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Abstract

Subcooled flow boiling is a commonly applied technique for achieving efficient heat transfer. In the study, an experimental investi
the nucleate boiling regime was performed for water circulating in a closed loop at atmospheric pressure. The horizontal orientated t
consists of a rectangular channel with a one side heated copper strip and good optical access. Various optical observation techniques
to study the bubble behaviour and the characteristics of the fluid phase. The bubble behaviour was recorded by the high-speed cinemat
by a digital high resolution camera. Automated image processing and analysis algorithms developed by the authors were applied for a
of mass flow rates and heat fluxes in order to extract characteristic length and time scales of the bubbly layer during the boiling process
methodology, the bubbles were automatically analysed and the bubble size, bubble lifetime, waiting time between two cycles were eval
to the huge number of observed bubbles a statistical analysis was performed and distribution functions were derived. Using a two-d
cross-correlation algorithm, the averaged axial phase boundary velocity profile could be extracted. In addition, the fluid phase veloc
was characterised by means of the particle image velocimetry (PIV) for the single phase flow as well as under subcooled flow boiling c
The results indicate that the bubbles increase the flow resistance. The impact on the flow exceeds by far the bubbly region and it dep
magnitude of the boiling activity. Finally, the ratio of the averaged phase boundary velocity and of the averaged fluid velocity was eva
the bubbly region.
 2005 Elsevier SAS. All rights reserved.

Keywords:Subcooled flow boiling; Bubble behaviour; Optical measurement techniques; Automated high speed video analysis; Distribution functions; Bo
layer; Velocity profile; Phase boundary velocity
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1. Introduction

It is widely known, that nucleate boiling is a very efficie
heat transfer mechanism and therefore plays a major ro
many technical applications. Traditional examples are st
generation in fossil and nuclear power plants or the coolin
rocket engines. Besides these established fields also new
cations appear at the horizon like two phase car engine co
or the cooling of electronic devices, which serve as the te
nical motivation for further research on boiling in the futu
Subcooled boiling is characterised by the presence of s
bubbles, which grow and collapse very rapidly on or near
heated surface. These bubbles are responsible for an extre
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high heat transfer augmentation. Although a huge numbe
publications on the topic of boiling heat transfer exist, the ba
knowledge of the physical mechanisms governing the boi
process is still incomplete. Many boiling models have b
derived on a semi-empirical basis or highly simplified rep
sentation of the real processes. After all, several aspects o
physics of boiling are contradictorily discussed and a full c
sensus has not been reached yet.

In the past, many investigations of the bubble behaviour
dynamics were performed. Due to the short time scale proc
the bubble dynamics can only be resolved by high-speed
ematography with frame rates above 1000 frames per sec
The pioneering work of Gunther [1] is well known. He was t
first, who studied the bubble behaviour during subcooled fl
boiling using the high-speed photography. He quantified s
cessfully the bubble size, the lifetime, the growth rate and o
parameters as functions of system parameters like pres
subcooling and velocity. Also Abdelmessih et al. [2], Bibe
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Nomenclature

C constant
dB bubble diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
δ(L) boundary layer thickness . . . . . . . . . . . . . . . . . . . . m
FA cumulative distribution function
G liquid mass flux . . . . . . . . . . . . . . . . . . . kg·m−2·s−1

Nu Nusselt number
Nux local Nusselt number
L distance from channel entrance . . . . . . . . . . . . . . m
ξ distance from heater entrance . . . . . . . . . . . . . . . . m
Pr Prandtl number
Pos camera position (1, 2, or 3)
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . MW·m−2

ReL Reynolds number
Rex local Reynolds number
TSub rate of subcooling . . . . . . . . . . . . . . . . . . . . . . . . . . K
TSat saturation temperature . . . . . . . . . . . . . . . . . . . . . . K

TW heater surface temperature . . . . . . . . . . . . . . . . . . . K
�TW temperature difference of wall and fluid . . . . . . . K
tB bubble lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
tB,Abl bubble lifetime after lift-off . . . . . . . . . . . . . . . . . . . s
tW waiting time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
u local fluid velocity . . . . . . . . . . . . . . . . . . . . . . m·s−1

u0 bulk velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

u+ dimensionless fluid velocity . . . . . . . . . . . . . m·s−1

v local velocity in normal direction . . . . . . . . . m·s−1

WB probability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %
wPVB phase boundary velocity . . . . . . . . . . . . . . . . . m·s−1

X coordinate streamwise . . . . . . . . . . . . . . . . . . . . . . m
Y coordinate transverse . . . . . . . . . . . . . . . . . . . . . . . m
y+ dimensionless wall distance
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[3], Kandlikar et al. [4], Klausner et al. [5], Prodanovic [
and others studied the bubble behaviour with optical high-sp
techniques under subcooled flow boiling conditions. Due to
lack of automated evaluation methods these researchers h
analyse the recorded films manually. Single bubbles were
lected and tracked in the subsequent images of the high-s
film.2 It is obvious that due to this laborious analysis techni
the results of the bubble behaviour were mostly calculated f
a very limited set of bubbles and experimental conditions.
spite the low width of the database, attempts were made to
rive the behaviour of the “representative” bubble from the sm
fraction of information on the films exploited. An addition
problem for the development of a common understanding o
boiling process is that some of the effects observed in diffe
studies are not fully consistent. Different geometrical design
the experimental setup and the properties of the individual
fluids are a major reason for these contradictory results.
example, the orientation of the heater surface with respe
gravitation (horizontal or vertical) has a strong influence on
bubble detachment process, making a direct comparison
difficult.

The motivation for the present investigation was that a
statistical analysis of the bubble behaviour and detailed m
surements of the interaction between the liquid and the va
phase were missing. Fortunately, the quick progress di
high-speed video techniques have made in recent years
the high speed of modern computers in general allow the
plication of automated procedures for image processing in
future. The main standard parameters characterising the
ble behaviour are the bubble size, the lifetime, the waiting t
between two cycles and the bubble density on the heater
face. While in the first part of the paper these interesting res

2 Bibeau [3] started already in this direction by evaluating the size and
elongation of single bubbles using image processing and analysis algorith
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are shortly summarised,3 in the second part new results are p
sented, which describe the characteristics of the liquid p
under adiabatic and boiling conditions measured with PIV
two phase flows most optical measurement techniques are
cult to apply without huge errors. Furthermore, the dimens
ality of the problem grows due to the additional parameter
the second phase and makes a full characterisation difficu
the past, flows with adiabatic bubbles have been investig
more often by other authors compared to flows with boili
Marie et al. [7], for example, intensively studied the impact
adiabatic gas bubbles in vertical bubble columns. In cont
a characterisation of subcooled boiling flows was to date
clusively performed by Hasan [8]. He investigated the velo
and temperature profile as well as the fluctuations in the bu
region of a vertical annulus (the test fluid was the refriger
R113) using a hot wire anemometer and the LDA technique

2. Experimental setup

For the investigation of the bubble behaviour a test fac
for flow boiling over a flat plate was built. The experimen
facility was designed for water at low system pressure and
investigation of partially and fully developed subcooled fl
boiling. Fig. 1 shows a sketch of the test facility. For a deta
description of the setup see Maurus et al. [9].

The closed loop allows the variation of the operating pr
sure, the inlet temperature and the flow velocity. Using a v
able speed pump, the liquid velocity through the test-sec
can be adjusted between zero and 3 m·s−1. The minimum sub-
cooling is limited to 5 K due to cavitation in the pump. A he
exchanger extracts the heat transferred to the flow in the
section. The fluid degassing tank in the by-pass of the
removes non-condensable solved gases (mainly air) by

3 Some of these results and the analysis algorithms were already presen
previous publications of the authors [9,15].
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Fig. 1. Sketch of the test facility.

Fig. 2. Test-section and location of the cameras.

ing the fluid up to the saturation temperature. The degas
process is started hours before and continues during the ex
ments. All experiments were performed at steady state.

Good optical access was an important aspect for the de
of the test section (see Fig. 2), which is a horizontal rec
gular channel of 500 mm length with a cross-sectional are
40 mm× 40 mm. A nozzle upstream generates uniform infl
conditions. The copper bar having a wetted surface of 15
width and 200 mm length is heated with electric cartridges
provides a constant heat flux boundary condition with a m
imum of 1.50 MW·m−2. The heated wall section is located
the centre of the lower wall and starts 250 mm downstream
the entrance of the channel. Three observation windows a
optical access normal and parallel to the heated surface.
relatively small width of 15 mm results from a compromise
tween the desired two-dimensionality of the boiling proces
the middle of the channel and the optical access to the ce
plane.

The optical arrangement is also sketched in Fig. 2. Two
ferent cameras for the observation of the bubble behaviou
mounted on an optical bench. Camera 1 is a Sony XCD-
with a resolution of 1280× 960 pixels (8-bit) at a speed o
7.5 frames per second. The focal length of the receiving
tics is 75 mm and the exposure time was two milliseconds.
recorded sequence is limited to seven images. Using this
era and the view perpendicular to the heated surface, the
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Fig. 3. Set-up of the particle image velocimeter.

ble density and the void fraction could be measured (see
Camera 2 is a HS-Kodak Ektapro camera operated at a ra
9000 frames per second with a resolution of 128× 256 pixels.
This speed delivers sufficient temporal resolution (0.11 ms
the observed boiling patterns. The focal length of the receiv
optics is 105 mm. For each point of operation 1000 frames w
recorded. Simple backlighting was used in the high-speed v
recordings. The advantage of this technique is the high ligh
tensity, which is needed to obtain extremely short shutter ti
at the high frame rates employed. A tungsten lamp (500 W)
an optical diffuser plate mounted between lamp and test se
generates the high intensity diffuse white light.

Since the position of both cameras can be varied in two
rections by a mechanical traverse, the boiling process ca
recorded stepwise from the beginning to the end of the he
Depending on the selected optical magnification, the acce
observation area can be varied from 10 mm up to 100 mm. C
sequently, the maximum spatial resolution is about 40 micr
eters per pixel for the high-speed camera and about eigh
crometers for the high resolution camera. The images reco
by the high-speed camera shown subsequently cover an
of 32 mm length in main flow direction. The left side of th
images is located 10 mm downstream of the beginning of
heated surface.

Using a Dantec particle image velocimeter (PIV) (e.g. [1
the two-dimensional velocity vector map of the fluid pha
could be measured. Subsequently the operation principle
the optical set-up of this technique will be briefly describ
PIV provides instantaneous velocity vector measuremen
a cross-section of a flow, from the pattern of the scatte
light from seeding particles. The illumination is provided
two consecutive laser pulses with high energy and the ligh
collected by an image transfer CCD camera with high spa
resolution. The motion of the particles is evaluated by a cr
correlation algorithm.

Fig. 3 shows the components of the system used in the
vestigations. The test section was illuminated by two Nd:Y
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lasers, operating in the pulse mode. The wavelength of the
beam is 532 nm and each pulse has an energy of 200 mJ
a duration of 8 ns. Two criteria must be considered in sel
ing the optimum time delay between the two laser pulses.
high accuracy the delay should be as large as possible. H
ever, if the upper limit given by the assumption of const
velocity between the pulses is exceeded the cross-correl
algorithm fails due to mapping problems. The typical tim
step used in the experiments was 100 ms. Using cylind
lenses the laser beam was expanded to a planar light
with a thickness of approximately 1 mm. The scattered li
from the tracer particles was recorded by the HiSense C
camera (Hamamatsu) with a chip resolution of 1280× 1024
pixels showing a display window of 24× 30 mm2. The cam-
era was mounted on a traverse in order to provide acce
the boundary layer at three different positions along the he
These positions are identical to the positions used in the ex
ments with the high-speed camera. As tracer particles ho
glass spheres with a diameter of 0.01 mm and a densit
1000 kg·m−3 were added to the liquid. For each test param
100 image pairs were recorded and stored. For the calcul
of the velocity vector map of each image pair the stand
cross-correlation algorithm implemented in the analysis
“FlowMap 1500” of the supplier Dantec was used. There
the full image was divided in 32× 32 pixel sized so-called
interrogation spots with an overlapping of 50%. Before a
tistical analysis was performed the calculated velocity vec
had to be verified with respect to accuracy. Due to the p
lem of the reflection of the laser light at the phase bounda
of the bubbly layer, not all calculated vectors stem from
tracer particles. This problem could be resolved by rejec
vectors outside predefined limits for the calculated magnit
and the angle. In particular at high nucleate boiling activ
this procedure leads to a rejection of up to 80% of the ca
lated velocity vectors in the bubbly region. After this filteri
nearly all of the accepted vectors belong to the motion of
tracer particles in the liquid phase. This was validated by
sual control of some velocity maps with the originally record
image pairs. From these tests it can be concluded that the
measurements deliver a good measure for the average ve
distribution both in the outer region of the boundary layer a
in the bubble region. For a statistical analysis of the fluid
haviour along the boundary layer an algorithm was develo
which converts the planar information of all velocity maps t
representative velocity profile by spatial and temporal ave
ing.

3. Algorithms for automated bubble analysis

Although many algorithms for the image quality enhan
ment exist, no adequate tools for the evaluation of image
quences from boiling experiments were available. For this
son, own algorithms were developed in the framework of
boiling study on the basis of MATLAB® with its image process
ing toolbox. Using this object orientated programming tool
effort required for the algorithm development was reduce
an acceptable level. All subsequent mentioned algorithms
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Fig. 4. Algorithms and their results.

Fig. 5. Typical image of the high-speed video film.

the processing and analysis of single images as well as
image sequences are a combination of elements of the
age processing toolbox and additional code written by the
thors.

3.1. Image pre-processing and analysis

The processing and the analysis routine for the image
the high resolution camera (Camera 1 in Fig. 2) were alre
described in detail in [9]. Using the top view on the boili
surface, various boiling parameters such as the bubble de
on the heater surface, the bubble size distribution, the bu
spacing as well as the void fraction were evaluated.

In order to receive temporal information concerning the b
ble behaviour various high speed films at different test co
tions were recorded. For the evaluation of this huge data
five different algorithms have been developed and impleme
in the framework of the presented study (Fig. 4). Before th
algorithms were applied, a number of image pre-proces
steps were needed in order to enhance the quality of all
images (example in Fig. 5). As sketched in Fig. 6, the p
processed images (X–Y plane) are then stacked in their tem
poral sequence (T -axis), generating a three-dimensional arra4

which delivers the database for the application of the five a
rithms mentioned above.

Subsequently, the 2D cross-correlation algorithm for the
traction of the phase boundary velocity profile is briefly d
scribed.

4 TheX-axis is here defined as the coordinate in downstream flow direc
the Y -axis as the coordinate normal to the flow direction. TheT -axis results
from the time period of the recorded high speed film.
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Fig. 6. Three-dimensionalX–Y–T matrix.

Fig. 7. Principle of the 2D cross-correlation algorithm.

3.2. Two-dimensional cross-correlation algorithm

Cross-correlation of images is useful for extracting struct
similarity between two datasets. It is used in PIV in order
obtain the average particle shift between the double exp
images. While here the particles are very small and ap
in form of single spots on the camera chip, the character
length scale is much bigger, if the velocity of the phase bou
aries in the bubbly layer is of interest, like in the current stu
Some similarities with the work of Smith and Dutton [11] exi
who developed a 2D cross-correlation algorithm for the de
mination of large scale turbulent structures. They performe
parametric study to optimise the image time delay and the
relation window size. In contrast, the information of the en
high-speed film is used in our boiling study.

Fig. 7 illustrates the developed algorithm. On the left, an
age representing a part of the 3D data matrix is given. Thex-,
t-slice for a fixed heighty above the heated surface shows
temporal movement of the bubble in thex-direction, which pro-
duces a diagonal streak in thex-, t-plane. The faster the bubbl
the smaller is the angle between the streak and thex-axis. The
aim of the algorithm is to find the average slope of these stre
For this purpose, two smaller sized windows or boxes are pla
in the image, as shown in Fig. 7. One box is at a fixed posi
while the second is shifted inx as well as int-direction. In the
first step the second box is moved with a predetermined ste
l

d
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d
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Fig. 8. Calculated correlation coefficient (left) and velocity histogram (righ

streamwise direction and afterwards it is shifted stepwise
wards passing the diagonal given by the bubble streak. At
position the fixed and the moved boxes are compared by
culating the correlation coefficient.5 For a fixed position, the
calculated correlation coefficient behaves as sketched in F
The best similarity results in a clearly visible maximum of t
correlation coefficient. After the shifting procedure has b
completed, the position of the maximum of the correlation
efficient gives the bubble velocity, after the frame count at
maximum was multiplied with the shift inx-direction.

An appropriate choice of thex-shift must consider two con
straints. If it is too small, the angular resolution of the stre
pattern will be low. Thus, the accuracy of the deduced velo
will suffer. If the shift is too large, the similarity of the patter
of the fixed and the moving box is partially lost and no cl
correlation is found. In addition, the selection of the size of
boxes must also follow certain rules. They must be large eno
to capture the characteristic pattern of a streak and yet s
enough to minimise the computational effort. By performin
parameter study, it was found that the optimum box cont
40× 40 pixels (see Maurus and Sattelmayer [12]).

In order to obtain one representative velocity profile of
bubbly layer thex-, t-plane is divided into 180 starting pos
tions (see I1 to I180 in Fig. 7) and the mentioned procedure
applied for each position. Because not at all 180 positions
streaks are clearly visible, some criteria are defined to vali
the computed coefficients. If the maximum correlation valu
below a threshold or if it is not found inside the interval but
stead on the boundaries, the datapoint is discarded. Othe
it is added to the histogram in Fig. 8 in order to get the aver
time step, which provides together with the constantx-shift the
final information of the bubble interface velocity at the giv
y-position.

After the computing has been completed for ally-positions
of the database, an additional criterion is used to define
range, where the velocity profile can be determined with
ficient precision. For each distance from the heater (y-position)
the number of valid correlations is controlled. Only if more th
80 of the 180 correlations are valid, the calculated value is

5 The sum of the products between the pixel data of the fixed and the sh
box is calculated, which provides a measure of similarity. The correlation
efficient is computed, which ranges from 0 for completely dissimilar to 1
identical datasets.
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lected for the final result. As seen in Figs. 16 and 17, thi
usually the case for wall distances of 0.5< y < 1.5 mm.

It is noted, that this procedure can be extended with the
tention to measure the velocity component normal to the fl
too. Here the second box has to be placed, instead on the
y-height, on a higher level above. The calculated velocity v
tor contains now both components, the normal and the par
vector. This method was also applied to analyse the 3D d
base. Due to the small resolution of the high-speed camer
additional shift into they-direction was only 2 pixels in orde
not to loose the growing bubble for the cross-correlation ca
lation. Consequently the uncertainty of the obtained results
very large and hence not suitable for publication.

4. Results

4.1. Flow boiling curves

In Fig. 9 various convective boiling curves for water a
constant rate of subcooling and pressure for different m
fluxes are shown. As expected, the onset of boiling depe
on the fluid velocity and a velocity increase enlarges the
fect of forced convection on the heat transfer. The decreas
the surface temperature for a given heat flux delays the ons
boiling. In the nucleate boiling region the heat flux rate depe
strongly on the velocity, whereas in the fully developed boil
region the boiling curves merge. For high superheat, the
transfer is dominated by the boiling process and the velo
dependence vanishes.

McAdams et al. [13] studied the subcooled flow boiling
water in a vertical annular pipe and published the following c
relation:

q = C(TW − TSat)
n (1)

As shown in correlation 1, the heat flux depends exponent
on the wall superheat. The calculation with the given co
ficients of McAdams (n = 3.86 undC = 3.77 W·m−2·K−1)
agrees well with the experimental data in the fully develo
boiling region. The exponents reported by other authors
between 3 and 4. The value ofC reported by McAdams de
pends mainly on the content of gas solved in the fluid.
compare the results for the lower part of the boiling curve
heat transfer for single phase over a flat plate was calcu
using correlation 2 [14] for two mass fluxes (G = 1000 und
2000 kg·m−2·s−1), which are additionally displayed in Fig. 9
Here it had to be considered, that the starting point of the
bulent boundary layer development differs from the beginn
of the heated surface. This can be incorporated by corre
the local Nusselt number by means of correlation 3 [14]. B
curves show, that the correlation models the measured
transfer at the onset of nucleate boiling very well. This is a c
indication that the low width heater employed behaves sim
to a fully heated wall.

Nux = 0.0308Re4/5
x Pr1/3 (2)

Nux = Nux(ξ=0)

9/10 1/9
(3)
[1− (ξ/x) ]
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Fig. 9. Flow boiling curves.

Fig. 10. Influence of the heat and mass flux on the bubble density.

The maximum heat input delivered from the cartridge he
did not allow approaching the critical heat flux of water. Fig
shows clearly that in the tests the boiling patterns were obse
from the onset of nucleate boiling up to the fully develop
boiling regime.

4.2. Bubble characteristic

Although experimental investigations on boiling were
cussed in the past on the characteristics of the “representa
bubble, the bubbles produced in nucleate boiling do not s
a unique behaviour. As the analysis of the data acquired in
current study revealed an extreme wide scatter of e.g. bu
size, subsequent results are presented in form of cumulative
tribution functionsFa (Figs. 11–14). The extreme width of th
measured distribution indicates that averaging leads to a s
loss of information and to the wrong physical model of a fu
deterministic boiling process.

4.2.1. Bubble density
Fig. 10 shows the effect of the heat flux and the liquid m

flux on the bubble density above the heater at a constant ra
subcooling and system pressure. The expression “bubble d
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Fig. 11. Influence of the liquid mass flux on the bubble size distribution

ty” represents here the average number of bubbles, which a
stantly visible in the observed region of the heater. It hence
fers to the idiom “nucleation side density”, which summari
all nucleation sides activated during a certain period of ti
These results were obtained with the vertically mounted h
resolution camera. In general, increasing the heat flux lea
an increase of the bubble population. With increasing mass
the bubble density is reduced drastically. For heat fluxes be
q = 0.77 MW·m−2, a linear decrease is observed. Note that
curves have a very similar slope. The reason for this behav
is the increase of the convective heat transfer with the mass
which leads to a decrease of the surface temperature and c
quently to less activated nucleation sites. For heat fluxes a
q = 0.94 MW·m−2, the bubbles coalesce and the number
bubbles decreases in particular for small mass fluxes. In thi
gion (see curves with thin lines) the bubble activity become
strong that the limit of the measurement technique is reach

4.2.2. Bubble size distribution
The images from the high resolution camera also con

the information about the bubble size. From these images
histogram of the bubble size for each test parameter was
culated. After integration the cumulative distribution functio
shown in Fig. 11 were obtained. This figure reveals the in
ence of the heat flux and the convective mass flux on the
distribution.

The bubble size distribution indicates that many small b
bles are present. Fifty percent of the observed bubbles
diameters smaller than 0.5 mm. Although the bubble den
depends clearly on the liquid mass flux [9], the bubble size
tribution is only a very weak function of the main flow velocit
An increase of the mass flow by a factor of five decreases
bubble size only moderately.

4.2.3. Bubble lifetime
The temporal information of the bubble behaviour is eva

ated by means of the bubble tracking algorithm introduced
the authors in [15]. Fig. 12 shows the effect of the mass
on the total bubble lifetime, which includes the time differen
between the nucleation process and the complete condens
and which does not take the lift-off behaviour of the bubb
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Fig. 12. Influence of the liquid mass flux on the bubble lifetime.

Fig. 13. Influence of the liquid mass flux on the lifetime after the bubble lift-

into account. The distribution functions have a shape rem
ably similar to the bubble size distributions (see Fig. 11). In
estingly, the data evaluation reveals clearly, that the very s
lifetime of a high number of small bubbles is the physical r
son behind this finding, which is consistent with the work
Bibeau [3], who also detected a strong correlation of the b
ble lifetime with the bubble size. With increasing mass flux
bubble lifetime decreases and it can be seen, that for high
fluxes (G > 1500 kg·m−2·s−1) no bubbles reach a lifetime o
more than 1.5 ms. The results of the liquid mass flux va
tion show good agreement with the findings of other auth
like Gunther [1], Akiyama and Tachibana [24] or Zeitoun a
Shoukri [25], who also studied the bubble lifetime during s
cooled flow boiling. The reason for the smaller size distribut
at higher convective mass fluxes is the reduced temperatu
the thermal boundary layer and the augmentation of turbule
in the cross flow. Both phenomena force the condensation a
bubble tip and limit the bubble size and lifetime.

4.2.4. Bubble lifetime after lift-off
Fig. 13 depicts the remaining lifetime of the bubbles after

lift-off from the heater surface. Similarly to the total lifetime th
effect of the convective liquid mass flux is very dominant. N
that the remaining lifetime is roughly one order of magnitu
smaller than the total lifetime. The strong influence of the m
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Fig. 14. Influence of the liquid mass flux on the waiting time between
bubble cycles.

flux can be explained again by the increasing slip between
phases and the augmentation of turbulence in the liquid.
latent heat of the condensing vapour, which heats up the li
near the bubble interface, is more effectively convected into
bulk liquid leading to a larger the temperature difference
condensation rate. This effect explains also the negligible in
ence of the heat fluxes at constant mass flux. Similar find
were described earlier by Lucic et al. [16], who studied the h
transfer around single condensing bubbles in vertical subco
flow boiling with holographic interferometry.

4.2.5. Waiting time between two bubble cycles
The waiting time between two bubble cycles was also

tected, using the fifth algorithm shown in Fig. 4. Fig. 14 sho
the effect of the liquid mass flux on this parameter. With
creasing mass flux the waiting time is significantly reduced
shows the trend already found for the bubble lifetime. Inter
ingly, the waiting time is only very weakly influenced by t
heat flux. Only a slight reduction is observed with increas
heat flux.6

4.2.6. Lift-off probability
In addition to the results concerning the time scales of

boiling process, information about the detachment behav
were extracted from the database. Fig. 15 shows the lif
probability, which is indicated with the parameterWB on the
vertical axis, of the analysed bubbles for different mass-
heat fluxes. For all parameters the probabilityWB lies be-
tween 20 and 65 percent. For small mass fluxes(250< G <

500 kg·m−2·s−1) the fraction of bubbles, detaching from t
surface, is independent of the mass flux. An increase the
flux above this range leads to a drop of the lift-off probabil
Whether bubbles detach from the surface or not was con
ily discussed in the past. Del Valle and Kenning [17] obser
no bubble lift-off for horizontal subcooled flow boiling. In co
trast, Bibeau [3] and Thorncroft [18] described that almost
studied bubbles detach during vertical subcooled flow boil

6 See figure in [15]. In this paper, the results are discussed and compare
the findings of other authors.
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Fig. 15. Influence of the liquid mass flux and the heat flux on the bubble lif
probability.

Fig. 16. Effect of the liquid mass flux on the phase boundary velocity profi

These bubbles were carried away in streamwise direction
they condensed far away from their nucleation site. Obviou
the orientation of the gravitational field is crucial. The liqu
drag and buoyancy are perpendicular for horizontal heater
faces. In case of a vertical heater orientation both forces a
the same direction and foster the bubble detachment.

4.2.7. Phase boundary velocity profile (PBV)
Using the two-dimensional cross-correlation algorithm,

axial phase boundary velocity profile for different mass flu
at constant values of subcooling and heat flux was de
mined (see Fig. 16). For all mass fluxes the velocity increa
with increasing distance from the heater (from 0.5 mm
1 mm). The PBV is very sensitive to the mass flux bel
G < 750 kg·m−2·s−1. In contrast, the influence vanishes f
higher values. At bigger distances from the heater surface
effect of bubble collapse plays an important role for the de
opment of the PBV profile. This leads to a velocity decrease
Fig. 17 the influence of different heat fluxes on the PBV pro
is shown. For distances up to one millimeter, the PBV sh
no dependence on the heat flux. For higher distances the b
growth and the bubble collapse affect the measured PBV
siderably. In [12], the influence of the subcooling on the P
was additionally published. With increasing rates of subc
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Fig. 17. Influence of the heat flux on the phase boundary velocity profile

Fig. 18. Normalised velocity profile for single phase flow.

ing, the PBV profile decreases, while the slope of the pro
curves increases. The height, where the bubble collapse m
takes place, is shifted to smaller values.

4.3. Characteristics of the boundary layer

4.3.1. Velocity profiles
PIV measurements were first performed in single phase

for the mass fluxes 250 and 1000 kg·m−2·s−1, which serve as
reference data for the velocity distribution in the liquid phase
subcooled boiling flow. Fig. 18 shows the velocity profiles o
the heater surface, whereby both mass fluxes were norma
to the bulk flow velocity. The strong velocity decrease towa
the surface in the boundary layer becomes clearly visible.
thickness of the boundary layer is approximately 7 mm. Eq.
[19] predicts 7.6 mm for the mass flux ofG = 1000 kg·m−2·s−1

and a boundary layer length of 0.3 m. The single phase m
surements were performed at a fluid temperature of 70◦C in
order to keep liquid viscosity as close as possible to the t
phase flow investigated in the next step.

δ(L) = 0.381(ReL)−0.2L (4)

In order to check, whether the velocities in the boundary la
follow the logarithmic wall law for turbulent flow, the measur
ments were plotted in the semi-logarithmic formu+ = f (y+).
ly

f

ed

e
)

a-

-

r

Fig. 19. Semi-logarithmic velocity profile plot.

Fig. 20. Influence of the liquid mass flux on the axial velocity componen

For the determination of the shear stress it is assumed, tha
wall law is partially valid and the data is fitted in this region
the logarithmic profile. The result of this procedure agrees w
with the prediction of the wall law of Prandtl for tube flows [20
The results also correspond well with the findings of Kang
al. [21], who studied the isothermal and heated turbulent
flow in a vertical annular channel. After the calculation of t
shear stress, the profilesu+ = f (y+) in Fig. 19 are obtained
which indicate that the flow over the heater closely follows
law for turbulent boundary layers, although the Reynolds n
ber in the heated channel is around 105–106 and hence probabl
still weakly turbulent.

4.3.2. Velocity profile of the liquid phase with nucleate boili
Fig. 20 shows the time averaged velocity profiles in flow

rection for different mass fluxes and in addition the veloc
profile of the single phase flow for comparison. All veloc
profiles are normalised with the related mean bulk velocity.
vapour bubbles influence the velocity distribution in the bub
region as well as in the layer above, where no bubbles e
This becomes particularly visible for the lowest investiga
mass flux ofG = 250 kg·m−2·s−1. Although the thickness o
the bubbly layer is restricted to the zone of approximately 6
over the heater, the impact of the bubbles on the averaged v
ity profile of the forced flow is clearly visible almost up to th
middle of the channel 20 mm above the heater. It can be s
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Fig. 21. Influence of the heat flux on the axial velocity component.

Fig. 22. Influence of the rate of subcooling on the axial velocity compone

that for all mass fluxes the bubbles lead to a decrease o
velocity and hence to an additional pressure drop. This ef
which was postulated earlier by various authors (e.g., [22,2
is quantitatively shown for the first time in this investigatio
Fig. 21 depicts the influence of the heat flux on the axial
locity profile for a constant mass flux ofG = 500 kg·m−2·s−1.
By increasing the heat flux the boiling process is augme
and hence the velocity in flow direction decreases. In orde
compare the two phase profile with the single phase flow,
reference velocity profile7 for G = 250 kg·m−2·s−1 is addi-
tionally plotted in Fig. 21. The effect of subcooling is show
in Fig. 22. Going towards to the saturation temperature the
ble size and hence the impact on the profile increases.

The PIV measurement also delivers information of the
locity component normal to the flow. While this velocity
very small in single phase flow, it increases considerably
ing boiling. Due to the bubble growth the fluid above the bub
head is accelerated from the boundary layer towards the
tre of the channel. The effect of the mass flux on the nor
velocity component is shown in Fig. 23 and the influence
the heat flux in Fig. 24. It can be seen, that the maximum

7 The corresponding single phase velocity profileG = 500 kg·m−2·s−1 was
not investigated. In regard to the results in Fig. 18 it can be assumed, th
present normalised velocity profile would not differ significantly.
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Fig. 23. Influence of the liquid mass flux on the normal velocity compone

Fig. 24. Influence of the heat flux on the normal velocity component.

Fig. 25. Influence of the rate of subcooling on the normal velocity compon

locity is reached at a distance of approximately 1 mm ab
the heater. With increasing distance to the wall the velo
decreases. For low mass fluxes ofG = 250 kg·m−2·s−1 the nor-
mal velocity reaches remarkably high values of around 6
of the bulk velocity and the bubbles influence the flow alm
to the channel centre. With increasing mass flux or decr
ing subcooling the thickness of the impact zone as well as
velocity ratio decreases (see Figs. 24 and 25). Specially
TSub= 10 K and for heat fluxes higher thanq = 77 MW·m−2

the normal velocity component is huge, due to the achie
ment of the netto–vapour–production point (see [3]), where
condensation process is reduced by the small thermal gra
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between the liquid and the vapour phase. This leads to an a
erated bubble growth and hence to an enlargement of the
fraction, which also limits the application of this measurem
technique. Since for all investigated mass fluxes the ave
normal velocity was approximately 0.15 to 0.20 m·s−1, it can
be concluded that the fluid motion normal to the main flow
rection is almost independent of the mass flux of the cross fl
As already mentioned only the results of Hasan [8] are av
able for comparison. He investigated the velocity profile w
the LDA in the bubbly region of a vertical annular flow of r
frigerant R113. The results agree qualitative with the findi
of the current study. Full quantitative agreement is not obta
due to the differing properties of water and refrigerant R113

4.3.3. Comparison of the liquid and the phase boundary
velocities

The velocities of the single phase and the velocities of
phase boundary in the bubbly region are now compared for
ferent test parameters. For this purpose, the axial phase bo
ary velocities, which are calculated by the cross-correla
algorithm described previously, and the axial fluid veloc
from the PIV measurements are now averaged for four fi
distances above the heater (Y = 0.5, Y = 0.85, Y = 1.2 and
Y = 1.5 mm). The investigated range cannot be extended
ther, because at bigger distances from the heater no bu
exist for high mass fluxes or low heat fluxes. The ratio of
averaged phase boundary velocity and the averaged fluid
locity is plotted over four different test parameters as show
Fig. 26. In each case one parameter is varied while the o
are kept constant. These reference values are defined in th
end of Fig. 26.

For small heat fluxes, high rates of subcooling and for h
heat fluxes the averaged phase boundary velocity is sm
than the averaged axial fluid velocity. For all other test pa
meters an opposite trend is visible. In particular for small m
fluxes ofG = 250 kg·m−2·s−1 the velocity ratio plotted at th
y-coordinate reaches nearly 2. With increasing mass flux
velocity ratio decreases approximately linear. The degre
subcooling shows a similar trend. The phase boundary m
quicker when the heat flux is increased.

In addition, a remarkable increase of the PBV along
length of the heater in streamwise direction becomes vis
if the measurements taken at the three different positions
compared. The reason for this increase is the developme
the thermal boundary layer, which leads to an increase o
liquid temperature in the bubbly layer and to an augmenta
of the bubble growth.

Interestingly, all effects shown in Fig. 26 correlate qual
tively with the average bubble size. This finding is caused
two different effects. The first one is the influence of the b
bles on the flow. Small bubbles generate only moderate
resistance and flow deceleration, whereas bigger bubbles
a higher impact on the flow velocity (Fig. 20). The second ef
appears in cases with bigger bubbles. While small bubbles
due to the strong surface tension almost spherical, the sha
bigger bubbles changes significantly during their lifetime. D
to the drag forces of the cross flow, which increase from
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Fig. 26. Ration of the averaged phase boundary velocity profile and the
aged fluid velocity profile in the bubbly region.

wall towards the bulk flow, the bubble contour is stretched i
main flow direction. This results in an increased phase bou
ary velocity.

Gunther [1] as well as Akiyama and Tachibana [24] obser
that the bubble velocity is smaller than the fluid velocity. Th
tests were performed at high mass fluxes and at high rat
subcooling. At small heat fluxes an opposite trend was note
Bibeau [3] and by Thorncroft [18]. Both findings agree quali
tively well with the findings displayed in Fig. 26.

4.4. Uncertainty analysis

Experimental errors for quantities measured directly w
obtained from manufacturer’s specifications. Errors associ
with calculated parameters were estimated using error pr
gation methods. Due to the use of calibrated thermocouple
uncertainty for the heater surface temperature is around±0.8 K.
The error for the heat flux prediction is±0.05 MW·m−2 and
around±25 kg·m−2·s−1 for the liquid mass flux. The unce
tainty of bubble parameters is based on two reasons. Firstly
temporal and spatial resolution of the high speed camera is
ited. In the present case the time resolution, which depend
the selected frame rate, is 0.11 ms and the spatial resoluti
around 0.13 mm. The uncertainty becomes especially for s
bubbles with short lifetime more evident. The second reason
the uncertainty is the functionality of the developed algorith
for the automated bubble analysis, which had to be investiga
This was performed by comparing the automated results
some manually analysed film sequences. It was ascertained
for all comparisons both results agreed well within the rang
±10%. The uncertainty for the PIV results are similarly ba
one two effects. The first one mentions the well-known syst
atical and statistical error of this measurement technique
the velocity vector calculation due to optical aberration, t



268 R. Maurus, T. Sattelmayer / International Journal of Thermal Sciences 45 (2006) 257–268

th
hig
f th
, th
mi
us
ble
pu
(s
ve
ed
air

s is

ow
T

ea
na
val
ate
d t
or

dis
bbl
the
ha
se
ity
e-
ists
se
bl

she
in

loc
ns
th

ion

the
f th
sfe
p o
nko

ate

wth
115–

ed
rsity

re
tog-

ture
51–

es-
.

in-
. J.

ver-
sity,

stics
ing
147–

ry,

tion
Flu-

eloc-
ovel
and
01.
.E.
grg.

sfer,

ideo
her-

and
and
fer-

x,

con-

lin,

82.
ulent
ents,

eits-

hD

ated

sub-
16.
ing error and the use of the cross-correlation algorithm for
displacement of the seeding particles [10]. Because of the
resolution of the PIV camera and the moderate velocities o
tracer particles (compared to other fields of investigations)
following second effect is estimated to be much more do
nant. PIV measurement in two phase flow is difficult beca
of the previously mentioned laser light reflection at the bub
phase boundaries. This unavoidably leads to a number of s
ous vectors, which have to be removed by various settings
Chapter 2). Anyway, it cannot be ascertained that all these
tors calculated from light reflection are successfully remov
Due to the spatial and temporal averaging of 100 image p
the total error of the axial and normal velocity component
estimated to±5% of the bulk velocityu0.

5. Conclusions

In the present study boiling experiments in subcooled fl
under atmospheric pressure conditions were conducted.
boiling process was visualised with two different optical m
surement techniques. Using digital image processing and a
sis algorithms developed by the authors an automated e
ation of the high-speed films was performed. The autom
procedures allowed the evaluation of a wider database an
full quantification of the statistics of the boiling process. F
the first time the bubble behaviour is presented in form of
tribution functions. These reveal strong scatter of the bu
dynamics and size. In addition, the liquid velocities and
phase boundary velocities were measured. The bubbles
a clear impact on the velocity distribution in the liquid pha
which depends strongly on the strength of the boiling activ
Under boiling conditions the velocity profile is remarkably d
celerated in the bubbly region. Interestingly, this effect ex
also above the bubbly layer, although no bubbles are pre
there. The velocity normal to the flow can reach remarka
values and is highest at the bubble tip, where the fluid is pu
towards the channel centre. Finally, the fluid velocity profile
the bubbly region was compared with the boundary layer ve
ity. While both velocities are almost equal for test conditio
with small bubbles, the phase boundary velocity exceeds
fluid velocity in cases, which are favourable for the format
of larger bubbles.
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