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Flow rheology of light foams
generated from aqueous solutions
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ABSTRACT: Recent studies have shown that foam-assisted application of additives into a wet web has advantag-
es over the conventional way of adding the chemicals into the pulp suspension before forming, e.g., increased
mechanical retention as well as high dosage giving increased wet strength without impairing the sheet uniformity.
To engineer processes utilizing this new technology, the complex flow behavior of applied foams must be quantified.
At the minimum, the foam viscosity and the slip velocity at the solid surfaces need to be known to build practical
models that can be used in analyzing and upscaling unit processes of the foam-assisted application.

In this study, the rheological behavior was quantified for foams having polyvinyl alcohol (PVOH), a widely used
strength additive chemical, as the surfactant. The foam density was varied between 100 g/L and 300 g/L, and the
concentration of the PVOH solution was varied between 0.5% and 6.0% (w/w). The foams were generated with a
commercial foam generator, and the rheological properties of the foams were measured by using a horizontal pipe
bank. At the outlet from the generator, the volumetric flow rate, the absolute pressure, and the bubble size distribu-
tion of the foam were measured. In the measurement pipe section, the viscous pressure gradient and the slip veloci-
ty were measured, after which the foam was discharged to ambient air pressure. The viscosity and the dynamic sur-
face tension of the PVOH solutions were quantified with commercial laboratory devices.

In the viscosity analysis, the apparent shear rate was calculated from the volumetric flow rate, and the resulting
apparent viscosity was translated to real material viscosity data by applying the Weissenberg-Rabinowitsch correc-
tion. The results indicated that PVOH foams can be described with high accuracy as shear-thinning power-law fluids
where the detailed behavior depends on the foam density and the PVOH concentration. Slip flow, as usual, increased
with increasing wall shear stress, but it was also dependent on the PVOH concentration, the air content, and the bub-
ble size. For both the foam viscosity and the slip flow, a correlation was found that described the quantitative behav-
ior of all the studied foams with good accuracy.

Application: This study helps engineers to develop foam coating devices and processes by providing rheologi-

cal correlations for foam viscosity and slip flow.

the carrier phase of the applied materials, i.e., chemical

solutions or particle dispersions. While foam coating is
an established technology in the textile industry [1,2], the
utilization of foam application in the paper and board in-
dustry is still in its infancy. Foam application to the wet
web, however, would offer advantages over the conven-
tional way of dosing the chemicals to the fiber stock before
forming [3-8]. In the conventional process, strength addi-
tives may increase fiber flocculation, especially with high
dosage levels, and the applied chemicals need to have a
high adsorbing tendency on the fiber surfaces; otherwise,
they may end up in water circulation instead of the final
product. Foam application allows dealing with high viscos-
ity solutions and has high mechanical retention, and one
can control the penetration depth of the applied material
to the porous substance. A close cousin of foam application,
spray application, has its problems, such as the creation of
mist, the difficulty of dealing with highly viscous fluids

I n the foam-assisted application process, foam is used as

limiting the dosage levels of chemicals, the high clogging
tendency of the spray nozzles, and problems in obtaining
uniform coverage of the base with the sprayed chemical.
Finally, notice that in papermaking, foam application could
also be used for improving the dryness of the web after
pressing [5,9].-

Foams consist of three components that are mixed in a
foam generator: water, air, and surfactant. The air content
of the application foam is typically between 80% to 95%
(v/v), and the bubble size is of the order of 100 um. In ad-
dition to the air content and the bubble size, the rheology
of the foam is affected by the viscosity and the surface ten-
sion of the base solution (water + surfactant). The rheolog-
ical bulk behavior of foam is usually well represented by
the Herschel-Bulkley equation [10,11]:

T=1y+Ky" (1)

where 7 is shear stress, T, is yield stress, yis shear rate, K is
JANUARY 2023 | VOL. 22 NO. 1 | TAPPI JOURNAL 51



FOAM RHEOLOGY

R

cavity pump x

Compressed air |:>

1
1
1
I
1
1
1
I
1
1
)
1
I
: Progressive
1
)
1
1
)
1
I
1
1
1
1
1
1

K R=9.5 mm ] >
_____________ Le R=6.0 mm ) e ><]
Foam generator  ~~_ . R D— ! <]
PVOH ~. _
solution ™ High-speed

Video camera

Foam
P Qr monitor
F

O

80

33

Mixing
head

1. Schematic drawing of the components in the experimental setup. The foam generator used for establishing the flow is shown
inside the dashed polygon, and the components outside the polygon are the flow line and measurements used for quantifying the
flow rheology of foam. The setup contains the measurements for the volumetric flow rate Q, of the liquid surfactant solution (an
integral part of the foam generator), absolute back pressure P, at the foam generator outlet, the volumetric flow rate Q, of the foam,
the bubble size distribution (BS) of the foam, and the pressure drop AP in the foam flow over a fixed span of the test pipe section
(0.3 m span for the R = 4.0 mm pipe, and 1.0 m span for the other two pipes).

the consistency index, and # is flow index. Yield stress is
often omitted from Eq. 1, as it is typically small compared
to applied stress. One can then alternatively write:

u=Kyn1 2

where p is the foam viscosity. Notice that at the solid walls,
foams have a strong tendency for slip flow, the magnitude
of which depends on the foam properties and the shear
stress at the wall [12-14].

In this work, we performed a systematic study on foam
rheology. Due to problems related to the aging of foam and
slip flow, rheological analysis of foams is not feasible with
most traditional rheometer geometries, and we used pipe
flow for this purpose. We varied air content, surfactant dos-
age, and flow rate in a wide range; the final number of trial
points exceeded 300. As the surfactant, we used polyvinyl
alcohol (PVOH), as it is widely used by the paper and pa-
perboard industry as a strength additive.

MATERIALS AND METHODS
Experimental setup
The rheological parameters for foams generated by using
polyvinyl alcohol (PVOH) as a surfactant were quantified
in a laboratory-scale pipe flow test environment shown in
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Fig. 1. Foam flow was established with a foam mixer man-
ufactured by Hansa Industrie-Mixer GmbH & Co. KG
(Stuhr, Germany), as shown in Fig. 2a. In Fig. 1, the mixer
is shown inside the dashed polygon, and it consists of two
subunits: a pumping station for enforcing a constant volu-
metric flow rate Q, of the liquid surfactant solution, and a
foaming station. In the foaming station, a well-controlled
amount of compressed air is added to the liquid and dis-
persed into small bubbles, thereby generating foam. Based
on the mass flow rate set by the user (the user sets the lig-
uid density as well) and the absolute pressure measured at
the point of air addition, the device adjusts the air flow so
that the density of foam discharging to standard conditions
(absolute pressure 1 atm, temperature 20°C) at the end of
the flow line stays constant. Breaking air into small bubbles
takes place in a mixing head, the so-called rotor-stator as-
sembly, which is shown in Fig. 2b with the stationary stator
element detached. Both the stator and rotor have a matrix
of protruding pins. The pin rows of the revolving rotor slide
in the gaps between the pin rows of the stator. While the
mixture of surfactant solution and air flows through the
mixing head (main flow direction being axial and out from
the mixer), a dynamic high-shear flow field in the gaps be-
tween the pin rows breaks air into bubbles. The foam mixer
is operated by setting the target values for the rotating
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2. a) The foam generator used in the study, and b) the mixing head unit (rotor-stator) opened.

speed of the rotor element, the mass flow rate, and the foam
density.

At the outlet from the generator, the volumetric flow
rate Qy, absolute back pressure P, and bubble size distri-
bution of foam were measured with a magnetic flow meter,
pressure sensor, and an online foam monitoring device [15],
respectively. After the online measurement section, foam
flowed into a horizontal pipe bank with three parallel
1.5-m-long acrylic pipes with inner radii R = 4.0, 6.0, and
9.5 mm. One pipe at a time was chosen by operating man-
ual valves at the pipe inlets. The foam flow in the pipe was
always laminar with the used flow rates. The viscous pres-
sure drop was measured over a fixed span of pipe, after
which the flow discharged to ambient room air pressure.
The span was 0.3 m for the smallest 4.0 mm pipe, and 1.0
m for the other two pipes.

It is well known that foam flow in a pipe may violate
the so-called no-slip boundary condition, which holds for
most one-phase continuum fluids. This condition states
that the flow velocity of a fluid at a solid wall of a pipe
matches the velocity of the wall. In foam flow, the interac-
tions at the pipe wall cause a thin layer of liquid without
air bubbles to develop at the wall, and foam bubbles slide
on top of this slip layer. A plausible explanation for the
formation of the slip layer is that the shear forces near the
pipe wall drag out liquid from the nearby regions between
the bubbles, especially plateau borders, to the wall [16,17].
Wall slippage can be reduced or prevented by roughening
or profiling the walls [18]. In rheometry, for example, a
typical way to Kill slip is to attach sandpaper to the inner
walls of the measurement geometry. Acrylic pipes are typ-
ically very smooth (surface roughness 15 pm or below) and
known to create large slip velocities, whereas galvanized
iron pipes, for example, have a surface roughness of 150
pm or more, and thus foam may flow in those pipes with-
out slipping [10].

The velocity difference between the pipe wall and the

foam flow is called slip velocity. Usually, the slip layer is
only a few microns thick, i.e., it is very thin as compared
with the mean bubble diameter or with the pipe radius.
Thus, in the analysis, one can consider foam filling the
pipe fully, and the slip velocity is considered as a non-zero
velocity boundary condition at the pipe wall. In this work,
the slip velocity was quantified by recording the foam mo-
tion in the vicinity of the pipe wall with a high-speed video
camera. Notice that the mean bubble size was defined as
the volume-weighted average (volume moment mean
diameter):

Do — ¥in:D;* 3
BT R )
Materials

The Kuraray Poval 6-88 (Kuraray Poval; Frankfurt, Ger-
many) PVOH was used as a surfactant in this study [19]. It
has low molecular weight and a degree of hydrolysis in the
range of 86.7-88.7. The measurements were carried out
with solutions prepared by cooking PVOH with tap water
at a 10% concentration and diluting the cooled solution to
measurement concentrations of 0.5%, 1.0%, 3.0%, and 6.0%
by weight; the concentration of each diluted batch was
verified in the laboratory. The cooking was initiated by
heating 100 L of water to the temperature of 50°C and grad-
ually adding solid PVOH resin into the water. Next, the
temperature was raised to 85°C, and cooking was contin-
ued until the turbidity of the solution disappeared (a few
hours). All PVOH solutions were prepared from the same
delivered batch of solid resin, and they were stored at room
temperature for no more than a few days before being used
in the experiment.

Foam pipe flow measurements were carried out with
initial PVOH solution in thermal equilibrium with room
temperature of ~20°C, and foam density was varied be-
tween 100 g/L and 300 g/L with 50 g/L increments. For
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3. a) Polyvinyl alcohol (PVOH) solution viscosity as a function of PVOH concentration. The black line is a fit of the functiony =a
exp(hx) to the data points. The fit function gives, for 0.5% concentration, the viscosity of 1.3 mPas. b) Measured PVOH solution
dynamic surface tension at t = 0.4 s as a function of PVOH concentration. Linear interpolation between 0% and 1% gives, for 0.5%
concentration, the surface tension of 0.064 N/m. Surface tension values of 1% and 3% are similar to those obtained with the drop

weight method [20].

modeling purposes, the PVOH solution viscosity (Fig. 3a)
was measured with a Brookfield DV-II+ Pro viscometer
(AMETEK Brookfield; Middleborough, MA, USA), and the
dynamic surface tension (Fig. 3b) was measured with a KSV
Instruments BPA-800P bubble pressure tensiometer (Biolin
Scientific; Gothenburg, Sweden).

Notice that PVOH is used in the paper and board indus-
try as a strength additive (glue). So, the PVOH foams stud-
ied here could be used as such in real-life processes. If other
additives are applied, another surfactant, such as sodium
dodecyl sulfate (SDS) might be preferable, as PVOH could
affect the performance of the additives.

Converting measured data into viscosity data
In a steady flow in a circular pipe, the wall shear stress is
independent of the detailed flow profile and can be calcu-
lated from the measured pressure drop per unit length:

r, =248 )
2dL

Above, R is the inner radius of the pipe, and dP is the mea-
sured pressure drop over the span dL of the flow pipe. To
extract material parameters, one must examine the foam
in the frame of reference, moving at the speed of the slip
velocity. To that end, the slip velocity is subtracted from the
average flow velocity:

Tpuik = Vavg — Vs o)

Above, v

avg

is the average flow velocity calculated from the
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4. Loss curves measured for varying foam density p inR = 6.0
mm pipe at 0.5% PVOH concentration.

measured volumetric flow rate, v; is the slip velocity of foam
bubbles quantified with the high-speed video camera, and
Viuik 18 the share of the average flow velocity due to shear-
ing inside the foam plug solely.

Apparent foam shear rate 7, at the edge of the foam plug
is defined as:

. 4ﬁbu1k (6)
YVa = R

The real shear rate y at the pipe wall can now be ob-
tained by applying the Weissenberg-Rabinowitsch correc-
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5. Slip velocity data for varying foam density p in R = 6.0 mm pipe at 0.5% PVOH concentration: a) slip velocity vs. wall shear stress,

and b) relative slip velocity vs. mean flow velocity.

tion that considers the non-Newtonian features of the ve-
locity profile [21,22]:

1 dlny,
= Yo x 7 (34 2%) 7
V= Yay ( dint,, @
Viscosity at a given shear rate is now obtained as the ratio
of the wall shear stress to the real wall shear rate:

b=1Ty/Y (8)

RESULTS

Examples of measurement data
The total number of trial points was 308. The following
three figures show examples of the measurement data for
a selected set of process parameters measured in R =
6.0 mm pipe at 0.5% concentration of the starting surfactant
solution. Foam density varied between 100 g/L and
300 g/L. Figure 4 presents the conventional loss curves,
i.e., pressure drop per unit length of the pipe vs. volumetric
flow rate of foam. The viscous loss increases with decreas-
ing foam density (increasing air content).

Figure 5 shows the slip velocity data. We see from
Fig. 5 how the slip correlates with the wall shear stress.
In addition, the slip increases with increasing foam den-
sity, i.e., an increasing amount of liquid between the bub-
bles. Figure 5b reveals that the share of the total flow ve-
locity (flow rate) due to slip velocity is highest at low flow
rates and decreases with increasing flow rates. At very low
flow rates, up to 70% of the measured flow rate was due
to slip velocity.

By applying Eqs. 4-8 to the measurement data shown
in Fig. 4 and Fig. 5, we end up with the viscosity data plot-
ted in Fig. 6. The plotted values are real material param-

R = 6.0 mm, PVOH concentration 0.5%
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6. Analyzed viscosity for varying foam density p in R=6.0 mm
pipe at 0.5% PVOH concentration. Straight lines are fits of the
power law Eq. 2. The fitting parameters K and n are shown in
the legend.

eters without any reference to the used measurements
setup (e.g., pipe size). The calculated viscosity values follow
the fact that foams are generally power law fluids; their
viscosity is, i.e., given with good accuracy by Eq. 2.

Data analysis
Foams are characterized uniquely by four quantities: air
content ¢, solution viscosity p1,, solution surface tension o;
and bubble size D. Air content is obtained from the for-
mula:
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7. Bubble size as a function of air content. The PVOH solution
viscosity is shown with different marker colors (note that
viscosity is expressed in the legend in mPas). All the trial points
are included in the figure.
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where p; is the solution density and py is the foam density.
During the modeling of the two rheological quantities,
foam viscosity and slip flow, it turned out that the inclusion
of surface tension did not improve the obtained models.
Surface tension was thus dropped from the subsequent
analysis. Figure 7 shows the other three quantities for all
the trial points. We see that some of the quantities are cor-
related. Bubble size tends to decrease both with increasing
PVOH solution viscosity (R% = 0.78) and with decreasing air
content (R = 0.61). Higher solution viscosity likely leads to
higher shear forces in the foam generation unit, and bubble
size becomes smaller. On the other hand, with higher air
content, one would probably need longer processing time
and/or higher mixing speed for breaking the bubbles to
obtain as small of bubbles as were obtained with the lower
air contents. This is substantiated by the fact that bubble
size typically increased with the increasing volumetric flow
rate of the foam. The collinearity between the bubble size,
air content, and solution viscosity must be considered when
using them as independent variables in the viscosity and
slip flow models.

Analysis of viscosity data
Figure 8 shows the entire measured viscosity data as a

function of the shear rate. The air content is shown with
colors, and the viscosity of the PVOH solution is shown
with the marker type. The inset figure shows the bubble
size with colors. We see from Fig. 8 that the relation be-
tween the foam viscosity and the shear rate is, as expected,
a power law, Eq. 2, in the whole data set. We also see that
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8. Measured foam viscosity as a function of shear rate. The air
content is shown with colors, and the viscosity of the PVOH
solution is shown with the marker type (note that viscosity is
expressed in the legend in mPas). The inset figure shows the
bubble size with colors.

the foam viscosity generally increases with increasing air
content and increasing PVOH solution viscosity. On the
other hand, there is no obvious relationship between the
foam viscosity and the bubble size.

Assuming power law behavior, Eq. 2, a general model
for the foam viscosity can be written as:

u=K(p,us, D))-,n(tp,us.D)—l (10)

where @ is air content, i is the viscosity of the PVOH solu-
tion, and D is the bubble diameter. Suitable functional
forms were found for K = K(¢, p, D) and n = n(g, u,, D)
as follows: first, a power law was fitted separately for the
(¥, w —data of each unique flow series (i.e., D, u,and ¢ were
fixed; for examples, see Fig. 6). Then, the obtained data sets
for K and n were studied separately. It was found that the
bubble size had a negligible effect in both cases, and the
effect of the solution viscosity was marginal for 7. The
bubble size apparently had a marginal effect on the foam
viscosity, as it was not an independent variable. As we see
in Fig. 7, bubble size depended both on the PVOH concen-
tration and the air content, and their effect on the foam
viscosity was higher than that of the bubble size.

For both K and #, a power law model was found to work

well, i.e.:

K = ap’u$ (11)
and

n = de°® (12)
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9. The modeled viscosity, Eq. 13, with the parameters shown
in Eq. 14 as a function of the measured viscosity. The red line
shows the curvey = x. Coefficient of determination is R? = 0.99.

(In the preceding, a, b, ¢, d, and e were model parameters.)
The final model for foam viscosity was then:

p= ap’usytet (13)

(Notice that in Eq. 13, PVOH solution viscosity, 1, was ex-
pressed in mPas and shear rate, y, in 1/s.) The model pa-
rameters a, b, ¢, d, and e were solved by using MATLAB’s
fminsearch function (MathWorks; Natick, MA, USA). As
viscosity values varied almost two orders of magnitude, a
logarithm was taken of the measured and modeled viscos-
ities before calculating the sum of the squares. The ob-
tained model parameters were (R2 = 0.99):

a=173,b=7.92,c= 0459, d= 0.204, ¢ = -2.15 (14)

Figure 9 shows the modelled viscosity as a function of
the measured viscosity. We see that the model works very
well. We can define the relative deviation, §,, of the model
prediction from the measured value for trial point 7 as:

ex
—uS*P
€XD
Ky

model

6,: =~ui (15)

For the whole data set, the standard deviation of §, was
9.5%, and |§;| was always smaller than 0.25.

Analysis of slip flow data
Figure 10 shows the entire measured slip data as a func-

tion of wall shear stress. The air content is shown with col-
ors, and the viscosity of the PVOH solution is shown with
the marker type. The inset figure shows the bubble size with

10. The entire data set used for the slip flow analysis. The air
content is shown with colors, and the viscosity of the PVOH
solution is shown with the marker type. The inset figure shows
the bubble size with colors.

colors. We see from Fig. 10 that the slip flow increases non-
linearly with increasing wall shear stress. We also see that
slip flow generally decreases with increasing air content,
increasing PVOH solution viscosity and decreasing bubble
size. This observation can be explained as follows [16,17]:
The slip layer is a pure fluid layer, and the slip effect in-
creases with the increasing thickness of the layer. With
higher PVOH concentration, the viscosity of the fluid layer
is higher, and the slip effect is thus smaller. With higher air
content and smaller bubbles (and subsequent thinner lamel-
lae and smaller plateau borders), it is more difficult to drain
fluid from the foam into the vicinity of the wall.

The (v, T, U,, ¢, D) data set was first studied to find out
which quantities had a clear effect on the slip velocity. It
was found that all four parameters had a statistically sig-
nificant effect. It was also found that a power law also
worked well here, i.e., the obtained model for slip was:

v, = atluseiD® (16)

(Notice that in Eq. 16, wall shear stress t,, was expressed in
Pa, PVOH solution viscosity p, in mPas, and bubble size D
in pm.) The model parameters were obtained with a similar
procedure as for the foam viscosity. The result was (R =
0.99):

a=318e-07, b= 1.60, c=-0.970, d = -6.89,¢e=1.31  (17)
The standard deviation of §,(see Eq. 15) was 11%, and
|6;] was smaller than 0.25 for 96% of the trial points.
Figure 11 shows the modeled viscosity as a function of
the measured viscosity. We see that while the model gener-
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11. The modeled slip flow, Eq. 16, with the parameters of Eq. 17
as a function of the measured slip. There is a small subset of
data points that deviate from the general trend. For these points,
air content was 0.9 and bubble size was higher than 290 pm.
The red line shows the curve y = x. Coefficient of determination
is Rz =0.99.

ally works very well, there is a small subset of data points
that deviate slightly from the general trend. For these
points, air content was 0.9 and bubble size was higher than
290 pm.

We also studied an alternate model for slip flow where
the wall shear stress was replaced with the average flow
velocity v, (Fig. 12). In this case, the obtained model
was:

Vs = avabvg .ung

(18)
(In the preceding, flow velocity v,,,, is expressed in m/s,
PVOH solution viscosity in mPas, and bubble size in pm.)
The model parameters given by the regression analysis
were (R2 = 0.99):

a=0.00816, b = 0.733, ¢ = -0.357, 4 = 0.704 (19)

In this case, logarithm was taken before fitting on Eq.
18, and then the normal sum of the squares was used to
find the model parameters.

Figure 13 shows the modeled slip flow Eq. 18, with
the parameters of Eq. 19, as a function of the measured slip.
We see that the model generally works very well. The stan-
dard deviation of ¢, (see Eq. 15) was 11%, and |6,| was
smaller than 0.15 for 93% of the trial points.

Notice that for a slip model where bubble size was re-
placed with the air content in Eq. 18, the coefficient of de-
termination was almost as high. However, including both
these variables did not increase the coefficient of determi-
nation, and the least-angle regression (LARS) analysis sug-
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12. Slip velocity as a function of average flow velocity. The
viscosity of the PVOH solution is shown with markers and the
bubble size is shown with colors.

Modelled slip [m/s]
S

10°
Measured slip [m/s]

13. The modeled slip flow, Eq. 18, with the parameters of Eq. 19
as a function of measured slip. The red line shows the curve
y =x. Coefficient of determination is R? = 0.99.

gested that, of the two quantities, the bubble size was pre-
ferred. Finally, notice that unlike Eq. 16, Eq. 18 cannot be
used to calculate the slip velocity explicitly from the pres-
sure loss, although the bubble size would be known.
Earlier studies on foam rheology include: Princen and
Kiss (1986) [10], Hohler and Cohen-Addad (2005) [11],
Herzhaft et al. (2005) [12], Larmignat et al. (2008) [13],
Heller and Kuntamukkula (1987) [23], Denkov et al.
(2009) [24], Zhao et al. (2009) [25], and Soleymanzadeh et
al. (2018) [26]. Unfortunately, we could not find any pa-
pers where PVOH foams would have been studied in de-



tail. Moreover, it is not easy to compare the obtained
correlations for viscosity and slip, Eqs. 13 and 16, and
their parameter values shown in Egs. 14 and 17, with ex-
isting literature; as to our knowledge, no one has simul-
taneously varied both the air content and base solution
viscosity in such a broad range and simultaneously mea-
sured the bubble size of the foam. The comparison in
many cases necessitates gathering the comparison data
from the figures, because functional forms may not have
been given. Moreover, the used functional forms may dif-
fer from the ones we have chosen. As an example, Thon-
davadi and Lemlich [10] studied the flow of an aqueous
foam made with a cationic surfactant in acrylic pipes,
with air content varying from 0.88 to 0.99 and bubble size
varying from 0.1 to 1 mm. We used a Matlab graphical
interface for acquiring the slip flow-shear rate data from
the figures and found that the exponent of wall shear
stress (see Eq. 16) was identical (b = 1.6).

Thondavadi and Lemlich also studied flow in galva-
nized steel pipes. In that case, they did not observe slip
flow at the pipe walls. In our test, we did not see a differ-
ence in the slip behavior of an acrylic pipe and a steel pipe
(Material No. EN 1.4404). The reason behind the different
results is likely that the roughness of the steel pipes used
by Thondavadi and Lemlich was clearly higher.

ABOUT THE AUTHORS
We studied this topic because our industrial partners
are developing foam-assisted application of additives
onto a wet web. In this study, we have considerable
variation in the main quantities affecting the foam
rheology (air content, solution viscosity, and bubble
size). The rheological models obtained are thus appli-
cable for a wide range of foams.

This study’s most difficult aspect was that the
contribution of the slip flow on flow rate can be sig-
nificant for foams, and slip should thus be measured
accurately. We measured the slip flow explicitly by
using transparent pipes and high-speed imaging.

In the literature, it is often claimed that there is no
slip flow in steel pipes. Interestingly, we found that
the slip in acrylic and steel pipes is similar if the
roughness of the steel pipe is relatively low.
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CONCLUSIONS
The foam-assisted application process is a promising
emerging technology for applying chemicals and disper-
sions into a wet web of paper or board. Development and
upscaling of this novel technology necessitate a good un-
derstanding of the complex rheological behavior of foams
used in the process.

In this study, we studied application foams made of
PVOH, as it is already used in the industry as a strength
additive. Foam density was varied between 100 g/L and
300 g/L, and the concentration of the PVOH solution was
between 0.5% and 6.0%. The foams were generated with a
commercial foam generator, and the rheological properties
of the foams were measured with the flow of the foam in
horizontal pipes. The viscosity and the dynamic surface
tension of the PVOH solutions were quantified with com-
mercial laboratory devices.

The analysis of viscosity results indicated that PVOH
foams can be described with high accuracy as shear-thin-
ning power law fluids where the detailed behavior depends
on the foam density and the PVOH concentration. Slip flow,
as usual, increased with increasing wall shear stress, but
was also dependent on the PVOH concentration, the air
content, and the bubble size. For both the foam viscosity
and the slip flow, a correlation was found that described

For mills, the foam-assisted application process is a
promising emerging technology for applying chemicals
and dispersions onto a wet web of paper or board.
Despite the complex rheology of foams, the obtained
models could be used to describe their behavior with a
good accuracy. Development and upscaling of this
technology necessitate a good understanding of the
foam rheology. As a next step, a study of how the
foam rheology depends on the absolute pressure level
of the foams should be pursued.

Jésberg is senior scientist, Viitala is research scientist,
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Research Center of Finland Ltd. in Jyvéskyla, Finland.
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the quantitative behavior of all the studied foams with good
accuracy.

In the future, this work will be expanded for other sur-
factants and various surfactant-chemical/dispersion combi-
nations relevant to the real foam application processes.
Early results of this work indicate that correlations Eq. 13
and Eq. 16 with the values of exponents shown in Eq. 14
and Eq. 17 might not be PVOH specific. If this is the case,
the properties of the real process foams could be deter-
mined at a mill by a small set of experiments, and the te-
dious work described in this study would be greatly simpli-
fied. TJ
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