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Rayleigh-Bénard convection in viscoplastic and/or shear
thinning fluids :scaling properties, cross over from
supercritical to subcritical behaviour
Cathy Castelain, Zineddine Kebiche, Teo Burghelea

Laboratoire de Thermocinétique (LTN- UMR 6607), CNRS, Nantes, France
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measuring techniques have been first validated by con
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Whereas there exists a large number of studies of the R-B
convection in a Newtonian fluid, much less is known in the case
of Non-Newtonian fluids

The challenge
Account for the non linear stress- rate of strain relationship and time
dependence (thixotropy) and their coupling to the heat transfer
problem.

Two particular classes: - viscoplastic (yield) fluids
Fluids that do not flow unless a minimum stress is applied onto them

- shear thinnng fluids
3
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2. Experimental setup and techniques
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Methods:

(1) Digital Particle Image Velocimetry (DPIV) - Local scale assessment
of the stability.
4
(2) Measurements of the temperature gradient - Integral scale assessment of the
stability.
(3) Infrared imaging - For calibration purposes only.
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2.1 Uniformity of the temperature distribution along the R-B cell- infrared
imaging

R-B cell

5

The temperature distribution along the cell is quite homogeneous
(the mean gradient is smaller than 5 %)
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2.2 Integral measurements of the temperature gradient

The procedure:
(1) Three thermocouples are embedded
in each plate at precise vertical
positions.
(2) Their readings are linearly
extrapolated at the contact points
between the plates and the fluid.

6

The temperature measurements are non-invasive
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2.3 Carefully avoid the transients

τ ch

A thermal equilibrium
is allowed to set in
prior to measuring the
temperature
difference the
between plates.
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minating the linear conductive regime, nonlinear fitting on the
LTN
Landau and Ginzburg model as :
!
A deeper insight into the validation results with the Newtonian
P fluid:
THE NATURE OF THE BIFURCATION TOWARDS CONVECTIVE
F = A STATES − 1
Pc
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(FOCUS FIRST on INTEGRAL MEASUREMENTS)
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ΔT
ΔTr =
−1
Tlin

(1) As expected, the reduced temperature
scales linearly with the control parameter
above the onset of the R-B bifurcation.
(2) The transition is reversible upon increasing/
decreasing control parameter (imperfect
bifurcation).

Figure 5 –
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Landau Equation

ε = Pr = P / Pc − 1, ξ = V
3
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rations of Carbopol have been exploited from
within
a Newtonian
fluid
as an
eonvective
Carbopolstates
gels have
been
investigated
using
a
Figure
5
–
(a)
Dependence
of
the
reduced
temperature
∆Tr and techniques, we have confirmed
cal predictions
and and previous
experimental
As an additional
validation
of our setup
10
on the reduced power. The line is a linear fit. (b) Dependence of
that theV transition
topower
R-B Pconvection
in a Newtonian fluid emerges as an
he pattern amplitude
on the reduced
r . The line is a
deformation
regimes. For
low applied stresses,
Landau
fit.
imperfect
(continuous)
bifurcation
described by the Landau theory
easuring
techniques
we
repeated
the
same
exnt deformation rate). For the largest values of
rations
Carbopol
have
been
from
can be of
accurately
described
byexploited
the fluid
Herschelonvective
states
within
a Newtonian
as
an
e Carbopol
haveand
been
investigated
using
id
regime
togels
a and
fluid
regime
is not
direct
buta
cal
predictions
previous
experimental
d fluid fingerprints coexist. An important and

LTN

Journée SFT 19 novembre 2015

Theoretical predictions for the R-B convection in yield stress fluids
c 2006 Cambridge University Press
J. Fluid Mech. (2006), vol. 566, pp. 389–419. ⃝
doi:10.1017/S002211200600200X Printed in the United Kingdom
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St Paul-lez-Durance CEDEX, France
3
Department of Mechanical Engineering, University of British Columbia,
2054-6250 Applied Science Lane, Vancouver, BC, Canada, V6T 1Z4

Within the Bingham framework, the system is linearly stable
J. Non-Newtonian Fluid Mech. 158 (2009) 36–45

(Received 16 March 2005 and in revised form 24 April 2006)

(2)

Contents lists available at ScienceDirect
We examine the eﬀects of a fluid
yield stress on the classical Rayleigh–Bénard instability between heated parallel plates. The focus is on a qualitative characterization
Non-Newtonian
Fluid In
Mechanics
of these flows, by Journal
theoreticalofand
computational means.
contrast to Newtonian
fluids, we show that these flows are linearly stable at all Rayleigh numbers, Ra,
journal homepage: www.elsevier.com/locate/jnnfm
although the usual linear modal stability analysis cannot be performed. Below the
critical Rayleigh number for energy stability of a Newtonian fluid, RaE , the Bingham
fluid is also globally asymptotically stable. Above RaE , we provide stability bounds
, as well as on the Bingham number B, the Prandtl
that are
conditional
on Ra − RaEconvection
Weakly
nonlinear
viscoplastic
number Pr, and the magnitude of the initial perturbation. The stability characteristics
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of Bristol, Bristol, UK decays to zero in a finite time. We are able to provide
estimates for the stopping time for the various types of stability. A consequence of
the finite time decay is that
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diﬀerent time scales, i.e. before/after natural convection stops. The two decay time
Articlescales
history:
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are clearly observed in
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results.
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A finite amplitude perturbation may trigger the R-B instability in
spite of a finite yield stress.
c

Viscoplastic fluids
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Experimental study for the R-B convection in yield stress fluids
PHYSICS OF FLUIDS 25, 023101 (2013)

Rayleigh-Bénard convection for viscoplastic fluids
Mohamed Darbouli, Christel Métivier, Jean-Michel Piau, Albert Magnin,
and Ahmed Abdelali

Laboratoire Rhéologie et Procédés, 1301 rue de la Piscine, Domaine Universitaire, BP 53,
38041 Grenoble Cedex 9, France
(Received 7 May 2012; accepted 20 December 2012; published online 8 February 2013)

The influence of rheological and interfacial properties of yield stress fluids is inR
vestigated on the onset of the Rayleigh-Bénard convection. Different Carbopol⃝
(B.F. Goodrich) gels are used in a circular cell for Rayleigh-Bénard experimental
setup. The expérimentale
influence of the boundaryde
conditions
is also investigated
controlling
-Détermination
l’apparition
de by
l’instabilité
either slip or no-slip conditions. The onset of thermoconvection is shown by mea-Construction
d’un nombre
dealsoRayleigh
suring temperature
differences and
by using shadowgraph flow visualization.
Experimental resultsàshow
convection occurs in the range of our experiments.
-Effet du glissement
la that
paroi
Considering Carbopol gels as elasto-plastic materials with a yield stress τ y , a gen12 number, which
eralized Rayleigh number is obtained: Rag = Y−1 , with Y the yield
represents the balance between the yield stress of the gel and the buoyancy effects.
The results show that the Rayleigh number is proportional to d, the height of the
setup, and that the control parameter is the yield number at the onset of convection.
Critical values of Y−1 have been determined for slip conditions 1/YcS ≈ 40 as well
as for no-slip conditions 1/YcN S ≈ 80. It highlights that the change in surface condiC 2013 American Institute of Physics.
tions affect significantly the critical conditions. ⃝
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Phys. Fluids 25, 023101 (2013)

Darbouli et al.

Phys. Fluids 25, 023101 (2013)

Darbouli et al.
TABLE I. Identification of the gels coefficients and the values of yield stress obtained by both methods: Flow023101-9
and oscillatory
measurements at T = 293 K.

τ y (Pa)

K(Pa.sn )

n

G′ (Pa)

G′′ (Pa)

τ c (Pa)

0.104
0.045
0.031
0.01
0.009
0.006
0.0047

0.47
0.4
0.26
0.11
0.093
0.073
0.039

0.41
0.43
0.46
0.6
0.62
0.68
0.75

3.25
2.1
0.77

0.63
0.4
0.23

0.117
0.043
0.029

0.5
0.45

0.15
0.16

0.0089
0.0067

ference !T ′′as a function of the total heat input Qt , for the value of d = 0.01 m, τ y = 0.031 Pa,
modulus G as a function of the strain. The measurements have been performed for a fixed value
eatedof PMMA
at walls).
The
white)
represent
the results obtained by
frequency f surfaces
= 0.1 Hz. Similar
tendencies
are black
observed(resp.
for the gels
used. symbols
For low strain
values,
constant
values of G′ and G′′ define the linear viscoelastic domain, their values are reported in
ng) Q
t.
Table I. Then the moduli decrease for larger values of γ and they cross at a typical value γ c . For the
Carbopol gels used, one finds γ c = 1. It has been shown that the stress τ c measured at γ c , where G′
= G′′ , i.e., τ c = G′ γ c′, is a good estimation of the yield stress τ y . This is confirmed in Table I since
one finds τ y = τ c by using both methods.
023101-13
Darbouli
et al.
Phys. Fluids
25, that
023101
16
show
the (2013)
Concerning
the thermo-dependency
of Carbopol gels, Forrest and Wilkinson
yield stress does not depend on temperature since the yield stress
−1is mainly due to the mechanical properties
contacting
particles (microgels).
It has been
shownconditions.
in Refs. 17–19
that theof surgiven
by Eq. (7)offor
a giveng Carbopol
gel and controlled
surfaces
The control
thermo-dependency
of Carbopol
essentially
the consistency
K via an or
exponential
variation(circles
faces
conditions is obtained
by isusing
either due
(white circles)
treated PMMA
yrawtoPMMA
where
is a coefficient,
which
varies with In
thethe
Carbopol
concentration.
K = crosses)
K0 exp (−bT),
with
for slip
and bno-slip
conditions,
respectively.
conductive
region and close to the

me scales for G and γ as previously, a generalized Rayleigh number is obtained
ρgβ !T d
=Y
Ra =
τ

.

(8)

onset ofthe
convection
Nu = 1, the transition
conduction
and convection
is characterized
by the material as a
garding
microstructure
ofbetween
Carbopol
gels,
one
can
consider
Nu
1. Theof
critical
1/Y conditions
values are determined: 1/YcS ≈ 40 with slip conditions and 1/YcN S ≈ 80
C. ≥
Control
interface
ere with
theadherence
solid matrix
consiststheindestabilizing
the swollen
andrough
the fluid is the distilled
conditions highlighting
effect of microgels
wall slip as discussed
previously.
In the previous paragraphs, theS rheological measurements
have
been
performed
by
using
However, one observes that 1/Yc × τ y /τ f ≈ 1/YcN S , meaning that rescaling 1/YcS with τ f leads to
surfaces, leading
to no-slip
conditions
permit to characterize
the bulkthe
properties
igh-Bénard
configuration,
thevalue
buoyancy
force,
via
temperature
difference,
N S conditions. These
the
critical
value
1/Y
.
The
yield
stress
at
interface,
τ
has
a
main
effect
on
the
onset
of
f
c
of the Carbopol. However,
the surfaces defining the boundaries in the Rayleigh-Bénard setup are
instability,
in
the
range
of
our
experiments.
nian non-wetting
diffusion
in water
androughness
the istransition
to thesize.convective
regime could
and smooth,
i.e., the
surfaces
smaller than the microgels
It is known
13 be
generally,
results
thatsurfaces.
convection occurs in viscoplastic fluids and that
thatMore
polymers
can slipthese
on smooth
andhighlight
non-wetting
flow
of
water
through
the
solid
The
in porous media
steadyIn states
areidentify
obtained
close to properties
the threshold
(Nu
= slip,
O(1))
in theRayleigh
conductive
andnumber
convective
order to
the interface
and matrix.
the
wall
steady-state
shear rheometry
has
8, 20, 21

FIG. 5. Temperature difference !T as a function of the total heat input Qt , for different values of d, τ y , and slip condition
(untreated
3–5copper alloy, glass, and PMMA surfaces). The black (resp. white) symbols represent the results obtained by
since the
and numerical
predictions,
replacing
the lower
plateincreasing
by that
ones
(resp. decreasing) Qt . (a) d = 0.01 m, τ y = 0.006 Pa; (b): d = 0.017 m, τ y = 0.01 Pa.

regimes.
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tworemaining
points disagree
theoretical
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the roughwith
cone the
(sandpaper)
but
used in show
the Rayleigh-Bénard
i.e., the glass,
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The
authors
that the yield cavity,
stress inhibits
the (onset
of)and
convection.
As surfaces.
discussed
inresults
Sec. II, the
are displayed
in Fig.might
3 and be
highlight
the slip of the
gel on
these surfaces.
change
in in
thethese
curves
difference
in results
the consequence
of the
inelastic
BinghamThe
model
used
articles.
one
can
introduce
(ii) a viscosity µ* based on oscillatory rheometry measurements and defined by
and
in
the
slip
yield
stress
is
due
to
the
type
of
surface
used.
w criterion,
w
The Bingham model, based on the Von-Mises
is commonly used since it is the simplest
8
√
rheometric
of Carbopol
withstress
directand
observations
Magnin
Piau correlated
pthe
one and
sinceand
it accounts
for two
main
featuresproperties
of∗ viscoplastic
fluidsgels
(yield
shear-thinning
∗
|G
|
G ′2 + G ′′2
∗
of
flow.
The
observations
show
that
slip
is
located
in
a
very
thin
layer
close
to
the
solid
interface.
=
.
(6)
µ
=
w fully developed or slowly varying flow
behavior). Numerous flow conditions in steady laminar
ω
ω
When the
sheared
between
rough
flow (inelastic
is homogeneous
throughout
the bulk
regimes
cangelbeiswell
described
bythe
using
thissurfaces,
type of the
models
Bingham
or Herschel-Bulkley)

kρ gβ !T d
Ra =
,
κ µ

(9)
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The quests for today:
3. Experimental Results for a yield stress fluid (Carbopol 980)

- Observe and characterize experimentally the Rayleigh-Bénard
convection in a yield stress fluid (Carbopol 980).
- Relate the observations to the rheological properties of the gel (the
yielding picture).
- Compare the results with the existing theoretical predictions.

The yielding process

Thermorheology

Concentration
14
Dependence, PhysicoChemical Properties
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3.1. Measurements of the yield stress

the cleated geometry and stress correction. The symbols are: circles - cone and plate geometry, squares
illustrated in Fig. 1. A thermoheologicaly simple Silicon oil with a known activation energy has been

Mars III rheometer
+
nano torque module

Controlled Stress Flow Ramps

t0 – characteristic forcing time

the Bermuda triangle

representation of the stress ramp. t0 is the characteristic forcing time (the averaging time per stress
al number of steps.

15

(1) The flow curves are irreversible upon increasing/decreasing the applied stresses.
(2) The R-B convection lives in the irreversible range of stresses (the Bermuda triangle)
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Z. Kebiche et al. / Journal of Non-Newtonian Fluid Mechanics 203 (2014) 9–23

Table 1
Physical and rheological properties of the Carbopol! solutions used in our study: b – thermal expansion coefficient, cp – heat capacity, j – thermal diffusivity, a – thermal
conductivity, q – density, sy – yield stress, n – power law index, K – consistency, c_c – critical rate of shear corresponding to the solid–fluid transition (see Fig. 1 and the description
in the text). The densities were measured at room temperature T ¼ 23 & C with an accuracy of around 10%.

PLEASE NOTE:

c (wt%)

0.05
0.06
0.075
0.08
0.1
al. / Journal
of
0.115

b (10%4 K%1)

cp (J kg%1 K%1)

2
2
2
2
2
Non-Newtonian
2

4231.63
4245.77
4202.79
4176.13
4119.47
Fluid3998.44
Mechanics

203

j (10%7 m2 s%1)

a (W/mK)

q (kg m%3)

sy (Pa)

K (Pa sn)

n

c_ c (s%1)

1.5
1.48
1.44
1.45
1.44
(2014)
1.48

0.61
0.61
0.6
0.6
0.6
0.61

961
970
990
990
1010
1030

0.007 ± 7 ' 10%4
0.2 ± 0.022
0.55 ± 0.045
0.65 ± 0.05
1.16 ± 0.1
1.7 ± 0.15

0.046
0.054
0.079
0.118
0.305
0.727

0.95
0.92
0.77
0.77
0.61
0.45

0.1
0.05
0.04
0.02
0.004
0.002

9–23

estigation of Carlasted.
We for
have
criterion
the convective instability in a yield stress fluid can be
mingformulated
subsequent
in terms of the yield number Y:
sy
arious
Y ¼ gaps and
6 Yc
ð4Þ
qbgHDT

cross-linked with various chemical compounds such as divinylglycol, allyl-sucrose, and polyalkenyl polyether. In an anhydrous
form, the average size of the polymer molecules is of the order of
hundreds of nanometres. In the absence of crosslinks, the polymer
particle can be viewed as a collection of linear chains intertwined
ramp was main(in a coiled state) but not chemically bonded. The Carbopol! microour best knowledge, there exists no experimental assessgel particles are soluble in polar solvents and, upon dissolution,
ear wasToaveraged
ment of the validity of the force and energy balance criteria for
each individual polymer molecule hydrates, partially uncoils, and
is protocol
as opthe transition
to thermal convective states in a Carbopol! gel given
swells several orders of magnitude. Addition of a neutralising
1)Eqs.
typically
3 and 4.
0 ! by
agent leads to the creation of negative charges along the polymer
The
present
study
concerns
with
an
experimental
investigation
stress materials
backbone due to ionisation of the carboxylic acid groups. Conseof the Rayleigh–Bénard convection in Carbopol! gels with various
quently, swollen polymer molecules crosslink, forming a system
rves a separate
concentrations (yield stresses). Among the primary goals of the
of microgel particles. The microgel system can sustain finite deforstudy we mention the accurate detection of the onset of the instamations (behaving like an elastic solid) prior to damage. When loe classical
bility insteady
relation with the rheological properties of the gel (yield
cal applied stresses exceed a 16
threshold value the gel system breaks
stress),
the
characterisation
of
the
convective
flow
patterns
as
a
fact that the flow
apart and the material starts to flow. This is the commonly acfunction of the control parameter. Of particular interest is the
cepted microscopic scale origin of the macroscopic yielding of
s not compatible
assessment of the nature of the bifurcation towards convective
the material.
et ofstates
the convecwhich is little documented by the existing body of experiVarious solutions of Carbopol! 980 with concentrations ranging
mentalchanges
work. In addition to these goals, we are interested in the
elements
in between 0.05% and 0.11% (by weight) have been used as workscaling
of
the
physical
parameters
characterising
the
onset
of
the
e elements move
_ jon procedure
ing fluids.
the preparation
of the solution is deFig. 1. Dependence of the absolute value of the shear
rate jcThe
s
the appliedfor
stress
convective instability with the rheological
properties
of
the
solu!
scribed
follows. The
First, full/empty
the right amount of anhydrous Carbopol!
for a Carbopol solution with the concentration
c ¼as0:115%.
tions which will allow one to probe the applicability of the force
980
in water while continuing stirring
symbols refer to the increasing/decreasing branch
of has
the been
stressgently
ramp, dissolved
respectively.

w stress values an elastic solid deforLTN
with Hooke’s law is observed.2 For the
stress investigated a fluid (fully yielded)
rmation regime is well described by the
_ jn [16]. Here sy ; K and n stand for
y þ Kjc
and power law index, respectively. The
and the fluid regime is not direct but
e regime where solid and fluid bands
mportant to note that, unlike previously
regimes are reversible upon increasing/
ly within the fully yielded regime.
critical rate of deformation c_ c corred regime on the yield stress sy is pree Fig. 1. The measurements of the
ted to the solid-fluid transition allows
eristic time of the material t g involved
tic Rayleigh number given by Eq. 3 as

We have first made
sure that we are in
the right
concentration
regime

centrations as Darbouli and his coworkers, we have been unable to
SFT 19 novembre 2015
reproduce their surprisingly small values ofJournée
yield stress
[11]. Below
a critical value of the Carbopol! concentration c% usually referred
to as the overlap concentration, the solutions exhibit no measurPLEASE
NOTE:
able yield
stress but
only a weakly shear thinning behaviour. Be-

EXPERIMENTAL
WINDOW

ematic discussion together with a simese previously un-noticed features are
h, to our best knowledge, is the first
s demonstrated that in spite of the

A clear yield stress
behavior is
involved in ALL our
nonlinear nature of the Herschel–Bulkley model,
experiments
regression algorithms such as the Levenberg–

ve to the number of the data points considered

amp is linear in time, c_ # constant translates into
he applied stress s and the strain c.

17

Fig. 2. Dependence of the yield stress sy on the Carbopol! concentration. The error
bars are defined by the fitting error of the Levenberg–Marquardt algorithm with the
Increasing Shear Thinning Behaviour
Herschel–Bulkley model. The full line is linear fit. Here c% stands for the overlap
concentration. The dependence of the power law index n on the Carbopol!
concentration is presented in the insert.
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3.1 Observation of the R-B convection in a Carbopol gel

Note:
- The same experimental procedure as in the Newtonian case is
employed.

ΔT < ΔTc
No convection detected by local PIV measurements within a 1 microns/s resolution
18
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Flow structure and dynamic slightly above the onset
o

ΔT = 6.5 C

o

ΔT = 6.72 C
19

ΔT > ΔTc

y amplitude follows a square root dependence
on
the
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3.2 Newtonian versus Viscoplastic Convective Flow Patterns: a qualitative look

Newtonian Convective Pattern

Viscoplastic Convective Pattern

The flow patterns are qualitatively similar, but at a closer look...
In the vicinity of the boundaries, the convection rolls are “flat” in the viscoplastic case

A plausible reason
20

Topological differences between the Newtonian and the Viscoplastic boundary layer
of the temperature gradient ∆T wiFigure 5 – (a) Depe
ux P . The full/empty symbols refer
on the reduced power. T
t flux. A typical convection pattern is
the pattern amplitude V
Landau fit.

the
LTNmaterial does not relax through the same intermediat
< τ < τ2 , the rates of deformation of the material are small
3.3 The physical nature of the R-B bifurcation in viscoplastic fluids
ss branch
as in [6].
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(FOCUS FIRST on INTEGRAL MEASUREMENTS)

⎫
c=0.05% ⎪
⎪
c=0.06% ⎪
⎪
c=0.075% ⎪⎪
⎪
⎬
c=0.08% ⎪
⎪
⎪
c=0.1% ⎪
⎪
⎪
c=0.115% ⎪
⎭

Empty Symbols - Increasing P
Full Symbols - Decreasing P

c>c

Reduced temperature
difference:

ΔT
ΔTr =
−1
Tlin

*

ΔTlin
(concentration invariant:
the polymer does not significantly
affect the thermal conductivity)

Reduced control parameter

P
Pr = − 1
Pc
21

the overlap concentration.

LTN
Figure 7 – Dependence of the yield stress τy on the
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concentration of Carpool. The line is a linear fit and c∗ is
he overlap concentration.

(1) As in the Newtonian case, the order
parameter
scales linearly with the control parameter
above the onset of the transition.
(2) As in the Newtonian case, the transition is
reversible upon increasing/decreasing control
parameter (imperfect bifurcation).

igure 5FOCUS
– (a) Dependence
of the
reduced temperatureof∆T
r CONVECTION AMPLITUDE
on LOCAL
MEASUREMENTS
the

n the reduced power. The line is a linear fit. (b) Dependence of
he pattern amplitude V on the reduced power Pr . The line is a
andau fit.

nvective states within a Newtonian fluid as an
Pr
al
predictions
and
and
previous
experimental
Figure 9 – (a) Dependence of the reduced temperature

Landau Equation

ε = Pr = P / Pc − 1, ξ = V
3

εξ − aξ + h = 0

Tr on the reduced power Pr for various Carbopol concentrations, see Fig. 8. The full lines are linear fitting functions.
asuring
techniques
we repeated
same ex(b) Dependence
the convection
patternthe
amplitude
V on
ations
of Carbopol
have
been
the reduced
power Pr . The
dotted
lineexploited
is a squarefrom
root fit
Figure
9in–the
(a) Newtonian
Dependence
ofcase
the
reduced
temperature
function
to thebeen
Landau
model.
As according
and within
thea entire range of Carbopol concentrations,
Carbopol
gels
have
investigated
Tr on the reduced power Pr for various Carbopol using
concentra22
the
transition
to
the
R-B
convection
in
a
Carbopol
gel
is
a
second
order (imperfect)
ions, see Fig. 8. The full lines are linear fitting functions.
bifurcation
thatamplitude
can be modelled
by the Landau theory
(b) Dependence the convection
pattern
V on
∗
regimes.
applied
stresses,
edeformation
c low
) and
ranging
inroot
between
heoverlap
reduced concentration
power
Pr . TheFor
dotted
line
is
a square
fit
according
towith
the Landau
model.
ntunction
deformation
rate).
For
largest concentration,
values of
which
increases
thethe
Carbopol

can regime
be accurately
described
the Herschelive
characterised
by abylinear
dependence of
d regime
fluid regime
is not
but
(heat
flux)toP .aBeyond
the onset
∆T direct
the convection
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Comparison with the litterature

The critical temperature
difference needed to trigger
the R-B convection scales
exponentially with the yield
stress.

(CURRENT STUDY)

Experiments by Darbouli et
al., Phys. Fluids 2013
Balmforth and Rust
JNNFM 2009
23

than an exponential one) near the critical point Ref. [39]. Howeve
Table 1).
the fluid spanning
nearly
three
dec0.115
2
3998.44
Journée
SFT 19recent
novembretextbooks
2015
to our best knowledge
and according
to 1.48
more
o
!
LTN
of
In
the
case
of
a
viscoplastic
fluid,
the
onset
of
the
Rayleigh–
he Carbopol solution is varied. This
convection (see for example the discussion in page 34 of Ref. [19]
_c
variation
of
the
critical
shear
rate
c
ely
Bénard convection coincides
with of
the
onset of of
the
tran-of th
we are unaware
a replacement
thissolid-fluid
term in the context
d transition (see Fig. 1) on the yield
Comparison with the litterature
ap(yielding)
and thus, the viscous stresses are infinite at the
espondingsition
to the onset
of the instaY c definedonset.
by Eq. 4 This
has values
of or- that, in the case of a viscoplastic fluid, the oneld
suggests
ata one can conclude
that,for
unlike
in convective instability in a yield stress fluid ca
criterion
the

set condition should be reconsidered. For this purpose, the force
formulated
in terms
the yield
number Y: that the thermal
balance
criterion
can be of
modified
by considering
syis triggered when the stresses associated to the buoyconvection
Y¼
6 Yc
ancy overcome
qbgHDT the yield stress sy of the gel and by replacing the
viscous time scale with a characteristic time scale associated to
the microstructure of the gel:

ans
on,
als
eveuTo our best knowledge, there exists no experimental as
in
qbD
TgH
t dvalidity of the force and energy balance criteri
nt,
ment
of
the
Ra ¼
P Rac
ð3Þ
!
sy tg to thermal convective states in a Carbopol gel
cal
the transition
3].
by Eqs. 32 and 4.
H
ess
HereThe
td ¼present
characteristic
time
scale
to theinvestig
therj is the study
concerns
with
anassociated
experimental
onmal diffusion and tg is a characteristic time scale
associated
to the
!
24
of the Rayleigh–Bénard convection in Carbopol gels with va
cal
gel microstructure near the onset of the convection (i.e. near the
the Yprimary
goals
ating power P concentrations
corresponding to the onset of (yield
Fig. 16.stresses).
Dependence of theAmong
critical yield number
(squares, bottom-left
axis) o
an
rns
yield
point)
which
will
be
discussed
in
detail
through
our
paper
he yield stress s of the Carbopol solution.
of the critical Rayleigh number Ra (circles, bottom-right axes) on the yield stre
study
we
mention
the
accurate
detection
of
the
onset
!of the i
s
.
eld
in connection to the rheological properties of the Carbopol gels.
bility
in relation
with
the
rheological
the gel (
As
the yield
stress has
been
considered
as aproperties
scale for theofstresses,
c

y

c

!

c

y
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The bifurcation towards R-B convective states is
experimentally found to be supercritical in a wide range
of yield stresses.

Recent theoretical developments suggest that an increase in the shear thinning
behavior may turn the supercritical bifurcation into a subcritical one:
(group of Dr. Chérif Nouar in Nancy)

25
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But...

E. Weber et al. / Journal of Non-Newtonian Fluid Mechanics 183–184 (2012) 14–24

Our
Experiments
Were
Conducted
Here

Our experiments
do not confirm
this theoretical
prediction:
In spite of a clear shear
thinning behavior, the
bifurcation remains
supercritical
26

) Concentration dependence of the consistency (h, bottom-left axis) and the power law index ( , bottom-right axis) (b
r0y (h, bottom-left axis) and the activation energy DEa ( , bottom-right axis).
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Maybe there are some missing ingredients in the theoretical approaches?

∂Vx
∂x

∂Vz
∂x

∂Vx
∂z

∂Vz
∂z
Figure 19: DPIV measured velocity gradients: (a)
difference between plates was ∆T = 4o C.

∂ Vx
∂x

(b)

∂ Vx
∂z

(c)

∂ Vz
∂x

(d)

∂ Vz
∂z .

R
A 0.08% Carbopol⃝
solution was used and the temperature

The Rayleigh-Bénard

behaviour of the gel around its yield point is more complicated than the Bingham (or Herschel-Bulkley) picture. To
lives described
in the
probe the relevance of the rheological yielding scenario illustrated in Fig. 1 toconvection
the convection experiments
R
⃝
above, we turn our attention to measurements of the velocity gradients performed within
a 0.08% Carbopol
solution
Bermuda
triangle:
slightly above the onset of the Rayleigh-Bénard instability, Fig. 19.
Due to the smallness of the velocity gradients illustrated in Fig. 19 it is obvious that the rheological regime relevant
- Bingham,
Herschel-Bulkley
&
around the convective onset is the intermediate and irreversible solid-fluid
regime visible in Fig.
1 in a range of applied
the rheological
of the
stresses right above the elastic solid regime (γ̇ = ct.). Within this deformation
Co. regime,
models
do notresponse
apply
here!
material departs significantly from the Bingham, Herschel-Bulkley models and their regularised versions.
(see our
paper
by Putz&Burghelea,
This provides a plausible explanation for the partial disagreement between
experimental
findings and previous
theoretical works. A quantitative agreement with the experimental results presented
by Darbouli
and 2009)
his coworkers
Rheo
Acta
in [11] could not be obtained either. This is most probably due to the significant differences in the rheological
R
properties of the gel (notably the yield stress) observed in spite of a similar range of Carbopol⃝
concentrations.
Additionally, although their values of the yield stress are significantly smaller than the ones we have measured, the
critical temperature differences they measure are substantially larger than the ones we measure27(see the values listed
in Table 2). These factors make a quantitative comparison of the critical Rayleigh and yield numbers impossible at
this point.

Further theoretical developments are still needed to understand the R-B convection
in a Carbopol gel. A different rheological framework NEEDS to come in!
4. Conclusions, outlook
A systematic experimental investigation of the Rayleigh-Bénard convection in a yield stress fluid is presented
by combined integral measurements of the temperature gradient between the plates and local measurements of the
amplitude of the flow patterns.

Journée
SFT 19
novembre 2015
s aLTN
establishment to fit experimentally
generated
forthedi↵erWe have measured
the flow curve
curves of
various
CMC
solutions
described in

3 controlled rheometer, Fig. 1.
h is the function of both MARS
Newtonian
and Shear- thinning laws.

4. Experimental investigation
offitted
thebyRayleigh-Bénard
a the zer
Each flow curve has been
the Carreau model in order toin
obtain
onset
thinning and fluid
the power law index. As none of the flow curve
! 0, ⌘ ! ⌘0 and ˙ ! 1,the
⌘!
⌘1of shearthinning
shear

stress viscosity plateau, the infinite shear viscosity has been kept constant during
−4
dure,
the viscosity
ratio S has been neglected in Eq. 2.
η
=
10
Pa s and fluid’s
inf
he upper and lower limits of non-Newtonian
viscosity.

rreau Model viscosity is:
⌘(T )
⌘0 (T )

⌘1 (T )
2
2 n2 1
= [1 + ˙ (T ) ]
⌘1 (T )

(2.10)

Carreau model
emperature dependent
properties. This model predicts Newtonian

when either n = 1 or

= 0 or both.

squares - A, circles
- B, triangles
- C, hexagons
- E.
investigation
of Shear
thinning
fluid (CMC),
for each concentraFull lines : Carreau model.

28

apparent viscosity with shear stress has been calculated between
Full symbols mark the onset of the shear thinning.

. Detailed explanation can be found in chapter 4.

FIG1: Flow curves measured for different species of CMC (see the description in Tab. 1): square

triangles - C, hexagons - E. The full lines are fit functions according to the Carreau model. The

LTN
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4.1. Experimental Cartography Campaign
(B first campaign)
(C first campaign)

(C first campaign)

(A - first campaign)

(C second campaign)

(A - second campaign)

theoretical cross-over, Nancy

29

cal value of the heating power Pc ⇡ 39.9 W. Beyond this onset the dependence

LTN with a mixed conductive – convective heat transfer regime. Same
es nonlinear

heating power respectively.
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f phenomenon has been observed for velocity variation (Vmax ) with heating power

efer figure 4.7)

4.2. The physical nature of the R-B bifurcation in shear-thinning fluids

C solution with 2%wt

A solution with 1%wt

Chapter
4. Results of temperature gradient T on the heating power P ,27for the
gure 4.7:
Dependence
Figureand
4.9: Dependence of temperature gradient T on the heating power P , for
MC - C3 with 2%wt concentration. The squares and circle refer to increasing
the CMC A1 with 1%wt concentration. The squares and circle refer to increasing and
decreasing heating power respectively.
decreasing heating power respectively.

Our experiments confirm
Results for the A1 solution with 1% concentration:
one part of this theoretical
prediction:
er type of CMC solution (A1 with 1% concentration) was assessed by both integral
30

rements of the temperature di↵erence and local flow speed measurements.

kind of linear increase of the temperature di↵erence between the plates

the bifurcation remains subcritical

T with

(P) is observed. This linear increase corresponds to a purely conductive heat

er regime and the onset of bifurcation is found above a critical value of heating

4.10: Dependence
of pattern
amplitude V on
the heating power
P , for the
Pc ⇡ 58.8Figure
W. Beyond
this onset,
temperature
dependence
becomes
nonlinear and
CMC C3 with 2%wt concentration. The square and circle refer to increasing and

decreasing heating
power
respectively.
uctive – convective heat transfer
regime
is observed.
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Conclusions, outlook

(1) The Rayleigh-Bénard convection was investigated in a yield stress fluid shear
thinning fluid and shear thinning fluid by both integral measurements (T gradient
between plates) and local ones (point-wise velocity measurements).
(2) As in the case of a Newtonian fluid, the bifurcation towards convective states
is continuous, reversible and can be modeled by the Landau theory for yield stress
fluid.
(3) In the case of a Carbopol gel, the R-B convection does not follow the Bingham,
Herschel-Bulkley and Co. religion but lives in the Bermuda triangle.
(4) In the case of the shear thinning fluid, the instability is subcritical for all the
experimental cases. How to find the « ideal » experimental fluid ?
31
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