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The viscous transport of foam through capillary systems can be described by a so-called power law.
With flow of foam through a stationary substrate a relationship between pressure and foam flow can
be found in which a number of geometrical parameters and rheological constants play a part. This
model may be extended to the application of foam to moving fabrics in closed systems. As long as
the liquor absorption plays a subordinate role during application, the model described explains the
behaviour observed, within the limits of experimental error. The moadel can be considered as a useful

basis for further study.

INTRODUCTION

In the textile industry use is made of foamed liquids for
the treatment of woven, knitted and non-woven fabrics.
The foam application technique is frequently used in
printing, finishing, coating and impregnating processes.
As foam application calls for only small quantities of
liquid, there are advantages in subsequent drying proc-
esses, with less energy being required and improved
migration control being achievable.
The aim of the present investigation was to obtain an
insight into the way in which foam penetrates the
substrate and into the physical processes that play a role
during the interactions that occur. If the foam application
process can be described by means of a physical model,
this might be helpful in effecting control of the spatial
distribution of chemicals and dyestuffs in the material.
However, both foam and textile fabrics are materials that
can be quantitatively defined only with difficulty.
Foam in sufficiently large quantities can be considered
as a homogeneous mixture of liquid and finely divided
air. Up to a liquor/air ratio of about 1:25 foam bubbles are
observed; at a higher proportion of air the foam assumes
a cellular character. The specific foam properties are
determined by the liquor properties, the liquor/air ratio,
the mean bubble size and the distribution of the bubble
size. Because of drainage and gas diffusion these proper-
ties are continuously subject to change during applica-
tion. For this reason foam properties are a complex func-
tion of space and time.
The fabric properties may be divided into two groups:
(a) The physico-chemical properties, e.g. surface proper-
ties of the fibre and the capacity available for liquid
absorption

(b) The geometrical properties, i.e. the three-dimensional
arrangement of yarns and fibres, important in deter-
mining the flow-through process in the substrate.

In the take-up of foam in a fabric the following loca-
tions are of interest:
(a) The larger spaces between the yarns (holes)

(b) The capillary spaces between the fibres and yarns
(c) The internal spaces in the fibre.

The last-mentioned location is only accessible for lig-
uor. In the present model the capillary spaces between
the fibres and yarns are also considered as being inacces-
sible to foam.

In any foam application process a certain amount of
foam is forced through the substrate. Due to viscous and
capillary forces the pressure is reduced to atmosphericin
the system of capillary spaces and holes. When foam is
applied at only a slight pressure to a system of narrow
capillary spaces, segregation may occur, which leads toa
separation between liquid and air.

In the literature on foam application attention is often
paid to foam rheology [1-7] and to the problems that are
generally encountered in foam application [8]. The trans-
port of foam through the holes in the fabric is principally
determined by the viscous forces. The rheological behav-
iour of foam during this transport can be described with
the aid of the pressure drop occurring. A simple model
has been developed that provides a description of the
pressure drop in the substrate related to a number of
parameters (rheology and fabric geometry). A relation-
ship between the mostimportant process parameters has
been established.

First the situation was examined in which stationary
fabric is subject to the flow-through of a given amount of
foam (Figure 1). Next the situation in which a given
amount of foam is brought into contact with a moving
tabric for only a short time in a closed system was consid-
ered. In this process the fabric is transported at a speed v
along an application slit, having a width A and a length b

{Figure 2).

THE MODEL

In describing the foam flow in a capillary system the non-
Newtonian behaviour of foam should be taken into ac-
count. Foam behaves as a pseudo-plastic material, the
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rheological behaviour of which can be described with a
so-called power law (Eqn 1):

n

oy
dx

Izl =k (D

where x is the direction perpendicular to flow and y is
parallel to it. The constants k and # are the rheology
parameters (n < 1). With Newtonian behaviour thereisa
linear relationship between shear stress and shear rate (n
= 1). The consistency k can then be regarded as the
viscosity 71. Ata given shear rate an apparent viscosity can
be defined [6]. From the balance of forces occurring

402 JSDC VoruME 107 Novemser 1991

during flow through a cylindrical hole with radius R the
relationship between the pressure drop across thelength
P/l and the flow ¢ may be deduced (Eqn 2):
n 1
o= aR> "
n+1

R P
2k 1

(2)

A greatly simplified model of a fabric is a flat layer of
thickness L having, perpendicular to the surface, N cylin-
drical holes per m®. Introducing a more general param-
eter for the internal free volume, the porosity £ makes the
model resemble a real fabric more closely (Eqn 3):

volume of the holes
€= (3)
total volume

The radius R can now be replaced by the relationship

defined by Eqn 4:
R=1/ £ (4)
aN

With uniform flow through a hole Eqn 5 can be writ-
ten:
n+l

1

m n

R
3n+1\aN 2kL

This relationship between P and ¢ is valid for a round
hole. If the holes do not have a cylindrical cross-section
greater resistance is generally observed. This may be
taken into account by introducing a dimensionless factor

o > 1in the model. This finally leads to the relationship
thatis used as the basis for further considerations (Eqn 6):

3n+1

+1Y n
P= ZakL(Bn J [@IJ ‘e (6)
nn £
or in a more simplified form (Eqn 7):
P=Ci¢" (7)

In Figures 1 and 2 the actual experimental situations
are represented. In this case foam flows through a given
surface area, S, (Figure 1) so that the total volume flow is
defined by Eqn 8:

oy = NS¢ (8)
In this case the pressure drop can be expressed by Eqn 9:

n+1

" ntl
P=2akL[3n+1J [ﬂ] s )
nes €
or simplified to Eqn 10:
C1 K n
= v=Ca ¢ (10)
(NS)" 4’ d ¥v
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These relationships are valid for flow through station-
ary fabric. In the dynamic application of foam to running
fabric (Figure 2) the available space must first be filled
before flow-through can occur (Figure 3). Eqn 5 is valid
for describing the filling of only one cylindrical hole at a
constant pressure, in which L is replaced by a variable /
(Egn 11):

3n+1

dv ,dil e dl n £ 2n P%
=—=pgR*—=— — = —— | — — | (1D

d¢ dt Ndt 3n+1\zaN 2kl

or Eqn 12:
A+l 1

1 n £ 2n P n
Indl = — — | dt
3n+1\aN 2k

Integration from the initial conditiont = 0,/ = 0 gives Eqn
13:

(12)

n+1l 1
1w+l (e Vo (P Ya
] o= — — |t (13)
3n+1\aN 2k

As long as the holes have not been completely filled
during application Eqn 14 holds for defining the volume
that has been filled:

E
=—1 (14)
N

For a given slit width A and a fabric speed v, a passage of
NAv holes per second is observed. So the flow is defined

by Eqn 15:
¢, = NAvV = eldiv (15)

The total application time is given by Eqn 16:

{ = ? (16)
v
So Eqn 17 can be written:
1=y (17)
eAb

Substituting Eqn 17 into Eqn 13 and rearranging to intro-
duce a gives Eqn 18:

3+ 1Y =
P=2ak{ nr M ! ] (EN} 2 pertl (18)

n+1 elb €

Alternatively the introduction of C; gives Eqn 19:

P:[ n )” Cl . tﬁ ¢\:I+1
n+1/) (NAb) eAbL

If during application each hole is just filled, a boundary
value for ¢ is obtained (Eqn 20):

(19)

gAbL
=egllp=—

C

£
¢'b =va;}l. (20)

As soon as ¢, exceeds ¢y, flow-through occurs according
to Eqn 7, so the total volume available for one hole is
given by Eqn 21:

1

€L P \x
V= — +(t,-h)|—
N ¢

Thefilling time ,, is found by substituting L forlin Eqn 13,
and after introducing C; Eqns 22 and 23 can be written:

1

n eL{ P Y n
= —— — | —
n+1 N (g

(21)

(22)
v t v
yo Lo Lb (23)
NAv  NAb
Leading to Eqns 24 and 25:
1
to, €L P i eL
Y ) L. (24)
NAb N G n+1 N
1
€ABL 1 P \n
¢, =—— — +NAb — (25)
n+1 t, C]
The pressure drop can be written as Eqn 26:
C, el 1) eAL Y
P= " ¢, — - = n oy ———v| (26)
(NAb) n+1t, (NAb) n+1

Finally for the different situations the following sum-
mary can be given (Eqns 27-29):

n Yo
oy < ¢p P=Ca[ ] (27)
n+1 O
¢y=¢, P=C, ( ] ¢y (28)
n+1
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9y > B P=Ca[¢v—¢—b] (29)
n+1
where
¢ = €Al and C, = —-(i— (30)
(NAb)
EXPERIMENTAL

All experiments were carried out with a bleached cotton
fabric of the following properties:

weave plain

weight 133 g/m?

number of holes per area N = 1.325 x 107 per m?
porosity e=1039

thickness L=21x10"m.

The values for £ and L have been taken from a thesis
prepared by Van der Linden [9] who used the same
poplin for his experiments.

Experiments with a constant flow through stationary
fabric

In these experiments a vertically mounted conical tube
was used (Figure 1) with foam being fed to its lower side.
The upper side of the tube was covered with the fabric
sample. The surface area, S, through which foam flow
occurred was 4.78 x 10~ m2 The pressure drop relative to
the atmosphere was measured just below the fabric sur-
face. The foam liquid applied consisted of an aqueous
solution of sodium lauryl sulphate (20 g/1), the foam itself
being prepared in a rotor-stator mixer. A series of experi-
ments was carried out in which the foam flow ¢, and the
foam density p were varied. The results of the experi-
ments are given in Figure 4.

10000 Ve &
o)y
O A&
op )
Pa¥al
O
m 4o A
.
a
2
©
<
S
% 1000
&
Foam densities
O 25g/
A 5091
O 754/
200 . '
2 10 100

Foam flow, mi/s

Figure 4 Pressure drop for flow-through experiments

Continuous foam application to a running fabric
The experimental arrangementisillustrated schematically
in Figure 2. During application the pressure was meas-
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ured in the application slit just below the running fabric.
For the determination of the relationship between pres-
sure and flow a closed system is required, which means
that as foam is transported between mixer and fabric
none can escape.

Inaddition to the application pressure, the fabricspeed,
the air flow, the liquid flow and the wet pick-up were
measured. All measurements were recorded and proc-
essed by a computer. The length of the application slit b
was 2.1 mm and its width A was 195 mm. In order to
examine the influence of the three process parameters,
liquid flow, foam density and fabric speed, on the pres-
sure drop, a series of experiments was performed in
which the parameters mentioned were varied at three
levels: low (L), medium (M) and high (H), i.e. 27 different
experimental variants.

The aqueous foam liquor had the following composi-
tion:

Sandopan KD (5) 32gl
Sandopan LF (5) 321
Eriogreen B (CGY, CI Acid Green 16) 4 g/l.

The presence of dye in the liquor provided a visual
evaluation of the application results. By selecting the
experimental set-up mentioned, the wet pick-up varied
from about 8 to 130% (Table 1). Therefore in a number of
experiments the wet pick-up was considerably higher
than the amount of liquor that might be absorbed by the
fibres and yarns. So in some cases a large excess of liquor
was applied. For practical applications this would not be
desirable, although it does provide useful verification of
the model. A wet pick-up of about 30% canbe considered
as a critical value for cotton. The fabric is able to retain
about this amount of water in and between the fibres,
and at this level the fabric (except the holes) is saturated
with liquor. The results of the measurements are quoted
in Table 1 and shown in Figure 5.

Experiments with pre-wetted fabric
After having established that the absorption of the foam
liquor in the fabric under specific conditions was a deci-
sive influence on the pressure build-up, an additional
series of experiments was carried out with pre-wetted
fabrics. Pre-wetting was carried out in the same way as
was foam application, pre-wetting pick-up levels 0f 15, 30
and 60% being used. The following liquor composition
was used:

Sandopan KD 16 g/l

Sandopan LF 16 g/l

Eriogreen B 4 g/l.

In all experiments the following conditions were
maintained: p = 50 g/1, ¢, = 1.28 g/s, ¢, = 26 ml/s and
b= 5.3 mm,

The wet pick-up level was varied by gradually increas-
ing the fabric speed. Figure 6 gives the pressure drop
obtained from the experiments as well as the pressure
drop calculated from the model.



Table 1 Pressure measurements on running fabrics
Test P (Pa) ¢y (ml/s)
Wet _
p om v Ic pick-up AP
p Om Vv (/) (ag/s) (m/s} {ms) (%) Exptl Calc. (Pa) Exptl Calc.
L L L 2t 0.67 0.08 26 32 6610 7160 550 32 27
L L M 21 067 0.17 13 15 6040 7060 1020 32 23
L L H 21 067 0.34 6 8 4890 6850 1960 32 17
L ML 25 1.38 0.08 28 67 9100 9160 60 53 53
L MM 25 1.33 0.16 13 31 9010 9080 70 53 52
L MH 28 1.33 0.34 6 15 8240 8430 190 48 486
L H L 25 2.67 0.08 25 123 >10000 12680 107
L HM 25 2.67 0.17 13 62 >10000 12630 107
L H H 25 2.67 0.33 6 31 >10000 12530 107
ML L 48 0.67 0.08 26 32 4460 4800 340 14 12
ML M 48 0.67 017 12 15 3790 4830 840 14 10
ML H 48 0.67 0.34 6 8 2250 4280 2030 14 6
MM L 51 1.33 0.08 26 64 6590 6520 -70 26 27
MMM 51 1.38 0.18 13 31 6560 6410 -150 26 27
MM H 51 1.33 0.34 6 18 6100 6160 60 26 26
M H L 47  2.67 0.08 26 129 9350 9430 80 57 56
MH M 47  2.67 017 12 60 9550 9350 —200 57 59
M H H 47  2.67 0.34 6 31 8900 9200 300 57 53
H L L 109 067 0.08 27 33 3250 3150 -100 6 &
H L M 109 067 017 12 15 2000 2850 850 6 4
H L H 109 0867 0.34 8 8 460 2160 1700 6 4
HML 103 1.33 0.08 27 66 4860 4630 -30 13 13
HMM 103 133 047 12 30 4700 4450  -250 13 14
HMH 103 133 033 6 16 3990 4110 120 13 12
H H L 91 2.67 0.07 27 13 6680 6900 220 29 27
HH M 91 2.67 0.15 14 66 6700 6800 100 29 28
H H H 91 267 0.33 6 N 6690 6580 -110 29 30
drop P within the selected experimental set up is mainly
10000 [~ determined by the foam flow ¢, (Figure 4). This foam
P G flow may be effected by both the mass flow and the foam
B *'\ density (Eqn 31):
Pm
¢y =— (31)
£ P
g
g However, if both ¢,,and p change at the same rate then
g ¢, will remain constant and the measured pressure will
g 1000 |- also be constant. It may be expected that the rheological
* Wet pick up parameters of foam vary with p. However, in these ex-
U 8% periments this effect was not observed. Within the range
A 16% . iy ;
O 32% of applied densities, foam can be considered as a homo-
W 64% geneous medium, showing a specific rheological behav-
| 4 125% | iour. Eqn 10, which applies in this case, can be written
200 0 10 100 logarithmically, as a result of which a linear relationship

Foam fiow, ml/s

Figure 5 Pressure drop for a moving substrate

DISCUSSION

From the experiments it appears that in the case of
complete flow-through of a fabric with foam the pressure

is obtained (Eqn 32):

InP=InCy+nineg, (32)

However, it appears that at very low flow rates the
results deviate from this linear relationship (Figure 4). As
suchalow flow (< 10 ml/s) was not studied in detail it was
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not considered when determining n and Cy, which were
evaluated by the least squares method from the results of
pressure measurements carried out at different foam
flows. The mean values of n = 0.44 and C4 5.7 x 10° were
calculated. From these results C, was determined as 7.5 X
107 using Eqn 10.

Using the available fabric data the product ak was then
calculated as 66. From viscosity measurements [6] k val-
ues were obtained for the foams used, which varied from
610 16, so a mean value of about 6 for the resistance factor
o was assumed.

Following the experiments with running fabrics the
first step was to determine whether the results obtained
were comparable with those found with the flow-through
experiments. Even at the highest fabric speed, the actual
flow was clearly greater than the boundary value. There-
fore Eqn 29 applied for the whole series of experiments.

From Figure 5 it appears that in a number of experi-
ments where alow liquor flow was maintained there was
a considerably smaller pressure drop. It was assumed
that the absorption of liquor in the fibres was responsible
for this phenomenon. For this reason the C, and n values
were numerically determined using Eqn 29 with the
seven variants for which a wet pick-up of atleast 60% was
used, i.e. 7 = 0.46, C4 8.9 x 10°. From Eqn 30 C; was found
to be 4.8 x 107.
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Figure 6 Pressure drop for a pre-wetted substrate

These C; and # values differ slightly from those ob-
tained from the flow-through experiments. This may be
explained by the fundamental differences in the experi-
mental conditions and by differences in the recipes used.
The relationship P = C,¢" has been plotted in Figure 5.
This is the limiting situation where the time necessary to
fill the holes approaches zero.
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By applying Eqn 29 and the experimental values for n
and C, the pressure corresponding to the concerned
foam flow could be calculated. These calculated values
have been quoted in Table 1 and are shown in Figure 7.
If a value of 200 Pa for the standard deviation of the
pressure measurements is assumed, then the deviations
from the experimental values fall within the measuring
error, with the exception of six variants where both the
liquid flow and the contact time were low.
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Figure 7 Calculated pressure drop for a moving substrate

Similarly it is worthwhile to examine, in the case of
very low pressures, whether foam flow corresponds with
the pressures measured. In Table 1 the calculated values
have been presented. It appears that in extreme situa-
tions the effective foam flow, calculated ¢,, which corre-
sponds to the measured pressure drop, is less than half
the actual flow. This is not surprising if it is assumed that
in a very short time liquor is absorbed which amounts to
about 5% of the fabric weight and that this foam no
longer contributes to the pressure build-up. The mecha-
nism that is in operation here will be subject of further
investigation.

From the results of experiments in which the influence
of pre-wetting was examined it was concluded that the
measured pressure agrees well with the calculated pres-
sure (Figure 6), as long as pre-wetting was omitted and
the wet pick-up was sufficiently high. When the wet
pick-up was lower a clear reduction in pressure drop
occurred. This observation is in agreement with the re-
sults of the previous series of experiments.

When pre-wetting was kept below the level at which
saturation of the material occurs, then at low wet pick-up
levels, and at high fabric speeds during application, a
somewhat larger reduction in pressure drop was ob-
served. However, an almost total collapse of the pressure
was observed if the fabric was saturated during pre-
wetting and if, compared with the fabric weight, a slight
amount of liquor was provided by the foam. Because of
the reduction in the contact angle, optimum foam liquor



absorption apparently occurred under these conditions
in a very short time. Considerable pre-wetting may give
rise to a modified flow behaviour [10].

CONCLUSION

The model developed describes only one element of the
interaction between foam and fabric: the transport
through the larger holes in the fabric. As soon as absorp-
tion of liquor from the foam begins to play a dominating
role, which is the case if a relatively small amount of
liquor is present or if the liquor absorption is accelerated
by decreasing the contact angle, the model will no longer
be applicable. Nevertheless, as a basis of further study of
the more complex interaction between foam and textiles,
the model appears to be useful.
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Symbols used

T shear stress

k consistency

n index

dv,/dx velocity gradient (shear rate)

Cal Cd

T T OR W Zm t~<;"~>u‘o§§ e

flow per hole

flow across the
flow-through area

mass flow

boundary flow

foam density

radius of a cylindrical hole
length in a cylindrical hole
volume in a cylindrical hole
thickness of the fabric
porosity

number of holes per m?
flow-through area
pressure drop

resistance factor
compound constants

time

total time of contact

filling time for one hole
slit width

slit length

fabric speed

Pa

Pa s”

Pa m™" g"



