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1. Introduction

Understanding, and having the ability to predict, the disposi-
tion and intensity of nucleate boiling are plainly of great
importance in water-cooled nuclear reactor design and safety
analysis. Void distribution influences “nuclear” matters such
as neutron moderation, can affect chemistry and crud depo-
sition, and has obvious heat transfer and surface temperature
significance. The incorporation of a reasonable representation
of nucleate boiling into general-purpose computational fluid
dynamics (CFD) used for nuclear core modeling is a current
major development area for authors of such codes.

Component-scale modeling of nucleate boiling is
generally performed via a heat flux partitioning approach.
The wall heat flux is represented by three components,
namely, “normal” single-phase convection, evaporation,
and “quenching”—the flow of relatively cool liquid toward
the wall as it refills the volume previously occupied by a
departing bubble. Semiempirical representations of these
components rely primarily upon experimental observations
to estimate the main parameters involved: the bubble de-
parture frequency, bubble departure diameter, nucleation
site density, and “normal” convective cooling of the surface
between the bubbles. This approach was initially developed
as a one-dimensional representation of wall boiling, and
the formulation provides a relationship between the sur-
face heat flux, wall temperature, and bulk fluid tempera-
ture (this framework is still being used extensively in
system codes [1]). For the use of this model with present-
day general-purpose CFD codes, this closure relation is
modified to be a closure relation between the wall tem-
perature and the near-wall fluid temperature. The thrust of
current research in this framework is to incorporate better,
more mechanistically accurate representations of the heat
flux components and wall bubble characteristics (bubble
size, departure frequency, etc.).

Increasingly sophisticated interface tracking CFD codes,
incorporating interface mass transfer, are becoming able to
generate quite high-fidelity predictions of such complex
events. This makes the use of such codes a possible comple-
ment to reliance on experimental observation to obtain the
empirical relations needed for component-scale modeling.

For obvious reasons, observations of boiling at high pres-
sures tend to be much more limited than those at low pres-
sures. Among other things, this requires much reliance in
high-pressure component scale boiling modeling on extrapo-
lations of data obtained at much lower pressures. Augmen-
tation of pressure information, by the conduction of reliable
high-pressure simulations, is thus a very desirable objective.
As part of this, of course, it is important to be confident that
the simulations themselves are indeed reliable.

We are fortunate that a set of high-pressure boiling mea-
surements have recently been reported by Sakashita [2]. To
our knowledge, there have not yet been any published at-
tempts at simulating these. We attempt such a simulation in
this study, which would also be the first publication of an
attempt to simulate high-pressure boiling using the Parallel
SImulator of BOILing phenomena (PSI-BOIL) code. Our
particular focus will be on an attempt to predict correctly the

bubble growth rate, which is fundamental to most of the
phenomena at issue.

In Section 2, we discuss the extant experimental evidence
on bubble growth rates and earlier, largely analytical, at-
tempts at predicting such growth. In Section 3, we provide a
very brief summary of the modeling embodied within the PSI-
BOIL code. The experiment of Sakashita [2] is outlined in
Section 4, and the computed results are compared with it.
Finally, conclusions are drawn in Section 5.

2. Bubble growth rate formulations

There have been a considerable number of experiments aimed
at measuring bubble growth rates, both within the bulk of a
superheated liquid and in a thin superheated layer adjacent to
a surface.

Most were performed at constant wall heat flux conditions
[3,4]. Lee et al [5] performed experiments with a constant wall
temperature and studied pool boiling of R11 and R113 for
saturated boiling conditions.

Semiempirical fitting of observed growth rates in these
experiments generates a remarkably consistent form, along
with quite uniform numerical scaling factors. The general
form of the expression found is as follows:

Rp = ANj,v/art. (1)

Various publications proposed differing values for the
constant A, such as (12/m)% [6], =°° [7], and 2/(m)°° [4]
(Njq < 100; i.e., constant values of 1.95, 1.77, 1.13). These ex-
periments were largely performed at atmospheric pressure.

At higher pressures, physical properties of water are quite
different. Volume ratios for liquid and vapor can be two orders
of magnitude lower, surface tension can be approximately an
order of magnitude lower, and “contact” conditions between
the heated surface and the liquid—vapor interface can be very
different, as can be the heat transfer through the microlayer (if
one exists at these conditions). The net result of all these is
that the bubble growth rate is expected to be lower and the
detachment radius much smaller.

Labuntsov et al [8] analyzed bubble growth rates for water
at high pressures (up to 10 MPa) and reported a bubble growth
rate given by the following correlation:

R, = /28Ny aut @)

where 8 is a numerical coefficient that includes the effect of
the contact angle and the thickness of the conduction layer
near the bubble base. Akiyama et al [9] carried out an experi-
ment for water boiling on a horizontal 8-mm-diameter cylin-
der at pressures of 0.1-1.5 MPa. They reported that the bubble
growth rate becomes lower with increasing pressure and that
it could approximately be expressed by

R, = fn(t°%) (3)

at 1.5 MPa. This relation is quite different from Egs. (1) and (2).

However, neither of these studies used high-resolution
visualization techniques, and hence little quantification of
the underlying phenomenon is provided.
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Fig. 1 — General view of Sakashita's experimental setup. (A) High-pressure cell. (B) Horizontal boiling test section [2].

3. Numerical method
3.1. General characteristics

PSI-BOIL is a direct numerical simulation code in which a
single set of Navier—Stokes equations is solved under the
assumption of an incompressible fluid based on a staggered
finite-volume algorithm on Cartesian grids, using an inter-
face tracking method together with a mass-conserving
phase change model. It has been developed at PSI over
several years and, as the name implies, focuses on the
simulation of the boiling process. Further details of the code
in general, and of the particular aspects outlined below that
are of most relevance to the present study, are given in
references [10,11].

3.2.  Interface tracking

The color function is introduced as a volume fraction of liquid
in a cell. The governing equation for the color function is the
following:

%—(f+v-(¢ﬁ’):—mpll ()
where m is the mass transfer rate in kg/m® s computed in the
phase change model. Here m is positive for vaporization and
negative for condensation. The derivation of Eq. (4) is given in
Appendix A of reference [3]. The advection term is computed
with the Constrained Interpolated Profile method: Conserva-
tive Semi- Lagrangian 2nd order scheme (CIP-CSL2) method,
which features high accuracy in both mass conservation and

interface shape [12]. To avoid the smearing of the color func-
tion, a sharpening equation is employed:

0 -
L LV(9(1 - 9)T) = V- (e79) ©)
3.3. Surface tension model

In two-phase flows, modeling of the surface tension is an
important factor. In PSI-BOIL, this is done using the “continuum
surface force” (CSF) model developed by Brackbill et al [13] to
represent the surface tension and wall adhesion forces. In this
paper, this will referred to as the “original” CSF model. There is
a new, modified version of the CSF model that has been
implemented based on the method proposed by Yokoi [14].

In the modified CSF model, curvature « is firstly computed
at the cell center:

k=—(V-7) (6)

where 7 is the unit normal vector to the liquid—vapor inter-
face and defined at the cell center. Next, the curvature at the
interface is computed using a linear interpolation. Then the
curvature at the interface is extrapolated to cells around the
interface, and the curvature used for the body force oxV¢ is
based on the value at the interface.

The energy conservation equation can be written as
follows:

T
G <%—t+7-VT> =V-(AVT) +Q ?)

The fundamental physical approximation/assumption
made is that the liquid—vapor interface temperature is at
the saturation temperature of the liquid. The normal
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gradient of temperature of the liquid at the interface is
computed to evaluate the heat flux, and from this the mass
transfer. The conjugate heat transfer between the solid and
fluid flow is taken into account using an immersed bound-
ary method [15].

3.4.  Microlayer model

A microlayer model is considered essential for CFD simu-
lation of a bubble growing at the wall. This is required to
model the thin liquid film that sometimes exists under-
neath growing bubbles. In the microlayer model [11] used in
this study, the liquid microlayer thickness decreases and
finally reaches a dry condition due to vaporization. Heat
flux in the microlayer region is directly computed from the
microlayer thickness, wall temperature, and the liquid-
—vapor interface temperature. The initial thickness of the
microlayer, do, is given by the equation proposed by Utaka
et al [16]:

60 = Cslope L (8)

where r; is the horizontal distance from a nucleation site to a
certain point underneath a growing bubble and Cgqpe is a
constant obtained from measurements. For instance,
Cstope = 4.46 x 1072 for water and Cgpope = 1.02 x 1072 for ethanol
boiling from a heated quartz glass surface at atmospheric
pressure. It should be emphasized that Cgepe is the only
empirical parameter for this model and is much more
straightforward than other existing microregion models
[17,18], in which several unknown parameters, such as the
dispersion constant, adsorbed film thickness, gradient of the
microlayer film thickness at the extremities of microregion, all
need to be assigned appropriate values. Hereafter, we will use
the value of Cgop measured for water by Utaka et al [16] and
quoted above.

4. Results and discussion
4.1. Sakashita's high-pressure boiling experiment

The objective of Sakashita's [2] experiment was to make
detailed observations of the boiling behavior on horizontal
and vertical surfaces during saturated pool boiling of water at
pressures from 0.35 MPa to 5 MPa. A general view of his setup
can be seen in Fig. 1.

The high-pressure setup comprised a cylindrical cell with
an inner diameter of 50 mm and a height of 150 mm. Sapphire
windows were installed to enable the boiling phenomena to
be observed, using a high-speed video camera and a micro-
scope, with the video images analyzed manually. The mea-
surements were predominantly of the nucleation site
densities and the growth rates of the primary bubbles. For the
current study, we will focus only on the horizontal surface
experiments. The heating surface was a nickel foil, 8 pm thick,
3—4 mm wide, and 27.5 mm long. The heat-transfer surface
was heated with a DC power supply, and the temperature of
the heating surface was estimated from the change in the
electric resistance of the nickel foil.

4.2. Conditions of simulation

The computational domain employed is a cuboid of dimen-
sion 0.150 mm x 0.150 mm x 0.158 mm, including an 8-um-
thick nickel heater at the bottom. All cases of the simulation
were conducted for saturated pool boiling conditions. The
fluid consists of water and steam at a system pressure of 44.7
bar. Material properties of the fluid and the condition of the
heated wall are listed in Table 1. The simulation attempts to
predict only the bubble growth from a seed on the wall and
does not attempt to model the nucleation process itself.
Consequently, the liquid near the wall is expected to be su-
perheated at t=0 seconds. Hence, an initial estimate of the
thermal boundary layer thickness was made and applied. The
simulations were carried out with the coarse grid of 262,144
cells (Table 2).

4.3. Parasitic currents

Fig. 2 is representative of the temperature contours obtained
during the growth cycle of the bubble.

The interface temperature is assumed to be a constant, at
the saturation temperature, in PSI-BOIL, and heat thus flows
to this interface from the superheated bulk of the liquid. This
heat flow is then associated with the generation of saturated
vapor at the interface.

Velocity vectors at these locations indicate increased cir-
culation and vortex-like structures. These are known as
parasitic currents, by-products of the original CSF model used
in these simulations, and are purely a numerical artifact. The
parasitic currents are as a result of the large curvature (i.e.,
small bubble size, of the order of 10 pm), and they seem to
cause increased heat transfer at the interface. In order to
reduce the occurrence of these unphysical currents, the
modified CSF model was implemented.

Fig. 3 shows the resulting temperature and velocity vec-
tors, and it can be seen that the unphysical parasitic currents
are significantly reduced. By comparing the temperature
contours and velocity vectors of the original and modified CSF
model simulations, some important effects of the presence of
parasitic currents can be observed: (1) parasitic currents at the
triple contact line cause a vapor plume to rise into a bubble,
with the velocity vectors indicating that the speed of the vapor
plume rising from the wall is high, and (b) the presence of
parasitic currents results in cooler heater temperatures.

Table 1 — Fluid and solid material properties.

Water Steam
Fluid properties at 44.7 bar
Dynamic viscosity (Pa sec) 1.03x10°* 178 x 107>
Density (kg/m°) 788.25 22.539
Specific heat (J/kg K) 4,949.3 4,214.5
Thermal conductivity (W/m K) 0.61293 0.053181
Surface tension coefficient (N/m) 0.024
Expansion ratio (kg/m® K) -1.6 —0.101
Solid properties: nickel
Density (kg/m°) 8,908.0
Specific heat (J/kg K) 444.0
Thermal conductivity (W/m K) 90.9
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Table 2 — Computational grid.

Mesh Grid A Grid B Grid C
(coarse) (medium) (fine)

Minimum cell size 2.00 x 10°© 1.33x10°° 1.00 x 10°©

(m)

Number of cells 262,144 884,736 2,097,152

Computational domain (m3): (1.50 x 1074 x (1.50 x 107%) x
(1.58 x 1074

Further, in Fig. 4, measurement of the maximum lateral bub-
ble radius in the 44.7 bar Sakashita test case is compared with
the maximum lateral radius predicted by PSI-BOIL (maximum
lateral radius indicates the maximum radius of the bubble in
the direction parallel to the wall). It can be seen here that,
although the presence of parasitic currents appears to modify
the temperature and velocity contours, the bubble growth
rates predicted by both the original CSF and the modified CSF
model are similar to that observed in the experiment (Fig. 4B).
For both cases, PSI-BOIL seems to achieve a very good pre-
diction of the bubble growth rate at 44.7 bar.

4.4.  Effect of microlayer

As mentioned earlier, PSI-BOIL was able to predict the growth
rate of the bubble at a high pressure of 44.7 bar very well;
however, it did not predict the time of detachment of the
bubble accurately (Fig. 5). Detachment of the bubble from the
wall is a very complex phenomenon. During detachment, the
center of mass of the bubble begins to slowly move away from

1m/'s

the wall, while the base of the bubble still remains attached to
it. This results in an elongation of the bubble in the wall-
normal direction. The increase in bubble height in Fig. 5 is
indicative of this phenomenon. When the bubble departs and
the base of the bubble is no longer in contact with the wall, the
bubble height parameter computed by PSI-BOIL will fall to
zero or become equal to the height of the next seed bubble
formed at the same cavity, as the case might be. Similarly,
once the bubble departs completely from the wall, the
maximum lateral radius becomes zero, and then, on nucle-
ation of the next bubble in the same cavity, it becomes equal
to the maximum lateral radius of the new seed bubble.

A likely cause for this lengthy predicted attachment of the
bubble to the wall could be the microlayer model. The
microlayer model implemented in PSI-BOIL, although a
physically accurate model, contains an empirical multiplier
Cstope (01) C_utara, Which is obtained from experiments con-
ducted at atmospheric conditions. For high pressures, no
microlayer experiments have been performed, and hence we
do not know what this empirical value is at elevated pres-
sures. Labuntsov et al [8] observed bubble behavior at a high
pressure and theorized that bubble growth is primarily gov-
erned by the evaporation of liquid close to the bubble base.
They postulated that as the excess enthalpy of the super-
heated bulk liquid surrounding the bubble is small at high
pressures, the superheated layer would not contribute much
to the evaporation. In this study, we investigate this issue
using CFD simulations.

We also investigate whether the thickness of the micro-
layer is a likely cause for the delay in the bubble departure.
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Fig. 2 — Parasitic currents: temperature contours and velocity vectors with original CSF model. Images are from t = 0.002
seconds to t=0.012 seconds at every 0.002 seconds. CSF, continuum surface force.
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Fig. 3 — Reduced parasitic currents: temperature contours and velocity vectors with modified CSF model. Images are from
t=0.002 seconds to t =0.012 seconds at every 0.002 seconds. CSF, continuum surface force.

Consequently, simulations are performed where (1) the size of and reduced microlayer thickness. Time evolution of the

the microlayer slope is reduced to 1/10 of its atmospheric temperature distribution with no microlayer (Fig. 7) is almost
value and (2) the microlayer model is completely removed. identical to the one with a microlayer (Fig. 3). This indicates
The predicted bubble growth rate (Fig. 6), and the tem- that the presence of a microlayer model has little influence
perature and velocity plots do not vary much for the original on bubble growth under these conditions (i.e., water at 45
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Fig. 5 — Bubble departure at 44.7 bar as predicted by PSI-BOIL.

bar). This is further supported by the fact that the rate of
growth of the base radius of the bubble does not change with
the presence of the microlayer (Fig. 6B). This could imply that
the majority of the phase change occurs from the curved
surface of the bubble, and only a negligible amount occurs
from the microlayer region. Looking at the phase change rate
for the no microlayer case (Fig. 8), it can clearly be seen that a
large fraction of the phase change occurs near the triple
contact line, but at the macrointerface level and not in the
microlayer.

4.5. Comparison with Scriven bubble growth
formulation

Bubbles at the wall grow in nonuniform temperature distri-
butions. The temperature varies from the superheat temper-
ature at the wall to the bulk liquid temperature at a certain
(unknown) distance away from the wall, and this temperature
variation is observed to affect the rate at which the bubble
grows. In this section, the PSI-BOIL-predicted bubble growth
rate is compared with that predicted by the Scriven's model
for heat—diffusion controlled growth.
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According to Scriven [19], the growth of the bubble radius
in an infinite pool of liquid is proportional to the growth
constant according to the following equation:

R(t) = 28/t ©)

where o is the thermal conductivity of the liquid, and the
growth constant 8 is computed based on the temperature of
the remote liquid and fluid properties.

For Sakashita's [2] high-pressure test case, no direct mea-
surements of the temperature distribution near the heated
wall are available. We have assumed that the bubbles grow in
a superheated liquid layer in which the temperature de-
creases linearly with distance from the wall. The thickness of
this superheated layer is assumed to be equivalent to the
natural convection thermal boundary layer thickness and is
determined using the following correlation:

o—71a( e )" (10)
- \gpAT

Outside the layer, the liquid is assumed to be at the
saturation temperature. As the bubble lift-off diameter is
known from the experiment, it is possible to estimate the
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Fig. 6 — Effect of microlayer thickness. (A) Effect on maximum lateral radius. (b) Effect on base radius.
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Fig. 7 — No microlayer: temperature contours and velocity vectors with modified CSF model. Images are from t = 0.002
seconds to t=0.010 seconds at every 0.002 seconds. CSF, continuum surface force.
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Fig. 9 — Comparison of 44.7 bar bubble growth prediction of
PSI-BOIL (no microlayer) and Scriven's growth formulation
[19].

temperature of the superheated liquid at a distance from the
wall corresponding to the bubble cap elevation at the
moment of detachment. The wall temperature and the tem-
perature at the bubble cap elevation are the two limiting
temperatures, which would influence the bubble growth rate,
and Scriven's [19] treatment is applied to each of them.
Growth constants are computed for superheats correspond-
ing to the two limiting cases. In the first limiting case, the
wall superheat at bubble inception is used to compute the
growth constant 8,. In the second, the superheat at a dis-
tance from the wall equal to the lift-off diameter is used to
compute the growth constant . A plot of the temporal
variation of bubble radius for the two limiting cases is shown
in Fig. 9. It can be seen that PSI-BOIL predicts the bubble
growth rate at 44.7 bar better than the Scriven's [19] treat-
ment for the two limiting cases.

4.6. Grid dependency test

In the PSI-BOIL code, the mass-transfer rate is directly
computed from the heat flux coming to the liquid—vapor
interface from the surrounding fluid or solid. The heat flux is

6.00e-005 T T T
5.00e-005 |-
—
g
&
3
S 4.00e-005
<
£
<4
Q
= 3.00e-005 [~
g
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=
Grid A =
1.00e-005 GridB
Grid C =———
Measurement o]
0.00e+000 i ‘ .

0 0.005 0.01 0.015

Time (s)

Base radius (m)

based on the temperature gradient, which is influenced by
grid spacing, if a sufficiently small grid is not used. Thus, a grid
dependency test is required. In addition, the seed bubble is
initially hemispherical in shape, the radius being typically one
cell width of the underlying grid. This means that the model is
dependent on discretization (grid spacing), and a grid refine-
ment study is then required; three grid levels are used to test
it. The number of cells for each grid is listed in Table 2. As the
bubble growth rate was found to be independent of the
microlayer model, the grid dependency test was performed
without the microlayer model. Fig. 10 shows the variation in
the “maximum lateral radius” and the base radius of the
growing bubble for each grid level. The growth rate of the
maximum lateral radius increases with decreasing grid size.
This tendency is considered reasonable because a smaller grid
can evaluate the steep temperature gradient more accurately
(i.e., the coarser grid underestimates the temperature
gradient). Such a condition is observed around the liquid
adjacent to the liquid—vapor interface. The base radius does
not seem to vary greatly with grid size, indicating that the wall
adhesion force implemented and defined in the CSF model is
less dependent on grid spacing. Fig. 11 shows the difference in
the temperature contours and velocity vectors for the
different grid sizes.

5. Conclusions

(1) The bubble growth rate predicted by PSI-BOIL agrees
well with that of the 44.7-bar pool boiling experiment of
Sakashita [2]. This indicates that PSI-BOIL can predict
bubble growth rates at higher pressures and can be used
to obtain the bubble growth rate expression for use in
component scale boiling modeling. This is indeed the
thrust of the work that is currently underway, wherein a
growth rate equation applicable for different pressures
is being developed.

For the current case, the bubble growth rate predicted by
PSI-BOIL (and correlated by Sakashita [2]) is as follows:

Ry = Cv/ait (11)

(B)

2.00e-005 - T r

1.50e-005 -1
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Fig. 10 — Grid dependency test. (A) Test for maximum lateral radius. (B) Test for base radius.
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Fig. 11 — Grid dependency study: temperature contours and velocity vectors. Images are from t = 0.002 seconds to t = 0.006

seconds at every 0.002 seconds.

where C = /26Nj, and 8 = 3. This expression should perhaps be
used for the component-scale bubble departure diameter
modeling at 45 bar in place of the commonly used Plesset and
Zwick [6] equation (which is applicable to atmospheric pres-
sure). Itisimportant to note that the growth rate at 45 bar varies
as /Ny, and not as Ny, (as it does at atmospheric pressure).

(2) An unphysical temperature distribution is observed
when the original CSF model is used due to strong para-
sitic currents. The parasitic currents result from the high
curvature (i.e., small bubble size, of the order of 10 pm).
The unphysical temperature distribution is reduced
considerably once the modified CSF model is used.

(3) The presence of the microlayer model implemented in
the PSI-BOIL code as well as its thickness has little in-
fluence on bubble growth for saturated pool boiling of
water at 45 bar with respect to the maximum lateral
radius of the bubble. It is observed from the simulations
that the maximum phase change is observed near the
triple contact line region, but at the macroscale level.

Consequently, from this study it is seen that the applica-
tion of PSI-BOIL is not limited to augmentation of boiling
models at the component scale level alone. It shows that the
code can, in fact, provide a better understanding of the prob-
able microscopic events that are responsible for the macro-
scale phenomenon.
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Nomenclature
Variables Meaning Unit
A Constant =
Cp Volumetric specific heat J/m’K
g Gravitational acceleration m/s?
N; Jakob number =
P Pressure N/m?
Q Heat source W/m?
Ry Bubble radius M
T Temperature K
t Time seconds
u Velocity m/s
Greek
« Thermal diffusivity m?/s
€ Coefficient for interface thickness M
1) Color function —
A Thermal conductivity W/mK
) Density kg/m?
T Pseudotime -
B Growth constant =
N Kinematic viscosity m?%/s
Subscripts
IL Liquid
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