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Abstract

The transport of latent heat makes boiling one of the most efficient modes of heat
transfer, allowing a wide range of systems to improve their thermal performance,
from microelectronic devices to nuclear power plants. In particular, Boiling Water
Reactors (BWR) use boiling as the primary mode of heat transfer in the reactor core
to accommodate very high heat fluxes. In Pressurized Water Reactors (PWR) sub-
cooled flow boiling can occur in hot sub-channels.

As a bubble grows outside of a surface imperfection during nucleate boiling, vis-
cous stresses at the wall can be strong enough to impede liquid motion and trap a
thin liquid layer - referred to as microlayer, underneath the growing bubble. The
contribution of microlayer evaporation to overall heat transfer and bubble growth
can be large, in particular in the case of water!. In practice, numerical simulations
of nucleate boiling resolve the macroscopic interface of the bubble and resort to sub-
grid models to account for the evaporation of the microlayer at the microscopic scale.
The applicability of this subgrid modeling approach relies on the capacity to initial-
ize the microlayer shape and extension, prior to its evaporation. However, existing
models of microlayer formation are either physically incomplete? or purely empirical?.

In this work, we first confirm through a sensitivity study the need for accurate model-
ing of microlayer formation to initialize boiling simulations and to reproduce physical
boiling dynamics (a). Then, we build the first generally applicable model for micro-
layer formation through direct computations of the hydrodynamics of bubble growth
at the wall for a wide range of conditions and fluids, including water at 0.101MPa (lab
experiments) and 15.5MPa (PWR), capillary numbers C'a € [0.001; 0.1], and contact
angles @ € [10°; 90°] (b). In addition, we modify an existing experimental pool boiling
setup to measure with unprecedented accuracy initial bubble growth rates needed to
predict microlayer formation (c). Lastly, we develop a numerical procedure based on
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hydrodynamics theories to obtain mesh-independent results in moving contact line
simulations for a wide range of contact angles and viscosity ratios (d). In particular,
we use direct computations of the transition to a Landau-Levich-Derjaguin film in
forced dewetting to inform the onset of microlayer formation in nucleate boiling.

These contributions® () () () bridge a significant gap in our understanding of how
boiling works and can be modeled at the microscopic scale, which represents a first
step in designing surfaces with higher heat transfer performance and in building safer
and more efficient energy systems.

!Gerardi et al., IJHMT, 53, 4185-4192, 2010
2Van Stralen et al., [JHMT, 18, 453- 467, 1975
3Sato and Niceno, J. Comp. Phys., 300, 20-52, 2015
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in (d), with an empirical slope Ceyp. . . . . . . . . . ..o
Geometry and key quantities for microlayer analysis . . . . . . . ..

Microlayer thickness in the TPL region, as calculated by (a) Wang et
al. [108], (b) Christopher and Zhang [13] and (c) Stephan and Hammer
[100]. Note the radial extension of the TPL region is order of 1 um or
less. Also, note the contradictory superheat trend of the curves in (a)

and (b). . . ..

Spatial and temporal evolution of microlayers of 2pm maximum initial
thickness and 500um extension under a vapor bubble. The initial shape
of the microlayer is assumed to be (a) linear wedge or (b) square root
of r. (¢) Microlayer speed as a function of time. The fluid is water at

atmospheric pressure; Wall superheat T,, — T,=2K. . . . .. . . ..

Evolution of (a) microlayer of maximum initial thickness 3um and
extension 600um, and (b) wall temperature profiles of initial superheat

ATy =05°C. .« o

Temporal evolution of predicted and experimental microlayer speed

[m/s]; experimental results from Kim and Buongiorno [51] . . . . ..

Spatial distribution of the heat flux (a), within the heater at ¢t = 1ms
after the beginning of microlayer’s evaporation). Log-10 of absolute
values (in W/m?) of r-component (b) and z-component (c) of the heat
flux are also reported (see colorbar), over the whole computational
domain (maximum initial thickness 3um and 600um extension; initial
superheat ATy = 5°C above the saturation temperature at atmospheric

pressure). Discretization: dr =dz =1.9um, dt =Tns. . . . . . . ..
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2-10

2-11

2-12

2-13

2-14

2-15

2-16

2-17

Second order convergence with grid size is obtained for the mean error
in the computed microlayer thickness (dr = 1.9, 3.8 and 7.6um vs
reference calculation dr = 0.475um). In all cases, dz = dr, and dt is
given by stability criterion. . . . . .. ...
Temporal evolution of microlayer of initial thickness taken from the
second frame of Koffman and Plesset [55] results for water, with initial
superheat AT, = 7°C (guessed), mean wall heat flux of 204kW/m?.
The SnO; coating thickness was guessed to be 30um from its overall
resistance; the Pyrex glass substrate thickness was 3.2mm. . . . ..
Evaporative mass flux as a function of time, calculated from both ana-
lytical and numerical integration schemes (dt = 0.2ms, dr = 12.5nm).
Experimental results [51] are also plotted as reference to show consis-
tent order of magnitude. . . . . . .. ..o
Mesh convergence of the numerical integration scheme proposed to
compute . . . ... Lo e e
Sketch of the implementation scheme for the microlayer evaporation
model as a subgrid model in TransAT. . . . ... ... ... .....
Sketch of the computational domain and boundary condition to test
the subgrid implementation. . . . . . . . ... ... .. ... ...
Plot of microlayer thickness profiles simulated using 100 subgrid points
per TransAT cell at the wall: initially at t=0ms (in red), right before
dry-out at ¢ = 0.04ms (in magenta), and half time to dry-out at ¢ =
0.02ms (in green). A constant wall superheat is imposed at 10K. An
analytical solution exists and is plotted for comparison at half time
to dry-out (in black). Also at half dry-out is plotted (in light blue)
with dots the simulated profile using only 1 single subgrid point per
TransAT cell. . . . . . . . .
Plot of equivalent bubble radius as a function of time comparing the
use of 1 subgrid point per TransAT cell (in magenta) and 100 subgrid
points per TransAT cell (in grey) are used. . . . . . . . . ... ...
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2-18

2-19

2-20

2-21

Sketch (not at scale) of initial microlayer profile characteristics used
in the used to test the sensitivity of initial bubble growth rates with
microlayer shapes at fixed extension radius. Linear profiles extending
from 1.7nm up to 500nm (a) and 2um (b) from the bubble root up to
a radial distance of 500um (slopes C' of 0.001 and 0.004 respectively).

Plot of equivalent bubble radius as a function of time. The wall super-
heat is maintained constant (10K). Two initial shapes of microlayer
with different slopes C, 0.001 (in grey) and 0.04 (in green), respectively,
but with similar extension radius of 500um, and 100 subgrid points per
TransAT cell. Experimental result is also plotted for reference (black
line) [24]. Analytical prediction of times of dryout are also indicated
for reference. The abrupt change in bubble growth rates indicate the
dryout of the initial liquid microlayer. Past this dryout, bubble growth

is only fueled by mass transfer across its macroscopic interface.

Sketch (not at scale) of initial microlayer profiles with fixed volumes

but varying slopes C: 0.001 (a), 0.004 (b) and 0.008 (c¢). . . ... ..

Plot of equivalent bubble radius as a function of time. The wall super-
heat is maintained constant (386/K). Three initial shapes of microlayer
with different slopes C, 0.001 (in grey), 0.04 (in blue) and 0.008 (in
red), respectively, but with same volume, and 100 subgrid points per
TransAT cell. Experimental result is also plotted for reference (black
line) [24]. Analytical prediction of times of dryout are also indicated
for reference. The abrupt change in bubble growth rates indicate the
dryout of the initial liquid microlayer. Past this dryout, bubble growth

is only fueled by mass transfer across its macroscopic interface.
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2-22 Plot of the dimensionless ratio E* = E,icr0/ Fior, defined as the ratio

3-1

3-2

3-3

3-4

3-6

between the total energy extracted from the wall to evaporate the liquid
microlayer, and the total energy transferred at the wall underneath the
bubble during one boiling cycle. The ratio is plotted for a wide range
of heat fluxes ¢° € [10; 500] (kW/m?), and various bubble departure
frequencies f € {50, 100, 200}. A typical superheat of 10K and no

subcooling are assumed. . . . . . ...

Review of interface tracking methods used in two-phase flow simula-

tions [B0] . . ...

Fraction of microlayer thickness [%] that evaporates, for various growth
times: 1us (solid line), 10us (dash-dotted line), 100us (dashed line),
and various layer thicknesses dy (x-axis). The wall superheat is fixed

to typical values of 1K (a) and 10K (b). . . .. ... ... ... ...

Computational domain to verify correct implementation of the volu-
metric source of vapor to control the macroscopic growth of the bubble

in the absence of awall . . . . . . . . . .. ...

Norm of velocity (top row): red is Uy, blue is 0 [m/s]. Mesh and velocity
field (bottom row), in the vicinity of the wall confirm spherical growth.
Four levels of refinement at the interface are used: from coarse (left

column) to very refined (right). (Setup A, Table 3.2) . . .. ... ..

Bubble radius Ry, as a function of time (a), for three refinements at
the interface: dx/R,(t = 0)=1/16, 1/32, 1/64, 1/128. Second order
convergence is obtained as we refine the mesh (b), using the proposed
volumetric source in the vapor phase to drive bubble growth at rate

Up. (Setup A, Table 3.2) . . . . ... ... ... . ...

Computational domain to verify correct implementation of the volu-
metric source of vapor to control the macroscopic growth of the bubble

in the presence of awall. . . . .. .. ... ...
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3-7

3-8

3-10

3-11

Norm of velocity (top row): red is Uy, blue is 0 [m/s]. Mesh and
velocity field (bottom row), in the vicinity of the wall. Four levels of
refinement at the interface are used: from coarse (left column) to very
refined (right): dx/Rb0=1/40 (a)(e), 1/80 (b)(f), 1/160, 1/320. (Setup
B, Table 3.1). . . . . ...

Axisymmetric shapes of the macroscopic bubble (a) and liquid mi-
crolayer (b) obtained in four simulations of bubble growth at a wall,
with increased refinement in the microlayer region (band of 4microns
at the wall of increased refinement: dxicro/Rpo= 1/40, 1/80, 1/160,
1/320), while the refinement elsewhere at the interface is kept identical

(dXmacro/ Rb0=1/10, Ryo = 10pm). (Setup B, Table 3.2) . . . . . ..

Equivalent bubble radius as a function of time for four simulations
of bubble growth at a wall, with increased refinement in the micro-
layer region (band of 4microns at the wall of increased refinement:
dXpmicro/ Roo= 1/40, 1/80, 1/160, 1/320), while the refinement else-
where at interface is kept identical (dX,naero/ Ro0=1/10, Rpo = 10um).
(Setup B, Table 3.1) . . . . . . . ... ...

Equivalent bubble radius as a function of time for three simulations of
bubble growth at a wall, with increased refinement in the macroscopic
region of the interface (away from a band of 4microns at the wall of
refinement dX,cro/Rp0=1/40): dXmacro/ Rb0=1/10, 1/20, 1/40 (Rpo =
10um). (Setup C, Table 3.2) . . . . . . . ... ... ... ... ...

Convergence of the error in apparent bubble growth rate with refine-
ment of the mesh at the interface (solid dot). First order convergence

is obtained (dashed line). (Setup C, Table 3.2) . . . . ... . ... ..
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3-12

3-13

3-14

3-15

3-16

Typical axisymmetric shape of a growing bubble at a wall. Interface
is solid black line. Curvature x is given by the colormap: blue in
the contact line region is negative curvature (minimum reached at the
contact point £=-0.66 [1/um]), green in the central linear region is
approaching zero curvature (x & 1072 [1/um]), red at the bubble nose
is maximum curvature (x = 5.8 1072 [1/um]), and yellow is the uniform
curvature along the interface at the bubble cap as the bubble grows
hemispherically (x &~ 1.51072 [1/um]). The range used in the color map
does not reflect the maximum positive value and minimum negative
value taken by the curvature, but rather is centered around 0 to allow
easier identification of all four regions, also denoted in the image with

direct labeling. . . . . . ... o
Microlayer shapes for the bounding values of viscosity ratio (a) and
density ratio (b). Simulation properties: Ca=1.0, 04, = 50° (dx =
250nm), (Setup F, Table 3.2) . . . ... ... ... .. ... ...,
Typical microlayer shapes: §* = f(r*), for fixed combinations of (Ca,
Oz, t*) Top row corresponds to 0q, = 25° (dz = 100nm), bottom row
to 04, = 85° (dx = 100mm). Left column corresponds to t* = 250,
right column to t* = 1000. Two capillary numbers are shown for
each panel: Ca = 0.2 (dash line), and Ca = 0.02 (solid line). In
all simulations, reference length scale r. = 0.1um, and reference time
scale t. = 0.050us. (Setup G, Table 3.2). . .. ... ... ......
Typical microlayer axisymmetric shapes: 6* = f(r*), for t*=1000,
Ca=0.2, and 6,3,=25° (red dashed line), and 64,=85° (solid black line).
dz*=1 (-) in the band 6* < 40 (-). r. = 0.1um, t. = 0.050us. Away

from the bulge region, both shapes are identical. (Setup G, Table 3.2).

Time-evolution of the slope of central linear region of the microlayer:
do*/dr* = db /dr = f(t*) (black dots), for Ca=0.2, 03,=25°(dx=100nm),
and t* € [250;5000]. 1//t* scaling added for reference (red line).
(Setup G, Table 3.2). . . . . . . ... ...
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3-17

3-18

3-19

3-20

3-21

3-22

3-23

Axisymmetric profiles in the microlayer region: 6* = f(r*) for Ca=0.020
(a) and C'a=0.2 (c), for times t* € [250, 5000] (profiles move outwards
as time t* increases), fq,=25deg. Self-similar profiles in the central re-
gion of the microlayer (micron scale): §*/v/t* = f(r*/t*) for Ca=0.020
(c¢) and Ca=0.2 (d), for times t* € [250,5000], O4x = 25° (Setup G,
Table 3.2). . . . . ..

Details on bulge formation at low C'a, low contact angle: time series
(a), definition of top location and neck location at the bulge (b), and
self-similar profiles at the submicron to micron scale of the bulge (c),
for Ca=0.020, 64,=25°dx=100nm), t* € [500,2500]. (Setup G, Table
B32)e

Details on bulge formation at low Ca, low contact angle: time series
(a), definition of top location and neck location at the bulge (b), and
self-similar profiles at the submicron to micron scale of the bulge (c),
for Ca=0.200, 04,=85°(dx=100nm), t* € [500,2500]. (Setup G, Table
3.2) .

Self-similar profiles at the submicron to micron scale of the bulge for
Ca=0.020 for and different angles 04,=20° (black square), 40° (red
circle), 60° (green triangle) and 80° (blue star), dx=100nm, ¢*=2500.
(Setup G, Table 3.2). . . . . . . ... ...

Wetted fraction contours a*=0.1, 0.2, 0.3, 0.4, 0.5 in the (04, Ca)
space t* = 100. Simulated conditions are designated by round grey

dots. (Setup H, Table 3.2) . . . . .. ... ... ... ... .. ... .

Wetted fraction contours a*= 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 in the (f4y,
Ca) space at t* = 500. Simulated conditions are designated by round

grey dots. (Setup H, Table 3.2) . . . ... ... ... ... ......

Wetted fraction contours a*= 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 in the
(Aax, Ca) space at t* = 1000. Simulated conditions are designated by
round grey dots. (Setup H, Table 3.2) . . . . . .. .. ... ... ...
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3-24

3-25

3-26

Time evolution of the contact point position at the wall, for 63,=90°
(dx=100nm), and various Ca: Ca= 0.002 (a), 0.004 (b), 0.006 (c),
0.008 (d), 0.01 (e), 0.02 (f), 0.04 (g), 0.06 (h), 0.08 (i), 0.1 (j), 0.2 (k),
0.4 (1), 0.6 (m), 0.8 (n), 1.0 (o). (Setup I, Table 3.2). . . . ... ...

Capillary number Ca, (black dots) associated with the motion of the
contact line (obtained numerically), as a function of the macroscopic
capillary number Ca associated with bubble growth. The fit of the
numerical results to a harmonic mean between two capillary numbers
Caand C: Cayg = 1/(1/C _infty+1/Ca) is provided (blue solid line).
The constant C,, obtained during the fitting is also plotted (green
dashed line) and corresponds to the asymptotic value Ca, tends to as
Ca — 1. Ca, scales with Ca at very low Ca (Ca << 1, Ca < Cy).
(Setup I, Table 3.2). . . . . . . ...

Dimensionless velocity of the contact line U} (= Ca./Ca) (black dots)
associated with the motion of the contact line (obtained numerically),
as a function of the macroscopic capillary number Ca associated with
bubble growth. The fit of the numerical results to a harmonic mean be-
tween two capillary numbers Ca and C: Cay/Ca =1/(Ca/Cx+1) is
provided (red solid line). The constant C,, obtained during the fitting
is also plotted (green dashed line) and corresponds to the asymptotic
value C'ay tends to as Ca — 1. Cag scales with Ca at very low Ca

(Ca<<1,Ca<Cy). (Setup I, Table 3.2). . ... ... ... ....
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3-27

3-28

3-29

3-30

3-31

3-32

3-33

Capillary number Ca, (black dots) associated with the motion of the
contact line (obtained numerically), as a function of the macroscopic
capillary number Ca associated with bubble growth, for 63,=80°(a),
60°(b) and 40°(c). The fit of the numerical results Ca, with an har-
monic mean between Ca and C.: Cay = 1/(1/Cyx+Cy/Ca), with Cy
and Cj fitting parameters, is provided (blue solid line). The constant
Cs obtained during the fitting is also plotted (green dashed line) and
corresponds to the asymptotic value Ca, tends to as Ca — 1. Cagy
scales with C'a/Cy at very low Ca (Ca << 1,Ca/Cy < Cw). (Setup J,
Table 3.2). . . . .

Asymptotic capillary number of the contact line C, (black dots) as a
function of 45 (dx=100nm), obtained from fitting numerical results on
Cay with an harmonic mean: Cay = 1/(1/Cy + Cy/Ca). A cubic fit
(red dash line) seems to describe the data well, and converges asymp-
totically to 0 as Ca tends to 0 (the contact line would asymptotically
stop moving as its contact angle approaches zero). (Setup K, Table

32).

Weighting coefficient C (black dots) as a function of 84, (dx=100nm),
obtained from fitting numerical results on C'a,; with a harmonic mean:
Cayg =1/(1/Csx+Cy/Ca). A linear fit (red dash line) seems to describe
the data well. (Setup K, Table 3.2). . . . ... ... ... ... ...

Time series of bulge formation: 6* (y-axis), r* (x-axis), for do = 90°

(dz = 100nm) and Ca=0.002 (Setup L, Table 3.2). . . .. ... ...

Time series of bulge formation: 0* (y-axis), r* (x-axis), for do = 90°

(dz = 100nm) and Ca=0.004 (Setup L, Table 3.2). . . .. ... ...

Time series of bulge formation: 0* (y-axis), r* (x-axis), for do = 90°

(dx = 100nm) and Ca=0.006 (Setup L, Table 3.2). . . . ... .. ..

Time series of bulge formation: ¢* (y-axis), r* (x-axis), for dz = 90°

(dx = 100nm) and Ca=0.008 (Setup L, Table 3.2). . . .. ... ...
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3-34 Time series of bulge formation: 6* (y-axis), r* (x-axis), for doz = 90°
(dz = 100nm) and Ca=0.01 (Setup L, Table 3.2). . . . ... .. ...
3-35 Time series of bulge formation: 0* (y-axis), r* (x-axis), for dez = 90°
(dz = 100nm) and Ca=0.02 (Setup L, Table 3.2). . . . ... ... ..
3-36 Time series of bulge formation: 0* (y-axis), r* (x-axis), for dz = 90°
(dx = 100nm) and Ca=0.04 (Setup L, Table 3.2). . . . . ... .. ..
3-37 Time series of bulge formation: 0* (y-axis), r* (x-axis), for doz = 90°
(dz = 100nm) and Ca=0.06 (Setup L, Table 3.2). . . . ... .. ...
3-38 Time series of bulge formation: 0* (y-axis), r* (x-axis), for de = 90°
(dx = 100nm) and Ca=0.08 (Setup L, Table 3.2). . . . . .. ... ..
3-39 Time series of bulge formation: 0* (y-axis), r* (x-axis), for do = 90°
(dz = 100nm) and Ca=0.1 (Setup L, Table 3.2). . . . ... .. ...
3-40 Profile (black dots) of the bubble (a) and microlayer (b), and the fit-
ting performed in the central linear region (green dashed line), for
Ca=0.004, dz = 10° (dx = 1/32um). . . . . .. .. ... ... ...
3-41 Profile (black dots) of the bubble (a) and microlayer (b), and the fit-
ting performed in the central linear region (green dashed line), for
Ca=0.004, dz = 10° (de =1/32um). . . . . . . ... ... ... ...
3-42 Profile (black dots) of the bubble (a) and microlayer (b), and the fit-
ting performed in the central linear region (green dashed line), for
Ca=0.004, dz = 10° (dz = 1/32um). . . . . .. ... ... ... ..
3-43 Profile (black dots) of the bubble (a) and microlayer (b), and the fit-
ting performed in the central linear region (green dashed line), for
Ca=0.004, dz = 10° (de = 1/32um). . . . . . ... ... ... ...
3-44 Scaling of 0y /r.(a) and C (=dd/dr) (b), the two dimensionless parame-
ters (black dots) describing the central linear region of the extended mi-
crolayer, with v/Ca (dashed red line). t* = 140, 64,=10°(dx=31.25nm).
(Setup M, Table 3.2). . . . . ... ...
3-45 Initial microlayer thickness (made dimensionless with boundary layer

thickness) versus Bond number [114] . . . . .. .. ... ... ...
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3-46

3-47

3-48

3-49

3-50

3-51

4-1

4-2

Plot of microlayer slope as a function of t* = t/{u;/(nUZ)}, for all
simulated cases: Ca=0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007,
0.008, 0.009, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1.
Identical scaling with Cooper and Lloyd [16] (C' o 1/4/t**) is obtained
(dash line). . . . . . .

Radial location of the maximum of curvature at the interface r,y,
normalized by the radial extension of the macroscopic bubble r,,,., for
various Ca in the range of 1073 to 0.1, for times t*=40 (squares), 80
(>), 120 (<), 160 (o), 200 (4). The normalized location lies in the
0.9-0.95 range for all t* and Ca considered. (Setup M, Table 3.2).

Sketch of the hemispherical bubble growing in the presence of an ex-

ternal flow . . . ..

Qualitative Infra-Red observations of the boiling surface: when two
neighbor bubbles grow next to each other, we note a front/rear asym-
metry in the interference patterns underneath bubbles, and originating

from the presence of the microlayer. . . . . . ... .. ... ... ..
Definition of unit cell in PWR assembly [104] . . . ... ... .. ..

Turbulent velocity profile at the wall obtained for liquid water in PWR
conditions [69]. . . . . ...

Experimental results (red dots) of equivalent bubble radius (a)(b) and
bubble growth rates (c)(d) over time, in the case of water boiling
in lab experiments (unpublished data, Kim 2016), and correspond-
ing prediction from [71] (black solid line), for two experimental runs:
q = 114kW/m? and initial wall temperature T,, = 109°C (a)(c), and
q = 209kW/m? and initial wall temperature T;, = 111.7°C (b)(d).

Pool boiling experiment setup (left) as in [24], and details on the heater

composition (right) . . . . .. ... o oo oo
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4-3

4-4
4-5

4-6

4-7

Modified pool boiling experimental setup from [24] to measure bubble
growth rates at very early times with high resolution in time and space.
We simultaneously measure the temperature distribution at the boiling

surface. . . .o
Top view (a) and side view (b) of the experimental setup . . . . . . .

Typical result from HSV camera (top), processed into a black and
white image (middle) centered around the apparent location of the
nucleation site - see red dot. Top, bottom, left and right edges of the
bubble interface are obtained from systematic image processing (red
lines, bottom panel). X and Y-axis in middle and bottom panels refer
to pixels from the centered HSV image (original image is a 256x128
pixel image). Heat flux is ¢ = 555kW/m?, t = 84.6us after boiling
incipience. . . . . ...
Details of post-processed HSV images that yield bubble radius as a
function of time from all four edges, in the case of an imposed heat
flux of ¢° = 555kW/m?. Top and bottom edges of the bubble reach
the boundary of the window of observation at ¢t ~ 115us (a), while
right and left edges of the bubble reach the boundary of the window
of observation at t ~ 350us (b). Two scalings are added for reference:
Ry o t (dotted-dash line), indicated by Mikic theory [71] to describe
the initial and rapid inertia-controlled phase of bubble growth, and
Ry o< v/t (dash line), that describes the later phase of slow thermally-
controlled phase of bubble growth. . . . .. ... ... ... ... .
Bubble radius as a function of time, obtained from tracking all four
bubble edges, for four heat fluxes: ¢ = 138kW/m? (a), 272kW/m?
(b), 450kW/m? (c) and 550kW/m? (d). Two scalings are added for
reference: R, o t (dotted-dash line), indicated by Mikic theory [71]
to describe the initial and rapid inertia-controlled phase of bubble
growth, and R, o< v/t (dash line), that describes the later phase of

slow thermally-controlled phase of bubble growth. . . .. ... ...
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4-8

5-1

5-2

5-3

o-4

Bubble radius obtained from tracking side edges of the bubble (left
edge: square symbol; right edge: circle symbol with line), and for
all four heat fluxes ¢ = 138kW/m?, 272kW/m?2, 450kW/m?* and
50K /m2. .

Bubble radius obtained from tracking side edges of the bubble (left
edge: square symbol; right edge: circle symbol with line), and for
all four heat fluxes ¢ = 138kW/m?, 272kW/m? 450kW/m? and
550kW/m?. Two scalings are added for reference: R, oc ¢ (dotted-
dash line), indicated by Mikic theory [71] to describe the initial and
rapid inertia-controlled phase of bubble growth, and R, o v/t (dash
line), that describes the later phase of slow thermally-controlled phase

of bubble growth. . . . . . .. ..o

Figure from Snoeijer and Andreotti [97] showing streamlines in the
vicinity of the contact line for a receding contact line (a) and an ad-
vancing contact line (b). In (c) the various scales are described, re-
spectively: the apparent contact angle 6,,, at the macroscopic scale,

and the microscopic contact angle 6, observed at the molecular scale.

Schematic of the withdrawing plate, initially at ¢ = 0, and at the

stationary state t = o0o. . . . .. Lo

Sketch showing the variation of contact angle with distance from con-

tact line: 6. at the microscopic length scale A, and 6(r) at length scale

Contact line height as a function of time for 5 = 90° (triangles) and
Or = 60° (squares) at various mesh sizes A/l.. For A/l. = 0.014 and
Oa = 60°, the contact line elevation continues increasing as 7 increases.

Ca=0.03. . . . .. e
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5-5

5-6

5-7

3-8

5-9

Nondimensional stationary contact line height, (he, —ho)/l., as a func-
tion of the nondimensional mesh size, A/l., for (a) Ca = 0.01, (b) Ca
= 0.02, (c) Ca = 0.03, and (d) Ca = 0.04, for various contact an-
gles, Oa; the contact angle difference between each set is 2°. For (Ca,
0x)=(0.02,54°), (0.03,66°), and (0.04,78°), no steady state menisci can
be attained when A/l, <0.014. . . . . ... ... L.

(a) A stationary meniscus forms when Ca < Ca,, as 7 — 00.The inset
shows the magnified flow field and the pressure distribution. Ca =
0.043, 6o = 90°, and A/l. = 0.014. (b) A magnified view of the
contact line region and the computational mesh. The fine structure of
the flow field and the pressure distribution in the contact line region
are illustrated. The pressure colors show the maximum (dark red) and

minimum (dark blue) of the pressure distribution. . . . . .. .. ..

(a) Contact line height as function of time. The increment in Ca is 0.01
and the red line indicates the critical capillary number Ca,,. = 0.045.
(b) Contact line velocity relative to the substrate velocity as a function
of time. At the critical capillary number Ca,,. = 0.045, depicted in red,
the transition occurs. 6 = 90° and A/l.=0.007 . . ... ... ...

Contact line height as function of time for O € [50°; 80°] and (a) A/,
= 0.028 and (b) A/l. = 0.014; the increment in A is 2°. Ca = 0.03 .
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region and the computational mesh; The fine structure of the flow field
and the pressure distribution in the contact line region are illustrated.
Ca = 0.048, 05 = 90°, and A/l. = 0.014 . The pressure colors show
the maximum (dark red) and minimum (dark blue) of the pressure

distribution . . . . . . .,
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Nomenclature

Acronyms

AZB Afkhami-Zaleski-Bussmann model

BWR Boiling Water Reactor

PWR Pressurized Water Reactor

Greek Symbols

a Thermal diffusivity (m?/s)

a*  Wetted fraction underneath the bubble (—)

4] Microlayer thickness (m)

do Y-intercept of the linear microlayer thickess profile (m)
n Local thickness of the film near the contact line (m)
o) Accommodation coefficient (—)

K Curvature of the liquid/vapor interface (1/m)
1 Dynamic viscosity (Pa.s)

v Kinematic viscosity (m?/s)

o) Gauge function (—)

p Density (kg/m?)
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o Surface tension (N/m)

T Time scale (s)

Tw  Wall shear stress (N/m?)

6 Contact angle (°)

0, Reference contact angle (°)

0. Microscopic contact angle (°)

Oa Contact angle imposed at the wall where the computational mesh size is A (°)

O  Contact angle imposed at the wall where the computational mesh size is dx
(°)

¢ Vertical distance of the interface from the contact line (m)

Roman Symbols

AT  Wall superheat (K)

14 Reference length scale (m)

dz  Computational mesh size (m)

dZmaecro Computational mesh size away from the microlayer region and at the macro-

scopic liquid/vapor interface of the bubble (m)
dZmicro Computational mesh size in the microlayer region (m)
a Interfacial thermal resistance (kg/m?s — K)
Ag  Dispersion coefficient (Pa.m?)
Apupie Area underneath bubble (m?)
b Interfacial thermal resistance (kg/m?s — K)
Bo  Bond number (—)
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C Color function (Volume-of-Fluid) (—)

C Slope of microlayer central linear profile (—)

c Specific heat (J/kg — K)

Co  Weighting coefficient (—)

Cw  Asymptotic capillary number (—)

Cana  Slope of microlayer central linear profile obtained analytically (—)
Cezp Slope of microlayer central linear profile obtained experimentally (—)
Ca  Capillary number (—)

Dy, Hydraulic diameter (m)

f Bubble departure frequency (1/s)

G,  Volumetric source of vapor (kg/s)

H Control volume height (m)

h Specific enthalpy (J/kg)

hs  Stationary contact line height (m)

her  Contact line height (m)

hy,  Latent heat of vaporization (J/kg)

Ju Evaporation flux from the liquid microlayer to the vapor bubble (kg/m?s)
k Thermal conductivity (W/m — K)

le Capillary length (m)

m Mass flux within the microlayer (kg/m?s)
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Ng  Reynolds number based on the wavelength of gravity waves traveling at the

same speed as the withdrawing plate (—)
Nite Nucleation site density (1/m?)
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P Pressure (Pa)
q Volumetric heat generation (W/m?)
q Heat flux (W/m?)
R Radius (m)

r Radial coordinate, distance from the center of the bubble root or nucleation

site (m)

R*  Gas constant (J/kg — K)

Ta Reference microscopic length scale (m)
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Tq Dryout radius (m)

R., Equivalent bubble radius, as if the bubble was a sphere of identical volume
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Tmaz Outer edge radius of the bubble (m)
Tmin Inner edge radius of the microlayer (m)
rm  Microscopic length (m)

rour ~ Outer edge radius of the microlayer (m)
Re  Reynolds number (—)

T Temperature (K)
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te Time scale (s)

teyete Duration of boiling cycle (s)

U Specific internal energy (J/kg)

U, v Velocity (m/s)

U,  Bubble growth rate (m/s)

Ubnoflow Bubble growth rate in absence of external flow (m/s)
Ub withflow Bubble growth rate in presence of external flow (m/s)
V' Volume (m?)

Vs Withdrawing speed (m/s)

Viow Characteristic velocity of external flow (m/s)

Vi Volume of vapor resulting from complete evaporation of the liquid microlayer

(m?)
v,0  Shear velocity (m/s)
z Vertical coordinate (—)
Superscripts
Dimensionless
Subscripts
0 Initial
ads  Adsorbed

b Bubble
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Contact line
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Interface
Computational cell index k
Liquid
Maximum
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Chapter 1

Motivation and background

1.1 Wide applicability of boiling heat transfer to
improve thermal performance of various sys-

tems

The transport of latent heat makes boiling one of the most efficient mode of heat
transfer, allowing a wide range of systems to improve their thermal performance,
from nuclear power plants to microelectronic devices - see reviews [115], [68], [49].
Subcooled boiling heat transfer for example is able to accommodate very high heat

fluxes, thus cooling components very efficiently.

Predicting boiling heat transfer has therefore garnered significant attention, but re-
mains complicated by the need to consider phenomena occurring over multiple scales
- see Figure 1-1, from the adsorbed liquid layer at the wall (nanometer scale: [14],
[15]) up to the bubble diameter (millimeter scale: [101], [109], [52], [56], [36], [42],
[45], [89], [119], [91]).
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\ Transition Region |
(TPL) :
Adsorbed Film (A~100 A) ' Evaporating Film

Microlayer

Figure 1-1: Multiple scales involved in nucleate boiling [65]

1.2 Overview of boiling phenomena

During nucleate boiling a bubble grows outside of a surface imperfection, referred to
as cavity, and from a preexisting nucleus - an embryo of vapor initially trapped in
that surface imperfection. Boiling starts at the wall when the local temperature is
sufficiently high to allow the vapor bubble to exist and grow outside of the cavity and

into the surrounding liquid.

At the inception of nucleate boiling at a cavity, the liquid in the vicinity of the
heated wall is superheated and mass transfer occurs at the liquid-vapor interface of
the bubble. The growth of the bubble is also fueled by the overpressure within the
vapor, and impeded by the inertia of the liquid. During this initial phase of rapid
growth, often referred to as the inertia-controlled phase of bubble growth, the bubble
grows hemispherically [16] [32] - see Figure 1-2. In Figure 1-2(b), the bubble growth
rate U, based on bubble cross section area, bubble height, and bubble width are
identical, confirming the assumption of an initial hemispherical growth.

As the bubble grows outside of the cavity, viscous stresses at the wall can be strong
enough to impede liquid motion at the wall and trap a thin liquid layer - referred to

as liquid microlayer, underneath the growing bubble - see experimental evidence in
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. UB from equivalent bubble radius
s P : = U_ from bubble height
-- Hemispherical bubble radius, r_, (Cooper & Lloyd, 1969) 4 . B ]
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Figure 1-2: Experimental measurement of bubble radius as a function of time [32]
compared with hemispherical bubble radius [16] (a), and bubble growth rate U, as a
function of time (b) (Courtesy of Prof. Hyungdae Kim), based on bubble cross section
area, bubble height, and bubble width recorded by a High Speed Video camera on the
side of the growing bubble. Fluid is DI water at saturation and atmospheric pressure.

73], [37], [38], [41], [30], [43], [44], [55], [72], [34], [51], [31], [46], [47], [5], [113], [114],
[118]. Bubble growth is then also fueled by the evaporation of the liquid microlayer
- see overview of experimental results in Table 1.1. Once the bubble has reached
a certain size, referred to as departure diameter, the bubble departs from its initial

position at the heated wall and additional cooling mechanisms can occur.

1.3 Modeling of boiling heat transfer

In the past, various empirical correlations and mechanistic models have been pro-
posed to describe and predict boiling heat transfer - see reviews [23], [68], [109]. A
wide range of boiling surface geometries, materials, working fluids, and operating
conditions have been investigated. In particular, heat partitioning models [44], [61],
[33] provide a mechanistic description of the wall boiling phenomena: the total heat
flux at the wall is divided into separate heat flux components that account for various
modes of heat transfer at the wall, such as forced convection, evaporation, quenching,

and sliding conduction.
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Boiling

surface Bubble Microlayer
Reference Pressure | Fluid Heat flux Subcooling radius thickness

temperature

measured measured

measured
(Moore, 1961) 0.101MPa | Water ~300 kW/m? 0 YES NO NO
(Hendricks, 1964) <0.IMPa | Water ~85 kW/m? 10K YES NO NO

Sulfur-35+
(Hospeti, 1965) 0.101MPa | calcium sulfate + Not reported 0 NO NO NO
water
9-13. LIs J N
(Cooper, 1969) 6.9-13.8 | Toluene,sopropyl | ) 5 47 3vwim? | 0-10K YES YES NO
kPa alcohol
(Jawurek, 1969) 25kPa Methanol, Ethanol | 70 kW/m? 2-10 NO RO YES
(Foltz, 1970) 7-28kPa | Water Not reported 50-70K YES NO NO
(Judd, 1975) 50kPa Dichloromethane 70 W/m? 5-6K NO NO YES
(Judd, 1976) 50kPa Dichloromethane | 25,40,60 kW/m? 0-10K NO NO NO
(Koffman,1983) 0.101MPa | Water, ethanol 26,200 kW/m? 5-20K NO NO YES
(Golobic, 2009) 0.101MPa | Water 100 kW/m? 0-10K YES NO NO
(Moghaddam,2009) | 0.101MPa | FC-72 6-30 kW/m? 0K YES NO NO
. 1kW/m? to
(Gerardi, 2010) 0.101MPa | Water 1MW /m2 0 YES YES NO
Not

(Kim, 2011) 0.101MPa | Water Not reported reported NO NO YES
(Gao,2012) 100 kPa Ethanol 32.4 kW/m? 6K NO NO YES
(Jung,2014) 0.101MPa | Water 53 kW/m? 3K YES YES YES
(Jung,2015) 0.101MPa | Water 53 kW/m? 3K YES NO YES
(Yabuki, 2016) 0.101MPa | Water Not reported 0-30K YES NO YES

Table 1.1: Experimental evidence and measurements of the liquid microlayer and its

effect on boiling heat transfer
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In this context, recent advanced diagnostics (IR, PIV, HSV, ...) provide new and
highly-resolved experimental data that can inform and validate models or correla-
tions describing each individual component of the wall heat flux, as they individually
represent a single specific physical phenomenon at the wall - see review [11]. Through
careful calibration and post-processing, it is possible to accurately measure the tem-
perature and heat flux distributions on the boiling surface which reveals detailed
features, including the effects of evaporation of the liquid microlayer [32], [52].
Depending on the fluid, low and nucleation temperature, the contribution from mi-
crolayer evaporation to overall heat transfer and bubble growth can be large in the
case of water [32] or relatively small in the case of refrigerants [52]. Typical micro-
layer models focus on evaporation at the Triple-Phase-Line region [22], [59], or in the
extended microlayer region [36], [42], [90].

In practice, numerical simulations of boiling resolve the macroscopic liquid vapor
interface of boiling bubbles, but typically resort to subgrid models to include contri-
butions at the microscopic scale such as from evaporation of the microlayer, which

requires initialization of the microlayer shape and extension.

1.4 Current gaps

Existing models of microlayer formation are either physically incomplete, e.g. do not
include the effect of surface tension or contact angle [105], or are purely empirical
[90]. The objective of the present work is to bridge this gap and build a generally
applicable model for the formation of the microlayer.

Existing experimental data that directly measure microlayer thickness profiles [43],
[55], [51], [46], [47] do not cover a wide range of fluids and surfaces, which makes it
difficult to generate or validate a general model on microlayer formation. In practice,
measurements of microlayer thickness profiles are mostly obtained at times where
the microlayer has already started to evaporate, with little insight on its formation
dynamics. Recent advances [114] in indirect measurements of microlayer thickness at

short time scales can offer new insights and will be discussed.
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1.5 Contributions

This work focuses on three main contributions: (1) assess the sensitivity of numerical
simulations of nucleate boiling to the initial microlayer shape included as a subgrid
source of vapor; (2) build a generally applicable model for microlayer formation, to
be used during the initialization of boiling simulations; (3) provide a procedure for
direct computations of moving contact lines and clarify the conditions under which

the microlayer is expected to form.

1.6 Structure of the thesis

In this first chapter, we provide motivation and background information on boiling
heat transfer, and the need for further modeling and simulation of the so-called liquid

microlayer that forms and evaporates underneath a bubble.

In the second chapter, we present state-of-the-art methods to numerically simulate
the various scales involved in nucleate pool boiling. We derive from first principles a
model to account for the evaporation of the extended liquid microlayer underneath
the bubble, and implement it as a subgrid source of vapor in a commercial code
(TransAT). We show the dependence of the macroscopic bubble growth rate with the
liquid microlayer shape initialized underneath the bubble. These results motivate the

following chapter.

In the third chapter, we simulate with unprecedented accuracy the hydrodynamics
of bubble growth at a wall, for the case of water at 0.101MPa to 15.5MPa, repre-
sentative of lab experiments and pressurized water reactor conditions, using Gerris:
an open source Navier-Stokes solver that implements the Volume-Of-Fluid interface
tracking method. In particular, (i) we identify the minimum set of dimensionless
parameters that controls the hydrodynamics of microlayer formation at a wall during

nucleate pool boiling; (ii) we generate a large numerical database that resolves the
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dynamics of microlayer formation for the conditions of interest; and (iii) we build a
generally applicable model for microlayer formation, to be used during the initializa-
tion of boiling simulations. We obtain very good agreement with previous analytical

and experimental results.

In the fourth chapter, we propose an experiment to measure bubble growth rates
at small time scales, namely tens of micro-seconds, relevant to microlayer formation
during pool boiling of water at 0.101MPa. We modify an existing pool boiling exper-
iment set-up to specifically measure bubble dynamics at such short time scales, and

compare results with existing models.

In the fifth chapter, we further investigate the numerical challenges associated with
direct computations of moving contact lines and clarify the conditions, namely the
critical capillary number, under which the microlayer is expected to form at a wall.
More specifically, we perform a systematic study of the transition from a static menis-
cus to an entrained film in forced dewetting using Gerris. We use hydrodynamics
theories of the moving contact line to model the critical capillary number for the
dewetting transition, and provide a numerical procedure to obtain grid independent
simulation results of moving contact lines using Gerris. We compare our results with

other models and discuss the extension to dynamic contact angles.

In the sixth and last chapter, we conclude on the contributions of the present work

and discuss potential future direction.
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Chapter 2

Parametric study of boiling

simulations

2.1 Motivation

Why simulate nucleate pool boiling?

In pressurized water reactors (PWR), subcooled flow boiling can occur in the so-called
hot sub-channels, where temperatures at the surface of the fuel rods can locally ex-
ceed the saturation temperature and allow bubbles to grow outside of active cavities
and surface imperfections of the fuel rods. Depending on the local conditions bubbles
remain attached to the fuel rod surface or grow and detach from the surface.
Numerical simulations of single bubble growth in nucleate pool boiling represent a
simplified first step towards modeling and simulating the complex industrial scenario
of subcooled flow boiling in pressurized water reactors. In particular, we focus on
the simulation of a single vapor bubble growing at a heated wall, under saturated
pool boiling conditions at atmospheric pressure and test the applicability of current

state-of-art numerical methods and models.

Why include microlayer evaporation?

Near the wall, fluid motion is impeded by viscous stresses, and a thin liquid film
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forms underneath the bubble: the so-called liquid microlayer, first observed experi-
mentally by Cooper and Lloyd [16]. As shown in Figure 1-1, the microlayer extends
laterally from the root of the bubble (i.e. the location of the nucleation site) up to
the macroscopic edge of the bubble (order of hundreds of um or even mm for water

at atmospheric pressure), and its height ranges between 1 to 10 pm.

Once formed, the microlayer starts to evaporate and effectively 'retreats" towards
the edge of the bubble, leaving behind a central dryout region. Figure 2-1 shows the
dynamics of the microlayer for water bubbles at atmospheric pressure as measured
by interferometry of visible light and infrared light. Note the time scale (order of
milliseconds) and again the spatial scales (order of hundreds of m in the lateral di-
rection and order of m in the vertical direction), i.e. the microlayer is a long and
thin liquid film, which moves radially outward with speeds of the order of 0.05 — 0.20
[m/s]. Obviously, these ranges depend on the fluid properties and the applied heat
flux, but it is useful to keep these numbers in mind in the reminder of the discussion.
Synchronized high-speed video and infrared video of steam bubble at atmospheric

pressure growing on a sapphire wall [24] is shown in Figure 2-2.

In the microlayer region, high heat fluxes are achievable because of its small thick-
ness. Once established, microlayer evaporation can contribute significantly to bubble
growth. To illustrate this point, we approximate the microlayer as an axisymmet-
ric wedge of maximum thickness d,,,, and radius R; then the volume of vapor V,,

resulting from complete evaporation of the microlayer is:

2
le = *ﬂ—Rz(Smaxﬁ (21)
3 P

which can be compared to the volume of vapor in the bubble (assumed hemispherical)
above the microlayer itself:

2
Vi = g”RB (2.2)
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Figure 2-1: Time evolution of the microlayer underneath steam bubbles, as measured
by light interferometry: (a) Visible light [55], (b) Visible light [43] and (c¢) Infrared
light [51]. "Radius" is the radial distance from the center of the bubble base, i.e.
distance from the nucleation site. Note the scale for the X-axis is mm while that of
the Y-axis is um.
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Figure 2-2: Synchronized high-speed video and infrared video of steam bubble at at-
mospheric pressure growing on a sapphire wall [24]. The top sequence is a lateral view
of the bubble, the bottom sequence is the two-dimensional temperature distribution
on the sapphire surface underneath the bubble. The nucleation temperature for this
bubble was 109°C, the bubble departure occurred at about 14.7ms after nucleation
with a departure diameter of 3.7mm.
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Taking the ratio of the two, we get:

5maa: Pl
Vi / Vi = — =6 2.3
1/ Vb R o (2.3)

for steam bubble at 0.101MPa.

This result indicates that there is plenty of liquid to contribute to bubble growth.
The actual contribution of microlayer evaporation to bubble growth is the subject
of debate in the literature. Kim [52] concluded that microlayer evaporation con-
tributes no more than 25% to the overall heat transfer, while Gerardi [32] showed
that for steam bubbles microlayer evaporation accounted for the majority of the bub-

ble growth.

The importance of the microlayer depends strongly on the fluid, i.e., fluids with low
surface tension and viscosity (e.g. refrigerants or water itself at high pressure) tend
to have much thinner microlayers, thus diminishing the importance of the microlayer

contribution to bubble growth.

2.2 Numerical simulations of nucleate boiling

Numerical simulation of nucleate boiling using interface tracking methods, has gained
momentum in the last decade because of its potential to generate insight into physical
phenomena (e.g. bubble merging, microconvection, condensation, turbulence/bubble
interaction, etc.) that are generally difficult to probe experimentally. We here list
leading studies: [23], [76], [109], [98], [78], [20], [99], [58], [59], [81], [83], [56], [77],
[80], [66],[57], [60], [21], [88], [62], [90], [91]. While Ose and Kunugi, Mukherjee and
Kandlikar, Narayanan et al. do not consider the microlayer in their analysis at all, all
others employ a subgrid models. Subgrid models account for the effects of microlayer
evaporation on bubble growth, in lieu of resolving the microlayer region explicitly,

which decreases the computational cost of the simulation. Examples of the subgrid
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models considered in these studies are shown in Figure 2-3.

2.3 Governing equations

We consider an axisymmetric microlayer underneath a bubble growing at a heated
wall, as shown in Figure 2-4. Here the thickness of the microlayer at any given
location r (distance from the center of the bubble root or nucleation site) is §, the
mass flux within the microlayer is m’, the evaporation flux is j, and the heat flux
from the wall is ¢". We write equations expressing the conservation of mass, energy
and momentum, as well as a closure relation for the interfacial temperature. Note
that H is the (arbitrary) height of the control volume, and it will wash out of the

equations.

2.3.1 Conservation of Mass

é?t {27rdrop, + 2mrdr(H — 6)py) } = —ju2mrdr + ...

(2.4)
e m27r8(r) —m’ (r + dr)27(r + dr)d(r + dr)
which becomes
O (o4 (H = 8)p,} = —ju — o m'r) (25)
8t pl pU - .]U r ar mr .
2.3.2 Conservation of Energy
g{27rrdr5plul + 2mrdr(H — 0) pytty } = ¢ 27rdr — j,2mrdrh, + ...
ot (2.6)
e m 2010 (r)hy(r) — m 27 (r 4 dr)o(r 4 dr)hy(r + dr)
which becomes
O Spn+ (H = )pous} = ¢ — juho — =2 fm’réha) (2.7)
825 Py Polly s = (q Juvlty 7”87” l .

2.3.3 Conservation of Momentum: radial component

Assuming 1D flow in the microlayer and using the lubrication approximation in the

Navier-Stokes equations, the average mass flux in the microlayer can be related to
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Figure 2-3: Microlayer region as modeled by (a) Kunkelmann and Stephan [56] (b)
Juric et al. [48] (c¢) Son and Dhir [99], and (d) Sato and Niceno [91]. Note that only
the short Triple Phase Line (TPL) transition region is considered in (a), (b), (c),
while the microlayer is coarsely represented in (d), with an empirical slope Ceyp.
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Figure 2-4: Geometry and key quantities for microlayer analysis
the pressure gradient as follows:
» 1 0P
m =———90 2.8
3u; Or (2.8)

2.3.4 Conservation of Momentum, axial-component (Force

Balance at the Vapor-Liquid Interface)

The pressure in the microlayer may differ from that in the vapor above it because
of long range molecular interactions (disjoining pressure) between the wall and the

liquid, curvature effects and vapor recoil:
A 1 1
PU—PZ——H—UK—F{—}jg (2.9)

where Ay is the dispersion coefficient relating the disjoining pressure to the microlayer

thickness, o is the surface tension coefficient and k is the curvature:

2/3 o7 1/2
926 96\ B B

The third term on the RHS of Eq. (2.9) represents the vapor recoil pressure.
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2.3.5 Interfacial Thermal Resistance

It is generally assumed that the interface temperature can differ from the saturation
temperature at the vapor pressure. Wang et al. [108] showed that the linearized
approximation of [110] accurately captures the interfacial thermal resistance effect

over a large range of conditions:

Jjo=0a(T; = T,) + b(P, — P,) (2.11)
where
& 1 P,hy,
— 2.12
‘T 976 R T, R, (212)
5 1 P,
I (2.13)

T 2-6 V2RI, pR'T,
with 6 ~ 1 and R* is the gas constant for the fluid of interest (e.g. 462 J/kg-K for
water). Therefore Eq. (2.11) is adopted hereafter. The following assumptions are

made to simplify the mass and energy equations:

Heat transfer within the microlayer is purely by conduction: ¢ = %(Tw -T;)

e Both phases (vapor and liquid) are treated as incompressible fluids, i.e. p, and

p1 are constant in time and space.

e The vapor is assumed to be saturated at the pressure of the bubble (T, = Tu),
thus p, = pg, wy = ug, hy = hy

Ty+T;
2

e The liquid is modestly superheated at average temperature 7; = , and

pressure Fj. Therefore, p, = ps, wy = us + (T} — Tyar) and by = hy + (1) —
Tsat) + {Pl - PU}/pf

Which yields the following set of equations:

06 .10, »
(ps = py)gp = —Jv— 5 Am 10} (2.14)

60



P-PY1 0 (2.15)
I — 1w
+ Py } - E[m 7’5]> / (hfg — (T — TSat))
Ay { 1 1 } 5
P,—PF=——F—0k+q———¢J, 2.16
! 53 P Py J ( )
, 1 0P ,
= 2.1
mn 31/1 or 0 ( 7>
Jo = a(T; = T,) + b(P, — P,) (2.18)

Equations (2.14), (2.15), (2.16), and (2.17) represent, respectively, the conservation
of mass, energy, momentum (z-component) and momentum (r-component) in the mi-
crolayer, while Eq. (2.25) represents the interfacial thermal resistance on the surface
of the microlayer. Equations (2.14) through (2.25) constitute a system of five PDEs,
from which the five unknown functions d6(r,t), j,(r,t), m (r,t), P(r,t), and T;(r,t)
can be found, if the appropriate initial and boundary conditions are specified along
with the values of all transport and thermodynamic properties present in the equa-
tions. Note that T,,, P, and T, are typically given as inputs to the problem. These

PDEs can be considered the starting point of all analyses of the microlayer region.

2.4 Triple Phase Line (TPL) region - also referred
to as contact line region

Typically, the following simplifying assumptions are made for the TPL region [29],
[56]:

e Since the TPL region is very short (order of 1 pm or less), the microlayer in
this region can be considered planar. Therefore, the 1/r factor disappears from
the last term on the RHS of Eq. (2.14) and (2.15); moreover, the second radius

of curvature is assumed to be zero thus

2/3
926 as\?
KR os {1 + <87“> } (2.19)
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e The TPL region is quasi-static. This assumption is never justified in the liter-
ature and it leads to the incorrect conclusion that evaporation from the TPL
region is important, whereas in fact it is evaporation from the extended micro-
layer region that determines the motion of the dry spot underneath the bubble,

as will be shown below.

e In Eq. (2.16) the vapor recoil term is typically neglected with respect to the

surface tension and disjoining pressure terms, without a compelling justification.

e The liquid superheat is relatively small:

T T
allfi = Tou) (2.20)
hfg

e The vapor density is much lower than the liquid density:

Ps <1 (2.21)
Py

Equations (2.14), (2.15), (2.16), (2.17) and (2.25) become, respectively:

d

= ——[m’ 2.29
Ju o [m J] (2.22)
2/3

Ay 9% 6\ ?

P—b=—— 055 {1+<w> } (2.23)
. 1 0P,

=——— 2.24
mn 31/1 or 0 ( )
Jo = a(T; = T,) + b(P — P,) (2.25)

If T;, , P, and j, are eliminated from these equations, a single, highly non-linear,

4th-order ODE for the microlayer thickness is obtained:

2¢ 3¢ 14
f( d5d5d5d5>:0 (2.26)

7@7@7@7@
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Solution of this ODE requires specification of four boundary conditions. Since the
TPL region starts from the nanosize adsorbed layer, which is flat, the natural bound-
ary conditions at the edge of the TPL are:
2 3

where 0,45 is the thickness of the adsorbed layer. However, with these boundary con-
ditions the ODE yields the trivial solution § = 0,45 for any r. Therefore, researchers
have resorted to perturbing the boundary conditions according to the following ’trial
and error’ approach: a small arbitrary positive curvature or a small arbitrary positive
slope at r = 0 is assumed, and the ODE is repeatedly solved until the microlayer
thickness at the bubble outer edge matches the macroscopic liquid-vapor interface
calculated by DNS (Dhir [22] also imposes (without justification) a zero curvature
as boundary condition at the outer edge of the microlayer.). Examples of solutions
so obtained are shown in Figure 2-5. Wang et al. [108] also proposed an analytical
approximation of their TPL solutions. Note that Eq. (2.26) is an extremely stiff
ODE, which is sensitive to the boundary conditions; therefore, the reliability of this
perturbation approach is generally open to question. Moreover, no validation of these
solutions is presented in the papers reporting the results. Finally, all the solutions
presented in Figure 2-5 seem to diverge rapidly with r, which is in contrast with the
experimental data showing a microlayer region that is thin and long and with (small)
negative curvature (Figure 2-1). In addition to the shortcomings described above,
the whole effort about this very short TPL region seems somewhat futile, since the

TPL does not really affect the evolution of the extended microlayer.

2.5 Extended microlayer region

2.5.1 Simplifications of general governing equations

The extended microlayer region is essentially a long and flat liquid film for which the

following simplifying assumptions can be made:
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Figure 2-5: Microlayer thickness in the TPL region, as calculated by (a) Wang et
al. [108], (b) Christopher and Zhang [13] and (c¢) Stephan and Hammer [100]. Note
the radial extension of the TPL region is order of 1 um or less. Also, note the
contradictory superheat trend of the curves in (a) and (b).
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e Negligible curvature ( k &~ 0). Visual inspection of the experimentally measured
microlayer profiles (Figure 2-1) suggests the microlayer curvature is very low.

1

An approximate estimate is k &~ 3m™", which results in a very small pressure

difference of ok =~ 0.17Pa.

e Negligible disjoining pressure. Disjoining pressure arises from attractive forces
between molecules in the fluid and molecules in the solid wall. These forces
typically have a range of a few molecular diameters, which in the case of water
is order of 0.3nm. Thus, disjoining pressure effects can be safely neglected for

films > 10nm, such as the extended microlayer region of interest here.

e Negligible vapor recoil pressure. Assuming an evaporation mass flux in the
microlayer region for water at atmospheric pressure of 0.3kg/m?s (as estimated

in the introduction, the vapor recoil pressure is a miniscule 10~*Pa.

e Negligible interfacial resistance (T; = Tyq). For water a ~ 6.8kg/m?s-K and
assuming again an evaporation mass flux of 0.3kg/m?s, the difference between

T; and Ty, is order of j,/a ~ 0.04K, which is completely negligible.

e The liquid superheat is relatively small:

C (T} - Tsat)

<<1 (2.28)
hyg

Under these assumptions, the liquid pressure is equal to the vapor pressure and the
temperature of the interface is equal to the saturation temperature, thus the equations
simplify dramatically: in particular, it immediately follows that m” = 0, i.e. there is
no flow within the microlayer (which implies that the lateral retreat of the microlayer
is primarily due to microlayer evaporation, not liquid flow). The system of PDEs

reduces to the following two simple equations:

(0~ o) o0 =~ (mass) (2.20)
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L pf - pg kl(Tw - Tsat)

Jv energy 2.30
P hyq0 ( ) ( )

Eliminating j, from the above equations, a single equation that governs the time-

evolution of the microlayer thickness is obtained:

05 k(T — Tew)

— =" 2.31
ot prhiygd ( )
which is readily integrated to give:
t k Tw - Tsa
5*(r,t) = 62(r) — / kT = Toat) o, (2.32)
0 prhyg

where dg(r) = 0(r,t = 0) is the initial microlayer profile. In particular, for a fixed

wall temperature T,,, we have:

5(r,t) = J(sg(r) - t Wdt (2.33)

Representative examples of the microlayer evolution calculated from Eq. (2.33) are
shown in Figure 2-6(a)(b). It can be seen that the microlayer moves radially outward
due to evaporation, as expected. The microlayer radial speed can be extracted from
the simulation and is shown in Figure 2-6(c), and in Figure 2-8. Interestingly, if
the initial microlayer shape is proportional to /r: do(r) = 5max\/% , the microlayer
speed is constant in time. In fact, it is possible to derive an analytical expression
for the microlayer speed. Let ry = ry(t) denote the dryout radius, i.e., the location
of the microlayer edge at which §(r4(t),t) = 0. Taking r = r4(¢) in Eq. (2.32) and
differentiating with respect to ¢ gives:
d dog dry 2k (To(ra(t)) — Tsar)

- 2 —_
—as(rat) = L= o (2.34)

dr
Defining v,,,; = — % to be the microlayer velocity, we have:

dr
N <2kl(Tw(rd(t)) —Tsat)> / <d53> (2.35)

Py hfg E
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Figure 2-6: Spatial and temporal evolution of microlayers of 2um maximum initial
thickness and 500um extension under a vapor bubble. The initial shape of the micro-
layer is assumed to be (a) linear wedge or (b) square root of r. (c¢) Microlayer speed
as a function of time. The fluid is water at atmospheric pressure; Wall superheat
Ty — Tsa=2K.

Assuming the wall superheat T, — T, to be constant, the microlayer velocity will be

constant whenever:

jtag = C" = 8y(1) = Spmaxy/T/R (2.36)

in which case:
2k,(T, t)) — T
i = ZTolralt) = Tea) R -
pfhfgdmaa:
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2.5.2 Preliminary tests

The experimental configuration of Kim and Buongiorno [51] is reproduced to solve
the conjugate heat transfer between the liquid microlayer and the silicon wafer heater
used in those experiments. The computational domain is limited to the heater it-
self underneath the microlayer region (cylinder of height H, = 380um and radius
R, = 600um). The heat generation rates per unit surface area and volume of the
heater are ¢, = 50kW/m? and ¢ = q,,/H, = 132MW/m?, respectively. The initial
temperature field within the heater is assumed to be uniform and equal to T, + Ty,
with Ty assumed to be a reasonable 5°C' - unfortunately the actual value of Tj is not
available from the experimental data. A finite difference solution scheme was used to

solve the heat equation in the heater:

"

aT q
— =, VT
ot @ + PuwCuw

(2.38)

in cylindrical coordinates and the microlayer equation Eq. (2.31), both in space and
time. The boundary conditions were as follows: zero heat flux at the centerline, at
the bottom and at the outer-edge of the cylindrical domain. Also, the heat flux was
set equal to:

w k(T — Tsat)

¢ =5 (2.39)

at the wall where the microlayer is present (with ¢ found from Eq. (2.31)) and zero
where the wall is dry. The output of the calculation is the coupled time-dependent
temperature distribution within the heater and the time-dependent microlayer profile
above it; they are shown in Figure 2-7. The behavior of the solution is consistent with
the experimentally observed behavior, i.e. the microlayer moves outward (compare to
Figure 2-1) and creates a temperature minimum that also moves outward (compare
to Figure 2-2). Post-processing of Figure 2-7(a) yields the microlayer outward speed,
which is shown in Figure 2-8. The predicted speed is definitively in the correct range
of experimental values however it slows down faster than in the experiments. The

discrepancy may be due to an inaccurate guess of ATy (i.e. the actual ATy in the
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heater may be higher than 5°C), or to the zero heat flux boundary condition at the
outer boundary of the domain, which tends to underestimate the thermal capacity of
the heater. In fact, post-processing of the temperature distribution within the heater
reveals the presence of strong radial conduction heat fluxes within the heater (see

Figure 2-9). The convergence of the results is confirmed - see Figure 2-10.

Finally, similar, reasonably good results were found when the model was applied to
the data of Koffman and Plesset [55] (Figure 2-11). To reproduce their experimental
setup, we estimated their SnOy coating thickness dg,0, ~ 30um from its measured
resistance (10—3012). Its specific heat was estimated from Dulong and Petite’s simple

model (Debye theory). Pyrex glass properties were found in the literature.
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sion 600um, and (b) wall temperature profiles of initial superheat ATy = 5°C.
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Figure 2-9: Spatial distribution of the heat flux (a), within the heater at ¢ = lms

after the beginning of microlayer’s evaporation). Log-10 of absolute values (in W/m?)
of r-component (b) and z-component (c¢) of the heat flux are also reported (see col-
orbar), over the whole computational domain (maximum initial thickness 3um and

600um extension; initial superheat ATy = 5°C above the saturation temperature at

atmospheric pressure). Discretization: dr = dz = 1.9um, dt = Tns.
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2.6 Implementation of subgrid model for micro-

layer evaporation in commercial software (TransAT)

2.6.1 Computational framework

TransAT is a commercial finite-volume code that solves the Navier-Stokes equations

on structured meshes, using the one-fluid formulation approach:

. ) )
p (a? + v.aﬂ’) = —VP+V . (2uD) + p§ + ow(V)S(V)V(V) + Froternar  (2:40)

with
VA%

The flow is described by a single fluid of variable material properties based on a color

function Psi, also referred to as the Level-Set (LS) function:

p(V) = p1+ (p1 — p2)H(P), (V) = pu1 + (g1 — p2) H(T) (2.42)
where H is a smoothed Heaviside function defined as:

H(T) =0, if |[T] > e

1 N - (2.43)
H(V)=- <1 + —+ SW/E)) , otherwise
2 € s
where € is referred to as interface thickness;
Vi=0 (2.44)

This function ¥ has a value of zero at the interface, and is negative in one fluid
and positive in the other (the two fluids being considered are immiscible throughout

the study). The Level-Set function is advected by the flow, and influenced by mass

1)



transfer m at the interface:

4T
5+ TV =1/ (2.45)

TransAT implements a second order heat flux model to obtain grid convergence results

for simulations with phase change and mass transfer across the interface.

2.6.2 Verification of numerical methods used in TransAT

Verification of the numerical methods employed in TransAT was provided by C.

Narayanan et al. [79].

2.6.3 Verification of correct implementation of new subgrid

model in TransAT

e Preliminary work to identify a suitable numerical scheme to compute the evap-
orative mass flux from microlayer evaporation.

The subgrid model for microlayer evaporation is written as:

96 B kAT
ot prhygd

(2.46)

where 0 is the microlayer thickness and AT = T,, — Ty, is the local wall su-
perheat, which can be solved to find the evolution of the microlayer profile.
However, the parameter of interest for the subgrid model in TransAT is the
evaporative mass flux j, from the microlayer. If Sy is the evaporating surface
between a radial position r and a position 11 (note we consider axisymmetric

bubbles in the pool boiling situation), then the mass flux becomes:

a Tk+1
5% <‘/7"k 27r7“5d7“)

where we use a linear description for the initial microlayer profile, for which an

avmicro,k
ot

_Pr

_Pf
Tk Sk;

=4 (2.47)

analytical solution exists, and where its slope C' becomes a parameter of the
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simulation:

d(rit=0)=0+Cr (2.48)

with &g the so-called absorbed layer thickness under which the microlayer can
no longer evaporate because of long-range (Van Der Walls) molecular forces. dy

is orders of nanometers and has no effect on the resolution of the microlayer.

There are at least two methods to add the contribution from microlayer evap-
oration to the global bubble growth: (i) compute the evaporative mass flux

directly as:
. AT
Jvk = hfg(sk;

(2.49)

and then integrate the flux over the whole microlayer surface area S, or (ii)
compute the rate of decrease of the total microlayer volume Vo (Eq. (2.46)
integrated over the whole microlayer surface). Both methods are equivalent
in meaning, but not in the calculation scheme. The second method is more
convenient. To verify that the method is accurate, we tested its performance
for the simple case of a constant wall superheat AT for which an analytical

solution of Eq. (2.46) exists:

2k, AT
Pfhfg

o(r,t) = \I(SS(T) - t (2.50)
which therefore allows for an analytical integration of Eq. (2.49). The numerical
scheme computes the total microlayer volumes at each time step and then its

rate of change during dt:

: Vmicro t dt) — Vmicre t
Vmicro - ( + di_ ( ) (251)

The evaporative mass flux is plotted as a function of time in Figure 2-12, where
Juv is calculated from both analytical and numerical integration schemes (dt =

0.2ms, dr = 12.5nm). From the upper schemes implementation (trapezoidal
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Figure 2-12: Evaporative mass flux as a function of time, calculated from both ana-
lytical and numerical integration schemes (dt = 0.2ms, dr = 12.5nm). Experimental
results [51] are also plotted as reference to show consistent order of magnitude.

rule for integration) we expect a first order convergence of the results, also

confirmed by the mesh convergence study reported in Figure 2-13.

e Subgrid model implementation in TransAT ensures fine resolution of microlayer
evaporation at the subgrid scale. Specific tests follow.
The subgrid model for microlayer evaporation locally couples microlayer thick-
ness with wall temperature. It requires declaring and manipulating two arrays
storing those two variables at the wall. For a typical mesh size of 50pum used in
boiling simulations, the microlayer thickness varies significantly. We therefore
allow the subgrid implementation to define subgrid points within each existing
TransAT cell at the wall. The algorithm is described in Figure 2-14: variables
are loaded at mesh cells located at the wall. Each cell from TransAT is di-
vided into subcells. For all subcells, wall temperature and microlayer thickness

from the previous time step (or the initialization step) are used to compute a
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Figure 2-13: Mesh convergence of the numerical integration scheme proposed to com-

pute

local evaporative mass flux and update microlayer thickness. Summing up all
subcells evaporative mass flux over one TransAT cell provides an estimate of
the average mass flux in that TransAT cell at the wall. The solver ensures the
conservation of energy, and the wall temperature is updated before going to the
next time step. Actual user-defined functions used are provided in Appendix
A. We then test the implementation of the model. All of the three cases rely
on the boundary conditions shown in Figure 2-15, to reproduce saturated pool
boiling conditions. For simplicity, the temperature at the wall surface is fixed

at a given superheat of 10K.

Specific tests: simulations with initial liquid microlayer of linear shape validate
the implementation of the subgrid model accounting for microlayer evaporation
in the case of constant wall superheat for which an analytical solution exists.

We initialize the shape of the liquid microlayer to be linear, with a thickness
varying from 1.7nm up to 500nm, and extending from the bubble root (r = 0)

up to a radial distance of 500um (the slope C' = 0.001 [-]). Reference properties
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Figure 2-14: Sketch of the implementation scheme for the microlayer evaporation
model as a subgrid model in TransAT.

Outflow boundary
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Subgrid liquid microlayer underneath the bubble

Figure 2-15: Sketch of the computational domain and boundary condition to test the
subgrid implementation.

80



Table 2.1: Reference properties of the nucleate boiling simulations performed

Properties | Water | Steam
p (kg/m?) | 958 0.6
w (Pa.s) | 2.8e-4 | 1.2e-5
A (W/mK) | 0.681 | 0.025
¢, (J/kgK) | 4218 | 2034
heg (J/kg) 2.257e +6

Toat (K) 373.15
T, (K) 382.15
o (N/m) 0.059
g (m/s?) 9.81
Ry (um) 100

of the nucleate boiling simulations presented in this section and next, including

fluid properties, are given in Table 2.1.

Such thin layer completely evaporates within 0.04ms. The simulated time evolu-
tion of the thickness matches the analytical prediction, as shown in Figure 2-16:
perfect agreement is shown for example at half time to dry-out (simulation is in
green, analytical solution is in black). In Figure 2-16, the simulated profile using
only 1 single subgrid point per TransAT cell is able to recover the microlayer
geometry, except in the bended region of lowest thickness. A coarse resolution
in microlayer geometry results in a coarse estimate of the actual evaporative
mass flux. Based on the numerical scheme we chose to integrate the actual
microlayer volume at a given time step, such coarse resolution results in an over
estimation of the actual evaporative mass flux, as illustrated in Figure 2-17: in
the case of a coarse subgrid discretization (1 subgrid point per TransAT cell,
in magenta), a higher equivalent bubble radius is obtained - more vapor was
fueled from the subgrid microlayer to the macroscopic bubble. Finer subgrid
resolution of the microlayer geometry (100 subgrid points per TransAT cell, in
grey) allows to better capture the evaporative mass flux that comes from the

subgrid microlayer evaporation.
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Figure 2-16: Plot of microlayer thickness profiles simulated using 100 subgrid points
per TransAT cell at the wall: initially at t=0ms (in red), right before dry-out at
t = 0.04ms (in magenta), and half time to dry-out at t = 0.02ms (in green). A
constant wall superheat is imposed at 10K. An analytical solution exists and is
plotted for comparison at half time to dry-out (in black). Also at half dry-out is
plotted (in light blue) with dots the simulated profile using only 1 single subgrid
point per TransAT cell.
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Figure 2-17: Plot of equivalent bubble radius as a function of time comparing the use
of 1 subgrid point per TransAT cell (in magenta) and 100 subgrid points per TransAT
cell (in grey) are used.

2.6.4 Sensitivity study on initial microlayer shape and its

effect on initial bubble growth rates

We now proceed to two sensitivity tests: the first test at fixed extension radius but
varying slopes C, hence varying liquid volumes, and the second test at fixed liquid

volume but varying slopes and extension radius.

Simulations with initial microlayers of fixed extension radius but varying
slopes show strong dependence of initial bubble growth rate with initial
shape of the microlayer.We perform two simulations of nucleate boiling for which
we initialize the shape of the liquid microlayer to be linear, with an extension radius
of 500um, and slopes C' of 0.001 and 0.004, respectively - see Figure 2-18. Simulated
equivalent radius are plotted as a function of time in Figure 2-19: the change in
slope corresponds again to the change of dominant evaporation mode driving bub-
ble growth, from rapid growth due to microlayer evaporation to slow growth due to

evaporation at the bubble cap only after microlayer dry-out. Analytical predictions
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Figure 2-18: Sketch (not at scale) of initial microlayer profile characteristics used in
the used to test the sensitivity of initial bubble growth rates with microlayer shapes
at fixed extension radius. Linear profiles extending from 1.7nm up to 500nm (a) and
2pm (b) from the bubble root up to a radial distance of 500um (slopes C' of 0.001
and 0.004 respectively).

of times of dry-out (0.04ms and 0.63ms, respectively) for the two layers, computed

from:

(50 + Crmax ) 2

tdryout = plhfg leAT (252)

are added to the plot to show perfect agreement between simulated and analytical
microlayer behaviors in the case of constant wall superheat - see Figure 2-19. Note
in Figure 2-19 that analytical predictions of times of dryout are also indicated for
reference. The abrupt change in bubble growth rates at this particular dryout time
indicates the complete evaporation (dryout) of the initial liquid microlayer. Past this
dryout, bubble growth is only fueled by mass transfer across its macroscopic inter-
face, and its growth rate is significantly diminished. In addition, and as expected, the
thinner layer evaporates more rapidly - the conduction heat flux through the layer
being proportional to the inverse of the liquid thickness, hence the evaporation from
the thinner layer fuels bubble growth more intensively than the thicker layer, as il-
lustrated in the presented results by the increased initial bubble growth rate in the
thinner layer case. However, at fixed extension radius, the volume of liquid in the

thinner layer is much less than in the thicker layer, and the thinner layer dries out sig-
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Figure 2-19: Plot of equivalent bubble radius as a function of time. The wall superheat
is maintained constant (10K’). Two initial shapes of microlayer with different slopes
C', 0.001 (in grey) and 0.04 (in green), respectively, but with similar extension radius
of 500pum, and 100 subgrid points per TransAT cell. Experimental result is also
plotted for reference (black line) [24]. Analytical prediction of times of dryout are
also indicated for reference. The abrupt change in bubble growth rates indicate the
dryout of the initial liquid microlayer. Past this dryout, bubble growth is only fueled
by mass transfer across its macroscopic interface.

nificantly faster: within 0.04ms (vs. 0.63ms for the thicker case). Also note that the
thicker layer proposed is able to reproduce experimental bubble growth rates. Once
the liquid microlayer is fully evaporated, the only mechanism fueling bubble growth
is the mass transfer at the bubble cap, which fuels bubble growth at a significantly
lower rate. Lastly, these results are obtained at fixed wall temperature and do not take
into account the cooling of the wall due to microlayer evaporation. A conjugate heat
transfer simulation is expected to show a slowdown in microlayer evaporation due to
a local decrease of the wall superheat in the vicinity of the contact line where the mi-

crolayer thickness is the smallest, and where the evaporation heat flux is the highest.

Simulations with initial microlayers of fixed volumes but varying slopes

(and extension radius) confirm strong dependence of initial bubble growth
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Figure 2-20: Sketch (not at scale) of initial microlayer profiles with fixed volumes but
varying slopes C: 0.001 (a), 0.004 (b) and 0.008 (c).

rate with initial shape of the microlayer. We perform three simulations of nucle-
ate boiling for which we initialize the shape of the liquid microlayer to be linear, with
different slopes C: 0.001, 0.004 and 0.008, respectively, but same volumes. We adjust
the extension radius of the initial liquid microlayer to ensure same volume of liquid
is initialized at the subgrid scale - see Figure 2-20. Analytical predictions of times of
dry-out (0.04ms, 0.25ms and 0.63ms, respectively) for the three cases of increasing
slopes are added to the plot of equivalent radius as a function of time in Figure 2-21,
and show perfect agreement between simulated and analytical microlayer behaviors
in the case of constant wall superheat. The plot also shows identical contribution

to bubble growth from all three microlayers, as their identical initial liquid volume
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Figure 2-21: Plot of equivalent bubble radius as a function of time. The wall superheat
is maintained constant (386K). Three initial shapes of microlayer with different
slopes C, 0.001 (in grey), 0.04 (in blue) and 0.008 (in red), respectively, but with
same volume, and 100 subgrid points per TransAT cell. Experimental result is also
plotted for reference (black line) [24]. Analytical prediction of times of dryout are
also indicated for reference. The abrupt change in bubble growth rates indicate the
dryout of the initial liquid microlayer. Past this dryout, bubble growth is only fueled
by mass transfer across its macroscopic interface.

provides an identical volume of vapor to the bubble. The different initial shape affects
growth rates: a thinner microlayer evaporates faster than a thicker one due to inverse

dependence of conduction heat flux to the layer thickness.
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2.7 Relative importance of microlayer evaporation
in total wall heat transfer and bubble growth

dynamics

2.7.1 A general figure of merit

During one boiling cycle, the liquid microlayer evaporates at the wall, extracting an
energy E,,i.-, defined as:

Ericro = Plelhfg (253)

with p; the liquid water density, V,,,; the liquid microlayer volume (see next chapter),

and hy, the latent heat. While the boiling cycle lasts t.yqe defined as:

tcycle = 1/f (254)

with f the bubble departure frequency, a total energy E,,; is transferred though the
wall and to the liquid:
Etot = q//Abubbletcycle (255>

with ¢ the wall heat flux, and Apuppe = 7(Dy /2)? the area underneath the bubble,

and D, the bubble departure diameter. The dimensionless ratio £*:

Emicro Vm h
B = — _Prrmilyg (2.56)
Etot q Abubbletcycle

quantifies the relative importance of microlayer evaporation in wall heat transfer
where boiling occurs. We here make no assumption on the coupling between heat flux
and bubble departure frequency, and calculate the dimensionless ratio E* for a wide
range of heat fluxes and bubble departure frequencies - see Figure 2-22, for a typical
superheat of 10K, and no subcooling. We conclude that microlayer evaporation can

be a dominant component of wall heat heat transfer when:

e boiling cycles are short (see solid line in Figure 2-22: f = 200 (1/s), teyee =
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Figure 2-22: Plot of the dimensionless ratio E* = E, .m0/ Eior, defined as the ratio
between the total energy extracted from the wall to evaporate the liquid microlayer,
and the total energy transferred at the wall underneath the bubble during one boiling
cycle. The ratio is plotted for a wide range of heat fluxes ¢° € [10; 500] (kW /m?),
and various bubble departure frequencies f € {50, 100, 200}. A typical superheat of
10K and no subcooling are assumed.

5ms)

e heat fluxes are low: most of the energy available at the wall is then captured

by the evaporation of the liquid microlayer

Conversely, we conclude that microlayer evaporation can be a relatively small com-

ponent of wall heat heat transfer when:

e boiling cycles are long (see dashed line in Figure 2-22: f = 50 (1/5), teyce =
20ms)

e heat fluxes are high (see ¢° > 100kW/m? in Figure 2-22): the total energy
available at the wall during ?.yq. is increased while the energy captured by the

evaporation of the liquid microlayer remains the same, hence reduction in E*.
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Lastly, note that one can extend the results presented here to a broader Ap,ppe

noted Apyppie,2 defined across the wall surface:

Apupbie2 = 1/Nite (2.57)

with N the nucleation site density (in 1/m?). As a result, the ratio Fj considered

across the wall surface can be written as:

Ay
* Tk ubble
Ei=FE

A = ]VsitefqbubbleEM< (258)
bubble,2

Abubble

For low nucleation site densities << 1and Ej << E*. In contrast, for large

’
Abubble,Z

Abubble

nucleation site densities ~ 1 and E5 ~ E*. Correlations for Nyt and tcyce,

bubble,2
as functions of heat flux and subcooling for example, can be used in the proposed
model here, to conclude on exact contributions to total wall heat transfer at the scale

of one bubble (E*), or at the scale of the entire surface (E3).

2.7.2 A comparative study of microlayer evaporation contri-

bution for the cases of water and refrigerant FC-72 at

0.101MPa.

Gerardi [32] concludes from his experimental measurements in pool boiling conditions
that the contribution of microlayer evaporation to overall heat transfer and bubble
growth can be large in the case of water at 0.101MPa, while Kim [52] concludes that
the contribution can be small in the case of refrigerant FC-72 at 0.101MPa. In Table
2.2, we gather relevant saturation properties of the two fluids (water and FC-72) at
0.101MPa. The range of wall superheats: 1K-10K is representative of boiling of both
water [32] and FC-72 [75]. In the next chapter, we provide a general model for the
shape of the liquid microlayer. We here use that model to compute the ranges of slopes
C of the microlayer for both fluids, FC-72 and water. A bubble radius R, = 0.5mm

is representative of boiling in lab conditions. We obtain similar microlayer slopes for
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Table 2.2: Water and FC-72 saturation properties at 0.101MPa

Properties at saturation / Fluids FC-72 | Water
Tow °C) 56 100
Liquid dynamic viscosity (kg/ms) 0.45e-3 | 0.28e-3
Liquid density (kg/m?) 1620 958
Vapor density (kg/m?) 13.01 0.6
Density ratio p;/py (-) 0.12e3 | 0.16e4
Latent heat (J/kg) 0.85e5 | 0.22e7
Liquid thermal conductivity (W/mK) | 0.54e-1 | 0.6

Table 2.3: Slopes C' of FC-72 and water microlayers at 0.101MPa, for representative
wall superheats of 1K and 10K.

Fluid / AT | AT = 1K AT = 10K
FC72 C=0.012 (0) | C =0.007 ()
water C =0.011(—) | C=0.006 (—)

both fluids, see Table 2.3. This results can be anticipated as FC-72 and water have
similar liquid viscosity and density, and similar growth rates. Details regarding the
model and how to use it can be found in the next chapter. For a range of typical
microlayer shapes, namely slopes in 0.001, 0.010 [-], and a typical extension radius of
0.500mm, we calculate three figures of merit to assess the contribution of microlayer

evaporation to overall heat transfer and bubble growth for both fluids at 0.101MPa:

1. Duration ¢4y of microlayer evaporation until it dries out, in (s), defined in

Eq. (2.52)

2. Volume V,,,; of vapor fueled from the evaporation of the liquid microlayer to the

bubble, in (m?), defined in Eq. (2.1)

3. Average heat flux < Q" > in (IW/m?) at the wall due to microlayer evaporation
(averaged throughout the duration of the evaporation tg.ye: and over the ini-
tial evaporating surface S0 Of the liquid microlayer of initial volume V,,;cro

defined as:

/%) Vmicro hlv

<Q >= (2.59)

Smicro tdryout
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For the range of microlayer slopes considered here - see Table 2.3, we compute all

three figures of merit - see Table 2.4:

1. Liquid microlayers of water and FC-72 evaporate within similar time scales
tdryout, given same initial superheat and shape. The ratio of their respective

time scales in the cases studied here is found to be 1.4, e.g. of the order of unity.

2. Liquid microlayers of water contribute much more than liquid microlayers of
FC-72 to overall bubble growth: the ratio of the respective volumes of vapor
generated throughout the evaporation of the microlayer, which fuels bubble
growth, is found to be 12.8, which 1) reveals an order of magnitude difference
between water and FC-72 results in the cases studied here. Another way to

present this result is to note that the ratio of average vapor production rates

dViu
dt

< > defined as:

dVin

<
dt

>= le/tdryout (260)

between the two fluids is of the order of 10, which reveals that liquid water
microlayers fuel bubble growth much faster than FC-72 liquid microlayer, while

the duration of evaporation for both fluids is of same order of magnitude.

3. Liquid microlayers of water contribute much more than liquid microlayers of
FC-72 to overall heat transfer at the wall underneath bubbles: the ratio of the
respective averaged wall heat fluxes in the cases studied here is found to be
11.1, which reveals an order of magnitude difference between water and FC-72

results.

In the previous subsection 2.6.4, we conclude that simulations of saturated nu-
cleate boiling of water at 0.101MPa reveal that microlayer evaporation contribute
significantly to overall heat transfer and bubble growth. In this section, the com-
parative study shows that fluid properties control the extent of the contribution of
microlayer evaporation to overall heat transfer and bubble growth, and in particular,
that liquid microlayers of FC-72 are expected to contribute much less to wall heat

transfer and bubble dynamics than liquid microlayers of water at 0.101MPa. These
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Table 2.4: Comparison of the contribution of microlayer evaporation to overall heat
transfer and bubble growth between water and FC-72 at 0.101MPa. A typical initial
superheat of 10K is assumed for both fluids.

Microlayer shape (slope C, radius 0.5mm)

Figure of merit | Fluid | C=0.001 C=0.01

; water | 0.04 (ms) 4.4 (ms)

dryout FC 72 | 0.03 (ms) 3.3 (ms)
ratio | 1.4 (—) 1.4 (-)

v water | 0.42 (mm?) 4.2 (mm?)

m FC 72 | 0.03 (mm?) 0.33 (mm?)
ratio | 12.8 (-) 12.8 (-)

<0 > water | 16 (MW/m?) | 1.6 (MW /m?)
FC 72 | 1.4 (MW/m?) | 0.14 (MW/m?)
ratio | 11.1 (-) 11.1 ()

results are consistent with experimental conclusions from Gerardi [32] and Kim [52].

2.8 Conclusions

Numerical simulations of single bubble growth in nucleate pool boiling represent a
simplified first step towards modeling and simulating the complex industrial scenario
of subcooled flow boiling in pressurized water reactors. In particular, we focus on the
simulation of a single vapor bubble growing at a heated wall, under saturated pool

boiling conditions at atmospheric pressure.

Our results confirm the strong sensitivity of simulated bubble growth rates with
initial microlayer shape and extension in boiling simulations. This conclusion moti-
vates the next section, which aims at bridging the current gap in modeling microlayer

formation.
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Chapter 3

Direct computations of bubble
growth hydrodynamics at a wall

and microlayer formation

3.1 Problem statement and dimensional analysis

We consider the first tens to hundreds of microseconds of growth of a steam bubble
which expands at a rate U, near the wall of a pool of initially stagnant liquid. We
take advantage of the symmetry of the growth and consider the problem to be ax-
isymmetric. Ten physical variables are involved in describing the hydrodynamics of

microlayer formation:

® /i, [iy: liquid and vapor viscosities, resp.

pl, Pv: liquid and vapor densities, resp.

e o: surface tension

Uy: bubble growth rate, the velocity at which the liquid vapor interface moves

into the surrounding liquid

e (4. microscopic contact angle at scale dx, between the liquid vapor interface

and the wall, and at a given reference length scale dx.
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e 1: radial distance from bubble root

e {: time

e 0: unknown local thickness of the liquid microlayer forming at the wall

Altogether, these ten variables involve three physical dimensions: mass, length, and
time. Therefore, we obtain that 10-3=7 dimensionless Pi-groups that can fully de-

scribe the microlayer formation. The seven proposed dimensionless Pi-groups are:

I, =0/r.=19" (3.1)

Iy = pu/p (3.2)

Is = pi/po (3.3)
My=r/re=1r" (3.4)

My — t/t, — £ (3.5)

g = Oy (3.6)

I, = Ca = Uy o (3.7)
(3.9)

where the intrinsic reference length and time scales r. and t. were defined as follows:

re =0/(pUy) (3.9)

te=1/Uy = c/(pUp) (3.10)

Buckingham’s Pi Theorem [10] ensures that such Pi-groups are related by a unique

functional form, which can be written as follows:

5/TC = f(Ml/Nv7pl/pU7T/rC7t/tc’Oa’ 6)dX) (3'11)

In this study we have performed numerical simulations of microlayer formation to

quantify the above function. In Table 3.1, we report the relevant parameter space for
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Application / IT — group 1/ o i/ po Ca Oax

Lab experiment 23.3 1650 0.005-0.1  0-90°
(water, 0.101 MPa)

Pressurized Water Reac- 3.2 5.9 0.001-0.1 0-90°
tors
(water, 15.5 MPa)

Table 3.1: Parameter space for the conditions of interest

liquid water boiling in lab and industrial conditions (Pressurized Water Reactors, or
PWR). This parameter space is discretized as shown in Table 3.2 gathering parameters
of all simulations presented in this paper. The range of capillary number Ca is
obtained from water properties at saturation (y; and o) for both pressures, and
estimates of bubble growth rates U, from [71], including a range of cavity mouth

radius ry:

Up = \/7h4p AT sar/ (Tp1Tuat) (3.12)

where ATy, is the so-called wall superheat at the inception of boiling:

ATyt = 20T 50t/ (Topohipg) (3.13)

3.2 Computational framework

3.2.1 Gerris Flow Solver

A myriad of methods are available today to simulate two phase flow while tracking the
interface between two fluids: Lagrangian moving mesh methods, Eulerian methods
and Lagrangian/Fulerian methods - see review in Figure 3-1 [50]. The Volume-
Of-Fluid (VOF) method and the Level-Set methods have been predominantly used
and tested in the literature. The VOF method [93] tracks the interface using a

color function C that represents the volume fraction of one phase in each cell of the
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Table 3.2: Summary of simulation parameters for all results presented in this work.

SET |SideL |Initial Reference Finest Coarsest |Coarsest |ppy | Py [Ca t* 04, [°]
UP |[um] of | bubble |length and mesh mesh size | mesh size | [-] [-1 [-1 [-1 (dXpmicro)
domain | radius time scales (r, | size [i b S— dX parse
(LxL) |[pm] [um], te [ps]) | dXmicro [pm] (at | [pm]
[pm] the (away
interface |from the
interface)
A 512 32 (1, 1) (025, (0.25,05,]16 2 2 5000 |2 N/A
05,10, |1.0,20)
2.0)
B 128 10 (0.32,007) (1/32, (1,1,1,1) 32 58 0.080 |0- 10
1/16,1/8, 1E2
1/4)
C (14,174, | (1/4,1/2,
1/4) 1)
D (1/32, (1,1,1,1) 0- 10,15,20,
1/16,1/8, SE3 |25,30,35,
1/4) 40,45,50,
55,60,65,
70,75
E 18.5,20.5,
220,235
F 64 5 (0.32,0.07) 1/4 1 1 (32, |(58, 1.000 |0- 50
233, |58, 1E2
32, |1650,
32) |59
G 500 64 (0.1,0.05) 0.1 04 32 233 |58 (0.200, | 0- (25,85)
0.020) |5E3
H (0.002, 20,25,30,
0.004, 35,40,45,
0.008, 50,55,60,
0.01, 65,70,75,
0.02, 80,85
0.04,
0.08,
0.1,
0.2,
04,
0.8,
1.0)
I (0.002, 90
J 0.004, 40,60, 80
K 0.006, 30,35,40,
0.008, 45,50,55,
0.01, 60,65,70,
0.02, 75,80,85,
0.04, 90
L 0.06, 90
0.08,
0.1,
0.2,
04,
0.6,
0.8,
1.0)
M 768 16 (1,02) 1/32 1 8 (0.001 |0- 10
0.002 [200
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
0.02
0.03
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Phase 2 .

Phase 1

Lagrangian moving-mesh method
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Eulerian volume-of fluid
piecewise linear interface
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Figure 3-1: Review of interface tracking methods used in two-phase flow simulations

[50]
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computational domain. Starting from an initial distribution, the color function C is
then advected by the flow:
oC /ot +u.NC =0 (3.14)

No mass transfer at the interface is considered. Interface reconstruction schemes such
as the Simple Line Interface Calculation (SLIC) [82] or the Piecewise Linear Interface
Calculation (PLIC) [117] allow capturing the interface sharply. The Gerris Flow
Solver [85] (gfs.sourceforge.net/) solves the incompressible Navier-Stokes equations,
and implements the VOF method to track the interface and compute the surface

tension force:

(D)0t + iT.Vil) = —VP + V.(2uD) + 0k + Fogterna (3.15)
Dp/ot + V.(pii) = 0 (3.16)
V.ii=0 (3.17)

With:
D;; = 1/2(0u;/0x; + Ou;/0x;),
p=Cpi+(1—=C)ps,
p="Cu+ (1= C)pe

aC /0t +V.(C) = 0 (3.18)

The computational domain in Gerris is spatially discretized using quad/octrees,
which allows refining specific regions in space while coarsening others. In this work,
we typically refine in the vicinity of the wall and at the interface to resolve microlayer
formation, while coarsening away from the wall and the bubble interface where such

refinement is not necessary.
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3.2.2 Simulation strategy
Assumptions made in this work

In this work, we focus on the initial rapid phase of bubble growth that lasts tens
of microseconds and during which the microlayer forms at the wall, over hundreds
of microns in radial extension (typical bubble growth rates: 5-10 m/s in lab experi-
ments with water). In particular, we only consider the hydrodynamics of microlayer
formation, and neglect thermal effects. Part of the liquid layer that forms at the
wall may also evaporate during such short time scale, hence affecting its shape over
time. Based on a typical wall superheat at the wall of 10K observed experimentally at
atmospheric pressure, we evaluate the relative change in liquid layer thickness due to
evaporation from pure conduction through the liquid layer, for various growth times,
and various layer thicknesses - see Figure 3-2. For typical growth rates of 5-10m/s,
relevant growth times are in the range of 25 to 50us to obtain extension radiuses in
the range of 100-500um. The extended microlayer is typically reported with a thick-
ness of the order of 1-5 um. Based on evaporation from pure conduction during such
time scales, 10% or less of the thickness of the extended microlayer would be affected.
Therefore, thermal effects, including the effect of mass transfer, on the motion of the
contact line at short time scales - see for example [87], are not included in the scope
of the present work. Mesh dependence of moving contact lines simulations with grid

size [74], [112], [3] is reported elsewhere [1].

Time-dependent volumetric source of vapor in the vapor phase

We include a time-dependent volumetric source of vapor within the vapor phase to
reproduce the growth observed in lab experiments. The source of vapor fuels bubble
growth uniformly inside the bubble, and pushes the macroscopic liquid vapor inter-
face at the desired rate Uy, hence reproducing the hydrodynamics of hemispherical
bubble growth at the wall. A time-dependence of the source is necessary to repro-
duce the sustained growth of the bubble as its volume increases. For a given constant

bubble growth rate U, (U, = dR,/dt) during the initial inertia-controlled phase of
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Figure 3-2: Fraction of microlayer thickness [%] that evaporates, for various growth
times: 1us (solid line), 10us (dash-dotted line), 100us (dashed line), and various layer
thicknesses dy (x-axis). The wall superheat is fixed to typical values of 1K (a) and
10K (b).

bubble growth, one can compute the volumetric growth rate dV}/dt of the equivalent

hemispherical bubble as follows:

dVy/dt = 27 R} (dRy/dt) = 2w RyU, (3.19)

The rate of change of the equivalent hemispherical bubble dV};/dt is obtained by

imposing a volumetric source term G, in the vapor phase of volume Vj:
G,V = dV,/dt (3.20)

Rearranging Eq. 3.20 we obtain an explicit expression for the volumetric source

term Gv to impose in the vapor phase:
G, = (d‘/b/dt)/‘/b = 3Ub/(Rb70 + U(ﬂf) (321)

Note the volumetric source term G, is uniform in space within the vapor phase at

all times, yet time dependent, and function of three parameters: the bubble growth

102



rate U, known from experiments or derived from Mikic’s theory [71], the initial bubble
radius Ry prescribed during the initialization of the numerical simulation, and the
physical time t. Another method was also investigated and is reported in Appendix

B.

3.2.3 Method verification in the absence of a wall (spherical

bubble growth)

The implementation of the volumetric source term in axisymmetric configuration
in Gerris is verified for the special case of a spherical bubble growth in a (semi)-
infinite medium - see Figure 3-3 (Setup A, Table 3.2). The volume and shape of the
bubble can be compared to its simple analytical and spherical reference. Second order

convergence with grid size is obtained - see Figure 3-5.

3.2.4 Method verification in the presence of a wall (hemi-

spherical bubble growth)

We also verify the convergence of the proposed method in the presence of a wall - see
Figure 7?7. Two figures of merit are considered: the shape of the liquid microlayer
forming at the wall, and the macroscopic bubble growth rate obtained from imposing
the volumetric source of vapor inside the bubble. Four simulations of bubble growth
at a wall are reported here (Setup B, Table 3.2), with increased refinement in the
microlayer region: dXmicro/Rpo= 1/40, 1/80, 1/160, 1/320 (Rpo = 10pm, the initial
bubble radius), specifically in a band of 4um at the wall. Refinement elsewhere at
the interface is kept identical: dXmacro/ Rpo=1/10. All four simulations yield identical
macroscopic bubbles shapes - see Figure 3-8(a). In Figure 3-8(b), the microlayer
shape converges to a single profile as we refine the mesh in the microlayer region,

from dx,p;ero=250nm down to 125nm, 62.5nm, and 31.25nm.

With such refinement dx,,q.ro at the macroscopic interface, the bubble growth rate

obtained numerically is 4.87m/s (vs 5.0m/s), a 2.6% difference between desired and
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Figure 3-3: Computational domain to verify correct implementation of the volumetric
source of vapor to control the macroscopic growth of the bubble in the absence of a

wall
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Figure 3-4: Norm of velocity (top row): red is Uy, blue is 0 [m/s|. Mesh and velocity
field (bottom row), in the vicinity of the wall confirm spherical growth. Four levels of
refinement at the interface are used: from coarse (left column) to very refined (right).

(Setup A, Table 3.2)
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Figure 3-5: Bubble radius R, as a function of time (a), for three refinements at
the interface: dx/R,(t = 0)=1/16, 1/32, 1/64, 1/128. Second order convergence is
obtained as we refine the mesh (b), using the proposed volumetric source in the vapor
phase to drive bubble growth at rate Uy. (Setup A, Table 3.2)
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Figure 3-6: Computational domain to verify correct implementation of the volumetric
source of vapor to control the macroscopic growth of the bubble in the presence of a
wall.
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Figure 3-7: Norm of velocity (top row): red is Uy, blue is 0 [m/s]. Mesh and velocity
field (bottom row), in the vicinity of the wall. Four levels of refinement at the interface

are used: from coarse (left column) to very refined (right): dx/Rb0=1/40 (a)(e), 1/80
(b)(f), 1/160, 1/320. (Setup B, Table 3.1).
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Figure 3-8: Axisymmetric shapes of the macroscopic bubble (a) and liquid micro-
layer (b) obtained in four simulations of bubble growth at a wall, with increased
refinement in the microlayer region (band of 4microns at the wall of increased refine-
ment: dXiero/Rpo= 1/40, 1/80, 1/160, 1/320), while the refinement elsewhere at the
interface is kept identical (dXmacro/ Rp0=1/10, Ry = 10pm). (Setup B, Table 3.2)
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Figure 3-9: Equivalent bubble radius as a function of time for four simulations of
bubble growth at a wall, with increased refinement in the microlayer region (band of
4microns at the wall of increased refinement: dx,;.ro/Rpo0= 1/40, 1/80, 1/160, 1/320),
while the refinement elsewhere at interface is kept identical (dXmaero/Rb0=1/10,
Ry o = 10pum). (Setup B, Table 3.1)

numerically obtained growth rates - see Figure 3-9.
The error in bubble growth rate can be reduced by further refinement at the
macroscopic interface - see Figure 3-10. First order convergence with grid size at the

bubble interface is obtained - see Figure 3-11.
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Figure 3-10: Equivalent bubble radius as a function of time for three simulations of
bubble growth at a wall, with increased refinement in the macroscopic region of the
interface (away from a band of 4microns at the wall of refinement dx,,icro/ Rpo=1/40):
AXnacro/ Ry0=1/10, 1/20, 1/40 (Ryo = 10um). (Setup C, Table 3.2)
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Figure 3-11: Convergence of the error in apparent bubble growth rate with refinement
of the mesh at the interface (solid dot). First order convergence is obtained (dashed
line). (Setup C, Table 3.2)

3.3 Qualitative results

3.3.1 Multi-scale modeling

Four regions (and scales) can be identified based on the curvature s of the interface

- see Figure 3-12 below:
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1. the contact line region where the interface meets the wall (negative curvature)
2. the central linear region of the liquid microlayer (= zero curvature)

3. the transition region from the central linear region to the macroscopic bubble

(maximum curvature)

4. the macroscopic hemispherical bubble cap (uniform curvature along the inter-

face)

K
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3.500e-02
2.500e-02
1.500e-02
5.000e-03

-5.000e-03

EXTENDED CONTACT, -1 -02
MICROALAYER LINE 500e-0

BUBELE
CAP <

BUBBLE
NOSE

-2.500e-02

= —C =
\ -3.500e-02
- ‘j: -4.500e-02
I
I

Figure 3-12: Typical axisymmetric shape of a growing bubble at a wall. Interface is
solid black line. Curvature « is given by the colormap: blue in the contact line region
is negative curvature (minimum reached at the contact point k=-0.66 [1/um]), green
in the central linear region is approaching zero curvature (k ~ 1073 [1/um]), red at the
bubble nose is maximum curvature (k = 5.8 1072 [1/um]), and yellow is the uniform
curvature along the interface at the bubble cap as the bubble grows hemispherically
(k ~ 1.51072 [1/pm]). The range used in the color map does not reflect the maximum
positive value and minimum negative value taken by the curvature, but rather is
centered around 0 to allow easier identification of all four regions, also denoted in the
image with direct labeling.
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3.3.2 Reducing the parameter space

The fluid of interest is water, used as a coolant in PWRs (15.5 MPa), but also in
lab experiments (0.101 MPa). The parameter space in Table 3.1 gives ranges for
all dimensionless groups in both conditions, namely density ratio, viscosity ratio,
capillary number, and contact angle.

The viscosity ratio varies between 3.2 and 23.3 (-), while the density ratio varies
between 5.9 and 1650 (-). We perform simulation with all four bounding values for
both viscosity and density ratios.

The computational domain used is identical as the one shown in Figure 3-6, except
the size of the computational domain is increased to 128um (Setup F, Table 3.2).
The finest mesh size is 250nm (dZmero/ R0 = 1/40) and is imposed at the interface.
Elsewhere in the domain, the largest mesh size is coarsened up to 16mum away from
the interface.

We note the weak dependence of the microlayer shape within both ranges of interest
of viscosity and density ratios - see Figure 3-13(a) and (b). This is expected since the
properties of the liquid phase affect the hydrodynamics of this problem much more
than those of the vapor phase, which in practice can be considered as an inviscid and
massless fluid.

Therefore, in the rest of the study, we will no longer consider the dependence of the

microlayer formation on the viscosity and density ratios, which greatly simplifies to:

5 = f(r*,t*, Ca, 0az) (3.22)

3.3.3 Physical justification of trends observed

Before exploring the parameter space of interest - Table 3.1, we first analyze trends
on a small sample of capillary numbers and contact angles: Ca € {0.02, 0.2} and
Oa, € {25°, 85°} (dz = 100nm), for times t* € {250, 1000}. Dimensionless times

are picked here to be representative of microlayer thickness profiles reported in most
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Figure 3-13: Microlayer shapes for the bounding values of viscosity ratio (a) and
density ratio (b). Simulation properties: Ca=1.0, 64, = 50° (dz = 250nm), (Setup
F, Table 3.2)

recent experiments (Reference: unpublished work from Jung and Kim, 2016). All
eight simulation results are presented in Figure 3-14.

The size of the computational domain is increased to 500um, the initial bubble radius
is 6.4um (Rpo/r. = 64, r. = 0.1pum). The finest mesh size is of 100nm (dzmicro/ Roo =
1/64) and is imposed in a band of 4um of thickness at the wall. Elsewhere at the
interface, the mesh size is four times larger (dzeero/ R0 = 1/16) (Setup G, Table
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3.2).
Fluid properties are fixed in the range of interest. Trends are discussed in Table 3.3,

for each of the dimensionless groups Ca, 64,, and t*.

*
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85=25"T g =20
o [2
10 10
]
oLL7 0
0 500 1000 0 500 1000
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Figure 3-14: Typical microlayer shapes: 0* = f(r*), for fixed combinations of (Ca,
Oz, t*) Top row corresponds to 04, = 25° (dx = 100nm), bottom row to 6y, = 85°
(dz = 100nm). Left column corresponds to t* = 250, right column to ¢* = 1000. Two
capillary numbers are shown for each panel: Ca = 0.2 (dash line), and Ca = 0.02

(solid line). In all simulations, reference length scale r. = 0.1um, and reference time
scale t. = 0.050us. (Setup G, Table 3.2).

3.3.4 Self-similarities in the central region (micron-scale)

In the central region, we find the microlayer shape to be linear of slope C (-) decreasing

with the square root of time - see Figure 3-16. Consequently, self-similar profiles in the
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Figure 3-15: Typical microlayer axisymmetric shapes: 0% = f(r*), for t*=1000,
Ca=0.2, and 04,=25° (red dashed line), and 64,=85° (solid black line). dz*=1 (-
) in the band ¢* < 40 (-). . = 0.1um, t. = 0.050us. Away from the bulge region,
both shapes are identical. (Setup G, Table 3.2).
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II-GROUP

OBSERVATION

PHYSICAL JUSTIFICATIONS

Capillary
number Ca

Higher Ca yields
thicker microlayer
(for a given con-
tact angle and
time).

At higher capillary number, higher expansion velocity
and/or viscosity yield higher viscous stresses near the
wall, which result in higher entrainment of liquid in the
microlayer. To illustrate this point, we note in an earlier
work where the surface tension force dominates over vis-
cous stresses, Bretherton (Bretherton, 1961) investigated
the formation of a thin liquid film when a bubble moves
at small Ca in a capillary tube and obtained the dimen-
sionless thickness of the thin liquid layer left between
the bubble and the wall to increase with increasing Ca
(Ca?/3 scaling law).

Contact an-
gle 0Oax (at
scale dXmicro)

i. Higher contact
angle reduces the
wetted  fraction
underneath  the
bubble (for a
given capillary
number and time)

ii. Higher contact
angle does not
affect the slope of
the central region
away from the
bulge, provided
the central region
is formed - see
Figure 77

i. The radial component of the surface tension force
applied to the liquid wedge (o kcos(#), with 6 contact
angle, and k < 0 at the contact line) decreases in
magnitude for increasing contact angle. As a result, the
contact line moves faster at higher contact angles, and
the wetted fraction underneath the bubble is reduced.

ii. The expansion of a circular hole in a viscous sheet of
liquid has been thoroughly investigate: [103], [8], [92],
[35], [4]. For low Ohnesorge numbers (Oh = p;/\/0p,0)
), fluid motion is concentrated near the tip of the hole
where fluid builds up in a so-called bulge or rim, while
the rest of sheet is not affected. Three regimes are
identified: Oh < 0.1, Oh € [0.1; 10], and Oh > 10.
As Oh increases, the capillary waves found at the tip
disappear through the action of viscosity. In the cases
shown in Figure 7?7, the thickness of the film is in the
range of lum to Tum, and Oh ranges from 0.002 to
0.04. All simulation results are in the first regime where
capillary waves are expected in the vicinity of the tip,
and damped away from the tip due to viscous effect,
leaving the rest of the extended liquid layer unaffected
by the motion at the rim.

Dimensionless
time ¢*

The slope of the
central linear re-
gion of the lig-
uid microlayer de-
creases over time

The curvature at the rim, and thus the resulting capil-
lary pressure at the rim, pushes the liquid outwards and
depletes the liquid microlayer with time.

Table 3.3: Qualitative results: typical microlayer results 0* = f(r*), for fixed combi-
nations of (6y., Ca, t*). Trends observed and physical justifications.
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Figure 3-16: Time-evolution of the slope of central linear region of the microlayer:
do*/dr* = dd/dr = f(t*) (black dots), for Ca=0.2, §4,=25°(dx=100nm), and t* €
[250; 5000]. 1/+/t* scaling added for reference (red line). (Setup G, Table 3.2).

central region of the microlayer (micron scale) are obtained in Figure 3-17 showing
§*/Vtr = f(r*/t*), for Ca=0.020 in Fig. 3-17c and Ca=0.2 in Fig. 3-17d, times
t* € [250,5000], and 04,=25°(dx=100nm).

3.3.5 Self similarities in the bulge region (sub-micron to mi-

cron scale)

In all four conditions in Figure 3-14, we note the formation of a bulge at the inner
edge of the microlayer, where the surface tension force acts against the viscous force
at the wall and pushes the contact line outwards, similar to the classic hole expansion
problem [92]. As consequence to this dewetting process, fluid builds up and forms the
observed bulge at the inner edge of the microlayer. It is particularly apparent for the
cases CASE1: {Ca=0.020, 04,=25°(dx=100nm)}, and CASE2: {Ca=0.200, 64,=85°
(dx=100nm)}, where the bulge fully forms within ¢* < 1000 as shown in Figure 3-14.
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Figure 3-17: Axisymmetric profiles in the microlayer region: ¢* = f(r*) for C'a=0.020
(a) and Ca=0.2 (c), for times t* € [250,5000] (profiles move outwards as time t*
increases), 04,=25deg. Self-similar profiles in the central region of the microlayer
(micron scale): 6*/vt* = f(r*/t*) for Ca=0.020 (c) and Ca=0.2 (d), for times
t* € [250,5000], 04 = 25° (Setup G, Table 3.2).

CASE1 and CASE2 are analyzed in more details in Figures 3-18 and 3-19, respec-
tively, for times t* € [500;2500]. Time series are shown in Figure 3-18(a) and 3-19(a).
The definition of so-called top location and neck location at the bulge are shown in
Figure 3-18(b) and Figure 3-19(b), and self-similar profiles at the submicron to micron
scale of the bulge are shown in Figure 3-18(c) and Figure 3-19(c), respectively. The
definition of these two scaling parameters is sufficient to obtain self-similar profiles of

the bulge.

At high Ca and low contact angle, the bulge barely forms as the contact line does
not move significantly, hence only collecting a limited amount of liquid in the rim.
At low Ca and high contact angle, the bulge barely forms as the contact line tends

to move as fast as the edge of the macroscopic bubble, leaving no microlayer behind.

Variations of the self-similar shape with contact angle is reported in Figure 3-20 for

reference. A systematic quantitative assessment of the wetted fraction underneath
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Figure 3-18: Details on bulge formation at low Ca, low contact angle: time series (a),
definition of top location and neck location at the bulge (b), and self-similar profiles
at the submicron to micron scale of the bulge (c), for Ca=0.020, §4,=25°dx=100nm),
t* € [500,2500]. (Setup G, Table 3.2).

the bubble is discussed in the following section.
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Figure 3-19: Details on bulge formation at low Ca, low contact angle: time series (a),
definition of top location and neck location at the bulge (b), and self-similar profiles
at the submicron to micron scale of the bulge (c), for Ca=0.200, 04,=85°(dx=100nm),
t* € [500,2500]. (Setup G, Table 3.2).
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Figure 3-20: Self-similar profiles at the submicron to micron scale of the bulge for
Ca=0.020 for and different angles 64,=20° (black square), 40° (red circle), 60° (green
triangle) and 80° (blue star), dx=100nm, t*=2500. (Setup G, Table 3.2).

3.4 Systematic study and microlayer formation model

We consider the extended microlayer region [36] that predominantly contributes to
wall heat flux underneath the bubble during nucleate boiling, where the layer is very
thin (of the order of few microns or less), and very long in the radial direction (hun-
dreds of microns). The extended microlayer region extends from a bulge at the inner
edge of the microlayer up to the bubble nose where the curvature peaks, and from
which the thickness increases very rapidly, hence contributing much less to the wall
heat flux (conduction heat flux through the liquid layer: ¢" o 1/8). The shape of the
extended microlayer in the central region is found to be linear: §* = §; + Cr*, with

0 the y-intercept of the linear thickness profile, and C the slope.

To obtain a generally applicable model for microlayer formation, three characteristics

need to be modeled as a function of (Ca, 04y, t*): (i) the position of the inner edge of
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the microlayer 7,,;,, or similarly since the extension radius of the macroscopic bub-
ble 7pae is known, the wetted fraction underneath the bubble a* = (1 — pin/Tmaz ),
(ii) the linear shape of the extended microlayer, and (iii) the extension radius of the

microlayer.

3.4.1 Wetted fraction underneath the bubble
Map of a* = (1 - Tmin/rma:c) - f(edxa t, CCZ)

We here systematically report the wetted fraction underneath the bubble for a wide
range of parameters covering the parameter space of interest (Setup H, Table 3.2).
We report contours of the wetted fraction at times ¢*=100, 500, 1000, in Figures 3-21,

3-22, and 3-23, respectively. Physical justifications are provided below:

e Time-dependence: for all (f4,, Ca) considered, o* increases over time. As the
bubble grows, the capillary number of the contact line Cay is always smaller
than the capillary number of the macroscopic bubble Ca - see Figure 3-25, hence

the increase of wetted fraction underneath the bubble.

e Ca-dependence: for all (f4x, t*) considered, a* increases with higher Ca. The
dimensionless velocity of the contact line U} (=Ca./Ca) decreases as Ca in-

creases - see Figure 3-26, hence the increase of wetted fraction underneath the

bubble.

e Og-dependence: for all (Ca, t*) considered, a* decreases with higher contact
angle. The radial component of the surface tension force applied to the liquid
wedge decreases in magnitude for increasing contact angle, hence reducing the

wetted fraction underneath the bubble.

Systematic quantification of Ca,=f(04x, t*, Ca), the capillary number as-

sociated with contact line motion.

e Scaling of Cay with Ca for 63,=90° (dx=100nm).

Past an initial transient, and for the case of 04,=90° (dx=100nm), the rim at
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Figure 3-21: Wetted fraction contours a*=0.1, 0.2, 0.3, 0.4, 0.5 in the (64, Ca) space
t* = 100. Simulated conditions are designated by round grey dots. (Setup H, Table
3.2)
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Figure 3-22: Wetted fraction contours a*= 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 in the (fux,

Ca) space at t* = 500. Simulated conditions are designated by round grey dots.
(Setup H, Table 3.2)
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Cal]

Figure 3-23: Wetted fraction contours a*= 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 in the
(Aax, Ca) space at t* = 1000. Simulated conditions are designated by round grey dots.
(Setup H, Table 3.2)

the inner edge of the microlayer is found to move at a constant speed U, - see
position of the contact point (black dots) and linear fit (red dashed lines) in
Figure 3-24 below (Setup I, Table 3.2).

A thorough analysis of viscous sheet retraction dynamics can be found in [92].
In the simulation results presented here, we estimate the Ohnesorge number Oh
to be very small compared to unity. Oh is defined as the ratio between viscous

resistance holding the rim back to the surface tension force pushing it outwards:

Oh = /Ll/\/épl(f (323)

Oh << 1 in all simulations presented here.

In this regime of low Oh, we estimate the characteristic time scale associated
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with the initial retraction of the rim, 7;,,/t. &~ 30 (-) throughout all simulations:

Tinw = \/p1H? /0 (3.24)

with H =~ 1um. Consequently, all results presented for ¢* > 200 >> 7} are

mu

well past the initial retraction transient.

We define a capillary number Ca, based on the contact line velocity Ug:
Cay = wUy/o, and plot it in Figure 3-25 as a function of Ca, the macro-
scopic capillary number associated with bubble growth. Interestingly, we note
that the capillary number of the contact line scales as the harmonic mean be-
tween the macroscopic capillary number Ca and a capillary number C,,=0.081
obtained numerically, which represents the asymptotic value that the capillary

number of the contact line approaches at high Ca:

Ca—1, (Ca>>Cy): Cayg — Cx (3.25)

In Figure 3-26 we plot the dimensionless velocity of the contact line U} =
Cay/Ca as a function of Ca for convenience, and confirm that Ca, scales with
Ca at low Ca:

Ca—0, (Ca<<Cy): Cayg xCa (3.26)

Scaling of C'a. with Ca for various 64y

As the contact angle is decreased, the surface tension force pushing the liquid
bulge is impeded, and the maximum asymptotic capillary number C, that it
reaches as Ca tends to unity is then also decreased, see Figures 3-27 and 3-28
(Setup J and K, resp., Table 3.2). In fact, as the contact angle tends to 0,
the contact line velocity should also tend to zero, with no possible motion. In

Figure 3-28, we report the variation of C,, obtained numerically with contact
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Figure 3-24: Time evolution of the contact point position at the wall, for 63,=90°

(dx=100nm), and various Ca: Ca= 0.002 (a), 0.004 (b), 0.006 (c), 0.008 (d), 0.01

(e), 0.02 (f), 0.04 (g), 0.06 (h), 0.08 (i), 0.1 (j), 0.2 (k), 0.4 (1), 0.6 (m), 0.8 (n), 1.0

(0). (Setup I, Table 3.2).
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Figure 3-25: Capillary number Ca,, (black dots) associated with the motion of the
contact line (obtained numerically), as a function of the macroscopic capillary number
Ca associated with bubble growth. The fit of the numerical results to a harmonic
mean between two capillary numbers Ca and Cu.: Cayg = 1/(1/C_infty +1/Ca) is
provided (blue solid line). The constant C, obtained during the fitting is also plotted
(green dashed line) and corresponds to the asymptotic value Ca, tends to as Ca — 1.
Cag scales with Ca at very low Ca (Ca << 1, Ca < Cy). (Setup I, Table 3.2).
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Figure 3-26: Dimensionless velocity of the contact line U} (= Cay/Ca) (black dots)
associated with the motion of the contact line (obtained numerically), as a function
of the macroscopic capillary number Ca associated with bubble growth. The fit of
the numerical results to a harmonic mean between two capillary numbers Ca and
Cw: Cag/Ca = 1/(Ca/Cy + 1) is provided (red solid line). The constant C.,
obtained during the fitting is also plotted (green dashed line) and corresponds to
the asymptotic value Cay tends to as Ca — 1. Cay scales with Ca at very low Ca
(Ca << 1, Ca < Cy). (Setup I, Table 3.2).
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angle, and find a cubic fit in the form of:
Coo = 0.0203 , (with 64y in rad) (3.27)

Such scaling is consistent with the asymptotic value: Cy, — 0 as fg, — 0. At
low Ca, Ca, scales as a Ca/Cy, with Cy a constant obtained numerically that is
unity for #3,=90°, and larger than unity as the contact angle is decreased, which
is consistent with the motion of the contact line being impeded at lower contact

angle. In Figure 3-29, we correlate our data to a simple linear dependence:
Co=1—152 (0ax — 7/2), (with g in rads) (3.28)

that is consistent with Cy=1 for 04 = 7/2 [rad].

Liquid build-up at the rim during microlayer formation. We here provide results
on the shapes of bulges obtained for a fixed contact angle dz=90°(dz = 100nm),
for a wide range of Ca - see Figures 3-30 to 3-39 (Setup L, Table 3.2).
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Figure 3-27: Capillary number Ca,, (black dots) associated with the motion of the
contact line (obtained numerically), as a function of the macroscopic capillary number
Ca associated with bubble growth, for 04,=80°(a), 60°(b) and 40°(c).
the numerical results Ca, with an harmonic mean between Ca and C.: Cay =
1/(1/Cx + Cy/Ca), with C and Cy fitting parameters, is provided (blue solid line).
The constant Cy, obtained during the fitting is also plotted (green dashed line) and
corresponds to the asymptotic value C'ay tends to as Ca — 1. Ca, scales with C'a/Cy

at very low Ca (Ca << 1,Ca/Cy < Cx). (Setup J, Table 3.2).
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Figure 3-28: Asymptotic capillary number of the contact line C,, (black dots) as a
function of f4, (dx=100nm), obtained from fitting numerical results on Ca, with
an harmonic mean: Cay = 1/(1/Cyx + Cy/Ca). A cubic fit (red dash line) seems
to describe the data well, and converges asymptotically to 0 as Ca tends to 0 (the

contact line would asymptotically stop moving as its contact angle approaches zero).
(Setup K, Table 3.2).
(L]
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Figure 3-29: Weighting coefficient C (black dots) as a function of 04, (dx=100nm),
obtained from fitting numerical results on Ca, with a harmonic mean: Cay =
1/(1/Cx + Cy/Ca). A linear fit (red dash line) seems to describe the data well.
(Setup K, Table 3.2).
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Figure 3-30: Time series of bulge formation: ¢* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.002 (Setup L, Table 3.2).
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Figure 3-31: Time series of bulge formation: 0* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.004 (Setup L, Table 3.2).
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Figure 3-32: Time series of bulge formation: ¢* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.006 (Setup L, Table 3.2).
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Figure 3-33: Time series of bulge formation: ¢* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.008 (Setup L, Table 3.2).
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Figure 3-34: Time series of bulge formation: 6* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.01 (Setup L, Table 3.2).
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Figure 3-35: Time series of bulge formation: 0* (y-axis), r* (x-axis), for dez = 90°
(dz = 100nm) and Ca=0.02 (Setup L, Table 3.2).
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Figure 3-36: Time series of bulge formation: 0* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.04 (Setup L, Table 3.2).
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Figure 3-37: Time series of bulge formation: 0* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.06 (Setup L, Table 3.2).
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Figure 3-38: Time series of bulge formation: ¢* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.08 (Setup L, Table 3.2).
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Figure 3-39: Time series of bulge formation: 0* (y-axis), r* (x-axis), for dz = 90°
(dz = 100nm) and Ca=0.1 (Setup L, Table 3.2).

3.4.2 Linear shape of the extended microlayer
Scaling of (65, C) = f(t*,Ca)

For times t* > 50, the microlayer is well formed at the wall at it is possible to
accurately fit the central region with a linear profile - see Figures 3-40, 3-41, 3-42 and
3-43 and in Appendix C:

0" =95+ Cr” (3.29)

Numerical results of microlayer shape at the wall can accurately be fitted to a
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Figure 3-40: Profile (black dots) of the bubble (a) and microlayer (b), and the fitting
performed in the central linear region (green dashed line), for Ca=0.004, dz = 10°
(dz = 1/32um).
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Ca=0.01, #=10°, t=28us
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Figure 3-41: Profile (black dots) of the bubble (a) and microlayer (b), and the fitting
performed in the central linear region (green dashed line), for Ca=0.004, dz = 10°
(dx = 1/32um).
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Ca=0.04, 6=10°, t=28.s
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Figure 3-42: Profile (black dots) of the bubble (a) and microlayer (b), and the fitting
performed in the central linear region (green dashed line), for Ca=0.004, dz = 10°
(dx = 1/32um).
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Ca=0.1, #=10°, t=28us
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Figure 3-43: Profile (black dots) of the bubble (a) and microlayer (b), and the fitting
performed in the central linear region (green dashed line), for Ca=0.004, dz = 10°
(dz = 1/32um).
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linear profile in its central extended region. From this fitting of our numerical results,
we obtain the scaling of both parameters (o5, C') with Ca - see Figure 3-44 (a) and
(b), respectively (Setup M, Table 3.2). Interestingly, both parameters scale with
v/Ca, which is consistent with qualitative trends discussed earlier: higher capillary

numbers yield thicker layers. More specifically, we obtain:

§5(t* = 140) = 0.716v/Ca (3.30)
C(t* = 140) = 0.042v/Ca (3.31)

Based on section 3.3.4 (Self-similarities in the central region), we obtain the general

scaling with both time and Ca:

Vt* > 50, (no earlier fitting was reliable), ¥Ca € [107°,0.1] :

(3.32)

55 = 0.716v/Cay/t* /140
Vt* > 50, (no earlier fitting was reliable), ¥Ca € [107°,0.1] : (3.53)
3.33

C = 0.042v/Ca/\/t /140

Or more explicitly:

Vt* > 50, (no earlier fitting was reliable), VCa € [107°,0.1] : (3.34)
3.34

55 = 0.06v/Cav/t*
Vt* > 50, (no earlier fitting was reliable), VCa € [107°,0.1] : (3.35)
3.35

C = 0.5V/Ca/V1t*

We gain new insight on the actual y-intercept of the linear profile used to model the

extended liquid microlayer in the central region underneath the bubble:

e At high Ca, Ca = 0.1, t* = 100, dp/r. = 0.2: the y-intercept is not negligible

compared to 7.

e At low Ca, Ca = 0.001, t* = 100, dg/r. = 0.02: the y-intercept is negligible
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Figure 3-44: Scaling of dy/r.(a) and C (=dd/dr) (b), the two dimensionless parameters
(black dots) describing the central linear region of the extended microlayer, with v/Ca
(dashed red line). t* = 140, 04,=10°(dx=31.25nm). (Setup M, Table 3.2).

compared to r., and the linear profile could be modeled as a linear wedge of

liquid extending from the origin (0,0).
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Comparison with existing models and data

e Existing analytical model
These results are consistent with [16] who obtained an analytical expression for

the slope, noted C,,,, of the linear profile:
Couna = C*uit /Ry, with Ry = Uyt and v; = /1. (3.36)
Rearranging Eq. 3.36, we obtain:
Cana = C'\/ it/ (U2t) = C*\/Ca t./t = C'*\/Ca/VE* (3.37)

with C* in the range of 0.3-1.0 in [16].

e Existing experimental data
Recent advances in microlayer thickness measurements at different radial loca-
tions and short time scales [114] uncovered two regimes based on Bond number

Bo - see Figure 3-45, defined as:
Bo = pr?U/to (3.38)
Rearrangement of Eq. 3.38, Bo yields:
Bo = pU%U/o = Ut/r. = t/t. = t* (3.39)
Results from [114] can be rearranged in the following form:
Bo < 13 (t* < 13) : C.pp = 6/ Ry = 0.13V/Ca/Vt*Bo™*® (3.40)
where C;, denotes the slope of the microlayer profile in the central linear region.

Bo > 13 (t* > 13) : Oy = 0.34V/Ca/Vt* (3.41)
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In practice, the time scale associated with this initial transient (¢* < 13) is very
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Figure 3-45: Initial microlayer thickness (made dimensionless with boundary layer
thickness) versus Bond number [114]

small compared to the time scale of microlayer formation. In our simulations,
microlayer formation lasts for tens of us, which is over two order of magni-
tudes longer than the duration of the initial transient (¢* = 13 corresponds to
t =0.65us). We use Eq. 3.41 to compare experimental results with our results
obtained numerically, and confirm same functional form (C o v/Ca/v/t*), and
similar magnitudes: 0.34 (-) is obtained experimentally, 0.5 (-) is obtained nu-
merically. Note experimental results spread between 0.25 and 0.5 (-) in Figure

3-45.

e Unpublished experimental data
Most recent (and currently not published yet) experimental data from S. Jung
& Prof. H. Kim, following previous work [46] [47], provides measurement of the

microlayer shape (slope C,y.2) for boiling water at 0.101MPa, ¢ = 209kW /m?,
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ATy = 11.7°C):

Uy(t = 0.41ms) =~ 4.1 (m/s
! ! ) (3.42)
Cea:p,2(t = 041m3) =~ 0.0039 (_)

The model presented above predicts C“emg = 0.0033, a 16.5% difference with
the measured slope C¢,p 2. Note the prediction is sensitive to the bubble growth
rate: for a change in U, of 10%, the difference between predicted and measured
slopes decreases from 16.5% to 7.2%. Also note that the uncertainty in the

experimental measurement of the slope is not reported yet.

A remarkable result: microlayer slope independant of Ca

Rearranging Eq. (3.35) using t* = t/t. = pUt/o and Ca=y,U,/c we obtain:

C = 0.5\/ 1/ (pURt) = 0.5/t (3.43)

with ¢** = t/t.s, and t.o = u;/(pU?). Eq. (3.43) shows that the slope of the central
region of the liquid microlayer that forms at the wall is independent of Ca - also shown
in Figure 3-46. In practice, fluid properties (p;, p;) are known. The bubble growth
rate U, then constitutes the single parameter needed to predict the slope of the liquid
microlayer at the end of the inertia-limited phase of bubble growth during nucleate

boiling, which is required in the initialization of current nucleate boiling simulations.

*

3.4.3 The extension radius r},,

We obtain from numerical simulations the radial location of the maximum of curvature
at the interface, noted r,,, from which the thickness of the layer rapidly increases
as it meets the macroscopic bubble cap at the bubble nose. The location of the
maximum curvature can be normalized by the radius of the macroscopic bubble 7,4,
for various Ca in the range of 1072 to 0.1, and times ¢* from 40 to 200 - see Figure 3-47
(Setup M, Table 3.2). The normalized location ryu;/Tma. lies in the 0.9-0.95 range,
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Figure 3-46: Plot of microlayer slope as a function of t** = t/{u;/(pU?)}, for all
simulated cases: Ca=0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, 0.009,
0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1. Identical scaling with Cooper
and Lloyd [16] (C oc 1//t**) is obtained (dash line).

for all times ¢* and Ca. The value of 0.9 is kept as a lower bound estimate. Using
the characteristic length scale 7., and since 7,4, = Rpo + Ust, we obtain an estimate

of the dimensionless extension radius of the extended microlayer region:

T:ut = (Tout/rmax)(rmax/rc) ~ 0-9(Rb70/7’c + t*> (344)

3.5 Conclusions

In this work, we used Computational Fluid Dynamics with Interface Tracking Meth-
ods to numerically reproduce the hydrodynamics of bubble growth at a wall, and
resolve the formation of the liquid microlayer at the wall with unprecedented res-
olution in space and time. The fluid considered was water in lab experiment and

pressurized water reactor conditions. We identified the minimum set of dimensionless
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Figure 3-47: Radial location of the maximum of curvature at the interface r,,;, nor-
malized by the radial extension of the macroscopic bubble 7,,.., for various Ca in the
range of 1073 to 0.1, for times ¢*=40 (squares), 80 (>), 120 (<), 160 (o), 200 (+).
The normalized location lies in the 0.9-0.95 range for all ¢* and Ca considered. (Setup
M, Table 3.2).

parameters that controls microlayer formation, and reduced the parameter space for

the conditions and fluids of interest:
0/re = f(r/re,t/te, Ca,fay) (3.45)

With ¢ the shape of the extended liquid microlayer.

We generated a large numerical database that discretizes the parameter space of
interest, and built a generally applicable model for microlayer formation, to be used

during the initialization of boiling simulations:

1. The wetted fraction underneath the bubble, o = (1—7yin/Tmaz) = f(fax, t*, Ca),
informs the presence (or absence) of liquid microlayer underneath a growing

bubble, for a given (f4x,t*, Ca) condition - see maps in Figure 3-18; 3-19, 3-20.
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r

2. The central linear region of the microlayer 6* = 5 + Cr*, for r* € [r%,,., 5.,

*
min

with 7 . the position of the inner edge and r} , its extension radius:

55 = 0.06vCav/t* (3.46)
C =0.5VCa/Vt* (3.47)

3. An estimate of the extension radius r7,, of the liquid microlayer:

T:ut ~ O'Q(Rb,O/Tc + t*) (348)

Comparison with previous work, both analytical [16] and experimental [114], show

similar scaling of the central linear region, whose slope is found to be independent of

Ca:
C =0.5/Vt (3.49)

with t** = ¢/t.5 and t.o = u/(pU?). Note that our numerical database is much

broader than any experimental conditions previously explored.

In addition, this model provides an estimate of the extension radius of the extended
microlayer, and maps of wetted fractions (based on hydrodynamics of the contact
line) underneath the bubble at different times, and for the wide range of Ca and 64y
(dx=100nm) of interest. Future work could further investigate additional effects such
as thermal effects and mass transfer at the contact line that may modify the wetted
fraction underneath the bubble. A physical mobility law § = f(Ca) could also be

used in replacement of the static contact angle used in this study.

This general model on microlayer formation resolves the initial and rapid phase of
bubble growth in nucleate boiling, called inertia-controlled phase, which lasts a frac-

tion of a milliseconds in the case of water at 0.101MPa. The following phase of
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Figure 3-48: Sketch of the hemispherical bubble growing in the presence of an external
flow

bubble growth, the thermal diffusion controlled phase, is much slower and lasts tens
of milliseconds in the case of water at 0.101MPa. In practice, the present model
allows initializing boiling simulations at the end of the rapid inertia-controlled phase

of bubble growth during which the microlayer forms.

3.6 Towards a microlayer formation model in the

presence of an external flow

In the presence of an external flow along the y-axis - see Figure 3-48, the dynamic
pressure associated with the external flow may affects bubble growth dynamics. In
an elementary surface dS at the interface, the superposition of forces normal to the

interface can be written as:

dFiniow, 1 = AFpofiow, 1 + AFfiow, 1 (3.50)
with
= 1
dFhoflow, . = EplUﬁnoﬂow dS figs (3.51)
and
= 1
AFiow, 1 = 5o Vigw A5 < Tlas - now > Tlas (3.52)
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Expanding the scalar product we obtain:

. 1 B
dFyithflow, L = DI U votiowd ! + (Viiow/ Ub,nofiow)“cos(0) cos () }dS 7igs (3.53)

3.6.1 Expansion velocity U nofiow

Rayleigh [86] carried out the first analysis of bubble growth in an infinite pool of
liquid. In general form, the bubble radius is controlled by the following governing
differential equation:

R 20

. 3.
P, — P = RR+ —R> +4y— + — 3.54
(Py ) /P +o R+ VlR+le (3.54)

where P, denotes the pressure within the bubble, P,, the far-field pressure, R the
bubble radius, v; the kinematic viscosity of the liquid, p; the density of the liquid,
and o the surface tension. An analytical solution exists for the special case of constant
overpressure inside the bubble, when surface tension and liquid viscosity are neglected.

The bubble radius R then increases linearly with time ¢:

2AP
t

R =
31

(3.55)

In the inertia-driven growth phase, we consider the expansion velocity to be propor-

tional to the square root of the pressure difference across the interface:

2AP
3p1

(3.56)

Ub,noﬁow
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3.6.2 Effect of the flow in the vicinity of the wall

In the vicinity of the wall relevant to microlayer formation, cos(¢) ~ 1 and Eq. (3.53)

yields:

Up,withflow = Ub,noﬂow\/l + (Vaow/Up.noftow)? €08(8), if (Vaow/Up.nofiow)” cos(8) > —1
Up withfiow = 0, otherwise

(3.57)
Qualitatively, we confirm:
® Uy withfiow = Up nofiow 0T Vo = 0: no external flow

o Upwithlow < Ubnoflow for 8 € [m/2, 3mw/2]: growth at the front of the bubble

slowed down by the flow

o Upwithfiow = Ubnofiow for 8 € [—m/2, m/2]: growth enhanced at the rear of the
bubble

3.6.3 Flow induced by the growth of neighbor bubbles (ve-
locities =~ 1m/s)

Boiling is initiated on so-called active cavities. In practical applications, and as

the heat flux is increased, the number of such cavities also increases. As a result,

the likelihood of bubbles growing near other bubbles is increased. Qualitatively

with View = Upnofiow, We obtain that Up withaow can range from 0 (no microlayer)

to \/§Ub7n0ﬂow. This is particularly relevant in the vicinity of neighbor bubbles, as
qualitatively observed experimentally in Figure 3-49(courtesy of Matteo Bucci, 2016).

3.6.4 Forced convection in PWR
We here investigate the effect of the flow in PWR conditions on microlayer formation.
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Figure 3-49: Qualitative Infra-Red observations of the boiling surface: when two
neighbor bubbles grow next to each other, we note a front/rear asymmetry in the
interference patterns underneath bubbles, and originating from the presence of the
microlayer.

156



Geometric conditions

In pressurized water reactors, liquid water flows in fuel assemblies, which are square
channels of side 214mm. FEach assembly contains a 17x17 array of cylindrical rods
(e.g. 289 total rods) of diameter D,,q = 9.5mm. The cross section of the assembly
can be divided in 289 unit cells each composed of one cylindrical rod and part of the

surrounding coolant - see Figure 3-50 [104].

-t+—— Unit cell

Figure 3-50: Definition of unit cell in PWR assembly [104]

Fluid properties

We consider the upper side of the fuel assembly, where the coolant in normal oper-
ating conditions is liquid water at approximately 604K and 15.5MPa. Liquid water

properties at such conditions are as follow:
e Liquid water density (7' = 604K, P = 15.5M Pa): p; = 646.1kg/m?

e Liquid water viscosity (T' = 604K, P = 15.5M Pa): 4y = 75.36 E — 6Pa.s
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Flow conditions

The cross sectional flow area in a unit cell is:
Af = Aunit cell — Arod = (158.46 — 70.88) = 87.58 (mm?) (3.58)

The wetted parameter P, is simply the circumference of the outer-radius of the cylin-
drical rod:

Py = Dyoq = 29.85 (mm) (3.59)

Hence the hydraulic diameter for the considered flow is:
Dy, =4A;/P, = 11.74 (mm) (3.60)

The total mass flow rate in the assembly is 92.26kg/s, which yields a mass flow rate

(dm/dt)unit cen Per unit cell:
(dm/dt)unit cen = 92.26/289 = 0.32 (kg/s) (3.61)
Based on fluid properties, we obtain the average velocity U in the unit cell:
U = (dm/dt)unit cen/(p1Ayr) = 5.66 (m/s) (3.62)
This yields a Reynolds number Re in the turbulent regime:
Re = pUDy /iy =5.7TE+5 (—) (3.63)

We here consider fresh rods (no oxidation), and estimate the friction coefficient f
using the McAdams correlation [70] applicable in the conditions of interest, namely
smooth surface and Re = 5.7FE + 5:

f=0.184Re "% = 0.0130 () (3.64)
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Roughness of metal-oxide interface of fuel rods at different stages of oxidation can
also be found at [84]. With an estimate of the friction factor, we then obtain the wall

shear stress 7,:

Tw = (f/4)pU?/2 = 33.4 (N/m?) (3.65)

And the shear velocity:
V0 = \/Tw/p1 = 0.23 (m/s) (3.66)

with the characteristic length scale:

Yo = tu/(prv=0) = 0.51 (m) (3.67)

Using Martinelli’s model [69] we obtain the turbulent velocity profile as a function of

the position above the wall - see Figure 3-51:

0 <y <5y (=2.6um), v:(y) = v20(y/v0)
5y <y < 30y (= 15.4um), v.(y) = v,0{—3.05 + 5In(y/yo)} (3.68)

y > 30yo (= 15.4um), vz(y) = v,0{5.5 + 2.5In(y/yo)}

This velocity distribution is only useful if we are able to estimate the region at the
wall that affects microlayer formation at this high pressure of 15.5MPa. With such
estimate of the thickness at the wall, we can obtain from the velocity profile the av-
erage velocity relevant to microlayer formation in PWR conditions. At atmospheric
pressure, a thickness of tens of microns typically describes that region near the wall
relevant to microlayer formation. At 15.5MPa, the size of bubbles is greatly dimin-
ished, and we expect that the extent of that region at the wall to be greatly diminished

as well.

Average velocity in the near wall region relevant to microlayer formation

In the case of water at 0.101MPa the thickness of the microlayer ¢,,,, is found in the
range: Opma. ~ 1 —10pm [46] [51] [54] [43], while bubble size is found in the millimeter

range: R, &~ 1mm. The ratio between the two scales is: Oyaz/Rp & 1072 — 1072 ().
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Figure 3-51: Turbulent velocity profile at the wall obtained for liquid water in PWR
conditions [69].

In the case of water at 15.5MPa, we were not able to find any estimates of the height
of the bubble nose (defined in Figure 3-12), but a review [102] provides estimates of
the bubble size at 15.5MPa: R, ~ 0.1mm - see Table 3.4.

Assuming the ratio between the two scales 0,4,/ R remains similar, we obtain an

estimate of the region near the wall relevant to microlayer formation at 15.5MPa:
Omaz(15.5M Pa) ~ 107* —107* (mm) (3.69)

With this estimate of the thickness d,,ax relevant to microlayer formation at the wall
at 15.50MPa, we can estimate the average velocity based on the turbulent velocity
profile obtained earlier:

Vin(y € [0;0maz]) =~ 0.02—0.2 (m/s) (3.70)

Ub,noﬂow ~ 0.1 —10 (m/s)

160



in PWR conditions. The flow is expected to only affect a small fraction of activated

cavities in PWR conditions.

3.6.5 Conclusions

We propose to extend the model for microlayer formation in the absence of external

flow to include the effect of an external flow by adjusting the bubble growth rate

Ub,noﬂow by Ub,wit hflow+

Up,withflow = Ub,noﬂow\/l + (Vaow/Up.noftow)? €08(0), if (Vaow/Up.nofiow)” cos(#) > —1
Up withfiow = 0, otherwise

(3.71)

Depending on the velocity of the external flow in the vicinity of the wall, compared
with the bubble growth rate Up nonow in the absence of flow, the effect of the flow can
be:

o negligible (Viiow/Upnofiow << 1), such as in most cases of steam bubbles growing

in PWR conditions (high Re and high pressure).

e appreciable (Viow/Upnofiow =~ 1), such as in the case of the growth of neighbor
bubbles

o dominant (Viow/Ubnofiow >> 1), possibly achieved in the case of strong forced

convection velocities (high Re) and large bubbles (low pressures).
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Table 3.4: Review of available experimental data on bubble departure diameter in

flow boiling [102].
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Chapter 4

Experimental study of bubble
growth rates at short time scales
during nucleate pool boiling of

water

4.1 Motivation

In the previous chapter, we conclude that liquid properties, namely liquid viscosity
and density, as well as bubble growth rates at early times (tens of us) control mi-
crolayer formation. While liquid water properties are well known, it is unclear how
existing models on initial bubble growth rate [71] perform at very early times - see

Figure 4-1.

In this chapter we discuss how to bridge this gap by modifying an existing pool
boiling experiment at MIT to specifically measure bubble dynamics at very early

times with unprecedented temporal and spatial resolutions.
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Figure 4-1: Experimental results (red dots) of equivalent bubble radius (a)(b) and
bubble growth rates (c)(d) over time, in the case of water boiling in lab experiments
(unpublished data, Kim 2016), and corresponding prediction from [71] (black solid
line), for two experimental runs: ¢ = 114kW/m? and initial wall temperature T, =
109°C' (a)(c), and ¢" = 209kW/m? and initial wall temperature T,, = 111.7°C' (b)(d).

4.2 Experimental setup

This work has been performed at the Green Lab at MIT with substantial help from

Prof. Matteo Bucci, Dr. Reza Azizian, Guanyu Su, and Artyom Kossolapov.

4.2.1 DModification of existing pool boiling setup

A pool boiling experimental setup has been built and validated in [32], and improved

in [24]. A pool boiling cell allows boiling water at saturated conditions at 0.101MPa,



while visualizing the boiling surface from the side through lateral windows of obser-
vation, and from underneath. A particularly thin Indium-Tin-Oxyde layer deposited
on a transparent sapphire substrate serves as heater and allows observing the boiling

surface from underneath using a high speed video camera - see Figure 4-2. The pur-

Chilled water

Tsethermal bath

] | Windows for laser
Laser Driver sheet and imaging
v
= ../"‘
f ol High Specd
aser Tead | Optical
= Camera
1
Computer | | 1 a3 L
=Ll 0
! Laser Chiller O I
| [ High Speed
Bath Huid}_.-' : Infrared
[ Camera
IO heater - Mirror T
High Speed

Controller

Synchronization Trigger signal
Trigger

Ethernet

Figure 4-2: Pool boiling experiment setup (left) as in [24], and details on the heater
composition (right)

pose of our experimental study is to achieve high resolution in time (tens of us) and
space (tens of gum) in measuring the bubble growth rates over time. In this partic-
ular case of initial bubble growth in saturated conditions, the bubble is fairly grows
hemispherically. As a consequence, a side view of the bubble becomes equivalent to

a bottom view of the bubble in order to obtain its radius over time.

As the frame rate used with the high speed video camera (HSV) is increased from
a few thousands frames per second in [24] up to 160,000 frames per second (high-
est possible with the current camera, which yields a 6.25us resolution), the need for
sufficient lighting is dramatically increased: a powerful light is needed as close as
possible to the boiling surface in order to minimize absorption from the liquid water
and maximize contrast seen by the HSV. We modify the setup in [24] to allow lighting
from the top, and imaging the bubble from the bottom, using the high speed video

camera. In addition, we use a hot mirror at the bottom (which reflects part of the IR
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light and transmit visible light) to allow gathering both the temperature distribution
at the boiling surface, and the measurement of bubble growth, from the same window

of observation underneath the boiling surface - see Figure 4-3, and Figure 4-4.

LAMP

CELL

WINDOW OF OBSERVATION

IR CAMERA

Figure 4-3: Modified pool boiling experimental setup from [24] to measure bubble
growth rates at very early times with high resolution in time and space. We simulta-
neously measure the temperature distribution at the boiling surface.

4.2.2 Experimental procedure
Infra-Red (IR) camera calibration

The Infra-Red (IR) camera calibration is done in two steps:

1. Non-uniformity correction: each pixel on the IR camera sensor may have slightly
different response to same IR light. In order to compensate for such non-
uniformity on the IR sensor, we use two calibration procedures for which the
IR image is uniform: 1) the image of a reflective metal representative of the
IR image of the heater at room temperature, and 2) the image of a black body

that emits same IR as heater at 50°C.
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Figure 4-4: Top view (a) and side view (b) of the experimental setup
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2. Calibration: turning radiation counts into a temperature measurement. Every
5°C we take a picture of the heater, and record the local temperature from a
thermocouple in contact with the heater inside the boiling cell. The trace of
temperature vs radiation counts is used to calibrate the IR camera through an

in-house calibration model [9].

High Speed Video (HSV) camera calibration

Once the optical setup is finalized, we take a picture of an object of known dimensions
with the HSV and deduce the resolution per pixel (for the given optical setup). With
the use of extension rings, we obtain a resolution of 12.4um/pixel. At the rate of

130,000 frames per second, we reach a temporal resolution of 7.7us.

Synchronization of IR and HSV cameras

The synchronization of both cameras with the power generator is achieved using an
(in-house) electronic circuit that triggers both cameras simultaneously at a respective

recording rate of 2,500 (IR) and 130,000 (HSV) frames per second.

Experimental procedure

We heat up the DI water using an isothermal bath, to bring the liquid water from
room temperature to saturation temperature. Two thermocouples are used to confirm
the water is at saturation temperature: one in the bulk and one at the heater surface.

We follow two steps:

1. Pre-boiling procedure.
We perform a series of boiling tests (5min or longer) on the boiling surface to

remove air entrapped in surface cavities (so-called degassing).

2. Boiling procedure.
We initiate a step in voltage across the heater, while triggering synchronized
recording of the boiling surface with HSV (130,000fps) and IR (2,500 fps). Prop-

erties of the heater are as follow: Rpeqter = 4€2, Sheater = 2cm x 0.9cm.
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Figure 4-5: Typical result from HSV camera (top), processed into a black and white
image (middle) centered around the apparent location of the nucleation site - see
red dot. Top, bottom, left and right edges of the bubble interface are obtained
from systematic image processing (red lines, bottom panel). X and Y-axis in middle
and bottom panels refer to pixels from the centered HSV image (original image is
a 256x128 pixel image). Heat flux is ¢ = 555kW/m?, t = 84.6us after boiling
incipience.

4.3 Experimental results and comparison with ex-

isting models

A typical result obtained at a heat flux of ¢° = 555kWm? from the HSV camera is
shown in Figure 4-5.

We track four edges of the bubble interface over time to confirm its hemispherical
growth and obtain its radius as a function of time - namely the top, bottom, right and
left edges of the bubble, see Figure 4-5 bottom panel. The HSV window of observation
is made of 256 pixels x 128 pixels. As the bubble grows on the heater surface, its

edges reach the boundaries of the window of observation at different times, as shown
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Figure 4-6: Details of post-processed HSV images that yield bubble radius as a func-
tion of time from all four edges, in the case of an imposed heat flux of ¢° = 555kW /m?.
Top and bottom edges of the bubble reach the boundary of the window of observation
at t ~ 115us (a), while right and left edges of the bubble reach the boundary of the
window of observation at ¢ ~ 350us (b). Two scalings are added for reference: R}, o t
(dotted-dash line), indicated by Mikic theory [71] to describe the initial and rapid
inertia-controlled phase of bubble growth, and R;, o v/t (dash line), that describes
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Figure 4-7: Bubble radius as a function of time, obtained from tracking all four
bubble edges, for four heat fluxes: ¢ = 138kW/m? (a), 272kW/m? (b), 450kW/m?
(c) and 550kW/m? (d). Two scalings are added for reference: R, o< t (dotted-dash
line), indicated by Mikic theory [71] to describe the initial and rapid inertia-controlled
phase of bubble growth, and R, o v/t (dash line), that describes the later phase of
slow thermally-controlled phase of bubble growth.
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Figure 4-8: Bubble radius obtained from tracking side edges of the bubble (left edge:
square symbol; right edge: circle symbol with line), and for all four heat fluxes
q = 138kW/m?, 272kW/m?, 450kW/m?* and 550kW /m?.

in Figure 4-6: the top and bottom edges of the bubble are captured until ¢ ~ 115us,
while right and left edges are captured for a longer period of time (the window is
larger in the horizontal direction: 256 pixels vs. 128 pixels vertically), namely until

t ~ 350us.

Before these edges reach the boundaries of the window of observation, they reveal
the exact same values of the bubble radius, which clearly indicates the hemispherical
growth of the bubble. This result is generalized to the four heat fluxes investigated,
see Figure 4-7: ¢ = 138kW/m? (a), 272kW/m? (b), 450kW/m? (c) and 550kW /m?
(d). Superheats at the inception of boiling are reported in Table 4.1.

Because of the shape of the window of observation, side edges allow tracking the
bubble radius for longer times. We plot bubble radius obtained from tracking side
edges of the bubble, and for all four heat fluxes in Figure 4-8, and in log-log format in
Figure 4-9. In Figure 4-7 and Figure 4-9, two scalings are added for reference: R, o< t

(dotted-dash line), indicated by Mikic theory [71] to describe the initial and rapid
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Figure 4-9: Bubble radius obtained from tracking side edges of the bubble (left edge:
square symbol; right edge: circle symbol with line), and for all four heat fluxes
q = 138kW/m?, 272kW/m?  450kW/m? and 550kW/m?. Two scalings are added
for reference: Ry, o t (dotted-dash line), indicated by Mikic theory [71] to describe the
initial and rapid inertia-controlled phase of bubble growth, and R} o< v/t (dash line),
that describes the later phase of slow thermally-controlled phase of bubble growth.

inertia-controlled phase of bubble growth, and Rj, o< v/t (dash line), that describes
the later phase of slow thermally-controlled phase of bubble growth.

The initial growth rate is found to indeed follow the R, o t scaling at short time
scales for high heat flux (555kW/m?), but not at lower heat fluxes. As the heat
flux is decreased, the scaling exponent n describing Ry, o t" (¢t — 0), decreases from
n = 1 (555kW/m?) down to n & 0.65 (138kW/m?). This result indicates that Mikic’s
theory may only be valid in the limit of high heat fluxes.
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Table 4.1: Temperatures at the wall, underneath the bubble, at the incipience of
boiling, for all four heat fluxes.

Test | ¢ (kW/m?) | Ty (°O)
1 138 121.4
2 272 121.7
3 450 121.8
4 550 122.1

4.4 Conclusions

We measure bubble dynamics at very early times of nucleate pool boiling of wa-
ter at 0.101MPa (no subcooling) with unprecedented time and spatial resolutions:
12.4pm /pixel spatial resolution and 7.7us temporal resolution, respectively.

Results indicate that Mikic’s theory [71], which predicts that bubble radius at very
early times scales linearly with time (R}, o t), may only be valid in the limit of high
heat fluxes, while the scaling is found to be much slower at lower heat fluxes. As the
linear growth is not verified at low heat fluxes, time-varying growth rates could be
used to further refine the simulation of bubble growth hydrodynamics and resolving

microlayer formation at a wall.
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Chapter 5

Direct computations of forced

dewetting and moving contact lines

This chapter directly reflects results presented in the paper "Transition in a numerical
model of contact line dynamics and forced dewetting" co-authored, in alphabetical
order, with S. Afkhami, J. Buongiorno, S. Popinet, R. Scardovelli, and S. Zaleski,
which was submitted to the Journal of Computational Physics and is available on

ArXiv (arXiv:1703.07038) [1].

5.1 Motivation

During nucleate boiling, liquid is displaced by a growing bubble and wets the solid
surface. The precise wetting mechanism taking place at the microscopic scale under-
neath the bubble determines whether the liquid microlayer forms or not. In general,
wetting of solids by liquids can be found in a number of other applications, ranging
from coating [18], tear films on the cornea [67] and CO2 sequestration [53]. However,
despite this wide range of applications and interests, wetting mechanisms are only

partially understood today.

In this section, we numerically study the fundamentals of forced dewetting, which

corresponds to the situation where a fluid/fluid interface, such as the liquid/vapor
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interface in boiling, is forced to move along a solid, such as the liquid/vapor inter-
face moving along the solid substrate during microlayer formation. Depending on the
balance between the surface tension force and the viscous force near the contact line,

which is indicated by the capillary number Ca defined as:
Ca=muUy/o (5.1)

forced dewetting can result in a receding contact line or on the formation of a thin film
on the solid. This transition in forced dewetting can be described by a critical capil-
lary number Ca,.. beyond which the imbalance between surface tension and viscous
forces systematically leads to thin film formation, relevant to microlayer formation in

nucleate boiling.

Lastly, in numerical simulations of moving contact lines the singularity at the contact
line is removed by an implicit slip that comes from the finite size of the mesh at
the wall (mesh size A), which allows the contact line to move along the no-slip solid
boundary. As a consequence, numerical solutions of moving contact lines depend on
mesh refinement [2], [111],[74]. In this chapter, we use results from direct compu-
tations of the forced dewetting transition, for which the apparent contact angle is
known, and hydrodynamics theories, to propose a numerical procedure that enables

mesh-independent results in moving contact line simulations.

5.2 Brief review of moving contact line theories

and models

5.2.1 Singular flow geometry at contact line

The contact line region refers to the region close to the wall where the fluid/fluid
interface separates wet regions from dry regions. In the case of a static meniscus at

a wall, the fine balance between gravity and surface tension results in an equilibrium
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shape governed by the capillary length:

Lo = \Jo/{(p1 — p2)g} (5.2)

where (p1, pa) refer to the density of the two fluids, o the surface tension and g the
gravitational constant. At the contact line where all three phases are in apparent
contact, the equilibrium is determined by the balance of surface tension between the
solid/fluid and fluid/fluid pairs. In the boiling scenario for example, the equilibrium

contact angle 04, is given by Young'’s law [116]:

c0$(04z) = (05 — 041) /O (5.3)

In practice, surfaces are not perfectly smooth and contact angle hysteresis is widely

reported [28], where static solutions exist in a range of contact angles:

ereceding < edw < eadvancing (54)

When the relative velocity between the contact line and the solid is no longer zero, the
static scenario no longer holds, and viscous forces add to the previously mentioned
surface tension and gravity forces. In particular, Huh and Scriven [40] model the
viscosity-dominated steady motion of a flat liquid /vapor interface on a flat solid with a
2D-Stokes flow, with a no-slip boundary condition at the solid surface. Corresponding

stream lines are solution of the biharmonic equation:
Vi =0 (5.5)

see Figure 5-1, with four boundary conditions: no slip at the solid boundary, no shear
stress at the free surface, and both solid and free surface impermeable. Under the

assumption that the continuum description of the fluid flow still holds, they obtain
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Figure 5-1: Figure from Snoeijer and Andreotti [97] showing streamlines in the vicinity
of the contact line for a receding contact line (a) and an advancing contact line (b). In
(c) the various scales are described, respectively: the apparent contact angle 6,,, at
the macroscopic scale, and the microscopic contact angle 6. observed at the molecular
scale.

the scaling of the shear stress with the distance r from the origin of the contact line:

T X 21 /7 (5.6)

which diverges at the contact point (r — 0) and reveals the need to eliminate and

regularize the non-integrable singularity at the contact line.

5.2.2 Multiscale modeling

Figure 5-1(c) shows the various scales and regions involved in contact line problems:
the macroscopic region described by an apparent contact angle 6,,, at distances to
the contact line larger than the capillary length [., the microscopic region described
by a nano to microscopic contact angle 6, at molecular distances from the wall, and

the intermediate mesoscopic region described by an angle 6(r) at distances to the
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contact line smaller than the capillary length but larger than molecular length scales.

At the microscopic scale, a prediction of the slip occurring over the first few molecular
layers above the solid substrate can be obtained from statistical physical theory of
liquids to provide a slip length [, [39]. In contrast, Molecular Kinetic Theory (MKT)
introduces thermal fluctuations as key driving phenomena in the motion of contact
lines [6], [7]: thermal activated processes can dominate capillary effect in controlling

the motion of the contact line for scales below the thermal length l;erma defined as:

lthermal =V kBT/J (57)

At room temperature, liperma = 0.1nm.

At the mesoscopic scale, the bending of the interface is influenced by viscous effects.
The balance between viscosity and surface tension in the limit of small angles can be
modeled by the lubrication approximation, which leads to a third order differential
equation for the interface profile h:

d’h  3Ca

Fr i (5.8)

More generally, beyond the assumptions of the lubrication approximation, the wedge
solution of Huh and Scriven can be extended to large contact angles where the contact
angle at the mesoscopic scale is found to vary logarithmically with the distance to

the contact line [17]:

Qi
f(be.q)

G[0(r)] = G(6.) — Caln(r/A) — Ca +o(Ca) (5.9)

where A is a characteristic scale for microscopic effects, 6. is the equilibrium angle,
f and G defined in [17], and ¢ = ps/py is the viscosity ratio. @; is an integration
constant that is obtained by matching with the microscopic region and therefore

depends on the microscopic region characteristics.
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5.2.3 Wetting transition

In complete wetting conditions, one can control the deposition of a thin film on a
solid by controlling the speed at which the solid is withdrawn from a bath of coating
fluid. In such complete wetting scenario of the withdrawing plate, the contact line

2/3

recedes and the thickness deposited hrpp scales with C'a®/®, see Landau and Levich

[63] and Derjaguin [19] results:
hLLD X lcCa2/3 (510)

In the partially wetting scenario of the withdrawing plate, the contact line rise to
a steady position without leaving any film behind, provided the capillary number is
small, in particular smaller than a certain critical capillary number (Ca < Ca.).
Above the critical capillary number, the imbalance between surface tension and vis-

cous forces prevent any steady solution to exist, and a thin liquid film is entrained

[7], [26], [94], [96].

5.2.4 Assumptions made in this work

In this work, we consider the solid surface to be smooth and the surface tension to
be uniform in space and constant in time (no thermo-capillarity effect considered).
We also do not consider evaporation at the contact line. Lastly, we only consider the

asymptotic behavior Ca — 0 where inertial effects are negligible.
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5.3 Simulation of moving contact lines using Navier-
Stokes solver with Volume-Of-Fluid (VOF) in-

terface tracking method

5.3.1 Problem statement: forced dewetting

We consider the fundamental case of forced dewetting when a solid plate is withdrawn
from a liquid reservoir at constant speed Vi > 0, as depicted in Figure 5-2. Domain
side L =~ 9l. with [. the capillary length. A no-slip boundary condition and a fixed
contact angle, 0 , i.e. the angle imposed numerically at the boundary in a simulation
with grid size A, are prescribed at the substrate (z = 0). Symmetry boundary
conditions are imposed on the right (z = L), top (y = L), and bottom (y = 0)
boundaries of the domain. Results are confirmed to be insensitive to the choice of Re

number:

Re = p1l.Vs/ 1 (5.11)

as well as computational domain size. We define another Reynolds number Ng, based
on the on the wavelength of gravity waves L, traveling at the same speed as the

withdrawing plate:
Lgw = pi V{1 — p2)g} (5.12)

Na = p1LugVs/in (5.13)

Ng is related to Re, the capillary length Reynolds number:

Re = NY*/Ca'/? (5.14)

Simulation setups

We use the free code Gerris, previously described, for three different setups - see Table

5.1:
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Figure 5-2: Schematic of the withdrawing plate, initially at ¢ = 0, and at the station-
ary state t — oo.
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e In Setup A, the number Ng is arbitrarily set to 25/64 (value corresponding to
the arbitrary choices of py =5, po =1, g = 16, 1y = 1, V; = 1). Thus from Eq.

(5.14) the Reynolds number based on [, varies as:

Re = 26’@1/2 (5.15)

The Reynolds number Re based on [, increases as the capillary number is de-
creased. Varying the Reynolds number Re between 0 (Stokes approximation)
and Re = 3 has no effect on the results, however increasing Re beyond this value
introduces significant inertial effects and interface oscillations that modify the

conclusions of our investigations.

e In Setup B, Ng is free to vary and the Reynolds number Re based on [. is fixed
to Re = 1.

e In Setup C, we keep Reynolds number Re and density ratio identical as in Setup

B, but we increase the viscosity ratio to u;/pus = 50.

Setup Ng Re NI/NQ P1/,02

A 25/64 - 1 5
B - 11 5
C - 1 50 5

Table 5.1: Summary of the simulation Setups.

A specific discussion on the numerical methods employed can be found in [1].

Variation of contact angle with distance from contact line

In the neighborhood of the contact line, no specific choice of parameters is required

except the equilibrium or static contact angle that is specified in the numerical model

- see Figure 5-3. In this work, we apply the hydrodynamics theory to the study of the

numerical model of contact line dynamics and forced dewetting without any special

provisions for the contact line dynamics. Thus, we identify 6, to 8, the numerically

applied contact angle.
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Figure 5-3: Sketch showing the variation of contact angle with distance from contact
line: 6, at the microscopic length scale A, and 6(r) at length scale 7.
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5.3.2 Results: transition to film formation in forced dewet-
ting

The time evolution of the contact line height hqp, from its initial position hg, and
nondimensionalized by [, is show in Figure 5-4, for Ca = 0.03 and various mesh sizes
(A/l.) and contact angles (A5). Figure 5-4 shows that depending on A/I., different
equilibrium configurations can be obtained. Also, it shows that when the contact
angle is decreased, the contact line is raised to a new equilibrium height for the large
grid sizes while a stationary meniscus cannot be achieved for the smallest grid size.

In summary, we find two parameter ranges:

1. A stationary regime: as 7 — oo the contact line motion along the substrate

evolve to a steady state, where the nondimensional time 7 is defined as:

T=Vst /1l (5.16)

2. An unsteady regime: no steady state solution can be found and the contact line

height continues to increase, covering the substrate by a film.

All results presented in this section are for Setup A, unless stated otherwise. We
begin by presenting various scenarios characterized by different nondimensional grid

sizes A/l., and the imposed contact angle, 0.

Stationary regime

Figure 5-5(a)-(d) show the nondimensional stationary contact line height (heo—ho)/le,
where ho, = hop(T — ©0), as a function of the nondimensional mesh size, A/, for
various capillary numbers and for various contact angles, 90° < 05 < 50°. The results
show the grid sizes where a stationary meniscus forms and no film is deposited on
the substrate, for the range of considered contact angles. The results also show that
the computed height of the contact line is a function of mesh size, and that for small
enough contact angles, no steady state menisci can be attained when A/l, < 0.014.

This lower limit of 64, for which steady state contact lines can be achieved, gets larger
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Figure 5-4: Contact line height as a function of time for 5, = 90° (triangles) and
O = 60° (squares) at various mesh sizes A/l.. For A/l. = 0.014 and 65 = 60°, the
contact line elevation continues increasing as 7 increases. Ca = 0.03.
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as Ca is increased. The results clearly depend on the chosen value for the smaller
mesh size near the contact line, an effect that is expected and will be explained later
in this chapter. This dependence of the results with mesh size becomes more marked
as Ca is increased or 64 is decreased.

Figure 5-6(a) provides an example of a stationary meniscus for Ca = 0.043,
Or = 90°, and A/l. = 0.014 (for this set of parameters, Ca.. = 0.52). The inset
shows the magnified flow field and the pressure distribution. Figure 5-6(b) shows
a magnified view of the contact line region and the computational mesh. The fine
structure of the flow field and the pressure distribution in the contact line region are
illustrated. As shown, large gradients of velocity and pressure necessitate a high mesh
resolution around the contact line region. The interface is highly curved close to the
contact line, leading to an intensified pressure gradient around that region, while the
pressure gradient remains weak outside the vicinity of the contact line, leading to

gentle bending of the interface away from the contact line.

Entrained film regime

The onset of film deposition, i.e. the forced dewetting transition, can be understood
as when the balance between the surface tension and viscous forces close to the con-
tact line region can no longer hold, resulting in wetting failure. Note that gravity
only affects the macroscopic region of the meniscus, away from the contact line.

At the transition, we allow the computations to run for a very long time (7 >> 1)
in order to accurately determine whether or not the contact line can reach a station-
ary state. To obtain accurate numerical values of the transition Ca.., we compute
the contact line instantaneous velocity (Figure 5-7(b)) from the time-evolution of its

height (Figure 5-7(a)). Non-zero velocities in Figure 5-7(b) are clearly identified (see
d(hcer/le)
dr

~ 0.1) and correspond to the entrained film regime.

More specifically, contact line heights as a function of time is reported for various
values of Ca in Figure 5-7, when 6, = 90° and A/l = 0.007. At sufficiently small Ca

a stationary meniscus can be reached, while for large Ca the contact line height keeps
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Figure 5-5: Nondimensional stationary contact line height, (he —ho)/l., as a function
of the nondimensional mesh size, A/l., for (a) Ca = 0.01, (b) Ca = 0.02, (c¢) Ca =
0.03, and (d) Ca = 0.04, for various contact angles, #; the contact angle difference
between each set is 2°. For (Ca, 0,)=(0.02,54°), (0.03,66°), and (0.04,78°), no steady
state menisci can be attained when A/l < 0.014.
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Figure 5-6: (a) A stationary meniscus forms when Ca < Ca., as 7 — 00.The inset
shows the magnified flow field and the pressure distribution. Ca = 0.043, o =
90°, and A/l. = 0.014. (b) A magnified view of the contact line region and the
computational mesh. The fine structure of the flow field and the pressure distribution
in the contact line region are illustrated. The pressure colors show the maximum (dark
red) and minimum (dark blue) of the pressure distribution.

increasing. We pick the transition capillary number for which the relative velocity of

d(her/le)
dr
illary number Ca,, is depicted in red in Figure 5-7(a) and (b). Using the procedure

the contact line, ’, does not go to zero as a function 7. This critical cap-
above, we can therefore determine Ca,, with a very good precision. Figure 5-8(a)-(b)
show the contact line height, (hcr — ho)/le, as a function of nondimensional time
7, for two mesh sizes, A/l1,=0.028 and 0.014, when varying the wall contact angle
O € [50°; 80°], for a fixed Ca=0.03. The transition from a stationary meniscus
not only depends on 6, but also on A/l.. In particular, the transition occurs at a
larger 65 for smaller A/l.. In the following sections, we investigate how the critical
capillary number depends on contact angle and grid size. Figure 5-9 shows a typical
evolution of the interface and the transition to the formation of a film deposited on

the substrate, for Ca = 0.048, 05 = 90°, and A/l. = 0.014 (for this set of parame-
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line velocity relative to the substrate velocity as a function of time. At the critical
capillary number Ca.,. = 0.045, depicted in red, the transition occurs. 05 = 90° and
A/l. = 0.007
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Figure 5-8: Contact line height as function of time for o € [50°; 80°] and (a) A/l,
= 0.028 and (b) A/Il. = 0.014; the increment in 0, is 2°. Ca = 0.03
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ters, Ca., = 0.024). The insets of Figure 5-9 show the magnified flow field and the
pressure distribution, as well as a magnified view of the contact line region and the
flow streamlines. The fine structure of the flow field and the pressure distribution
in the contact line region are illustrated. The results reveal the strong pressure gra-
dients close to the contact line region: when capillary forces can no longer balance
this strong pressure gradient, wetting failure occurs and a film is deposited on the

substrate.

Figure 5-10 shows Ca,, as a function of A/l for a range of 0 for all three Setups:
A, B, and C. The symbols are direct simulation results and the solid lines are drawn
to guide the eye through a set of points corresponding to the same 6. In the next
section, by systematically investigating the influence of 65 and A/l on Ca,., we will
develop an improved understanding of the onset of wetting failure. We study the
effects of the contact angle and the grid size on Ca.. and give the scaling of it with
A/l.. We also note that our results indicate that the transition coincides with an
apparent contact angle 6, = 0, defining the "apparent contact angle" as the angle at

the inflection point, (i.e. where the interface curvature becomes zero).

Figure 5-11 shows the dependence of the curvature (nondimensionalized by [.) as
a function of the nondimensional vertical distance of the interface from the contact

line, defined as

¢/le = (hor —y)/le (5.17)

(see Figure 5-3) for o = 60° and A/l. = 0.014, and Ca = Ca, = 0.024. The
results are plotted for 7 =6.9 (shortly after the film is formed). The angle 6((/I.)
that the interface makes with the substrate is also plotted (red symbols), along with
the curvature plot (black symbols), as a function of {/I.. It is clear from these results
that 0(¢/l.) = 0 coincides with x((/l.) = 0, confirming that contact angle is indeed 0

at the transition.
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(b)

(©)

Figure 5-9: Time evolution of the interface for Ca > Ca.. at 7 = 4 (a), 4.8 (b), 5.9
(c). The insets show the magnified flow field and the pressure distribution. Right
panels show a magnified view of the contact line region and the computational mesh;
The fine structure of the flow field and the pressure distribution in the contact line
region are illustrated. C'a = 0.048, 05 = 90°, and A/l. = 0.014 . The pressure colors
show the maximum (dark red) and minimum (dark blue) of the pressure distribution
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Figure 5-10: Plot of Ca,,. as a function of A/, for a range of d for all three Setups:
A (a), B (b), and C (c¢). Symbols present the numerical results and the solid lines are

drawn to guide the eye.

5.4 Multiscale modeling of the contact line and

critical capillary number for microlayer forma-

tion

To interpret our numerical results, we will proceed by analogy with the theory of [26]

[12]. This theory is valid for small equilibrium contact angles, large viscosity and

density ratios and a specific slip length model but we will use the theory of Cox [17]

and an analogy to extend it to finite angles and arbitrary viscosity ratios.
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Figure 5-11: Dimensionless curvature xl. (black symbols) as a function of the nondi-
mensional vertical distance of the interface from the contact line (/I., for 65 = 60°
and A/l. = 0.014, and Ca = Ca,. = 0.024, at 7 = 6.9. Note 6(¢) ~ 0 where the
curvature also becomes zero, at the inflexion point.

5.4.1 Hydrodynamic theory of the dynamic contact line and

the dewetting transition

The problem is analyzed by asymptotic matching of three different regions:

1. A region I near the contact line, where microscopic effects dominate in the
physical reality and numerical effects dominate in our simulations. The analysis
of region I is straightforward, as we make no assumptions about it except that
it provides a kind of initial condition for integrating in region II, and that as
the velocity of the withdrawing plate and the capillary number go to zero, the

angle relaxes to the equilibrium angle.
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2. An intermediate region II, where continuum mechanics hold, with surface ten-
sion balancing viscous forces, any slip effects are small and gravity effects are
negligible. Region II may further be divided into two subregions, a region Ila
where the angle is large and a region IIb where the angle is small. The match-
ing between regions IIb and III is performed at a small angle. In region II, we
assume that the bending, while present, is relatively small so that the fluid fills
approximately a linear wedge. In that case the fluid that fills the wedge flows
according to the wedge solution of Huh and Scriven [40]. This gives a theory for
the interface shape as described below. The theory is valid throughout region

IT, including region IIb, but in region IIb we can also use lubrication theory.

3. An outer region III, where viscous effects are negligible and surface tension bal-
ances gravity. The solution in region III is the famous static meniscus solution
[64]. It gives in particular the curvature at the boundary of regions II and III
as a function of a contact angle (which is not the microscopic contact angle but
an angle that is "apparent” or "seen from region III") which is undetermined in
the static analysis. By letting the contact angle be zero as discussed above one

obtains a curvature of v/2/I,.

Film solution in region 11

Cox’s solution [17] in his "intermediate region" identifies with our region II, and his
solution (Eq. 5.9) provides a universal description of the dependence of 6(r) on Ca,
to the leading order, without any specification of the slip model or any necessity to
calculate the details of the macroscopic flow in the outer region. Voinov introduces a

microscopic length 7, [106] [107]:

T'm = Aexp[f(@e, Q)/Qz] (518)
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where (r,,, 6.) are the characteristics of the microscopic region and provide a general

description of the intermediate region:
GO)=G(0.) — Caln(r/ry) (5.19)

We note 7(() the local thickness of the film. Then the angle 6 ~ 1'(() is the slope of

the film, also noted 1’ = dn/d¢, and reduces in the case of small angles to:
' (¢)* ~ 9G(6) — 9Ca In(¢/rm) (5.20)

which yields:
1/3

Ca (c/rm) (5.21)

G(6)

1'(¢) ~ [9G(0)]'/ |1 —

valid in the limit of small Ca.

Film solution in region 1Ib-III

e Film slope in region IIb-III.
We can match film profiles in region II and region III at the boundary between
the two regions, the inflection point, using the thin film approximation - see Eq
(5.8), whose solutions h = (3Ca)'/*H were obtained by Duffy and Wilson [25]

introducing the Airy functions (Ai, Bi), and two arbitrary constants («, [):
H = 1/{adi+ BBi}? (5.22)

With such analytical solution of the layer profile, it becomes possible to obtain

the slope:
1 (¢) ~ {9Ca In[r/(2*°B2))}/° (5.23)

and the curvature x (or n”(()) of the interface. By matching slopes in II (Eq.
5.21) and IIT (Eq. 5.23), we eliminate £:

G(6.
B2~ %exp l— éa)] (5.24)
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e Film curvature in region IIb-III.
The smallest possible curvature is reached when the Airy function assumes its
global maximum Ai(S,,4,) =~ 0.53 with sp0 & —1.0, Spee and [ being two
parameters describing the particular solution, which also yields an expression

of the critical curvature:
2
Foo.er & (3C)"/ 258 /(7 Ai($1maa) )] (5.25)
or similarly, the curvature at the critical capillary number:

oo & (3Cac,) " [2Y98 ) (m Ai(Smmar))] (5.26)

e Film curvature in region III:

Koo A2 V/2/1, (5.27)

which yields by matching curvatures between IIb (Eq. 5.26) and III (Eq. 5.27):

(5.28)

31/32-5/6 Cqll3l, G(6.)
< — exp [ 1 =1

7TA’i2 (Smaw) Tm a Cacr

Gauge function ¢

The microscopic length r,, can be obtained by dimensional analysis. In models that
only have one single length scale ¢, such as slip-length models, the only dimensionally
correct solution is to assume 7, = £/¢ where ¢ is a function of the other dimensionless
parameters of the model, such as 65 and ¢. In the numerical case where the only
length scale is A and in the limit Ca << 1 and A << .., we represent the microscopic

scale r,, as:

Tm = A/ (5.29)

where the "gauge function” ¢ is a non-dimensional measure of the amplitude of the

numerical effects on the film near the contact line. Combining Eq. 5.28 and Eq. 5.29
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Figure 5-12: The gauge function ¢ plotted using expression (5.30) in the text, Setups
A (x), B (+), and C (). Solid lines are f(z) = 2z (-), f(z) = 1.5z (=), and
f(z) = z () (with  measured in radian). For a given angle 0, the various values
of ¢ correspond to the various values of the grid size A.

we obtain:

ol03) = Ty e |G (5.30)

31/39-5/6 Cai¥3lc Cag,
Note that we can use our knowledge of Ca,,. obtained for a wide range of (A/l., O)

to compute the gauge function ¢, for all three Setups A, B and C - see Figure 5-12.

5.4.2 Comparison with other predictions
Comparison: numerical model vs. physical model

It is interesting to compare the above, purely numerical results, to the situation with

physical models of the contact line region obtained by other authors.

Eggers [26] started with several slip-length models. For the usual Navier slip con-
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dition with slip length A, he obtained the internal solution for interface slope 7'

7(C) = 6, - ?’chaln (ff) (5.31)
For § << 1 and ¢ = 0, it can be shown that
G(0) ~ 6%/9 (5.32)
which, combined with Eq. 5.21, yields:
Q) ~ b, 396;% [C‘ﬁf@)] (5.33)
By comparing Equations 5.31 and 5.33, we obtain:
¢(0e) = efe/3 (5.34)

Using Eq. 5.32This leads to

e Call?, 03
T T S AR (spae) A D <_90ac,,> (5.35)

which agrees with [26], [27], [12] except for a factor of "e” which was not carried over

from Eq. 5.31.

Interpretation: numerical slip

An equivalence between the numerical model and the slip length model with 6, = 0
can be obtained if the numerical length scale r,,, = A/p(0a) is equalled to the length
scale 3\/(ef,) that appears in Eq. 5.33. Then using the small angle approximation
¢(0a) ~ aba, and a =~ 1.5 from Figure 5-12 for setup B at ¢ = 1, one obtains the
equivalent slip length A = eA/(3a) ~ 0.6A. Thus our numerical model may be viewed

as having an effective slip of the order of a grid cell.
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5.5 QOutline of a procedure for mesh-independent

computations

5.5.1 Previous work: "AZB" model [3]

In the computation of a number of problems involving dynamics contact lines, such as
droplet spreading, drop impact or drop sliding on inclined plates, the result typically
varies with grid resolution because of hydrodynamic effects. In [3], two of the authors
of the present work [1] (S. Afkhami and S. Zaleski) suggested a manner (hereafter
called the "AZB" model) of compensating for this hydrodynamic effect, by adjusting
the numerical contact angle with the grid resolution. The theory was deemed appli-
cable in the range defined by Sheng and Zhou [95], that is ¢ = 1 and |cos#| < 0.6.

The resulting expression for the variation of the numerical contact angle was

cos(fa) — cos(f,) = 5.63Caln (T) (5.36)

where K is a constant having the dimension of a length, and 6, is a reference angle
that parameterizes, together with K, the "AZB" model. If for a given Ca, K, and 6,,
the grid size and f are varied in accordance with Eq. 5.36, then the grid dependence
of the simulations is reduced. There is no universal choice for K. Instead, the pair
K and 6, needs to be fixed from experimental observations or theoretical models of
the contact line, so that 6, is an approximation of the angle at the length scale K,
provided K lies in the region of the validity of Cox’s theory, that is region II in the

present work, or the equivalent of region II for a given problem.

5.5.2 Present work: generalization of "AZB" model to wide

range of Ca and 6 [1]

The AZB approach defines a length scale K analogous to the microscopic length r,,.
Assuming that K = r,, is constant misses the effect of the gauge function ¢ that

appears as 1, = A/¢(0,) and therefore K/A = 1/¢(6,). In addition, the AZB ap-
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proach is limited to ¢ = 1 and | cos 6| < 0.6.

Generalizing "AZB" model

To overcome these limitations, we can use the general approach of Cox, see Eq. 5.19:

G(0) = G(0a) — Ca ln [A/JM] . (5.37)

In particular, the hydrodynamics theory predicts that simulations should be indepen-
dent of grid size if for a given reference angle 6, and a reference length K = r, we

constrain the numerical angle 65 to vary with grid size as follows:

G(0) = G(6,) — Ca In [A/Wﬁ)] (5.38)

Ta

provided A lies in or "below" region II, and that A < Iy, Ca << 1 and Re = O(1)
where the subscript out indicates the outer or region III length scale at which the
theory approach is not valid anymore. This can be seen by summing Eq. (5.37) and
Eq. (5.38) to obtain:

G(6) = G(6) — Ca In (T) , (5.39)

Ta
Limitations of present model
We list below some limitations of the present model, in terms of C'a and Re:

1. Ca < Ca,,: too large values of C'a lead to a paradox. The model Eq. 5.39, with
specified 0,, r,, leads to a value of Ca,, given by Eq. 5.28 with the substitution
0. =0, and r,, = r,. If Ca > Ca,,, then the choice of reference values 0,, r,
is inconsistent and a different numerical approach including some sort of thin

film modeling should be used instead; this is beyond the scope of this paper.

2. Even if Ca < Ca,, but Ca is still not very small, values of A that are too large

or too small compared to r, lead to €4 < 0 or > 7, albeit these "critical" values
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of A increase or decrease exponentially as exp(d+1/Ca). Thus there is again a
range in which the model can be used. In order to be useful when Ca is not
very small, the value of r, should not be too different from the values of A used

in practice.

3. The asymptotic limit in which the developments are valid is Ca — 0. Perturba-
tions of higher order in the small parameter C'a would create non-convergence

effects.

4. Similarly, the procedure for grid-independent computations will be valid if iner-
tial effects are negligible in the corresponding range of scales, that is: Re(A) =

p1VsA /i < 1 and Re(r,) = p1Vira /1 < 1.

5.6 Conclusions

We focus on the problem of forced dewetting transition of a partially wetting plate
withdrawn from a reservoir using direct numerical simulations. We provide a nu-
merical dataset for critical capillary number, Ca,,., at which the dewetting transition
occurs, as a function of the mesh size, A, and the numerically-imposed equilibrium
contact angle, 5. Using the asymptotic hydrodynamic theory of the vicinity of the
contact line and matching it to the static theory of menisci, we derive an equation
for the effect of A and 65 on the larger-scale regions of the simulation. The critical
capillary number is then predicted by an implicit equation for C'a... This equation
contains an unknown gauge function ¢ that characterizes the contact line dynamics
and is akin to a coefficient that determines the amount of slip. This gauge function
is specific to the numerical model used. Our numerical simulations allow to quantify

this "numerical slip" and confirm that it varies linearly with the grid size A.

We suggest a manner in which simulations can be made convergent upon grid re-
finement, despite the singularity at the contact line. This involves adjusting the

numerical contact angle as a function of the grid size. This adaptation of the contact
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angle involves the numerical gauge function ¢ and improves in several ways over the
AZB model in [3]. Indeed it is valid for arbitrary angles and viscosity ratios. However
the gauge function ¢ is not known, except for the cases treated in this paper: i) for
a specific contact angle numerical procedure, or ii) a Navier slip model. Thus the

applicability of the grid-independent model may be limited.

The perspectives of this work are a systematic determination of the gauge function ¢
for a range of contact line models used in practice and the verification of the proce-
dure for grid-independent computations in a number of flows. Such grid independent
simulation could in turn be used to analyze the results of experiments on contact line

dynamics.
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Chapter 6

Conclusions and future directions

6.1 Summary and conclusions

Boiling is one of the most efficient modes of heat transfer: in Boiling Water Reactors
(BWR) boiling is the primary mode of heat transfer in the reactor core to accom-
modate very high heat fluxes; in Pressurized Water Reactors (PWR) subcooled flow

boiling can occur in hot sub-channels.

6.1.1 Sensitivity study on boiling simulations

We first confirm through a sensitivity study the need for accurate modeling of mi-
crolayer formation to initialize boiling simulations and to reproduce physical boiling
dynamics (chapter 2). We focus on the simulation of a single vapor bubble growing
at a heated wall, under saturated pool boiling conditions at atmospheric pressure.
Our results confirm the strong sensitivity of simulated bubble growth rates to initial
microlayer shape and extension in boiling simulations. We also discuss how fluid prop-
erties influence the actual contribution of microlayer evaporation to bubble growth
and wall heat transfer, and confirm our results are consistent with experimental data

for water and FC-72.
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6.1.2 A generally applicable model for microlayer formation

Then, we build the first generally applicable model for microlayer formation through
direct computations of the hydrodynamics of bubble growth at the wall for a wide
range of conditions and fluids, including water at 0.101MPa (lab experiments) and
15.5MPa (PWR) (chapter 3). We identified the minimum set of dimensionless pa-
rameters that controls microlayer formation, and reduced the parameter space for the

conditions and fluid of interest:

/1 = f(r/re,t/te, Ca,fax) (6.1)

With § the shape of the extended liquid microlayer. We generated a large numerical
database that discretizes the parameter space of interest, and built a generally appli-
cable model for microlayer formation, to be used during the initialization of boiling

simulations:

1. The wetted fraction underneath the bubble, o = (1—7,in/Tmaz) = f(fax, t*, Ca),
informs the presence (or absence) of liquid microlayer underneath a growing

bubble, for a given (f4x,t*, Ca) condition - see maps in Figure 3-18; 3-19, 3-20.

2. The central linear region of the microlayer 6* = 5 + Cr*, for r* € [r},., 5.,

: *
with r7 .

the position of the inner edge and r7,, its extension radius:

55 = 0.06VCav/t* (6.2)
C' = 0.5V Ca/Vt* (6.3)

3. An estimate of the extension radius r},, of the liquid microlayer:

T = 0.9(Rpo/1c + 1) (6.4)

out
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Comparison with previous work, both analytical [16] and experimental [114], show
similar scaling of the central linear region, whose slope is found to be independent of
Ca:

C'=05/Vt (6.5)

with t** = t/t.5 and t.o = w/(pU?)

In addition, this model provides an estimate of the extension radius of the extended
microlayer, and maps of wetted fractions (based on hydrodynamics of the contact
line) underneath the bubble at different times, and for the wide range of Ca and 64y
(dx=100nm) of interest. Future work could further investigate additional effects such
as thermal effects and mass transfer at the contact line that may modify the wetted
fraction underneath the bubble. A physical mobility law 6 = f(Ca) could also be

used in replacement of the static contact angle used in this study.

Lastly, we investigate the effect of an external flow on microlayer formation. De-
pending on the velocity of the flow in the vicinity of the wall, compared with the
bubble growth rate Upnofiow in the absence of flow, we find that the effect of the flow

can be:

o negligible (Viiow/Upnofiow << 1), such as in most cases of steam bubbles growing

in PWR conditions (high Re and high pressure).

o appreciable (Viow/Upnofiow = 1), such as in the case of the growth of neighbor

bubbles

o dominant (Vhow/Upnoiow >> 1), possibly achieved in the case of strong forced

convection velocities (high Re) and large bubbles (low pressures).

This general model on microlayer formation resolves the initial and rapid phase of
bubble growth in nucleate boiling, called inertia-controlled phase, which lasts a frac-
tion of a milliseconds in the case of water at 0.101MPa. The following phase of

bubble growth, the thermal diffusion controlled phase, is much slower and lasts tens
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of milliseconds in the case of water at 0.101MPa. In practice, the present model
allows initializing boiling simulations at the end of the rapid inertia-controlled phase

of bubble growth during which the microlayer forms.

6.1.3 Measurements of bubble growth rates during inertia-

controlled growth phase

In addition, we modify an existing experimental pool boiling setup to measure with
unprecedented accuracy initial bubble growth rates needed to predict microlayer for-
mation (chapter 4). We measure bubble dynamics at very early times of nucleate pool
boiling of water at 0.101MPa (no subcooling) with unprecedented time and spatial
resolutions: 12.4um/pixel spatial resolution and 7.7us temporal resolution, respec-
tively. Results indicate that Mikic’s theory [71], which predicts that bubble radius at
very early times scales linearly with time (R, o t), may only be valid in the limit of
high heat fluxes, while the scaling is found to be much slower at lower heat fluxes. As
the linear growth is not verified at low heat fluxes, time-varying growth rates could be
used to further refine the simulation of bubble growth hydrodynamics while resolving

microlayer formation at a wall.

6.1.4 A numerical procedure based on hydrodynamics theory
to obtain mesh-independent results in moving contact

line simulations

Lastly, we develop a numerical procedure based on hydrodynamics theories to obtain
mesh-independent results in moving contact line simulations for a wide range of con-
tact angles and viscosity ratios (chapter 5). In particular, we use direct computations
of the transition to a Landau-Levich-Derjaguin film in forced dewetting to inform the
onset of microlayer formation in nucleate boiling. We focus on the problem of forced
dewetting transition of a partially wetting plate withdrawn from a reservoir using

direct numerical simulations. We provide a numerical dataset for critical capillary
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number, Ca,., at which the dewetting transition occurs, as a function of the mesh
size and the numerically-imposed equilibrium contact angle 0. Using the asymptotic
hydrodynamic theory of the vicinity of the contact line and matching it to the static
theory of menisci, we derive an equation for the effect of 65 and on the larger-scale
regions of the simulation. The critical capillary number is then predicted by an im-
plicit equation for Ca... This equation contains an unknown gauge function that
characterizes the contact line dynamics and is specific to the numerical model used.
Our numerical simulations allow quantification of this "numerical slip" and confirm
that it varies linearly with the grid size.

We suggest a manner in which simulations can be made convergent upon grid re-
finement, despite the singularity at the contact line. This involves adjusting the
numerical contact angle as a function of the grid size. This adaptation of the contact
angle involves the numerical gauge function and generalizes the AZB model in [2].

Indeed, it is valid for arbitrary angles and viscosity ratios.

6.2 Future directions

6.2.1 Boiling simulations

Additional mechanisms could be included in boiling simulations proposed in this
thesis, in particular to approach the industrial situation of interest: namely perform
conjugate heat transfer simulations that couple the wall boundary with microlayer
evaporation. In addition, higher heat fluxes could be explored, where multiple sites
are activated and multiple bubbles could be simulated at the boiling surface, which

would inform the area of influence of individual bubbles.

6.2.2 Microlayer formation

3D simulations of microlayer formation with flow could be performed, and would
require the implementation of a 3D model of contact angle in numerical simulations,

which has been done recently in [2] using an older version of Gerris. Additional
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measurements of microlayer thickness as a function of time for various heat fluxes and
flow conditions could further validate the models proposed in this thesis. In practice,
higher resolution in time and space and wider ranges of fluids and conditions are

needed to complete the experimental validation.

6.2.3 Moving contact line simulations

Additional and systematic determination of the gauge function for a range of contact
line models that are used in practice would allow the verification of the procedure
we propose in chapter 5 for grid-independent computations. Such grid independent
simulations could in turn be used to analyze the results of experiments on contact
line dynamics, including the onset of microlayer formation in nucleate boiling. Lastly,
further calibrating numerics of moving contact lines with experiments is still needed

to unlock the possibility to perform predictive simulations.
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Appendix A

TransA'T user-defined functions

A.1 userglobal.h

#ifndef _USERGLOBAL_H

#define _USERGLOBAL_H

#include "userglobal_prototype.h"
#include <vector>

#include <stdio.h>

class UserGlobal:public UserGlobal_Prototype

{
private:
e
// add your classes here
// to have access during the simulation
f = e
public
/) ===mmmmmmm e //
// entry points //
e //
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FILE *ofwall, *subcells,*indexwall, *surfaces, *onlywall;

UserGlobal();

// every time step before solver

void User_processing_beforesolver() ;

// for different variables before solving

void User_adjust_linear_system(char*);

// adjust cpgl

void User_adjust_material_properties();

// add source term to temperature
// member data (store ii, mdot, area)
int jv_constantTw, jv_marching, shape_flat, shape_linear, Constant_Tw;

double r_bubble, r_bubblep, r_film;

struct mdotarea {

int index;

double mdot, areagl, avgthick;
};

static const int ncell = 100; //extra points within a macro delta x

std::vector<mdotarea> microlayer;
std::vector<double> delta_ROC, y_validation, microarea_validation,
microarea_value;

std::vector<double> mlthick, mlthickp, ynn_validation, index_wall;

void add_mdot_source_temperature();

// deallocation
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~UserGlobal();
}s

#endif

A.2 userglobal.cxx

#include "userglobal.h"
#include "userglobal_prototype.h"
#include "user_interface.h"
#include "cppinterface.h"
#include <iostream>
#include <stdio.h>
#include <cmath>

#include <cstring>

UserGlobal: :UserGlobal () {

[/ Fxkrkkkokkokkokok ok Rk kok Rk okkokkokkokk Rk QUEPUT booleans okskkskokskokskokkokkokkokk
// jv scheme
jv_constantTw=1;

jv_marching=0;

// shape
shape_flat=0;
shape_linear=1;

// constant Tw
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Constant_Tw=1;

// kkkskskkskskskskokokkokskskskkkkokkkokkkokkkkk end of booleans kkskskskskskskskokskskskkkkk

double *hei;

set_pointer(&hei ,"hembed");

int  nijk = get_integer("nijk");
double hsupport = get_double("hsupport");
y_validation.resize(nijk);
index_wall.resize(nijk);
ynn_validation.resize(nijk);

mlthick .resize(nijk); // current thickness
mlthickp.resize(nijk); // next thickness
microarea_value.resize(nijk) ;
microarea_validation.resize(nijk);

} //end: constructor

UserGlobal: : ~UserGlobal (){

} //end: destructor

void UserGlobal:: User_processing_beforesolver() {
double extension_ratio=0.90;

int nijk=get_integer("nijk");

int NI=get_integer("ni") ;

int NJ=get_integer("nj");

int NIJ=NI*NJ,;

double time, dtime;

double lambl, rhol, rhov, rholv, hfg, hsupport, tsat;
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double *phi, *y, *x, *z,*mdot, *ycor, *xcor, *T;
double *areagl, *deltaei, *cellvol, *hei, *deltagl;
int timestep;

int ii, i, j, k, outf;

bool aei;

timestep = get_integer("timestep");

outf = get_integer ("output_frequency");
time = get_double("time");
dtime = get_double("dtime");

//FLUID PROPERTIES

lambl = get_double("lambl");
rhol= get_double("rhol");
rhov= get_double("rhog");

rholv=rhol-rhov;

hfg get_double("latent");

tsat get_double("tsat");

if (timestep == 1) {
fprintf (stderr,"lambl %f\n",lambl);
fprintf (stderr,"rhol %f\n",rhol);
fprintf (stderr,"rhov %f\n",rhov);
fprintf (stderr,"rholv %f\n",rholv);
fprintf (stderr,"hfg %f\n",hfg);

fprintf(stderr,"tsat %f\n",tsat);

/] kskkokskokkskokokokokosk ok sk sk kokskkkskkkkkokkkkk  STMULATION PROPERTIES skkskskskskokk
//intial microlayer linear shape properties

double dO, dou, dTO, rmax, s;
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d0 = 1.7e-9; // absorbed layer thickness

S = 0.01; // intial slope from rdry = O to contact line
dT0 = 9.0; // wall superheat to rema[ii] constant

dou = 3.e-6; // flat thickness

set_pointer(&phi ,"levelset");
set_pointer (&T ,"temperature");
set_pointer(&z ,"cellcenterz");
set_pointer(&y ,"cellcentery");
set_pointer(&x ,"cellcenterx");
set_pointer (&ycor,"cellcornery");
set_pointer (&xcor,"cellcornerx");
set_pointer (&mdot ,"mdot");
set_pointer(&areagl ,"areagl");
set_pointer(&deltaei,"deltaembed");
set_pointer(&deltagl,"discdel");
set_pointer(&cellvol,"cellvolume");
set_pointer(&hei ,"hembed");
aei = get_logical("activate_embedded_interface");
// bubble outer edge radius *¥kkkxkkx
r_bubble = r_bubblep;
if (aei) A
double avgy, avgn;
avgy = 0.0;
avgn = 0.0;
for (ii=0; ii < NJ; ii++) {
avgy = avgy + yliilxdeltaeil[iil*deltagl[ii]l*cellvol[ii];
avgn = avgn + deltaeiliil*deltagl[ii]*cellvol[ii];
}
r_bubblep = avgy/avgn;
}
rmax = extension_ratio*r_bubblep;

// intialize the microlayer thickness at t = 0
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// (store the indexes for the wall boundary -- get length)
int curr=0;
for (unsigned ii=0; ii < nijk; ++ii) {
if ( hei[i1i]>0&&heil[iil<1.0 && x[1i]<0 && y[iil<1.5e-3 && z[ii]l==0){
index_wall[curr]=ii;

curr=curr+i1;

int length_wall=curr-1; // validated
mlthick.resize(length_wall*(ncell+1));

mlthickp.resize(length_wall*(ncell+1));

// first time step
if (timestep == 1) {
r_film = 0.0;
for (unsigned ii=0; ii<nijk; ++ii) {
mlthick[ii]= d0; // curr starts at 0: (curr-0)*..
mlthickp[iil= d0;// ncell +1 points in each intervall

.. *(ncell+1)

}
for (unsigned jj=0; jj<length_wall; ++jj) {
int ii=index_walll[jjl;

int iip=index_wall[jj+1];

double dr = (ycor[iip]l-ycor[iil);

double rr = ycor[ii];

for (unsigned nn = 0; nn < (ncell+l); ++nn) {
mlthick[(jj)*(ncell+1)+nn]l= d0; // curr starts at O: (curr-0)*..
mlthickp[(jj)*(ncell+1)+nn]= dO;// ncell +1 points in each

intervall ..*(ncell+1)
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if (rr < 1.5e-3) {
if (shape_flat==0 && shape_linear==1){
y_validation[jjl=y[ii];
for (unsigned nn = 0; nn < (ncell+1l); ++nn) {
double dr_nn = (ycor[ii+NI]-ycor[ii])/(ncell+l);
mlthick [(jj)*(ncell+l)+nn]= dO+s*(rr+nn*dr_nn);
mlthickp[(jj)*(ncell+1)+nn] =d0+s*(rr+nn*dr_nn);

ynn_validation[(jj)*(ncell+1l)+nn]=rr+nn*dr_nn;

}
r_film = std::max(r_film,rr);
} // end of radial extension limit
} // end of for loop over all index
r_bubble = r_bubblep;

} // end first time step

else{
fprintf (stderr,"timestep>1");
// LATER then first time step else {
for (unsigned jj=0; jj<length_wall+l; ++jj) {

for (unsigned nn = 0; nn < (ncell+l); ++nn) {

mlthick [(jj)*(ncell+1)+nn] = mlthickp[(jj)*(ncell+1)+nn];

} // end loop on subcells
} // end loop over boundary cells
//} // end condition of EI

} // end condition on timestep

if (timestep==1){
char fname3[32];
sprintf (fname3, "index_wall.dat");

indexwall= fopen(fname3,"w");
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fprintf (indexwall,"x[ii], y[iil, z[iil\n");
index_wall.resize(3,0);
for (unsigned jj=0; jj<length_wall; ++jj) {
int ii=index_walll[jjl;
for (unsigned nn = 0; nn < (ncell+l); ++nn) {
fprintf (indexwall,"%.3g %.3g %.3g \n", x[ii], y[iil, z[ii]);
}
}//end for
fclose(indexwall);
fprintf(stderr,"length wall\n");
}
double r_film_new;
r_film new = r_£film;
/] kskkokskokskskokokokokkkokskkokkkokkkokkkokkkokk UPDATE MDOT AT BOUNDARY
sk ok ok ok KoK ok ok o o K K oK ok
double tl=time;
double r_inner, router;
double dy, ymid, dyc, ymidc;
double s_nn, dr_nn, y_nn;
double Vi, Vip;
//reset vector
microlayer.clear();
mdotarea triplet;
for (unsigned jj=0; jj<length_wall; ++jj) {
int ii=index_walll[jj];
int iip=index_wall[jj+1];
if (ycor[ii] < 1.5e-3) {
double microarea, jv, s_validation;
microarea = 0.5*%(pow(ycor[iip],2)-pow(ycor[ii],2) );
fprintf (stderr,"’.3g \n", microarea);
jv = 0.0;

s_validation=0.0;

219



double avgt = 0.0;

// *LO0OP SUBCELLS %ok sk okkokokok s ok okokok ok sk ok skokokok sk ok okokokok ok ok ok
for (unsigned nn = 0; nn < (ncell+1l); ++nn) {
double dnow, dnewsqr, dtemp, dnew;
y_nn = ycor[ii]l+(an)*(ycor[iip]-ycor[iil)/(ncell+1);
dr_nn = (ycor[iip]l-ycor[iil)/(ncell+1);
s_nn =0.5%(pow(y_nn+dr_nn,2)-pow(y_nn,2) );
s_validation=s_validation+s_nn;

dnow = mlthick[(jj)#*(ncell+1)+nn];

if (Constant Tw==1){

dtemp = std::max(383. - tsat,0.0);

}
else {

dtemp = std::max(T[ii] - tsat,0.0);
}

// * JV SCHEME ssksskskokskokskokokokokokkokkokkok sk ok kok ok ok ook ok ok
if (jv_constantTw==1 &&jv_marching==0){
dnewsqr = std::max( pow(dnow,2)
-2.0*1lambl*dtemp*dtime/ (rhol*hfg) ,pow(d0,2));

dnew = sqrt(dnewsqr);

// forward in time

if ( jv_constantTw==0 && jv_marching==1){
double delta_ROCiinn=-lambl*dtemp/(rhol*hfg*dnow) ;
dnew=std: :max(dnow+delta_ ROCiinn*dtime,do0);

}

// *end of JV SCHEME sk sksksksk sk sk sk sk sk sk sk ok sk sk ok ok ok ok ok 3k ok ok 3k ok ok ok ok >k 5k

mlthickp[(jj)*(ncell+l)+nn]= dnew;
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double davg = 0.5%(dnow+dnew) ;
avgt = avgt + davg;
if (davg > d0) {

jv = jv + lamblxdtemp/(dnowxhfg)*s_nn;

}
//* END LOOP ON SUBCELLS* sk kskkskok sk ok s sk ok o ok ok sk ok ok skook ok sk ok ok ok
jv = jv / microarea;
//microarea = le-12;
//jv=1el2;
//T[ii]1=500;
mdot[ii] = mdot[ii] + jv ;
areagl[ii] = areagl[ii] + microarea;
[/ FxkkkkkkRkk KKK KKK KKK KKK KKkkk Store variableskkkkkskkkk
triplet.index = ii;
triplet.mdot = jv;
triplet.areagl = microarea;
triplet.avgthick = avgt;
microlayer.push_back(triplet);
} // end limitation on radial extension

} // end loop on wall cells

[/ xRk kkokkkkokkokkok kkokokkkokkkkokx  QUTPUT SECTION
stk sk ok sk ok sk ok o stk sk ok sk sk ok sk sk ok ok o skok sk ook

timestep = get_integer("timestep");

char fname[32];

sprintf (fname, "m_test-’05d.dat", timestep);

ofwall= fopen(fname,"w");

for (unsigned jj=0; jj<length_wall+l; ++jj) {

int ii=index_walll[jjl;
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for (unsigned nn = 0; nn < (ncell+l); ++nn) {
fprintf (ofwall,"%.3g %d %d %d %.3g %.3g %.3g %.3g %.3g \n", time,
ii, (jj)*(ncell+1)+nn, nn, x[ii], y[iil,
mlthick[(jj)*(ncell+1)+nn], T[ii], mdot[ii]);
}
}//end for

fclose(ofwall);

}; // End Before Solver

stk ok sk o sk sk sk o sk ok stk ok o s o stk sk o sk ok sk sk o sk ok sk sk o o s o ok sk sk o sk ok sk sk s sk s o sk sk s s ke ok sk sk sk s ok sk sk sk o sk ok stk o o ok sk sk ok o
void UserGlobal:: User_adjust_linear_system(char* varname){

if (strcmp(varname,"temperature") == 0) {

add_mdot_source_temperature() ;

};
3k 3k 3k 3k >k >k >k >k >k 3k 3k 3k 3k 3k 3k ok Sk Sk Sk Sk 3k sk sk sk >k >k >k >k ok ok 3k 3k 3k 3k 3k 3k 5k Sk Sk Sk Sk sk >k sk sk 5k 5k >k >k 5k 5k 5k 3k 3k 5k Sk Sk Sk Sk Sk sk sk sk sk sk >k >k >k >k >k 3k 5k ok ok ok 5k 5k 5k k k k

void UserGlobal:: User_adjust_material_properties(){

double *cpgl, *rhof, *cvol;

int *blk;

int ii;

double mdot, areagl, term, rhol, cpl;
set_pointer(&cpgl,"heatcapacity");
set_pointer (&rhof,"rhofluid");
set_pointer(&cvol,"cellvolume");
set_pointer (&blk, "block");

rhol = get_double("rhol");
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cpl = get_double("cpl");

double small = get_double("small");

for (int i = 0; i < microlayer.size(); i++){
ii = microlayer[i].index;
areagl = microlayer[i].areagl;
double liqvol = areagl*microlayer[i].avgthick;
double rcp = (1-blk[ii])*rhof[ii]l*cpgl[ii]
+blk [ii]*( rhof[ii]l*cpgl[iil*cvoll[ii]
+rhol*cpl*liqvol)/(cvol[ii]+liqvol+small);
double rho = (1-blk[ii])*rhof [ii]
+blk[ii]*( rhof[ii]l*cvol[ii]

+rholxliqvol)/(cvol[ii]+liqvol+small);

cpglliil rcp/rho;

rhof [ii]

rho;
}s;
/KoK ok ok sk ok sk ok sk ok sk ok sk ok sk ok sk ok 3 ok 3 ok 3 ok 3 ok 3 ok 3 ok 3 ok 3 ok 3k ok 3k ok 3k ok sk ok sk ok 3k ok 3k ok sk ok 3k ok 3k ok ok ok ok ok ok ok ok K ok 3k ok k ok ok ok k ok sk ok ok ok ok ok 3 ok >

void UserGlobal:: add_mdot_source_temperature(){

if (Constant_Tw==1){

}

elseq{
double *tissu, *hei, *x, *y, *z, *phi, *tissp, *temp, *aw;
double latent, tsat;
int ii;
double mdot, areagl, term, term2;
set_pointer(&tissu ,"issu");
set_pointer(&tissp ,"issp");
set_pointer(&hei ,"hembed");
set_pointer(&temp ,'"temperature');

set_pointer(&aw ,"westcoeff");
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set_pointer(&x ,"cellcenterx");
set_pointer(&y ,"cellcentery");
set_pointer(&z ,"cellcenterz");
set_pointer(&phi ,"levelset");
latent = get_double("latent");
tsat = get_double("tsat");
fprintf(stderr,"----INSIDE TEMP LOOP: SIZE=%.3g",microlayer.size());
for (int i = 0; i < microlayer.size(); i++){

ii = microlayer[i].index;

mdot = microlayer[i] .mdot;

areagl = microlayer[i].areagl;

term mdot*areagl*latent;//*hei[iil;

term2 = mdot*areagl*latent*heil[iil;
fprintf (stderr,">>>>>>>> %.3g %.3g %.3g %.3g
%.3g\n",temp[ii],phil[ii], x[ii], y[iil, z[iil);
if (term>0.0){

tissplii] = tisspl[ii] - term/templ[ii];
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Appendix B

Pressure boundary at the bubble
root to reproduce bubble growth

hydrodynamics at the wall

We here present a method we initially proposed and tested to reproduce the hydrody-
namics of bubble growth at the wall, but that we dropped for the reasons explained
later in this section. Rayleigh [86] carried out the first analysis of bubble growth
in an infinite pool of liquid. In general form, the bubble radius is controlled by the
following governing differential equation:

(P, — Py) /p = RR+ 21%2 + 4mg + pzl; (B.1)
where P, denotes the pressure within the bubble, P, the far-field pressure, R the
bubble radius, v, the kinematic viscosity of the liquid, p; the density of the liquid,
and o the surface tension. An analytical solution exists for the special case of constant
overpressure inside the bubble, when surface tension and liquid viscosity are neglected.

The bubble radius R then increases linearly with time ¢:

2AP

R p—
3

t (B.2)
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Figure B-1: A pressure boundary condition at the base of the bubble is proposed to
drive and control bubble growth, and resolve the dynamics of microlayer formation
at the wall.

In the inertia-driven growth phase, we consider the expansion velocity to be propor-

tional to the square root of the pressure difference across the interface:

2AP
3p1

Ub,noﬂow - (BS)

We consider a pressure boundary condition at the bubble root to drive and control
the growth of a bubble at a constant rate U, - see sketch of methodology in Figure B-1
and computational domain in Figure B-2. In the results presented in Figure B-3, a
constant pressure of 50k Pa is imposed at the bubble root, whose mouth radius is set
to be 10 microns. The contact angle with the wall is held constant in time at 10° for
a finest mesh size at the wall of 156nm. Early profiles (in red) show how the interface
rearranges from its initial shape. Note that the bubble is initialized at the wall with
an angle greater than the boundary contact angle. Then the shape rearranges to
a hemispherical shape (in blue) and the bubble shape remains hemispherical as it
grows further (black profiles). After the first 5us, the bubble outer diameter reaches
a few tens of microns at the wall. The equivalent radius of the simulated bubble as
a function of time in Figure B-4 indicates that the methodology is able to control

the bubble growth rate, and reproduce hydrodynamics of bubble growth. Results
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Figure B-2: Computational domain implementing a pressure boundary condition at
the bubble root (red) to drive and control bubble growth at a wall (in blue). The
domain is axisymmetric of side 120um.
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Figure B-3: Interface of a steam bubble growing at a wall under 50kPa overpressure
at its root, Ca=0.03,04, = 10° (dx=156nm).
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Figure B-4: Equivalent radius of the simulated bubble (red square with solid line) as
a function of time, and the reference Rayleigh solution (dashed black line).
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Figure B-5: Dynamics of microlayer formation at the wall under 50kPa overpressure
at its root, Ca=0.03,04, = 10° (dx=156nm).

indicate the dynamics of a thin micro-metric microlayer that forms at the wall for the

first few micro-seconds - see Figure B-5.

The methodology requires further work to sustain hemispherical growth at longer
simulation times and was abandoned for now: the very low viscosity in the vapor
phase failed to diffuse momentum in the radial direction in the computational setup
explored - see Figure B-7. As the bubble grows, and as its outer-edge moves further
and further away from the bubble root where the overpressure boundary condition
is imposed, the norm of the velocity field indicates the formation of a jet in the

vertical direction - see Figure B-8, that was later found to disappear if the viscosity
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Figure B-6: Shape of the simulated bubble at t=6us. Note the non-hemispherical
shape of the interface (deformation at the top of the bubble cap) that indicates the
methodology failed to reproduce the desired growth.

ratio were increased towards unity. The plot of pressure along the axis of rotation
P(r = 0,z2) in Figure B-9 reveals that the pressure build up is in the liquid phase,
well past the position of the liquid-vapor interface, also shown in Figure B-8. The
non-hemispherical growth profile obtained no longer reproduces the desired bubble

growth characteristics, and this methodology was abandoned.
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Figure B-7: Details of the mesh size distribution in the domain at t=6us. The domain
is refined in region of high vorticity, as well as at the wall where the microlayer
is expected to form (see red regions, dx=156nm), and coarsened elsewhere (blue
regions, dx=625nm). White lines show computational boxes of side 10um. The axis
of symmetry is vertical in the center, the simulations are axisymmetric.

(a) (b)

Figure B-8: Details of the distribution of the norm of the velocity (a) (blue: Om/s,
red: 370m/s) and pressure difference (b) (blue: 0Pa, red: 250kPa) in the vicinity of
the bubble at t=06pus.
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Figure B-9: Details of the pressure profile along the axis of symmetry (r=0).
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Appendix C

Details of the simulated microlayer

and its linear shape

Profiles of the bubble (left) and microlayer (right) (black dots), and the fitting per-
formed in the central linear region (green dashed line), for Ca € [0.001; 0.1] and
Oa, = 10° (dx=1/32um), at t* = 140.

233



1l x
- Gerris simulation

0.2 - -Linear fit: 6=0.024217+0.0012968x r
Ca=0.001, /=10°, t=28,s i
— 0.18 H
140 ~
. 0.16 il
120
\ 0.14
100
_ N oz
E 80 \ g
i | A —
N >

40 '
20 0.06

— 0.04
0 50 100 150
r [um] 0.02
0 — .
0 50 100

r [;2m]

Figure C-1: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.001,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-2: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.002,
Oqr = 10° (dx=1/32um), at t* = 140.
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Figure C-3: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.003,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-4: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.004,
Oqr = 10° (dx=1/32um), at t* = 140.
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Figure C-5: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.005,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-6: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.006,
Oqr = 10° (dx=1/32um), at t* = 140.

236



1
- Gerris simulation

0.5 - ~Linear fit: 6=0.076425+0.0030821 x 1
— - o '
Elﬂioz, 0=10°, t=28us 0.45
140
™~ 04
-
120 “~
N 0.35
100 .
—_ \ . 03
€ 80 E
~ =025
60|
0.2
40
" 0.15
J
| il 0.1
0 50 100 150
r [um] 0.05
0 - 1 1
0 50 100

r [;2m]

Figure C-7: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.007,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-8: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.008,
Oqr = 10° (dx=1/32um), at t* = 140.
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Figure C-9: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.009,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-10: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.01,
Oqr = 10° (dx=1/32um), at t* = 140.
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Figure C-11: Profile (black dots) of the bubble (left) and microlayer (right), and

the fitting performed in the central linear region (green dashed line), for Ca=0.02,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-12: Profile (black dots) of the bubble (left) and microlayer (right), and

the fitting performed in the central linear region (green dashed line), for Ca=0.03,
Oqr = 10° (dx=1/32um), at t* = 140.
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Figure C-13: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.04,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-14: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.06,
Oqr = 10° (dx=1/32um), at t* = 140.
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Figure C-15: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.07,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-16: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.08,
Oqr = 10° (dx=1/32um), at t* = 140.
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Figure C-17: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.09,
Oa, = 10° (dx=1/32um), at t* = 140.
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Figure C-18: Profile (black dots) of the bubble (left) and microlayer (right), and
the fitting performed in the central linear region (green dashed line), for Ca=0.1,
Oqr = 10° (dx=1/32um), at t* = 140.
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