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Définition

produit liquide ou en poudre, contenant des pigments, destiné a être appliqué 
sur une surface pour former une couche opaque

Concentration en matières solides: 0 (vernis) à 60% (peintures mates)

Séchage physique : évaporation du solvant, et fusion des particules de liant

Séchage chimique : oxydation, catalyse (processus thermiquement activés)

La peinture

3

Cycle de vie : de la production des ingrédients à leur transport et stockage, au 
mélange, application et séchage, et à la durée de vie, restauration et 
élimination en fin de vie. 

Cahier des charges

• bonne dispersion des pigments
• Bonne stabilité (pas de coagulation, sédimentation lente)
• viscosité basse à l’application (lissage)
• viscosité élevée après l’application (pas de coulées)

La peinture
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• suspension colloïdale stable

• concentration adéquate de pigments … contrainte seuil !

• viscosité adaptée au mélange

• pseudo-plasticité (rhéofluidification)

• suspension élastique

• mélange thixotrope : présence de liaisons hydrogène, résines alkydes, 
polarité du solvant

• temps de relaxation court pour l’effet de lissage

Rhéologie de la peinture
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INTRODUCTION

Paints and related coatings are complex systems usually comprised of three main components - a liquid phase (water
or organic solvent), a film-forming polymer (latex or solution polymer), and pigments - as well as a variety of prop-
erty-enhancing additives.  Correct formulation of these ingredients allows the paint to be easily transferred from its
container to an application surface and to form a uniform film of satisfactory appearance.  Incorrect formulation, on
the other hand, results in problems such as excessive sagging, poor leveling, creaming and/or sedimentation of
pigments, and improper application.  (Table 1).

Table 1

SAG Flow down a vertical surface due to gravity

LEVELING Flow out on a horizontal surface to yield a uniform coating
and to remove brush marks

HIDING Ability to cover and hide surface underneath

CREAMING Separation into layers

STABILITY Long-term sedimentation of pigments

Furthermore, optimizing paint formulations is not an easy task, particularly today as VOC (volatile organic content),
for example, is increasingly regulated.  To assure compliance, chemists are forced to find alternatives even for
historically proven formulations.  Fortunately, analytical techniques are available that make this optimization process
easier.  One of the most important of these techniques is fluid rheology.

Rheology is defined as the study of the deformation and flow of materials.  When most chemists hear the word
ìrheologyî, they immediately think of viscosity and, in fact, quantitative viscosity is one of the material properties
that can be obtained from rheological measurements.  However, a materialís viscosity is not a discrete value, as is
temperature.  Rather, viscosity is a property that depends on the conditions of measurement, for example, the rate of
deformation (shear rate).  This is significant for materials such as paints since they are exposed to a variety of
different deformation processes during their useful lifetime (See Figure 1).  Each of these processes represents a
different deformation (shear) rate, and hence may result in a different ìapparent viscosityî.  Rheometers provide a
means for evaluating this entire range of viscosity changes as well as material viscoelastic properties.  Viscometers
(e.g., Brookfield), on the other hand, cover only a small shear rate range and provide no viscoelastic information and
are, therefore, useful only for quick qualitative comparisons of formulations.

PAINT PROCESSES

Figure 1
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Flow

In this mode, the material is subjected to a controlled increasing stress and the resultant strain and strain rates (shear
rate) are measured.  In paints, this mode is best for predicting ease of application.  As shown earlier (Figure 1), the
shear rates associated with the common modes of application such as brushing and rolling are 103 to 106 s-1.  These
shear rates might seem high, but are primarily the consequences of the thin films involved.  For example, brush
speeds are typically 0.5 meter per second which, when applied to a wet paint film of thickness 5 x 10-5 meters,
translates to a shear rate of 104 s-1.  For easy application, paints should shear thin (i.e., show a decrease in viscosity
with increasing shear rate).  A good viscosity for easy brush application is in the region 0.1 to 0.25 Pascal seconds.
Figure 7 shows that all four paints shear thin to yield a viscosity less than 1 Pascal seconds and should be suitable for
brush application.

ON A VERTICAL SURFACE, THE STRESS DUE TO 
GRAVITY IS:

σ ρh =  hg 
Where :    =  stress
              h =  paint layer
                       thickness
              g =  force due
                       to gravity
               =  paint density

σ

ρ

ρ

h

X

AT A TIME t ASSUMING A LIQUID WAS INITIALLY A 
SLAB OF 
THICKNESS h, THE NEWTONIAN LIQUID SAG 
DISTANCE X IS: 

h = X / gt 

        h  gt  =  X
2

η ρ

ρ
η

Where:   X =  sag distance
               =  paint
                       viscosity
               t =  time

η

Figure 6

ESTIMATION OF SAGGING

Figure 7
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Figure 7 represents only the results when increasing stress.  Figure 8 shows the same paints under first increasing and
then decreasing stress.  In an ideal Newtonian fluid, strain rate is directly related to applied stress and increases when
stress increases.  When the applied stress is subsequently decreased, moreover, the strain rate also decreases resulting
in increasing/decreasing stress versus strain rate curves that overlay.  This ideal behavior assumes that the rate of
structure breaking (disruption) in the material when stress is increasing is instantaneous and is identical to the rate of
structure rebuilding when stress is removed.  However, just as most real-world materials donít follow ideal Newtonian
behavior when stress is increasing, most also donít follow ideal behavior when stress is removed.  Rather, materials
exhibit a time dependence for structure rebuilding as well as structure breaking so that a ìhysteresis loopî behavior is
observed.  Materials including paints that exhibit this behavior are called thixotropic.  Paints are formulated to
control thixotropy because it is an important factor in properties such as ìnon dripî behavior.  Different additives and
thickeners affect the size of the thixotropic loop observed.  All four of the paints evaluated exhibit a similar, low level
of thixotropy indicating that the thickeners used in each are probably similar.

Flow information can also be rearranged to plot viscosity versus shear stress (Figure 9).  The sharp drop in viscosity
that occurs once a specific stress level is reached provides an ìapparent yield stressî.  This stress is a qualitative
measurement because it depends on the rate of measurement.  Nevertheless, it provides further insight into the
interactive forces present in the paint as well as the force required to initiate flow during application.  In addition, the
sharpness of the drop in stress seen is typical of that observed when clay thickeners have been added and suggests
their presence in these paints.
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Suspension (à T > 35°C) : poudre de 
cacao, sucre, poudre de lait dans une 
phase de beurre de cacao

• taille des particules : 15 à 25 microns
• concentration : 65 à 73%
• contrainte seuil

Le chocolat
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This review briefly describes the basic microstructure of

chocolate and the behaviour of chocolate during and after cold

extrusion. In addition, the possible link between the mechani-

cal properties of the material and its microstructure is given.

1. Chocolate composition and microstructure

Chocolate is a complex material with physical characteristics

that can vary significantly within a relatively small temperature

range. At room temperature, chocolate is mainly in the

semi solid state. However by the time it reaches the body

temperature of 37 uC, the material is predominantly viscous

and can possess a low yield stress of approximately 10–20 Pa.

Chocolate can be variously described as a soft solid, a

concentrated suspension or a paste. Chocolate consists of a

high concentration (50–60% by vol.) of suspended solid

particles, which comprise mostly of sugar crystals, cocoa

and milk solids and these are dispersed in a continuous fat

matrix made of cocoa butter and milk fats (Fig. 1). Another

ingredient commonly found in commercial chocolate is an

emulsifier, usually soya lecithin, which is added to promote the

coating of the hydrophilic sugar particles with the hydrophobic

fat molecules. Cocoa butter is an essential ingredient in

chocolate and this component is mainly responsible for the

rheological properties of the material, in both the molten and

the solid form. One reason for the complexity of chocolate is

due to the polymorphic nature of the primary fat constituent.

Cocoa butter is known to be capable of existing in various

crystalline forms and the standard ‘Wille and Lutton’

polymorph numbering system (I–VI) describes the existence

of cocoa butter in six different crystalline configurations,

with an increase in thermal stability from forms I to VI.9

Alternatively the convention developed by Larsson10 can be

used to describe the different polymorphs and crystal packings

in cocoa butter. In practice, Form V crystals are the most

desirable crystal forms of cocoa butter as they provide good

demoulding properties and give the final chocolate products a

stable glossy finish as well as a pleasant texture. In order to

ensure the formation of crystals of the right polymorph V,

good tempering,11 a procedure involving a series of careful

temperature controlled steps, is therefore needed. Failure to do

so can result in a product that is more susceptible to fat bloom,

a physical imperfection that often manifests itself as a white or

greyish white layer on the surface of the chocolate product

during storage. Fat bloom occurs when a lower and unstable

crystal form of cocoa butter changes into a higher and more

stable form such as Form VI.

Cocoa butter is composed mainly of triacylglycerols (TAGs)

or triglycerides, which are found in most natural oils and

fats. TAGs are esters of three fatty acid molecules joined to

a glycerol molecule backbone (Fig. 2). The physical and

chemical properties of oils and fats are determined by the

composition and crystal packing arrangements of the trigly-

cerides. Palmitic (P), stearic (S) and oleic (O) fatty acids, which

make up more than 95% (Table 1) of the fatty acids found in

cocoa butter,11 combine to form the three main triglycerides

POP, SOS and POS (Fig. 2b).

It has been proposed that a certain degree of molecular

ordering still exists among the triglygeride molecules of the

most stable form just above the melting point of the cocoa

butter, usually above 40 uC.12 The chains adopt a chair-like

structure which is distorted.13 However the actual structural

arrangement of the triglycerides is not yet fully understood and

is still a subject of much debate. Figs. 3a and b show, highly

schematically, the arrangement of triglyceride molecules in

both the solid and the liquid states.

Most of the melting of cocoa butter occurs over a relatively

wide temperature range of between 15 uC and 40 uC (Fig. 4).

At 20 uC, about 16% of the triglyceride fats are in the liquid

form, hence the semi-solid state of cocoa butter and chocolate

at room temperature. Temperatures above 40 uC will result in

cocoa butter being predominantly in the molten state. Previous

work has proposed that fat crystals and aggregates form a

three dimensional network made of interlinked chains and

between these solid crystal regions, pools of liquid regions are

entrapped.14

Fig. 1 (a). Schematic representation of the microstructure of

chocolate. (b) An optical microscope image of a typical milk chocolate

recipe.

Fig. 2 (a) Basic structure of a triglyceride molecule with a glycerol

backbone connected to three fatty acids. (b) Structure of triglyceride

POS with the three main fatty acids.

Table 1 A typical composition of the three main fatty acids in cocoa
butter (ref. 11)

Fatty acid Chemical formula
Cocoa butter
(%) by wt

Palmitic acid (P) CH3(CH2)14COOH 26.0
Oleic acid (O) CH3(CH2)7CHLCH(CH2)7COOH 34.8
Stearic acid (S) CH3(CH2)16COOH 34.4

This journal is ! The Royal Society of Chemistry 2006 Soft Matter, 2006, 2, 304–309 | 305
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The rheological proles of the milk, white and dark chocolate
dispersions containing 50% aqueous phase, alongside that of
pure chocolate and chocolate with 1 wt% PGPR (w/r to fat
content) were measured to compare ow behaviour at 40 !C.
Although superseded by improved models, the Casson equation
is still widely used by the confectionery industry to characterise
the ow behaviour of molten chocolate formulations.19 We fol-
lowed an ICA approved measurement protocol,20 with some
adaptations, namely the extension of the shear rate range from 2–
50 s"1 to 0.1–100 s"1. The Casson equation was tted to the
obtained data points (as seen in Fig. 10) and values for Casson
yield stress (sCA) and Casson plastic viscosity (hCA) were obtained,
as seen in Table 1. At low shear rates, the Cassonmodel becomes
unreliable in these confectionery systems,21 as evidenced by the
deviation of the model from the data points between 0.1 and
1 s"1, hence why the industry recognised testing commences at

2 s"1. The addition of 1 wt% PGPR has a considerable effect on
Casson yield stress, as expected, for the primary use of PGPR in
chocolate is to reduce the yield stress.22 Upon dispersing 50 vol%
aqueous phase into milk and white chocolate, the Casson yield
stress increases by a factor of 2–3, which is logical due to the solid
microgel particles providing a resistance to initiate ow. The dark
chocolate microgel dispersion sees a slight reduction from a
naturally high yield stress in pure dark chocolate, arising from
the high quantities of cocoa solids in the product which have a
more marked inuence on the yield stress than the dispersed
microgels. The Casson plastic viscosity values for both milk and
white chocolate microgel dispersions are very similar to the pure
chocolate counterparts. However, the dark chocolate microgel
dispersion experiences a small reduction in Casson plastic
viscosity, which could be due to exclusion of water from the
dispersion, lubricating the rheometer geometries and articially
lowering the viscosity. In terms of viability of the microgel
dispersions as chocolate products, the recognised Casson
parameters for chocolate have a sCA between 10 and 200 Pa and
hCA between 1 and 5 Pa s.19 All of the 50 vol% aqueous phase
microgel dispersions that have been analysed fall within these
parameters. The relatively high yield stress values for milk and
white chocolatemicrogel dispersions also indicate their potential
use in applications where shape retention and pattern holding is
required such as the deposition of molten chocolate shapes, and
the need for shape retention until setting.

Differential Scanning Calorimetry (DSC) measurements of
our hybrid agar microgel white, milk and dark chocolates were
conducted aer a simple thermal tempering process of the
samples in order to measure the cocoa butter polymorphic
composition of the nal products (Fig. 12). In all cases, the
major melting peak occurs at 32–34 !C, indicating considerable
quantities of polymorph V, the most desired crystalline struc-
ture. Additional peaks appear in the 10–25 !C range for the milk
and white chocolate samples which can be ascribed to the
melting and crystallisation of the vegetable and milk fats
present in the formulations. A further set of peaks present in all
samples at 25–28 !C arises from the presence of polymorph IV,
an unstable b0 crystalline structure which reverts to the more
stable polymorph V – b structure over prolonged storage in
ambient conditions. Compared to the pure chocolate DSC
traces, the microgel dispersions show a more pronounced heat

Fig. 10 Rheological flow profiles of molten chocolate formulations, each fitted by the Casson equation.

Fig. 11 Photograph of milk, white and dark chocolate (L to R) with 50% w/w
agar microgel content with respect to fat content of the chocolate.

Table 1 Casson model yield stress (sCA) and plastic viscosity (hCA) fitting
parameters for chocolate formulations

Sample sCA (Pa) hCA (Pa s) R2

White chocolate 9.867 # 0.659 2.353 # 0.081 0.991
White chocolate + 1% PGPR 3.453 # 0.240 2.755 # 0.054 0.997
White choc 50% dispersion 24.908 # 1.776 2.466 # 0.156 0.972
Milk chocolate 9.057 # 0.264 2.630 # 0.040 0.998
Milk chocolate + 1% PGPR 0.364 # 0.055 2.888 # 0.039 0.999
Milk choc 50% dispersion 24.908 # 1.776 2.466 # 0.156 0.972
Dark chocolate 27.208 # 2.270 5.524 # 0.347 0.974
Dark chocolate + 1% PGPR 6.507 # 0.533 4.753 # 0.154 0.993
Dark choc 50% dispersion 22.241 # 0.617 1.428 # 0.060 0.934

This journal is ª The Royal Society of Chemistry 2013 Food Funct., 2013, 4, 1314–1321 | 1319
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PGPR	:	polyglycerol polyricinoleate (emulsifiant)

Skelhon et	al.,	Food	Funct.	(2013)

τ = τ 0 + ηCa !γModèle	de	Casson	(avec	contrainte	seuil)

Exercice 1 : Dégustation de chocolat

Rhéologie :

- Présence d’un seuil d’écoulement (entre 10 et 200 Pa)
- Viscosité à 36°C…

Texture et aspects sensoriels du chocolat :

1. Dureté dans la bouche : force requise pour écraser le chocolat
2. Dissolubilité : manière dont le chocolat fond dans la bouche
3. Souplesse : degré de granulométrie ressenti
4. Niveau de collage : collage à la langue et au palais

12
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Exercice 2 : Formulation de chocolat au lait

Le chocolat est un mélange de lait, de cacao, de beurre de cacao et de sucre. 
On mélange préalablement le lait avec le beurre de cacao fondu à 40°C qui donne un liquide 
homogène de viscosité 1 Pa.s. On introduit alors les particules supposées parfaitement 
sphériques de cacao maigre (diamètre 5 µm) et de sucre (diamètre 1 µm).

1. Quel genre de suspension a-t-on ? Quelles sont les interactions prédominantes attendues ?
2. On veut élaborer du chocolat qui contient 50% de poudre de cacao, mais dont la viscosité à 

40°C n’excède pas 100 Pa.s. Est-ce possible ? 
3. Quelles autres formulations permettent d’assurer une viscosité égale à 100 Pa.s ? Qu’est ce 

que vous pouvez en déduire quant à l’amertume des chocolats obtenus ? Comment peut-on 
changer cette dernière caractéristique tout en gardant 50% de cacao ?

4. L’incorporation de cacao et de sucre dans la phase continue formée de beurre de cacao et 
de lait fait apparaître un seuil d’écoulement. Quelles sont les interactions physiques qui 
expliquent cela? Quelle équation peut-on utiliser pour décrire ce comportement 
rhéologique ?

13

Exercice 2 : Formulation de chocolat au lait
122 Rheology of suspensions [Chap. 7 

20 
10 

'oOoro> ,L 0 ;8 d 
Fraction of large particles 

Fig. 7.4 Effect of binary particle-size fraction on suspension viscosity, with total % phase volume as 
parameter. The particle-size ratio is 5 : 1. P -, Q illustrates the fiftyfold reduction in viscosity when a 60% 
v/v suspension is changed from a mono- to a bimodal (50/50) mixture. P -* S illustrates the 15% 
increase in phase volume possible for the same viscosity when a suspension is changed from mono- to 
bimodal. 

intrinsic viscosity for an ideal dilute suspension of spherical particles. Replacing it 
by [q] allows particles of any shape to be accounted for. 

The Krieger-Dougherty equation is 

Equations 7.6 and 7.7 both reduce to the Einstein equation (eqn. (7.2)) when + is 
small. 

The values of +, obtained from the empirical use of eqn. (7.7) are strongly 
dependent on the particle-size distribution. Thus, +, increases with increasing 
polydispersity (i.e. the spread of sizes). This is illustrated by Fig. 7.4 where the 
viscosities of mixtures of large and small particles are plotted as a function of the 
total phase volume. The large reduction in viscosity seen near a fraction of 0.6 of 
large particles is known as the Farris effect. The effect is very large at a total phase 
volume of more than 50%. Mixing particle sizes thus allows the viscosity to be 
reduced whilst maintaining the same phase volume, or alternatively, the phase 
volume to be increased whilst maintaining the same viscosity. Similar effects can 
also be shown for tertiary mixtures (cf. Fig. 7.5). In the example shown in Fig. 7.5 
the minimum relative viscosity is approximately 25 for the optimum tertiary mixture 
and is over 30 for the binary mixture. All these effects can be predicted using eqn. 
(7.7) by assuming, for instance, that the small particles thicken the continuous phase 

φlarge = φcacao φcacao +φsucre( )
14

Barnes,	Hutton	&	Walters,	An	introduction	to	rheology,	Elsevier	(1989)	
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Le fromage

25

Le fromage

26

14 
 

nutritionnel (protéines, matière grasse, etc) ou en lien avec la nucléation (présence de nucléi 

« naturels » et non technologiquement maîtrisés). Les principales souches bactériennes 

caractérisant les fromages « Swiss-type » sont décrites plus avant au chapitre 1.4.1. 

Cependant, le lait apporte également au fromage tous ses constituants, qui vont subir des 

traitements thermo-mécaniques lors des étapes de fabrication décrites précédemment (chapitre 

1.2) et former la structure de la pâte fromagère. Le terme « structure » recouvre de 

nombreuses échelles, allant du micro au macro-domaine d’observation, comme le montre la 

Figure 1. Ainsi, la pâte fromagère peut être décrite comme une matrice composée d’un réseau 

protéique branché avec des agrégats plus ou moins gonflés (échelle du nm au µm), au sein 

duquel sont dispersés des globules de matière grasse (de l’ordre de 1µm) agissant comme 

éléments de remplissage inertes (Rohm & Lederer, 1992). Cette matrice est en équilibre avec 

une phase liquide, siège du développement microbiologique. Des colonies de diverses souches 

bactériennes (de l’ordre de 1 à 10µm) sont aussi présentes au sein des fromages. Enfin, à une 

échelle supérieure, ce réseau peut aussi être décrit comme un assemblage de grains de caillé 

(de l’ordre de 1mm), contenant des bulles de taille et de nombre variables (de l’ordre du cm). 

 

Figure 1 : Schématisation de la structure des fromages à différentes échelles, grossissement du moins (-) au plus (+) fin 

Par conséquent, de nombreuses études ont été menées dans la littérature avec pour but 

d’étudier l’évolution de la structure de la pâte fromagère au cours de l’affinage et/ou des 

étapes de fabrication précédentes. Trois techniques sont plus particulièrement développées à 

ces fins dans la littérature : microscopie optique/photographie, confocale et électronique, 

Huc,	Université	de	Rennes	1,	thèse	2013	
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• eau 87.7%
• lactose 4.9% (sucre : disaccharide de glucose et galactose) dissout dans la 

phase aqueuse
• graisse 3.4% triglycérides
• protéines 3.3% caséine (micelles, 0.3 µm diamètre) et autre. 
• vitamines, minéraux 0.7%
• enzymes (lipaze, qui est tuée par la pasteurisation)

Le lait est une émulsion

27

lactose
caséine

• point isoélectrique de la caséine : pH = 4.6
• pH du lait : 6.6

Production du fromage

28

La caséine est chargée négativement
326 C. Lopez and V. Briard-Bion

Figure 3. Schematic representation of the supramolecular organisation of milk fat in food products
and proposed composition and structure of the fat/water interface (not to scale).

Lopez	and	Briard-Bion,	Lait	(2007)

si on ajoute de l’acide, ou que le sucre 
se transforme en acide lactique par 
fermentation enzymatique, les 
micelles de caséine coagulent :

→ agrégation
→ formation d’un gel

(casein macropeptide)
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Coagulation et gélation du lait

29Uludogan,	1999

L’Emmental

30
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L’Emmental

31

Suprastructure and properties of milk fat 327

Raw milk
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(28 days, 80% RH)

Ripening at 4 °C      
(8-15 days)

Manufacture Ripening

Storage (4 °C, 1 night)

Raw milk

Standardisation (fat/TN=0.85)
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Thermisation (63 °C, 20sec)

Cheese milk
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+CaCl2 +lysozyme
Inoculation
+ calf rennet

Curd
Cutting ; mixing
Heating to 51 °C

Heated curd grains (3-6 mm)
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Pressing: 4h, 0.4 kPa (Troom = 24 °C)
Acidification 19h  (Troom = 24 °C)
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Ripening at 21 °C 
(28 days, 80% RH)

Ripening at 4 °C      
(8-15 days)

Manufacture Ripening

Storage (4 °C, 1 night)

Figure 4. Schematic representation of the main steps involved during the manufacture and ripening
of Emmental cheese.

melt all existing nuclei and thus eliminate
their thermal history. The liquid → solid
fat transition was observed upon cooling.
Cheese samples were not cooled at T <
−6 ◦C to avoid ice formation. We showed
that the destabilisation of fat globules by
coalescence and the formation of free fat
after pressing alter the thermal properties
of milk fat (i) by increasing the initial
temperature of crystallisation, and (ii) by
the formation of two overlapped exotherms
(details in [12]).

3.3.2. Ripening of cheese regarding
the properties of fat

3.3.2.1. Organisation of fat in the
cheese matrix

At a microscopic level, the gross struc-
tural view of Emmental cheese during

ripening is different from that observed af-
ter brining; the pockets of serum which
had surrounded the pools of fat have dis-
appeared, increasing the contact between
fat and the casein network (Fig. 6). During
ripening, the microstructure of Emmental
cheese does not evolve significantly. How-
ever, at a molecular level fat globules can
(i) become disrupted due to enzymatic hy-
drolysis of the MFGM, and (ii) be distorted
by protein rearrangements due to proteoly-
sis during cheese ripening which may con-
tribute to the formation of the pools of fat.
The temperature of ripening can also con-
tribute to the destabilisation of fat globules
in the casein matrix during the ripening pe-
riod by increasing the amount of fat in the
solid state, which can damage the MFGM.

This study showed that milk fat exists
in three main forms in Emmental cheese:
(i) small fat globules enveloped by the

Lopez	and	Briard-Bion,	Lait	(2007)

Viscosité élongationnelle de fromages
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Test	de	la	fourchette

Gunasekaran and	Ak,	1997
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33Muliawan, Hatzikiriakos, Interna4onal Dairy Journal 17 (2007) 1063–1072

Suspension concentrée de globules rouges et blancs et de plaquettes dans du 
plasma (eau et protéines)

Le sang

34Dondusang-doubs.org



18

Globules rouges

• hématocrite (H) = f
• diamètre 4-5 µm
• 4 à 6 millions par µl de sang d’adulte
• transport d’oxygène, durée de vie : 120 jours
• formés dans la moelle osseuse 

Globules blancs

• diamètre 7 à 12 µm
• 6 à 9000 par µl de sang d’adulte
• rôle immunitaire
• durée de vie : 120 jours
• formées dans la moelle osseuse 

Neutrophile (50-70%)

Lymphocyte (20-30%)

Globules rouges et blancs

35
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Il est donc utile de mémoriser les données du
Tableau 1, où l’on constate que les basses vitesses
de cisaillements (shear stress bas) concernent,
pour les macrovaisseaux, les veines, surtout de
petit calibre et pour les microvaisseaux la veinule
postcapillaire (voir plus loin). Les artères, du fait
des pressions, y sont moins sensibles. Néanmoins,
cela peut jouer au niveau des zones de recircula-
tion des embranchements artériels.

Note technique no 1
La mesure de la viscosité sanguine nécessite l’usage
d’un viscosimètre de type Couette, relativement
onéreux. Il donne, d’une part la valeur de la visco-
sité à haute vitesse de cisaillement, dans des condi-
tions de flux laminaire, qui sera d’autant plus haute
que l’hématocrite, le fibrinogène seront plus hauts,
que la déformabilité des hématies sera plus basse,
ou enfin du fait de la présence de macroglobulines.
De plus l’appareil donne les valeurs obtenues sur
une gamme de pressions de plus en plus réduites
(gamme des shear rates, analysant la thyxotropie
du sang du sujet), ce qui permet de mesurer l’hy-
perviscosité à basses vitesses de cisaillement, du
fait de l’apparition des agrégats d’hématies. Il
existe des viscosimètres spécialisés dans cette ap-
proche de l’agrégation érythrocytaire, où l’analyse
est plus fine puisqu’elle affiche le temps d’agréga-
tion (d’autant plus court que la propension aux
agrégats est forte), et les valeurs de cisaillement
dispersant les agrégats (seuils de dissociation). La
mesure d’agrégation érythrocytaire s’est révélée
bien corrélée aux conditions cliniques.16,17 Au to-
tal, en l’absence d’accès à un laboratoire d’hémo-
rhéologie, on peut « scorer » un sujet en observant
les valeurs de trois paramètres : l’hématocrite, le
fibrinogène et les triglycérides. L’élévation simul-
tanée de ces paramètres confirme la présence
d’une hyperviscosité sur sang total.18

Note technique no 2
La notion de déformabilité des cellules sanguines a
retenu l’attention des spécialistes en rhéologie. Les

globules rouges se déforment du fait de leurs pro-
priétés viscoélastiques, ce qui leur permet d’une
part de diminuer la viscosité sanguine et « d’éti-
rant » dans le cours du sang, et d’autre part de
passer dans les capillaires dont le diamètre est de 1
à 0,5 lm, alors que le leur est en moyenne de
7,5 lm. La déformabilité diminue lorsque les cellu-
les perdent leur valeur métabolique, en vieillissant
(entre 50 et 100 jours de vie), si leur membrane est
rigide, ou leur géométrie anormale (drépanocytose
typiquement). De ce fait, des techniques ont été
utilisées pour mesurer la déformabilité : mesure de
temps de filtration à travers un filtre de porosité
faible ou étude directe de la viscoélasticité mem-
branaire par ektacytométrie.19 Les globules blancs
sont très rigides et, de ce fait, passent rarement
dans les capillaires (voir plus loin).

Applications à l’arbre vasculaire

Les notions précédentes modulent l’écoulement
tout au long de l’arbre vasculaire, mais il est bien
évident que les vaisseaux n’étant pas des tubes,
mais du tissu vivant, ils vont réagir en regard du
comportement du flux par l’action de leurs cellules
constitutives. Nous considérerons successivement
la mécanobiologie vasculaire, très active tout au
long de l’arbre vasculaire, puis le fonctionnement
de la circulation systémique (macrorhéologie) et
enfin les conditions particulières de la microcircu-
lation (microrhéologie).

Mécanobiologie ou « shear-dependance »

On connaît depuis longtemps l’action des cisaille-
ments sur les fonctions pariétales, mais ces notions
se sont radicalisées récemment en ce sens que le
shear stress représente, en fait, le principal facteur
régulateur vasculaire.

Modalités d’action du « shear stress »
Si l’on considère le Tableau 1, on constate que les
valeurs du shear stress varient le long de l’arbre

Tableau 1 Hémodynamique de l’arbre vasculaire.

Vaisseau Diamètre
(mm)

Nombre Vitesse locale
(cm s–1)

Shear stress
(dynes cm2–1)

Shear rate(s-1) Nombre
de Reynold’s

Aorte 20 à 30 1 60 10 130 4500
Artères 1 à 3 600 20 à 50 20 700 400
Artérioles 0,5 à 0,1 40 106–1 0,5 40 à 70 1000 2,3
Capillaires 0,05 à 0,01 1200 106–1 0,05 60 800 0,05
Veinules postcapillaires 0,01 à 1 80 106–1 0,1 à 0,04 1 à 5a 0,01 à 0,02 0,01
Veines 3 à 6 1000 5 6 à 10a 100 à 200 400
Veine cave 13 à 15 1 10 à 15 10 50 400
a Selon que le flux sanguin est présent ou non. Données provenant des moyennes de plusieurs publications.

369Hémorhéologie clinique. Concept, physiopathologie et applications aux maladies vasculaires

Boisseau, EMC-Cardiologie Angéiologie 1 (2004) 364–381 



19

Rhéologie du sang

37

14.6 Etude de cas 

14.4 L'HEMORHEOLOGIE 

L’hémorhéologie est la rhéologie du sang. Elle est très complexe et dépend de beaucoup de 
facteurs. Le sang est une suspension dont le plasma est le solvant (newtonien) et les cellules 
(globules rouges, globules blancs et plaquettes sanguines) compose la phase dispersée solide. 

 

Le plasma est le liquide qui tient en suspension les globules et permet leurs déplacements. 
Il représente environ 60% de la masse totale du sang, les 40% restants représentent la masse 
des globules rouges, des globules blancs et les plaquettes sanguines. Il est essentiellement 
constitué d’eau, dans laquelle se trouvent en solution des sels minéraux, du sucre, des 
protéines et diverses substances (hormones, vitamines, etc.) en très petite quantité. 

 

Les globules rouges sont aussi appelés hématies ou érythrocytes. Ces cellules ne possèdent 
pas de noyau et ont la forme d’un disque, renflé sur les bords, aminci au centre. Leur diamètre 
est d’environ 8 µm et leur épaisseur 2 µm. Leur nombre normal varient entre 4.5 et 5 millions 
par mm3 de sang. La surface totale des globules rouges d’un être humain représente environ 
200 m2. L’hématocrite (H) caractérise la quantité de globules rouges dans le sang. 

 

La viscosité dépend de la viscosité du plasma, de la concentration de protéines dans le 
plasma, de la fraction volumique des globules rouges, des globules blancs et des plaques, de 
la concentration de diverses substances (hormones, protéines, etc…), de l’agrégation des 
globules rouges, de leur déformabilité, du diamètre du canal, etc… 

 

Le comportement du sang est décrit par le modèle de Carreau. Sa rhéologie est déterminée 
par la complexité de la composition et les nombreuses interactions entre les particules qui 
créent un seuil d’écoulement. La viscosité en fonction de la vitesse de cisaillement à divers 
taux d’hématocrite, est représentée à la figure 14.5. Le plasma pur est un liquide newtonien. 

 

hématocrite (H)

90%
45%
0%

�

�  
Figure 14.5 Evolution de la viscosité en fonction de la vitesse de 

cisaillement à divers taux d’hématocrite. 
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Ternik: Symmetry Breaking Phenomena of Purely Viscous Shear-Thinning Fluid Flow in … 

where � �¦ ¦ 
i j jiijJJJ ��� 21  stands for the II. invariant of the symmetrical rate of 

deformation tensor with Cartesian components � � � �ijjiij xvxv ww�ww J�  [6]. 
 
2.2  Rheology of a working fluid 
 
As an example of the shear-thinning fluid, a human blood was taken under consideration. One 
of the generally accepted properties of blood is its shear-thinning behaviour. Several formulas 
have been used and calibrated for the use in the blood flow simulations. 
      Experimental results for the shear rate and the shear stress obtained with the shear-
rheometer in a Couette geometry [7] were used to accommodate widely used and highly 
successful five-parameter Carreau-Yasuda model, given by: 
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Figure 1: Human blood rheology; Carreau-Yasuda model versus experimental data. 
 
      In order to compare the influence of a shear-thinning viscous behaviour on the symmetry 
breaking phenomena, the blood flow in a locally constricted channel was also examined by 
numerical means as the Newtonian fluid, taking the viscosity equal to a high-shear limiting 
viscosity of a Carreau-Yasuda model ( ). It is a value very similar to 
the values that were commonly used in previous studies of blood flows; e.g. 

 [9] and [10]. 

Pas310527.3 �
f �  KK

Pas31045.3 �� K Pas31050.3 �� K
 
3. GEOMETRY AND BOUNDARY CONDITIONS 
 
Since no expression for the generalized Reynolds number for Carreau-Yasuda fluid flow in a 
channel exists in a literature, it was determined throughout the analysis of a Newtonian and 
Carreua-Yasuda fluid flow between parallel plates, Fig. 2. 
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η0 = 1.612 ⋅10−1 Pas 
η∞ = 3.527 ⋅10−3 Pas 
λ = 8.2s
a = 1.23 and b = 0.64 

Ternik, Int. J. Simul. Model. (2008)
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H = 45% ; T = 37°C

Non aggregating red-
blood cell suspension

Fedosov, D.; Dao, M.; Karniadakis, G.; Suresh, S. 
Computa,onal Biorheology of Human Blood Flow in Health
and Disease. Annals of biomedical engineering 2013, 42. 
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Seuil de contrainte

Viscosité rela1ve vs. H dans des 

tubes de différents diamètres
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Pries AR, Neuhaus D and Gaehtgens P. Blood viscosity in 
tube flow: dependence on diameter and hematocrit. Am J 

Physiol 1992; 263(6 Pt 2): H1770-8. 
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14.10 Etude de cas 

Il faut noter que le cytoplasme coagule hors de la membrane cellulaire, ce qui nécessite une 

étude in-vitro et complique encore plus l’étude de la cellule. 

 

Deux approches sont possibles pour déterminer la viscosité des cellules. La première consiste 

en l’introduction de particules de fer ou de nickel. On applique un champ magnétique et la 

viscosité est calculée à partir de la vitesse de déplacement de ces particules. Les relations 

utilisées sont : 

 

  (14.3) 

 

où la force F est donnée par la formule de Stokes et d est le diamètre de la particule de métal. 

La deuxième approche est une centrifugation des particules (corpuscules) vers un côté de la 

cellule, le retour des corpuscules se faisant alors par mouvements Browniens. Ces mouvements 

suivent la loi de diffusion : 
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où Dx est la distance parcourue en un temps t à la température T. La viscosité du cytoplasme est 

pour sa part reliée à la viscosité du hyaloplasme par la relation : 
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La biorhéologie a encore beaucoup d’autres applications pathologiques et physiologiques. 

L’étude de la salive se révèle très intéressante. Le poids moléculaire de la salive est fonction de 

l’état de santé du patient. L’étude du mucus permet d’apprécier les effets des bactéries et des 

hormones. 
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