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Abstract

A rotational rheometer can be used as an interfacial shear rheometer by means of proper acces-
sories that allow one to shear fluid-fluid interfaces in a controlled manner. One of the most used
accessories, even commercially available, is based on a biconical bob geometry. However, recovering
the correct values of the rheological variables is far from trivial. A strategy that has proved to be
successful in other interfacial shear rheometers is to properly account for the interface and subphase
drags by numerically finding the corresponding flow fields and, then, use an iterative scheme to re-
cover the proper values of the complex Boussinesq number and, consequently, the dynamic surface
moduli. Here we propose to use such a scheme for the biconical bob oscillatory rheometer. We
compare our solution with different well known previous approximations, and discuss under which
conditions those approximations may lead to errors in the data processing. We have tested the
performance of our design and numerical framework on several interfacial systems, comparing the
results to those obtained through a magnetic needle rheometer (ISR). We demonstrate that, even
for relatively low values of the Boussinesq number, the numerical flow field solution here proposed
allows one to precisely reproduce the results obtained by the ISR, while those approximations ba-
sed on a linear velocity decay at the interface may introduce spurious effects on the calculation of

the dynamic surface moduli.
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I. INTRODUCTION

Interfacial rheology is the field of science that studies the mechanical properties of two-
dimensional systems, formed on fluid-fluid interfaces, from the relationship between shear,
dilatational, or compressional stresses and deformation. Shear deformations are particularly
suited for this study because interfacial systems usually show a strong dependence of their
properties on the concentration of surface active substances, and shear rheology is performed
at constant area. Understanding the interfacial rheological behavior of complex materials
and how to modify their response to shear stresses is relevant because the dynamic surface
moduli of interfaces play a crucial role in the behavior of numerous systems, from, for

instance, foams or emulsions [1-3] to enhanced oil recovery processes [4, 5].

The experimental characterization of the mechanical properties of interfacial systems
faces an unavoidable challenge: the separation of the interface contribution to the experi-
mentally measured physical quantities from all of the other possible contributions (subphase
drag, inertia of probes in motion, etc.). Generally speaking, the interface and subphase
contributions can be separated by solving the velocity profile at the fluid forming the sub-
phase and at the interface. This is why several analysis of the flow field corresponding to
different interfacial shear rheometers can be found in the literature. In a pioneering work,
Reynaert et al. [6] proposed a numerical scheme to solve the Navier-Stokes equation with
the Boussinesg-Scriven boundary condition [7] at the interface to find the flow fields for the
case of the shear channel of the magnetic needle interfacial shear rheometer. They showed
that non-linear velocity profiles at the interface do appear for low values of the Boussi-
nesq number, Bo. Indeed, they demonstrated that the simple subtraction of the subphase
contribution leads to errors in the calculation of the dynamic surface moduli, so that an
appropriate processing of the experimental data requires the consideration of a more refined

velocity profile.

The same idea was implemented to analyze the double wall ring geometry [8] obtai-
ning similar conclusions: the coupling between the surface and the subphase can lead to
a non-linear velocity profile at the interface that must be considered when the subphase
contribution is not negligible with respect to the surface contribution. Moreover, they used
the flow field solution together with an iterative procedure to find the correct value of Bo

from the experimental raw data. A similar data processing scheme was successfully used



later for the magnetic needle interfacial shear rheometer [9].

Interfacial rheometers based on rotational rheometers with appropriate fixtures and data
processing are instruments of choice as starting instruments in interfacial rheology laborato-
ries. The versatility of using a conventional rotational rheometer, with slight modifications,
as an interfacial rheometer has motivated the development of different designs over the last
decades. Perhaps the first contribution in this field was the bicone geometry [10]. Later,
du Noiiy ring fixtures were used to implement more sensitive configurations in rotational
interfacial rheometers [11]. More recently, the above-mentioned double wall ring (DWR)
geometry was proposed as a two-dimensional equivalent of a double wall Couette setup [§].
Although rotational interfacial rheometers typically do not achieve the instrument resolution
reached by modern magnetic probe interfacial theometers [12, 13], they are the instrument
of choice when hard samples are measured because they can impose much higher shear
stresses. In comparison, the DWR geometry is, in principle, more sensitive than the bicone
geometry due to its much lower inertia and contact area with the lower and upper phases.
Nevertheless, the bicone geometry is still extensively used in different fields [14-16] and is
commercially available from several manufacturers.

In this work we focus on the most usual hydrodynamical configuration of the bicone
rheometer, that of a stationary cup containing the fluids and a biconical bob performing
an oscillatory motion (OB -oscillatory bob- hereafter). There is a lack of an explicit so-
lution for this hydrodynamic problem in the literature. Indeed, the experimental works
using this configuration of the bicone geometry refer to theoretical models devised for other
hydrodynamical conditions or approximations based on them.

For instance, Oh et al. [17] proposed an exact solution of the velocity profile of a vis-
cometer consisting on a stationary bicone suspended by a torsion wire and a cup rotating
with constant angular velocity (this rotating cup system will be labeled as RC -rotating
cup- hereafter). Because the velocity distributions at the interface and the fluid phases are
supposed to be independent of time, inertial effects are not considered in this model.

Later, Ray et al. [18] proposed an exact solution of the bicone geometry in a different
configuration: the cup is forced to oscillate at the desired frequency, and the bicone, sus-
pended by a torsion wire, performs an oscillatory motion as a consequence of the subphase
and surface drags on it (this configuration, in which both, the bicone and the cup perform

an oscillatory motion, will be labeled as OC-OB hereafter).
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Concerning the currently most usual configuration, the OB system, Erni et al. [10]
proposed an approximate solution of the velocity profile by adapting the model proposed by
Oh et al. for the RC viscometer, assuming that the velocity field corresponds to the Oh et al.
solution for the instantaneous values of the speed. However, the Oh et al. solution pertains
to the constant angular velocity condition, so that this approximation should certainly fail at
high frequency, particularly when the subphase viscosity is relatively low (water subphases

for instance).

The main goal of our work is to provide an accurate scheme to process data from biconical
rotational rheometers, which are still widely used in many laboratories. As we show in the
manuscript, till now the processing of all of those data has been based in a theoretical
model strictly valid only for the constant rotation of a cup, which is obviously not the
commonly used geometry. The central point of the present paper is to propose, in the same
spirit as in [6, 8, 9], a practical approach based in a numerical solution of the flow field
equations to calculate the values of the rheological parameters from the raw amplitude ratio
and relative phase measurements. Our scheme allows any rheologist to build up a bicone
interfacial shear rheometer around any classical rotational rheometer at his/her disposal in
the laboratory, and to setup a proper data processing scheme that will improve the resolution
of the instrument and will yield a proper separation between elastic and viscous components

of the response.

The formulation of the hydrodynamical problem allows for a very simple adaptation to
different configurations (stationary, rotating or oscillating cups and/or bobs) by just chan-
ging the boundary conditions. Here we focus on the application of this scheme (numerically
finding the flow field plus iterative computation of Bo) to the most widely used [14-16]
OB configuration. In that purpose we, first, check the performance of this scheme against
configurations with well known exact solutions. Second, we analyze under which conditions,
the simple adaptation of the RC viscometer proposed by Oh et al. to the OB problem may
lead to significant errors in the data processing. Third, we apply our model to process the
experimental raw data obtained from a conical bob geometry setup on a conventional rotati-
onal rheometer. Finally we crosscheck the validity of this model by performing experiments
on interfaces with well known rheological behavior (thin films made of silicone oil) and on
fatty acid Langmuir monolayers, comparing the results with those obtained by means of a

different interfacial rheology technique (magnetic needle shear rheometer).
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For the sake of clarity we have restricted the present study to air-liquid interfaces so
that only the lower cone has to be taken into account. The extension of the analysis here
reported to the two liquids case is, conceptually, straightforward, but it requires to include
the effects of the hydrodynamic boundary conditions at the interface of the upper liquid
with the upper cone and the bicone shaft, and at the upper liquid top surface.

II. MATERIALS AND METHODS
A. Experimental setup

The schematic of the device is shown in Fig. 1. The single-cone bob (1) was precision

machined in aluminum, with a cone angle o = 5° and radius Ry = 34 mm. A very simple non
optimized demonstration sample holder was machined in a single delrin block giving a cup
(7), with radius R = 40 mm, and height A = 22 mm. The cylindrical Delrin cup is connected
by means of a 4 mm wide and 6 mm deep channel (5) to a 7 x 11 x 0.6 cm Langmuir trough.
The mobile Delrin barrier (4) is controlled by a linear stage (8) (TRA25CC, Newport) with
a precision better than 1 um, so that the interface can be compressed and expanded. The
surface pressure is measured at the Langmuir trough by means of a precision balance (3)
(NIMA PS-4) with a paper Wilhelmy piece. The resolution in the surface pressure measu-
rements is +0.05 mN/m.
The conical bob is mounted on a conventional rotational rheometer (C-VOR, Bohlin In-
struments). All of the measurements were performed in the stress controlled mode taking
care that the stress amplitude was low enough to guarantee that the strain does not exceed
the appropriate limit for each experiment. The bottom part of the Delrin cup was kept
in good thermal contact with a stainless steel piece (2) having an inside fluid circulation
coil (6) whose flow was driven by a Polyscience P-9010 thermostatic bath that provides a
temperature stability of £0.01°C.

A key parameter in the forthcoming analysis is the rotor+bob moment of inertia about
the rotation axis. This parameter has been precisely measured performing frequency sweeps
at fixed stress amplitude and fitting the angular displacement amplitude to the theoreti-
cal prediction (see supplementary material for details). The rotor+bob moment of inertia

measured was I = (2.42 +0.02) x 107° kg - m?.
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FIG. 1: Schematics of the conical bob and the measurement cell, comprising the following
elements: (1) Aluminum conical bob, (2) Stainless steel cylinder with internal water
circulation (Bohlin C-VOR), (3) Surface pressure sensor, (4) Delrin barrier, (5) Channel
connecting the Langmuir trough and the cylindrical cup, (6) Thermostatic bath 1/0, (7)

Delrin measurement cell, and (8) Linear stage controlling the barrier displacement.

From the rheometer control software, provided by the manufacturer, we obtain the raw
torque and angular position data. According to the technical datasheet of the rheometer, the
nominal torque and position resolutions are AT = InN-m and Af = 0.9 urad, respectively.
Hence, in order to make precise stress controlled measurements with, let us say, less than 5%
error in the selected torque, the minimal torque value that can be used is T,,;, = 20nN - m.

In the conical bob experiments, a continuous oscillatory motion is performed for a time
lapse spanning six periods of the forcing frequency. The standard rheometer control software
yields the raw torque and displacement data, the torque-displacement amplitude ratio, Tt /6,
and the phase lag, 9.

The experimental results obtained with the conical bob in the rotational rheometer have
been cross-checked by comparing them with measurements on identical systems performed
with a magnetic tweezers driven interfacial shear rheometer (ISR) [12]. Typically, we have
used two different probes for the ISR: a conventional needle (KSV-NIMA, ISR38) with
length L, = 38.3mm, mass m, = 15.8mg, and external diameter d, = 0.4mm, and a
microwire probe [19] with length Lyw = 8.5 mm, mass myw = 1.9 x 1072 mg, and external
diameter dypw = 24.6 um. The shear channel used in these experiments was 2 cm wide. The
data processing for the calculation of the dynamical surface moduli has been fully described

elsewhere [12].



Regarding the experiments on fatty acid monolayers, in both rheometers, they were
performed under continuous compression at a constant rate of 0.2cm?/s for the ISR, and
0.03 cm? /s for the conical bob rheometer. All of the oscillatory measurements were made at
a constant frequency f = w/(27) = 0.5 Hz. In both rheometers the amplitude of the probe
oscillation (the magnetic needle or the conical bob) was adjusted in every experiment on

fatty acid monolayers in order to keep the strain below 1%.

B. Test fluids

All of the experiments were carried out on air-water interfaces. The subphase was al-
ways formed by Milli-Q quality water obtained from a Millipore DirectQ3 system. In order
to study the validity of the proposed analysis, we have experimentally studied purely vis-
cous interfaces made of silicone oil thin films, and viscoelastic interfaces made of fatty acid

Langmuir monolayers.

Purely viscous interfaces were prepared by spreading thin films of silicone oil (Fluka
DC200, 7, = 33 Pa-s and 1o = 1 Pa-s at 25°C). The rheological experiments were performed
after waiting for two hours, so that it is assumed that the silicone oil film was homogeneous
in depth, e. Being ¢ = V/A, where A is the area of the free air-water interface, and V' is
the volume of silicone oil spread on the interface, the expected surface viscosity of the film

is then given by 7y = ne [9].

For reasons that will be discussed in the Section II1 C2, we have chosen to measure vis-
coelastic interfaces formed by Langmuir monolayers of two different fatty acids: lignoceric
acid (C24, Sigma Aldrich), and pentadecanoic acid (C15, Sigma Aldrich). The monolayers
were formed by spreading a solution of the fatty acid in chloroform (Sigma-Aldrich CHRO-
MASOLV) onto the air-water interface, and waiting for 25 min for chloroform evaporation
and stabilization of surface pressure and temperature. The concentration of the fatty acid
in chloroform solution was 1g/L for those experiments performed in the ISR, and 0.1g/L
for those experiments performed in the conical bob rheometer. The measurements were
performed at the L2 phase of the C24 fatty acid, and the L2 and LS phases of the C15 fatty
acid at a temperature of 25°C [20].



C. Hydrodynamical model for the oscillating conical bob problem

Following Reynaert et al. [6] we want to build a simple hydrodynamic model that will

incorporate a description of the flow at the subphase, and, more importantly, the coupling

between subphase and interfacial flow fields. The approximations here chosen are as follows:

a)

The velocity fields at, both, the subphase and the interface are axisymmetric and hori-
zontal. This means that the velocity fields can be represented, in cylindrical coordinates,
by just azimuthal velocities that are functions independent of the azimuthal angle, 6, so
that the problem can be formulated as a two-dimensional problem in the plane (7, z).
More complex and accurate non horizontal representations of the velocity field at the sub-
phase can be devised (see for instance the analysis in [21] for the knife edge viscometer).
However, for the range of dynamic moduli measurable with the conical bob geometry and
the small typical strains used in oscillatory measurements, these secondary flows should
be hardly relevant, and would imply a much higher computational cost. We assume that
the azimuthal velocity is low enough to neglect the occurrence of flow instabilities, since
the bicone performs very small amplitude angular oscillations at frequencies below 10 Hz.
Values of the Reynolds number will be given later in connection with the discussion of

the experimental measurements.
The interface is horizontal.

The conical bob can be represented as a null thickness disk. In the oscillatory case,
this approximation is valid provided that h — tan(«a)Ry; > £,,, where £, is the viscous
length scale corresponding to the subphase, ¢, = /n/(pw) [22]. For a water subphase
(n = 1mPa - s) and the typical frequencies (0.05-5Hz), this condition is satisfied (see
supplementary material for details). In other words, because the length scale in which
the subphase velocity decays is negligible with respect to the distance from any point of
the cone surface to the bottom of the measurement cell, the velocity profile along any
vertical axis for the conical bob is well approximated by the profile corresponding to a
null thickness disk. In the constant rotation case, the relevant length scale is h and the

approximation is valid provided that tan(a)R; < h.

In Fig. 1 we represent the geometrical parameters and the reference frame used in this

study. Within the above mentioned approximations, the velocity of a fluid element, loca-



ted in the position (7,6, z) in cylindrical coordinates, would be represented by a function
vg(r, z,t). Then, the corresponding expression of the Navier-Stokes equations in cylindrical

coordinates is

(1)

vy _ (0%0 Ovg | 100y %)
ot p\orz 022 ror r2)’
where 7 is the viscosity of the subphase fluid, and p is its density.
Let us consider that the disk is forced to perform an oscillatory displacement with angular
amplitude 6y and angular frequency w, i.e., 0(t) = 6ye™?t. The azimuthal velocity at the
disk edge will then be vy 4(t) = i Riw b e™". Following Ref. [6], once the transients have

decayed, we can represent the azimuthal velocity of any fluid element as proportional to the

azimuthal velocity at the disk edge,
vg(r, 2, ) = g*(r, 2)vg.a(t) = i Ryw g*(r, 2)0pe™", (2)

where ¢g*(r, z) is a complex function whose real and imaginary parts represent the compo-
nents of the velocity of the fluid element in phase and out of phase with that of the disk,

respectively. From the substitution of Eq. 2 in Eq. 1, the equation governing ¢*(r, z) is

o n (g*(r,z) g (r,z) 10g*(r,z) g*(r,2)
ZWQ(T’Z):;( Or? * 022 +; or 2 )

This equation can be written in non—dimensional form as

(3)

Fg(r,z)  Pg(rz) 1991z g2
or? 072 roor 2

i Reg*(1,z) = , (4)

where the symbols with overbars represent spatial variables that have been normalized by

taking
r= % and
z
7= 5
=2, (5)
and the Reynolds number has been defined as
R2
Re =270 (6)
n

The boundary conditions are no slip at the cup walls and bottom, zero velocity along the

z axis, and no slip at the disk surface. These conditions can be represented in terms of the
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function g* as

g°(r,0) =g"(1,2) =0,
g*(0,2) =0, and
_ F
(T < Ri,h)=—=. 7

g (r < By, h) 2 (7)
The boundary condition at the air-water interface, i. e., for Ry < 7 < 1 and z = h, is given
by the Boussinesq-Scriven condition [7], which depends on the complex surface viscosity of
the interface, n¥ = n. —in”. In cylindrical coordinates, this condition takes the form
dg* o (10

g, =Bo"— | ==

0z 7 or

(rg*)) cat Ry <F<1,z=h, (8)

* or
where we have used the complex Boussinesq number, Bo*, defined as [10, 18]
"

Bor = 'ls Rnns ' 9)
We have solved Eq. 4 with the above mentioned boundary conditions by means of a second
order forward and backward finite differences method within Mathematica (WolframAlpha).
Given the symmetry of the problem, it suffices to solve Eq. 4 in the rectangle defined by
0<7<1and0< z < h. We performed thorough tests of the convergence and precision
of the method depending on the spatial resolution chosen. The difference between the total
torque calculated through the resolution of the flow field by using a mesh with 100 by 100
nodes in the (7, z) plane, and a mesh with 150 by 100 nodes in the (7, Z) plane, is less than
0.1%. For the study here reported we used a mesh with 200 by 100 nodes in the (7, Z) plane,
which proved to be, both, highly precise and reasonably fast.

To illustrate the results of this model, we show in Figs. 2a and 2b the azimuthal velocity
profile at the interface, ¢*(R; < 7 < 1,z = h), for different values of w and Bo*. Filled
symbols represent the real part of g*, Re[g*], which is proportional to the component of
the azimuthal interfacial velocity that is in phase with the azimuthal velocity of the disk.
Open symbols represent the imaginary part of g*, Im[g*], proportional to the component
of the azimuthal interfacial velocity that is out of phase with the azimuthal velocity of the
disk. Re[g*] is linear and Im[g*] is negligible for relatively high Boussinesq number and low
frequency. However, as the Boussinesq number is decreased (Fig. 2a), or the frequency
increased (Fig. 2b), Re[g*] decays in the vicinity of the disk edge, while Im[g*] becomes

comparable in amplitude to Re[g*].
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FIG. 2: Velocity profile at the interface for the geometrical parameters described in the
Section IT A, and calculated for different frequency (right) and Bo* (left) values. Filled and
open symbols correspond to the real and imaginary parts of g*, respectively. a) and b)
Oscillating conical bob and stationary cup system. c) and d) Oscillating cup and

stationary conical bob system.

One interesting consequence when Re[g*] not linear, is that ORe[g*]/0F at ¥ = R, is
higher in absolute value than the corresponding value for the linear profile. In consequence,
the surface dynamic moduli calculated from the experimental data of torque and angular
displacement assuming a linear velocity profile for vy at the interface would be overestimated.

This phenomena will be analyzed in detail in the Section I11B 2.

In Figs. 2c and 2d we plot the velocity profile at the interface for a different set of
boundary conditions, namely, those corresponding to the stationary conical bob - oscillating

cup configuration (OC hereafter). Full details of this calculation and its motivation will be
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given in the Section III A 2. At this point, our purpose is to highlight that, for this system,
the gradient of the azimuthal velocity at the interface is also higher at the mobile element
(the cup in this case), and, more importantly, the radial component of the gradient of the
velocity at 7 = 1 and 7 = R; do not equal those corresponding to the OB system shown
in Figs. 2a and 2b (this can be clearly seen in the curves corresponding to Bo* = 0). In
consequence, the drag on the conical bob and the cup in the OC configuration are necessarily
different from those corresponding to the OB system.

Fig. 2 qualitatively shows the dependence of ¢¢ [22], the size of the interfacial region
necessary to bleed the conical bob (or cup) momentum into the bulk, on frequency and n}.
The velocity profile at the interface approaches a linear dependence on 7 as f decreases or

n: increases. Following Fitzgibbon et al. , we can define /% as

_ s B 1/2 [ B * [
gi} KR ’ Ow’ g | 0 |77.S (10)

where /,, is the viscous length scale defined previously, and Bo}, is a frequency dependent

Boussinesq number that uses £, instead of R as length scale,

;o
b, Ew l

(11)

Fig. 3 represents £, versus |Bo*| for three different frequencies, f = 0.05Hz, f = 0.5 Hz,
and f = 5Hz. The horizontal dotted line represents the width of the free interface given
by the distance between the conical bob edge and the cup wall, 1 — R;. The velocity
profile at the interface is well represented by a linear dependence on 7 when £ > 1 — Ry,
being 1 — R, the characteristic length scale in these cases. On the contrary, the velocity
decays in the vicinity of the mobile element when £, < 1 — Ry, being £° the characteristic
distance at which the interfacial momentum is attenuated. We will return to the question
of the characteristic length scale when discussing the differences between the OB, OC, and
OC—-O0OB configurations.

D. Data processing

Once the flow field is obtained through the numerical solution for g*(r, z) one can readily
calculate, as will be shown in this Section, the subphase and surface drags on the conical

bob and the cup in a single step, properly accounting for the possible existence of an out

12



1 O T T T T T

—=0.05 Hz
- --f=0.5 Hz .
- f=5 Hz /‘/‘
1L R
LN
01F T e ;
0.01¢ :‘// E

001 01 1_ 10 100 1000
|Bo|
FIG. 3: Characteristic length at which the interface momentum is attenuated, £2, versus
| Bo*|, for three different frequencies, f = 0.05Hz, f = 0.5Hz, and f = 5Hz. The

horizontal dotted line represents the value 1 — R; = 0.15.

of phase component of vy and its non linearity. In addition, both the differential equation
4 and the boundary conditions given by Eqs. 7 can be easily adapted to obtain the flow
field corresponding to different interfacial viscometric or rheometric systems, such as the
stationary bicone-rotating cup (RC) viscometer [17], the oscillating cup and bicone rheome-
ter (OB-OC) [18, 23|, and the stationary cup and rotating bicone (RB hereafter) viscometer
[10]. In the Sections IIT A 1 and III A 2 we will compare the flow field solutions here obtained
with other previously reported for some of these systems, and discuss the performance of
the different designs.

The rotational rheometer measures with good precision the torque imposed on the ro-

tor-++conical bob ensemble and its angular displacement, which can be represented as
0*(t) = Bpe™",
T*(t) = Toe™" 0 = Tye™", (12)

From the relationship between the torque and the angular displacement, we can define the

amplitude ratio and phase lag as

T*

ap - 18

R 8
J = arg (AR"). (13)

The amplitude ratio and the phase lag are related to the interfacial dynamic moduli through

13



the torque balance equation

T°(0) + Lo () + ) = 1700, (14

where 717, and 17 . are, respectively, the subphase and surface drag terms. In principle,
one might include a friction term proportional to 06(t)/0t on the left hand side of Eq. 14
that would represent an eventual frictional torque appearing at the rotor air bearing of the
rheometer. However, in the case of the rotational rheometer here used, careful checks, made
by fitting the experimental rotor response to the application of a constant torque with finite
initial angular velocity to the theoretical expression, show that this frictional torque on the
rotor air bearing is always negligible when compared with the other terms in Eq. 14 (see
supplementary material for details).

The subphase and surface drags can be calculated from the gradient of the azimuthal

velocity on the conical bob lower surface and edge, respectively, as
dr

R1 ov
T = — omr2 [ 220
sub /() nsmr (82) -
) Ry a *
= —inWRlné’oeWt/ r? ( J )
0 0z

« % 81)9 Vo
surf — 77527TR% (W - _)

dr and
z=h

r r=R1,z=h
— iw2r 2R Bo'nfye | 1y (22 1 (15
1 novope 1 . )
87” r=R1,z=h

The drags can be written in non—dimensional form as

Ry *
[, = —Rl/ 7 (ag ) ‘ dr and
0 52’ 5—h

* D2 -1 1
surf Rl (Rl ( or ) ‘r]_%hzh > ’ ( 6)

where the torque has been normalized as

_ T+
T = : ) 17
iw2mhyet R3n (17)

Taking into account Egs. 2, 14, and 15, the amplitude ratio, the azimuthal velocity amplitude

function g*, and the complex Boussinesq number, Bo*, are related by the following expression

Ry * *
/ 2 (ag ) dr — RiR Bo* | R, (ag ) 1) | = 1w
0 0z z=h or r=R1,z=h

(18)

AR" = iw2nRin
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Observe that ¢g* depends on Bo* in a non trivial way, so that this is an implicit equation in
Bo* and, consequently, cannot be solved directly. Instead, we build up a numerical iterative
procedure similar to that proposed by Verwijlen et al. [9] for the magnetic needle interfacial

shear rheometer, and successfully used later in [12, 19]. We start from the experimentally

*

op» and a suitable initial value of the complex Boussinesq

measured amplitude ratio, AR
number, Bo*!"=1. Solving the hydrodynamic equations for the flow field with Bo*{"=1}

allows us to calculate the subphase and surface drag torques and to obtain the corresponding

*

- Then, we obtain a new corrected value for Bo*, and

amplitude ratio from Eq. 18, AR,
we repeat the whole process with the newly obtained complex Boussinesq number in an

iterative way, i.e.,

A AR} ,
Bo* it — =P gy}, (19)

AR
This procedure is repeated until convergence is obtained. Throughout the rest of the paper,
the convergence criterion employed is that AR, and AR}, coincide within 0.1%. Then,

the dynamic surface moduli, G/, and G are obtained from the definition of the complex

Boussinesq number
G — G, = wRnBo*, (20)
where the complex dynamic surface moduli and the complex surface viscosity are related by
G = iwn;. (21)

Typically, the number of iterations required to reach convergence depends on the relative
importance of the surface drag when compared to the subphase drag and the rotor inertia.
The higher the surface drag, the lower number of iterations is needed. For the reported

experiments, the number of iterations varies from 10 to 150.

III. RESULTS AND DISCUSSION

The goal of this report is to illustrate the performance of the application of the above
described computational scheme to the nowadays more popular configuration of rotational
bicone rheometers, namely the one with oscillating bicone and stationary cup. With that in
mind, we will start by discussing the application to some other benchmark configurations

taking advantage of the scheme versatility.
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A. Benchmarking the numerical scheme
1. The constant velocity rotating cup (RC) viscometer

Because there is a lack of an explicit flow field solution (exact or numerical) of the
OB configuration in the literature, we first use the exact solution of the RC viscometer
[17] to benchmark our numerical model. By choosing appropriate boundary conditions it
is straightforward to apply our scheme to the instrument design proposed and analyzed
by Oh et al. [17]. In such a device, the cup containing the sample is forced to rotate
at a constant angular velocity €2, while the bicone is attached to a torsion wire. As a
consequence of, both, the subphase and surface drags, the bicone will become stationary at
a new equilibrium angular position, from which one can calculate the torque imposed by the
flow field on the bicone. Oh et al. derived an exact solution of the Navier-Stokes equation
for this configuration. Besides the approximations enumerated in the Section I1 C, Oh et al.
considered Newtonian liquids and neglected inertial effects with respect to viscous effects.

Under such conditions, the azimuthal velocity at the interface is given by [17]

Zsz {Jl &r) — };1 ( _Rz) Jl(&Rl)} }fj <11__—;-:%> (22)

where the normalization of the azimuthal velocity in Ref. [17] is

v
o= pq T (23)

Moreover, J; is the first order Bessel Function of the first kind, &; is the i-th zero of J;, and

A; are coefficients given by

_ 26
~ tanh(&h)

T2 {/1 v’ Ji(&r")oe(r') dr' — 5R2J2(§i31)}- (24)

This elegant solution allows one to calculate the velocity profile at the interface and the
total torque on the bicone with no need for solving the complete flow field. However, Eq. 22
is also an implicit equation and a numerical scheme is necessary to solve it. In that purpose,
Oh et al. proposed an iterative procedure, using a mesh with 100 nodes at the interface.
Starting from a first estimate for vy, the coefficients A; are calculated from Eq. 24, and
a corrected profile for vy is then calculated from Eq. 22. This iteration is repeated until

convergence is reached. Once vy is known, the total torque on the bicone can be calculated
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as [17]

Jl &Rl) ZR%BO
QR = 25
Z{ 11—R2}+1—R%’ (25)

where the torque is normalized as indicated in Eq. 17 recasting 8pe™? as Q.

Eq. 22 can also be solved through a different numerical approach. Dividing the interface
in a mesh with 100 nodes, we can substitute the integration in Eq. 24 by its numerical
approximation (using, for instance, the trapezoidal rule). Then, the substitution of Eq. 24
into Eq. 22 yields a 100 by 100 system of linear equations. Finally, because the boundary
conditions are known, the number of equations equals the number of unknowns and the
linear system can be directly solved without the necessity of an iterative procedure. Hence
we have two different ways to solve numerically the Oh et al. problem (Egs. 22 and 24),
and we want to compare their results with those obtained from the numerical solution of
Eq. 4 with w = 0 and appropriate boundary conditions for the RC system. In this case, the
azimuthal velocity is fixed at the cup rim, it has a linear radial profile at the cup bottom,
and it is null at the conical bob surface and at the symmetry axis. In terms of the azimuthal

velocity amplitude function these boundary conditions read

9(1,2) =1,

g(r,0) =,

g(F < Ry,h) =0, and

g(0,z) =0. (26)

The boundary condition at the air-water interface is again defined by Eq. 8. Notice that,
in this case (non oscillatory motion) ¢(7, z), Bo, and 1 must have only real parts. The
corresponding torque balance expression has to be modified, so that, once g(7, z) is known,
the non—dimensional total torque imposed by the subphase and the surface on the conical

bob after all transients have decayed is

Ri
T = Tsub + ﬁurf = _/ f2 <8_€> ’ dr + R%BO (a_g)
0 aZ s—h 87‘

Incidentally, w = 0 means that ¢ and ¢, tend to infinity, which merely means that the

(27)

F=R1,z=h

relevant length scales for the linear momentum diffusion are the interface width and the

subphase, respectively.

17



TABLE I: Values of the non—dimensional torque, T', obtained, respectively, through the
Oh et al. numerical scheme for solving Eq. 22 (Table I of [17]), our numerical approach to
solve Eq. 22 through a system of linear equations (S.L.E.), and the procedure based on the

full numerical solution of the flow field equation (Egs. 4, 26, and 27) through a forward

and backward second order finite differences method (F.B.F.D.). The geometrical
parameters are R; = 0.8536 and h = 0.2252.

Bo Ref. [17] Eq. 25 Eq. 27
(S.L.E.) (F.B.F.D.)

10 54.74 54.74 54.80

1 6.407 6.405 6.423

0.1 1.559 1.557 1.555

A quantitative comparison can be made through the comparison of the total torque on
the bob. The results obtained through the three schemes for the values of the geometrical
parameters given in [17] are summarized in the Table I. As can be seen, both numerical
approaches based on the Oh et al. exact solution and our scheme based on the fully numerical
solution of the flow field equations are in good agreement, with deviation of less than 1% in
any case. The good agreement between the here proposed scheme based on the numerical
solution of the flow field equations (Eq. 4) and the exact solution for the RC system [17]
allows us to assume the accuracy of the numerical scheme to explore different configurations

(as the RB, OC or OB systems) by just imposing the proper boundary conditions.

It is illustrative to analyze under which conditions the RC and the RB viscometers are
equivalent. In other words, under which conditions Eqs. 22 and 25 proposed by Oh et al.
for the RC system can be directly adapted to the RB system, as stated in Ref. [10]. We can,
again, rewrite the boundary conditions and explicitly solve Eq. 4. Regarding the boundary
conditions for the RB system, the velocity is null along the symmetry axis, and at the cup

wall and bottom. Moreover, it increases linearly along the radial direction under the bob
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surface. Hence, the boundary conditions for the RB configuration are

g(0,2) = 0. (28)

The velocity profiles at the interface for the boundary conditions given in Eqs. 28 and 26
are compared in Fig. 4 for Bo = 0.02. It can be seen that the velocity gradient is higher
at the conical bob edge, regardless whether the rotating element is the cup or the bob. In
addition, the solid curves in Fig. 4 represent the radial derivative of the interfacial velocity
for the RB and RC systems, given by (9g/0F — g/7)R,, where R, = 1 for the RC system,
and R, = R, for the RB system. These curves perfectly superimpose on top of each other,
demonstrating that the RB and RC systems are equivalent in terms of the torque measured
on the conical bob. Moreover, we have calculated the non—dimensional torque for the RB
system as a function of Bo, and it exactly reproduces the values shown in the last column
of Table I. Thus, the RB and RC systems (for which the azimuthal velocity is constant and,
in consequence, there is no inertial contribution) are equivalent, and the torque measured

on the conical bob does not depend on whether the rotating element is the cup or the bob.

2. The oscillating cup vs oscillating bob rheometers

Oscillatory shear experiments allow one to analyze the rheological response of the interface
from a different perspective than the constant rotation viscometry experiments. Indeed, they
yield a nice separation of the elastic and viscous components of the interface response. In
consequence, several designs of interfacial rheometers based on bicone geometries with the
capability of imposing an oscillatory shear stress on the interface have been reported. These
devices may be classified into two main groups: i) Oscillating cup devices, in which the cup
containing the sample is forced to perform an oscillatory motion while the effect of the total
drag on the bicone is measured through its angular displacement (OB-OC systems) [18, 23],
and ii) Oscillating bob devices, in which, both, imposing the external torque and measuring
the angular displacement are performed on the biconical bob (OB systems) [10].

A general comment regarding the resolution of this type of instruments is in order here.
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FIG. 4: Velocity profile at the interface calculated from the numerical solution of Eq. 4
for w = 0 and the boundary conditions given by Eqs. 26 (open circles) and 28 (filled
squares). The Boussinesq number is Bo = 0.02 and the geometrical parameters are those
described in the Section II A. The right vertical axis represents the radial derivative of the
interfacial velocity, (0g/0F — g/7)R., where R, = 1 for the RC system, and R, = R, for
the RB system. These two curves superimpose on top of each other, yielding a single curve

(blue solid line).

It has been shown [18] that, for those devices in which the external torque is imposed on the
cup while the subsequent oscillatory displacement is measured on the bob, the ratio of the
bob displacement amplitude to the cup displacement amplitude vanishes for low values of the
complex viscosity or high frequencies. From Eq. 10 we know that the characteristic length
at which the interfacial momentum is attenuated, £2, is proportional to (|77;‘| /w1/2)1/2. The
distance £2 satisfies /5 < 1 — R, in the regime of low values of |?| and high values of w. In
the OB-OC configuration under these conditions, the cup momentum is attenuated in the
vicinity of the cup wall, while the measurement of the angular displacement is conducted on
the conical bob. Hence, the resolution in the angular position of the bob will be a strong
limitation in the measurements, unless the interface is subjected to very high strains in the
vicinity of the cup wall. In other words, one should expect the OB systems to be more
precise than the OB-OC ones because both the forcing torque and the measurement of the
angular displacement are conducted on the same element, the conical bob. This fact has
made high precision rotational rheometers a preferred choice as base systems upon which to

implement interfacial shear rheometers with conical bob fixtures.
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A major contribution to the development of oscillating bob interfacial rheometers was
made by Erni et al. [10]. Briefly, they adapted the model developed by Oh et al. [17] (Egs.
22 and 24) to the OB system by imposing appropriate boundary conditions on Eq. 22,
and recasting the constant angular velocity (€2 in the Oh et al. solution) as Q(t) = ge™’.
However, adapting the Oh et al. solution for the RC system to the case of the OB system is,
in principle, not trivial. Indeed, the original Oh et al. solution corresponds to the boundary
conditions of the RC system and they are implicitly included in the solution represented by
Eq. 22.

Thus, two main concerns arise regarding the calculation of the OB system velocity profile
from the adaptation of the RC system solution. First concern is related to fluid inertia.
Observe that the fluid density, p, does not intervene in Eqs. 22, 24, and 25, so that fluid
inertia is neglected in the Oh et al. solution. Because the oscillatory problem involves
fluid accelerations and in most cases the subphase is made of low viscosity liquids, this
approximation has to be taken with care. Second, using Eq. 22, which pertains to a moving
cup problem, as a solution for the flow field of a moving bob problem is non trivial. Indeed,
we have shown (see Fig. 4) that the flow fields for the moving cup and moving bob are
equivalent for the constant angular velocity rotation problem, i.e., when all transients have
decayed. However, we have shown also (see Fig. 2) that this is not the case for the oscillating
cup and oscillating bob problems, particularly when low viscosities are involved. In other
words, OB and OC systems should be equivalent only if the oscillation period is much longer
than all of the characteristic times of the problem including those introduced by fluid inertia.
Hence, the interplay of inertia and acceleration in the oscillatory problem deserves a careful
analysis in order to clarify when OC and OB systems are equivalent.

To illustrate the differences between both, OB and OC systems, we have numerically
solved the flow field equations for, on the one hand, the OB system, i.e., Egs. 4, 7, and
18, and, on the other hand, the OC system, which are Eq. 4 with the following boundary

conditions

g (F < Ry, h) =0. (29)



The velocity profile at the interface for the OB and the OC systems are shown in Figs. 2a-2b
and 2c¢-2d, respectively. As it was mentioned in the Section II C, the shape of the curves
corresponding to the OB and OC configurations differ when ¢35 < 1 — Ry, allowing one to
expect that, when the characteristic length of the system is /% instead of 1 — Ry, the torque
on the conical bob depends on whether the oscillating part is the cup or the bob. We have
quantitatively compared the torques for both systems, where the torque corresponding to
the OB system is given by Eqgs. 15, while the torque corresponding to the OC system can
be calculated from the summation of the torques due to the subphase and the surface drags,

which are given, respectively, by the following expressions

Ry *
stlb = _/ f2 (ag ) ‘ df,
0 02 5—h
_ ag*
f o= R2Bo* | == : 30
surf 1o ( oF ) ‘T_ha_h ( )

The comparison of the total torque for both systems is shown in Fig. 5, where the solid curves

correspond to the OB system and the dashed curves correspond to the OC system. More
precisely, in Fig. 5 we represent the modulus and the argument of the total non—dimensional
torque on the bob versus | Bo*| for three different w and arg(Bo*) combinations that represent
three different characteristic cases: (a) f = 0.05Hz and a purely elastic surface, (b) f =
0.5 Hz and a viscoelastic surface, , = 7, and (c) f = 5Hz and a purely viscous surface. All
of the curves correspond to the same set of geometrical parameters described in the Section
IT A (see supplementary material for results on other combinations of w and arg(Bo*)).

As expected, the total torque on the bob for both systems coincides at high values of
|Bo*|, at which £2 > 1 — R; and the interface velocity is linear in 7, while they clearly

separate for lower values of the complex Boussinesq number, for which /5 < 1 — R; and

2 is the characteristic length scale. Moreover, in the OC configuration, }T* remarkably
decreases upon decreasing | Bo*|, which is in agreement with the behavior mentioned in [18].
Thus, these results reinforce the arguments above explained: i) Systems based on a OB
configuration are expected to be more sensitive, and ii) the two different systems are not, in
general, equivalent, so that interpreting the OB results by recasting of the Oh et al. solution
for the OC system will definitely fail when the distance at which the interface momentum is
attenuated, £2, is comparable or smaller than 1 — R;. If this is the case, the interface velocity

) Yw

decays in the vicinity of the mobile element, and the OC and OB systems are necessarily
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non-equivalent.

For purposes that will be apparent later, we will label as |Bo*|%, 5 the threshold value
at which arg(T™) bifurcates in different curves for the OC and the OB configurations in Fig.
5.

B. Implementation of an oscillating conical bob interfacial rheometer on a Bohlin

C-VOR torsional rheometer
1.  FEstimating the ultimate resolution of an oscillating conical bob rheometer

Once we have discussed the performance of our numerical approach at some benchmark
cases, we will now turn to the application of this approach onto the oscillating conical bob
rheometer. Actually, we are now in position to estimate the ultimate resolution of such
devices taking into account the resolution in the measurements of torque, AT, and angular
position, A#, of the rotational rheometer in which the conical bob is installed.

It is important to notice, however, that a detailed error analysis, such as the one performed
in [12] for the magnetic tweezers ISR, is not possible in the case of a home made conical
bob system mounted on a standard rotational rheometer because of incomplete information
about technical details of the rheometer such as the discrete Fourier transform algorithm
used in the rotational rheometer control software to calculate, both, the amplitude ratio and
the phase lag.

An alternative approach can be setup by realizing that, in order to be able to measure the
dynamic surface moduli of an interface, we need the corresponding experimental amplitude

ratio, ARZ, ,, to be distinguishable from the amplitude ratio corresponding to a clean air-

*

lean- 111 other words, only those dynamic surface moduli for which the

water interface, AR
difference AR, — AR, is higher than the resolution of the device can be measured. Hence,
making a statistical analysis of the dispersion of the experimental values of the amplitude
ratio and the phase lag obtained for a clean air-water interface we can setup a criterion that
will tell us when the values obtained for the interface under study can be distinguished from

those corresponding to a clean air-water interface.

Consequently, we have performed a statistical analysis of the experimental values of the

*
clean

amplitude ratio modulus, |[ARY...(f)|, and phase angle, dean(f), at three different frequen-
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FIG. 5: Comparison of the non—dimensional torque modulus, |T*| (left vertical axis), and
arg(T*) (right vertical axis) versus |Bo*|, for two systems: stationary cup-oscillating bob
(solid curves), and oscillating cup-stationary bob (dashed curves). Three representative

cases are shown: a) f = 0.05Hz and purely elastic interface, arg(Bo*) = —7/2rad, b)
f = 0.5Hz and viscoelastic interface, arg(Bo*) = —m/4rad, ¢) f = 5 Hz and purely viscous
interface, arg(Bo*) = 0. See supplementary material for results on other combinations of f

and arg(Bo*).
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cies, f, in the range 0.05 < f < 5 Hz. At each oscillation frequency, the rheometer was set
to make 360 consecutive measurements, each of them for a time lapse of one oscillation pe-
riod. In all cases the probability densities were well represented by Gaussian functions (see
Figs. 6a and 6b for f = 0.5Hz), and the corresponding standard deviations, o(|AR%...|),
and o (dcean), are represented in Fig. 6¢ versus frequency. The criterion that we used in our

experiments to accept and compute an experimentally measured amplitude ratio is that it

must satisfy

|AR:,| — |AR:

exp

Z 9 (|AR:lean|> )

lean ‘ |

|5exp - 5Clean| Z g (50168.11) . (31>

In Fig. 7 we represent the differences between the modulus (solid curves, left vertical axes)
and arguments (dashed curves, right vertical axes) of the amplitude ratios corresponding
to interfaces with dynamic moduli given by |Bo*| and a clean air-water interface. The
geometrical parameters used in this calculation are those given in Section II A and the
values of the frequency and arg(Bo*) are the same as in the three cases studied in Fig. 5
(more frequency and arg(Bo*) combinations are shown in the supplementary material).

The scales of the vertical axes have been chosen in such a way that the standard de-
viations, o(|]AR!..|) and o(Jcean) are represented by the same horizontal dotted curve.
Thus, the range of measurable dynamic surface moduli is the region in which the curves
representing HAR:XP — ]ARzleanH and [Oexp — Oclean| are above the dotted lines.

Several facts can be observed in Fig. 7. First, for the vertical scales chosen in Fig. 7,
the modulus difference lays below the phase lag difference for all the explored f — arg(Bo*)
combinations. Hence, for the device used in these experiments, the resolution in the modulus
of the amplitude ratio appears to be the limiting factor in all cases. Second, resonant like
phenomena related to the elastic modulus of the interfaces are seen as regions in which
|AR%| — |ARcan| < 0. Unless the elastic modulus is negligible with respect to the loss

exp clean

|ARY...|, that appears as a blind

clean

modulus, there is a value of |Bo*| for which |AR:XP‘ =

region (see the inverted peaks in Fig. 7a around |Bo*| = 10, and Fig. 7b around | Bo*| = 50).
For values of |Bo*| on the left of these inverted peaks, the difference of amplitude ratios
verifies |AR% | — [AR | < 0. In other words, for these values of |Bo*| the torque needed

to shear the monolayer is lower than that corresponding to a clean interface. This behavior
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FIG. 6: Probability density measured on a clean air-water interface for |AR}.,.| (a), and
dclean (D) corresponding to a frequency f = 0.5Hz. The solid curves represent the fit of the
experimental data to a Gaussian function. ¢) Value of the standard deviations,

0(|ARanl)s and o (dciean), versus frequency.

can be explained as a resonance effect due to the elastic modulus of the interface.

These resonance phenomena are well known to appear in controlled stress rotational
rheometers when working with weak samples. Then rotor inertia couples with the sam-

ple’s viscoelastic properties to induce such resonances. For instance Baravian et al. [24]
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FIG. 7: Differences between the modulus (solid curves, left vertical axis) and the phase lag
(dashed curves, right vertical axis) of the amplitude ratios corresponding to an interface
with dynamic surface moduli given by |Bo*| and a clean air-water interface (geometrical
parameter values given in Section II A). The scale of the vertical axes has been tuned so

that the resolution in amplitude ratio, o(|AR}..,|), and phase lag, o (Jciean), is represented

by the same dotted curve. Cases (a), (b), and (c) correspond to the same values of

frequency and arg(Bo*) as in Fig. 5. See supplementary material for results on other

combinations of f and arg(Bo*).

27



thoroughly studied the case of a Maxwell-Jeffreys fluid in a rotational rheometer both in
creep and oscillatory measurements. They showed that resonance occurs when the effective
shear stress exerted on the sample significantly differs from the shear stress corresponding
to the torque applied to the rotor because of rotor inertia effects. Moreover, in Ref. [24] a
non-vanishing sample elasticity was needed for the resonance to appear. This characteristic
is observed too in Fig. 7, where no resonance appears for the c) case, namely a purely
viscous interface. Deriving a criterion for the resonance occurrence is challenging because,
for instance, in bulk rotational rheometry one would need to know the sample’s constitutive
equation. In the case of the interfacial rotational shear rheometers (either with bicone, du
Notiy ring, or double wall ring fixtures) the difficulty increases because one would need to
know the subphase and interface constitutive equations, and the flow field solution because

of the coupling at the interface through the Boussinesq-Scriven boundary condition.

Notice that, even when this resonance takes place, it is possible to measure the dynamic
surface moduli as long as || AR, | — |[AR% || > 0(JARS ). Third, let us label as [ Bo*|min
the minimum measurable value of |Bo*|, i. e., the value at which the dotted and solid curves
cross each other in Fig. 7. While |Bo,;,| ~ |Bo*|%_op for the case (c) in Figs. 5 and 7,
it is clear that |Bo,,| < |Bo*|d. op for the cases (a) and (b). Hence, the resolution of
the rotational rheometer allows one to distinguish interfaces with dynamic surface moduli
so low that the explicit resolution of the velocity profile of the OB system is required if one

wants to exploit the full resolution of the rotational rheometer.

2. When is the explicit calculation of the velocity profile mandatory?

Because the complexity of the procedure and the computational cost for analyzing the
experimental data through the solution of the flow field is significantly higher than any
calculation of the dynamic surface moduli using an analytic expression, one may wonder
under which conditions the explicit calculation of the velocity profile is mandatory and the
simplest approximations must be avoided. In that purpose we have compared the data
processing here proposed with a simpler (and more efficient in terms of computational cost)
method derived following Ref. [25]. Let us assume that the velocity profile at the interface

is linear. Then, from the strain tensor in cylindrical coordinates, the amplitude of the shear
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strain at the conical bob edge is

R

- O 2
QOR_Rla (3)

Yo =

ug _ug
or T ) l—p,

where uy is the azimuthal displacement. The amplitude of the shear stress, calculated as

the force applied along the conical bob edge, is given by

T 1
= — . 33
7= R, 27R, (33)
Then, the dynamic surface moduli can be calculated as
. s DR—R
G*:G/ G//:@ 7,(5: AR* 34
S S + ? S ’Y() € 27TR%R S ( )

where AR is the amplitude ratio due to the surface drag (that amplitude ratio that we
would measure in the absence of any other contribution). If we assume that the surface
drag and the rest of contributions to the conical bob dynamics are simply additive, we can

calculate the dynamic surface moduli as

g:=f—h (AR — ARe) - (35)

* T TR’R exp clean
The calculation of G from the raw data using Eq. 35 is immediate. Thus, it is convenient
to determine under which conditions the linear approximation represented by Eq. 35 is
a good enough approximation. In that purpose, consider a surface with a given complex
Boussinesq number, Bo*, yielding a complex amplitude ratio, AR}, given by Eq. 18. If

the approximation above mentioned is good enough, the substitution of AR}, ., on Eq. 35 as

ES

ARg,, would give a value for G yielding an apparent complex Boussinesq number, Boj

exp
which should be in good agreement with the initial one. On the contrary, if the actual flow

field is not well represented by the linear approximation or the simple addition of the surface

*

app Would be

drag and the rest of contributions fails, the initial Bo* and the apparent Bo
different.

In Fig. 8 we compare the value of |Boj,,| with the initial |Bo*| for the same three
frequencies and arg(Bo*) as in Figs. 5 and 7 (see supplementary material for more frequency

and arg(Bo*) combinations). The solid curves represent the ratio |Bo} | /|Bo*|, and the

dashed curves the difference arg(Boj,,,) — arg(Bo*). The vertical dotted lines represent the

*

value of |Bof ;. |. As the value of the complex Boussinesq number of the surface decreases, the

apparent value obtained through the linear approximation separates from the actual value.
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FIG. 8: Comparison of the performance of two data processing schemes: one based on the
assumption of a linear velocity profile (Eq. 35), and the other one based on the numerical
resolution of the Navier-Stokes equation (Eq. 18). From the same torque and phase lag
initial data, we calculate Boj,, through Eq. 35 and Bo* through Eq. 18. The solid and

dashed curves represent the ratio ‘Bozpp} / |Bo*| and the difference arg(Boj,,,) — arg(Bo*)
versus |Bo*|, respectively. The vertical dotted curves represent |Bof, |, extracted from Fig.
7. Cases (a), (b), and (c) correspond to the same values of frequency and arg(Bo*) as in

Figs. 5 and 7. See supplementary material for more frequency and arg(Bo*) combinations.
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Indeed, in the cases of Figs. 8a and 8b, there is a wide region of Boussinesq number values
satisfying | Bo*| > |BoZ,,|, i-e., that are, in principle, measurable, for which the assumption
of the linear approximation would yield a remarkable error in the analysis of the raw data. In

the case of Fig. 8a, |B0;pp‘ can be overestimated in more than three times, while arg(Boj, )

*

can separate in more than 1rad from the actual one. In the case of Fig. 8b, while ’Boapp|

can be only slightly overestimated in the measurable region, a remarkable difference can
occur in arg(Boj,,), so that, while the value of |G| can be acceptably recovered by the

linear approximation, it will fail in the calculation of the ratio G’,/G”. On the contrary, for

higher frequencies (see Fig. 8c), |Bo},;,| is right-shifted up to |Bo*| ~ 40, so that the linear

*

aopl and [Bo*| do not separate in the

approximation can be safely used provided that |Bo

measurable region.

In consequence, from the curves in Fig. 8 (and Fig. 5 in the Supplementary Material)
we can conclude that, for the low frequency regime, w =~ 0.05Hz, the explicit calculation
of the velocity profile is mandatory for |Bo*| < 1 and the resolution of the device allows
one to measure |Bo*| values as low as 0.01. In the case of the intermediate frequency
range, w ~ 0.5Hz, |Bo*| values down to 0.4 are measurable, and the linear approximation
is good enough for |Bo*| 2 3. Finally, for high frequencies, w ~ 5 Hz, the inertial term rules
the dynamics of the system and the measurable region is right-shifted up to |Bo*| 2 40.
In other words, for high frequencies, only interfaces with high dynamic moduli show a
contribution distinguishable from the inertial term, and the linear approximation is valid for

the hydrodynamical description of the system.

Two final comments are in order here: First the inertia term in Eq. 18 is proportional
to w?, so it inevitably dominates at high frequencies and the interface and the subphase
contributions become irrelevant. Hence, the amplitude ratio will grow proportionally to
w? and the relative phase will tend to 7. This can be used in experiments as a signature
to easily recognize the rotor inertia dominated regime. Second, the possible occurrence of
instabilities due to subphase motion can be discussed in terms of the Reynolds number.
However, the above mentioned definition of the Reynolds number for rotational motion,
Re = (pwR?) /n, is not appropriate here because it amounts to consider wR as the relevant
velocity scale, which is not the case because, for the small amplitude oscillatory motion of
the bicone, w is the oscillation frequency, not the typical angular velocity. Actually, for

the small amplitude oscillatory motion here considered, given an angular displacement of
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amplitude 0y, the corresponding arc length amplitude would be 6yR;, and the azimuthal
velocity amplitude at the bicone edge is 8y R,w, which is the appropriate velocity scale for
a small amplitude oscillatory motion. Then, using Eq. 32, Re = [p(R — R1)Riyow] /1 ~
200 vy w, approximately, for the configuration used here. Hence, in all of the frequency sweep
experiments reported in the next section (79 < 0.01), the Reynolds number values are in
the range 1 < Re < 100, while in the strain sweep experiments (w = 0.5 Hz) the Reynolds

number values are in the range 0.5 < Re < 20.

C. Experimental results

1. Purely viscous interfaces

We have first tested the performance of the device and the data processing scheme on
purely viscous interfaces by measurements on thin films made of silicone oil. A controlled
volume of silicone oil was spread on the air-water interface, and the rheological experiments
were performed after waiting for 2 hours, in order to ensure a homogeneous film depth.

In Fig. 9 we show the results obtained for two different silicone oil films. Film 1 is a
150 pm depth layer of Fluka 85424 silicone oil having bulk viscosity 7, = 33 Pa - s, which
yields an expected interfacial viscosity of 751 = 4.95 x 107N -s/m. Film 2 is a 100 um deep
layer of Fluka 85422 silicone oil having bulk viscosity 7, = 1 Pa-s, which yields an expected
interfacial viscosity of nso =1 x 107N - s/m.

In Fig. 9a symbols represent the interfacial loss modulus, G”, as a function of the
oscillation frequency for both silicone oil films, while the dotted lines represent their expected
values. The storage modulus, G, is in all cases negligible with respect to G and lays out of
the graph. The measurements have been made at a constant strain of 5 %, and the raw data
corresponding to the thin film 2 at frequencies above 10rad/s were discarded because the

condition ||AR; |AR anl| = 0 (JAR,.|) was not satisfied (because the inertial term

Xp ’ - clean

is proportional to w?, it can become the governing term for high frequencies and relatively
low dynamic surface moduli). The agreement with the expected values is remarkable in the
rest of the experimental results.

Conversely, in Fig. 9(b) the symbols represent the interfacial loss modulus, G”, as a

function of the strain amplitude for both silicone oil films, while the dotted lines are their

32



expected values. The measurements have been made at a constant frequency f = 0.5 Hz.
Again, the results of G, are much smaller, laying out of the graph. In addition, the experi-
ments recover the expected results with good approximation though a higher measurement
noise is apparent for the lower viscosity film.

As a comparison with the linear approximation discussed in the previous Section, we
have processed the same experimental raw data using Eq. 35. The results are shown in
Figs. 9c and 9d. As can be seen, the expected result for the higher viscosity film is nicely
recovered, but, for the lower viscosity film, this method introduces a spurious G’, of the same
order of G”. The expected Boussinesq number for this thin film is Bo* = 2.5. For a purely
viscous interface with such a value of Bo*, the apparent Boussinesq number obtained from
the linear approximation is very similar to the actual Boussinesq number in modulus, but

they separate in argument (see Fig. 5d in supplementary material). In other words, from

*
app

the calculation of !Bo , one can expect that the linear approximation given by Eq. 35
recovers the actual value of G while it introduces spurious effects in G, and G?. This is

exactly what is observed in Figs. 9c and 9d.

2.  Fatty acid Langmuir monolayers

The performance of the conical bob rheometer was also tested through measurements on
fatty acid Langmuir monolayers that allow for a comparison with results on similar systems
obtained by means of a magnetic tweezers driven interfacial shear rheometer (ISR) [12]. It
is known that fatty acid monolayers show a very rich behavior in terms of their temperature
- surface pressure (II) phase diagram [20] and their rheological response [26]. Several phases
have been found, corresponding to different microscopic structures and showing clearly dif-
ferentiated dynamic surface moduli. It is also known that phase diagrams for monolayers of
fatty acids having different chain lengths can be superposed upon shifting the temperature
by approximately 5°C for each extra carbon atom in the chain backbone [27]. Thus, this
kind of one-molecule depth monolayers are an excellent benchmark of interfacial shear rheo-
meters because a proper selection of temperature, chain length, and surface pressure allows
one to have surfaces with the convenient rheological response. In the present study, we
would like the monolayer to satisfy the following constraints: i) The surface viscosity must

be in the range in which both, the conical bob rheometer and the ISR, can make precise me-
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FIG. 9: Dynamic surface moduli versus frequency (a and c) and versus strain amplitude (b
and d) obtained from measurements on two different silicone oil films with expected
interfacial viscosities 751 = 4.95 x 107* N - s/m, and 752 = 1 x 107* N - s/m. Plots (a) and
(b) represent the result of the data processing method described in the Section IID. Plots
(c) and (d) represent the results of processing the same raw data using the linear
approximation given by Eq. 35. The open symbols correspond to G”, and the filled
symbols correspond to G, (G’ is not represented in those cases in which G’ is much lower

than G and falls outside the plot).

asurements (107> Ns/m < |pf| < 1072 Ns/m), and ii) highly elastic surfaces are not useful
because of the asymmetry of the measurement cell and the consequent possible appearance
of heterogeneity in the surface pressure over the air-water interface [28]. Hence we have
chosen to measure two different monolayers at room temperature: lignoceric acid (C24) at

the L2 phase (II < 20mN/m), and pentadecanoic acid (C15) at the L2 (IT < 20mN/m) and
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FIG. 10: Comparison of the conical bob and the ISR performance. Dynamic surface
moduli versus surface pressure for two different fatty acids, pentadecanoic acid (C15) and
lignoceric acid (C24), at room temperature. Filled symbols represent G’,, and open

symbols represent G”. In the case of the C15 fatty acid, G, was negligible compared to G”.

LS (IT Z 20mN/m) phases.

The result of the comparison of the ISR and the conical bob performance for both systems
is shown in Fig. 10. In the case of the C24 fatty acid the results on G, and G” from the ISR
and the conical bob are in fair agreement over the whole L2 phase. The results for higher
surface pressure values are not considered in this paper because the monolayer enters the
CS phase (close packed solid), which is mainly elastic having a storage modulus higher than

the upper limit of the ISR.

In the case of the C15 fatty acid, the storage modulus is not represented because it is
negligible with respect to the loss mudulus and cannot be distinguished from the experi-
mental data, regardless of the device used. As can be seen in Fig. 10, the results from the
ISR and the conical bob nicely coincide at the LS phase, for IT 2 20 mN/m. However, the
conical bob cannot reproduce the results from the ISR for lower surface pressure values (1.2
phase), because for II < 20mN/m, we found that ||AR% | — [AR} .|| < o(JAR*|), so that
the interface cannot be distinguished from a clean air-water interface.

The lower limit that we experimentally found in the measurements on the C15 fatty acid is
in good agreement with the minimum measurable interfacial viscosity that can be estimated

from the device resolution. Indeed, from Fig. 7b, one can conclude that the minimum

| Bo*| measurable for f = 0.5 Hz is around 0.4, which yields a minimum measurable complex
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viscosity |nf| =~ 1.6 x 107°N - s/m. The experimental results from the conical bob are in
good agreement with those from the ISR as long as the surface viscosity is above this limit
and the calculation of the velocity profile is used for the data processing. Interfaces with
surface viscosity values below this limit can be precisely measured by other techniques such
that microrheology [29] or magnetic tweezers ISR [12], but they are not measurable by the
conical bob not because of the theoretical model used for the data processing, but because

of the ultimate resolution of the rotational rheometer.

IV. CONCLUSIONS

We have studied, both theoretically and experimentally, the problem of setting up an
interfacial rheometer by using a conical bob fixture in a conventional rotational rheometer,
with particular emphasis on the data processing scheme. Other geometries such as double
wall ring [8] or magnetic needles [25] are more sensitive due to their lower tool inertia, but
the bicone geometry attached to a torsion rheometer is extensively used among the rheology
researchers; the ease of fabrication of the accessories needed and the availability from several
manufactures make the bicone geometry the chosen option in many laboratories.

We have devised a procedure based on numerically solving the fluid flow equations under
suitable approximations and with proper boundary conditions, and using the flow profile to
iteratively find a correction to the complex Boussinesq number in the same spirit of Refs.
6, 8,9]. We calculate the flow profiles, both at the subphase and the interface, by numerically
integrating the Navier-Stokes equation with a Boussineqg-Scriven boundary condition at the
interface by means of a second order forward and backward finite differences method in four
different configurations: i) stationary conical bob - rotating cup at constant velocity (RC),
ii) rotating conical bob at constant velocity - stationary cup (RB), iii) stationary conical
bob - oscillating cup (OC), and iv) oscillating conical bob - stationary cup (OB).

For the RC configuration, the results on the total torque on the bob are in very good
agreement with the exact solution proposed by Oh et al. [17]. Moreover, we have shown
that, provided that the assumptions of the hydrodynamical model described in the Section
IT C are fulfilled and there are no instabilities, the RC and RB configurations are equivalent
and the torque exerted on the conical bob does not depend on which the moving element is,

provided all transients have decayed.
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On the contrary, the OC and the OB configurations are not, in general, equivalent. Thus,
a direct adaptation of the OC system solution to the OB problem is not recommended unless

Bo* is high.

We have used the here proposed numerical approach to build up a data processing method
to be used in an interfacial shear rheometer made by supplying a conventional rotational
rheometer with a conical bob fixture. We have shown that this data processing method
allows for the calculation of the dynamic surface moduli from the torque and displacement

raw data with a precision limited just by the instrument resolution.

The performance of this rheometer and data processing ensemble has been tested by ex-
periments on silicone oil films and comparing the results with a simpler linear approximation
for the data processing. The expected surface viscosity of the thin films is nicely recovered.
Moreover, we have shown that, for the bicone interfacial rheometer, the linear approxima-
tion data processing, while yielding a correct value for the modulus of the complex dynamic

modulus, can introduce large errors in the calculation of G and G’ , in coincidence with

s 7

other interfacial rheometers, such as the DWR [8] and the ISR [6, 9].

Finally, we have tested our ensemble by performing measurements on well known fatty
acid monolayers and comparing the results obtained against measurements made by means
of a high resolution magnetic tweezers ISR [12]. The measurements were made on the
L2 phase of the C24 and the L2 and LS phases of the C15 fatty acid monolayers. Both
rheometers yield nicely superposing results within the limits that are measurable with the
rotational rheometer with the conical bob fixture ensemble using the data processing here

proposed, and taking into account the resolution here estimated.

SUPPLEMENTARY MATERIAL

See supplementary material for the experimental determination of the conical bob + rotor
moment of inertia, details on the zero thickness disk approximation, a discussion on the
frictional torque appearing at the air bearing rotor of the rheometer, and more f —arg(Bo*)

combinations for Figs. 5, 7, and 8.
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