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Abstract
The liquid fraction of foam is an important quantity in engineering process control and essential
to interpret foam rheology. Established measurement tools for the liquid fraction of foam, such
as optical measurement or radiography techniques as well as weighing the foam, are mostly
laboratory-based, whereas conductivity-based measurements are limited to the global
measurement without detailed spatial information of liquid fraction. In this work, which
combines both types of measurement techniques, the conductivity-based wire-mesh sensor is
compared with neutron radiography. We found a linear dependency between the liquid fraction
of the foam and the wire-mesh readings with a statistical deviation less than 15%. However, the
wire-mesh sensor systematically overestimates the liquid fraction, which we attribute to liquid
bridge formation between the wires.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In many industrial processes foam and froth play an import-
ant role. In some processes such as mineral flotation, froth is
a key ingredient. In other processes like waste water recyc-
ling or beverage production, foam and froth constitutes amajor
risk for process failure [1]. The stability and mechanical beha-
vior of the foam significantly depends on its liquid fraction ϕ.
The liquid fraction is defined by the ratio of liquid volume to
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total volume of a foam. Higher liquid fractions increase the
stability of a foam by reducing the film rupture rate. On the
other hand, high liquid fractions reduce the yield stress of a
foam [2, 3] allowing the foam more easily to be removed by
flushing with liquid. Consequently, the in-situ measurement
of the liquid fraction of foam and froth in industrial devices
would allow for better process control.

An established measurement tool for gas–liquid multi-
phase flow measurement is the wire-mesh sensor (WMS) [4].
It has been used in research as well as in industrial applications
[5]. While WMSs are well established for bubbly flows at
high or medium liquid fraction [6], the application to flowing
foam with low liquid fraction needs to be researched in more
detail.

WMS can be based on both electrical conductance and
capacitance [7]. However, within the scope of our experiment,
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only the conductivity-based sensor is investigated. In WMS,
two rows of wires are placed perpendicular to each other with
a small spacing between the rows. An electric potential is
applied to a transmitter wire. The corresponding current sig-
nal is received in another receiving wire and converted into a
voltageU, yielding the local resistance at the crossing point of
these two wires. There are several models available to calcu-
late void fraction (opposite quantity of liquid fraction) of two-
phase flow from local resistance, e.g. the Maxwell-Garnett
model, the series model, or the parallel model [8]. In standard
conductivity-based WMS, the void faction (α) at a wire cross-
ing is calculated from the sensor signal (Ucalibration) for pure
liquid (foaming solution in the case of foam) and the sensor
signal for multiphase flow sample (Usample) using the parallel
mixing model

α= 1− Usample

Ucalibration
. (1)

Thus, corresponding liquid fraction from the parallel model
can be presented as follows

ϕ= 1−α. (2)

Feitosa et al presented an empirical relationship between
the liquid fraction of foam and its relative conductivity
(σrel) [9]

ϕ=
3σrel(1+ 11σrel)

1+ 25σrel + 10σ2
rel

. (3)

σrel can be derived from WMS signals as follows

σrel =
Usample

Ucalibration
. (4)

In our experiment, we apply equations (3) and (4) to meas-
ure the liquid fraction of foam using WMS. Additionally,
the liquid fraction of foam calculated using parallel model
(equation (2)) will also be a part of this study.

To validate this approach, simultaneous neutron radio-
graphy (NR) measurements are applied. A beam of incoming
neutrons is attenuated strongly by hydrogen which is present
in the liquid phase of the foam [10]. For thermal neutrons,
an equivalent thickness of 1mm water attenuates 30% of the
incoming neutrons. Therefore, the liquid fraction ϕ of aqueous
foams, can be precisely measured in NR [11]. Previous work
has proven that two-dimensional and instantaneous measure-
ment of the liquid fraction with up to 10 fps and a spatial res-
olution below 1mm is feasible using NR [10, 11].

2. Material and methods

2.1. Setup

Experiments were performed in a cylindrical foam column of
100mm inner diameter and 550mm height, made from acrylic
glass and aluminum (figure 1(a)). The column was filled
with 2 l of deionized water with 0.95 g l−1 sodium sulphate

Figure 1. Foam cell setup; (a) front view: (i) foam generator,
(ii) foaming solution, (iii) aluminum foam cell, (iv) DM100 WMS,
(v) pump for in-homogeneity, (vi) pump for bulk flow; (b) top view:
neutron beam direction indicated by Y and distance from center of
the cell to the left and right denoted by X ; (H) bulk flow injection
points (B) in-homogeneity injection points; (c) sketch of the 16 ×
16 wires WMS.

(Na2SO4) and 6 g l−1 sodium dodecyl sulphate (SDS) solu-
tion, which is well above the critical micelle concentration
(see table 1) and has viscosity of 0.9689mPa s which is very
close to the viscosity of pure water [12]. Bubbles were gen-
erated by applying an air flow of 1000 sccm to a bubble gen-
erator. Two different bubble generators were used, consisting
of either 19 or 7 needles with an inner diameter of 0.6mm
and 1.2mm, respectively. Air flow through the bubble gener-
ators produced bubbles of approximately 3mm and 4.4mm
diameter, respectively.

A dynamic and a static case was investigated. Firstly, foam
was produced continuously during the measurement. This
resulted in a constant vertical foam velocity of 2.1mm s−1,
computed from the gas flow rate. The steady foam flow resul-
ted in a steady liquid fraction which was expected to be con-
stant over the cross section of the WMS. Secondly, a static
foam was produced by switching off the bubble production
before measurement. For each run, the column was filled with
fresh foam, displacing the old foam through the top opening.
In this case, a forced drainage configuration was used [3]. A
steady liquid flow Q is extracted from the reservoir below the
foam by means of peristaltic pump (Ismatec MCP 404, Cole-
Parmer GmbH) and added to the top of the foam column by
means of 3 needles (denoted by H in figure 1(b)). In that way,
a steady and homogeneous liquid fraction is established in
the column, that can be controlled by the liquid flow Q. In
addition, a steady but slightly inhomogeneous liquid fraction
distribution can be imposed by feeding an additional liquid
flow Q2 by another peristaltic pump (Watson Marlow 120U,
Watson Marlow Limited) to an additional needle. This addi-
tional needle can be mounted off-centered to one of the holes
B1, B2 or B3 (figure 1(b)). This inhomogeneous liquid dis-
tribution may cause anisotropic drainage and thus, convective
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instability [13]. Hence, simultaneous measurement of NR and
WMS is required.

2.2. WMS

A WMS of 100mm inner diameter with 16 × 16 stainless-
steel wires of 0.5mm diameter was used in the experiment.
The distance between the adjacent wires is 6.25mm which is
called the pitch that defines the spatial resolution of the sensor,
and the wire planes are 3mm apart from each other. One set
of wires consists of transmitting electrodes and another set of
receiving electrodes. These two planes of wires are embed-
ded in a cylindrical tube section of 100mm inner diameter and
made from the polymer FR4.

For each transmitter wire all receiver wires sense the elec-
tric current fully in parallel. The transmitter wires are activ-
ated sequentially one-by-one, applying a square wave excit-
ation signal of 166.6 kHz. One complete frame of 16 × 16
wire crossings’ is sampled within 0.1ms, i.e. at 10 000 frames
per second which enables measurement with 0.1 ms of tem-
poral accuracy. A measurement of 10 s thus consists of 16
× 16 × 100 000 local instantaneous data points. For each
experimental run data acquisition lasted for 10 s with sub-
sequent temporal averaging over 100 000 frames to increase
accuracy.

The WMS is sandwiched between two 3D-printed flange
pieces of 20mm height from polymer PLA, attached to alu-
minum sections of 150mm height and 5mm wall thickness.

For calibration, the WMS is submerged completely into
a well defined solution of known conductivity (see table 1),
yielding the conductance for 100% liquid fraction. In typ-
ical WMS applications, this calibration is performed with the
identical liquid of the considered two-phase flow. However,
the envisaged liquid fraction of the foam is in the order of
1% only. Consequently, the dynamic range between the elec-
tric currents in the calibration and in the foam measurement
would be very high. Also, high amounts of Na2SO4 are added
to the foaming solution in order to yield more precise meas-
urements of theWMS. The resulting conductivity of the foam-
ing solution equals 3.51mS cm−1. This might cause critically
high currents in the calibrationmeasurement, resulting in amp-
lifier saturation. Therefore, a calibration solution with a signi-
ficantly lower electric conductivity was employed (see tables 1
and 2).

Figure 2 shows the WMS reading σWMS against the con-
ductivity of solutions containing varying concentrations of
Na2SO4, demonstrating the linear range for the conductivity of
calibrating solution σcl (610µS cm−1), and for 176µS cm−1

which is 0.05 times the conductivity of the foaming solutionσfl

(3.51mS cm−1), corresponding to foam at 5% liquid fraction.
The conductivity of the foaming solution σfl and of the

calibration solution σcl was measured beforehand, using a
conductivity meter (Five Easy Plus, Mettler Toledo, accuracy
±2 µS cm−1). For foam measurement, the respective relative
conductance was then converted to relative conductivity with
respect to the foaming solution by a factor R. The liquid frac-
tion of the foamwas calculated using this relative conductivity
σrel from equation (3)

Figure 2. WMS measurements of the conductivity of Na2SO4

solutions with known conductivity.

Table 1. Foaming solution.

Surfactant (SDS) 6 g l−1

Na2SO4 0.95 g l−1

Deionized Water (H2O) 2 l
Conductivity of Foaming Solution, σfl 3.51mS cm−1

Table 2. Calibrating solution.

Na2SO4 0.1 g l−1

Deionized Water (H2O) 5 l
Calibrating Solution Conductivity, σcl 0.61mS cm−1

R=
σcl

σfl
(5)

σrel =
σWMS

R
. (6)

Here, σWMS is the relative conductance returned from the
WMS (equation (4)).

To avoid inhomogeneity due to wall effects, wire cross-
ings within a distance of 5mm to the wall are excluded from
the further calculations (figure 3). The two-dimensional liquid
fraction distributions are averaged along the diagonal direc-
tion (see figure 3) in order to represent the radiographic meas-
urements. Each diagonal in figure 3 combines several WMS
crossing points and yielded one data point in figures 7 and 8,
below.

2.3. NR

NR is used to determine the two-dimensional distribution of
the liquid fraction within the foam, integrated along the neut-
ron beam direction.

A scintillator (LiF/ZnS, 200 µm thickness) converts the
transmitted thermal neutrons into light which was detected
and recorded by a CCD camera with 1024 × 1024 px and 1 s
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Figure 3. Schematic of 16 × 16 wires circular WMS inside of the
frame. Border bound crossings, indicated by the red-shaded area,
are excluded from the ϕ calculation. Direction of the neutron beams
is shown by the arrow-lines, wire crossings are averaged diagonally
along those lines for the liquid fraction calculation.

exposure time. The field of viewwas 125× 125mm2, yielding
a spatial resolution of 122 µmpx−1.

NR is strongly affected by the false detection of scattered
neutrons. This scattering effect can be measured and com-
pensated for by quantifying the scattered intensity behind
black bodies and interpolate it over the whole image. The array
of black bodies is visible in figure 4 as 25 black dots on an alu-
minum frame [11, 14]. The following equation was applied to
derive the averaged thickness of water along the beam axis Ty
from the neutron radiographs [11]

e−µfTy =

(
Ifoam − Idc − I sf
Ibg − Idc − I sbg

)
D(Ibg − Idc − I sbg)

D(Ifoam − Idc − I sf )
. (7)

Here,

Ty Thickness of the water content of the foam cell
in the y direction (cm) [11]

µf Attenuation co-efficient of water for thermal
neutrons (3.6 cm−1)

Ifoam Image intensity of the foam with the black-body
frame installed in front of the cell

Ibg Image intensity of the empty cell with
black-body frame installed (background image)

Idc Image resulted from the dark current of the
CCD camera

I sbg Image representation of the background
scattering

I sf Image representation of the sample scattering
D Normalizing operator to account for variations

in the beam intensity

Figure 4 depicts the NR image analysis. Figure 4(a) shows
the background image Ibg. A single frame neutron radiograph
of foam after removing the effect of scattering and gamma
noises, Ifoam can be seen in figure 4(b) while figure 4(c) shows
the corresponding time-averaged image. 4(d) shows Ty, the
thickness of water in the foam cell calculated from (7). Then
the Ty was averaged over 37 pixels in width and 10 pixels in
height. The averaged liquid contents are plotted in figure 4(d).
These averaged values were divided by the corresponding
chord length L(x) of the foam cylinder to get the local liquid
fraction averaged over y

Figure 4. Processing neutron radiographs. (a) Background image,
Ibg consisting of empty foam cell with back-bodies, (b) a single
frame radiograph of foam filled cell, Ifoam, (c) time-averaged
radiograph of foam filled cell, Ifoam, (d) liquid thickness of the foam
projected in y-direction, Ty. ROI for the ϕ profile calculation is
marked with red rectangles, above and below the WMS which is the
dark region in the middle of the image.

L(x) = 2
√
52cm2 − x2 (8)

ϕ=
Ty
L(x)

. (9)

The WMS probe itself is opaque to neutrons as its frame
is made of acrylic material. Therefore, neutron imaging
data were considered from the neutron transparent aluminum
sections above and below the WMS sensor as marked in
figure 4. An arithmetic average between the section above and
below the WMS sensor gives the liquid fraction ϕ at the WMS
position. The distribution of the liquid fraction ϕ was binned
into 23 equidistant points to compare at identical ticks with
WMS data, among which 21 points were considered in the
comparison as sketched in figure 3.

A validation of the algorithmwe used to calculate the liquid
fraction of foam can be seen in the figure 5. Here a water filled
thin wedge’s water thickness was measured by NR, and the
measurement has a deviation of less than 6% from the actual
thickness.

3. Results

A typical measurement of spatial distribution of the liquid
fraction ϕ fromWMS using equation (3) is depicted in figure 6
from which we extract profiles of the liquid fraction. These
WMS profiles (figure 7(b)) are compared to profiles obtained
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Figure 5. Measurement of the thickness of water of an wedge
shaped cell filled with water by neutron radiography. The small
circles indicate the measured thickness of the wedge and the error
bars denote the standard deviation of the multiple measurements.
Solid line shows the actual thickness of the wedge.

Figure 6. Two-dimensional distribution of the liquid fraction within
the cell filled with fine foam of 3 mm bubbles. Homogeneous
wetting (6mlmin−1) is applied from the top of the cell.

from the NR measurements (figure 7(a)) for the case of 3mm
sized bubbles.

For the symmetric case without additional drainage flow
and for the case with additional drainage flow through the cen-
ter hole B1, a fairly homogeneous liquid fraction is measured.
The slight increase in liquid fraction towards the right-hand
side is reproduced by both measurements. In the case of addi-
tional drainage flowwith medium (B2) and high (B3) inhomo-
genity, a strong liquid fraction gradient occurs that is repro-
duced by both measurement techniques. Another profile for
the flowing foam (7) also shows the similar reproduction in
both measurements.

Figure 8 compares the liquid fraction profiles in case of big-
ger bubbles with 4.4mm diameter. Generally, the profiles are
similar to the smaller bubbles but show lower liquid fractions
due to the lower drainage resistance than the finer foam [15].

Figure 7. The liquid fraction profiles of the foam cell as a function
of radial position (x coordinate), measured from the foam column’s
center in the projection plane for finer foam of 3mm bubble
diameter; (a) derived from NR, (b) derived from WMS. Mind the
different scales of liquid fraction.

Figure 8. The liquid fraction profiles of the foam cell as a function
of radial position (x coordinate), measured from the foam column’s
center in the projection plane for coarser foam of 4.4mm bubble
diameter; (a) derived from NR, (b) derived from WMS. Mind the
different scales of liquid fraction.

The liquid fraction profiles are qualitatively reproduced by
both measurement methods.

However, the liquid fraction is overestimated by WMS in
a reproducible manner. To access the relation between WMS
and NR measurements further, figure 9 compares all data
points of figures 7 and 8, respectively.

Apparently, a clear, linear relation exists for smaller
bubbles and larger bubbles at low liquid fractions. For lar-
ger bubbles at higher liquid fractions, the curve flattens. The
standard deviation the measured data from this linear trend is
less than 15% for small bubbles and less than 30% for large
bubbles.

Another reproduction of liquid fraction measurement by
WMS using parallel model can be seen in figure 10. It seems
that liquid fraction measurement by WMS fits to the liquid
fraction measurement by NR while simple parallel model
(equation (2)) is used. However, the parallel model does not
account for the liquid distribution in foam structure which can
lead to the underestimation in the liquid fraction measurement
of the finer foam (figure 10(a)).
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Figure 9. Liquid fraction ϕWMS as obtained by WMS using Feitosa
model versus the liquid fraction ϕNR obtained by NR; (a) finer foam
of 3mm bubble diameter, (b) coarser foam of 4.4mm bubble
diameter. Static foam is marked by ‘o’ and moving foam is marked
by ‘∗’. Broken line is the linear approximation of the data and rigid
lines are the deviation approximation of from the linearity.

4. Discussion

Liquid fraction profile in both measurement techniques shows
quantitatively similar profiles for homogeneous and inhomo-
geneous wet foam irrespective of the bubble size.

However, the WMS overestimates the liquid fraction sys-
tematically by a factor between 1.7 and 2.8. Rechecking our
measurement and computations very carefully, we are sure
that this is not a failure in the data analysis or measure-
ment uncertainty. The WMS operates well in its linear range
(see figure 2). And also the measurement uncertainty of NR is
significantly lower, as validation with a water wedge demon-
strated (figure 5). Following Lorenceau et al [15], a drainage
flow of 6mlmin−1 in our column of SDS foam would yield
a liquid fraction of approximately 0.3% for larger bubbles
(figure 8(a)) and 0.7% for smaller bubbles (figure 7(a)). This
is in very good agreement with the NR data and underlines the
systematic overestimation by theWMS sensor. The systematic

Figure 10. Liquid fraction ϕWMS as obtained by WMS using
parallel model versus the liquid fraction ϕNR obtained by NR;
(a) finer foam of 3mm bubble diameter, (b) coarser foam of 4.4mm
bubble diameter. Static foam is marked by ‘o’ and moving foam is
marked by ‘∗’. Broken line is the linear approximation of the data
and rigid lines are the deviation approximation of from the linearity.

overestimation results from the employed model for comput-
ing the liquid fraction ϕ from the relative conductivity σrel.

A similar effect is documented for WMS measurements in
bubbly flow, where the liquid fraction is also overestimated
[16, 17]. The model provided by Lorenceau et al [15] and
also the Maxwell model do not represent the local topology
of the foam structure between the wires. In order to identify
a physically motivated model here more research regarding
the local foam structure is required. Potentially, liquid bridges
are formed between the crossing wires. These bridges could
resemble similarities to Plateau borders. Following decora-
tion theorem [18], the thickness of the bridging Plateau bor-
der would be in direct relation with the liquid fraction of the
foam. It is evident from the slopes in figure 9, that bridging
influences the WMS measurement stronger in the case of lar-
ger bubbles. This could be due to the fact, that the spacing
between the wire planes equals 3mm, which is similar to the
size of the smaller bubbles, but much smaller than the size of
larger bubbles. So potentially, a more stable bridge or Plateau
border can be established at the wire crossings in case of larger
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bubbles. For higher liquid fractions, the bridge becomes less
dependent on the generally lower local capillary pressure in
the coarser foam, yielding the saturation in figures 9 and 10.
But these hypotheses need to be further investigated.

Previous work on liquid fraction measurement using paral-
lel plate electrodes shows, when the liquid fraction measure-
ment is carried out in larger distance to the foam liquid inter-
face, it is less affected by capillary effects on liquid fractions
[19]. In our experiment, measurements were made 100mm
above the foam-liquid interface which equals more than 50
times the capillary length of the foam. Consequently, our
liquid fraction profile should not be influenced by capillary
effects at the foam-liquid interface. Also, fringing electric field
effects, common to parallel plate electrodes and depending on
the distance between the electrodes, are negligible in WMS
since the transmitter and receiver electrodes are placed very
close (3mm) to each other [20].

One disadvantage of WMS for foam measurement is the
potential influence of the wires on the bubble size distribu-
tion due to film rupture or bubble cutting. However, compar-
ing the liquid fraction above the WMS and below the WMS
shows relative differences in temporally and spatially averaged
liquid fractions below 15% in case of foamwith homogeneous
liquid fraction. Following the scaling law, which relates liquid
fraction and mean bubble diameter of the foam for the given
permeability [15], this corresponds to bubble size variations
below 12%, which is negligible for many applications.

5. Conclusion

In-situ measurement of the liquid fraction of foam usingWMS
demonstrates the potential of WMS for the foam studies. The
WMS allows to measure the spatial liquid fraction distribution
with millimetric spatial resolution and at 10 kHz frame rate.
The invasive nature of the measurement with wires causes a
change in the mean radius of the bubbles which is less than
12% of the bubble radius. The WMS readings show a lin-
ear relation with the NR measurements of the liquid frac-
tion for both fine and coarse foam. For larger bubbles at high
liquid fractions, non-linear dependencies occurred. However,
themeasurement shows a systematic overestimation that needs
to be quantified for different bubble sizes. Therefore, fur-
ther studies are needed to investigate liquid bridge formation
between receiving and transmitting electrodes for different
bubble sizes and different distances between these two wire
sets.
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