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1. Introduction 

The Rayleigh-Bénard convection is a paradigm of pattern forming systems

It can be triggered in a fluid heated from below when the buoyancy stresses 
overcome  

the viscous stresses 

21ème Congrès Français de Mécanique Bordeaux, 26 au 30 août 2013

Figure 1 – Rayleigh Bénard Experimental setup. The symbols are : L : laser, CO : cylindrical optic, CP : copper plate, WB :
water bath, A2D : analogical to digital treatment, RB : reference box.

Figure 2 – Example of temperature measurements.
The circles/squares refer to the thermocouples of the bot-
tom/top plates, respectively. The dotted lines are linear
fitting functions. The full symbols are the data linearly
extrapolated at the contact between the fluid and the
top/bottom plates.

Figure 3 – Example of transient temperature measure-
ment. The full line is an exponential fit.

the measurements of the temperature difference between plates ∆T , the convection patterns are inves-
tigated using the Digital Particle Image Velocimetry (DPIV) technique, [6, 7]. For this purpose, the
cavity is illuminated in the with half, with a vertical laser sheet. The onset of the convective instability
is detected by detected by integral measurements of the temperature between plates and and local
measurements of the velocity field (the amplitude of the convective patterns). The working fluids are
seeded with polyamide tracers (20 µm in diameter). The flow patterns are visualised frontally with a
digital camera at a 1 fps speed. The spatial structure and temporal dynamics of the flow fields are
obtained for Carbopol solutions with different concentrations between 0.05 %wt and 0.11 %wt.

3 Results
The experimental setup and measuring techniques have been first validated by conducting experiments
with a Newtonian fluid, pure Glycerin. The Rayleigh number is defined as :

Ra =
α∆Tgd3

k · ν (1)

where α is the coefficient of thermal expansion, g the gravitational constant, k the thermal diffusivity,
ν the kinematic viscosity, ∆T the temperature difference measured between the plates and d is the
distance between plates. The experimentally measured values of the physical parameters and the
Rayleigh number for the Glycerin are : α = 5 · 10−4K−1, g = 9.8m2/s, k = 1.37 · 10−7m2/s and
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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 
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2. Experimental setup and techniques 

Methods:  

(1) Digital Particle Image Velocimetry (DPIV)  - Local scale assessment of the stability. 
(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

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

R-B cell 
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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.

The temperature measurements are non-invasive
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The three resistances are connected to DC voltage generator and the power of heat flux injected in
the fluid P is controlled as P = U2/R and U = RI where : U is the DC voltage and R is the total
resistance. The top temperature was held constant throughout experiments ; however, the temperature
of the bottom was controlled by the electric current I.

Figure 1 – Rayleigh Bénard Experimental setup. The symbols are : L : laser, CO : cylindrical optic, CP : copper plate, WB :
water bath, A2D : analogical to digital treatment, RB : reference box.

In Fig.2 We present how to measure the temperature gradient in the fluid by doing a linear extra-
polation of the measured temperatures in the polycarbonate plates (∆T = Tb − Tt). Non-intrusive
measurements of the temperature difference between plates in a steady state as mentioned in Fig.3
(typically reached over 8 hours of heating : 5×σ) for each value of heating power are conducted using
thermocouples (of type K) inserted within the plates (3 thermocouples of each side) and connected to
a digital multimeter via a reference box.

Figure 2 – Temperature gradient measurement. The
circles/squares symbols refer to the thermocouples of the
bottom/top plates, dotted line present a linear fitting.

Figure 3 – Thermocouple cooling test. Black line refers
to exponential fitting, dotted line is a tangent and σ is the
time constant (σ = 1.6hour)

Measurement of the temperature gradient in the fluid using thermocouples allows one to detect the
onset of Rayleigh-Bénard instability witch will be explained later. Simultaneously with these thermal
measurements, the convection patterns are recorded using the Digital Particle Image Velocimetry
(DPIV) technique. For this purpose, the cavity is illuminated in the with half, with a vertical laser
sheet. The instability onset detected by temperature measurements and velocity field. The working
fluids are seeded with polyamide tracers (20 µm in diameter).The flow patterns are visualized frontally
with a digital camera at a 1 fps speed. The spatial structure and temporal dynamics of the flow fields
are obtained for different Carbopol concentrations between 0.05 %wt and 0.11 %wt.
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τ ch

A thermal equilibrium 
is allowed to set in 

prior to measuring the 
temperature 

difference the 
between plates.

2.3 Carefully avoid the transients

The temperature was measured ONLY in a steady state
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2.4 Validation of the experimental setup/techniques with a Newtonian fluid

ΔTc = 4.8
oC, Rac = 1774

21ème Congrès Français de Mécanique Bordeaux, 26 au 30 août 2013

3 Results
The experimental setup and measuring techniques have been first validated by conducting experiments
with a Newtonian fluid, pure Glycerin. The Rayleigh number is defined as :

Ra =
α∆Tgd3

k.ν
(1)

where α : the coefficient of thermal expansion, g : gravitational constant, k : thermal diffusivity, ν :
kinematic viscosity, ∆T is the temperature difference measured between the plates and d is the distance
between plates. The experimental values of the parameters of the Rayleigh number for Glycerin are :
α = 5 · 10−4K−1, g = 9.8m2/s, k = 1.37 · 10−7m2/s and ν = 872 · 10−6m2s−1. Measurements of the
temperature difference ∆T between the plates for a Glycerin solution are presented in Fig. 4, for both
increasing and decreasing heating powers P . A linear increase of ∆T with P which corresponds to a
purely conductive heat transfer regime is observed up to a critical value of the heating power Pc ≈
16.32W . Beyond this onset the dependence becomes sub linear consistently with a mixed conductive-
convective heat transfer regime. Based on the material parameters enumerated above, the critical
Rayleigh number corresponding to the onset of the thermal convection can be estimated Rac ≈ 1774
which is in a fair agreement with the theoretical value Rat

c = 1708 given in [4].
We are interested in determining the reduced temperature Tr relative to the reduced power Pr by
eliminating the linear conductive regime, nonlinear fitting on the super transient regime is modeled
by Landau and Ginzburg model as :

F = A

√
P

Pc
− 1 (2)

Figure 4 – Dependence of the temperature gradient in
Glycerin on heat flux. The full/empty symbols refer to in-
creasing/decreasing heat flux.

Figure 5 – (a)/(b) Dependence of the reduced tempe-
rature Tr and the maximum average velocity V on the re-
duced power Pr. The continuous line refer to Landau and
Ginzburg fitting.

Figure 6 – Two patterns of Glycerin in convection regime. The dotted line refer to the velocity measuring axis.

where Pc = 16.32W is the critical power transition and A = 5.18̊ C is the ∆T corresponds to the on-
set of convection. As expected theoretically both reduced temperature and maximum average velocity
(V was calculated in the middle of patterns as mentioned in Fig. 6) follow an imperfect bifurcation
following the Landau & Ginzburg model as presented in the Figure 5 upper.
After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been measured using a
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Figure 1 – Rayleigh Bénard Experimental setup. The symbols are : L : laser, CO : cylindrical optic, CP : copper plate, WB :
water bath, A2D : analogical to digital treatment, RB : reference box.

Figure 2 – Example of temperature measurements.
The circles/squares refer to the thermocouples of the bot-
tom/top plates, respectively. The dotted lines are linear
fitting functions. The full symbols are the data linearly
extrapolated at the contact between the fluid and the
top/bottom plates.

Figure 3 – Example of transient temperature measure-
ment. The full line is an exponential fit.

the measurements of the temperature difference between plates ∆T , the convection patterns are inves-
tigated using the Digital Particle Image Velocimetry (DPIV) technique, [6, 7]. For this purpose, the
cavity is illuminated in the with half, with a vertical laser sheet. The onset of the convective instability
is detected by detected by integral measurements of the temperature between plates and and local
measurements of the velocity field (the amplitude of the convective patterns). The working fluids are
seeded with polyamide tracers (20 µm in diameter). The flow patterns are visualised frontally with a
digital camera at a 1 fps speed. The spatial structure and temporal dynamics of the flow fields are
obtained for Carbopol solutions with different concentrations between 0.05 %wt and 0.11 %wt.

3 Results
The experimental setup and measuring techniques have been first validated by conducting experiments
with a Newtonian fluid, pure Glycerin. The Rayleigh number is defined as :

Ra =
α∆Tgd3

k · ν (1)

where α is the coefficient of thermal expansion, g the gravitational constant, k the thermal diffusivity,
ν the kinematic viscosity, ∆T the temperature difference measured between the plates and d is the
distance between plates. The experimentally measured values of the physical parameters and the
Rayleigh number for the Glycerin are : α = 5 · 10−4K−1, g = 9.8m2/s, k = 1.37 · 10−7m2/s and
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ν = 872 · 10−6m2s−1. Measurements of the temperature difference ∆T between the plates for a
Glycerin solution are presented in Fig. 4, for both increasing and decreasing heating powers P . A linear
increase of ∆T with P which corresponds to a purely conductive heat transfer regime is observed up
to a critical value of the heating power Pc ≈ 16.32W . Beyond this onset the dependence becomes sub
linear consistently with a mixed conductive-convective heat transfer regime. Based on the material
parameters enumerated above, the critical Rayleigh number corresponding to the onset of the thermal
convection can be estimated Rac ≈ 1774 which is in a fair agreement with the theoretical value
Ratc = 1708 given in [8]. The dependence of the reduced temperature difference ∆Tr = ∆T

∆Tlin
− 1

on to the reduced power Pr = P/Pc − 1 is presented on Fig. 5 (a). Here ∆Tlin represents the linear
temperature difference measured within the conductive regime (see the full line in Fig. 4). In agreement
with the theoretical predictions, the reduced temperature difference ∆Tr increases linearly with the
heating power. Measurements of the convection amplitude are presented in Fig. 5. Above the onset of

convection the velocity amplitude follows a square root dependence on the heat flux V = A
√

P
Pc

− 1.

Figure 4 – Dependence of the temperature gradient ∆T wi-
thin Glycerin on the heat flux P . The full/empty symbols refer
to increasing/decreasing heat flux. A typical convection pattern is
presented in the inset.

Figure 5 – (a) Dependence of the reduced temperature ∆Tr

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

These measurements clearly identify the transition to convective states within a Newtonian fluid as an
imperfect bifurcation in agreement with both theoretical predictions and and previous experimental
results.

After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been investigated using a
MAARS rheometer.

The flow curve presented in Fig. 6 reveals three distinct deformation regimes. For low applied stresses,
an elastic solid deformation regime is observed (constant deformation rate). For the largest values of
the applied stresses a fully yielded (fluid) regime that can be accurately described by the Herschel-
Bulkley model is observed. The transition from a solid regime to a fluid regime is not direct but
mediated by an intermediate regime where the solid and fluid fingerprints coexist. An important and
previously ignored (for a Carbopol gel) feature of the increasing/decreasing stress flow curves is the
irreversibility observed within the solid and the intermediate regime. The yield stress of the fluid
τy is obtained from a Herschel-Bulkley fit of the data acquired within the fully yielded regime. The
dependence of the apparent yield stress τy is linear with the Carbopol concentration, Fig. 7.

By monitoring the error bars of the yield stress data presented in Fig. 7 one can clearly see that the
Carbopol concentrations we have investigated are larger than the overlap concentration and we indeed
have a yield stress behaviour.

In Fig. 8 we present the dependence of the temperature difference ∆T on the heating power for six
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A deeper insight into the validation results with the Newtonian fluid: 
THE NATURE OF THE BIFURCATION TOWARDS CONVECTIVE STATES
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3 Results
The experimental setup and measuring techniques have been first validated by conducting experiments
with a Newtonian fluid, pure Glycerin. The Rayleigh number is defined as :

Ra =
α∆Tgd3

k.ν
(1)

where α : the coefficient of thermal expansion, g : gravitational constant, k : thermal diffusivity, ν :
kinematic viscosity, ∆T is the temperature difference measured between the plates and d is the distance
between plates. The experimental values of the parameters of the Rayleigh number for Glycerin are :
α = 5 · 10−4K−1, g = 9.8m2/s, k = 1.37 · 10−7m2/s and ν = 872 · 10−6m2s−1. Measurements of the
temperature difference ∆T between the plates for a Glycerin solution are presented in Fig. 4, for both
increasing and decreasing heating powers P . A linear increase of ∆T with P which corresponds to a
purely conductive heat transfer regime is observed up to a critical value of the heating power Pc ≈
16.32W . Beyond this onset the dependence becomes sub linear consistently with a mixed conductive-
convective heat transfer regime. Based on the material parameters enumerated above, the critical
Rayleigh number corresponding to the onset of the thermal convection can be estimated Rac ≈ 1774
which is in a fair agreement with the theoretical value Rat

c = 1708 given in [4].
We are interested in determining the reduced temperature Tr relative to the reduced power Pr by
eliminating the linear conductive regime, nonlinear fitting on the super transient regime is modeled
by Landau and Ginzburg model as :

F = A

√
P

Pc
− 1 (2)

Figure 4 – Dependence of the temperature gradient in
Glycerin on heat flux. The full/empty symbols refer to in-
creasing/decreasing heat flux.

Figure 5 – (a)/(b) Dependence of the reduced tempe-
rature Tr and the maximum average velocity V on the re-
duced power Pr. The continuous line refer to Landau and
Ginzburg fitting.

Figure 6 – Two patterns of Glycerin in convection regime. The dotted line refer to the velocity measuring axis.

where Pc = 16.32W is the critical power transition and A = 5.18̊ C is the ∆T corresponds to the on-
set of convection. As expected theoretically both reduced temperature and maximum average velocity
(V was calculated in the middle of patterns as mentioned in Fig. 6) follow an imperfect bifurcation
following the Landau & Ginzburg model as presented in the Figure 5 upper.
After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been measured using a
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ΔTlin

Pc

ΔTr =
ΔT
Tlin

−1

Pr =
P
Pc
−1

Reduced order parameter

Reduced control parameter

(FOCUS FIRST on INTEGRAL MEASUREMENTS)
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 (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). 
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ν = 872 · 10−6m2s−1. Measurements of the temperature difference ∆T between the plates for a
Glycerin solution are presented in Fig. 4, for both increasing and decreasing heating powers P . A linear
increase of ∆T with P which corresponds to a purely conductive heat transfer regime is observed up
to a critical value of the heating power Pc ≈ 16.32W . Beyond this onset the dependence becomes sub
linear consistently with a mixed conductive-convective heat transfer regime. Based on the material
parameters enumerated above, the critical Rayleigh number corresponding to the onset of the thermal
convection can be estimated Rac ≈ 1774 which is in a fair agreement with the theoretical value
Ratc = 1708 given in [8]. The dependence of the reduced temperature difference ∆Tr = ∆T

∆Tlin
− 1

on to the reduced power Pr = P/Pc − 1 is presented on Fig. 5 (a). Here ∆Tlin represents the linear
temperature difference measured within the conductive regime (see the full line in Fig. 4). In agreement
with the theoretical predictions, the reduced temperature difference ∆Tr increases linearly with the
heating power. Measurements of the convection amplitude are presented in Fig. 5. Above the onset of

convection the velocity amplitude follows a square root dependence on the heat flux V = A
√

P
Pc

− 1.

Figure 4 – Dependence of the temperature gradient ∆T wi-
thin Glycerin on the heat flux P . The full/empty symbols refer
to increasing/decreasing heat flux. A typical convection pattern is
presented in the inset.

Figure 5 – (a) Dependence of the reduced temperature ∆Tr

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

These measurements clearly identify the transition to convective states within a Newtonian fluid as an
imperfect bifurcation in agreement with both theoretical predictions and and previous experimental
results.

After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been investigated using a
MAARS rheometer.

The flow curve presented in Fig. 6 reveals three distinct deformation regimes. For low applied stresses,
an elastic solid deformation regime is observed (constant deformation rate). For the largest values of
the applied stresses a fully yielded (fluid) regime that can be accurately described by the Herschel-
Bulkley model is observed. The transition from a solid regime to a fluid regime is not direct but
mediated by an intermediate regime where the solid and fluid fingerprints coexist. An important and
previously ignored (for a Carbopol gel) feature of the increasing/decreasing stress flow curves is the
irreversibility observed within the solid and the intermediate regime. The yield stress of the fluid
τy is obtained from a Herschel-Bulkley fit of the data acquired within the fully yielded regime. The
dependence of the apparent yield stress τy is linear with the Carbopol concentration, Fig. 7.

By monitoring the error bars of the yield stress data presented in Fig. 7 one can clearly see that the
Carbopol concentrations we have investigated are larger than the overlap concentration and we indeed
have a yield stress behaviour.

In Fig. 8 we present the dependence of the temperature difference ∆T on the heating power for six
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ν = 872 · 10−6m2s−1. Measurements of the temperature difference ∆T between the plates for a
Glycerin solution are presented in Fig. 4, for both increasing and decreasing heating powers P . A linear
increase of ∆T with P which corresponds to a purely conductive heat transfer regime is observed up
to a critical value of the heating power Pc ≈ 16.32W . Beyond this onset the dependence becomes sub
linear consistently with a mixed conductive-convective heat transfer regime. Based on the material
parameters enumerated above, the critical Rayleigh number corresponding to the onset of the thermal
convection can be estimated Rac ≈ 1774 which is in a fair agreement with the theoretical value
Ratc = 1708 given in [8]. The dependence of the reduced temperature difference ∆Tr = ∆T

∆Tlin
− 1

on to the reduced power Pr = P/Pc − 1 is presented on Fig. 5 (a). Here ∆Tlin represents the linear
temperature difference measured within the conductive regime (see the full line in Fig. 4). In agreement
with the theoretical predictions, the reduced temperature difference ∆Tr increases linearly with the
heating power. Measurements of the convection amplitude are presented in Fig. 5. Above the onset of

convection the velocity amplitude follows a square root dependence on the heat flux V = A
√

P
Pc

− 1.

Figure 4 – Dependence of the temperature gradient ∆T wi-
thin Glycerin on the heat flux P . The full/empty symbols refer
to increasing/decreasing heat flux. A typical convection pattern is
presented in the inset.

Figure 5 – (a) Dependence of the reduced temperature ∆Tr

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

These measurements clearly identify the transition to convective states within a Newtonian fluid as an
imperfect bifurcation in agreement with both theoretical predictions and and previous experimental
results.

After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been investigated using a
MAARS rheometer.

The flow curve presented in Fig. 6 reveals three distinct deformation regimes. For low applied stresses,
an elastic solid deformation regime is observed (constant deformation rate). For the largest values of
the applied stresses a fully yielded (fluid) regime that can be accurately described by the Herschel-
Bulkley model is observed. The transition from a solid regime to a fluid regime is not direct but
mediated by an intermediate regime where the solid and fluid fingerprints coexist. An important and
previously ignored (for a Carbopol gel) feature of the increasing/decreasing stress flow curves is the
irreversibility observed within the solid and the intermediate regime. The yield stress of the fluid
τy is obtained from a Herschel-Bulkley fit of the data acquired within the fully yielded regime. The
dependence of the apparent yield stress τy is linear with the Carbopol concentration, Fig. 7.

By monitoring the error bars of the yield stress data presented in Fig. 7 one can clearly see that the
Carbopol concentrations we have investigated are larger than the overlap concentration and we indeed
have a yield stress behaviour.

In Fig. 8 we present the dependence of the temperature difference ∆T on the heating power for six
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ν = 872 · 10−6m2s−1. Measurements of the temperature difference ∆T between the plates for a
Glycerin solution are presented in Fig. 4, for both increasing and decreasing heating powers P . A linear
increase of ∆T with P which corresponds to a purely conductive heat transfer regime is observed up
to a critical value of the heating power Pc ≈ 16.32W . Beyond this onset the dependence becomes sub
linear consistently with a mixed conductive-convective heat transfer regime. Based on the material
parameters enumerated above, the critical Rayleigh number corresponding to the onset of the thermal
convection can be estimated Rac ≈ 1774 which is in a fair agreement with the theoretical value
Ratc = 1708 given in [8]. The dependence of the reduced temperature difference ∆Tr = ∆T

∆Tlin
− 1

on to the reduced power Pr = P/Pc − 1 is presented on Fig. 5 (a). Here ∆Tlin represents the linear
temperature difference measured within the conductive regime (see the full line in Fig. 4). In agreement
with the theoretical predictions, the reduced temperature difference ∆Tr increases linearly with the
heating power. Measurements of the convection amplitude are presented in Fig. 5. Above the onset of

convection the velocity amplitude follows a square root dependence on the heat flux V = A
√

P
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− 1.

Figure 4 – Dependence of the temperature gradient ∆T wi-
thin Glycerin on the heat flux P . The full/empty symbols refer
to increasing/decreasing heat flux. A typical convection pattern is
presented in the inset.

Figure 5 – (a) Dependence of the reduced temperature ∆Tr

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

These measurements clearly identify the transition to convective states within a Newtonian fluid as an
imperfect bifurcation in agreement with both theoretical predictions and and previous experimental
results.

After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been investigated using a
MAARS rheometer.

The flow curve presented in Fig. 6 reveals three distinct deformation regimes. For low applied stresses,
an elastic solid deformation regime is observed (constant deformation rate). For the largest values of
the applied stresses a fully yielded (fluid) regime that can be accurately described by the Herschel-
Bulkley model is observed. The transition from a solid regime to a fluid regime is not direct but
mediated by an intermediate regime where the solid and fluid fingerprints coexist. An important and
previously ignored (for a Carbopol gel) feature of the increasing/decreasing stress flow curves is the
irreversibility observed within the solid and the intermediate regime. The yield stress of the fluid
τy is obtained from a Herschel-Bulkley fit of the data acquired within the fully yielded regime. The
dependence of the apparent yield stress τy is linear with the Carbopol concentration, Fig. 7.

By monitoring the error bars of the yield stress data presented in Fig. 7 one can clearly see that the
Carbopol concentrations we have investigated are larger than the overlap concentration and we indeed
have a yield stress behaviour.

In Fig. 8 we present the dependence of the temperature difference ∆T on the heating power for six
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- increasing Pr

- decreasing Pr

Pr

FOCUS on LOCAL MEASUREMENTS of the CONVECTION AMPLITUDE

Landau Equation

ε = Pr = P / Pc −1, ξ =V

εξ − aξ 3 + h = 0

As an additional validation of our setup and techniques, we have confirmed 
that the transition to R-B convection in a Newtonian fluid emerges as an 

imperfect (continuous) bifurcation described by the Landau theory  

ΔTr =
ΔT
Tlin

−1
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Yield stress effects on Rayleigh–Bénard
convection

By J. ZHANG1, D. VOLA2 AND I. A. FRIGAARD1,3†
1Department of Mathematics, University of British Columbia, 1984 Mathematics Road,

Vancouver, BC, V6T 1Z2, Canada
2Institut de Radioprotection et de Sûreté Nucléaire (IRSN), BP3-13115,

St Paul-lez-Durance CEDEX, France
3Department of Mechanical Engineering, University of British Columbia,

2054-6250 Applied Science Lane, Vancouver, BC, Canada, V6T 1Z4

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

We examine the effects of a fluid yield stress on the classical Rayleigh–Bénard insta-
bility between heated parallel plates. The focus is on a qualitative characterization
of these flows, by theoretical and computational means. In contrast to Newtonian
fluids, we show that these flows are linearly stable at all Rayleigh numbers, Ra,
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
that are conditional on Ra − RaE , as well as on the Bingham number B , the Prandtl
number Pr, and the magnitude of the initial perturbation. The stability characteristics
therefore differ considerably from those for a Newtonian fluid. A second important
way in which the yield stress affects the flow is that when the flow is asymptotically
stable, the velocity perturbation 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 the temperature perturbation decays on two distinctly
different time scales, i.e. before/after natural convection stops. The two decay time
scales are clearly observed in our computational results.

We are also able to determine approximate marginal stability parameters via
computation, when in the conditional stability regime, although computation is not
ideal for this purpose. When just above the marginal stability limits, perturbations
grow into a self-sustained cellular motion that appears to resemble closely the
Newtonian secondary motion, i.e. Rayleigh–Bénard cells. When stable, however, the
decaying flow pattern is distinctly different to that of a Newtonian perturbation.
As t → ∞, a stable Newtonian perturbation decays exponentially and asymptotically
resembles the least stable eigenfunction of the linearized problem. By contrast, as
t approaches its stopping value, the Bingham fluid is characterized by growth of
a slowly rotating (almost) unyielded core within each convection cell, with fully
yielded fluid contained in a progressively narrow layer surrounding the core. Finally,
preliminary analyses and remarks are made concerning extension of our results to
inclined channels, stability of three-dimensional flows and the inclusion of residual
stresses in the analysis.

† Author to whom correspondence should be addressed.
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a b s t r a c t

The development of thermal convection is studied for a viscoplastic fluid. If the viscosity is finite at zero
shear rate, the critical Rayleigh number for linear instability takes the value given by a Newtonian fluid
with that viscosity. The subsequent weakly nonlinear behaviour depends on the degree of shear thinning:
with moderate shear thinning, convective overturning for a given temperature difference is amplified
relative to the Newtonian case. If the reduction in viscosity is sufficiently sharp the transition becomes
subcritical (the relevant situation for many regularized constitutive laws). For an infinite viscosity at
zero shear rate, or a yield-stress, the critical Rayleigh number for linear instability is infinite. Nonlinear
convective overturning, however, is still possible; we trace out how the finite-amplitude solution branches
develop from their Newtonian counterparts as the yield stress is increased from zero for the Bingham fluid.
Laboratory experiments with a layer of Carbopol fluid heated from below confirm that yield strength
inhibits convection but a sufficiently strong perturbation can initiate overturning.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Thermal convection of viscoplastic fluids is important in many
industrial and geophysical applications. Perhaps the most famil-
iar example is the heating of porridge: “If porridge is cooked in a
single saucepan and not stirred it will burn at the bottom. It can
still be poured – it is still liquid, but at a certain stage of sticki-
ness convection currents can be prevented even when the bottom
is some hundreds of degrees hotter than the top.” [1].1 Jeffreys
attributed the lack of convection solely to high viscosity, but por-
ridge is viscoplastic [4] and its non-Newtonian rheology seems to
be important for suppressing convection. Although he did not rec-
ognize any application to porridge, Jeffreys [3] and several other
geophysicists contemplating the thermal convection of the Earth’s
mantle, were among the first to appreciate that a finite “strength” of
a fluid would have substantial effects on convection [5–7]. Orowan
[7] showed particular insight remarking that thermal convection
would not readily initiate if the fluid has a finite yield stress, but the
Newtonian solution is a reasonable approximation once convection
is underway.

∗ Corresponding author.
E-mail address: Alison.Rust@bristol.ac.uk (A.C. Rust).

1 Rumford [2] actually initiated the scientific study of thermal convection with a
recount of his bowl of rice porridge that after an hour on a stove became cold on
top but hot enough at the bottom to burn his mouth. As a result early articles often
referred to thermal convection as “the porridge problem” [3].

The onset of thermal convection in a layer of Newtonian fluid
confined between plates maintained at different temperatures (the
Rayleigh–Bénard problem) is a classic model of instability theory
and pattern formation. Indeed, the development of weakly non-
linear theory for the problem [8] laid part of the foundation for
the modern theory of dynamical systems. Our goal in the cur-
rent article is to map out a corresponding analysis for viscoplastic
fluid convection. Though one might at first sight imagine this to be
straightforward, details of the constitutive model can significantly
complicate the situation.

More specifically, a crucial detail of instabilities in viscoplastic
fluids is the impact of the yield stress: when patterns develop from
a motionless background state, as in the Rayleigh–Bénard prob-
lem, that equilibrium is always linearly stable because the yield
stress can only be overcome by a finite perturbation (cf. [9]). Yet,
as also remarked by Orowan, it seems reasonable that the nonlin-
ear convective state is not substantially affected by the yield stress,
especially when it is small. A similar situation arises for generalized
Newtonian fluids without a yield stress if the viscosity diverges at
zero shear rate, as for a shear-thinning power-law fluid.

In Section 2, we develop the weakly nonlinear theory. We
approach the problem by treating non-Newtonian effects as small.
This allows us to begin a perturbation expansion from the weakly
nonlinear Newtonian convection solution. We thereby build the
small non-Newtonian effects into the weakly nonlinear model at
the same stage of the expansion as the tuned linear instability and
nonlinear saturation (the key effects in the Newtonian problem
[8]). Importantly, this signifies that we perturb from a fully yielded

0377-0257/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnnfm.2008.07.012

A finite amplitude perturbation may trigger the R-B instability in  
spite of a finite yield stress.
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Experimental study for the R-B convection in yield stress fluids

-Détermination expérimentale de l’apparition de l’instabilité 
-Construction d’un nombre de Rayleigh 
-Effet du glissement à la paroi 

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 in-
vestigated on the onset of the Rayleigh-Bénard convection. Different Carbopol R⃝

(B.F. Goodrich) gels are used in a circular cell for Rayleigh-Bénard experimental
setup. The influence of the boundary conditions is also investigated by controlling
either slip or no-slip conditions. The onset of thermoconvection is shown by mea-
suring temperature differences and also by using shadowgraph flow visualization.
Experimental results show that convection occurs in the range of our experiments.
Considering Carbopol gels as elasto-plastic materials with a yield stress τ y, a gen-
eralized Rayleigh number is obtained: Rag = Y−1, with Y the yield number, which
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/Y S

c ≈ 40 as well
as for no-slip conditions 1/Y N S

c ≈ 80. It highlights that the change in surface condi-
tions affect significantly the critical conditions. C⃝ 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4790521]

I. INTRODUCTION

Viscoplastic fluids are widely involved in industrial applications such as in, e.g., food processing,
oil, chemical, and cosmetic industries. Numerous processes as well as natural settings involve thermal
gradients. For instance, a key application in geophysics concerns the natural convection in the Earth’s
mantle.

The Rayleigh-Bénard configuration has been widely studied for Newtonian fluids and represents
an archetype stability problem. The Rayleigh-Bénard configuration corresponds to a buoyancy
driven source of instability (natural convection). For a pure viscous fluid heated from below, the
instability occurs when buoyancy effects are larger than the viscous and the thermal diffusion effects,
characterized by the Rayleigh number Ra. Detailed analyses of the Newtonian Rayleigh-Bénard
problem can be found in Refs. 1 and 2.

In spite of its practical interest, only few studies3−5 have considered the Rayleigh-Bénard
convection in viscoplastic fluids. This is mainly due to the difficulty to deal with the two phases
of the materials since viscoplastic fluids present a “solid-like” phase prior the yield stress τ y and a
“viscous-like” phase afterward. The first analysis dealing with the onset of convection in an inelastic
Bingham fluid has been performed by Zhang et al.3 Because the base flow (conductive regime) is
static, the viscosity as well as the stresses in the fluid are indeterminate, then the linear stability
analysis based on normal modes approach cannot be developed and even the energy approach does
not lead to the Euler-Lagrange equations. The authors3 develop an energy approach and, by using
functional inequalities, they show that the motionless state is always stable with respect to small
perturbations. These results are completed and confirmed by direct numerical simulations using an
Augmented Lagrangian Method3 and Lattice-Boltzmann Method.4 In these articles, it is shown that
if perturbations are applied to the base state or if convection is initially imposed, the perturbations
decay in finite time. Classical analyses being not applicable to the Bingham Rayleigh-Bénard

1070-6631/2013/25(2)/023101/15/$30.00 C⃝2013 American Institute of Physics25, 023101-1
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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 copper alloy, glass, and PMMA surfaces). The black (resp. white) symbols represent the results obtained by
increasing (resp. decreasing) Qt. (a) d = 0.01 m, τ y = 0.006 Pa; (b): d = 0.017 m, τ y = 0.01 Pa.

one can introduce (ii) a viscosity µ* based on oscillatory rheometry measurements and defined by

µ∗ =
|G∗|
ω

=
√

G ′2 + G ′′2

ω
. (6)

Considering τ y as a characteristic scale for G′ and G′′ at the strain γ c ∼ 1, as explained in the
Sec. III B, the Rayleigh number becomes

Ra = ρgβ !T d
τy

d2

tgκ
= Y −1 d2

tgκ
, (7)

where Y = τ y/(ρgβ !T d) is the yield number representing the ratio of yield stress to buoyancy
stresses and d2/tgκ represents a ratio of the thermal diffusion time td = d2/κ to a gel characteristic
time tg, which will be discussed in the light of our results. Within this description, one can also
consider the gels as elasto-plastic materials as highlighted by the dominant elastic response below
the yield stress. Then, the Eq. (4) leads to the ratio ρgβ !T d/σ , with σ = G′γ in the elastic solid

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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TABLE I. Identification of the gels coefficients and the values of yield stress obtained by both methods: Flow and oscillatory
measurements at T = 293 K.

τ y (Pa) K(Pa.sn) n G′ (Pa) G′ ′ (Pa) τ c (Pa)

0.104 0.47 0.41 3.25 0.63 0.117
0.045 0.4 0.43 2.1 0.4 0.043
0.031 0.26 0.46 0.77 0.23 0.029
0.01 0.11 0.6
0.009 0.093 0.62 0.5 0.15 0.0089
0.006 0.073 0.68 0.45 0.16 0.0067
0.0047 0.039 0.75

modulus G′′ as a function of the strain. The measurements have been performed for a fixed value
of frequency f = 0.1 Hz. Similar tendencies are observed for the gels used. For low strain values,
constant values of G′ and G′′ define the linear viscoelastic domain, their values are reported in
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.

Concerning the thermo-dependency of Carbopol gels, Forrest and Wilkinson16 show that the
yield stress does not depend on temperature since the yield stress is mainly due to the mechan-
ical properties of contacting particles (microgels). It has been shown in Refs. 17–19 that the
thermo-dependency of Carbopol is essentially due to the consistency K via an exponential variation
K = K0 exp (−bT), where b is a coefficient, which varies with the Carbopol concentration.

C. Control of interface conditions

In the previous paragraphs, the rheological measurements have been performed by using rough
surfaces, leading to no-slip conditions. These conditions permit to characterize the bulk properties
of the Carbopol. However, the surfaces defining the boundaries in the Rayleigh-Bénard setup are
non-wetting and smooth, i.e., the surfaces roughness is smaller than the microgels size. It is known
that polymers can slip on smooth and non-wetting surfaces.8, 20, 21

In order to identify the interface properties and the wall slip, steady-state shear rheometry has
been performed by remaining the rough cone (sandpaper) but replacing the lower plate by that ones
used in the Rayleigh-Bénard cavity, i.e., the glass, PMMA, and copper alloy surfaces. The results
are displayed in Fig. 3 and highlight the slip of the gel on these surfaces. The change in the curves
and in the slip yield stress is due to the type of surface used.

Magnin and Piau8 correlated the rheometric properties of Carbopol gels with direct observations
of flow. The observations show that slip is located in a very thin layer close to the solid interface.
When the gel is sheared between the rough surfaces, the flow is homogeneous throughout the bulk
and the gel sticks at the interfaces. The gel is characterized by the yield stress τ y, which is a volume
property. When the gel is sheared between a rough surface and a smooth surface under low stress,
the flow is non-homogeneous. The gel sticks on the rough cone but slips on the smooth surface.
Slip produces an apparent shear rate above a friction stress τ f, such as τ f < τ y. For larger shear
rates values, and whatever the nature of the interface, the slip becomes negligible and the curves
coincide with that one obtained with rough surfaces. In the absence of slip, Fig. 3 represents the
homogeneous shear stress as a function of the shear rate applied to the bulk of the sample. In the
presence of slip, Fig. 3 represents an average of the shear stress vs an apparent shear rate, which
depends on the interfacial slip velocity at low stress values.

In order to control the surface conditions and to have similar conditions on all the cavity surfaces,
50 µm thick sheets of PMMA have also been used in the Rayleigh-Bénard cavity by adding a sheet
on the horizontal walls. In this case, the temperature at walls have been obtained taking into account
the conduction due to these additional sheets (λP = 0.2 W/(mK)).
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FIG. 6. Temperature difference !T as a function of the total heat input Qt, for the value of d = 0.01 m, τ y = 0.031 Pa,
and no-slip conditions (treated PMMA surfaces at walls). The black (resp. white) symbols represent the results obtained by
increasing (resp. decreasing) Qt.

regime. Using the same scales for G′ and γ as previously, a generalized Rayleigh number is obtained

Rag = ρgβ !T d
τy

= Y −1. (8)

(iii) Finally, regarding the microstructure of Carbopol gels, one can consider the material as a
porous medium, where the solid matrix consists in the swollen microgels and the fluid is the distilled
water. In the Rayleigh-Bénard configuration, the buoyancy force, via the temperature difference,
modifies the Brownian diffusion in water and the transition to the convective regime could be
involved first by the flow of water through the solid matrix. The Rayleigh number in porous media
is given by23

Rap = kρwgβw !T d
κ∗µw

, (9)

where the index w is used for water (the fluid), k is the permeability, and κ∗ = φκw + (1 − φ)κs

is the equivalent thermal diffusivity, κs the solid one, and φ the porosity. For the Newtonian case,
critical values are given by Rapc = 4π2 and αc = π for no-slip and isotherm walls.23 According
to Eq. (9), one could expect that β!Tc ∝ d−1. However, in Eq. (9), the permeability k remains a
value to determine, which depends on the Carbopol microstructure. As a first approximation, if one
considers that the microgels sizes distribution is closed to a mean value Dc, then the permeability
can be given by the Kozeny-Carman relation

k = D2
c φ

3

36A0(1 − φ)2
, (10)

where A0 is a coefficient. Since the porosity is proportional to the Carbopol concentration, i.e.,
1 − φ ∝ C, one can write

k ∝ D2
c (1 − C)3

C2
. (11)

In dilute systems, C ≪ 1 and

k ∝ D2
c

C2
. (12)

According to Piau,9 the relation between τ y and C is given by τ y = (C/C0 − 1)3 in the range of
our gels concentrations, with C0 a minimal concentration value. It means that the permeability is
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given by Eq. (7) for a given Carbopol gel and controlled surfaces conditions. The control of sur-
faces conditions is obtained by using either raw PMMA (white circles) or treated PMMA (circles
with crosses) for slip and no-slip conditions, respectively. In the conductive region and close to the
onset of convection Nu = 1, the transition between conduction and convection is characterized by
Nu ≥ 1. The critical 1/Y values are determined: 1/Y S

c ≈ 40 with slip conditions and 1/Y N S
c ≈ 80

with adherence conditions highlighting the destabilizing effect of wall slip as discussed previously.
However, one observes that 1/Y S

c × τy/τ f ≈ 1/Y N S
c , meaning that rescaling 1/Y S

c with τ f leads to
the critical value 1/Y N S

c . The yield stress value at interface, τ f has a main effect on the onset of
instability, in the range of our experiments.

More generally, these results highlight that convection occurs in viscoplastic fluids and that
steady states are obtained close to the threshold (Nu = O(1)) in the conductive and convective
regimes. These two points disagree with the theoretical and numerical predictions,3–5 since the
authors show that the yield stress inhibits the (onset of) convection. As discussed in Sec. II, the
difference in results might be the consequence of the inelastic Bingham model used in these articles.
The Bingham model, based on the Von-Mises criterion, is commonly used since it is the simplest
one and since it accounts for two main features of viscoplastic fluids (yield stress and shear-thinning
behavior). Numerous flow conditions in steady laminar fully developed or slowly varying flow
regimes can be well described by using this type of models (inelastic Bingham or Herschel-Bulkley)
but it is not adapted to the Rayleigh-Bénard configuration.

Figure 9 shows the evolution of the flow regimes for different Nu values via shadowgraph
snapshots at the center of the setup. The reference picture, Fig. 9(a), is obtained in the conductive

FIG. 9. Shadowgraph visualizations for one Carbopol (τ y = 0.031 Pa) at different Nu values, d = 0.017 m. (a) Nu = 0.98,
1/Y = 12; (b) Nu = 1.12, 1/Y = 59; (c) Nu = 1.39, 1/Y = 60; (d) Nu = 1.84, 1/Y = 63.
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The quests for today:

- 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.

3. Experimental Results for a yield stress fluid (Carbopol 980) 

Thermorheology
Concentration 

Dependence, Physico-
Chemical Properties

The yielding process
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3.1. Measurements of the yield stress

 Mars III rheometer  
               +  
nano torque module 
    

Figure 3: Validation of the cleated geometry and stress correction. The symbols are: circles - cone and plate geometry, squares
- the cleated geometry illustrated in Fig. 1. A thermoheologicaly simple Silicon oil with a known activation energy has been
used.

Figure 4: Schematical representation of the stress ramp. t0 is the characteristic forcing time (the averaging time per stress
point) and N is the total number of steps.

8

t0 – characteristic forcing time 
 
                                    
  
 

Controlled Stress Flow Ramps

(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)

the Bermuda triangle



Journée SFT 19 novembre 2015LTN

16

criterion for the convective instability in a yield stress fluid can be
formulated in terms of the yield number Y:

Y ¼ sy

qbgHDT
6 Yc ð4Þ

To our best knowledge, there exists no experimental assess-
ment of the validity of the force and energy balance criteria for
the transition to thermal convective states in a Carbopol! gel given
by Eqs. 3 and 4.

The present study concerns with an experimental investigation
of the Rayleigh–Bénard convection in Carbopol! gels with various
concentrations (yield stresses). Among the primary goals of the
study we mention the accurate detection of the onset of the insta-
bility in relation with the rheological properties of the gel (yield
stress), the characterisation of the convective flow patterns as a
function of the control parameter. Of particular interest is the
assessment of the nature of the bifurcation towards convective
states which is little documented by the existing body of experi-
mental work. In addition to these goals, we are interested in the
scaling of the physical parameters characterising the onset of the
convective instability with the rheological properties of the solu-
tions which will allow one to probe the applicability of the force
and energy balance stability criteria discussed above.

The paper is organised as follows. The experimental setup and
the measuring techniques are presented in Section 2. The choice,
preparation and the thermal and rheological characterisation of
the working fluids are discussed in Section 2.1. The Rayleigh–
Bénard experimental setup and the measuring techniques are de-
scribed in Section 2.2. Within this section, a concise assessment
of the reliability of the measuring techniques is made. The experi-
mental results are presented in Section 3. To probe the reliability of
both the experimental setup and the measuring techniques, sys-
tematic experiments performed with a Newtonian solution with
known physical properties are presented in Section 3.1 and the re-
sults are compared with both previous results and theoretical
predictions.

The experimental results concerning yield stress fluids with
various yield stresses are presented in Section 3.2. Section 3.3 is
devoted to a comparison of our experimental findings with both
existing theoretical predictions and previous experimental results.
The paper closes with a summary of our main findings and a brief
discussion of their possible impact on the current understanding of
the emergence and basic physical features of the Rayleigh–Bénard
convection in viscoplastic fluids, Section 4.

2. Experimental setup and methods

2.1. Choice, preparation, thermal and rheological characterisation of
the viscoplastic fluids

Carbopol! resins are synthetic polymers of acrylic acid initially
introduced over six decades ago (B.F. Goodrich Co.). They are

cross-linked with various chemical compounds such as divinyl-
glycol, 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
(in a coiled state) but not chemically bonded. The Carbopol! micro-
gel particles are soluble in polar solvents and, upon dissolution,
each individual polymer molecule hydrates, partially uncoils, and
swells several orders of magnitude. Addition of a neutralising
agent leads to the creation of negative charges along the polymer
backbone due to ionisation of the carboxylic acid groups. Conse-
quently, swollen polymer molecules crosslink, forming a system
of microgel particles. The microgel system can sustain finite defor-
mations (behaving like an elastic solid) prior to damage. When lo-
cal applied stresses exceed a threshold value the gel system breaks
apart and the material starts to flow. This is the commonly ac-
cepted microscopic scale origin of the macroscopic yielding of
the material.

Various solutions of Carbopol! 980 with concentrations ranging
in between 0.05% and 0.11% (by weight) have been used as work-
ing fluids. The procedure for the preparation of the solution is de-
scribed as follows. First, the right amount of anhydrous Carbopol!

980 has been gently dissolved in water while continuing stirring
the mixture with a commercial magnetic stirring device. The stir-
ring process was carried on until the entire amount of polymer
was homogeneously dissolved. A particular attention has been paid
to the homogeneity of the final mixture, which has been assessed
visually by monitoring refractive index contrast. Next, the pH of
the mixtures (initially around 3.2, due to the dissociation of the
polyacrylic acid in water) has been brought to a neutral value by
addition of about 140 parts per million (ppm) of sodium hydroxide
(NaOH). The final value of the pH has been carefully monitored
using a digital pH-metre (from Grosseron). Upon the ionisation
and the neutralisation of the carboxylic groups of the polyacrylic
acid, the Carbopol particles swell dramatically forming a perco-
lated microgel [33]. As particular attention has been paid to control
the neutral pH, the concentration of the sodium ions was presum-
ably equal to that of the carboxylate groups. To homogenise the
gelled mixture, the fluid has been stirred with a propeller mixer
(at 400 rpm) for about two hours and then allowed to rest for sev-
eral more hours. Prior to each rheological test, the air bubbles en-
trapped into the gel during the stirring process have been removed
by placing the samples in a low pressure chamber for 30 min. Fi-
nally, the fluid batch has been stored at room temperature in a
sealed container in order to minimise the evaporation of the
solvent.

The rheological properties of the solutions were investigated
using a Mars III (from Thermofischer) equipped with a Peltier sys-
tem able to control the temperature with an accuracy better than
0.1 "C and a nano-torque module which allows one to accurately
explore very small rates of deformation, _c $ 10%5 s%1. The radius
of the parallel plates is R = 40 mm and the gap measured by the
rheometer is d = 1 mm. To prevent the wall slip which is known

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, _cc – 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%.

c (wt%) b (10%4 K%1) cp (J kg%1 K%1) j (10%7 m2 s%1) a (W/mK) q (kg m%3) sy (Pa) K (Pa sn) n _cc (s%1)

0.05 2 4231.63 1.5 0.61 961 0.007 ± 7 ' 10%4 0.046 0.95 0.1
0.06 2 4245.77 1.48 0.61 970 0.2 ± 0.022 0.054 0.92 0.05
0.075 2 4202.79 1.44 0.6 990 0.55 ± 0.045 0.079 0.77 0.04
0.08 2 4176.13 1.45 0.6 990 0.65 ± 0.05 0.118 0.77 0.02
0.1 2 4119.47 1.44 0.6 1010 1.16 ± 0.1 0.305 0.61 0.004
0.115 2 3998.44 1.48 0.61 1030 1.7 ± 0.15 0.727 0.45 0.002
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PLEASE NOTE:

to be a major concern during the rheological investigation of Car-
bopol gels the parallel plates have been sandblasted. We have
checked that no significant slip occurred by performing subsequent
measurements on the same gel sample with various gaps and
assessing their reproducibility.

The stress per each step of the linear shearing ramp was main-
tained constant for a time t0 ¼ 2 s. The rate of shear was averaged
during the last second of the step. The choice of this protocol as op-
posed to the classical steady state flow ramps (t0 !1) typically
employed in the characterisation of the yield stress materials
may seem controversial to some and deserves a separate
argumentation.

The choice of a stepped stress ramp over the classical steady
state rheological protocols was motivated by the fact that the flow
kinematics in the Rayleigh–Bénard configuration is not compatible
with a steady state. This is because above the onset of the convec-
tion, the local stress applied onto individual fluid elements changes
in a continuous and non-stationary manner as the elements move
along the Lagrangian trajectories.

Performing increasing/decreasing controlled stress ramps has
also an important practical advantage. It has been previously
pointed out by several authors that the classical method of deter-
mining the yield stress by fitting the flow curves by the Herschel–
Bulkley model is typically prone to errors which, depending on the
value of the yield stress, may be as large as 20% of the measured
value [18,41,33].

Among the reasons for this significant errors we point out the
uncertainty in determining the fully yielded part of the flow curve
where the Herschel–Bulkley model is expected to work.1 Perform-
ing increasing/decreasing controlled stress ramps also provides an
accurate method of determining the fully yielded part of the flow
curve by monitoring the range where the deformation states are
fully reversible (the two branches of the flow curve overlap).

A typical experimental result obtained following the protocol
described above and using serrated parallel plates is illustrated
in Fig. 1.

As the applied stress is gradually increased, three deformation
regimes are observed. For low stress values an elastic solid defor-
mation regime consistent with Hooke’s law is observed.2 For the
largest values of the applied stress investigated a fluid (fully yielded)
regime is observed. This deformation regime is well described by the
Hershel–Bulkley model, s ¼ sy þ Kj _cjn [16]. Here sy;K and n stand for
the yield stress, consistency and power law index, respectively. The
transition between the solid and the fluid regime is not direct but
mediated by an intermediate regime where solid and fluid bands
coexist, Fig. 1. It is equally important to note that, unlike previously
considered, the deformation regimes are reversible upon increasing/
decreasing external forces only within the fully yielded regime.

The dependence of the critical rate of deformation _cc corre-
sponding to the elastic solid regime on the yield stress sy is pre-
sented in the insert of the Fig. 1. The measurements of the
critical rate of shear associated to the solid-fluid transition allows
one to estimate the characteristic time of the material tg involved
in the definition of the plastic Rayleigh number given by Eq. 3 as
tg # _c$1

c .
A more detailed and systematic discussion together with a sim-

ple model able to capture these previously un-noticed features are
presented in Ref. [34] which, to our best knowledge, is the first
experimental work that has demonstrated that in spite of the

nearly universal picture of Carbopol! gels as non-thixotropic mod-
el yield stress fluids, time dependent effects do play a crucial role
during their yielding process.

Measurements of the yield stress sy within the entire range of
Carbopol! concentrations explored through the Rayleigh–Bénard
convection experiments are presented in Fig. 2. The error bars
are defined by the fitting error of the Levenberg–Marquardt algo-
rithm with the Herschel–Bulkley model. Quite interestingly,
although we have worked within similar ranges of Carbopol! con-
centrations as Darbouli and his coworkers, we have been unable to
reproduce their surprisingly small values of yield stress [11]. Below
a critical value of the Carbopol! concentration c% usually referred
to as the overlap concentration, the solutions exhibit no measur-
able yield stress but only a weakly shear thinning behaviour. Be-

Fig. 1. Dependence of the absolute value of the shear rate _cj jon the applied stress s
for a Carbopol! solution with the concentration c ¼ 0:115%. The full/empty
symbols refer to the increasing/decreasing branch of the stress ramp, respectively.
The data were acquired at room temperature, T ¼ 294:3K. The full line is a
nonlinear fitting function according to the Herschel–Bulkley model with
sy ¼ 1:76& 0:005 Pa, K ¼ 0:727& 0:003 Pa=sn , n ¼ 0:53& 9:15' 10$4. _cc stands
for the critical rate of shear corresponding to the end of the elastic solid
deformation regime. The dependence of the critical rate of shear _cc on the yield
stress sy is presented in the insert.

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
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.

1 Note that, due to the strongly nonlinear nature of the Herschel–Bulkley model,
the outcome of classical nonlinear regression algorithms such as the Levenberg–
Marquardt algorithm is very sensitive to the number of the data points considered
and their range.

2 Bearing in mind that the stress ramp is linear in time, _c # constant translates into
a proportionality relation between the applied stress s and the strain c.

12 Z. Kebiche et al. / Journal of Non-Newtonian Fluid Mechanics 203 (2014) 9–23
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PLEASE NOTE:

We have first made 
sure that we are in 

the right 
concentration 

regime

A clear yield stress 
behavior is  

involved in ALL our  
experiments

Increasing Shear Thinning Behaviour

to be a major concern during the rheological investigation of Car-
bopol gels the parallel plates have been sandblasted. We have
checked that no significant slip occurred by performing subsequent
measurements on the same gel sample with various gaps and
assessing their reproducibility.

The stress per each step of the linear shearing ramp was main-
tained constant for a time t0 ¼ 2 s. The rate of shear was averaged
during the last second of the step. The choice of this protocol as op-
posed to the classical steady state flow ramps (t0 !1) typically
employed in the characterisation of the yield stress materials
may seem controversial to some and deserves a separate
argumentation.

The choice of a stepped stress ramp over the classical steady
state rheological protocols was motivated by the fact that the flow
kinematics in the Rayleigh–Bénard configuration is not compatible
with a steady state. This is because above the onset of the convec-
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in a continuous and non-stationary manner as the elements move
along the Lagrangian trajectories.

Performing increasing/decreasing controlled stress ramps has
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mining the yield stress by fitting the flow curves by the Herschel–
Bulkley model is typically prone to errors which, depending on the
value of the yield stress, may be as large as 20% of the measured
value [18,41,33].

Among the reasons for this significant errors we point out the
uncertainty in determining the fully yielded part of the flow curve
where the Herschel–Bulkley model is expected to work.1 Perform-
ing increasing/decreasing controlled stress ramps also provides an
accurate method of determining the fully yielded part of the flow
curve by monitoring the range where the deformation states are
fully reversible (the two branches of the flow curve overlap).

A typical experimental result obtained following the protocol
described above and using serrated parallel plates is illustrated
in Fig. 1.

As the applied stress is gradually increased, three deformation
regimes are observed. For low stress values an elastic solid defor-
mation regime consistent with Hooke’s law is observed.2 For the
largest values of the applied stress investigated a fluid (fully yielded)
regime is observed. This deformation regime is well described by the
Hershel–Bulkley model, s ¼ sy þ Kj _cjn [16]. Here sy;K and n stand for
the yield stress, consistency and power law index, respectively. The
transition between the solid and the fluid regime is not direct but
mediated by an intermediate regime where solid and fluid bands
coexist, Fig. 1. It is equally important to note that, unlike previously
considered, the deformation regimes are reversible upon increasing/
decreasing external forces only within the fully yielded regime.

The dependence of the critical rate of deformation _cc corre-
sponding to the elastic solid regime on the yield stress sy is pre-
sented in the insert of the Fig. 1. The measurements of the
critical rate of shear associated to the solid-fluid transition allows
one to estimate the characteristic time of the material tg involved
in the definition of the plastic Rayleigh number given by Eq. 3 as
tg # _c$1

c .
A more detailed and systematic discussion together with a sim-

ple model able to capture these previously un-noticed features are
presented in Ref. [34] which, to our best knowledge, is the first
experimental work that has demonstrated that in spite of the

nearly universal picture of Carbopol! gels as non-thixotropic mod-
el yield stress fluids, time dependent effects do play a crucial role
during their yielding process.

Measurements of the yield stress sy within the entire range of
Carbopol! concentrations explored through the Rayleigh–Bénard
convection experiments are presented in Fig. 2. The error bars
are defined by the fitting error of the Levenberg–Marquardt algo-
rithm with the Herschel–Bulkley model. Quite interestingly,
although we have worked within similar ranges of Carbopol! con-
centrations as Darbouli and his coworkers, we have been unable to
reproduce their surprisingly small values of yield stress [11]. Below
a critical value of the Carbopol! concentration c% usually referred
to as the overlap concentration, the solutions exhibit no measur-
able yield stress but only a weakly shear thinning behaviour. Be-

Fig. 1. Dependence of the absolute value of the shear rate _cj jon the applied stress s
for a Carbopol! solution with the concentration c ¼ 0:115%. The full/empty
symbols refer to the increasing/decreasing branch of the stress ramp, respectively.
The data were acquired at room temperature, T ¼ 294:3K. The full line is a
nonlinear fitting function according to the Herschel–Bulkley model with
sy ¼ 1:76& 0:005 Pa, K ¼ 0:727& 0:003 Pa=sn , n ¼ 0:53& 9:15' 10$4. _cc stands
for the critical rate of shear corresponding to the end of the elastic solid
deformation regime. The dependence of the critical rate of shear _cc on the yield
stress sy is presented in the insert.

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
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.

1 Note that, due to the strongly nonlinear nature of the Herschel–Bulkley model,
the outcome of classical nonlinear regression algorithms such as the Levenberg–
Marquardt algorithm is very sensitive to the number of the data points considered
and their range.

2 Bearing in mind that the stress ramp is linear in time, _c # constant translates into
a proportionality relation between the applied stress s and the strain c.

12 Z. Kebiche et al. / Journal of Non-Newtonian Fluid Mechanics 203 (2014) 9–23
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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  
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ΔT = 6.5oC

ΔT = 6.72oC

Flow structure and dynamic slightly above the onset

ΔT > ΔTc
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21ème Congrès Français de Mécanique Bordeaux, 26 au 30 août 2013

ν = 872 · 10−6m2s−1. Measurements of the temperature difference ∆T between the plates for a
Glycerin solution are presented in Fig. 4, for both increasing and decreasing heating powers P . A linear
increase of ∆T with P which corresponds to a purely conductive heat transfer regime is observed up
to a critical value of the heating power Pc ≈ 16.32W . Beyond this onset the dependence becomes sub
linear consistently with a mixed conductive-convective heat transfer regime. Based on the material
parameters enumerated above, the critical Rayleigh number corresponding to the onset of the thermal
convection can be estimated Rac ≈ 1774 which is in a fair agreement with the theoretical value
Ratc = 1708 given in [8]. The dependence of the reduced temperature difference ∆Tr = ∆T

∆Tlin
− 1

on to the reduced power Pr = P/Pc − 1 is presented on Fig. 5 (a). Here ∆Tlin represents the linear
temperature difference measured within the conductive regime (see the full line in Fig. 4). In agreement
with the theoretical predictions, the reduced temperature difference ∆Tr increases linearly with the
heating power. Measurements of the convection amplitude are presented in Fig. 5. Above the onset of

convection the velocity amplitude follows a square root dependence on the heat flux V = A
√

P
Pc

− 1.

Figure 4 – Dependence of the temperature gradient ∆T wi-
thin Glycerin on the heat flux P . The full/empty symbols refer
to increasing/decreasing heat flux. A typical convection pattern is
presented in the inset.

Figure 5 – (a) Dependence of the reduced temperature ∆Tr

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

These measurements clearly identify the transition to convective states within a Newtonian fluid as an
imperfect bifurcation in agreement with both theoretical predictions and and previous experimental
results.

After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been investigated using a
MAARS rheometer.

The flow curve presented in Fig. 6 reveals three distinct deformation regimes. For low applied stresses,
an elastic solid deformation regime is observed (constant deformation rate). For the largest values of
the applied stresses a fully yielded (fluid) regime that can be accurately described by the Herschel-
Bulkley model is observed. The transition from a solid regime to a fluid regime is not direct but
mediated by an intermediate regime where the solid and fluid fingerprints coexist. An important and
previously ignored (for a Carbopol gel) feature of the increasing/decreasing stress flow curves is the
irreversibility observed within the solid and the intermediate regime. The yield stress of the fluid
τy is obtained from a Herschel-Bulkley fit of the data acquired within the fully yielded regime. The
dependence of the apparent yield stress τy is linear with the Carbopol concentration, Fig. 7.

By monitoring the error bars of the yield stress data presented in Fig. 7 one can clearly see that the
Carbopol concentrations we have investigated are larger than the overlap concentration and we indeed
have a yield stress behaviour.

In Fig. 8 we present the dependence of the temperature difference ∆T on the heating power for six

4

Newtonian Convective Pattern Viscoplastic Convective Pattern

3.2 Newtonian versus Viscoplastic Convective Flow Patterns: a qualitative look

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

Topological differences between the Newtonian and the Viscoplastic boundary layer 
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3.3 The physical nature of the R-B bifurcation in viscoplastic fluids

ΔTr =
ΔT
Tlin

−1

Pr =
P
Pc
−1

Reduced temperature 
difference:

Reduced control parameter

(FOCUS FIRST on INTEGRAL MEASUREMENTS)

21ème Congrès Français de Mécanique Bordeaux, 26 au 30 août 2013

MAARS rheometer, the fluid is characterized in Fig. 3 by a yield stress τy calculated by applying a
Herschel-Bulkley fitting as in Ref. [3] on the viscous part of the controlled stress test applied on the
fluid, τy has a linear dependence on the gels’ concentration as mentioned in Fig. 8.

Figure 7 – Controlled stress flow curve for Carbopol 980,
0.1% wt. Dependence of the absolute value of the rate of
shear on the applied stress τ . The full/empty symbols refer
to increasing/decreasing heat flux.

Figure 8 – yield stress τy variation via several concentra-
tions of Carpool. Continuous red line refers to linear fitting
and c∗ is the critical concentration which presents a yield
stress.

Corresponding to low stress values, τ < τ1, the rate of material deformation is approximately constant
(within the inherent noise level of small strain measurements) with the stress which is a commonly
accepted signature of an elastic solid deformation regime. For stress values τ > τ1, the material enters
a power law deformation regime, τ = τy + K ˙|γ|

m
, where K is the material consistency and m is

the power law index. The transition from solid to viscous regime is not direct, but mediated by an
intermediate deformation regime, τ1 < τ < τ2. Corresponding to this regime, the rheological behavior
of the material is neither that of a Hookean solid (the strain increases nonlinearly with the applied
stresses) nor that of a viscous fluid. The crossover stress value τx is defined by the intersection of
the increasing and decreasing stress branches of the flow curve and it corresponds to the value of the
fluid yield stress. A very important feature of the flow curves is the hysteresis clearly visible in the
intermediate flow regime, when the external forcing is gradually decreased (the empty squares in Fig.
7), the material does not relax through the same intermediate deformation states, and in the range
τ1 < τ < τ2, the rates of deformation of the material are smaller than in the corresponding increasing
stress branch as in [6].

Figure 9 – Dependence of temperature gradient on
the heat flux for six concentrations of Carbopol 980. The
full/empty symbols refer to increasing/decreasing heat flux.
Symbols are : triangles : c = 0.11 %wt, circles : c = 0.1 %wt,
pentagons : c = 0.08 %wt, rhumbs : c = 0.075 %wt, stars :
c = 0.06 %wt, squares : c = 0.05 %wt.

Figure 10 – (c)/(d) Dependence of the reduced tem-
perature Tr and the maximum average velocity V on the
reduced power Pr.

In Fig. 9 we present six concentrations of Carbopol exploited from 0.05 %wt to 0.11 %wt. All concen-
trations present a conductive regime where heat flow is linear proportional to ∆T . Once the onset of

5
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 (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). 
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ν = 872 · 10−6m2s−1. Measurements of the temperature difference ∆T between the plates for a
Glycerin solution are presented in Fig. 4, for both increasing and decreasing heating powers P . A linear
increase of ∆T with P which corresponds to a purely conductive heat transfer regime is observed up
to a critical value of the heating power Pc ≈ 16.32W . Beyond this onset the dependence becomes sub
linear consistently with a mixed conductive-convective heat transfer regime. Based on the material
parameters enumerated above, the critical Rayleigh number corresponding to the onset of the thermal
convection can be estimated Rac ≈ 1774 which is in a fair agreement with the theoretical value
Ratc = 1708 given in [8]. The dependence of the reduced temperature difference ∆Tr = ∆T

∆Tlin
− 1

on to the reduced power Pr = P/Pc − 1 is presented on Fig. 5 (a). Here ∆Tlin represents the linear
temperature difference measured within the conductive regime (see the full line in Fig. 4). In agreement
with the theoretical predictions, the reduced temperature difference ∆Tr increases linearly with the
heating power. Measurements of the convection amplitude are presented in Fig. 5. Above the onset of

convection the velocity amplitude follows a square root dependence on the heat flux V = A
√

P
Pc

− 1.

Figure 4 – Dependence of the temperature gradient ∆T wi-
thin Glycerin on the heat flux P . The full/empty symbols refer
to increasing/decreasing heat flux. A typical convection pattern is
presented in the inset.

Figure 5 – (a) Dependence of the reduced temperature ∆Tr

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

These measurements clearly identify the transition to convective states within a Newtonian fluid as an
imperfect bifurcation in agreement with both theoretical predictions and and previous experimental
results.

After having validated the experimental setup and measuring techniques we repeated the same ex-
periments as glycerin with Carbopol 980. Six concentrations of Carbopol have been exploited from
0.05 %wt to 0.11 %wt. The rheological properties of the Carbopol gels have been investigated using a
MAARS rheometer.

The flow curve presented in Fig. 6 reveals three distinct deformation regimes. For low applied stresses,
an elastic solid deformation regime is observed (constant deformation rate). For the largest values of
the applied stresses a fully yielded (fluid) regime that can be accurately described by the Herschel-
Bulkley model is observed. The transition from a solid regime to a fluid regime is not direct but
mediated by an intermediate regime where the solid and fluid fingerprints coexist. An important and
previously ignored (for a Carbopol gel) feature of the increasing/decreasing stress flow curves is the
irreversibility observed within the solid and the intermediate regime. The yield stress of the fluid
τy is obtained from a Herschel-Bulkley fit of the data acquired within the fully yielded regime. The
dependence of the apparent yield stress τy is linear with the Carbopol concentration, Fig. 7.

By monitoring the error bars of the yield stress data presented in Fig. 7 one can clearly see that the
Carbopol concentrations we have investigated are larger than the overlap concentration and we indeed
have a yield stress behaviour.

In Fig. 8 we present the dependence of the temperature difference ∆T on the heating power for six
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Figure 6 – Controlled stress flow curve for Carbopol 980,
0.1% wt. Dependence of the absolute value of the rate of
shear on the applied stress τ . The full/empty symbols refer
to increasing/decreasing heat flux.

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

Figure 8 – Dependence of temperature gradient on the
heat flux for six values of the Carbopol concentration : tri-
angles : c = 0.11 %wt, circles : c = 0.1 %wt, pentagons : c
= 0.08 %wt, rhumbs : c = 0.075 %wt, stars : c = 0.06 %wt,
squares : c = 0.05 %wt. The full/empty symbols refer to
increasing/decreasing heat flux.

Figure 9 – (a) Dependence of the reduced temperature
Tr on the reduced power Pr for various Carbopol concentra-
tions, see Fig. 8. The full lines are linear fitting functions.
(b) Dependence the convection pattern amplitude V on
the reduced power Pr. The dotted line is a square root fit
function according to the Landau model.

values of the Carbopol concentration (larger than the overlap concentration c∗) and ranging in between
0.05 %wt and 0.11 %wt. Below a certain onset ∆Tc which increases with the Carbopol concentration,
each of these measurements reveal a purely conductive regime characterised by a linear dependence of
the temperature difference∆T on the heating power(heat flux) P . Beyond the onset∆Tc the convection
occurs and the slope of the dependence ∆T vs P decreases. Although the rheological behaviour of the
Carpool 980 gel presents a clear hysteresis (see Fig. 6), the experimental results of Rayleigh Bénard
instability shows a reversible behaviour of temperature gradient on the heating flux. This is in itself an
interesting result which awaits a theoretical explanation. We present in Fig. 9(a) the dependence of the
reduced temperature difference ∆Tr on the reduced power Pr. Regardless the polymer concentration,
a linear correlation is observed beyond the onset of instability Pr > 0. As in the Newtonian case, the
amplitude of convective pattern V follows a square root scaling with the reduced power in agreement
with the Landau theory of continuous (reversible) bifurcations, Fig. 9(b).

To conclude, we have demonstrated experimentally that the Rayleigh-Bénard convection can be trigge-
red with a viscoplastic fluid (Carbopol 980). This result contrasts with the linear stability predictions
within the framework of the Bingham model presented in Ref. [4]. This simply indicates that, a theo-
retical understanding of the Rayleigh-Bénard convection in a yield stress fluid needs to account for
a different rheological picture able to properly describe the startup of the fluid deformation within a
range of very low rates of deformation (of order of 10−3 s−1 or lower).

5

FOCUS on LOCAL MEASUREMENTS of the CONVECTION AMPLITUDE

Landau Equation

ε = Pr = P / Pc −1, ξ =V

εξ − aξ 3 + h = 0

As in the Newtonian case and within the entire range of Carbopol concentrations, 
the transition to the R-B convection in a Carbopol gel is a second order (imperfect) 

bifurcation that can be modelled by the Landau theory 
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0.1% wt. Dependence of the absolute value of the rate of
shear on the applied stress τ . The full/empty symbols refer
to increasing/decreasing heat flux.

Figure 7 – Dependence of the yield stress τy on the
concentration of Carpool. The line is a linear fit and c∗ is
the overlap concentration.
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= 0.08 %wt, rhumbs : c = 0.075 %wt, stars : c = 0.06 %wt,
squares : c = 0.05 %wt. The full/empty symbols refer to
increasing/decreasing heat flux.

Figure 9 – (a) Dependence of the reduced temperature
Tr on the reduced power Pr for various Carbopol concentra-
tions, see Fig. 8. The full lines are linear fitting functions.
(b) Dependence the convection pattern amplitude V on
the reduced power Pr. The dotted line is a square root fit
function according to the Landau model.

values of the Carbopol concentration (larger than the overlap concentration c∗) and ranging in between
0.05 %wt and 0.11 %wt. Below a certain onset ∆Tc which increases with the Carbopol concentration,
each of these measurements reveal a purely conductive regime characterised by a linear dependence of
the temperature difference∆T on the heating power(heat flux) P . Beyond the onset∆Tc the convection
occurs and the slope of the dependence ∆T vs P decreases. Although the rheological behaviour of the
Carpool 980 gel presents a clear hysteresis (see Fig. 6), the experimental results of Rayleigh Bénard
instability shows a reversible behaviour of temperature gradient on the heating flux. This is in itself an
interesting result which awaits a theoretical explanation. We present in Fig. 9(a) the dependence of the
reduced temperature difference ∆Tr on the reduced power Pr. Regardless the polymer concentration,
a linear correlation is observed beyond the onset of instability Pr > 0. As in the Newtonian case, the
amplitude of convective pattern V follows a square root scaling with the reduced power in agreement
with the Landau theory of continuous (reversible) bifurcations, Fig. 9(b).

To conclude, we have demonstrated experimentally that the Rayleigh-Bénard convection can be trigge-
red with a viscoplastic fluid (Carbopol 980). This result contrasts with the linear stability predictions
within the framework of the Bingham model presented in Ref. [4]. This simply indicates that, a theo-
retical understanding of the Rayleigh-Bénard convection in a yield stress fluid needs to account for
a different rheological picture able to properly describe the startup of the fluid deformation within a
range of very low rates of deformation (of order of 10−3 s−1 or lower).
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The critical temperature 
difference needed to trigger 
the R-B convection scales 

exponentially with the yield 
stress.

Balmforth and Rust 
JNNFM 2009

Experiments by Darbouli et 
al., Phys. Fluids 2013

(CURRENT STUDY)

Comparison with the litterature
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An exponential increase of both the critical value of the heating
power Pc and the critical temperature difference DTc between the
plates seriously limits the range of yield stresses that can be prac-
tically explored due to the difficulty in preventing strong thermal
expansion effects that would practically lead to a mechanical
breakdown of the convection cell. It is apparent from the exponen-
tial scaling laws of both Pc and DTc that, with this experimental
system, detecting the Rayleigh–Bénard convection in viscoplastic
fluids with the yield stress significantly larger than unity becomes
a daunting task.

The measurements of the critical physical parameters DTc; Pc

corresponding to the onset of the convection as a function of the
yield stress of the Carbopol! solutions allows one to assess the de-
gree of applicability of the onset conditions expressed by Eqs. 3, 4.

For this purpose, we focus on the dependencies of the critical
yield number Yc and the critical Rayleigh number Rac on the yield
stress sy of the Carbopol! solution, Fig. 16.

The critical Rayleigh number defined by Eq. (3) depends
strongly on the yield stress of the fluid spanning nearly three dec-
ades as the concentration c of the Carbopol! solution is varied. This
can be explained by the strong variation of the critical shear rate _cc

corresponding to the solid-fluid transition (see Fig. 1) on the yield
stress. On the other hand, corresponding to the onset of the insta-
bility, the critical yield number Yc defined by Eq. 4 has values of or-
der of unity. Based on these data one can conclude that, unlike in

the case of a Newtonian fluid which loses its stability towards con-
vective states at a fixed value of the Rayleigh number (independent
on the fluid), the onset of convection of the yield stress fluid is
characterised by the yield number. This conclusion comes into a
good agreement with the experimental findings of Darbouli and
his coworkers [11].

A phenomenon typically associated with a super-critical bifur-
cation in pattern forming systems is the so called critical slowing
down phenomenon. The critical slowing down phenomenon ob-
served around the onset of a supercritical bifurcation manifests it-
self through an abrupt increase of the duration tc of the dynamical
transients as one approaches the criticality following a power law
dependence tc / jP ! Pcj!a where the scaling exponent a is typi-
cally of order of unity [10,5,3].

To avoid confusion we point out that, more recently, the term
‘‘critical slowing down’’ is associated to an algebraic scaling (rather
than an exponential one) near the critical point Ref. [39]. However,
to our best knowledge and according to more recent textbooks on
convection (see for example the discussion in page 34 of Ref. [19]),
we are unaware of a replacement of this term in the context of the

Fig. 13. Dependence of the slopes DTr
Pr

of the measurements presented in Fig. 12 (a)
on the yield stress sy of the Carbopol! solutions. The full line is an exponential fit.

Fig. 14. Dependence of the critical heating power Pc corresponding to the onset of
the Rayleigh–Bénard convection on the yield stress sy of the Carbopol! solution.
The line is an exponential fit.

Fig. 15. Dependence of the critical temperature difference between the plates
corresponding to the he onset of the Rayleigh–Bénard convection DTc on the yield
stress (full symbols) and on the apparent yield stress (empty symbols) of the
Carbopol! solution. The full lines are exponential fitting functions (see text). The
dash-dotted line is the scaling proposed in Ref. [2], DTc / s2=3

y . The dotted line is the
experimentally found scaling in Ref. [11], DTc / sy .

Fig. 16. Dependence of the critical yield number Yc (squares, bottom-left axis) and
of the critical Rayleigh number Rac (circles, bottom-right axes) on the yield stress
sy .
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criterion for the convective instability in a yield stress fluid can be
formulated in terms of the yield number Y:

Y ¼ sy

qbgHDT
6 Yc ð4Þ

To our best knowledge, there exists no experimental assess-
ment of the validity of the force and energy balance criteria for
the transition to thermal convective states in a Carbopol! gel given
by Eqs. 3 and 4.

The present study concerns with an experimental investigation
of the Rayleigh–Bénard convection in Carbopol! gels with various
concentrations (yield stresses). Among the primary goals of the
study we mention the accurate detection of the onset of the insta-
bility in relation with the rheological properties of the gel (yield
stress), the characterisation of the convective flow patterns as a
function of the control parameter. Of particular interest is the
assessment of the nature of the bifurcation towards convective
states which is little documented by the existing body of experi-
mental work. In addition to these goals, we are interested in the
scaling of the physical parameters characterising the onset of the
convective instability with the rheological properties of the solu-
tions which will allow one to probe the applicability of the force
and energy balance stability criteria discussed above.

The paper is organised as follows. The experimental setup and
the measuring techniques are presented in Section 2. The choice,
preparation and the thermal and rheological characterisation of
the working fluids are discussed in Section 2.1. The Rayleigh–
Bénard experimental setup and the measuring techniques are de-
scribed in Section 2.2. Within this section, a concise assessment
of the reliability of the measuring techniques is made. The experi-
mental results are presented in Section 3. To probe the reliability of
both the experimental setup and the measuring techniques, sys-
tematic experiments performed with a Newtonian solution with
known physical properties are presented in Section 3.1 and the re-
sults are compared with both previous results and theoretical
predictions.

The experimental results concerning yield stress fluids with
various yield stresses are presented in Section 3.2. Section 3.3 is
devoted to a comparison of our experimental findings with both
existing theoretical predictions and previous experimental results.
The paper closes with a summary of our main findings and a brief
discussion of their possible impact on the current understanding of
the emergence and basic physical features of the Rayleigh–Bénard
convection in viscoplastic fluids, Section 4.

2. Experimental setup and methods

2.1. Choice, preparation, thermal and rheological characterisation of
the viscoplastic fluids

Carbopol! resins are synthetic polymers of acrylic acid initially
introduced over six decades ago (B.F. Goodrich Co.). They are

cross-linked with various chemical compounds such as divinyl-
glycol, 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
(in a coiled state) but not chemically bonded. The Carbopol! micro-
gel particles are soluble in polar solvents and, upon dissolution,
each individual polymer molecule hydrates, partially uncoils, and
swells several orders of magnitude. Addition of a neutralising
agent leads to the creation of negative charges along the polymer
backbone due to ionisation of the carboxylic acid groups. Conse-
quently, swollen polymer molecules crosslink, forming a system
of microgel particles. The microgel system can sustain finite defor-
mations (behaving like an elastic solid) prior to damage. When lo-
cal applied stresses exceed a threshold value the gel system breaks
apart and the material starts to flow. This is the commonly ac-
cepted microscopic scale origin of the macroscopic yielding of
the material.

Various solutions of Carbopol! 980 with concentrations ranging
in between 0.05% and 0.11% (by weight) have been used as work-
ing fluids. The procedure for the preparation of the solution is de-
scribed as follows. First, the right amount of anhydrous Carbopol!

980 has been gently dissolved in water while continuing stirring
the mixture with a commercial magnetic stirring device. The stir-
ring process was carried on until the entire amount of polymer
was homogeneously dissolved. A particular attention has been paid
to the homogeneity of the final mixture, which has been assessed
visually by monitoring refractive index contrast. Next, the pH of
the mixtures (initially around 3.2, due to the dissociation of the
polyacrylic acid in water) has been brought to a neutral value by
addition of about 140 parts per million (ppm) of sodium hydroxide
(NaOH). The final value of the pH has been carefully monitored
using a digital pH-metre (from Grosseron). Upon the ionisation
and the neutralisation of the carboxylic groups of the polyacrylic
acid, the Carbopol particles swell dramatically forming a perco-
lated microgel [33]. As particular attention has been paid to control
the neutral pH, the concentration of the sodium ions was presum-
ably equal to that of the carboxylate groups. To homogenise the
gelled mixture, the fluid has been stirred with a propeller mixer
(at 400 rpm) for about two hours and then allowed to rest for sev-
eral more hours. Prior to each rheological test, the air bubbles en-
trapped into the gel during the stirring process have been removed
by placing the samples in a low pressure chamber for 30 min. Fi-
nally, the fluid batch has been stored at room temperature in a
sealed container in order to minimise the evaporation of the
solvent.

The rheological properties of the solutions were investigated
using a Mars III (from Thermofischer) equipped with a Peltier sys-
tem able to control the temperature with an accuracy better than
0.1 "C and a nano-torque module which allows one to accurately
explore very small rates of deformation, _c $ 10%5 s%1. The radius
of the parallel plates is R = 40 mm and the gap measured by the
rheometer is d = 1 mm. To prevent the wall slip which is known

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, _cc – 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%.

c (wt%) b (10%4 K%1) cp (J kg%1 K%1) j (10%7 m2 s%1) a (W/mK) q (kg m%3) sy (Pa) K (Pa sn) n _cc (s%1)

0.05 2 4231.63 1.5 0.61 961 0.007 ± 7 ' 10%4 0.046 0.95 0.1
0.06 2 4245.77 1.48 0.61 970 0.2 ± 0.022 0.054 0.92 0.05
0.075 2 4202.79 1.44 0.6 990 0.55 ± 0.045 0.079 0.77 0.04
0.08 2 4176.13 1.45 0.6 990 0.65 ± 0.05 0.118 0.77 0.02
0.1 2 4119.47 1.44 0.6 1010 1.16 ± 0.1 0.305 0.61 0.004
0.115 2 3998.44 1.48 0.61 1030 1.7 ± 0.15 0.727 0.45 0.002
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Whereas there exists an overwhelming number of fundamen-
tally important studies of the Rayleigh–Bénard convection in New-
tonian fluids, much less progress has been achieved in
understanding the thermal convection in non-Newtonian fluids.
The reason for this most probably originates in the highly non triv-
ial coupling between the hydrodynamic problem, the rheological
properties of the fluids and their thermal dependence.

A systematic theoretical analysis of the Rayleigh-Bénard convec-
tion in shear thinning fluids is presented by Albaalbaki and Khayat
[1]. Using the Carreau–Bird rheological model, they show that
although the onset of the thermal convection is the same as in the
Newtonian case, the non-Newtonian fluids can convect in the form
of rolls, squares or hexagons, depending on the degree of shear thin-
ning. They also predict that in the case of a strong enough degree of
shear thinning the bifurcation may turn sub-critical.

The experimental investigation presented by Lamsaadi and his
coworkers for a power law fluid revealed an increase of the Nusselt
number with the shear thinning index [21]. There exist several sys-
tematic studies of the Rayleigh–Bénard convection in viscoelastic
fluids focusing on the role of elasticity (quantified by the Weiss-
enberg number) on the onset of convection and on the main fea-
tures of the transition [32,31]. The experimental investigation
presented by Martinez-Mardones and his coworkers for a visco-
elastic fluid has captured the influence of the rheological parame-
ters on the critical conditions [26]. The experiments performed on
viscoelastic shear thinning fluids by Liang and coworkers indicate
that the transition to convective states emerges as a super-critical
bifurcation [24]. They also conclude that the experimentally ob-
served convective patterns are similar to the Newtonian ones.
The main effect of the non-Newtonian rheological behaviour on
the Rayleigh–Bénard convection is an increase of the Nusselt num-
ber as compared to a Newtonian fluid with the same viscosity.

Yield stress fluids represent a broad class of materials made of
high molecular weight molecular constituents which, loosely
speaking, display a solid-like behaviour as long as the stress ap-
plied onto them does not exceed a critical value called the yield
stress, sy, and a fluid one beyond this threshold.

The constantly increasing level of interest of both theoreticians
and experimentalists in yield stress materials has, in our opinion,
a two-fold motivation. From a practical perspective, such materials
have found an increasing number of practical applications for sev-
eral major industries (which include foods, cosmetics, pharmaceu-
tical oil field, etc.) and they are encountered in the daily life in
various forms such as food pastes, hair gels, emulsions, cement,
and mud. Such materials are also relevant to various geophysical
flows such as magma flows within the Earth’s mantle [15,27,30,23].

Systematic studies of the hydrodynamic stability of yield stress
fluids have been performed only recently [14,22,28]. In this con-
text, there exist several fundamental mathematical and physical
problems yet to be understood. One of these problems concerns
with the occurrence of the Rayleigh–Bénard instability in yield
stress materials.

The very first theoretical study of the Rayleigh–Bénard convec-
tion in a yield stress fluid was performed by Zhang and her
coworkers [44]. Using a linear stability approach formulated with-
in the framework of the Bingham rheological model, they show
that base state is stable to infinitesimally small perturbations
regardless the finite value of the yield stress. This is due to the fact
that, corresponding to the stable base flow state, the Bingham
model predicts an infinite viscosity which cannot be destabilised
by infinitesimally small perturbations.

The weakly nonlinear stability analysis performed by Balmforth
and Rust [2] carried out within the framework of the Bingham
rheological model indicates that a sufficiently large finite ampli-
tude perturbation of the base state of a viscoplastic fluid may trig-
ger Rayleigh–Bénard convection.

The experiments that complement their theoretical investiga-
tion confirm that the presence of the yield stress generally sup-
presses the convection in the sense that the fluids will not
spontaneously convect unless a perturbation of a finite amplitude
is applied. The magnitude of the perturbation needed to initiate the
convection increases with the yield number Y which characterises
the competition between the buoyancy induced stresses and the
yield stress of the fluid.

A numerical simulation study of the Rayleigh–Bénard convec-
tion of a Bingham fluid in a square enclosure is presented by Turan
et al. [40]. By a systematic scaling analysis Turan and his coworkers
assess the scaling of the relevant non-dimensional numbers corre-
sponding to the onset of the instability and relate the results to the
strength of the gel.

An experimental study of the development of thermal plumes
within a Carbopol! gel due to local heating was recently presented
by Davaille and her coworkers [12]. Depending on the yield num-
ber Y, they have observed three distinct dynamic regimes: stable,
small scale convective (the convection is localised around the hea-
ter) and thermal plumes. A systematic description of the morphol-
ogy of the thermal plumes is provided as a function of the yield
number. The study by Davaille et al. reinforces the main conclusion
of the study by Balmorth and Rust that finite amplitude perturba-
tions may indeed destabilise the base flow of fluids with a finite
yield stress.

Darbouli and his coworkers have studied experimentally the
Rayleigh–Bénard convection within various Carbopol! gels con-
fined in a cylindrical cavity and heated from below [11]. Although
they did not intentionally applied a finite amplitude perturbation,
they did observe convective states various values of the yield stress
that cover a limited range [0.0047–0.104 Pa] (according to their
Table 1).

In the case of a viscoplastic fluid, the onset of the Rayleigh–
Bénard convection coincides with the onset of the solid-fluid tran-
sition (yielding) and thus, the viscous stresses are infinite at the
onset. This suggests that, in the case of a viscoplastic fluid, the on-
set condition should be reconsidered. For this purpose, the force
balance criterion can be modified by considering that the thermal
convection is triggered when the stresses associated to the buoy-
ancy overcome 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:

Ra ¼
qbDTgH

sy

td

tg
P Rac ð3Þ

Here td ¼ H2

j is the characteristic time scale associated to the ther-
mal diffusion and tg is a characteristic time scale associated to the
gel microstructure near the onset of the convection (i.e. near the
yield point) which will be discussed in detail through our paper
in connection to the rheological properties of the Carbopol! gels.
As the yield stress has been considered as a scale for the stresses,
the definition above is valid only around the onset of the instability
which coincides with the onset of the solid-fluid transition (yield-
ing). Far beyond the onset the Rayleigh number should be rewritten
in terms of a shear thinning viscosity.

From a phenomenological point of view and following the basic
ideas of the (energy) balance theorem initially introduced by Chan-
drasekhar (see Ref. [9]) one can alternatively consider that the
thermal convection in a yield stress fluid is initiated when the en-
ergy dissipated per unit volume of material by the buoyancy forces
becomes comparable in magnitude to the maximal elastic energy
that the gel network can locally store per unit volume prior to
yielding: Wb P We. Here We ¼ qgbDT is the energy dissipated
per unit volume by the buoyancy forces and We ¼ sy is the elastic
energy per unit volume. With these considerations, the energy
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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)
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of the polymer network, as very recently performed in Gutowski
et al. [18].

3.4. Concentration dependence of the temperature invariant
rheological parameters

In the following we focus on the concentration dependence of
the thermo-dependent rheological parameters discussed in Sec-
tion 3.2. The dependencies of the elastic moduli Gu;Gd obtained
as an average of the measurements presented in Fig. 65 are pre-
sented in Fig. 9.

Within the limited accuracy of the measurements, both data
sets linearly extrapolate to zero corresponding to a critical value
of the Carbopol! concentration, cH ! 0:08 which agrees with the
measurements by Ketz and his coworkers, Ketz et al. [22].

Bearing in mind that the elastic moduli Gu;Gd are a signature of
an elastic solid behavior prior to the yielding of the gel, Putz and
Burghelea [39], one can conclude that the onset of the solid like
behavior corresponds to a critical polymer concentration cH

typically referred to in the literature as the overlap concentration.
Corresponding to the overlap concentration the swollen microgel
particles jam, Carnali and Naser [11], Cloitre et al. [12], and Piau
[37].

The dependencies of the consistency K and the power law index
n obtained as an average of the measurements presented in Fig. 76

are presented in Fig. 10a. We observe a linear increase of the consis-
tency K with the Carbopol! concentration which intercepts the New-
tonian solvent viscosity ðgs ¼ 1 mPa sÞ at a critical value of the
polymer concentration cH ! 0:08. This result is consistent with the
behavior of the elastic moduli illustrated in Fig. 9. The decrease of
the power law index n with the Carbopol! concentration is consis-
tent with the recent findings of Gutowski and coworkers for Carbo-
pol! Ultrez 10 at pH ¼ 7 but opposite to the behavior found for
Carbopol! ETD 2050 at pH ¼ 8 by the same authors. This clearly
indicates that, in spite an apparently similar rheological behavior,
different grades of Carbopol! (that is of different degrees of ioniza-
tion and most importantly different cross-linking agents) do behave
differently which corroborates with the conclusions of Pérez-Marcos
et al. [36].

The dependencies of the pre-factor r0
y and the activation

energy DEa obtained by fitting the yield stress data (Fig. 8) by the

Arrhenius law below the critical temperature Tc are presented in
Fig. 10b. Consistently with the concentration dependence of the
elastic moduli presented in Fig. 9, the yield stress pre-factor r0

y de-
pends linearly on the Carbopol! concentration and extrapolates to
zero corresponding to the overlap concentration cH ! 0:08.

For each value of the Carbopol! concentration we have investi-
gated, the activation energy is significantly smaller than the activa-
tion energy of the aqueous solvent (roughly about an order of
magnitude) and decreases with increasing polymer concentration.
The small values of the activation energy makes a systematic tem-
perature dependence of the yield stress hardly detectable, which
may explain why other authors concluded that the yield stress is
temperature invariant, Peixinho et al. [35].

The decrease of the activation energy with the polymer concen-
tration may be understood in terms of a drastic reduction of the
micro structural entropy induced by an increasingly stronger inter-
action between jammed polymer molecules, Alain and Bardet [1],
Bardet and Alain [5].

We note that, although somewhat counterintuitive, a decrease of
the activation energy with the concentration has been observed Bar-
ry and his coworkers for Carbopol! 941 and quite the opposite trend
for Carbopol! 940 (see Table 3 in page 10 of Barry and Meyer [6]).

4. Conclusions

A systematic investigation of the thermo-rheological properties
of Carbopol! gels was presented. Gels of various concentration are
tested via increasing/decreasing controlled stress ramps. As previ-
ous experimental studies revealed little or no sensitivity of the
rheological parameters of Carbopol! gels on the temperature, a
particular care to increase the accuracy of the measurements has
been devoted: a cleated geometry has been used and a tempera-
ture calibration procedure has been employed in order to minimize
the impact of the inherent temperature gradients. In addition, each
rheological test has been repeated at least three times and the
results have been averaged over multiple runs, which allowed us
to provide error bars for each data set. The rheological measure-
ments have been evaluated within the framework of a recent mod-
el proposed by Putz and Burghelea [39] which can properly
account for the irreversibility of the deformation states observed
in a range of small deformation rates.

The elastic moduli measured from the rate of shear plateau ob-
served at low applied stresses (Fig. 5) are temperature invariant,
Fig. 6. This invariance indicates a non rubber-like elasticity of the
gel in a solid regime. A similar temperature invariant behavior is

Fig. 10. (a) Concentration dependence of the consistency (h, bottom-left axis) and the power law index ( , bottom-right axis) (b) Concentration dependence of the Arrhenius
pre-factor r0

y (h, bottom-left axis) and the activation energy DEa ( , bottom-right axis).

5 We have accounted for the temperature independence of the elastic moduli Gu;Gd

illustrated in Fig. 6.
6 We have accounted once more for the temperature independence of the

consistency K and the power law index n illustrated in Fig. 7.
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Maybe there are some missing ingredients in the theoretical approaches? 

Further theoretical developments are still needed to understand the R-B convection 
in a Carbopol gel. A different rheological framework NEEDS to come in!

The Rayleigh-Bénard 
convection lives in the 

Bermuda triangle: 

- Bingham, Herschel-Bulkley & 
Co. models do not apply here! 
(see paper by Putz&Burghelea, 

Rheo Acta 2009)

Figure 19: DPIV measured velocity gradients: (a) ∂Vx
∂ x

(b) ∂Vx
∂ z

(c) ∂Vz
∂ x

(d) ∂Vz
∂ z

. A 0.08% Carbopol R⃝ solution was used and the temperature
difference between plates was ∆T = 4o C.

behaviour of the gel around its yield point is more complicated than the Bingham (or Herschel-Bulkley) picture. To
probe the relevance of the rheological yielding scenario illustrated in Fig. 1 to the convection experiments described
above, we turn our attention to measurements of the velocity gradients performed within a 0.08% Carbopol R⃝ solution
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
around the convective onset is the intermediate and irreversible solid-fluid regime visible in Fig. 1 in a range of applied
stresses right above the elastic solid regime (γ̇ = ct.). Within this deformation regime, the rheological response of the
material departs significantly from the Bingham, Herschel-Bulkley models and their regularised versions.

This provides a plausible explanation for the partial disagreement between our experimental findings and previous
theoretical works. A quantitative agreement with the experimental results presented by Darbouli and his coworkers
in [11] could not be obtained either. This is most probably due to the significant differences in the rheological
properties of the gel (notably the yield stress) observed in spite of a similar range of Carbopol R⃝ 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 measure (see the values listed
in Table 2). These factors make a quantitative comparison of the critical Rayleigh and yield numbers impossible at
this point.

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.

The reliability of the experimental system and measurement techniques has been demonstrated by characterising
the Rayleigh-Bénard convection in a Newtonian fluid. Thus, we have found a transition to convective states in a Glye-
cerin solution corresponding to values of the critical Rayleigh number which differs by only 4% from the theoretical
values. Besides that, we have clearly identified the bifurcation towards convective states as a super-critical one (see
Figs. 6, 7) in a full agreement with both theoretical predictions and previous experimental studies.

Following exactly the same experimental procedure and data reduction strategy as for the validation experiments,
the emergence and the physical features of Rayleigh-Bénard the convection have been investigated for six Carbopol R⃝

solutions with concentrations larger than the overlap concentration c∗ (thus, each solution we have investigated exhib-
ited both yield stress and shear thinning behaviour).

For each polymer concentration (yield stress) a clear transition to convective states is observed when the heating
power exceeds a critical value Pc by both local DPIV measurements of the amplitude of the flow pattern and integral
measurements of the temperature difference between plates. It is important to point out that, during our experiments,
the instability was observed in the absence of an externally applied perturbation of a finite amplitude.

20
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4. Experimental investigation of the Rayleigh-Bénard in a 
shear thinning fluid 

(1 − n)(1 − S)
2 Λ2 ≈ αc (2) 

where S = η∞
η0

< < 1  and αC = 4 ⋅ 10−4 in the slip case and αC = 2 ⋅ 10−4 in the no slip case.

The non-dimensional parameter Λ is the ratio between the rheological time scale λ and the diffu-

sion time scale td = d2

κ
 where d is the distance between plates and κ the thermal diffusivity. For our 

experiments, td ≈ 3000s.

We have measured the flow curves of  the various CMC solutions described in Tab. 1 using a 
MARS 3 controlled rheometer, Fig. 1. 

Each flow curve has been fitted by the Carreau model in order to obtain the zero shear viscosity, 
the onset of  shear thinning and the power law index. As none of  the flow curves display a high 
stress viscosity plateau, the infinite shear viscosity has been kept constant during the fitting proce-
dure, ηinf = 10−4Pa s and the viscosity ratio S has been neglected in Eq. 2.

2

FIG1: Flow curves measured for different species of  CMC (see the description in Tab. 1): squares - A, circles - B, 
triangles - C, hexagons - E. The full lines are fit functions according to the Carreau model. The full symbols mark 
the onset of  the shear thinning, ·γ = ·γc.

squares - A, circles - B, triangles - C, hexagons - E.  

Full lines : Carreau model.  

Full symbols mark the onset of the shear thinning.

Chapter 2. State of Art 8

Figure 2.3: A variation of apparent viscosity versus shear rate

Generally, n defines the class of fluid:

n = 1 ! Newtonain fluid

n > 1 ! Shear thickening fluid( Dilatant fluid )

n < 1 ! Shear thinning fluid (Pseudo - Plastic fluid)

When there are significant deviations from the power-law model at very high and very

low shear rates, it is necessary to use a model which takes account of the limiting values

of viscosity ⌘0 and ⌘1.

2. Carreau model:

Carreau model provides a establishment to fit experimentally generated curve for di↵er-

ent temperature, which is the function of both Newtonian and Shear- thinning laws.

For Carreau Model, �̇ ! 0, ⌘ ! ⌘0 and �̇ ! 1, ⌘ ! ⌘1

where ⌘0 and ⌘1 are the upper and lower limits of non-Newtonian fluid’s viscosity.

The expression for Carreau Model viscosity is:

⌘(T )� ⌘1(T )

⌘0(T )� ⌘1(T )
= [1 + �̇2�(T )2]

n�1
2 (2.10)

where ⌘,�, ⌘0, ⌘1 are temperature dependent properties. This model predicts Newtonian

fluid behaviour ⌘ = ⌘0 when either n = 1 or � = 0 or both.

During the rehological investigation of Shear thinning fluid (CMC), for each concentra-

tion, the variation of apparent viscosity with shear stress has been calculated between

the range of 11� 30�C. Detailed explanation can be found in chapter 4.

Carreau model
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4.1. Experimental Cartography Campaign
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4.2. The physical nature of the R-B bifurcation in shear-thinning fluids

Chapter 4. Results 25

A linear increase of the integral temperature di↵erence between the plates �T with

power (P), which corresponds to a purely conductive heat transfer regime (the slope of

this dependence is proportional to the thermal conductivity a of fluid), is observed below

a critical value of the heating power P
c

⇡ 39.9 W. Beyond this onset the dependence

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

kind of phenomenon has been observed for velocity variation (V
max

) with heating power

(P). (refer figure 4.7)

Figure 4.7: Dependence of temperature gradient �T on the heating power P , for the
CMC - C3 with 2%wt concentration. The squares and circle refer to increasing and

decreasing heating power respectively.

4.2.2 Results for the A1 solution with 1% concentration:

Another type of CMC solution (A1 with 1% concentration) was assessed by both integral

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

Same kind of linear increase of the temperature di↵erence between the plates �T with

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

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

power P
c

⇡ 58.8 W. Beyond this onset, temperature dependence becomes nonlinear and

a conductive – convective heat transfer regime is observed.

One can find detailed variation of temperature di↵erence (�T ) for both increasing and

decreasing values of the heating power P in Figure 4.9. Same kind of phenomenon has

been observed for velocity variation (V
max

) with heating power (P). (refer figure 4.10)

Chapter 4. Results 26

Figure 4.8: Dependence of pattern amplitude V on the heating power P , for the CMC
C3 with 2%wt concentration. The squares and circle refer to increasing and decreasing

heating power respectively.

Figure 4.9: Dependence of temperature gradient �T on the heating power P , for
the CMC A1 with 1%wt concentration. The squares and circle refer to increasing and

decreasing heating power respectively.

C solution with 2%wt A solution with 1%wtChapter 4. Results 27

Figure 4.10: Dependence of pattern amplitude V on the heating power P , for the
CMC C3 with 2%wt concentration. The square and circle refer to increasing and

decreasing heating power respectively.

Temperature di↵erence Mean velocity Maximum velocity RMS velocity

1.4035 4.15E-6 8.26E-6 9.08E-6
6.25018 2.47E-6 6.35E-6 8.4E-7
8.09846 1.16E-5 2.63E-5 2.03E-6
6.28908 6.63E-6 1.8E-5 7.2E-7
6.77224 2.02E-5 7.45E-5 3.4E-6

Table 4.2: Description of obtained velocities value at respective temperature di↵er-
ence, where temperature di↵erences are in �C and velocities value are in ms�1

The evolution of the flow patterns during the local measurements of CMC A1 with

1% concentration is illustrated in figure 4.11. Right above the onset of the convection

(refer fig 4.11 (a) �T = 8.09�C), the flow pattern has a slightly asymmetric appearance.

Upon a decrease of heating power slightly di↵erent kind of flow pattern is observed at

the temperature di↵erence �T = 6.77�C (figure 4.11 (d)).

It is important to note that the flow states are irreversible upon a decrease of the heating

power (or temperature di↵erence). Other measurements of the convective flow patterns

at three temperature di↵erence (b) �T = 6.25�C, (c) �T = 1.40�C, (e) �T = 6.28�C

are illustrated in Fig. 4.11.

Maximum, mean and rms value of velocity at respective temperature di↵erence, for

CMC type A1 with 1% concentration is provided. 4.2

Our experiments  confirm 
one part of this theoretical 

prediction:  

the bifurcation remains subcritical
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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 ? 
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Thanks 

Contact us: 
cathy.castelain@univ-nantes.fr
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