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Abstract

An interferometric study and a numerical simulation are presented of the combined process of the bulk turbulent convection and
the dynamic of a vapor bubble which is formed in the superheated boundary layer of a subcooled flowing liquid, in order to
determine the heat transfer to the flowing subcooled liquid. In this investigation focus has been given on a single vapor bubble at a
defined cavity site to provide reproducible conditions. In the experimental study single bubbles were generated at a single artificial
cavity by means of a CO,-laser as a spot heater at a uniformly heated wall of a vertical rectangular channel with water as the test
fluid. The experiments were performed at various degrees of subcooling and mass flow rates. The bubble growth and the temporal
decrease of the bubble volume were captured by means of the high-speed cinematography. The thermal boundary layer and the
temperature field at the phase-interface between fluid and bubble were visualized by means of the optical measurement method
holographic interferometry with a high temporal and spatial resolution, and thus the local and temporal heat transfer could be
quantified. The experimental results form a significant data basis for the description of the mean as well as the local heat transfer as a
function of the flow conditions. According to the experimental configuration and the obtained data the numerical simulations were
performed. A numerical method has been developed to simulate the influence of single bubbles on the surrounding fluid which is
based on a Lagrangian approach to describe the motion of the bubbles. The method is coupled to a large-eddy simulations by the
body force term which is locally evaluated based on the density field. The obtained experimental data correspond well with the
numerical predictions, both of which demonstrate the thermo- and fluiddynamic characteristics of the interaction between the vapor
bubble and the subcooled liquid.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Subcooled flow boiling, which is a complex process
combining thermo- and fluiddynamic characteristics,
plays an important role in a multitude of technical
applications owing to the significant enhancement of
heat transfer compared to single-phase forced convec-
tion. This is due to two major effects, namely the
detachment process of the bubble from the heated sur-
face at which superheated fluid layers are dragged into
and mixed with the subcooled fluid and thus generating
microscopic turbulence, as well as the decrease of the
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bubble volume and bubble collapse releasing the stored
energy within the bubble.

The determination of the various heat transfer
mechanisms and their contribution to the overall heat
transfer has been subject of extensive research efforts,
but due to its complexity there is still a lack of available
experimental data and reliable models. The process of
subcooled flow boiling is governed by the interaction of
multiple physical parameters such as the temperature
gradient in the thermal boundary layer, the flow pattern
and turbulence of the liquid phase as well as by the
thermal and fluiddynamic behavior of the vapor bubble.
The bubble dynamics and the superheated thermal
boundary layer continuously affect each other. The
condition of the boundary layer is determined by the
nucleation and the bubble growth, and on the other
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hand the temperature gradient in the boundary layer has
an impact on the bubble growth and condensation.

For a detailed understanding of the interaction be-
tween the thermal liquid boundary layer and a vapor
bubble with respect to the heat transfer the knowledge
of global parameters is not sufficient. It is of major
importance to analyze the growth of a single vapor
bubble in the temperature field of the superheated
boundary layer as well as the momentary condition of
the thermal boundary layer, and the dynamic process of
the detachment and volume decrease with the resulting
microscopic turbulence in the liquid.

For this investigation the non-invasive measurement
technique of the holographic interferometry represents a
reliable tool. It is advantageous in measuring and visu-
alizing very thin boundary layers and temperature fields
in transient and fast processes such as in turbulent flows,
where the application of conventional methods is very
limited.

So far interferometric studies on the temperature field
and the heat transfer at the phase-interface of single
bubbles in subcooled liquids have mainly been per-
formed within a very limited parameter range by elimi-
nating the impact of the forced convection and/or the
impact of the thermal boundary layer in order to pro-
vide manageable experimental conditions, as it is shown
by Chen (1985), Nordmann and Mayinger (1981), Qiu
and Dhir (1999) and Van Helden (1994). Therefore there
is a need for further experimental investigations which
are specifically directed towards determining the com-
bined process of a vapor bubble growing in the super-
heated thermal liquid layer and the forced bulk
convection. As it will be shown subsequently, the
holographic interferometry has been successfully ap-
plied to visualize the temperature field and hence to
determine the heat transfer coefficient at the phase-
interface.

Parallel to the experimental work a numerical method
has been developed which can be applied to calculate the
flow field and the temperature distribution in configu-
rations such as the ones studied in the experiments. For
numerical simulations two main problems have to be
solved: first turbulence either has to be simulated di-
rectly or modeled, second an appropriate way for the
description of the time-variant shape of the phase-
interface has to be found. Simulation of turbulence and
the description of the phase-interface have to match as
well as possible in terms of both, accuracy and compu-
tational costs.

Today turbulence can be simulated directly, i.e.
without the application of any other mathematical
model but the Navier—Stokes equations. Results of
simulations of single-phase problems obtained by such
methods are considered to be as accurate as experi-
ments. However, finding an appropriate extension for
the simulation of two-phase problems is anything but

straight forward. Nevertheless, there are methods which
allow DNS for two-phase flows, these rely on modeling
of the phenomena on the phase-interface. Tryggvason
et al. (2001) describe a front-tracking method which is
based on the description of the surface shape by a grid
spanned by particles transported by the flow field. There
are several successful simulations employing this
method reported now in literature, e.g. Esmaeeli and
Tryggvason (1998, 1999) and Goz et al. (2002). How-
ever, the computational costs of this method are very
high, therefore the method is still restricted to the sim-
ulation of only a few bubbles, and the use of high-per-
formance computers is indispensable. There are also
DNS reported where the influence of the gas phase is
modeled by Volume-of-Fluid methods (first mentioned
in literature by Hirt and Nichols (1981)), e.g. Kanai and
Miyata (2001).

In cases in which no supercomputers are to be em-
ployed, the simulation of turbulent flows requires a
certain amount of modeling. £ — ¢ models can greatly
reduce the calculation cost, however, these savings
coincide with a loss of accuracy. In the field of two-
phase flows these turbulence models are reported to
yield reliable results when combined with volume-aver-
aging methods, e.g. Socholichin and Eigenberger (1994,
1999). But averaging means that the shape and position
of the phase-interface is no longer calculated.

For the purpose of simulation of the effects in the
vicinity of a heated wall it is important to know the
shape and the position of the phase-interface as exactly
as possible. If, on the other hand, the computational
costs are to be kept within a reasonable frame, DNS is
not suitable. On modern personal computers large-eddy
simulations (LES) with a reasonable spatial resolution
can be performed. Both, front-tracking methods and
volume-of-fluid methods could possibly be linked to
LES as well, but we shall demonstrate that for our
purpose it is possible to apply a method based on a
Lagrangian description of the bubbles which proves to
be very efficient. By modeling the major effects of the
bubble on the fluid field we yield accurate predictions of
both, flow field and bubble motion.

2. Experimental techniques
2.1. Experimental set-up

A schematic diagram of the experimental facility used
for the investigation of the temperature field and heat
transfer in subcooled flow boiling is shown in Fig. 1.

Water is used as the test fluid and is circulated
through the loop by means of a magnetically coupled
centrifugal pump, which delivers a constant volumetric
flow. The fluid is then directed through a preheater. The
preheated volumetric flow is divided into a main stream



182 A. Lucic et al. | Int. J. Heat and Fluid Flow 25 (2004) 180-195

Pressurization /
Expansion Tank

5 Gt

® @oddd

Fig. 1. Experimental set-up.

and into a bypass stream which are regulated by man-
ually operated valves. The main stream passes the test
section. Having passed the test section the main stream
merges into the bypass stream and is cooled down by a
condenser before returning to the pump. By means of
the pressurization tank which is attached at the highest
position of the loop a constant system pressure up to 5
bar can be realized. It also functions as an expansion
vessel for the heated fluid. Furthermore a storage tank is
connected to the loop in which the water is degassed
before entering the loop.

Before conducting the experiments an operating
pressure of 1.1 bar absolute in the test section is
achieved by heating the pressurization tank. By setting
the valves of the main and bypass stream, the volumetric
flow through the test section is regulated and main-
tained. The volumetric flow of the main stream is mea-
sured and displayed by means of a magnetically
inductive flow meter. The volumetric flow is heated up
to a certain inlet temperature which, according to the
measurement condition, is few degrees below the satu-
ration temperature of the corresponding operating
pressure. The setting and the regulation of the fluid
temperature is achieved by a heat output control which
provides a constant fluid temperature in a steady state
condition at a constant heat output. In order to avoid
heat losses, all the following pipes behind the preheater
as well as the test section are insulated.

The test section is composed of a vertically aligned
rectangular channel that has a cross-section of 8§
mm X 10 mm. The test section is depicted in Fig. 2. The
length of the test section is 334 mm. In order to ensure a
fully developed flow, an inlet section of 550 mm which
corresponds to a ratio of L/Dnyq = 61 and an outlet
section of 350 mm which corresponds to a ratio of
L/Dhyq = 39 are realized.
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Fig. 2. Test section and optical set-up for spot heating with the CO;-
laser.

The body of the test section consists of stainless steel.
The four test section walls are inserted into the body and
are sealed by using O-ring seals and silicone. Three of
the walls comprise a glass insert to provide optical
measurements. The heatable copper block is adjusted in
one-side of the test section body whose front wall is
polished. The polished surface serves the purpose of
eliminating cavities that are engendered by the rough-
ness.

The artificial cavity was generated by exerting a
YAK-laser to the polished copper surface. The copper
block is heated by means of cartridge heaters, and it is
insulated with silicone coating and glass wool to prevent
heat loss. The artificial cavity is additionally spot heated
by means of a CO;-laser in order to induce nucleation
only at this cavity, whereas the thermal boundary layer
is realized by uniformly heating the surface with the
cartridge heaters. At the back of the copper block a
drilled hole was made in axial direction towards the
artificial cavity that ends at a distance of 0.2 mm before
the cavity. This drilled hole serves as the passage for the
laser beam which has, at the inlet of the drilled hole, a
diameter of 0.2 mm. The laser beam is focussed on the
spot of the cavity by means of mirrors and a collimating
lens, as it is also illustrated in Fig. 2.

For the acquisition of the signals of both the thermo-
couples and pressure gauges which are located at vari-
ous spots in the loop as well as in the test section, a
multiprogrammer by Hewlett Packard was used which
exchanges data via HP-IB communication with the PC.
Within the copper block seven thermocouples are in-
serted at various heights at a distance of 0.1 mm from
the polished surface which enables temperature mea-
surements along the heater surface. The temperature at
the copper surface is set and controlled by means of a



A. Lucic et al. | Int. J. Heat and Fluid Flow 25 (2004) 180-195 183

temperature control. A self-programmed HP-Vee pro-
gramm calculates the degree of subcooling of the flow-
ing water as well as the superheat of the heated wall
compared to the saturation temperature.

2.2. Holographic interferometry

The holographic interferometry has been applied in
various fields of heat transfer phenomena both in single-
phase and two-phase flow. A significant advantage of
the holographic interferometry, like other optical mea-
surement methods, is the non-invasive mode of investi-
gating the physical process of interest. This inertialess
method in combination with the high-speed cinema-
tography enables the study of the temperature fields in
transient and extremely fast processes.

The theory of the holographic interferometry is very
comprehensive, and therefore only the basic principle
will be explained in this paper. Detailed information
about the holographic interferometry in general can be
found in Chen (1985), Grigull and Hauf (1970), Hauf
et al. (1991), Mayinger (2000), Nordmann and Mayinger
(1981) and Panknin (1977).

The holographic interferometry technique is based
upon the principle of the recording and storing method
of holography, as introduced and described by Gabor
(1951).

The laser beam is divided by means of a beam splitter
into an object wave and into a reference wave each of
which is then expanded and collimated by means of a
beam expansion system comprising a microscopic lens
and a collimating lens, as it can be seen from the optical
set-up of the holographic interferometry in Fig. 3. The
object wave is stored on a holographic plate after having
passed the test section where the transport process has
not been activated yet, while the expanded reference
wave circumvents the test section. Both waves are
superimposed on the holographic plate. By illuminating
the holographic plate, which is developed after the
recording, with the reference beam the object beam can
be reconstructed.

Argon-lon Laser

‘AT Mirror

Optical Table
L —

" Beam Expander

Piezo Mirror

Object Beam

Hologram Lo Camera
Mirror

Test Section

Fig. 3. Optical set-up for the holographic interferometry.

The onset of such a transport process results in a
density gradient and thus in a refractive index gradient
due to the formed temperature field. Owing to this
change of the refractive index field, the object wave that
passes through the test section is subjected to a phase
shift. By reconstructing the recorded hologram with the
reference beam in the original condition, the momentary
object wave and the original object wave, which is the
comparison wave, interfere with each other due to the
phase shift. By means of the interference fringes
the temperature distribution and thus the heat transfer
coefficient can be determined.

For the investigation of the heat transfer the real-time
method was used which enables a continuous recording
and observing of the transport processes in the fluid. In
this method only the original object wave (comparison
wave) passing the measurement region before the onset
of the heat transfer process is stored on a hologram.
After the development the hologram is repositioned
accurately in its initial position in the plate holder. By
illuminating the hologram with the reference wave, a
continuous reconstruction of the comparison wave and
thus of the original condition in the test section is real-
ized. If the condition in the test section does not differ
from the condition at the point of time of the hologram
exposure, the hologram will not show any interference
fringes which is called the infinite-fringe method.

As already mentioned, at the onset of the heat
transfer process, the object wave is subjected to a phase
shift due to the temperature gradient in the test section,
and it is superimposed by the reconstructed comparison
wave on the hologram. This superimposition of the
momentary object wave and the reconstructed original
object wave results in an interference pattern which can
be observed and filmed continuously.

The determination of density gradients can also be
realized by the finite-fringe method which is applied
when investigating thin boundary layers. In this region
the interference fringe density is very high, and the
evaluation with the infinite-fringe method becomes very
difficult. In this method parallel interference fringes are
generated on the reference hologram before the trans-
port process is activated. This pattern is realized by
displacing the reference beam within a few wave lengths
by means of the piezo-mirror. The direction and the
fringe density is set by the movement of the mirror. With
the onset of the transport process these parallel fringes
are deflected which is a measure for the density gradient
and therefore for the temperature gradient.

2.2.1. Evaluation of the interferograms

As already described, the principle of the holographic
interferometry is based on the physical effect of inter-
ference which is the superposition of two light waves one
of which is phase shifted. The phase shift results from
the different optical path lengths traversed by the object
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and comparison wave. The phase shift of the light wave
can be expressed by a multiple S of the wave length 4,
while the optical path length is defined by the product of
the refractive index and the geometric path length.
Therefore, the equation of the ideal interferometry is
defined by

SO, p) - A=1"[n, —n(x,y)] (2.1)

With the refractive index as a function of the tempera-
ture dn/dT the correlation between interference field
and temperature field can be determined from Eq. (2.1).

Sy A= 1S T y) - T (22)
By using Eq. (2.2) the respective interference fringes,
whose distance from the heated wall are measured from
the interferogram, can be converted into temperatures
which are then plotted versus the distance from the
heated wall, as it is depicted in Fig. 4.

The temperature profile 7(y) of the flowing liquid is
obtained and the heat transfer between the heated wall
and the flowing liquid can be determined. Hereby, the
temperature gradient (d7/dy)y, in the immediate vicin-
ity of the wall is the governing parameter, since in this
point the energy is transferred according to Fourier’s
law of heat conduction due to the non-slip condition
between the heated wall and the fluid. By equating the
Fourier’s law of heat conduction and the Newton’s
equation of convective heat transfer the local heat
transfer coefficient can be calculated:

- (4
rols )y FTW(_(”T>FW (23)

The temperature gradient at the wall is determined by
approximating the interferometrically measured tem-
perature distribution with a polynome function which is
then differentiated with setting y = 0.

The local Nusselt number is then calculated as fol-
lows:

o(x) = —

8 = thermal boundary layer

wall bulk flow

Fig. 4. Temperature distribution 7(y) of a flowing liquid versus the
distance y of the heated wall.

Nu(x) = : (2.4)

The temperature difference Tw — 7¢ in Eq. (2.3) is
defined as the temperature difference between the heated
wall and the subcooled fluid in the test section.

For the evaluation of the interferograms in the
immediate vicinity of vapor bubbles, Eq. (2.1) cannot be
solved as described, since the assumptions of the ideal
interferometry—constant value of n along the optical
path and no deflection of the light beam along the
temperature field—do not apply. In the case of rota-
tionally symmetrical temperature fields the refractive
index changes along the axial direction of the beam
according to an unknown function. For this reason the
determination of bended temperature fields requires the
inversion of the integral. As a result the Abel-Integral,
as described in Grigull and Hauf (1970), and Hauf et al.
(1991) is obtained which considers the varying optical
paths of the light beam when penetrating rotationally
symmetrical bodies.

4 ["dS(y/dy)
LA AT

The correlation incorporates the measured fringe
order S and its differentiation, respectively, which is a
function of y, and the refractive index which in turn is a
function of the radial distance of the bubble- or the
spherical surface, respectively.

However, when evaluating the temperature field
around vapor bubbles, it has to be considered that the
light beams are subjected to major deflections when
passing the temperature field of the bubble due to the
very high local temperature gradients in the thermal
boundary layer which is demonstrated in Fig. 5.

For the determination of this deflection a complicated
correction procedure has been used which is described
by Chen and Mayinger (1985, 1992) and by Nordmann
and Mayinger (1981). In this calculation procedure the
deflection is corrected, and the temperature profile

An(r) = — dy (2.5)

“y

0‘“
Voot
An(r)
An

Ro

bubble surface boundary layer

Fig. 5. Deflection of the light beam in the temperature field around
a spherical bubble.
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around the bubble is approximated by a polynome
function.

3. Experimental results

3.1. Visualization of the thermal boundary layer in single-
phase forced convection

Before discussing the interaction between bubble
dynamics and thermal boundary layer of the flowing
liquid, the formation of the thermal boundary layer at
the heated test section wall at single-phase convection is
presented. The temperature gradient in the thermal
boundary layer, namely, governs the bubble formation
and growth. Fig. 6 shows two interferograms according
to the infinite-fringe method, as described before, of the
flow at various fluid velocities yet at approximately
equal inlet temperatures. The mean liquid velocities are
0.22 and 0.3 m/s which correspond to a Reynolds
number of 6500 and 8700, respectively, based on the
hydraulic diameter and the mean liquid velocity.

Each interference fringe corresponds to an isotherm.
Therefore, the temperature distribution in the thermal
boundary layer can be determined from the measured
wall and the fluid temperature. The distance between
two fringes corresponds to the temperature difference
d7/dS which is calculated from Eq. (2.2). The temper-
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Re = 6500 Re = 8700

98.81°C

Flow Direction
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100.4
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98.4 - — ‘
0 05 1 15 2
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Fig. 6. Thermal boundary layer and temperature distribution at single-
phase convection at various Reynolds numbers.

ature gradient d7'/dy increases with increasing the fringe
density. It is discernible that the fringe density increases
towards the wall. It can also be seen that the thermal
boundary layer of the higher Reynolds number is thin-
ner than that of the lower Reynolds number.

The diagram of Fig. 6 shows the evaluation of the
interferograms. The interference fringes were converted
into temperatures and were than plotted versus the
distance of the wall. The thickness of the boundary layer
was measured from the interferogram. As already de-
scribed, the measurement points were approximated by
a polynome function, and the temperature gradient at
the wall was determined by differentiation of the poly-
nome function with setting y = 0. It can be seen from
the diagram that there are no measuring points in the
immediate vicinity of the heated wall. This fact is due to
the deflection of the laser light caused by the thermal
boundary layer, as it is comprehensively described by
Grigull and Hauf (1970), and Hauf et al. (1991), and the
high fringe density in the thin fluid layer, as it is espe-
cially the case for Re = 8700, where the fringes can not
be distinguished. The curve clearly shows that the tem-
perature gradient is steeper at Re = 8700 than at
Re = 6500. This results from the fact that the same
amount of interference fringes are generated in a thinner
boundary layer and therefore the distance between the
fringes decreases. The local Nusselt number from the
heated wall to the fluid is about Nu = 31 at Re = 6500
and Nu =44 at Re = 8700. These values of the inter-
ferometrically obtained Nusselt numbers correspond
very well with the values calculated from the Nusselt
correlation of James et al. (1966) for one-sided heated
rectangular channels.

3.2. Interaction between vapor bubble dynamics and
thermal condition of the superheated liquid layer

In the following the change of the temperature field in
the thermal boundary layer caused by a growing bubble
is presented. Figs. 7 and 8 show a sequence of a bubble
growing in the thermal boundary layer, detaching and
condensing in the subcooled flow at Re = 6500 and
Re = 8700, respectively. The diagrams next to the in-
terferograms show the temperature distribution in the
immediate vicinity of the bubble. The wall temperature
is 104 °C. Owing to the high fringe density in the
immediate region of the wall, only fringes up to 100 °C
could be evaluated. The interferograms clearly show
that the structure of the thermal boundary layer is af-
fected by the growth and the detachment of the bubble.

The first interferograms (¢; = 0 ms) of Figs. 7 and 8
show the bubble growing in the thermal boundary layer.
At this point, the bubble is entirely surrounded by the
thermal boundary layer. The temperature profile
downstream of the bubble is shifted away from the wall
which results from the stream conditions around the
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Fig. 7. Temperature distribution in the thermal boundary layer in the
immediate vicinity upstream (Pos. 1) and downstream (Pos. 2) of the
bubble at Re = 6500.

bubble. The liquid flowing around the bubble is decel-
erated downstream of the bubble head, the axial flow
decreases and detaches then from the bubble surface.
The boundary layer therefore is thicker than on the
upstream side.

In the second diagram (z, = 5.8 ms, , = 3.6 ms) of
Figs. 7 and 8 the bubble grows out of the boundary layer
while also moving along the heated wall. The bubble is
constricted, and there is a remarkable deformation of
the interference fringes along the bubble. At Re = 6500
the interference fringes downstream of the bubble are
shifted towards the heated wall, and the temperature
profiles downstream and upstream of the bubble are
nearly identical. For Re = 8700 the temperature profiles
of both positions are nearly identical in the immediate
vicinity of the wall and in the outer thermal boundary
layer, whereas the isotherms at the downstream side of
the bubble within the boundary layer are shifted away
from the wall. The reason for this effect is again the
stream conditions around the bubble. The flow, as ex-
plained at #; = 0 ms, detaches from the bubble surface

+Pos. 1
mPos. 2
Bi2
dnl
1 2 3 4
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|
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Fig. 8. Temperature distribution in the thermal boundary layer in the
immediate vicinity upstream (Pos. 1) and downstream (Pos. 2) of the
bubble at Re = 8700.

on the downstream side which has an impact on the
temperature distribution.

At 13 =10.2 ms and #; = 5.3 ms, respectively, the
bubble has left the thermal boundary layer and is con-
densing in the subcooled liquid. At Re = 6500 the bub-
ble volume has remarkably decreased. It can also be seen
that, for both Reynolds numbers, in the wake of the
bubble hot fluid layers are dragged from the superheated
boundary layer into the subcooled liquid. The super-
heated liquid layer in the immediate vicinity of the wall
is reestablished, and the temperature gradient at the wall
is steeper than that during the growth of the bubble
deforming the interference fringes. When comparing the
temperature profiles of both fluid velocities, it is also
obvious, that the temperature gradient at the higher
velocity is steeper which results in an enhancement of
the heat transfer. The local Nusselt number in immedi-
ate vicinity of the bubble is about Nu = 39 at Re = 6500
and Nu = 54 at Re = 8700. Also these values are in very
good agreement with the values obtained from the
Nusselt correlation of James et al. (1966).
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Fig. 9. Influence of the degree of subcooling on the thermo- and fluiddynamic behavior of a bubble (Re = 6500).

In Fig. 9 the impact of the degree of subcooling on
the thermal boundary layer condition and the thermo-
and fluiddynamic bubble behavior is presented. When
comparing the sequences of both. AT =59 K and
AT =10.5 K it is discernible that the fringe density in
the boundary layer of the higher subcooling is higher
due to the higher temperature difference between heated
wall and fluid. The bubble grows into a steeper tem-
perature gradient than that of the lower subcooling.
From #; = 0 ms it can also be seen that the preceding
bubble at a lower degree of subcooling has moved fur-
ther into the fluid flow and has not condensed yet,
whereas at the higher subcooling the preceding bubble
has completely condensed at a shorter distance from the
heated wall.

The second interferogram of both sequences
(tr = 5.33 ms and £, = 2.67 ms) shows the bubble sliding
along the heater surface while growing out of the ther-
mal boundary layer, and the condensation process is
induced at the head of the bubble. At the higher sub-
cooling the bubble head is surrounded by a thicker
boundary layer. This is due to the fact that at a higher
subcooling the bubble condenses faster than in the
warmer fluid and heat from the adjacent superheated
liquid layer is not sufficiently supplied to maintain
bubble growth. The flow around the bubble head stag-
nates, and therefore the heat which is released from the
condensation process is stored at the phase-interface
which in turn generates a thicker boundary layer and
thus reduces the heat transfer, as also demonstrated by
Nordmann and Mayinger (1981).

From the third interferograms (#; = 7.56 and 5.33 ms)
it is also discernible that the wake of the detaching
bubble from the superheated liquid layer is more tur-
bulent than that of the warmer fluid. This results from
the fast condensation of the bubble in the colder fluid
which induces velocity fields due to the fast changing
interface structure. The subcooled liquid flows into the
void volume generated by the bubble condensation. This
leads to an impulse impact against the bubble motion
due to the fluid inertia, which is enhanced with the de-
gree of subcooling, and fluid is pushed away in the wake.
Owing to this process the bubble is subjected to pressure
oscillations which in turn generate impulse reflections in
direction of the bubble motion generating suction in the
wake (see t4 = 8.44 ms).

3.3. Impact of the fluid velocity and the degree of

subcooling on the fluid- and thermodynamic behavior of
a bubble

In the following the thermo- and fluiddynamic
behavior of a single bubble is studied under the influence
of the fluid flow velocity and the degree of subcooling of
the liquid in order to assess the transferred heat energy
due to bubble condensation.

Fig. 10 shows a temporal sequence of a bubble during
its growth and condensation period. As also observed by
Bibeau and Salcudean (1994), Zeitoun et al. (1995) as
well as by Van Helden (1994), the bubble detaches from
the cavity site shortly after nucleation and starts to slide
a short distance along the heated wall while growing. It
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Fig. 10. Time-dependent bubble diameter at constant Reynolds number and constant degree of subcooling.

then detaches from the heated wall and is ejected into
the subcooled liquid. The bubble collapses completely as
it rises in the subcooled liquid, while it is subjected to a
continuous change in shape due to the volume decrease
and the flattening of the bubble head in movement
direction.

The diagrams of Fig. 10 show the temporal devel-
opment of the bubble diameter during bubble growth
and condensation at a constant Reynolds number and at
a constant subcooling, respectively. It can be seen from
the diagrams that increasing the fluid velocity at con-
stant subcooling as well as increasing the degree of
subcooling at constant Reynolds number reduces the
life-time of a bubble. It is also discernible that the
temporal development of volume increase and decrease
is not symmetrical which means that the temporal curve
of the volume decrease is flatter than that of the volume
increase. The condensation-time is longer than the
bubble growth time which results from the big bubble
volume and the relatively low subcoolings at which the
heat transfer at the phase-interface governs the process.

Both diagrams also show that with higher fluid
velocity or with higher subcooling the life-time curve
approaches a more symmetrical shape, since the con-

densation of the smaller bubbles is a faster and more
dynamic process. At very high degrees of subcooling the
condensation process is very dynamic and therefore
inertia-controlled, as it is illustrated by Mayinger (1982)
and Nordmann and Mayinger (1981).

The maximum diameter of the bubble versus the
Reynolds number at various degrees of subcooling is

4.5
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T 31
£.0 ;Q\\K\\H\‘Mﬂw'(
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g 27 A AT =9.2K
5 15 x AT = 11K
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Fig. 11. Maximum diameter versus the Reynolds number at various
degrees of subcooling.
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Fig. 12. Condensation-time versus the Reynolds number at various
degrees of subcooling.

depicted in Fig. 11. As it can be seen the maximum
diameter like the time-dependent diameter of a bubble is
strongly governed by the fluid flow and the subcooling
of the fluid, and it decreases with increasing the Rey-
nolds number and the degree of subcooling.

Fig. 12 shows the condensation-time of a bubble
versus the Reynolds number at various degrees of sub-
cooling. As it can be seen, the condensation-time follows
the same trend as the maximum equivalent diameter.

In subcooled boiling the Jakob number was intro-
duced as the characteristic number which is based on the
degree of subcooling ATy, as the characteristic tem-
perature difference:

pFCPATsub
=" 3.1
pyAhy 3D

The parameters of the liquid phase correspond to the
liquid temperature, and the parameters of the vapor
phase correspond to the saturation condition. The
Jakob number gives the ratio of the lacking energy of
the fluid to reach the saturation point and the stored
energy of the vapor at the same volume. The Jakob
number considers the pressure in a system and thus
enables the comparison of experimental data from the
literature at the same Jakob number. Furthermore, it
determines the effect that governs the collapse of a
bubble during the condensation. Chen and Mayinger
(1992) showed that for Ja < 60 the bubble collapse is
entirely controlled by the interfacial heat transfer,
whereas for higher Jakob numbers the inertia of the li-
quid mass governs the process. As it will be seen in the
following, this study is focussed on the heat transfer
controlled condensation process.

For the determination of the interfacial heat trans-
port of a bubble to the fluid, the mean heat transfer
coefficient o averaged over the bubble circumference and
the condensation-time is calculated from the energy
balance such that the condensation heat released by
the volume decrease equals the heat transferred to the
fluid.
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Fig. 13. Mean Nusselt number versus the Reynolds number at various
Jakob numbers.

ppVoAhy

= OSA()(TS — Tx)t](

(3.2)
where 7} is the maximum volume of the bubble, 4, the
surface of the bubble, and 7, the condensation-time of
the bubble.

In Fig. 13 the mean Nusselt number between bubble
and fluid is plotted versus the Reynolds numbers at
various Jakob numbers. As it can be seen, the Nusselt
number decreases with increasing the Jakob number
which is only governed by the degree of subcooling in
this study, since the pressure was constant during the
experiments. This means that at higher Jakob number
and therefore higher subcooling, the bubble volume
decreases, as it is depicted in Fig. 11, and thus the mass
of the vapor which releases heat energy during the
condensation process.

It can also be seen that within this range of Reynolds
numbers, the fluid velocity does not have an impact on
the mean Nusselt number, and the transferred heat from
a single bubble to the liquid remains approximately
constant. As it has been described above, the heat
transfer coefficient is based on the energy balance of
stored and transferred heat where the governing
parameters are the bubble size and the condensation-
time.

3.4. Local heat transfer at the phase-interface between
bubble and subcooled liquid

In the following the local Nusselt number over the
perimeter at various angles of a bubble was determined
using the finitefringe method. The degree of subcooling
is AT =6.1 K and the fluid velocity is w = 0.08 m/s
which corresponds to Re = 2400. Fig. 14 shows a se-
quence of interferograms of a bubble growing in the
thermal boundary layer (#{ = 0 ms) and then growing
out of the boundary layer while still attached to the
heated wall (1, = 1.33 ms and 3.11 ms).

In the first interferogram (z; = 0 ms) the bubble head
is surrounded by a relatively thick thermal boundary
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Fig. 14. Local Nusselt number versus the perimeter of a growing
bubble at various angles.

layer. This condition is reflected in the Nusselt curve.
The Nusselt number is the lowest at this stage and it
decreases slightly with the angle of the perimeter.

The second interferogram (¢, = 1.33 ms) shows the
bubble growing out of the superheated liquid layer. The
boundary layer thickness at the phase-interface has de-
creased. It is the thinnest at 15° and increases with the
perimeter in downstream direction. The boundary layer
conditions around the bubble stem from the stream
conditions around the bubble. The fluid passes the
bubble and is decelerated downstream of the bubble
head. The axial flow decreases and detaches from the
bubble surface on the downstream side which results in
a thicker boundary layer. These conditions are also
confirmed by the Nusselt curve. The heat transfer is the
highest in the region of the incoming flow and decreases
along the perimeter in downstream direction. The
enhancement of the heat transfer compared to the first
stage of the bubble (#; = 0 ms) results from the fact that
the bubble, while still attached to the heated wall and
receiving heat from the adjacent superheated liquid
layer, condenses at the head and therefore releases the
heat directly to the subcooled fluid.

At the third stage of the bubble (, = 3.11 ms) the
bubble has remarkably increased in size, and a very thin
boundary layer is discernible at the phase-interface
which means that heat is transferred at the phase-
interface while heat from the superheated liquid layer is
sufficiently supplied to maintain bubble growth. The
increase of the bubble volume and decrease of the
boundary layer lead to a further increase of the Nusselt
number, as it is depicted in the diagram.

60 9 120 150

Fig. 15. Local Nusselt number versus the perimeter of a detaching
bubble at various angles.

Fig. 15 shows the bubble detached from the super-
heated liquid layer and entirely surrounded by the sub-
cooled liquid. The volume has decreased and the bubble
does not receive energy from the superheated liquid
layer any more. The bubble head is surrounded by a
thick thermal boundary layer. The reason for this effect
is, as already described before, that heat is released
during the condensation process, while no further en-
ergy is supplied to the bubble. The volume decreases and
the bubble head is flattened due to the drag force which
interrupts the flow around the bubble and generates a
thicker boundary layer and thus reduces the heat
transfer. This effect is confirmed by the significant de-
crease of the Nusselt number compared to those in Fig.
14. As it can be seen, the Nusselt number could only be
determined in a very restricted region which is deter-
mined by the fringe pattern setting.

Therefore no information about the heat transport at
the upstream and downstream side of the bubble is given
here. In the measured region the Nusselt number is
approximately constant. The investigations of the local
Nusselt number are, considering the experimental con-
ditions and parameters, in good agreement with the re-
sults of Chen and Mayinger (1985, 1992) and
Nordmann and Mayinger (1981).

4. Numerical techniques and results

In order to simulate scenarios such as the ones de-
scribed in the experimental part of this article, we now
present a numerical scheme on the basis of a Lagrangian
description of the bubbles which is linked to a numerical
solution of the Navier—Stokes equations on orthogonal
grids. Since the shape of the bubbles is only poorly de-
scribed by cells of an orthogonal grid, modeling of the
influence of the bubbles on the surrounding fluid is done
by modifying the body force term. Successful simula-
tions of this type are reported by Maxey et al. (1997) and
Xu et al. (2002), as well as by Tomiyama et al. (1997). In
the papers by Maxey et al. (1997) and Xu et al. (2002),
the bubble Reynolds number is very low such that the
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hypothesis of Stokes is true, and the force exerted by the
bubble on the surrounding fluid can be calculated by the
solution of the Stokes equation. This is used to calculate
an appropriate value for the discrete body force term.
Here the bubble Reynolds numbers are significantly
higher. From literature no general data of flow fields
around such bubbles rising in a stagnant fluid (corre-
sponding to the case of Stokes flow) are known, see
Oliver and Chung (1987). We were therefore forced to
determine the correct lift force by numerical experiments
in order to have at least macroscopic quantities mapped
correctly into the numerical scheme.

For the simulation of the flow field of the liquid phase
the Navier-Stokes equations are approximately solved
by a finite-volume-scheme which is explicit in time.
Discretization in space and time ensures second order of
accuracy. Turbulence is modeled by a LES method on
basis of the Smagorinsky approach. The Smagorinsky
coefficient is calculated dynamically following the
scheme of Germano et al. (1991) and Lilly (1992). The
method is stabilized by averaging along streamlines as
proposed by Meneveau et al. (1996) such that no lines,
planes or sites of homogeneous turbulence are needed
for the averaging procedure. It should be outlined that
this is crucial for the application of LES in two-phase
flow problems of the type studied.

In our method the influence of the bubbles on the
flow field is entirely modeled by calculating the body
force term in the Navier—Stokes equations. The bubbles
are assumed to be spherical or ellipsoidal. As it can be
seen from Grace (1973) there is no serious restriction of
possible fields of application, since Eotvos Numbers
lower than 10 cover a wide range of possible media
combinations and bubble shapes. This allows the
description of the bubbles by only six parameters (three
axis lengths and three rotation angles) in addition to the
coordinates of the bubble center. The influence of the
bubbles on the flow field is considered by determining
the body force term in the Navier—Stokes equations
based on the density field which is calculated with re-
spect to the position and shape of the bubbles. This is
done before each time step of the explicit integration
scheme in time. After the time step the new positions
and shapes of the bubbles are calculated from the new
velocity field, and are therefore available for the calcu-
lation of the next density field. The scheme is displayed
in Fig. 16.

Gas/liquid systems are characterized by the large
difference between gas and liquid phase. Therefore the
assumption that the density of the gaseous phase is small
compared to the density of the liquid.

pP1=>> P2 (4.1)

is used here for simplicity. The body force in the con-
tinuous Navier-Stokes equations, /* (force per volume)
can reach two values:

initial bubble positions

|

initial velocity field

density field |[~—
X
N A . . 5
kS integration of the Navier-Stokes =
= equations over time step dt N
Q S
3 <
=
3
velocity field
bubble positions
Fig. 16. Scheme of the coupled simulation procedure.
S (x,y,2) =0 if (x,y,z) inside a bubble 2)

fT(x,y,z) =g elsewhere

where g© denotes the gravity vector. The discretization
brings about that the body force term has to be calcu-
lated at the grid points. Evaluating it at grid points by
inserting coordinates of grid points into Eq. (4.2) cannot
be accurate because the lift force exerted by a single
bubble would depend on the position of the bubble
relative to the grid, if there are cells containing both, gas
and liquid. For those cells the body force term is
therefore calculated from the information of the posi-
tion and shape of the bubbles according to

1 +
ﬁz;/mf (x,y,z)dV (4.3)

where f; is the value of the body force term at a certain
grid point addressed by the subscript i. The integral is
evaluated using the method of Gauss—Legendre. For all
cells containing only a single-phase, Eq. (4.2) is used to
determine the body force term.

The six parameters describing the shape and the ori-
entation of the bubbles are to be determined such that
the potential energy of deformation is at its minimum,
i.e. equilibrium is assumed. This is the case if the term
equals 0:

[olomm=r (g -g)] et

=0 VYAx(&n) eV ccC (4.4)

AW =
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Fig. 17. Comparison between numerically found ratio of axis lengths
of an ellipsoidal bubble rising in initially stagnant infinitely extended
liquid versus E6tvos number.

Here p; denotes the pressure in the outer phase, p, the
pressure in the gas, R, and R, are the main radii of
curvature of the phase-interface, and depend (as do the
pressures) on local surface coordinates ¢ and #. Ax is the
potential deformation; it is a continuous function, and it
is assumed (in this weak formulation of the equilibrium
condition) to be taken from some function space V.

The axis lengths and rotation angles describing the
ellipsoid are now determined by minimizing the integral
in (4.4) by variation of these six parameters where the
integrand is evaluated at 18 representative points on the
ellipsoidal surface. From Fig. 17 it can be seen that
the prediction of the shape of the bubbles is in rather
good agreement with observations collected by Wellek
et al. (1966) for the case of bubbles rising in infinitely
extended ocean initially at rest.

The new position of the bubble is determined by
translating the bubble by a distance of time step multi-
plied by a velocity vector which is set to be the average
velocity vector within the portion of space occupied by
the actual bubble.

The simplicity of the model makes it impossible to
keep the boundary conditions exact. The calculated
terminal rise velocity of the bubbles in infinitely ex-
tended stagnant ocean is therefore usually misinter-
preted. However, we found that there is a correlation
between this error and the ratio of bubble size and grid
spacing. This correlation is exploited to determine a
correction factor o which ensures the terminal rise
velocity of the bubbles to be predicted correctly. The
body force term is then modified according to

fi=o-f; (4.5)

The correlation between the error and the ratio of
bubble size and grid spacing depends also on the bubble
Reynolds number and the position of the bubble relative
to the computational grid.

In a few typical cases we shall now demonstrate the
good prediction properties of the proposed method.
This is done by comparing the numerical results to
experimental data of Lucic et al. (2001). The experi-
mental set-up is an open loop comprising a vertical
transparent channel of rectangular cross-section with
stagnant liquid as well as with pressure driven upward
flow with a bulk velocity of u = 0.4 m/s (Re = 5300). In
this case the flow is turbulent. In order to avoid the
expenses of the simulation of the part of the channel
where turbulence is developing we consider only the part
of the channel where the bubbles are actually present. In
the inflow face of the computational domain the
boundary conditions have to account for the turbulent
flow. This is archived by taking the velocities at the in-
flow face to be the instantaneous velocities in one cross-
section of a second simulation of the single-phase flow in
the same channel with periodic boundary conditions in
vertical direction (see Fig. 18).

In the experiment the bubbles are generated by
injecting air at a volume flux of 40 ml/min through a
single orifice of the side-wall of the vertical channel into
the test fluid water. Fig. 19 shows that the prediction of
the rise velocities versus the vertical distance to the
orifice is satisfactory in these cases.

As it can be seen from the comparison, the numerical
and experimental results have larger differences for the
highest bulk velocity (top curve) which diminish with
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calculation of the inflow profile

Fig. 18. Generation of a turbulent inflow condition for the numerical
simulation.
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Fig. 19. Comparison between simulation and experiment: bubble rise
velocities in the case of stagnant liquid and turbulent flow versus the
vertical distance from the wall.

decreasing the bulk velocity. This results from the fact,
that the prediction of the bubble velocity becomes less
accurate with increasing the bulk velocity. This in turn is
due to the properties of the LES model which interferes
with the bubble model.

In a second comparison between experiment and
calculation, a similar scenario is considered. It can be
demonstrated that also the flow field is predicted cor-
rectly by the numerical procedure. The velocity in the
direction of the channel axis (z-direction) in a vertical
distance of 16 mm of the orifice is plotted as a function
of the perpendicular distance to the wall for the same
configuration where u = 0.3 m/s (Re = 4000) and the gas
volume flux is 16 ml/min. The comparison between
experiment and simulation again shows good agree-
ment, as it can be seen from Fig. 20.
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Fig. 20. Comparison between simulation and experiment: average
velocity in z-direction as a function of the distance from the wall for
single-phase flow and flow in the presence of bubbles.

The potential of the prediction of the flow field seems
to predestine this method for the simulation of heat flux
phenomena near heated walls. Therefore the numerical
method has been expanded to the approximate solution
of a transport equation of the temperature. The mod-
eling of turbulence applied to the velocity field has been
expanded to the heat transport. The same discretization
grid is used. Due to high additional computational cost
a dynamical method for the determination of the tur-
bulent Prandtl number has been replaced by a static
model where this number is assumed to be 0.4 every-
where as it is described in Grotzbach and Worner
(1999). The bubble model here accounts for bubble
growth and bubble volume decrease determining the
bubble size from a balance of thermal energy in the
vicinity of the bubble. The bubble size is calculated such
that all the fluid in the volume, comprising the bubble
itself as well as its vicinity, is at boiling temperature.
Within the spatial resolution of the discretization grid
this is a good approximation which becomes exact as
grid spacing and time step approach zero. Again the
results of experiment and numerical simulation are
compared. The boundary conditions of the numerical
simulation have been chosen in accordance to the
experiments described in Section 3. In Figs. 21 and 22
the spatially resolved temperature field in the vicinity of
a vapor bubble which is growing and detaching in the
thermal boundary layer are shown.

Fig. 21 shows the simulated temperature field in the
vicinity of a growing bubble in comparison to the
interferometrically measured temperature field as it has
been realized with the infinite-fringe method. It can be
seen that the increased thickness of the thermal
boundary layer in downstream direction of the bubble is
visible in both, experiment and numerical simulation.
The simulated bubble shape and size, however, differ

Fig. 21. Comparison between simulation and experiment: spatially
resolved temperature field around a vapor bubble growing in the
thermal boundary layer.
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Fig. 22. Comparison between simulation and experiment: spatially
resolved temperature field around a vapor bubble after detachment
from the cavity site.

from the real bubble which stems from the fact, that the
used model does not consider the complex process of
bubble growth at the heated wall.

Fig. 22 illustrates a bubble which is detached from
the cavity site at the wall. The bubble shape in both
numerical simulation and experiment deviates remark-
ably from the spherical shape. The slight asymmetry of
the real bubble, as it can be seen from the interferogram,
could not be realized in the simulation owing to the
restriction to the ellipsoidal shape. The direction and the
axes ratio of the simulated bubble however show that
the used model could approximate the bubble shape
satisfyingly.

Furthermore, the boundary layer conditions around
the bubble can be clearly seen in the simulated temper-
ature field, whereas in the experiment the thin boundary
layer around the bubble could not be resolved by the
finite-fringe method, as it has been described previously.

However, the situation in the wake of the bubble is
not mapped satisfyingly in the numerical simulation.
This seems to be due to the fact that the resolution of the
discretization grid at the wall is not fine enough to re-
solve the flow between the bubble and the wall which is
responsible for the temperature field pattern in the
wake of the bubble as it is observed in the experiment.
The fact that the ellipsoidal bubble shape is just an
approximation to the physical bubble shape increases
the error.

5. Conclusion

In this study measurements by means of the optical
technique holographic interferometry and numerical
simulations were performed to demonstrate the inter-
action of a vapor bubble, which grows in the thermal
boundary layer and condenses in the subcooled fluid,
and the forced bulk convection.

The holographic interferometry enabled the visuali-
zation of the inhomogeneous temperature field of the
thermal boundary layer of the flowing subcooled liquid
in the presence of a vapor bubble and the visualization
of the temperature field around the vapor bubble during
the growth and condensation process. Thus the impact
of the fluid velocity and the degree of subcooling on the
interaction of the fluid- and thermodynamic behavior of
the bubble and the thermal boundary layer could be
determined.

By evaluating the visualized temperature field in the
immediate vicinity of the bubble, the local heat transfer
at the phase-interface between bubble and subcooled
liquid at various positions along the bubble perimeter
could be quantified.

The proposed numerical method has shown to yield
results in good quantitative agreement with the experi-
ments. Fluid dynamical as well as thermal processes are
predicted satisfyingly. Therefore this method is hoped to
allow numerical simulations of phenomena in heat
transfer at heated walls which are not accessible to
current measurement techniques.

It could prove to be capable of finding answers to
some open questions in this field as to what extent latent
heat transfer contributes to the total heat transfer rate.
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