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Abstract

A wire-mesh sensor, which is based on local conductivity measurement, has been applied to studies on the char-
acteristics of bubble flow in a rectangular channel (20 x 100 mm?). Special design of the sensor allowed the
measurement of the local instantaneous true gas velocity besides the measurement of the local instantaneous void
fraction. A review of an already published method for true gas velocity measurement under consideration of the un-
certainty caused by limitations in the sampling frequency is presented. A cluster-algorithm is proposed for the evalu-
ation of bubble size distribution and volume flow reconstruction. The validity of this algorithm for spatial field
reconstruction was benchmarked by theoretical considerations as well as comparison of the calculated with alterna-
tively measured data. Good agreement was stated. The achieved information was used to obtain plots showing the
bubble/slug velocity (up to the second statistical momentum) depending on the spherical-equivalent bubble diameter.
This information was measured inside a transient bubble flow with void fraction of up to 20%. Occurring phenomena
are explained by presented Fourier spectra of the cross-sectional averaged void fraction and the gas volume

flow. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Extensive studies on the characteristic behavior of
the dispersed phase in a two-phase mixture supply in-
formation about the inside of such flows and enable us
to increase the understanding of the physics, necessary
for any kind of modeling. Particular interest is in the
temporal and spatial distribution of the gaseous phase,
its velocity and approximate shape since these quantities
alter the exchanged momentum significantly and so not
only the flow structure but also the heat and mass
transfer characteristics.

In the past, several attempts have been made in order
to achieve detailed information about the flow behavior
of the dispersed phase by utilizing X-ray, capacitive,
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optical and conductive tomography. These techniques
and the achieved result were reported in detail [1,3-6].
Although many approaches have been made, the success
in order to evaluate the 3-dimensional characteristics of
the dispersed phase in a two-phase mixture has been
limited since the spatial resolutions of the applied sen-
sors were at maximum of the order of 2-3 mm and the
temporal resolution did not exceed significantly 1 ms [6].
Furthermore, the correct sharp representation of the
interface still remains difficult [5]. In general, it has to be
stated that the approaches made were not able to obtain
an instantaneous picture of the spatial distribution of
the dispersed field as well as its velocity. So up to now no
data have been published showing the statistical char-
acteristics of true gas velocities as a function of the
volume contained in a void structure.

For the purpose of the local void fraction measure-
ment, simultaneously at a high number of points in a
cross-section 4., Prasser et al. [3] proposed a wire-mesh
sensor which was characterized by one measuring plane,
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Nomenclature

A cross-section (1 m?)

Af Fourier amplitude (various)

D standard deviation (various)

dg, Dp bubble diameter, bubble diameter
class (1 m)

E mean value (various)

f functional relationship
(dimensionless)

f frequency (1 Hz)

F{} Fourier transformed (dimensionless)

ug, Ug superficial gas velocity, instan-
taneous, time averaged (1 m/s)

P pressure (1 Pa)

)4 p.d.f. (dimensionless)

D p-d.f., equidistant in velocity classes
(dimensionless)

p p.d.f., locally restricted to uncer-
tainty (dimensionless)

P probability (dimensionless)

7, 5 vectors in space R* (1 m)

t time (1 s)

T duration, time class (1 s)
temperature (1 K)

Uy voltage (1 V)

uc.G, Usc true velocity, instantaneous, time
averaged (1 m/s)

U; velocity class, general (1 m/s)

U, velocity class, equidistant (1 m/s)

v volume (1 m?)

X1, X2 coordinates in the cross-section (1 m)
P° distribution function (dimensionless)
! ramp event (dimensionless)

& void fraction (dimensionless)

0 delay frames (dimensionless)

Aw distance between the WMS measur-

ing planes (1 m)

Superscripts

0 normalized or referring standard
condition

A referring air

k, k list counter

w referring water

& referring void

Subscripts

0 referring delay frame number

€ referring void fraction

B referring bubble

i,j,k,l,m,n,o counting variables

LFM referring laminar flow meter

max maximum

sph spherical (equivalent)

T referring time delay

U referring velocity

video referring video

w referring wire-mesh sensor

X1, X2 referring coordinates in the cross-
section

256 measuring points, a sampling rate of 1024 Hz and
the main feature that due to single-point sampling any
phase reconstruction from obtained projections by post-
processing has been avoided. The simplicity of the de-
vice stimulated the authors to make use of a slightly
modified version of the proposed sensor, equipped with
two of the above-mentioned measuring planes in order
to achieve information about the local instantaneous
gas velocity besides the data of instantaneous local void
fraction [6,7].

The successfully reported application of a wire-mesh
tomograph for the measurement of the local true gas
velocity ugg [6,7] was motivation to promote efforts
towards a spatial reconstruction of the bubble field that
passed through such a device. In particular, there was a
strong interest to achieve data about the bubble size
distribution depending on the statistically expected
rising velocity in the flow. It was motivated by the de-
mand for the verification of Euler-Lagrange models.
Furthermore, the possible applicability of the wire-mesh
sensor for approximate evaluation of the gas volume
flow should have been checked.

1.1. The applied wire-mesh sensor, WMT

The applied wire-mesh sensor was originally pro-
posed by Prasser et al. [3,4], and is described here in
brief: The principle is based on the local conductivity
measurement between the gap of a crossed electrode pair
(90°). The simplified electrical scheme is illustrated in
Fig. 1 for a 4 x 4 electrode device.

The principle works as follows [3]: The horizontally
drawn transmitter wires (Fig. 1) are successively acti-
vated by a multiplex circuit closing the switches S1-S4,
sequentially. To avoid electrolysis, which certainly
would alter the measured results significantly, the po-
tential on the temporarily activated transmitting wire is
inverted once each half excitation period by switching
SP. One excitation period is defined as the duration and
one of the switches (S1-S4) is continuously closed. It is
possible to change the sign of the supplied potential
since the conductivity measurement does not depend on
the direct current. Switching SP yields a supplied voltage
on the electrodes, which are rectangular in shape. This
excitation of a single transmitter wire causes a current in
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Fig. 1. WMT, simplified electrical scheme.

the scanned receiving wire (vertically drawn in Fig. 1).
Since all receiver wires are scanned separately, each
crossing-point of transmitter and receiver electrodes is
scanned individually. The resulting current is trans-
formed into voltage by a resistance R1-R4 and ampli-
fied by operational amplifiers, one for each receiver. The
signal is temporarily kept by individual sample/hold
circuits. To distinguish between the current that is
caused by the influence of the capacity along the active
electrodes and the corresponding load separation in the
fluid, and the current that is a function of the local
conductivity in a closed region around the crossing-
point, the sample/hold circuits are released by the switch
S/H after a stable voltage level is reached. The released
signal is 12 bit AD converted and stored in a data ac-
quisition computer. Signals are stored for each receiver
separately.

2.22 ..
Bl
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O receiver electrodes
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Utilized electrodes have a diameter of 0.1 mm. They
are manufactured of stainless steel and are arranged
equidistantly in three planes, separated 1.5 mm in the
main flow direction and resolving 2.2 x 3.03 mm? over
an entire cross-section of 20 x 100 mm? (Fig. 2(a)).
Three realized planes of wires yield two planes of cross-
points. These so-called measuring planes are supposed
to be centered between the electrode planes. The
measuring volume is defined by the fact that electrode
crossing-points are scanned individually while the elec-
trical potential of all the remaining non-scanned wires is
kept to zero [3,6]. This has been realized by electrodes,
which are equipped with an impedance significantly
lower than that of water. So the influence of the phase
distribution outside the observing point is excluded. For
the conversion between measured local conductivity and
the void fraction ¢, a linear approach was proposed [3]
neglecting the deformation of the electromagnetic field
around the crossing-point in first-order:

(Uel(t))xl,xz - (Uel(t)w)x,xz
(Uat)), 0 = (Ua)V),

The measurement of the cross-sectional and time av-
eraged void fraction by this method has been found
within 1% accuracy compared to data, alternatively
obtained by X-ray tomography [3]. The accuracy for
the local value was concluded to be of the same order

[3].

o(F 1) = &(t),, ., =

()

2. Analysis

Since the electrical potential over the entire cross-
section except for the measuring point is kept zero, the
measuring volume can be defined as of the size of one
mesh centered at the electrode crossing-point [6]. As il-

1’x17x35t)

Y/, )

s g,

Y 7 0 =
N

TOI777)

—

Fig. 2. Wire-mesh sensor: (a) layout of the applied device; (b) averaging over a single electrode crossing-point.
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lustrated in Fig. 2(b), the volume is of the dimension wx;,
and wx, in the x;- and x,-directions, respectively
(2.22 x 3.03 mm?). Its height is given by the distance
between the electrode planes Ay (1.5 mm). Assuming a
time dependent spatial distribution of the gaseous phase
that is indicated by a function @°: @° (gas)=1, @°
(liquid) =0, the time dependent void fraction averaged
within the measuring volume, we(wt), writes:

1 wx1 (wx2/2)
vl = e L |
WXTWX2WX3 S =0 Jr=—(wx2/2)
)

(wx3/2
X / @ﬁ(xl,xz,xg,wt)dxl ddeX} (2)
x3=—(wx3/2)

Since every crossing-point is scanned individually, the
available sampling time per volume has a duration of
Tw. The measuring principle requires that the influence
of the conductivity distribution around the measuring
points has to be distinguished from the influence of the
capacitance. For this purpose a stationary value,
achieved within Ty, is used. It is defined as an average
over Ty.

With respect to the fact that Ty is about three-orders
lower than the characteristic sample duration of the
WMT, as well as that a spatial resolution of
2.22 x 3.03 mm® is small enough compared to the
channel-dimension, the evaluated value of w&'™ will be
understood as the local instantaneous void fraction
(7, 1) (being aware that it is defined by a spatial average
over wxi, wxz, wx3 and some time average within Tiy):

- [
wew = e(P 1) = o / weé(wt) dwt. (3)

w t=0

A similar result could have been reached with a suitably
defined filter function.

2.1. Review: velocity measurement

The utilized method to measure the true gas velocity
ug is explained here in brief. It is reported in Richter
et al. [6,7].

The fact that the signal which a bubble causes at the
two measuring planes is statistically similar as shown in
Figs. 4(b) and (d) enables us to use a delay time
measurement between two certain identifiers in order to
evaluate the velocity of an approaching interface. As a
certain identifier the positive ' ramp event @, has been
introduced, i.e. a jump in the (noise free) local void
fraction ¢, Fig. 3, from zero to a larger value within d¢

[6]:

! The negative ramp event @, has not been utilized: Fig. 4
shows that there is an alteration of the downstream signal —
resulting from void shape alteration by the electrode wires and

thereby to evaluate the surface velocity.

100 —=— & |,t}{upstrearn} <> = 100.0 rmis
- v & (Il b [downstream} W = 1000Hz
an = [%ux5) = (18.2, 6.7) mm
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Fig. 3. Void fraction signal, local signal course.

@' (7,1) = (e(7,1) = 0) N (e(F, £ + dr) > 0). (4)

pos

The delay time between two of such ramps &, oc-
curring at two locations that are separated by the dis-
tance |s| is used to evaluate the velocity of the surface
ug,c within |s|. To ensure that the signal is caused by one
and the same bubble, a further condition has been
proposed [6,7]:
At @ (7, 0) N Dy (F+ 5t + Al)

At

N|V e t+0ot)>0]. (5)

or=0
Utilizing such a delay time Az implies that there is a
maximal measurable velocity uy,, defined by the WMT
sampling rate fy and the distance |s|, i.e. the distance in
between the measuring planes Awy:

Umax = AWf‘W (6)
In general, velocities are evaluated depending on the
number of delay frames (i.e. number of samples) o

uy =B )

The value of us, Eq. (7), is characterized by an uncer-

tainty Us; [6]

Us =75AYV-’[W . (8)
(0+1)

Due to the uncertainty in the velocity evaluation Us it
comes that a p.d.f., p,s, appears algebraically stretched if
it is plotted over equidistant velocity arguments [6,7].
From the physical point of view, the rising velocity of
bubbles oscillates around a mean value due to surface
deformation and interaction with the liquid turbulence.
Even though the exact statistical behavior is rather un-
known, there is an evidence that it behaves sufficient
smoothly [1,2,8]. Facing this Lagrangian point of view,
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Fig. 4. P.d.f. of occurring void fraction levels: (a) (Up) =0 mm/s, (Ug) = 2.5 mm/s; (b) (Up) = 110 mm/s, (Ug) = 2.5 mm/s; (c)
(UL) = 0 mm/s, (Ug) = 10 mm/s and (d) (U.) = 100 mm/s, (Ug) = 10 mm/s.

it can be assumed that inside an Eulerian framework
there will be at a certain point in space no discontinuity
in the p.d.f. that describes the true gas velocity. Insofar
it has been proposed that a certain normalized occur-
rence frequency p,s is replaced by a redistributed
function p, that does not show singularities but is
characterized by the same probability value for a
measurable velocity u;, P(us), and sufficient in tempo-
ral resolution, Eq. (8). This is done by assuming delay
time events distributed by p within the uncertainty
range U; [6]:

> pUs =Y ;Ui => > PubuwlUs. )

{o} % o} {k}

In the first instance, p has been supposed to be con-
stant over and normalized in Us.

The p.d.f. changes its appearance as illustrated by
Fig. 5. The achieved accuracy in the prediction of the
true gas velocity (up to the second statistical moment)

0.05 0.03
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Fig. 5. True gas velocity p.d.f. in measured (upper half) and re-
distributed appearance (lower half).

can be stated as within £5% in comparison to video
data, for velocities of Ugg < 500 mm/s as shown in
Fig. 6(a).
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Fig. 6(b) shows the uncertainty in the calculation of
the mean value for (¢) and (Ugg) in its dependency on
the sampling duration. The measuring time has been
chosen suitable to achieve a certainty higher 99% for the
calculated statistical moments and all data presented in
this paper.

2.2. Spatial field reconstruction

The simultaneously obtained information about the
true gas velocity ug g (¢) and the local void fraction &()
suggests the spatial reconstruction of the dispersed
phase from the slice-wise produced projection of a
bubble on the WMT measuring plane. Since the velocity
of a gas-filled void can only be determined by the
velocity of its interface, it has to be supposed that this
velocity is representative for the entire structure. This
requires in particular an interface which migrates with a
constant velocity that is not altered by an interaction
with the electrode wires. The validity of this requirement
is discussed later.

To detect a continuous void structure, a list Le has
been introduced. This list Lef contains all measured
void fraction values in an x;, x,, ¢ — space that have a
continuous connection to each other at the clustering
step k. The elements are defined by Eq. (10) and im-
plemented by a recursive formula, calling itself under
variation of the coordinates (x;, x,, ) over a 6-point
stencil:

)?1 1 1 1 X1 + 1—-2m
L % =V VvV La’,‘ X, +1—2n
Z m=0 n=0 o0=0 f+ 1-20

>0NLet g L i€ [0,k + 1) (10)

With the integral value of Le and the evaluated true
velocity ug g, the void volume writes at thermodynamic
standard condition p°, T°:
Ts
! ﬁdt’
5 ~/Tn>1

1
5 25(5+ )‘

Vg = AxlezAW e

{rs}

(11)

TO
:%FM Axs
P

B}

It should be noted that the instantaneous gas velocity
uG,G 18 supposed to be the mean value within the un-
certainty range U; for the purpose of bubble volume
reconstruction. This can be seen in the integral over p in
Eq. (11) that simplifies if p is constant within U to the
last term on the r.h.s. Since the real value of ugg re-
mains unknown, huge errors in Ug are possible for high
values of ugg (i.e. small J).

2.3. Characteristics, accuracy and certainty

The quality of the clustering algorithm, Egs. (10) and
(11) can be assessed, if a maximum measured void
fraction value &y, belonging to a volume V? is within a
margin that was achieved by theoretical considerations.
The influence of an arbitrary distribution of gas in the
measuring volume (Fig. 2(b)) on the measured void
fraction can be visualized by this consideration.

If a bubble of the diameter dg enters the measuring
volume defined by wx;, wxz, wxs, it causes a void frac-
tion ¢ that is a function of the bubble diameter dz and
the bubble position, in general expressed by a vector 7%.
Such functional relationship f* is defined by Eq. (12):

SO r dy—gle € R, [0,1]. (12)
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In cylindrical coordinates r, 0, z, the relation f* writes:

1

WX1wWX2wX3

g3

X

2n min((dg/2),(wx3/2))
X / / rdrd0dz. (13)
0=0 Jz=—min((dg/2),(wx3/2))

The function values of f* become extreme for a constant
displacement in the x;-direction, if the bubble moves
directly at the electrode crossing-point (i.e. x; =0,
x, = 0) or in the center of the cell-center, i.e. centered
between four electrode-crossing-points (i.e. x; = wx;/2,
X, = wx2/2). Suppose that there is no influence of the
void distribution @° on the measured void fraction ¢,
every evaluated bubble diameter dp, Eq. (11), should be
characterized by the fact that the generating list Le
contains a void fraction maximum é&n,,, lying between
the above two theoretically derived extreme values [9].
Considered lists Le were of significant higher dimension
than 1.

A numerical solution of Eq. (13) for a mesh size of
2.22 x 6.06 mm? as well as the fit of experimental data
can be seen in Fig. 7(a).

The data for &y, within Le fit the theoretically ex-
pected interval well. The slight deviation at larger ar-
guments of Dy was explained by the formation of water-
lips. These water structures prevent the electrodes to be
completely covered with gas and so cause an artificial
reduction of the measured void fraction ¢ [9]. At the very
right of Fig. 7(a), at void fraction values of &y,x ~ 55%,
there is a small agglomeration of points. This is sup-
posed to be caused by a failure of the clustering algo-

/mi"{(w)ﬂ/Z)(cos(’)1 L (w2 /2)(sin ) " |,/ (d /2)° 12}

<U =100.1 mmis
0% 2 s

<Ugs = 747 mmfs

<>

Maximal measured void fraction, g, [%]
a
o
Céll TTTTTITT T[T T[T T[T T T[T [TITT T T T

40 )
crass-paint path
30 £
20
10 trigger laviel
_/_)/ rid-rnesh path
0 H ;
1 10 10°
(a) Equivalent bubble diameter, Dg [rmm]

rithm (“jumping”): if two bubbles move at very short
distance, e.g. before coalescence or after fragmentation,
the algorithm is not able to distinguish between them.
However, it is noteworthy that even though the volu-
metric bubble density was comparatively high in such a
regime (of up to (&) ~ 20%), the spatial resolution of the
WMT was fine enough to separate these continuities
from the homogeneous phase.

A further interesting point is to question if there
might be a relation between the time derivatives of the
time dependent void fraction course, illustrated in Fig.
2(a) and the velocity evaluated by the delay time
analysis proposed by Egs. (2)—(9). In order to achieve
some generality in such an analysis, the dependency on
dg and ugc has been removed introducing suitable
non-dimensional coordinates. The void fraction has
been replaced by & due to normalization with the
maximum én,, of the generating list Le: &’ = ¢/emay.
The time was Galilean transformed, i.e. divided by the
ratio between ugg and wx; :t* = tugg/Aw. Utilizing
/% Eq. (13), the non-dimensional void fraction time

derivative /% writes:

PG
Py _ o)
St S or .

(14)

A comparison with experimentally obtained data shows
that the so-generated functions envelop the experimental
data set, Fig. 7(b). There are almost no data outside the
theoretically predicted enveloping set of functions. So it
can be concluded that there might be some tendency for
a slight deceleration, however, at present no quantitative
assessment has been found. The simultaneously ob-
tained information about the local void fraction ¢ and
true gas velocity ugg suggests further to calculate the
local superficial gas velocity:

— Nan-dimensional slope maximum

T

<@

[0

>

=

<] &1

el
o~ 10°F

W F
@ [ .
JU [ simulated

COUrses .,
10"+
1
10" 10° 10’

(b) t=t uG.G/AW [

Fig. 7. Cluster-algorithm: (a) simulated and measured &max = €max(Dg); (b) measured time gradients of the &(¢)-course in comparison to

theoretically predicted enveloping functions.
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G(x1, %2, t0 + 1) = &(x1,x2, o + Hug.c(e(x1,x2, 1))
(15)

It must be aware that the assumption of a constant
bubble velocity while the void is passing the sensor, as
well as the above-mentioned influence of the uncertainty
in the velocity evaluation, Us, influences the result of the
ug measurement.

A qualitative assessment of the applicability of Eq.
(15) can be seen in Fig. 8, where reconstructed data of
the time cross-sectional averaged superficial gas velocity
(Usg)wmr are plotted against data, alternatively ob-
tained by a laminar flowmeter LFM.

It can be stated that the order of the volume flow
rate is correctly reproduced over three-orders of the
flow rate. The void fraction ranges from almost & ~ 0%
up to ¢ ~ 20%. However, an exact analysis of occurring
errors in Fig. 9(a) indicates that there is a strong de-
pendency on the true gas velocity Ug . At large values
of Ug the sensor overestimates the flow rate. Data
scatter almost proportionally to the increase of Ugg.
There is nearly no underprediction. The reason there-
fore is seen in the large uncertainty in the true gas
velocity evaluation resulting from the limitation in the
sampling rate fw. Values characterized by a true gas
velocity ugg lower than 250 mm/s show almost no
deviation from the alternatively measured data. The
uncertainty in the velocity prediction is lower than
12.2%, Eq. (8), and since ugg ~ Vg ~ ug this uncer-
tainty directly influences the volume flow prediction.
ug-values based on a true gas velocity that ranges
within 250 mm/s < ug, G <500 mm/s show deviations
of up to 10%, Fig. 9(b). These values have an uncer-
tainty in the velocity prediction of up to 21.7%. This

V:u
{te{B}}

confirms the proposed linear interpolation of p within
Us 2 to a certain degree.

As illustrated in Fig. 9(a), occurring deviations in the
volume flow rate prediction are almost independent of
the void fraction level that ranges from ¢ =0 to 20%.
Insofar it can be concluded that significant improvement
of the data shown in Fig. 9(a) will take place as soon as
the overall sampling frequency of the wire-mesh sensor,
fw, increases. So it has to be expected that the applica-
tion of the recently presented new wire-mesh tomograph
[4] characterized by a sampling frequency of about
10,000 Hz will be able to make volume flow predictions
within a 10% margin correctly for true gas velocities of
up to 3750 mm/s (based on the same sensor and 20%
uncertainty). Confirmation of this expectation will be
the subject of near future research work.

3. Experimental results

The new layout of the sensor offers the opportunity
to evaluate the local instantaneous gas velocity [6,7]. The
accuracy up to the second-order statistical momentum
has been found within +5% as correct. This is of par-
ticular interest since up to now there has been no con-
venient possibility to investigate simultaneously the
velocity of each individual bubble inside a turbulent
bubbly flow. Furthermore, the spatial reconstruction of
the dispersed phase in an Eulerian framework allows
concluding on the bubble diameter spectrum. These two
facts are interesting for the verification of Euler-La-
grangian models, where the statistical behavior of par-
ticles at a certain position within the continuous phase is
necessary for a correct prediction of momentum and
energy exchange.

Fig. 10 illustrates the obtained data as an example.
The tests were carried out at a TIT/RLNR test loop that
consists of a 20 x 100 mm? rectangular channel. The
channel is vertically setup. It measures a length of 1580
mm. Due to modular design the sensor can be installed
at arbitrary positions every 100 mm. The loop was de-
signed for co-current air/water two-phase flow experi-
ments at ambient conditions. The flow range can
be controlled within (Up) =0-250 mm/s, (Ug) =
0-30 mm/s. Air is injected through 2 mm-steel needles,
equipped with a 1 mm nozzle pointing in the main flow
direction. The needles are individually adjustable in
position and volume flow. For more details concerning

2 Higher-order approximations have been investigated up to
second-order. There was no significant change in the accuracy
of predicted value for Ug, but the demand on computational
power increased significantly. For that reason it has been
refrained from further investigation in this direction.
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Fig. 9. Volume flow reconstruction: (a) (Ug)-error dependency on (&), (Us)g; (b) (Us)wmr—(Uc)Lpm — comparison at low velocities

(ug)g with £10% margin.

the experimental apparatus and additional instrumen-
tation, see Richter et al. [6,7].

The referred experiment is based on a homogeneous
air injection over the entire cross-section by 5 equidis-
tantly installed needles at the channel-centerline. The
water flow rate is kept constant at (U.) ~ 100 mm/s.
The sensor has been installed 480 mm downstream the
air injection needles. With this configuration, the time
cross-sectional averaged void fraction has been stepwise
increased.

Fig. 10 illustrates the bubble diameter spectrum (col-
umn I) as well as the contribution of a certain diameter
class Dy to the integral void fraction. The plotted bubble
diameter spectrum (upper half of the diagrams) is based
on a p.d.f. that a certain bubble diameter Dy occurs

GP(dB.sph < DB):|

16
adBA,sph ( )

lda) = |

There is a clear tendency that with increasing (¢) the
diameter of occurring small bubbles decreases in varia-
tion. Furthermore, there are a very few large bubbles
developing with increasing (¢), which is a result of suc-
cessive increasing coalescence.

The formulation in Eq. (16) has the disadvantage
that only the detected bubble number is considered.
There is no information as to how much each bubble
diameter class Dy contributes to the integral void frac-
tion. For this reason Eq. (16) has been extended [3]

CulDy) _ 6 0Pl < D)
aDB - an adBA,sph

fBﬁs(dB‘sph) - . (17)
With the formulation proposed by Eq. (17), it can be
clearly distinguished how much each bubble diameter
class Dg is contributing to a given void fraction (¢). In
Figs. 10(a)—(d) (column 1), it can be clearly seen that

with increasing gas flow, the amount of gas is more
and more transported in a less number of very large
slugs (increase of fp. at high values of Dg). At very
high void fraction of (¢) ~ 20%, Fig. 10(d) (column I)
shows a bimodal distribution of f3,. The formation of
two characteristic bubble size classes — indicated by
the bimodal distribution of bubble diameter — results
from progressing bubble coalescence and the onset of
slug formation. The formation of the bimodal bubble
distribution has also been reported by Prasser et al.
[3]-

The main feature of the sensor can be seen in the fact
that true gas velocity ug g and bubble size, expressed by
the spherical equivalent diameter dp, can be measured
simultaneously. So it is possible to provide plots which
show the local mean value for the true gas velocities in
their dependency on the size of the void structure. It
should be explicitly highlighted that these values are
measured within a highly turbulent flow field where all
sizes of bubbles are simultaneously available This fea-
ture is exemplarily illustrated in Figs. 10(a)—(d) (column
II): Bubbles in a flow of low void fraction, Fig. 10(a)
(column I), (&) = 3.9%, tend to behave almost similar to
an isolated single bubble, showing a rising velocity that
increases with increasing bubble diameter. An increase
in the void fraction to (g) = 9.9, 15.6%, Figs. 10(b) and
(¢), respectively, indicates in column II that bubbles tend
to homogenize their rising velocities over a wide range of
diameters independent of Dg. It seems that at this flow
regime, the bubble movement is mostly governed by the
action of turbulence. However, small bubbles (D < 2-3
mm) still move with lower velocities. Previously reported
data [6,7] suggest that this is due to the fact that this
bubble size can mainly be found in a mostly closed re-
gion to the channel wall, where velocities are low and the
action of turbulence is limited due to the increase in the
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Fig. 10. Experimental example of Dg-spectrum (I), Dp-ugg-correlation (II), (&)—(ug)-spectrum (III) for: (a) (U;) = 97.9 mm/s,
(Ug) = 5.0 mm/s; (b) (Uy) =101.1 mm/s, (Ug) =9.8 mm/s; (¢c) (Ur) =102.4 mm/s, (Ug) = 15.1 mm/s; (d) (U.) = 102.5 mm/s,

(Us) = 25.3 mm/s.

viscous dissipation term. Oppositely, in the channel
center, large bubbles were found [6,7]. In this region of
high liquid velocity, developing small slugs (Dg ~ 50
mm/s) move with very high velocities and their velocity
even increases with increasing equivalent diameter Dg.
At a void fraction of (¢) ~ 20%, Fig. 10(d) (column II),
there is some tendency that slugs were slowed slightly
down. Even if the data for bubble diameter larger than
Dg ~ 25 mm are highly uncertain due to the fact that
most of the void is captured by some bubbles of ex-
tremely high diameter, Fig. 10(d) (column I), the ten-
dency is obvious. The reason therefore is seen, based on

visual flow observation, that slugs are deformed and
move along a strongly curved trajectory through the
channel. This alteration is caused by the action of re-
circulation vortices, which circulate smaller bubbles with
high velocity and themselves move rather slowly in the
main stream direction. Besides the alteration of the slug
movement, the effective time average of Ug for small
bubble diameters Dp reduces, since the relative compo-
nent in main flow direction is altered by the circulation
velocity.

To illustrate this mechanism at high (¢), the behavior
of the instantaneous cross-sectional averaged void
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fraction (g)(¢) as well as of the time-dependent cross-
sectional averaged superficial velocity (ug)(¢), Eq. (15),
has been analyzed in the frequency domain. Therefore,
two Fourier-spectra are introduced

Aly () = 7{{e)(1)}
= /M <1 > Zs(xl,xz,t)) e@'d,  (18)
- Ae fa} {x}

for the void fraction and

Alay oy (@) = F{{uc)(1)}

= /7+°<‘ <Ai Z ZUG(X]7x27t)) eﬂ'rutdt7

i € )
(19)

for the superficial gas velocity.

The results of the frequency analysis can be seen in
column III, Figs. 10(a)—(d). It should be noted that the
measurements were carried out at a fixed position in an
Eulerian frame. If a constant rising velocity ugg is
supposed, a small bubble results in rather peaking, a
larger one in a comparatively stretched signal in time
domain. In the frequency domain this means that at a
unique velocity ug g a signal of a large bubble will be
shifted towards lower frequencies. The same effect can
be observed, if a unique bubble diameter Dy is supposed
and the velocity ug g reduced.

The shape of A€S> seems to be independent of the
void fraction at high frequencies f. However, the am-
plitude at low frequencies f increases with increasing
(¢). The formation of a slight maximum can be ob-
served, Figs. 10(c) and (d) (column 3) at f ~ 3 Hz
(typical time constants of the facility are 1-2 orders
lower). This is the result of the existence of slugs. If the
amplitude of the volume flow, Aga,, Jo) (f), is observed at
high frequencies, there is only a proportional increase,
but no change in the functional relationship is obvious.
Together with column II it can be supposed that the
number of moderate size bubbles (Dg ~ 5-10 mm) is
increasing, however, their velocity is almost constant. A
significant alteration of AE@V Joy occurs at low frequen-
cies f: there is the formation of a maximum at
f =10-11 Hz which means that most of the gas is
transported at this typical frequency. Bubbles that
contribute most to the integral void fraction show a
maximum in frequency space of the order of 1 Hz, but
most of the gas volume is transported at frequencies
one-order higher. It must be concluded that a large
number of less big bubbles migrate with comparatively
high velocities. If this is taken into consideration, the
slight slowdown of large slugs, indicated by Figs. 10(c)
and (d) (column II), can be explained. However, the
explained effect is only latent, it will be the subject of
intensive research work in future.

The cited experimental example illustrated the ap-
plicability of the wire-mesh tomograph and its useful
application for studies on two-phase flow phenomena.
However, it has to be taken into consideration that the
measuring system is of intrusive nature. The wires act as
obstacles and certainly alter the flow. To clarify the
quantity of flow modification, studies on a transparent
wire-mesh sensor have been performed. This sensor was
adapted to geometrical concern from the WMS illus-
trated in Fig. 2(a) — accordingly, the wire diameter was
0.125 mm and the spatial resolution 2.22 x 3.03 mm?.
For reasons that were caused by manufacturing de-
mands, the distance between the electrode planes was
extended from 1.5 to 2.0 mm. The visual observation has
been carried out by use of a high-speed CCD camera,
FastCam-Net 500/1000/Max (PHOTRON), equipped
with a standard NIKON 100 mm objective. The acrylic
channel has been indirectly illuminated with a standard
stroboscope and suitably chosen light-diffuser. Se-
quences have been taken with 1/500 s frame rate, 1/1000
s shutter speed and various apertures.

Three classes of void structures have been investi-
gated: bubbles that have a characteristic size of the order
of the WMS mesh size, bubbles that cover significantly
more than one mesh size but are still small compared to
the hydraulic equivalent diameter of the conduct and
finally slugs. Among the phenomenological behaviors of
the two groups mentioned first was found as almost
identical and is presented in terms of the smallest bubble
size in the following. Since the experiments were carried
out under atmospheric condition and ambient tem-
perature, specific weighs and surface tension were given
values that did not experience any changes. Further-
more, the specific weight of air is only about 1/1000
compared to water, so that changes in the air mass flow
will not significantly contribute to the cross-sectional
averaged mass flux. The mass flux of the liquid was
considered as the most influencing value, due to its di-
rect influence on the equation of momentum conserva-
tion.

Observed results are illustrated in Fig. 11 (flow from
bottom to top, i.e. upward). The first row shows bubbles
and slugs rising in a stagnant liquid, while the second
row was experimented at a water mass flux of about 100
kg/m2 s. In the case of single bubbles, Figs. 11(a) and
(d), the influence of adhesive forces is strong in the case
of zero-liquid velocity, obvious by the formation of
largely elongated wakes after bubble detachment. There
is almost no bubble disintegration. In the case of higher
liquid velocities the influence of adhesive forces van-
ishes, but bubbles tend to be disintegrated that can be
seen at the smaller bubble sizes downstream the mesh.
This cutting of bubbles yields that the measuring vol-
umes are exposed to pure air, Fig. 11(d). Accordingly,
the p.d.f. indicating the occurrence frequency of a cer-
tain diameter moved towards higher void fraction level
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Fig. 11. Bubble—electrode wire interaction: (a)—(c) in stagnant liquid, (d)—(f) liquid mass flux of 100 kg/m2 s. (a) and (d): single
bubbles; (b) and (e) nose of an approaching slug; (c) and (f) film region of a slug.

and becomes sharper, Figs. 4(b) and (d). A deceleration
of bubbles could not have been stated, because of almost
constant appearance of the normalized void fraction
change velocities, Fig. 7(b). While a disintegration of
bubbles alters the flow situation only slightly (and as
smaller as higher the pressure in the system becomes), a
too low water velocity yields a significant lateral bubble
movement. Such a movement might yield a kind of
blockage and so a dominant modification of a certain
flow situation. Since the onset of bubble disintegration

was observed at about 100 kg/m2 s water mass flux, it
has been concluded that the sensor cannot be applied to
flow situation below this level without significant inter-
action with the flow field. The measure was found as
almost independent of the investigated bubble diameter,
i.e. >3 mm. This value has to be understood as sensor-
specific and depending on the operation condition.
Similar is the situation for investigated slugs: Figs.
11(b) and (e) show the electrode-mesh interaction with
an approaching slug nose (whereby the slug has a mul-
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tiple length of the channel width). In all cases a strong
interaction can be observed, obvious by a significant
deformation of the void structure. However, the ex-
pansive movement of the gas in the void structure is
strong enough to overcome adhesive forces and main-
tain a continuously closed bubble. The reconstruction of
the original, stable slug form occurs as faster as the slug
moves and behaves so proportionally to the liquid
speed. The reason therefore is seen in a higher impact of
the moved liquid phase around the slug that is much
better able to overcome the action of adhesive forces.

In the film region, the WMS also produces little
disturbances as illustrated in Figs. 11(c) and (f). Partic-
ularly in Fig. 11(f) wave formation forming the ampli-
tude of the wire-diameter can be observed. Most of the
waves are directed downstream. Upstream has almost
no influence on the obstacle in the case of high flow
rates, Fig. 11(f), so that the film remains almost undis-
turbed. A decrease in the interface velocity, Fig. 11(c),
promotes a decrease in the wave number as well as a
better propagation of information upstream, obvious by
a slight upstream wave formation.

Based on a simultaneous observation of the
measured signal by the WMT and the CCD camera
taken data, the smallest certainly measurable bubble size
was identified as of the electrode plane distance.

In all cases the position of the wires has been found
as stable. No mechanical interference could have been
stated.

4. Summary

Data processing methods for an electrode-mesh sen-
sor have been proposed. Based on the simultaneous
measurement of the local instantaneous void fraction
and true gas velocity, a spatial field reconstruction of the
gaseous phase has been carried out. This provides in-
formation about bubble diameter distribution in its de-
pendency on the true gas velocity, about the distribution
of the volume flow over the cross-section as well as
about the behavior of cross-sectional averaged void
fraction and volume flow in the frequency space.

The flow disturbance by the intrusive device has been
clarified and the applicability of the wire-mesh sensor for
the applied experimental conditions benchmarked.

The accuracy of the local void fraction measurement
was stated as within £1% in comparison to X-ray data.

The true gas velocity and its standard deviation showed
up to 5% deviation in comparison to alternatively
measured video data for values slower than 500 mm/s.
The time averaged gas volume flow through the channel
was found within a 10% margin in comparison to data
from a laminar flow meter. The true gas velocities did
not exceed 500 mm/s for void fractions up to 20%. The
qualitative disturbance of the flow by the electrode wires
has been discussed.

In general, the applicability of the proposed wire-
mesh sensor to spatial field reconstruction has been
approved and one interesting example, illustrating the
offered possibilities, has been presented. Future work
will basically be concentrated on the application of
faster sampling hardware components and intensive
studies on the characteristics of (transient) bubbly flow
under consideration of the developing length.
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