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Abstract. During recent years, there have been made significant achievements in the numerical description
of the bubble boiling, particularly, in the calculation of the bubble growth dynamics, the nucleation density,
and the bubble boiling threshold [1, 2]. However, the numerical prediction is mostly based on the empirical
correlations, the accuracy of which does not exceed 20%. Boiling is a complicated process, where each
parameter affects not only the general outcome but other parameters, too. The non-stationary heat release is
most difficult for modeling, because many of the existing researches are based on analytical expressions for
the fluid temperature distribution. The basic stages of the explosive boiling are: (i) heating of the wall to the
nucleation temperature; (ii) nucleation of the isolated bubbles; (iii) merging of bubbles and coverage of the
entire surface by the steam phase; (iv) heating of the surface to the Leidenfrost temperature and transition to
the boiling crisis. This paper presents results of the experimental study for the initial stages of the explosive
boiling (i) and (ii), as well as an attempt to simulate them in order to clarify whether the existing approaches

can be extended to the case of the nonstationary heat release.

Nomenclature

D bubble diameter, m

E electric field intensity

f bubble nucleation frequency
hig  latent heat, J/kg

J electric current density

m fraction of the bubble covered by the subcooled
liquid

nucleations per area, 1/m?

" heat flux, W/m?

heat source, W/m?

voltage

thickness of the layer, m
permittivity

conductivity
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Subscripts

c conduction
e evaporation

i initial

S superheated

sat saturation

mi microlayer

- heat absorption
+ heat release
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1 Introduction

The present research considers the initial stage of the
bubble boiling without bubble agglomerations. In the case
of high heat fluxes the subcooled liquid is located at the
small distance from the heater surface. Figure 1 shows the
comparison of the experimental bubble diameter with the
theoretical value of the overheated layer thickness, vat ,
where o is the thermal diffusivity and t is the time passed
since the wall achieved the saturation temperature.
Analysis of this figure shows that the bubble diameter can
be estimated on the basis of the overheated layer
thickness, taking into account the liquid bulk temperature,
wall overheat, and the heat flux. However, it was revealed
in [3] that no single approximation of this kind can cover
all possible regimes of non-stationary heat release. We
propose the following approach: the ratio between the
overheated layer thickness and the bubble maximum
diameter is assumed to be constant [2], and the non-
stationary overheated layer thickness is obtained
numerically by taking into account not only the
conductive heat transfer but also the evaporative heat
transfer. The coupling between the temperature field and
the averaged bubble diameter in homogeneous flow is
modeled with the help of COMSOL Multiphysics (ver.
5.3) software.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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The calculation results are compared with the
experimental data obtained in a vertical channel with a
cylindrical heater (120 mm long, 12 mm in diameter and
1 mm thick). The stepwise heat flux was used with the
maximum up to 1.0 MW/m?.
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Fig. 1. Experimental maximum bubble diameters versus
theretical overheated layer thickness.

2 The heat balance based model for
nucleate boiling

The expression for the maximum diameter, given in [5,6],
is based on determining the heat balance for a bubble, part
of which is submerged in a superheated liquid layer and
another part is surrounded by the liquid subcooled to the
saturation temperature:

D,, =121AB™°®, (5)

(1-m)kf(Tyy—Ts) B= mgoC(TS —TO)
Pghsgymag 1-pg ! py
thermal conductivity. The factor m is the fraction of the
bubble surface area covered by the subcooled liquid at the
temperature To, as proposed in [5]. Following [4], ¢
(characterizes the effect of liquid velocity) and C (a
function of system pressure) for the present condition are
equal to 1 and 65, correspondingly. The cooling area
fraction m of 0.3 was indicated as the best one for
approximating the experiment data in [4] and 0.5 for the
data in [4]. By definition, m is related to the location of Ts

isotherm as follows:

m=1—x/Dy, (7

where Xs is the thickness of the superheated liquid layer.
For the boiling stages of short duration, we can assume
that the ratio between the thickness of the superheated
layer and the maximum bubble diameter is a value of
small variability. It means that during nonstationary
boiling simulation we can calculate the temperature field
and easily obtain the bubble diameter via Eq. (7). In [3]
we employed the homogenous representation of the liquid
wall layer without taking into consideration the influence
made by the nucleate boiling on the temperature
distribution. It was shown that in this case the value of m
stayed within the range 0.5-0.9. In the present work we
enhance the existing axisymmetric model of the

where A =

, k is the

nonstationary heat release into the boundary liquid layer
with the dependencies for the main heat fluxes arising
from bubble boiling.

3 Numerical simulation

To calculate the heat balance, it is required to know the
description of the temperature field. According to the
measured wall temperatures and bubble diameters, the
temperature gradient near the heater surface exceeds
0.5K/pum. Such detail is possible only if we use numerical
modeling. The water temperature profile, the heater
surface temperature, and the radial heat flux were
calculated with the help of the COMSOL software.

We used a 2D axisymmetric model (Fig.2), which
comprised a 55 mm long steel heater with inner diameter
of 10 mm and outer diameter of 12 mm, the surrounding
water layer was 3 mm thick. To obtain a finer resolution
for the superheated layer, we applied a mesh of about
180000 elements with 2 boundary layers near heater-
water interface: the first layer is 0.05 mm thick, and has
the step of 0.001 mm, the second layer is 0.27 mm thick,
and has the step of 0.005 mm (Fig. 3). The remaining part
of the model is meshed with the step of 0.1 mm. In order
to obtain an overheated layer with a sufficient resolution,
we used a mesh with a total number of elements of about
180,000 and two boundary layers near the interface
between the heater and water regions: the first 0.05 mm
thick layer has a mesh step of 0.001 mm and the second
0.27 mm thick layer has a mesh step of 0.005 mm. The
rest of the model is covered with a 0.1 mm mesh.

The water flows into the channel with uniform
velocity of uix=0.2 m/s and flows out at atmospheric
pressure. No-slip boundary conditions were set at the
outer wall and the heater surface. To obtain the
temperature field relevant to experimental bubbles data,
the resistive heat release inside the heater was calculated
by solving the problem of electrical conductivity with the
boundary conditions based on the voltage history of each
individual experiment. The bulk temperature T}, was
specified at the water inlet and at the outer wall. The zero
normal heat flux condition was used at the water outlet.

The laminar fluid flow problem

P —p(u-Vyu="V-[-pl+u(Vu+ T (8)
pV u=0 (9)

coupled with the heat transfer in fluid problem
pCy o +pCou-VT —kV-VT =0 (10)

was solved for the subcooled water flow domains. Here T
denotes transposition. The heat transfer in solid in

presence of resistive heat
oT 1

was coupled with the direct electric current problem
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The changes in the temperature profile that took place
beyond the first 50 mm of the heater length and the first 3
mm of the heater thickness, as well as the gravitation
effect, were checked numerically and found negligible.
The heater surface temperature measured by
thermocouples showed good agreement (<5%) with
numerical modeling until the moment of the fully
developed nucleate boiling.
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Fig. 2. Model for the numerical simulation.

45.04
45.037)
45.02
45.017]

457 I
44,997 {
44.98
44,977
44.96
44.957)

4494 T

594 596 598 6 6.02 6.04 l6.[]6
(mm)

r__‘

— ] —

(mm)

Fig. 3. Mesh near the heater-water interface.

In addition to the heat fluxes described by the heat
transfer equations (10-11), this paper also introduces
evaporative heat transfers associated with the life cycle of
bubbles (Fig. 4). In this case, the bubbles, as well as the
vapor cavities of a specific localization, are not
considered, and the sequence of events of the bubble life
cycle is not modeled. Heat fluxes are averaged over the

bubble lifetime , %z 0.2 ms, and over the area of its

influence of size D, in the plane of the heater surface.
Since the axisymmetric model cannot be used for
representation of an individual bubble, we model a solid
ring of bubbles at the height of 45 mm from the beginning
of the channel. Modeling the ring of bubbles, rather than
a continuous coating of the heater surface, makes it

possible to estimate the effect of convection and thermal
conductivity along the channel on the temperature field,
and to determine the dimensions of the long-term area of
influence over the entire period of the nucleate boiling,
which lasted about 2.5 ms. The limitations of the
axisymmetric model do not allow for the distribution of
heat in the angular direction. Due to this fact, in this work
we obtained a high estimate of the influence of
evaporative heat transfer on the change in the thickness of
the superheated layer and the coefficient m.
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Fig. 4. The bubble and the heat fluxes associated with it:
Qemi — microlayer evaporation heat, gec,m — microlayer
conduction heat flux, gcs — superheated layer conduction
heat flux, Qe — initial evaporation heat.

In addition to estimating the local heat fluxes in the
area of bubble influence, it would be interesting to
measure the contribution of all bubbles to the total heat
transfer from the heater surface. To do this, we need to
know the nucleation centers density. When processing
video data, for each frame we calculated the
corresponding time from the start of the heating and wrote
out the coordinates and sizes of all the bubbles in the
frame. Based on the scale of the frames (0.01 mm/pixel
along the x axis and 0.02 mm/pixel in the y axis) and the
angle of inclination between the heater surface and the
filming direction, we obtained the area of the frame (8.5
mm?) and the nucleation centers density, n, in each frame.
The obtained values are approximated by the equation

n = 0.243 = exp((t — 6.14)/0.77) (15)

where the time from the start of heating is given in
milliseconds. The nucleation centers density at the end of
the nucleate boiling period reaches about 5 mm?2
Therefore, the distance between the centers of nucleation
is about 0.44 mm. With a maximum observed bubble
diameter of this period up to 0.2 mm, the distance between
the centers of the bubbles is approximately 2.2 diameters.
When studying the sequence of frames, it can be seen that



MATEC Web of Conferences 240, 01018 (2018)
ICCHMT 2018

https://doi.org/10.1051/matecconf/201824001018

the bubbles appear in the same places — nucleation
centers, the number of which becomes bigger as the
temperature of the heater increases. Throughout their life,
bubbles are spherical and touch the surface of the heater.
They do not slide along the surface, but collapse, or
decrease, remaining at the nucleation point. For each
nucleation center, a sequence of frames corresponding to
the local maxima of the bubble diameters was chosen. The
volume-averaged maximum diameters, for all the
nucleation centers in the field of view, were approximated
by the formula

D,, = 0.45—0.17 x t + 0.017 xt2  (16)

where the time from the start of heating is given in
milliseconds, whereas the maximum bubble diameter is
measured in millimeters. For each measurement of the
local maximum of the bubble diameter, its lifetime was
determined as the period of time elapsed since the
previous measurement of the local maximum of the
diameter in the same nucleation center. We also measured
the inverse of the lifetime value — the nucleation
frequency. The average nucleation frequency was f =
4.67 kHz. In the model, the dependency of the nucleation
frequency on the start of the heating was represented as

f=166—-16t (17)
Here the frequency is expressed in kHz, and the time
from the start of heating — in milliseconds. The

approximations presented here for the nucleation centers,
the nucleation frequency, and the bubble diameter, as well
as the results of calculations of the temperature field with
allowance for evaporative heat transfer, were used in the
same experiment with an initial temperature of T» = 90 °
C and an average growth rate of the heater surface
temperature of 5.6 K/ms.
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Fig. 5 Heat fluxes associated with a bubble.

The size of the influence area of an individual bubble
can be estimated based on its lifetime. Due to forced
convection with a maximum flow rate of 0.2 m/s, the
temperature distortions associated with the formation and
collapse of bubbles move 40 mkm. However, it should be
taken into account that at the distance of one bubble
diameter from the wall, the water flow velocity does not
exceed 0.05 m / s. In this case, the estimation of the
influence distance due to forced convection is reduced to

10 pm. The distance of influence due to thermal
conductivity, calculated by the formula v/at, amounts to
about 5 pm for water at the saturation temperature of 102
° C and to 0.=30 pm for steel. Therefore, the maximum
diameter of the influence area of a bubble during its
lifetime is stipulated by the thermal conductivity of steel,
and is equal to D.= D+=0.23 mm, which corresponds to

2
the influence area A_ =A, = n% =415 107%m?2,

Judging by the size of the temperature perturbations,
which are visible on the frames following the bubble
collapse, the thickness of the influence area is about one

and a half maximum diameters, §, (1) = sz(r).

The heat flux per unit surface of the heater is
considered to be composed of four components: the
bubble and the microlayer evaporation heat, both
averaged over the lifetime and the influence area; the
thermal conductivity through the microlayer; the thermal
conductivity through the superheated layer.

q{g’] = quti + qutml + qg,’ml + qas (18)

This is the local heat flux in the influence area of a bubble.
When estimating the contribution of bubbles to the overall
heat transfer, it is necessary to use data on the density of
nucleation centers:

ql"g,]n = q{éA+n- (19)

The heat transfer through the dry spot and the
rewetting effect are neglected, since it is known that in
this series of experiments bubbles were spherical and the
diameter of a dry spot was much smaller than that of a
bubble. The heat flux of the initial evaporation, q; , is
determined as the evaporation heat released during the
bubble growth, averaged over the influence area and the
bubble lifetime

7TDr3n
Qe = hlgpg e (20)

Cléfi = Qe,if /A (21)

The absorption of heat by a bubble due to evaporation
of the microlayer is determined by the volume of the

2
microlayer, g&ml%, where the coefficient 2/3 is

responsible for the wedge-shaped narrowing.
D2

Qemi = hlgpl5ml Tml (22)

qg,ml = Qe,mlf/A+ (23)

The heat flux due to the thermal conductivity of the
microlayer is assumed to be constant within the radius of
. D .
the microlayer Tml from the center of a bubble, and is
averaged over the whole bubble influence area.
In accordance with Fig. 4, the radius of the microlayer

is defined as follows:

Dm

Tl = (Dm5ml - 512711)0'5 (24)
" ki(Tw—=Tsat) D-,zn
fmy =T R/A,(25)
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As shown in some papers, including [6-8], the
microlayer thickness reaches its maximum value at the
stage of bubble growth. Further, the area and thickness of
the microlayer decrease due to its evaporation. Therefore,
the calculations for a constant-sized microlayer that were
carried out in this work are the estimates aimed at
evaluation of the relative contribution of each component
of the heat flux. The microlayer thickness, similar to the
formula obtained in [8], is determined by the expression

6my = 0.25 \/?—; (26)

Here, the bubble growth time is estimated as 1/3 of the
nucleation period, and the coefficient 0.25 is chosen so
that the thickness of the microlayer does not exceed 1.5
pm.
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Fig. 6 The bubble fraction protruding into an area of the
subcooled liquid.

The heat flux through the superheated layer is
considered proportional to the wall overheating (T, —
Tsqt), but the layer thickness varies from &,,,; to &5. This
heat flux is integrated over the heater area under the
corresponding part of a bubble and is averaged over the
entire influence area.

1 rw+ds

qu _ 1
&S Ay drw S

k(T = T @ (22— 2) dr - (27)

The obtained value q;, is the heat flux, additionally
transferred from the heater into the liquid. Heat transfer is
realized in the form of a volumetric heat source, q;5. With
respect to z, this source is determined in the range 45 —

Dz—i <z<45+ Dz—i. In the thickness of the heater, the heat
is absorbed to the depth 6_ . In a liquid, heat is released

linearly at the distance up to 8 _+=1.5 Dy and reaches its
maximum at the center of a bubble. The heat release

integral q; is equal to zero over all r .
qll
I( —% Tw—0_<r<m,
| i
8.} (r — 1) D,
qi’g’: §T TW<T<TW+T
D
4 " rW+3T_r Dm
§qlgT TW+T<T<TW+5+
m

It follows from Fig. 5 that in the neighborhood of
nucleation the effect of heat flux on the heating of the wall
layer is inhomogeneous both with respect to time and to

the contribution of an individual bubble. It is impossible
to isolate the biggest heat flux among the ones we have
considered, whereas the heat flux in the bubble
neighborhood  qtor10car = Gw + qig 1S twice bigger than

the calculated value for a homogeneous heat flux, gy, .

4 Conclusions

Taking into account the contribution of interphase
transitions to heat exchange, the change in the thickness
of the superheated layer is proportional to the change in
the maximum bubble diameters. The fraction of the
bubble protruding into the region of the subcooled liquid,
as a result of the introduction of heat fluxes associated
with the bubble into the model, decreased by no more than
0.1, remaining substantially higher than the values
indicated by other authors (Fig. 6).
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