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This paper reports on the effect of surfactant concentration and pipe shape and size on the rheological
properties of colloidal gas aphrons (CGAs) or microfoams. CGA consists of closely packed spherical gas
bubbles with diameter ranging from 10 to 100 wm surrounded by a surfactant shell. It is produced by
stirring an aqueous surfactant solution at high speed in a baffled beaker. Pipe flow experiments were
performed in cylindrical pipes with diameter ranging from 1.0 to 3.0 mm under adiabatic laminar flow
conditions. The porosity, bubble size distribution, surface tension, and pH were systematically measured.

ﬁﬂ;of;d;m First, it is established that there was no slip velocity at the wall and CGA did not change morphology and
Remediation porosity between the inlet and outlet of the pipes less than 2 mm in diameter. Compressibility effects were
Separation accounted for through the volume equalization approach. Then, pipe shape and diameter have no effect
Bioreactors on the CGA rheology. Finally, CGA can be considered as a shear-thinning fluid. The dimensionless volume
Oil recovery equalized shear stress 7* is proportional to (Ca*)™ where Ca* is the Capillary number and m =0.65 + 0.06.

Aqueous foam
Foam rheology
Pipe flow

The results are in good agreement with theoretical models suggesting t* = C(x)(Ca*)%* where C(x) is deter-
mined experimentally. It is established that ((x) increases with surfactant mass fraction x. The Fanning
friction factor f for CGA under laminar flow conditions follows the standard relationship f=16/Rep where

Reynolds number is determined using the CGA effective viscosity given by . = u;C(x)Ca~13.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Colloidal gas aphrons (CGAs), also called microfoams, consist
of closely packed spherical bubbles between 10 and 100 pm in
diameter and porosity around 0.7 [1]. They are produced by stirring
an aqueous surfactant solution contained in a fully baffled beaker
via a spinning disk driven at high speed by an electric motor [1].

Colloidal gas aphrons have found numerous applications includ-
ing (1) protein or bacteria separation [2,3], (2) soil remediation
[4,5], (3) remediation of contaminated water [6,7], (4) fermenta-
tion and bioreactors [8], and (5) material synthesis [9-11]. These
applications take advantage of (i) their large interfacial area, (ii)
the adsorption of particles at the microbubble interfaces, and (iii)
their stability for enhanced mass transfer [12]. They could also be
used in oil recovery and fire fighting. In most of these applications,
CGA is pumped through columns, pipes, and fittings. Thus, it is of
practical interest to investigate the rheology of CGA to enable opti-
mum process design. It is also of fundamental interest in the field
of soft-matter physics where aqueous foams have been a subject
of intense studies. There, the objectives are to model and measure
the foam morphology and the different physical phenomena taking
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place in foams as well as to predict their effect on the mechanical
and rheological properties [13,14].

Colloidal gas aphrons differ from regular foams in terms of
bubble morphology. Foams consist of gas bubbles covered by a
monolayer of surfactant molecules immersed in the solution which
may contain micelles. On the other hand, the most widely accepted
structure of CGA bubbles, suggested by Sebba [1], speculates that
bubbles are encapsulated in a multilayered shell consisting of sur-
factant and liquid. The main supporting arguments were (i) the
absence of bubble coalescence, (ii) the fact that hydrophobic glob-
ules attach to the surface of the bubbles, and (iii) that when the
CGA is created in dyed water and the generated bubbles are trans-
ferred into clear water, the bubbles contained some dyed water in
their shell. Finally, Sebba [1] did not elaborate on the thickness of
the speculative soapy shell. Amiri and Woodburn [16] estimated
the thickness of the soapy shell to be 750 nm for cationic surfactant
CTAB. They studied the liquid drainage rate in CGA dispersion and
the bubble rise velocity. Bredwell and Worden [12] estimated the
shell thickness to be 200-300 nm for non-ionic surfactant Tween
20, based on the study of gas diffusion from the CGA bubble to the
liquid bulk, assuming that the mass transfer is limited by the rate of
diffusion across the shell. More recently, Jauregi et al. [ 15] employed
freeze fracture with TEM and X-ray diffraction to study the struc-
ture of the soapy shell. They imaged and measured the thickness
of a surfactant shell to be 96 nm. They argued that the shell does
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Nomenclature

a parameter for minor losses, Eq. (12)

B(x) empirical function in 7*=B(x)(Ca*)™, Eq. (18)
) empirical function in t* = C(x)(Ca*)?/3, Eq. (19)
Ca Capillary number, Ca = pr3ya/0

Ca* volume equalized Capillary number, Ca*=
HiT32Ya/€0

d bubble diameter (m)

Dy hydraulic diameter based on the wetted perimeter
(m)

D; Lexan rod inner diameter (m)

Kg, Kug, Kp, Kvg  flow consistency for various models

K11, K2 minor loss coefficients

L distance between pressure sensors (m)

Le entry length (m)

m empirical constant in t* = B(x)(Ca*)™

m mass flow rate (kg/s)

M mass (kg)

n,n’,n” flow behavior indices

AP pressure drop (Pa)

Q volumetric flow rate (m3/s)

32 Sauter mean bubble radius (m)

Rep Reynolds number

t time (s)

Us average fluid velocity in a channel (m/s)

Us wall slip velocity (m/s)

1% volume (m3)

bY surfactant mass fraction (wt.%)

Greek symbols

o empirical constant, us=oTy

B empirical constant, Eq. (9)

Ya apparent shear rate (s 1)

Va-s apparent shear rate corrected for slip velocity (s—1)

Yw true wall shear rate (s~1)

e specific expansion ratio, p;/occa

" dynamic viscosity (Pas)

0 density (kg/m?3)

o surface tension (N/m)

Tw wall shear stress (Pa)

79 yield shear stress (Pa)

1) volume fraction of air in CGA or porosity, Vg/Vcca

Subscripts

CGA refers to CGA

e effective property

exp refers to measured data

f refers to working fluid in general (water or CGA)

g refers to gas in CGA

1 refers to the liquid-phase or single-phase water

w refers to the wall

not provide room for finite inner water phase as proposed by Sebba
[1]. Thanks to X-ray diffraction, they showed that the soapy shell
consisted of more than one layer of surfactant molecules. However,
they noticed a large uncertainty on the exact number of layers. It
remains unclear, however, if and how rheological properties of CGA
differ from that of foams.

The present study aims at experimentally investigating the rhe-
ology of CGA flowing in cylindrical pipes with various diameters
and different concentrations of the non-ionic surfactant Tween 20.
It also compares the experimental results with theoretical models
proposed in the literature for regular foams.

2. Background
2.1. Foam rheology

Liquid foams are known to be non-Newtonian fluids. Different
rheological models have been proposed to predict the evolution of
the wall shear stress 1y as a function of the apparent shear rate y,
[14,17,18]. In brief, the pseudo-plastic power-law model has been
widely used [19-24] after correcting for possible wall slip velocity.
Then, the wall shear stress 7y, the true wall shear rate j4, and the
apparent shear rate y, are related by the power law:

Tw=Kpiy = Kf?i’? = UeVa (1)
where Kp and n are the so-called flow consistency and flow behav-
ior, respectively. The apparent shear rate y, corresponds to what
the wall shear rate would be if the fluid were Newtonian. The

true wall shear rate y4 can be derived from y, through the
Rabinowitsch-Mooney relationship [25]:

. 3n+1)\. , 3n+17"
yw=( . )ya and 1<[,=1<p{ - ] )

On the other hand, Khan et al. [26] found experimentally
that polymer-surfactant-based aqueous foams with porosity larger
than 0.9 and bubble diameter around 65 pm behave as a Bingham
fluid for which the shear stress is expressed as

Tw =T+ I<BJ./W (3)

where 7 is the yield stress and K is an empirical constant.

The Herschel-Bulkley model encompasses the previous mod-
els. It has been used successfully for macrofoams made of aqueous
polymer solutions [14,27] and is given by

Tw = To + Kup 4% (4)

where 7 is the yield stress, Kyg is the consistency, and n’ is the
power-law index.

The above models are typically used for incompressible flu-
ids. However, foams and CGA are compressible fluids which can
be analyzed using the volume equalization method proposed by
Economides and co-workers [19-21] and successfully applied to
flow of polymer foams under high pressure. Their model relates
the volume equalized shear stress to the volume equalized shear
rate according to the power law:

Tw yw "

ke () (5)
where Kyg and n” are empirical constant while ¢ is the specific
expansion ratio defined as the ratio of the densities of the liquid
phase and foams or CGA, i.e., €= p;/pcca =1/(1 — ¢) where ¢ is the
gas volume fraction or porosity.

Moreover, mechanistic models have been developed to over-
come the limitations of empirical correlations in predicting the
rheology of foams made from surfactant solutions different from
those for which they were developed. Earlier models considered
two-dimensional foams with large gas volume fraction (porosity)
and perfectly ordered and monodispersed bubbles. First, Khan and
Armstrong [28] and Kraynick and Hansen [29] focused on the lig-
uid film separating the bubbles as the source of viscous dissipation.
Based on their model, they concluded that foams behave as a Bing-
ham fluid (Eq. (1)). This result was confirmed experimentally by
Khan et al. [26] but contradicts numerous other experimental evi-
dences for both foams [19-24] and emulsions [30].

Alternatively, Schwartz and Princen [31] focused on the Plateau
border where the liquid was assumed to be confined. The authors
expanded Bretherton’s model [32] for pressure drop along a single
bubble flowing in capillary tubes. They solved the Navier-Stokes
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