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ABSTRACT: Foam forming is an intricate option to lessen fiber flocculation and to get better energy and water
efficiency when making fiber-based products. Developed during the 1970s, this approach has recently received
renewed attention, mainly because it also offers possibilities to widen the fiber-based product portfolios with novel
and more valuable products. In addition to air content, bubble size is the most important property of foam. Foam
quality control is essential for building real-world foam forming processes. In this work, we show how bubble size
can be monitored with direct optical imaging in real time in real process conditions, and how such analysis helps
adjust foam quality and discover process faults in foam forming.

Application: Foam quality control is essential for developing real-world foam forming processes. This study
shows how bubble size can be monitored with direct optical imaging in real time under real process conditions.

Fiber flocculation is an enduring problem when fiber
webs (e.g., paper or board) are made from wood fibers
with water forming. Flocculation decreases the unifor-
mity of the web, affecting most of its physical and optical
characteristics. Fiber flocculation occurs primarily due to
hydrodynamic forces acting on the fibers and mechanical
interaction between them [1,2]. In conventional paper-
making, the flocculation rate is lessened by using dilute
enough fiber suspensions (to decrease the probability of
fiber-fiber collisions) and by breaking the already-formed
flocs by introducing turbulent energy to the fiber sus-
pension—especially in the headbox. Different kinds of
deflocculation agents are also commonly used. They either
modify the surface properties of fibers, resulting in lower
frictional forces between them, or increase the fluid vis-
cosity, reducing the relative motion of the fibers and thus
lowering the fiber crowding [3,4].

An intricate option to significantly lessen flocculation is to
use foam as a carrier medium instead of water. Foam consid-
erably decreases the mobility of fibers because it has orders-
of-magnitude higher viscosity when compared to water. The
fibers inside the foam are also locked between the bubbles
that attach to the fiber walls and direct collisions between
them become rarer. This approach to papermaking—foam
forming—was under active development during the 1970s,
but it was not widely adopted by the industry [5-9]. Foam
forming has recently come back into the limelight, not only
due to its improved formation and better energy and water
efficiency, but also because it widens the product portfolio
with novel and more valuable products [10-17].

Foam properties depend on many parameters, such as sur-
factant type and amount, foam generation setup (tank or in-
line generation), introduced mixing energy, and the type and

consistency of fibers [18-20]. Formation is typically improved
when air content increases, (mean) bubble size decreases, or
halflife increases [21]. Bubble size may also be inherited to
the pore structure of the fiber sheet, improving the water re-
moval in the press section [22,23]. The foam properties are
thus key process variables in foam forming, and the ability to
monitor and control them is of utmost importance for real-
world processes.

Foams and bubbly liquids are used in many industrial ap-
plications, and the online measurement of the bubble size and
the bubble size distribution has been studied in many scien-
tific papers. A review on the various measurement methods
is presented by Rodrigues and Rubio [24]. One way of classi-
fying the methods is whether the sensors contacting the bub-
ble phase are “intrusive” or “non-intrusive.” The first category
may present higher errors due to tool interference and may
be also be problematic for real-world processes due to foul-
ing. Another way of classifying the methods is whether the
bubble size measurement is “direct” or “indirect.” In the latter
case, the measurement data is interpreted through a model,
which often includes some assumptions and simplifications
[25]. Obviously, the measurement method would preferably
be direct and non-intrusive. Most available methods are either
intrusive (wire mesh sensors [26]), indirect (conductivity
measurements [27]; laser diffraction [28]), or both (dual-tip
sensors [29,30]). Direct and non-intrusive methods include
magnetic resonance imaging (MRI) [31] and optical imaging
[32-33]. MRI is, in principle very, attractive, as it enables two-
dimensional (2D) or three-dimensional (3D) tomographic im-
aging of the studied system. However, due to its high price
and technical complexity, MRI is mainly used now for spe-
cific scientific studies in lab scale. Due to the rapid develop-
ment of imaging technologies, image analysis, and computer
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power, optical imaging is presently very popular. Its main
disadvantage is the need for optical access for the image ac-
quisition.

There are very few papers where the online measurement
of foam properties has been addressed in real process condi-
tions. Recently, the effect of foam quality on the sheet forma-
tion was studied in pilot conditions [21]. Foam was generated
with a combination of tank and inline generation, which gave
great flexibility in tuning the foam properties. When tank
generation is used alone, the surfactant consistency must be
high and the halflife is long. In such a case, offline measure-
ment of foam properties may suffice. With inline generation,
the surfactant levels can be very low. The half-life is then
short, and online measurements are obligatory. Koponen et
al. measured the air content online with a pressure loss differ-
ence between a horizontal and vertical pipe, and the halflife
was measured automatically for foam samples taken continu-
ously from the main flow [21]. The bubble size was measured
online with a dedicated device, a foam monitoring system
(Pixact Ltd.; Tampere, Finland), from a continuous sampling
flow. This device has recently also been applied for the analy-
sis of a bubbly liquid during oxygen delignification [34]. In
this paper, we discuss this novel online measurement tech-
nique in detail and show its potential for adjusting foam qual-
ity and discovering process faults in foam forming.

MATERIALS AND METHODS
The foam monitoring system
Until the 1980s, the processing of the optical measurement
data used to be time consuming, because the photographic
direct optical measurement techniques relied on manual anal-
ysis [35,36]. Film cameras have since been replaced by charge-
coupled device (CCD) and complementary metal oxide semi-
conductor (CMOS) cameras that can record gigabytes of
measurement data per second directly in digital format. Pres-
ent-day computational capacity enables processing of this data
with complex image processing functions, even in real time.
The complex processing of extensive sets of image-based mea-

surement data makes it possible to quantitatively study the
properties of the monitored system with high accuracy and
reliability.

Direct optical imaging of bubble suspension followed by
an image analysis to detect bubbles from the image data offers
avery simple and accurate method to analyze foams and bub-
bly liquids. Such imaging techniques were introduced in
1980s [36-38], and the first online digital image analysis sys-
tem for foams was presented by Sarker et al. [39] in 1998. After
the introduction of high-resolution digital cameras, this tech-
nique has been developed intensively [40-44]. To date, direct
optical imaging has been utilized in numerous scientific and
industrial applications—mainly for bubbly liquids [45-51], but
also for foams [52].

Basically, there are two options to illuminate the bubble
suspension for imaging. In front illumination, the setup light
comes from the direction of the camera. In this setup, reflec-
tions from the bubbles may decrease the image quality. Fur-
thermore, due the curvature of the bubble surface, the periph-
ery of the bubble is not that well defined and edge detection
is challenging. In back illumination, the setup light comes
from the back so that the camera sees the shadows of the
bubbles. In this illumination setup, the bubble edges are sharp
and well defined. This is essential if the measurement range
extends to very small bubbles (i.e., diameter below 100 pum).
As the bubble size distribution in foam forming typically peaks
below 100 um, back illumination is the preferred method.

In foam forming, the air content is typically high. This, in
combination with the small bubble size, results in decreased
light transmission through the foam due the high number of
air-liquid interfaces. A very powerful light source is thus need-
ed for transillumination. However, the air-liquid interfaces
also make the foam act like a diffuse medium, which leads to
high-quality images of the bubbles.

The Foam Monitoring (FM) system combines in-situ optical
process microscopy and advanced image analysis algorithms
to provide real-time measurement data of bubbles in wet and
dry foams. Imaging of the foam is carried out continuously in
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I

1. Operating principle of the Foam Monitoring (FM) system (left), and the flow-through cuvette used for imaging (right).
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the flow-through cuvette (Fig. 1). The foam is flowing
through the imaging section in which the round sampling line
is converted into a 3 mm x 25 mm rectangular cross section.
The cross-sectional area is the same as in the supply line. The
thickness of the trans-illuminated foam layer is thus 3 mm. As
the bubbles are rather small and the shear forces are low in
the flow-through cuvette, the bubbles are almost spherical.
The cuvette can be installed directly to a process pipeline or
to a dedicated sampling line. The cuvette is equipped with an
automatic washing system.

Images of bubbles are acquired with a CCD camera (Im-
perX IGEV-B1410M, ImperX; Boca Raton, FL, USA). Only the
latest developments in LED and laser technology have created
light sources suitable for in-situ transillumination of foams. In
this case, the transillumination of the foam is carried out by a
diode laser illumination unit. This unit enables very high opti-
cal power to be focused to the camera imaging area. The en-
ergy of the light pulse used for imaging of the foam is in the
range of 10-1000 mJ, depending on the foam quality. The light
energy is automatically adjusted by the measurement system
to produce an optimal gray scale histogram in the images. The
system produces blur-free images at the rate of 10 images per
second with image dimensions of 4.5 mm x 3.4 mm and pixel
size of 3.2 um. Example images acquired by the FM system are
shown in Fig. 2.
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An image analysis algorithm has been utilized to detect
bubbles and measure their diameter. Gas bubbles appear as
dark rings on a bright background, as shown in Fig. 3. The
outlines of the rings (i.e., the bubble edges) are detected with
an iterative least squares circle fit, which validates the edges
based on their length and greyscale curvature. In order to se-
lect valid (i.e., circular or nearly circular) edges, at least 50%
of the bubble outline must be detected—shorter edge seg-
ments are rejected. Both the curvature of detected edges and
their length are compared to the perimeter of a circle with
equal diameter. High-precision sub-pixel fitting method was
not necessary in the current application and the accuracy of
the outline detection was limited to the pixel size (i.e., 3.2
um). However, it is also possible to locate the gas-liquid inter-
faces with sub-pixel accuracy [54].

In this work, the (area-weighted) bubble size distribution
and Sauter mean diameter of the bubbles, provided by the FM
system, were averaged over a 60 second period (i.e., over 600
images). Sauter mean diameter is defined as:

3
_ D, (1)

2. Examples of images taken with the FM system: a) wet foam, and b) dry foam. The image height is 3.4 mm and the pixel size is 3.2 ym.
Note that foams are called “bubbly liquids” when air content is smaller than 65%, “wet” when air content is between 65% and 85%, and

“dry” when air content is more than 85% [53].

Frequency [%]

0 100 200 300
Bubble diameter [m]

3. a) Example of a raw image of foam; b) bubbles found by the bubble detection algorithm; and c) the obtained area-weighted bubble size
distribution. The Sauter mean diameter is 120 ym. The image height is 3.4 mm and the pixel size is 3.2 pm.
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where n,and d, are, respectively, the number and diameter of
bubbles in a particular size fraction. Sauter mean diameter
reflects the size of identical spherical bubbles—a system of
which has the same total area and total volume as the system
of the polysized bubbles [55]. The total surface energy of the
monosized bubbles is then equal to the total surface energy
of polysized bubbles. As surface energy is a fundamental quan-
tity for foams, Sauter mean diameter is widely used for describ-
ing the mean size of bubbles. Thus, in the following, the Sauter
mean diameter is called simply mean diameter, and it is de-
noted by D.

EXPERIMENTAL
Laboratory-scale testing

As alaboratory-level test case, we analyzed foam generated by
pumping a mixture of sodium dodecyl sulfate (SDS) solutions
and air through a sawtooth profiled turbulence generator in-
stalled in a pipe having a diameter of 33 mm. The foam den-
sity was approximately 400 g/m3. In Fig. 4, the measured
mean bubble diameter, D, is shown as a function of the volu-
metric flow rate of water, Q, for three SDS dosage levels. The
mean bubble diameter is shown to decrease with increasing
SDS dosage, as well as with increasing volumetric flow rate
through the turbulence generator (i.e., increasing energy
input to the flow). The mean bubble diameter was found to
be given with a good accuracy by the simple formula:

k
D=D,+— 2)
QI.S

where D, and kare fitting parameters for different SDS levels.
The obtained values for D, and k are shown in Table I. No-
tice that parameter D, is the limiting bubble size at very high
flow rates. Figure 4 suggests that there is also a limiting
value for the bubble size with an increasing SDS dosage level.

Pilot-scale testing
The pilot scale trials presented in the following description
were performed in VIT’s pilot environment (VTT Technical
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4. The measured bubble diameter for foam generated by pumping
a mixture of water, air, and sodium dodecyl sulfate (SDS) through
a turbulence generator. The solid lines are given by Eq. 2, with the
parameter values shown in Table I.

SDS Dosage, ppm 100 150 200
Dy, pm 75 42 33
k, um e (I/s)15 620 730 740

1. The values of the fitting parameters D, and k in Eq. 1 for different
sodium dodecyl sulfate (SDS) dosage levels.

Research Centre of Finland Ltd.; Jyviskald, Finland) by using
along vacuume-assisted forming board. The used furnish was
bleached unrefined softwood chemical pulp. SDS was mainly
used as the surface-active agent. No retention chemicals were
used during the trial. The foam was generated with a combi-
nation of tank and inline generation. The foam density, @, var-
ied between 250 and 700 kg/m?3 and the share of the injected
airininline generation, S, of the total amount of air in the foam
varied between 0 and 0.8. SDS concentration varied in the
range of 10-180 ppm. Low doses of SDS were typically com-
pensated by increasing the share of the injected air. The inline
generation was performed by dividing the foam before the
headbox into 30 tubes, including a sawtooth profiled turbu-
lence generator with air injection. One of the tubes was con-
nected to a sampling device that measured the bubble size

5. Sample images of foam during an addition of foaming agent (Tween): a) The feed is started with a mean diameter of D = 100 pm; b) 3 min
later, the mean diameter has dropped to D = 75 pm; and c) the situation 8 min from the start. The foam has reached a steady bubble size

distribution with a mean diameter of D = 55 ym.
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with the FM device and measured halflife with a fully auto-
matic drainage analyzer. Foam density was measured online
with a pressure loss difference between a horizontal and ver-
tical pipe. The target basis weight of the final paper sheets was
70 g/m?. Fiber consistency varied for foam between 0.7% and
1.8%, while for the water reference, it was 0.5% in most cases.
The machine speed varied between 400 and 800 m/min. The
press section consisted of a 1-nip shoe press having a 350 mm
extended nip. After the wet pressing, the paper web was
reeled and sheet samples were collected and dried for optical
(specific) formation analysis. The pilot scale trials and the
various measurement methods have been discussed in detail
by Koponen et al. [21].

Figure 5 shows three sample images of foam during an
addition of a foaming agent (Tween 20, polyoxyethylenesor-
bitan monolaurate; Sigma-Aldrich, St. Louis, MO, USA) in
VTT’s pilot environment, and Fig. 6 shows the correspond-
ing bubble size distributions. The foam was generated by mix-
ing in a pulper in the approach system, and there was a delay

w b
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wn o

three minutes of surfactant feed
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o
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300
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o wn
[
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6. Bubble size distributions of the three foams shown in Fig. 5.
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in the response of the state of foam to the surfactant dosage.
After the dosage, foam reached a new stable state in 8 min,
during which the mean diameter of bubbles decreased from
100 um to 55 um.

The most important properties of foam in forming are den-
sity p and bubble size D. Another relevant property of foam is
drainage rate (or halflife), but with a given dosage of surfac-
tant, it cannot be controlled independently of density and
bubble size. In [21], SDS content ¢ s and share of injected air
S were clearly found to be the most important process param-
eters determining the foam properties. Figure 7 shows the
foam density and the bubble size for all the pilot trial points
as a function of SDS content and share of injected air. We see
in Fig. 7a that foam density decreases with increasing SDS
content and increasing share of injected air. Decreased SDS
content can thus be compensated with higher share of inject-
ed air to keep the foam density constant. Figure 7b shows that
bubble size decreases with increasing SDS content and de-
creasing share of injected air. The amount of turbulent en-
ergy seems to be too small with the current inline geometry
to break the injected air to as small bubbles as the foam gen-
eration in tank does.

Koponen et al. [21] suggested the formulae
pP=0acys+PS+y and D =a'S/cy, + B forthe foam den-
sity and the mean diameter, respectively (here, a, 8,7, a’
and B are regression coefficients). Itis thus possible, in prin-
ciple, to adjust both the bubble size and foam density by
choosing proper values for § and c ;. The obtained foams,
however, are not necessarily identical. Figure 8 shows the
normalized standard deviation, & , of the bubble size as a func-
tion of mean diameter for all the trial points; the share of in-
jected air is also shown. We see that O tends to increase with
increasing bubble size and that ¢ may differ as much as a
factor two between two foams. Figure 9 shows bubble size
distributions for the foams marked in Fig. 8 with letters “a”,
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7. a) SDS content, share of injected air, and foam density for all trial points. Foam density increases with increasing SDS content and
increasing share of injected air; b) SDS content, share of injected air, and mean diameter for all trial points. Bubble size decreses with

increasing SDS content and decreasing share of injected air.
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8. The normalized standard deviation of the bubble size as a
function of mean diameter. The share of injected air is shown with
colors. The normalized standard deviation is seen to increase with

increasing share of injected air. The letters “a”, “b” and “c” refer to
the bubble size distributions shown in Fig. 9.

10. Optical formation, bubble size and density for all trial points. The
dashed line indicates the best formation, 2.9, obtained with water
forming. The points marked with “a” had high shear of injected air
and very high crowding number. The points marked with “b” had
high normalized standard deviation O of the bubble size indicating
problems with foam quality.
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9. The bubble size distributions for the foams marked in Fig. 8 with letters “a” (D =49 pum, =037, S =0.06); “b” (D =92 ym, & = 0.67,

S$=050);and “c” (D =121 pm, & =0.52, S = 0.70).

“b”, and “c”. We see in Fig. 9 that the foam generated almost
purely with tank generation (S = 0.06) has a very narrow, ap-
proximately Gaussian, bubble size distribution, and there are
few bubbles with a diameter higher than 100 um. We also see
that when the share of injected air is significant, the bubble
size distributions are lognormal, they have long tails, and the
size of individual bubbles may exceed 300 um. There are thus
both qualitative and quantitative differences in the bubble size
distributions of foams made with tank and inline generation.

In Fig. 10 the formation of paper samples, bubble size,
and the foam density are shown. The formation of water-
formed samples varied between 2.9 and 3.5, thus being clear-
ly worse than for most foam-formed samples. We see in Fig.
10 that best formation is obtained with small bubbles and that
formation is rather similar when bubble size is higher than 80
um. We also see that there are a few outliers than do not fol-
low the general trend. The two points marked with “a” had
very high crowding numbers (115 and 148), which, together
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with the rather high foam density, may explain the behavior.
The points marked with “b”, on the other hand, had high nor-
malized standard deviation & of the bubble size (0.6 <J )
indicating possible problems with the foam quality. The for-
mation data and its dependence on various process parame-
ters, such as foam density, share of injected air, and crowding
number, have been discussed in more detail in [15,21].

CONCLUSIONS

A camera-based online measurement system has been in-
stalled in a pilot-scale foam forming environment to monitor
the bubble size distribution online. The measurement system
has been found to be a robust tool for monitoring the foam
quality in a headbox. After installation in 2014, the monitoring
system has been used in all the foam forming trials in the pilot
environment.

In process conditions, the measurement information on
the size of the bubbles and foam homogeneity helps to tune



the foam quality and optimize, control, and troubleshoot the
process based on real-time statistics. Moreover, the available
live image view provides the operator with real-time visual
information on the process, making, for example, the detec-
tion of potential process disturbances (e.g., excessive large air
bubbles) possible. In addition, the measured bubble size data
can be saved for later retrieval and analysis together with the
relevant properties of the final product.

According to the pilot scale experiments, the bubble size
correlates with the optical formation of the final product—
smaller bubbles usually result in better formation. This limits
the share of injected air for the current inline foam generation,
as it tends to generate foams with bigger bubbles and wider
size distributions with a high share of injected air. It is likely
that the bubble size and distribution width could be decreased
by increasing turbulent energy (e.g., by making the turbulent
generator longer).

If the raw material composition is otherwise fixed, the
properties of fibrous foam can be affected by the selection of
surfactant, surfactant dosage, and intensity and time of mix-
ing while generating the foam. In particular, when inline foam
generation technology is used with small dosages of surfac-
tant, there is a risk that air and liquid phases separate before
forming on the web. This may lead to, for example, pinholes
in the final product. However, there is currently no online
method available for measuring the surfactant dosage. This
makes the combination of an optical bubble size monitoring
system and a foam density measurement device obligatory for
monitoring an industrial scale foam process—especially if an
inline foam generation technology is used. TJ
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