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Measuring foam flow velocity using Ultrasound
Doppler Velocimetry

Richard Nauber∗a, Lars Büttnera, Kerstin Eckertc, Jochen Fröhlichb, Jürgen Czarskea

and Sascha Heitkamc

In this work, the Ultrasound-Doppler velocimetry has been used to measure the velocity distribu-
tion inside a liquid foam bulk. This is the first three-dimensional, non-invasive velocity measure-
ment technique for liquid foam that allows for adequate spatial and temporal resolution. The foam
flows upward in a transparent channel. Optical correlation algorithms and conductivity measure-
ment provide reference data. An array of ultrasound transducers is mounted within the channel,
sending pulses along the main flow axis and receiving the echos. The penetration depth equals
up to 200 mm. With purposely designed flows it is demonstrated that the velocity uncertainty is
below 15 percent and the spatial resolution better than 10 mm. These parameters allow for moni-
toring of industrial processes as well as scientific investigation of three-dimensional foam flow on
medium scales.

Introduction
The measurement of the local velocity of flowing foam is a chal-
lenging task. Up to now, no technique is available that allows for
the non-invasive, spatially and temporally resolved measurement
of the foam velocity inside of a foam sample.
Flowing foams play an important role in many industrial pro-
cesses1, such as the fractionation of surface active molecules and
particles, food production, operation of multiphase-reactors or
the production of foam-filled insulation elements. In order to
monitor the state of such processes and to regulate certain param-
eters, a direct, non-invasive measurement of the foam movement
is desired.
Also from a scientific point of view the three-dimensional flow of
liquid foam is sparsely investigated2 because no adequate mea-
surement technique exists. Many experiments rely on optical ob-
servation3,4, where the penetration depth is limited by the re-
fraction of light to a few bubble diameters5. Other experiments
take into account integral values such as volumetric flows or pres-
sure differences6. Recently, X-ray tomography has been applied
to bubble rearrangement in liquid metal7 and to rearrangement
of foam around a moving sphere8, but this technique requires
high energy radiation and is only applicable to tiny measurement
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volumes. Also, Le Merrer et al.9 used the Laser scatter pattern
to instantaneously detect bubble rearrangement in foam, but this
technique does not deduce velocity information.
Our approach is the application of Ultrasound Doppler Velocime-
try (UDV) to foam. In UDV, a sound pulse is sent through a foam
sample and the reflected echo is recorded. From the time of flight
one can derive the position of the deflection target and from the
Doppler frequency shift its velocity. This technique has already
been applied to opaque liquid metal flow10–14, yielding high qual-
ity results. However, liquid metal is a continuous fluid with low
attenuation of the sound pulse. Reflection targets were well de-
fined by tracer particles occurring naturally as e.g. oxides in the
melt.
Measurement of foam with UDV is more challenging, because air
absorbs the ultrasound very strongly15. Also, the deflection tar-
gets are soft, spacious and variable air-liquid interfaces instead of
particles. Additionally, the speed of sound might change due to
scattering at the interfaces.
The goal of the present paper is to demonstrate the applicability
of UDV in liquid foam, to evaluate the uncertainty of position and
velocity, and to identify limitations.

Materials and methods

Experimental setup

Measurements on the foam velocity are carried out in a fully
transparent vertical foam channel made of acrylic glass. The
channel is 1150 mm long and has a rectangular cross section
(100 mm x 30 mm). At the bottom, compressed air is released
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through a steel pipe with 100 holes of 0.5 mm diameter, sub-
merged in surfactant solution. This process generates foam with
bubbles of (6±1)mm diameter. The foam rises through the chan-
nel and is discharged side-wards at the top of the channel. In
order to control the liquid fraction, a constant downward liquid
flow through the channel can be introduced. To that end, surfac-
tant solution is pumped through porous media in the upper part
of the channel.
Different measurement techniques are applied simultaneously.
The volumetric flows of compressed air and and liquid are de-
tected with two rotameters. The liquid fraction of the foam is
detected by conductivity measurement with four pairs of elec-
trodes. Most importantly, optical observation yields the velocity
distribution at one surface of the channel. Consecutive images
are recorded with 4 px/mm @ 25 fps under back-light illumina-
tion. The software package PIVlab16 is used to derive the foam
velocity, applying PIV correlation algorithms.
Since the exact rheological properties of the foam are not in the
focus of this study, a cheap and easy to handle surfactant (ger-
man dish-washing soap ’FIT’) has been employed. The concentra-
tion of 5 gL−1 is well above the critical micelle concentration of
(2.0±0.5) gL−1, yielding a surface tension of (32±5)mNm−1.
Two different geometries have been considered (figure 1). The

100 mm
30 m

m

1
0

0
 m

m

A B C D E

R

FOAM

US-Transducer

100 mm
30 m

m

1
0

0
 m

m

A B C D E

R

FOAM

100 m
m

a) b)

y
z

Fig. 1 Arrangement of US-transducer array (A .. E) and reference
transducer R in the foam channel (a) the straight channel and (b) nozzle.

straight channel is used to test the different parameters of the
UDV postprocessing and to evaluate the damping and deflection
properties of foam with different liquid fraction. Varying the vol-
umetric flow of air, the upward foam velocities can be adjusted in
order to validate the velocity measurement with UDV. The nozzle
configuration is used to impose an inhomogeneous foam velocity
field in order to demonstrate the spatial resolution of the UDV.

Ultrasound flow instrumentation
The pulse-echo ultrasound Doppler velocimetry (UDV) allows
spatially resolved flow measurements even in opaque liquids.17 It
is based on the emission of short ultrasound bursts into a medium
by means of piezoelectric ultrasound transducers. Parameters of
the US transducers are given in Table 1. The bursts propagate
with the speed of sound c and are reflected by acoustic inhomo-
geneities, such as tracer particles or liquid/gas-interfaces. The

Table 1 Specification of the ultrasound instrumentation

transducer array
elements n = 5 cylindrical elements, d = 19mm
element pitch ∆x = 20mm = 10.5λ

nominal centre frequency f0 = 175kHz
acoustical parameters

speed of sound c = 345ms−1

wavelength λ = 2.0mm
measurement parameters

transmitted signal square wave f0 = 175kHz
of nb = 5 periods at u =±80V

Burst repetition frequency fBR = 250Hz
bursts for velocity estimation Nepp = 100
frame rate fframe = 2.5Hz
received signal sampling rate fsamp = 625kHz

echoes are received through the same type of ultrasound trans-
ducers. The time of flight tf of the echos is directly related to the
covered distance d by d = tfc. This allows for a spatial resolution
along the beam propagation axis. The movement of the inhomo-
geneities with the velocity u along the beam axis causes a contin-
uous shift ∆φr in the phase of the received echo. This phase shift
is determined and averaged for Nepp subsequent ultrasound burst
echoes with fBR the burst repetition. From the average phase shift

¯∆φr the velocity of the moving inhomogeneity is determined by18

u =
c
2

fBR ¯∆φr/2π

f0
. (1)

We used a modular ultrasound research platform, the phased ar-
ray ultrasound Doppler velocimeter (PAUDV)19. Six identical cir-
cular ultrasound transducers with a centre frequency f0 = 175kHz
(MCUSD19A175B11.5RS, Premier Farnell Ltd., Leeds, UK) are
mounted in the foam channel. Five ultrasound transducers, la-
belled ’A’ to ’E’ form a linear array with a pitch of ∆y = 20mm =

10.0λ . The sixth transducer, labelled ’R’, is mounted upside-down
above the array and serves as reference to deduce the speed of
sound and the attenuation of the foam in between.

Each of the transducers can do both, transmitting a burst
through the foam, and receiving an echo. Due to slow-decaying
reverberations of the transmitting element, the received echo sig-
nal of the transmitting element is over-driven for 0.3 ms.

Sequentially, in the order A..E, R one of the transducers trans-
mits a burst through the foam and the other five transducers re-
ceive the echo. From each pair of transmitter and receiver, a ve-
locity distribution in the region covered by both (see Figure 4
below) can be determined.

Results
Straight channel
The speed of sound is an important parameter to analyse UDV
measurements. It was reported to depend on the bubble size and
the liquid fraction15. For pure air at the ambient temperature
of 22 ◦C, it equals c0 = 345m/s. For different liquid fractions c is
measured by sending a burst from transducer B to the reference
transducer and vice-versa. The time of flight t f is compared to
the empty channel t f ,0, yielding c = c0t f ,0/t f . The result is shown
in figure 2. For the given bubble size and the relevant liquid frac-
tions below 1%, the speed of sound changes about 10%.
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In order to acquire processable data, the attenuation of the burst
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Fig. 2 Speed of sound in foam with different liquid fraction, derived from
the time of flight between the reference transducer R and the transducer
B and vice-versa. The value φ = 0 represents the empty channel.

must not be to high. The signal intensity is tested by sending
a burst from one transducer and averaging the intensity of the
signals recorded by the neighbouring transducer over 0.3 ms. Fig-
ure 3 shows the intensity of the signal as a function of the liquid
fraction of the foam. The signal intensity appears to be the best
for foam with roughly φ = 0.5% liquid fraction. Suitable UDV
measurements were found possible only for liquid fractions be-
low 1 %.

To test the accuracy of the velocity measurement, a constant
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Fig. 3 Signal intensity as a function of the foam liquid fraction. One
transducer sends a burst and the signal recorded by neighbouring
transducer is integrated over 0.3 ms. The value φ = 0 represents the
empty channel.

air flow rate of 11 cm3/s has been applied. The resulting velocity
field, measured with the camera, is shown in figure 4.

Simultaneously, UDV measurements are carried out with the
transducers A - E. Figure 5 shows the resulting signal intensities
and measured velocities, respectively.

In general, the velocities correspond well with the camera mea-
surement. The constant mean velocity is well represented. In
the region below 10 mm distance from the transducers, nonphysi-
cal velocity fluctuations are measured, presumably resulting from
acoustic coupling of sending and receiving transducers. Between
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Fig. 4 Foam flow measurement in the straight channel. a) Picture of the
applied foam flow, indicating the measurement volumes. b) resulting
vertical velocity distribution of the foam for 11 cm3/s, measured with
optical image correlation. The white spots above transducer C is caused
by optical blockage.

10 and 30 mm, the flow accelerates, closing the wake of the trans-
ducers. Between 30 mm and 100 mm, a velocity plateau is mea-
sured, reflecting the homogeneous velocity distribution in the
channel. In this region, deviations from the optical measurement
in figure 4 are below 15 %. With increasing distance, the signal
intensity drops and the measurement becomes unreliable. At a
distance of 100 mm, an intensity peak and a velocity minimum is
prominent in the lines A-B and B-C. This corresponds to the posi-
tion of the reference transducer R (visible in Figure 4), reflecting
the US burst. The measured velocity is reduced but not zero, be-
cause the UDV averages over a certain transversal region, due to
the finite beam width.

Nozzle

In order to test the spatial resolution of the sensor, an inhomoge-
neous velocity field is applied. The foam flows upward through a
channel narrowing from 100×100mm2 to 100×30mm2 cross sec-
tion. Due to conservation of volume, this causes an acceleration
to 3.3 times the inlet speed. The velocity distribution i the chan-
nel is given in Figure 6.

Figure 7 shows the resulting signal intensity and the measured
velocity, respectively. The theoretical velocity profile, resulting
from the conservation of volume, is plotted in figure 7 as well.

It corresponds well with the measured values. The UDV can
detect the increase of the velocity and the length of the nozzle.
Again, at 100 mm distance, the reference transducer is mounted
(see figure 1), blocking the flow and causing an intensity in the
data of C-D and D-E. In order to derive an upper limit for the
spatial uncertainty in beam direction, let us assume perfect veloc-
ity measurement. Thus, the standard deviation of the velocity σu

would arise completely from the standard deviation of the posi-
tion σx, yielding

σu = σx
∂u
∂x

. (2)

With the given velocity slope of approximately 0.1s−1 and the
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Fig. 5 Vertical velocity distribution in the straight channel, measured by
UDV. The dotted line marks the standard deviation of the measurement
and the solid green line the corresponding signal strength. The
dash-dotted red line gives the expected distribution, derived from the
optical measurement in Figure 4.

standard deviation of the velocity of 1mms−1 this results in a
spatial resolution better than 10mm.

Discussion
Our results demonstrate, that the application of UDV to flowing
foam is a promising technique. A velocity uncertainty below 15
% and a spatial resolutions below 10 mm has been achieved. Even
though UDV measurement in general works, some limitations ex-
ist. Signal strength is crucial in the measurements. Due to the
high attenuation of wet foam, the experiments are limited to very
dry foam below 1 % liquid fraction. One solution to the inten-
sity problem would be a reduced US frequency. The attenuation
of US in air is known to increase with the frequency20. Similar
trends are reported in foam15. However, lower frequencies result
in higher wavelengths and the spatial resolution of UDV is known
to be in the order of the wavelength (2.0 mm in our case). Thus,
lower frequencies increase the signal strength and the penetra-
tion depth, but decrease the spatial resolution. Another solution
for higher signal intensity would be beam-forming21. This al-
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Fig. 6 Vertical velocity distribution in the channel with decreasing cross
section, derived from image correlation.

lows the concentration of the US beam in a region of interest, but
this requires custom US transducer arrays with an element pitch
smaller than a half wavelength.
In conclusion, we successfully measured the velocity of liquid
foam, using UDV technique. To the best of our knowledge, this is
the first spatially and temporally resolved, noninvasive measure-
ment technique for the velocity distribution in the inside of a foam
sample. Thus, UDV could be highly relevant for further investiga-
tions on foam flow. Additionally, US transducers are very robust
and not as prone to staining as optical methods. Thus, UDV might
also be relevant for industrial applications, e.g. the monitoring of
froth movement.
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