be used to ensure
the model consistency. In addition, a scaling criterion between MET systems to actual system
should be developed, so the micro-scale data and macro-scale data can be integrated. Then,
model and scaled data (or evidence) can be integrated to perform TDMI and the couple
validation model calibration can be done simultaneously.

4.2. Scaling

In pressurize light water reactor (PWR), the high velocity coolant flow in the core is under
very high pressure and high temperature, which could make the flow regimes and boiling
phenomena quite different from the experiments conducted under atmospheric pressure and
room temperature. It would be difficult to directly apply scaling criterion for CHF obtained
under experimental condition to PWR’s subcooled flow boiling condition. However, using the
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scale separation concept, the pressure and flow velocity can be regarded as “external” condition,
which mainly influence on the shear stress and droplets irrigation for thin liquid film. Then, we
can develop scaling criterion for the turbulence and flow regimes between experimental
condition and PWR situation. The scaled result can be applied to put the stress and droplet
irrigation in to the dynamics of thin liquid film. This is the main benefit of scale separation
concept.

The scaling of the surface effect is much more difficult. To develop a scaling criterion using
the experimental data obtained from the heater surface (usually a glass plate with metal film
heater), which can be applied to the model of PWR rod surface (even needed to consider
CRUD), is a difficult task. According to Figure 6, although roughness, wettability, and porosity
parameters can be quantitatively evaluated for different surface, their effects on CHF are only
qualitatively evaluated by O’Hanley. More detailed work is required for development of the
scaling criterion for those three parameters. In addition, the nucleation site density (NSD) is a
very sensitive parameter, which makes it almost impossible to develop a scaling criterion for
the NSD. A surrogate approach is proposed: using regression method to establish relationship
between NSD as function of surface characteristics and heat flus based on the database obtained
from relevant experiments. Then this regression function can be used to predict the NSD for
particular surface characteristics and heat flux. For the microscopic surface effects, such as
oxidation, a parameter that can account for those effects is desirable for engineering purpose.

4.3. Uncertainty

In order to apply experimental data into the VUQ of model, the data uncertainty need to be
analyzed and properly quantified. Generally, the sources of data uncertainty are come from
systematic scaling uncertainty, geometry uncertainty and experimental uncertainty.

Systematic scaling uncertainty is difficult to evaluate. Although basing on scale separation
assumption, the pool boiling data can be applied to evaluate the high heat flux subcooled flow
boiling, but the large differences in boiling condition (i.e., pressure, flow velocity) would
certainly induce some sort of uncertainty even if a good scaling criterion is developed.
Currently, the scaling laws are not well understood.

Geometry uncertainty is triggered by the fact that the all boiling experiments conducted on
horizontal plate and the actual scenarios of modelled boiling in PWR are vertical annular flow
or flow across fuel bundle. As a result, the geometry transformation would bring additional
uncertainty.

Experimental uncertainty is the most straightforward uncertainty. The sources of this
uncertainty come from the experimental design configuration and measurement. Usually, the
test design uncertainty is a bias (can be regarded as distortion) and the measurement uncertainty
is random (can be described as Gaussian distribution).
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4.4. Remaining Issues

Historical boiling experiments provided numerical data and images. The BETA experiments
provided three kinds of data: temperature history in nucleation site, temperature profile along
the nucleation site and bubble progression. These data serve as a good base to perform total data
modeling integration. Chu experiment employing two methods to measure bubble behavior on
the surface simultaneously can provide a qualitative understanding of high heat flux boiling.
O’Hanley experiment testing different combinations of surface’s separate effect (roughness,
wettability and porosity) could be the foundation for developing scaling criterion.

However, issues are remaining in development of a model and perform TDMI and VUQ
based on these experiments. O’Hanley experiment did not measure temperature profile on the
heater surface, and no bubble image was taken. Consequently, it is not clear how the different
surface characteristics would affect the liquid film’s hydrodynamics. Chu experimental results
could not clearly distinguish between micro-layer under bubble and dry patch and have no
temperature measurement. Finally, in BETA experiments three kinds of data were measured
separately and for different configurations. These data are not synchronized perfectly, therefore
the correlation between different data sets have to be assumed. This assumption, in turn, would
introduce additional uncertainty. Another problem of the BETA experimental data is the large
variation of time taken from different data sets. For example, the bubble image shows bubble
only lasts about 3-4 ms, while the time step of cold spot temperature profile was 10ms, and
bubble history of hot spot showed the hot spot could last for more than 30ms. Therefore, the
model simulating the temperature and bubble data simultaneously will have large uncertainty
of temperature data.

Besides the remaining issues of data measurement from those experiments, there are still
some remaining issues of mechanism as follows:

1. The mechanism of formation of the hot spot and the mechanism, which prevents the liquid
rewet some of the hot spot for extended time, are not well defined. Basing on the BETA test
infrared images, the long lasting hot spot is assumed to have tight connection with very high
superheat liquid when it nucleates. But more evidences are needed to confirm this
assumption. Also the mechanism causing the hot spot become irreversible leading to
burnout is not well understood. It is unclear if this is a stochastic process.

2. Secondly, there are some observations in BETA experiments that may lead to some different
interpretation. As shown in Figure 21, there are bubbles forming under the bubble, which
can be speculated that not only micro-layer can be trapped under the bubble, but relative
large droplet also can be trapped under it. This would make the heat transfer under the
bubble even more complicated.
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Figure 21. Bubble forming underneath bubble as observed in BETA Configuration B.

In conclusion, results from experiments reviewed in this report confirm the scale separation
assumption. The scale separation assumption provides a new insight allowing development of a
TMDI framework model VUQ. This model can be used to predict CHF for both pool boiling
and subcooled flow boiling. This is also helping create a bridge that can introduce the data from
pool boiling into the VUQ of subcooled flow boiling because we can focus only on the micro
hydrodynamics on surface and neglect the complicated bulk fluid hydrodynamics in the pool or
tube. However, further investigation are needed to confirm this assumption and new technology
is desired in order to accurately detect or measure the thin liquid film boiling on the surface
during high heat flux pool boiling.

5. MODEL DEVELOPMENT

5.1. Model decomposition

According to scale separation assumption, the flow regime of high heat flux subcooled flow
boiling can be decomposed into three regions with different scale: bulk fluid flow (m-scale),
vapor rich layer (mm-scale), and thin liquid film (um-scale). The schematic of subcooled flow
decomposition according to scale separation concept is illustrated Figure 22.

Figure 22. Schematic of subcooled flow decomposition under scale separation concept.
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The bulk fluid flow would induce a shear stress on the interface (like the fluid flow on a slip
boundary) and this shear stress would transmit to thin liquid film through the vapor rich layer ,
affecting the hydrodynamics of thin liquid film, especially the rewetting process. Meanwhile,
the bulk fluid flow could generate droplet from interfacial instability, and such droplet can
irrigate the dry hot spot on the surface through vapor rich layer, and reduce the chance of
burnout and therefore help improve the CHF.

The vapor rich layer plays a transition role between bulk fluid and thin liquid film, its
thickness would affect the droplet irrigation efficiency and the shear stress transmitted to thin
liquid film.

The hydrodynamics of thin liquid film would directly determine CHF. Bubble is forming on
the nucleation site, and rapidly growth due to evaporation and other contact angle mechanism
such as vapor recoil B, Meanwhile, the temperature of the nucleation site would drop due to
intensive heat transfer. As the bubble growth, the micro-layer under the bubble would evaporate,
when its evaporation rate exceed the liquid supply (from around the bubble) rate, the
micro-layer would gradually deplete and the area under bubble would become dry spot, then
the temperature under the bubble would rise. When the bubble reaches a large size, bubble
membrane instability would cause bubble collapse, and the liquid would rewet the nucleation
site. If the micro-layer is still under the bubble, the rewetting process would be easier and
temperature would remain a relatively low. But if the micro-layer has already depleted and a
dry spot has been formed, the rewetting process may be hampered. This formation process of
hot spot was observed in the BETA test infrared images. If the rewetting process failed to rewet
the dry spot, then burnout would happen, and the heat flux that causes the burnout is CHF.

As a result, each scale of the flow regime can be decomposed into several phenomena, and
those phenomena could be decoupled, and CHF is mainly determined by the dynamics of thin
liquid film adjacent to heater surface and the highly coupled mass, momentum and energy
exchange in bulk fluid has no direct influence on CHF. Therefore, the CHF determination can
be greatly simplified.

The subcooled flow boiling model hierarchy can be derived (as shown in Figure 23).
Apparently, the two fluid model frameworks are still based on scale separation assumption, but
more detailed modeling and modification on the wall surface are introduced. Figure 24 shows
the observation-based decomposition of high heat flux boiling scale and phenomena.
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5.2. Bulk flow

Bulk flow can be regarded as turbulent two phase flow with slippery rough boundary, with
given flow conditions (pressure, inlet velocity, heat flux), this can be solved using two-fluid
model with special treatment of boundary, and there are many models such as drift-flux-model
and two-fluid-model can be used for this part of regime. Shear stress at the boundary can be
derived from velocity distribution, and droplets rate and droplet size can be estimated by
analyzing interfacial instability.

We assume the bulk flow would not be affected by thin liquid film and vapor rich layer, in
this sense, the 3-D or 2-D bulk flow can be solved using traditional two-fluid model, but the
boundary condition needs to be specially treated. Currently, we assume the boundary as
slippery rough surface, without special treatment on boundary heat flux. Note that, the only
thing we care about bulk flow is its shear stress and interfacial instability, so relatively large
model form uncertainty can be tolerated. The introduction of this OpenFOAM solver is shown
in Appendix A.

5.3. Interfacial instability

The interfacial instability is a combination of Rayleigh-Taylor instability and Kelvin—
Helmholtz instability. Instability would deform the fluid and produce droplet by stripping the
crest of wavelength.

When Rayleigh-Taylor instability plays an important role, the droplet size can be evaluated
by capillary length scale as follow:

d= |—°%
a(p — py)

For water, d =2.5mm

For high velocity, Kelvin-Helmholtz instability is dominant and the critical Weber number
(We = 20) is used to evaluate the droplet size as:
2
u-d Weo,
we=PL"" — 4= ]
0, pu

If the bulk flow velocity is 5m/s, the droplet size would be about 400pm. If we assume the
droplet size follow a distribution, the two above values could be used as reference values to find
the distribution.

The droplet frequency can be derived from the interface wavelength growth speed, interface
friction force and surface energy. A detailed model will be developed in the future.
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5.4. Dynamics of Vapor-Rich Layer

The role of vapor rich layer on CHF is relatively simple, since its role is transmitting shear
stress and droplet from bulk fluid to the thin liquid film adjacent to surface. The most important
parameter in this scale is the vapor thickness, since it determines the shear stress and droplets
transmitted to thin liquid film.

Currently, the vapor rich layer flow is assumed to be laminar. The top surface (in contact
with bulk flow) has the same velocity as bulk flow boundary and the bottom surface has zero
velocity. Thus, the thickness of vapor rich layer would determine by the shear stress as:

- uboundary
T —_—

vapor
é‘thickness

We assume the vapor rich layer could be determined by heat flux. Further investigation
would be needed for the vapor rich layer thickness and this relationship between vapor layer
thickness and heat flux is needed more detailed investigation.

5.5. Hydrodynamics of Liquid Thin Film

Thin liquid film dynamics is of most important factor in CHF determination. They are
involving many complex processes. The dynamics of liquid film can be decomposed into
several sub-phenomena and sub-models, which can be studied separately.

Conjugate heat transfer

The conjugate heat transfer is the most important phenomena in determining CHF, all other
models concerning the thin liquid film hydrodynamics are contributing to the conjugate heat
transfer. According to the Leidenfrost theory, the temperature derived from conjugate heat
transfer can be used to determine CHF. The heat transfer along the nucleation site is very
intensive and the boundary conditions changes very fast. In order to reduce uncertainty, the heat
transfers between liquid, heater, and substrate should be solved simultaneously as a conjugate
heat transfer problem. In order to solve the conjugate heat transfer problem, a assumption must
be made that heat conduction is assumed to be dominant in liquid film, so the governing
equation is the same for both liquid film and substrate. For the unit model case, we can choose
a symmetric domain to run the conjugate heat transfer by flowing equation:

ot -
pCp E = kva +Q

Where Q only exist in heater film located on the top of substrate in BETA test and on the

bottom of substrate in Chu’s experiment.
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The boundary condition can be summarized as follows

¢ =0 or g, (Boundary 1, depends on the heater’s location)

Z_-zr =0 (Boundary 2 and 3)

T =T, (Boundary 4)

q,=h, . (@(T-T,) (Boundary 5)

ev_int

q,= hev Sur(t)(T - TY m) (Boundary 6)

For now, the heat transfer of Boundaries 5 and 6 assumed to be same as described:

h — 20 M {p Hfg
Y 2-a27R" Tovy

sat

Note that the heat transfer coefficient under the bubble changes as the micro-layer under
the bubble depleted, so the boundary condition should be able to change with time. The
schematic of conjugate heat transfer model is presented in Figure 25.

@
Droplet irrigation

BC-3

Mass exchange with
surrounding unit

BC-2

Figure 25. Schematic of conjugate heat transfer model.

Since the thin liquid film is under a dynamic equilibrium state, the mass conservation law
over the whole domain should be satisfied. For single unit, the balance between evaporation,
mass exchange with surrounding unit and droplet irrigation should also be satisfied.

Bubble growth

The bubble grows due to evaporation process, so the conjugate heat transfer is also a moving
boundary problem:

Q(t) =J J zrq, (tydrdt +j j Sq, (t)dt

base
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R, =(3Q(t)/2p,H,)™

This is a simplified equation to calculate the equivalent bubble radius at a certain time. For
future development, other effects on bubble growth such as vapor recoil ' would need to be
included as follows:

P, =n*(py' —p')

Liquid rewetting

The mechanism of liquid rewetting process is still not very clear. According to experimental
images, the liquid rewet could be observed in around 1-2 ms given the cold spot size is 2-3 mm
and the liquid around the bubble is stationary (before bubble collapse). The acceleration of the
liquid film should be a very large value. Therefore, the driving mechanism is not gravity, but the
surface tension is assumed to be the driving mechanism.

o> 0o
Force balance on surface® : (¢, — o) —E)n =——

Nucleation site density

As can be seeing in BETA-B tests, bubbles are nucleated and grow asynchronously.
Consequently, boiling heat transfer analysis framework using aggregated static nucleation site
density is tending to underestimate the size and lifetime of surface bubbles. Because
simultaneous bubbles are few, they do not easily coalesce as suggested by a NSD based static
treatment. This recommends the treatment of bubble nucleation as a dynamic phenomenon.

The above observations and derived mechanisms are central to modeling of
micro-hydrodynamics of liquid film evaporating at high heat fluxes (hear CHF). These insights
suggest that new framework for modeling of boiling thermal-hydraulics and new experimental
data for model parameter calibration are necessary.

As seen in BETA tests, the NSD is also a very sensitive parameter. For two similar surfaces
under similar conditions, their NSDs can vary for 100%. Fortunately, the NSDs follow nicely
linear relationship with heat flux, so they can be evaluated using regression algorithm with
prototypical heater surface data. Under the current framework, NSDs are given parameter and
can be calibrated in TDMI approach.

Bubble interaction

Another observation is that expansion of a bubble (base) is constrained by the presence and
growth of neighboring bubbles. This interruption causes the expanding liquid ring to break,
rushing excess liquid back to rewet the dry spot. As heat flux increases, bubble NSD is also
increased (decreasing characteristic distance between neighboring bubbles). The
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neighbors-constraining configuration reduces both the bubble base size and the dry spot
residence time. These factors may have led to the observed increase in heater resilience to
burnout under high NSD. Thus, for boiling at high heat fluxes where bubble sites interact,
boiling model must account for this nucleation collective dynamics.

Based on experiment observations, two bubble interaction models are assumed, bubble
coalesce and bubble rupture.

According to bubble images, bubble rapture usually happened when an “older” (usually
larger) bubble collided with a “young” (usually smaller) one. Then, the “older” bubble would
collapse while the “young” one keeps growing (case (a) in Figure 26). Sometimes, two
similarly large bubbles contact with each other and both ruptured (case (b) in Figure 26). The
bubble coalesce was observed when two relatively small bubbles (nucleated at almost the same
time) contact with each other (case (c) in Figure 26). Based on these observations, two
parameters are assumed to use to predict bubble interaction behavior. They are nucleation time
difference threshold (t) and coalescable bubble size (Reoatescabte)-

ruptured Both rupture

Continue grow
P
e L OF Ry > Rerescasic

Activation time: f, + Ar, where A7 > 7
Activation time: 7, Activation time: Activation time: 7%, + Az, where Ar<7

(a) (b)

Coalesce

R.Ry <R iieccarie

Activation time: 7, Activation time: 7, £ Az, where Ar <7

(c)

Figure 26. Schematic of bubble interactions.

5.6. Heater Surface

The temperature distribution of heater and its substrate are solved in the conjugate heat
transfer model. However, there are evidences that not only bubbles are interacting, nucleation
sites are also interacting. The mechanism of this interaction maybe essential in determine CHF.

As observed from infrared images (Figure 27), the nucleation site density increase with heat
flux. The temperature under the nucleation site usually lower (shown as dark spot), and the
nucleation sites in this condition are called cold spot. When heat flux increases, the cold spot
would become a hot spot as the center of dark spot would become bright in bottom right image
in Figure 27.
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29 kW/m? 56 kW/m?

303 kW/m? 557 kW/m?2 635 kW/m?
Figure 27. Infrared bubble images under different heat flux.
Most hot spots lasted for a short time, the same as cold spot and bubble cycle (2-4 ms), but

there are some hot spots lasted for a much longer time scale (more than 30ms). Some of these
long lasting hot spots then became irreversible and cause burnout (Figure 28).

Figure 28. Burnout caused by irreversible hot spot [,

As observed from surface temperature data and infrared images, long lasting hot spots
appeared when its nucleation site activated at a very superheat (Figure 10). The reason that the
nucleation site activated at that a high superheat is because its neighboring nucleation sites were
constantly activated, which prevent expansion of the hot spot site and thus raise the temperature
at that spot. When the hot spot site nucleated, intensive evaporation would quickly drain the
micro-layer under the bubble causing rapid temperature rise. This high temperature would keep
a residual bubble at that point and keep the liquid rewet that spot. The difference between long
time lasting reversible hot spot and irreversible hot spot are not clearly understood, which
require further investigation of experimental data and images.
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If we assume nucleation site activation are influenced by neighboring sites, and the
nucleation site distribution is a given parameter, we could generate a group of “nucleation site
seeds” as initial activated sites. This can be set up as a part of initial condition. Although this
simplified the model, more investigation on the infrared image data is required.

To sum up, the nucleation site activations are treated dynamically in this model and are
regarded as a random variable. For a given flux, the NSD is given, but the nucleation site
distribution are random, so the CHF would also be a random variable in this sense, which is also
consistent with experimental results (the CHF measured in experiments usually have a
relatively large uncertainty). It should be quite clear that the intrinsic stochastic treatment of
CHF in current model has advantage for TDMI compared with putting an artificial uncertainty
to a CHF correlation (Figure 29).

| Given heat flux on the wall I

Traditional New
method method

Y
Calculating CHF based on Choosing a representative

correlation area, randomly distributing
nucleation site

Plus an artificial uncertainty I Simulating conjugate heat
transfer over whole domain

4 PDF 4 PDF

Comparing highest hot spot CHF distribution

temperature with
Leidenfrost temperature

Calculated value

CHF distribution

Getting CHF probability q
under this heat flux

Figure 29. Comparison of CHF determination methods.

5.7. Framework for Realization, Implementation and

Verification of Boiling Model

As stated in previous section, the new boiling model should be consistent with experimental
observations and should allow application of the TDMI approach to perform uncertainty
quantification model calibration. For model implementation, the top-to-bottom approach was
employed, which means the framework is constructed first. In this framework, a sub-model is
created for each sub-phenomenon (as shown in Figure 30-33 as a “box”, inside the box). These
sub-models are ranging from sophisticated equation to a simple constant. The boxes are
connected according to their relations. Some essential sub-models require validation of their
effects using multiple sets of separate effects data at different scales. Meanwhile, the multiple
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effects tests and integral effect tests are used for the validation of more integrated models
(multiple “boxes™). The advantage of this framework is flexibility; each model has its inputs
and outputs allowing separate modification of each model independently from other models.
This framework also allows independent model development and validation assuming inputs
are given. This can be also used to perform model sensitivity analysis. Finally, in this
framework the model connections can be regarded as a Bayesian network, so changes of one
model can be integrated to the whole network and the quality of interest can be evaluated.
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Figure 30. Framework used for boiling model development (full scale).
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Figure 31. Framework used for boiling model development (bulk fluid).
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Figure 32. Framework used for boiling model development (vapor rich layer).
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Figure 33. Framework used for boiling model development (thin liquid film)

6. MODEL CALIBRATION AND UNCERTAINTY

QUANTIFICATION

Many model assumptions of this high heat flux boiling were made basing on experimental
data and observations (e.g., scale separation, bubble interaction, and nucleation site interaction).
This provides a good foundation to perform TDMI in model development. The approach of
TDMI (Figure 34) offers an integrated procedure to use various types of data for
comprehensive calibration/validation of the boiling model. The experimental data including
bubble data (radius history) and temperature data (temperature history in center of nucleation
site and temperature profile across nucleation site at a certain time) are also useful for model
uncertainty quantification.
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SET Data

IET Data

Figure 34. TDMI approach 24,

Figure 35 depicts the workflow for boiling model calibration and validation. The statistical
modeling methods and Bayesian inference are proposed to perform TDMI for boiling model
development. DAKOTA and GPM/SA could be useful integration tools for this framework
application.

For model uncertainty quantification, the focus is on parameter identification and selection.
The interactions between model parameters are also needed to be considered because the model
contains numerous correlated parameters. The parameter selection is based on the results of the
model sensitivity analysis and input uncertainty analysis. The selected parameters are those that
have high uncertainty and/or high sensitivity coefficient to the model’s quantity of interest.

Specifically, the boiling model would require solving a 3-D simulation problem, except the
bulk flow modeling can be simplified to 2-D simulation. This means that the simulation codes
are extremely computational expensive, which makes it impractical to directly use this code for
VUQ process. To overcome this hurdle, construction of surrogate models is proposed whenever
possible. The Kriging method is an acceptable tool to construct the surrogate model. Currently,
this method is used in assessment of the TDMI framework.

The Bayesian inference is performed using Markov Chain Monte Carlo (MCMC) method.
There are a few mature algorithms employing MCMC methods, which are included in the
GPM/SA platform.
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Figure 35. Workflow for boiling model calibration and validation.
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7. RECOMMENDATIONS AND CONCLUSIONS

This report reviews selected experiments and proposes a framework that describing the
phenomena of high heat flux subcooled flow boiling. The core of this framework is the
two-fluid model used to predict CHF. This is a boiling model based on the scale separation
concept, which is centered on consideration that the CHF is governed by micro-hydrodynamics
of evaporating thin liquid film on heater surface. In pool boiling, these micro-hydrodynamics
form and behave autonomously at high heat flux, whereas in flow boiling external flow serves
as mass and momentum sources.

Based on this framework, the whole flow domain can be divided into three regimes: the bulk
flow, the vapor rich layer, and the thin liquid film. The bulk flow regime can be simulated by the
two-fluid model in a Computational Fluid Dynamics solver. The predictions of this model on
boundary with the vapor rich layer can be used to evaluate interfacial instability and shear stress,
which will have impact on the hydrodynamics of thin liquid film. The vapor rich layer plays a
transition role, which transmits momentum, mass and energy between thin liquid film layer and
bulk fluid layer and keeps the whole flow regime in a dynamic equilibrium state. The thickness
and rupture of the liquid layer due to nucleated bubbles and contact line dynamics are important
parameters for the CHF determination. The hydrodynamics of thin liquid film govern heat
transfer, bubble nucleation, bubble growth, liquid rewet process, and their interactions. In this
report, an initial set of models is proposed using insights obtained from analysis of
experimental data and observations from the BETA-B thin liquid film boiling experiments.

The key idea in this model is the scale separation assumption, whose concept emerged from
observations in BETA boiling experiments. This concept is also confirmed by results from
other experiments conducted later (i.e., Chu et al. and Gong et al. experiments). However,
further experimentation is required and more detailed data analysis is needed to assess
applicability of the scale separation model.

The future tasks for research on this topic are recommended as follows:
e Implement and test the proposed models using multiphase CFD codes.

e Develop and assess improved data-consistent models for thin liquid hydrodynamics on
heater surface.

e Conduct experiments on pool boiling, liquid film boiling, and subcooled flow boiling.
These experiments include diagnostic techniques allowing directly observe and measure
liquid thin film thickness on high heat flux boiling.

e Extract data from past experiments (i.e., bubble image sequences). Specifically, develop a
reliable approach, which can automatically extract the bubble progression history and
temperature history from recorded video and infrared images. These are valuable data for
model calibration and validation using the TDMI approach.

e Preform TDMI for model calibration using relevant experimental data, models, and CASL
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-VUQ tools (e.g., DAKOTA).

e Develop a framework for transition from MIT Generation Il bubble-centric model to a
scale-separation-based model for flow boiling. Evaluate the combined model against data
obtained from high heat flux subcooled flow boiling experiments.
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Appendix A. Two-Fluid Model Used for the Bulk Flow

Simulation

The modeling simulation for bulk flow is performed on OpenFOAM platform with a solver
called boilEulerFOAM, which is a user-defined solver modified from the OpenFOAM s built-in
solver, compressibleTwophaseEulerFoam, by Dr. Bui. The boiling and heat transfer codes were
added and several empirical correlations were modified. Note that, although the framework
proposed in this report is consistent with two-fluid model, some of empirical conditions and
boundary treatments adopted in the current two-fluid model solver may require modification.
This is because the bulk flow is actually in contact with a vapor rich layer, but not a solid wall as

assumed in current framework. This would be a part of the future work.
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Figure A 1. Solver structure of boilEulerFOAM
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The governing equations based on the two-fluid model can be written as:

Continuity : %+V-(akﬁk) Lt ly
ot P
) aakﬁk - - = ot a, - I\/Tk Fk.ﬁi—r.kﬁk
Momentum : +V-(qukuk) ==V (¢ (Rc +Rk)) ——=Vp+ ¢, g+ —+ <4—F—
Pk Pk Py
o((1-a)e —~ 1 - -t
Energy : %+V~((l—a)elu|):—;V'[(l—a)(q,+q|)]+
|
(1-2) Dp | Tl ~ Ty | A
p, Dt P P

where k in subscript stands for phase status (I or g)

In order to obtain the value of the turbulent kinematic viscosity, a K —& turbulence model
is used in the solver. The turbulent kinematic viscosity is then used to model the effect of the
turbulence on the Reynolds stresses in the momentum conservation equation.

The K —¢& turbulent model adopted in the solver is a modified version considered the
compressibility of bubble 3],

eff

Tubulent kinetic energy : a—k'+(l]| -V)K, :V-[Ub VK ]+G —¢
ot o,
o _0g - o' &
Turbulent dissipation rate : EJF(UI ‘V)e, =V [ V5|]+k—(ch -C,g)
o |

&

where G is the production of turbulent kinetic energy, C,,C,,0,,0, are constants.

The variables solved in these equations are listed in Table Al.

Table Al. Variables that solved in boilEulerFOAM

Variable Units
phase volume fraction ¢, 4 !
I m/s
velocity Ui g
specific enthalpy eig J/kg
turbulent kinetic energy of the liquid phase k; m?/s?
2/c3
turbulent dissipation rate of the liquid phase ¢, mis
Liquid Pressure p Pa
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In order to solve the governing equations numerically, closure models needs to be
implemented into the governing equations. Some of the closure models in boilEulerFOAM
code are directly inherited from compressibleTwophaseEulerFoam code and some of them are
modified to include either newer or widely validated correlations, which are listed in Table A2.

Table. A2 boiling closure modeling modified in boilEulerFOAM

Parameter Model

Drag Force Coefficient Schiller-Naumann
Bubble Detachment Diameter Krepper

Bubble Detachment Frequency Cole
Condensation Ranz-Marshall
Boiling Heat Transfer Kurul & Podowski
Quenching Heat Transfer Mikic-Rohsenow

Currently, this solver have not been modified to meet the requirements of the scale
separation assumption, therefore the relatively large uncertainty is expected due to improper
treatment of boundary conditions. Solver modification is included in the future research.
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Appendix B. Data Extraction from Video Images of Liquid Film

Boiling Experiments

Nucleate boiling is a highly efficient and desirable cooling mechanism in
high-power-density systems. It is well-known that when the heat flux on boiling surface
reaches so-called critical heat flux (CHF), at that point the departure of nucleate boiling is
occurred leading to substantial reduction of the system’s coolability. Thus, the mechanistic
understanding, model-based prediction, control and enhancement of nucleate boiling are the
focuses of extensive research on boiling heat transfer. The boiling models basing on point
measurement in space (e.g., using thermocouples) and snapshot in time (e.g., x-ray images)
obtained in the traditional boiling experiments usually describes boiling processes by time- and
space-averaged parameters. For example, the nucleation is characterized by nucleation site
density. These boiling models are tending to predict lower CHF for higher nucleation site
density of nucleate boiling, which is contradicted to the findings of the modern experiments
using high-speed infrared imaging for heat-transfer surface thermometry.

B1. Description of Experiment

New kinds of experiments and visualizations on the micro-hydrodynamics of high heat flux
pool boiling and burnout are conducted by professor Theofanous’s group at UCSB (Theofanous
et al, 2002). This BETA experiment used the high-speed video and infrared imaging to visually
capture the micro-hydrodynamics of evaporating liquid film that constitute the key physics of
burnout. Figure B36 depicts the schematic of the BETA experiment in two configurations. The
Configuration A is designed for observing the pool boiling processes, where the test section
employs Ohmic heating of sub-pm Ti films deposited on 130 pm glass substrates over a square
6.5 mm on the side. The pool boiling progressions was captured by the high speed infrared
camera. The Configuration B is designed for observing the thin film boiling processes, which
were captured by the high speed infrared camera and the high speed video camera. Each test
consisted of a series of runs, with gradually increasing the heat flux level, until burnout
occurred and the heater was destroyed. Visualization records (1 s duration) were obtained in
selected runs (mostly at conditions expected to be near burnout), after a short wait to reach
steady state at the new power level. The data acquisition rate was up to 68 kHz and 11 kHz for
the video and IR cameras, respectively.

The typical images obtained by the top-view video camera are shown in Figure B37. These
images reveal the dynamics of the bubble nucleation, growth and collapse cycle. Notably,
bubble collective dynamics and pattern appears chaotic and complex. The bubble identified by
the red ring has a life time of about 1 ms (12-13 consecutive frames, started in the 2nd frame on
row 1, and ended on the 5th frame on row 3). The maximum diameter of the bubble base
reached 1.5 mm. While some bubbles were observed to reach a larger size (2 mm diameter), a
dominant fraction shows smaller diameter, typically in the range 0.5 -1 mm. The bubble life
time, from nucleation to collapse, is 1-2 ms (Dinh 2007). This information provides invaluable
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fundamentals for mechanistic modeling and direct numerical simulations of heat and mass
transfer in thin film boiling.

CONFIGURATION A CONFIGURATION B
Heater Element Detail M -
(20 mm x 40 mm)
140 nm Ti High Speed Video
| v (68 kHz, 30um)
130 um Glass =
{
S AN Laser Lighting
Pool ™ (4 ns)
O N,
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Flash Xray v //
3 i
(5ns, 50 ym) E l——a—a—
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e /
Highspeed IR /mm

(10 kHz. 30 ym)

Figure B36. Schematic of the BETA experiment in two configurations.

Figure B37. The BETA-B video image of an evaporating liquid film at a high heat-flux. Time
interval between consecutive images ~0.09 ms (Ti36SB07, 1893 kW/m2).
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B2. Data Extraction

The computerized data extraction technique presented in this section is used to extract multiple
aspects of data on the dynamics of the bubble nucleation, growth and collapse cycle from a
large set of grayscale image frames captured by the high speed video camera for each run of the
BETA-B test configuration. For each run of the BETA-B test, surface images of a small heater
element (6.51mm*6.51mm) are captured using a high speed (10,000 fps) black and white video
camera resulting in about 10,000 still grayscale image frames. The resolution of the video is
256*288 pixels. These are then used as input for image processing. According to Figure 2 the
bubble nucleation, growth and collapse cycle is clearly observable by visual inspection.
However, manual processing of this enormous amount of images is impractical, therefore a
computerized data extraction codes are created to automatically capture the data. In exchange
to processing speed, data extracted using the automatic procedure could have increased
uncertainty due to possible false (negative and positive) bubble identifications when noisy
objects were confused with real bubbles. The data extraction includes following steps:
1. Use the advanced image processing to automatically determine the bubble location and
size for each image frame
2. Use neural nets to assign connectivity of each bubble across sequence of images to get
data about bubble progression within each cycle
3. Perform analysis to obtain following statistics characterizing the bubble nucleation,
growth and collapse cycle: (a) number of bubbles per frame, (b) maximum area during
bubbling cycle, (c) bubble life span, (d) minimum distance of new bubble from existed
bubble, (e) void fraction (or fraction of area under bubbles) in each time frame, and (f)

velocity of bubble grow.

Step 1: Image processing

Figure B38 shows the work flow of image processing for each grayscale image. The conversion
of the noisy original image into a binary image uses thresholding algorithm. Here,
morphological operations, erosion and dilation, were performed to reduce noise and to remove
irrelevant detail, small blemishes while preserving the shape and size of actual bubbles. In the
erosion and dilation operations, the new value of any given pixel in the output image is
determined by applying a rule to the corresponding pixel and its neighbors in the input image.
In erosion, the value of the output pixel is the minimum value of all the pixels in the input
pixel's neighborhood resulting in removal of pixels on object boundaries. While in dilation, the
value of the output pixel is the maximum value of all the pixels in the input pixel's
neighborhood resulting in adding of pixels on object boundaries. The input pixel’s
neighborhood is defined by the structuring element, which is a matrix consisting of only 0's and
1's that usually has the size and shape that are needed to preserve. After the erosion and dilation
operations, the reconstructed image is converted to the binary image (black and white pixels)
using Otsu’s global threshold methods. This step helps remove small artifacts and clear image
border.
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For further image enhancement, the touching objects in binary image are separated applying
distance transform in the watershed segmentation procedure. The distance transform of a binary
image is the distance from every pixel to the nearest nonzero-valued pixel. The clean binary
image on the right of Figure B39 is the final image converted from the original image on the left
of Figure B39. The central numbers in red are the object numbers.

e

s
e

7
<

Figure B38. Image processing work flow.
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Original image Binary image with separate objects

Figure B39. Original and binary image obtained after image processing step.

Step 2: Bubble detection and its connectivity with previous image frame

The flow chart for bubble detection and its connectivity presented in Figure B40 is
self-explanatory for the most part except the neural net decision making box. To be more
conservative, after the neural net determines an object is not a bubble, it could still be classified
as bubble if its centroid lies within 0.8*Radius of a bubble in the previous frame AND its
Circularity < 2.5. The present algorithm relaxes the bubble classification rules to an extent for
objects located at known bubble locations in the previous frame. Future improvements will
include passing the centroid distance of objects in successive frame from known previous
bubble locations as a feature vector to the neural net itself. For each object in binary image
following calculated parameters are used as inputs in neural network for bubble detection:

Avrea: the actual number of pixels in the region.

Averaged radius: Average of the distance of each boundary pixel from the centroid of the
object.

Circularity: The measure of the circular nature of an object. The closer it approaches 1, the
more is the object’s resemblance to a circle. It is reasonable to assume that objects with
circularity greater than 3.5 are definitely not circular, thus may not be a bubble.

Circularity = Perimeter~2 / (4*pi*Area)

Equivalent diameter: The diameter of a circle with the same area as the region.

Equivalent Diameter = sqrt(4*Area/pi).

Perimeter: Scalar; the distance around the boundary of the region.

Bubble detection

The neural network is used to detect the bubble among all objects shown in the binary image
in the right of Figure B39. The neural network used in our application is a four layered
perceptron, one output layer and three hidden layers (see example in Figure B41). More
neurons/layer and more layers of a perceptron make it smarter. We used hidden layers with 10
neurons each. Transfer function is tansig (hyperbolic tangent sigmoid) for the three hidden
layers. The output layer consists of a single neuron and uses linear transfer function. Each
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neural layer contains a set of weight matrix (W) and a bias vector b, which are used to transform
one or more input values to a single output, which can be used to identify if the object is belong
to a predefined class (e.g., bubble).

In order for neural networks to recognize predefined object, their weights and biases are
adjusted, or trained, so that a particular input leads to a specific target output. The figure on the
left of Figure B42 illustrates such a situation. In our case, the inputs are object area, averaged
radius, circularity, eccentricity, equivalent diameter, and perimeter of a training set of selected
actual bubbles. Then the network’s weights and biases are adjusted, based on a comparison of
the output and the target, until the network output matches the target. As a result, the successful
trained network should be able to correctly identify the bubbles among all objects in the binary
image. The flow chart for employing the neural network is presented on the right of Figure B42.
Figure B43 shows that the trained neural network correctly identified three bubbles existed in
the given image frame.

Assign connectivity

After identifying the bubbles for current frame, their possible connectivity with bubbles in
the previous image frame was established using the distance between the centroids of circular
objects in both frames. These connections are importance for studying bubble progression over
time.

Forward connectivity: If the number of circular objects in a frame is less than the number of
circular objects in the next frame then the frame gets assigned a forward connectivity column.
This column contains the index number of the corresponding circular object in the next frame.
This is determined on the basis of the distance between the centroids of circular objects in both
frames.

Reverse connectivity: If the number of circular objects in a frame is greater than the number
of circular objects in the next frame then the next frame gets assigned a Reverse connectivity
column. This column contains the index number of the corresponding circular object in the
previous frame. This is determined on the basis of the distance between the centroids of circular
objects in both frames.
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Figure B40. Flow chart for bubble detection and its connectivity
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Figure B41. Multiple layers artificial neural network.
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Figure B42. Left: Flowchart for training the neural network; Right: Flowchart for employing
the neural network.
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Frame:280

Figure B43. Original image (left) and image with three identified bubbles using neural
network.

Step 3: Statistical analysis results

The statistical analysis was performed using data extracted from 622 image frames. The
following statistics characterizing the bubble nucleation, growth and collapse cycle are
presented here: (a) number of bubbles per frame, (b) maximum area during bubbling cycle, (c)
bubble life span, (d) minimum distance of new bubble from existed bubble, (e) void fraction (or
fraction of area under bubbles) in each time frame, and (f) velocity of bubble grow. They are
plotted in Figure B44 through Figure B51.

Bubbles in each frame
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Average bubblesfrarne =2.9148
Th |
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Figure B44. Number of identified bubble in each of 622 image frames.
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Figure B45. Histogram of bubble maximum area.
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Figure B46. Histogram of bubble life span
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Figure B47. Progression of bubble area in sequential frame used to determine bubble life
span.
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Figure B48. Minimum distance between new bubbles and other existed bubbles.
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Distribution of new bubbles by minimum distance from other bubbles
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Figure B49. Histogram of new bubbles by minimum distance to other existed bubbles.
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Figure B50. Fraction of area under bubbles in each frame.
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Distribution of bubbles based on expansion velocity
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Figure B51. Histogram of bubble expansion velocities.
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