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Abstract

In the present work, a prototype was developed to observe the flow behavior of viscous fluids (10° to 10°
Pa.s) under free surface shear. The geometry of the prototype is an eccentric Couette cell where both
cylinders can rotate in the same or opposite directions. Transparent windows permit in-situ observations
during flow. The design, development and testing of the prototype with a viscous model fluid are reported in
this paper. In order to obtain information on contact lines and free surfaces under shear, the flow behaviour
of a small fluid volume was investigated in co- and counter-rotating conditions. The different flow
conditions and information that can be obtained are described. A particular attention is paid to determine

steady state flow conditions.
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1. Introduction

Interfacial flows can concern three different interfaces: the flow at solid/fluid interfaces, dealing with slip
and no slip boundary conditions, the flow at solid/fluid/air interfaces, dealing with the dynamics of contact
lines, and the flow along the fluid/air interfaces or free surfaces. The present work aims at investigating the
dynamics of contact lines and the shape of free surfaces in the case of high viscosity fluids submitted to a
shear flow. For sake of simplicity, in this case, the flow at the solid/fluid interface should satisfy the no slip

boundary condition.

Studying the dynamics of contact lines (started in the 1920s [1-6]) has remained an open research area (see
e.g. [7-10]) since the motion of contact lines is a ubiquitous situation encountered in nature and
technological applications (e.g. sticking of rain drops) and many industrial processes in relation with wetting
and spreading phenomena (surface coating, painting...). First studies were conducted on the motion of
contact lines of a fluid under capillary pressure and the motion of a droplet over a solid substrate. This
situation appeared to be complex from a physico-chemical point of view, due to the necessity of a multiscale
description of the fluid at the contact line (see e.g. [7, 11, 12]). From a mechanical point of view, the motion
of the contact line over a solid surface violates the no slip boundary condition and leads to a stress
singularity at the contact line [10, 13, 14]. Most of the works were conducted in the case of simple liquids
and low viscosity fluids where the surface tension plays a role in the force balance at the interface. The
situation in the case of a viscous fluid is different because the flow is dominated by viscous forces (surface

tension negligible) with potential viscous dissipation phenomena.

The motion of contact lines in viscous fluids is often encountered in polymer processing. Understanding the
complex flow in order to give a proper thermomechanical description of the processing conditions started in
the second half of the 20" century and implied direct observations through the introduction of tools with
transparent walls. For example, interfacial flows were investigated in transparent dies with different
geometries at the exit of extruders to understand and determine slip conditions, flow regimes, and flow
instabilities [15-16]. Transparent walls in injection moulding allowed to observe the kinematics of the
fountain flow during the filling process [17]. The fountain flow indeed shows the motion of the front free
surface but in a shear flow driven by the pressure (Poiseuille flow). Front transparent walls were also
introduced in internal mixers to observe the mixing process (in particular the distribution process) of highly
viscous polymers, and to identify zones of stagnation depending on the rotor geometry [18-22]. During these
experiments, the free surfaces of the fluid could be observed because the fill factor was about 0.75.
However, these observations were complex as three dimensional and transient in nature, due to the continual

transfer of fluid from one mixing chamber to the other and the geometry of the rotors.

Simplified flow conditions were used to investigate the efficiency of the rotor geometry by using a single
rotor rotating in a transparent cylindric chamber [23]. Simple flow geometries such as transparent Couette

cells (including eccentric ones) were also used to investigate the kinematics of distributive mixing [24-26].
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This flow geometry was also extensively studied to understand the journal bearing flow [25]. These
observations were conducted on model fluids (room temperature, low viscosity less than 10 Pa.s) and on a

fully filled chamber which did not allow the observation of free surfaces nor contact lines.

The behaviour of fluid/gas interfaces could be investigated with off-centred Couette cells when a small
volume is introduced in the thin gap zone between the cylinders. This flow configuration was used to
simulate the coating process of a solid substrate by a fluid in roll coating applications and to investigate

printer’s instabilities which develop at the interface [27-29].

The present work reports on the design and development of a transparent eccentric Couette cell where both
cylinders can be rotated independently but dedicated to high viscosity fluids (10° to 10° Pa.s). The objective
is to investigate the flow behaviour of small fluid volumes in the thin gap region between the cylinders, by
observing free surfaces and contact lines in steady state conditions. This paper reports on first observations
with the prototype with a high viscosity silicone fluid, at room temperature, in co- and counter-rotating
conditions. This first step aimed at determining steady state flow configurations favourable to observe the

interfacial flow behaviour at the contact lines and free surfaces.
2. Description of the prototype
2.1. Principle of the experiments

The eccentric Couette cell was chosen for the localized zone of high shear rate around the thin gap region.
The fluid motion is induced by the rotation of the two cylinders, driven by independent motors allowing
their rotation in both directions. The counter-rotating mode is depicted in Figure 1. We focussed our
attention on small fluid volumes to observe free surfaces and contact lines in the thin gap region, where the

flow is simple and well defined. Two cases were considered as of interest in the present work (Figure 1):

- afirst volume, noted 2, enabling the fluid to be in direct contact with both cylinders. This
configuration allows us to follow the dynamics of 4 contact lines (indicated by letters A, B, C and D)
and 2 free surfaces (surfaces AB and CD). Within the directions of rotation of the cylinders in Figure
1.a, A and C are receding lines, whereas B and D are advancing lines;

- alarger volume, noted 2%, thereafter, allowing to form a uniform layer of fluid along the outer cylinder
and to have an excess fluid volume recirculating in the upstream region of the thin gap between the two
cylinders. In this case, the excess fluid volume is in contact on one side with the inner cylinder and on
the other side with a fluid layer of the same fluid. Here, only one contact line with the metallic cylinder

(contact line with the inner cylinder indicated as A) and one free surface are observed (see Figure 1.b).

Insert Figure 1

2.2. Design and description



The Couette cell was designed to work with high viscosity fluids (as high as 10° Pa.s, typical viscosity range
of uncured elastomers) and to be temperature controlled up to 100°C. To work at a controlled temperature
with high viscosity fluids with cylinders rotating in both directions and transparent windows constitutes the
originality of the present geometry. A global view of the Couette cell and auxiliary elements is shown in

Figure 2. The device is constituted by:

- the transparent Couette cell with the motors,

- a heating system including thermal baths,

- ajoystick to manually pilot the cylinders, coupled with a computer interface to drive the motors and
record the parameters,

- an imaging system composed of lightening and recording systems.

Insert Figure 2
The mechanical part of the device ensuring the fluid motion (Couette cell and motors) is shown in Figure 3.
Insert Figure 3

The dimensions of the Couette cell are indicated in Table 1. The outer cylinder radius (R2 = 89.5 mm) was
chosen to have a large enough zone of observation in the thin gap region. The radii of the outer and inner
cylinder were chosen to have a ratio of 2:1. The gap ho can be varied in a certain range (3 to 10 mm). Its
minimum value was chosen to enable flow observations in this zone. The inner and outer cylinders radii and
the gap ho define the eccentricity between the axes of rotation of the cylinders. The depth of the chamber w
(equal to the length of the cylinders) was initially chosen to be large enough relatively to ho (w/ho = 10 for
the smallest gap) in order to minimize the side effect due to the transparent windows and to have a 2D flow
[30]. A similar geometry was developed by Rabaud et al. [27], but for room temperature low viscosity
fluids. If the diameters of the cylinders are quite similar, their length is fully different : 200 mm for low
viscosity fluids compared to 30 mm in our case. The introduction and shearing of a high viscosity fluid on a
long cylinder (even for a fluid volume limited to the thin gap region) would not be possible because of the
torque necessary for the motors. The present Couette cell depth is representative of the chamber depth in

laboratory internal mixers dedicated to mix high viscosity fluids.
Insert Table 1

The Couette cell is constituted by the inner and outer cylinders, the transparent windows and the motors.

The main elements of the prototype are described in the following.

The outer cylinder consists of an annular surface (drawn in red on Figure 4.a) made of 42Cd4 steel which is
welded onto a gear wheel (Figure 4). The gear wheel is set in rotation by the motor (motor axis shown in
Figure 4b). The rotational axes of the inner and outer cylinders were chosen to be horizontal to facilitate
observations. As the influence of gravity on the flow of highly viscous fluids is negligible, this does not

impact the flow behaviour.



The outer cylinder surface is welded onto a groove machined in the gear part. The circulation of the heat

transfer fluid through this groove ensures the heating of the outer cylinder surface.

The gear wheel and the outer cylinder surface are enclosed within two outside metallic walls (green parts in
Figure 3).

Insert Figure 4

The inner cylinder is presented in Figure 5. It is composed of a hollow cylinder with a shaft (depicted in
green) driven by a motor. The surface of the inner cylinder (depicted in red) is heated by a closed circuit of
heat transfer fluid. The shaft is equipped with inlet and outlet valves for the heat transfer liquid to enter and
exit this hollow space. A perforated plate (depicted in brown) is used to force the heat transfer fluid to the

surface of the inner cylinder.
Insert Figure 5

Contrarily to the outer cylinder surface, the inner cylinder surface is removable, in order to be able to tune
its nature (composition, roughness, etc.). In the present work, inner and outer cylinder surfaces were similar

(made of 42Cd4 steel with same roughness).

A small gap was left on purpose between the flat sides of the inner cylinder and the transparent windows to
prevent any friction due to the contact between the rotating surfaces. Unfortunately, the fluid tends to enter
this gap during the rotation of the cylinders and can generate a substantial torque on the motor. Therefore,
O-rings were designed and introduced into grooves on both sides of the inner cylinder (Figure 5) to limit the
friction between the surfaces and prevent the fluid infiltration in this gap. They are held in position on the
window surface thanks to springs.

Observations of the fluid flow are made by light transmission through two transparent windows. They are
made of annealed borosilicate glass to resist stresses generated by the fluid flow at temperatures up to
100°C. The front window is circular. Because of the rotation axis of the inner cylinder, the rear window is
annular. The central part is constituted by a stationary metallic part which includes a double eccentric
(Figure 3). The stationary metallic part is fixed to the metallic frame of the outer cylinder. The double
eccentric ensures the fixation of the inner cylinder rotation axis relatively to the outer cylinder one. It also
allows to tune its position relatively to the outer cylinder and is crucial to fix the minimal gap ho.
Transparent windows are fixed on both side of the rotating gear wheel of the outer cylinder thanks to annular

clamps and screws (Figure 4). They thus rotate at the same velocity as the outer cylinder.
The introduction of the fluid and the cleaning are achieved by dis- and re-assembling the front window:-

The inner and outer cylinders are heated by circulation of a heat transfer fluid connected to two
independent thermal baths. The heat transfer fluid is a commercial silicone oil, sold as Julabo™ 8940114

(Julabo, Seelbach, Germany).



Observations are performed and recorded with a Panasonic G80 camera equipped with an Olympus
M.Zuiko lens (30 mm f/ 3.5 Macro) placed on a tripod. The observation zone is illuminated via two lamps

placed on each side of the prototype.

The rotation of the cylinders is ensured by independent brushless motors (MDP enterprise, Neyron, France).
The maximum torque provided by the motors is 100 Nm and 50 Nm for the outer and inner cylinder,
respectively. The rotational speeds of the inner and outer cylinder were limited to 16 and 3.2 rpm,
respectively, to have a precise control of the speed. Shear rates up to 35 s can be obtained in the in counter-
rotating condition.

A LabView program was created as an interface to display and record the different variables measured by
the different sensors. The rotational speeds and directions of the cylinders are imposed and controlled with a
joystick (Figure 2). The torque is measured on each motor axis via 100 mm lever arms and stress gauges.
Two thermocouples are placed in hollow spaces of both cylinders to control the temperature of the heat
transfer fluid. The measured temperatures are considered as the temperatures of the cylinder surfaces. A
third thermocouple can be inserted in a hole through the front window to measure the temperature of the

fluid at the end of the experiment.

The different information collected by the sensors are displayed on a personal computer by the LabView

program and recorded as a function of time.

The device allows to vary the following parameters:

the fluid used,

the volume of fluid introduced,

- the rotation directions of the cylinders,

- their speed,

- the minimum gap ho,

- the temperature, nature (limited to the inner cylinder surface) and roughness of the inner and outer
cylinder surfaces, with the possibility to have asymmetric conditions of contact with the fluid,

- the nature of the transparent window.

In this paper, only the fluid volume, the direction and velocities of the cylinders are varied, all the other

parameters being fixed.

2.3. Limitations due to the flow geometry
Some limitations were identified while working with the prototype:

- 10° Pa.s was found to be the upper limit of the fluid viscosity that can be sheared in the thin gap

region.



- Despite the presence of specific brass O-rings in the inner cylinder, a small quantity of fluid can
escape and be trapped in the thin gap between the inner cylinder side and the front transparent
window.

- The fluid also tends to stagnate along the frontier between the immobile metallic support (double
eccentric) of the inner cylinder axis and the moving parts of the prototype (rear transparent window
and inner cylinder surface). This results in a low but continual loss of fluid during the experiment.

- Despite routine cleaning of the prototype, negligible amounts of impurities get trapped around the
stagnation points. This is the reason why a transparent fluid becomes non-transparent after a short
period of time under shear.

- The fluid flow is not purely 2D but rather 3D. Indeed, the fluid motion is not only induced by the
rotation of the inner and outer cylinders but also by the rotation of the transparent windows (same
rotation as the outer cylinders). However, the observation of the flow across the transparent windows

only permits a 2D description.

3. Results and discussion
3.1. Fluid characteristics

Preliminary experiments were conducted to define the suitable characteristics of the fluid used for the study
of the stabilization in position under flow in counter-rotating conditions of a small fluid volume. These
steady state conditions (defined in terms of cylinder velocities) will be referred as stabilization conditions in
the following. For this type of experiment, the fluid should satisfy the following properties:

- Incompressibility: if the fluid presents some compressibility (linked to the presence of air bubbles for
example), it is not possible to find reproducible stabilization conditions.

- Non-evolutive properties with time: indeed, any evolution of the fluid properties would affect
stabilization conditions,

- Fluid viscosity range: 10° < My < 10° Pa.s. The lower viscosity limit is linked to the effect of gravity

for large volume in the upstream flow where the gap enlarges. The upper limit is linked to the motor
power and the stiffness of the Couette cell.

- Viscoelastic character: some elasticity should help to stabilize the fluid shape within these shear flow
conditions.

- No gel-like behaviour: gels and highly crosslinked fluids irreversibly break-as they pass through the thin
gap region.

- No slip condition with the cylinder surfaces: in case of wall slip on the cylinders in the counter-rotating

mode, the fluid would experience no shear.



- Adhesion with the solid walls: in order to have 2D kinematics (no effect of the glass walls), the fluid
should present a lower adhesion relatively to the glass walls compared to the cylinder surfaces. The
ideal situation would be that the fluid is only dragged by the cylinder walls, with no effect of the glass

walls.

Following these recommendations, a transparent high viscosity silicone fluid was selected. It is referred as
“Liquid Glass Thinking Putty®” (Crazy Aaron, Nebraska, USA [31]) and obeys a Carreau-Yasuda
behaviour, characterized by a Newtonian viscosity of 2.2 10* Pa.s. Flow experiments were only conducted at
room temperature in the present work. The fluid rheological behaviour is shown in Figure A in the S.I.
section. It was checked that the rheological behaviour of the fluid at the beginning (transparent fluid) and at

the end (presence of impurities leading to a non-transparent fluid) of the experiment was similar.

3.2 Determination of the fluid volumes of interest

Fluid volumes of interest (see Figure 1) are determined based on geometrical considerations.

The large fluid volume 24, (Figure 1.b) corresponds to volumes larger than the volume necessary to form a

uniform layer of thickness ho around the outer cylinder (2ho = 8.7% of the free volume of the Couette cell).

The small fluid volume 2} (Figure 1.a) is by definition lower than 2ho. It is in practice limited to 4.5% in

order that the fluid volume is restricted in the converging zone.

The objective is to determine flow configurations in which contact lines and free surfaces can be observed at
fixed locations relatively to the laboratory framework. For this reason, the first step of the work was to scan
the different flow conditions playing with the fluid volume, the direction of rotation of the cylinders and
their velocities, enabling to determine steady state conditions. The velocities mentioned in this part refer to
the linear velocities of the surface of each cylinder. The different flow configurations are reported in the

sections 3.3 to 3.5.

3.3 Rotation of a single cylinder
The fluid volume is introduced in the shape of a “ball”.

If one of the cylinders (for example, the outer cylinder) is put into rotation, the fluid is dragged by the
rotating cylinder. It is driven through the converging zone between the cylinders, where it is sheared and
squeezed. Once the fluid passes through the thin gap region, it is not deformed anymore. It is simply carried
out by the rotating cylinder. If the fluid volume is large enough ( 24,y condition), a uniform layer is deposited

on the cylinder surface, the thickness of which is very close to the thin gap dimension. This film is rotating



at the same speed V1 as the outer cylinder surface and the transparent windows. The exact thickness of the
film should depend on the viscoelastic behaviour of the fluid and the maximum shear rate driving the
relaxation process. In the case of the silicone fluid, the flow behaviour is dominated by the viscous character
and no relaxation effect on the macroscopic thickness of the film was observed. The length of the deposited

layer is thus fixed by the minimum gap and the introduced volume.

3.4 Co-rotation conditions

After a fluid volume is introduced, the velocity of the outer cylinder is first imposed at a fixed value and the
one of the inner cylinder is progressively increased. Then the speed of the outer cylinder is increased and so

on.

In the case of a small fluid volume (2inf), no steady state observations can be obtained (Figure 6). The
situation is very similar to the previous case of a single rotating cylinder: the fluid is deformed as it passes
through the converging flow channel, what results in the formation of a film of uniform thickness on the

outer cylinder surface, whose thickness corresponds to the thin flow gap ho.
Insert Figure 6

On the contrary, the flow of large fluid volumes (24yp) always leads to a stationary situation, whatever the
cylinder velocities are (Figure 7). As for the small volume, the passage of the fluid in the thin gap region
first leads to the formation of a uniform layer, up to the moment when the layer is present all around the
outer cylinder. The flow geometry does not enable to drag the excess of volume. This leads to the formation
of a recirculating fluid reservoir (ovoid shape) as it is observed in some coating processes [27] or in
calendering [30]. The flow in the converging zone leads to a pressure built up [30]. However, with the
present geometry (cylinder diameters, eccentricity) and the cylinders relative velocities, the maximum
pressure is quite small. The recirculating volume is controlled by the introduced volume, the minimal gap
and the relative cylinders velocities.

Insert Figure 7

3.5 Counter-rotating conditions

In the case of a small fluid volume (2ns), when increasing the inner cylinder velocity (V2), at a fixed outer

cylinder velocity (V1), three types of flow conditions can be observed:

- When the inner cylinder velocity is small compared to the outer cylinder one ([|V5 ]| < [[V4]]), it is
impossible to stabilize the fluid. The fluid is displaced in the rotation direction of the outer cylinder

until it is split into two blocks at the exit of the thin gap region (Figure 8.a),



- In an optimal range of inner cylinder velocity, the fluid can be stabilized between the two cylinder
surfaces (Figure 8.b), permitting steady state observations,

- Atexcessive inner cylinder velocity ((||V;]| >> ||V11]), the fluid is displaced by the inner cylinder
surface till it loses contact with the outer cylinder surface (Figure 8.c). At the end, the fluid volume
takes a cylindric shape as it is displaced away from the thin gap region. At this position, the fluid
rotates as a solid body between the inner and outer cylinder surfaces. It should be noted that the flow
is transitory in nature at this position since it is easily destabilized by any variation of fluid volume
(reintroduction of trapped fluid) or contact surface with the transparent windows (scratches on the

windows).

Optimal conditions of stabilization were found to be at velocities corresponding to ||V, || > ||V;]|. The inner
cylinder is required to rotate at a higher linear velocity to overcome the drag flow provided by the rotating
outer cylinder and the transparent windows. Once the optimal inner cylinder velocity is found, the fluid is
stabilized in its current position. It should be noted that the fluid volume can be stabilized at different
positions in the converging zone even for the same velocities condition. As the shape of the fluid volume is
highly dependent on its position in the flow channel, this means that some information as the location of the
contact lines, and the solid/fluid contact surfaces are mainly defined by the fluid volume and its position in

the converging zone.

While working with a large fluid volume, a uniform layer is first created on the outer cylinder surface.
Although in counter-rotating mode, there is always a recirculating fluid volume in addition to 2ho. This
volume is mainly fixed by the initial fluid volume and the minimum gap ho within the investigated range of
velocities. Two flow conditions can be distinguished for the recirculating volume depending on the inner

cylinder velocity (V1 being fixed):

- Uptoacritical value Va it (V2 < Varit), the recirculating fluid volume (ovoid shape, Figure 9.a) is
stabilized at the thin gap region. Steady state observations are possible when the inner cylinder
velocity (V2) does not dominate the flow of the outer cylinder velocity (V1), i.e. at velocities up to a
critical value V2 ¢rit > V1.

- At high inner cylinder velocities (V2 >> V1), the recirculating fluid volume gets separated from the
uniform layer and progressively dragged away by the inner cylinder from the thin gap region (Figure
9.b). As for the small fluid volume at high V2, the fluid volume in excess ends up as a cylinder

rotating between the inner cylinder and the uniform deposited layer.
Insert Figure 9
3.6 Example of observations

Once the flow is stabilized, the transparent Couette cell brings some pieces of information:
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- the 2D profile of the fluid volume under shear can be obtained by image analysis. An example is
illustrated in Figure 10 in the case of a counter-rotating condition. From such a profile, it is possible
in particular to identify the shape of the free surfaces ([AB] and [CD] in figure 1.a)),

- the velocity field or streamlines illustrating the internal fluid motion can be visualized at the
beginning of the experiment when the silicone fluid is still transparent. The addition of tracers helps

this visualization.

4 Conclusions

The characterization of the interfacial flow behaviour of viscous fluids remains an open topic. Experimental
observations of the interfacial flow are important to understand this behaviour, especially for high viscosity
fluids. A transparent eccentric Couette cell, enabling the rotation of the inner and outer cylinders in both
directions, was designed and developed to characterize the flow of small volumes of high viscosity fluids

under controlled shear with free surfaces.

The prototype provides transient and steady state flow observations by controlling the direction and speed of
rotation of the cylinders. Various viscous fluids were tested. The required properties of the fluid for steady
state observations in counter-rotating conditions were identified. A high viscosity silicone fluid was chosen

to carry out first flow observations at ambient temperature.

The flow behaviour of the silicone fluid was investigated while varying the direction of rotation of the
cylinders (co- or counter-rotation), the speed of the inner and outer cylinders, and the introduced fluid
volume.

Different flow conditions allowing to stabilize the fluid volume in the converging zone were identified:

- for a small fluid volume, the whole volume could be stabilized in the counter-rotating mode for a
defined balance of the inner and outer cylinders velocities,

- for a larger volume with a continuous uniform layer of fluid on the outer cylinder, the recirculating
fluid volume could be stabilized whatever the cylinders velocities in the co-rotating mode and under

critical velocity conditions in the counter-rotating mode.

The developed prototype also allows to characterize the interfacial flow via the observation of the free
surfaces (fluid/gas interfaces), the position of the contact lines, the interfacial contact area between the fluid
and the cylinders, in both steady state and transient conditions. The prototype allows these observations

while varying:

- the nature of the fluid,
- the rheological behaviour of the fluid,

- the volume of fluid introduced,

11



- the velocities of the cylinders,

- the rotation directions of the cylinders,

- the minimal gap ho,

- the temperature of the inner and outer cylinder surfaces,
- the roughness of the inner and outer cylinder surfaces,

- the nature of the inner cylinder surface.

The objective of this step was to determine steady state flow configurations favourable to investigate the
interfacial flow behaviour. The next step will be to better analyse the steady state behaviour in the counter-
rotating mode and investigate if steady state conditions could be used to determine an adhesion energy

contribution in the case of a high viscosity fluid under free surface shear conditions.
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Outer cylinder Inner cylinder Range of Eccentricity Depth (w) of the
diameter (R1) diameter (R2) minimum gap between the chamber
(mm) (mm) (ho) between the | axes of rotation (mm)
cylinders (Ri— Rz - ho)
(mm) (mm)
89.5 43.75 3t0 10 42.75 t0 35.75 30

Table 1 — Characteristics dimensions of the eccentric Couette cell

15



Figure captions

Figure 1 — Schematic representation of the flow geometries of interest for (a) a small volume of fluid 2ns

and (b) a large volume 24y, illustrated in the case of the counter-rotating mode

Figure 2 — Couette cell and auxiliary systems: 1. computer interface control, 2. observation zone, 3. heat
transfert fluid connections with the two thermobaths, 4. and 6. power control, 5. joystick to drive the
cylinder rotation direction and the velocities

Figure 3 — Computer-aided design of the mechanical part of the Couette cell: (a) front view, (b) rear view.
1. Clamp fixing the transparent windows, 2. outer cylinder surface, 3. double eccentric setting the inner
cylinder position, 4. annular transparent rear window, 5. inner cylinder surface, 6. zone of observation, 7.
inner cylinder rotation axis, 8. Inner cylinder motor, 9. Outer cylinder motor, 10. torque sensor on the outer

cylinder.

Figure 4 — Computer-aided design of the outer cylinder part: (a) with the outer cylinder surface (welded
surface represented in red), (b) represented in the device (welded surface withdrawn to show the heat
transfer fluid circulation). 1. Fixation points for the drive gear, 2. fixation points of the outer annular seal
fixing the front window, 3. inlet and outlet canals of the heat transfer fluid circulation, 4. heat transfer fluid
circulation in contact with the outer cylinder surface, 5. welded outer cylinder surface, 6. drive gear, 7.

motor axis.

Figure 5 — Computer-aided design of the inner cylinder: 1. spring joints between the inner cylinder and the
window, 2. inner cylinder surface, 3. rotation axis, 4. heat transfer fluid circulation, 5. perforated plate to

force the heat transfer fluid along the inner cylinder surface.

Figure 6 — Transient flow observations under co-rotation condition with a small fluid volume at two

different times.
Figure 7 — Flow observations under co-rotation condition with a large fluid volume,

Figure 8 — Flow observations under counter-rotating condition with a small fluid volume: (a) insufficient
inner cylinder velocity, (b) optimal inner cylinder velocity for stabilization, (c) excess inner cylinder

velocity.

Figure 9 — Flow observations under counter-rotating condition with a large fluid volume: (a) at a sufficient

inner cylinder velocity, (b) at an excess inner cylinder velocity.

Figure 10 — (a) Image analysis of the 2D profile of the fluid volume, (b) Observation of streamlines in the

transparent silicone fluid
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