Journal of Non-Newtonian Fluid Mechanics xxx (2014) xxx–xxx

Contents lists available at ScienceDirect

Journal of Non-Newtonian Fluid Mechanics
journal homepage: http://www.elsevier.com/locate/jnnfm

Flow characteristics around a plate withdrawn from a bath of yield
stress ﬂuid
M. Maillard ⇑, J. Boujlel, P. Coussot
Université Paris-Est, Laboratoire Navier (ENPC-IFSTTAR-CNRS), Champs sur Marne, France

a r t i c l e

i n f o

Article history:
Received 9 May 2014
Received in revised form 21 July 2014
Accepted 1 August 2014
Available online xxxx
Keywords:
Yield stress ﬂuid
PIV
Dip-coating

a b s t r a c t
Dip-coating is a process widely used in industry to coat a ﬂuid on a solid substrate. The general characteristics of dip-coating for simple liquids (Newtonian) are well known but a lot of applications involve
complex ﬂuids. Here we focus on the case of a solid plate coated with a yield stress ﬂuid through the
immersion followed by the withdrawal of a plate from a bath of such ﬂuid. We carried out a precise analysis of the force applied to the plate during its withdrawal from the bath, and determined the velocity
ﬁeld developed around the plate in the ﬂuid bath with the PIV technique. It appears that, inside the bath,
after a transient regime during the plate withdrawal, a linear force regime is set up, which is associated
with a stationary uniform ﬂow (liquid region) settled along the plate while the rest of the material is in its
solid regime. We show that the thickness of this liquid region increases slowly with the plate velocity and
its value is almost the same for immersion and withdrawal, and independent of a possible period of rest
preceding plate motion. Finally we show that the thickness of the liquid region is related to the force in
the linear regime.
Ó 2014 Published by Elsevier B.V.

1. Introduction
Yield stress ﬂuids, such as emulsions, colloids, or foams, form a
class of complex materials that ﬂow when submitted to a sufﬁciently large stress and stay in a solid state otherwise. A lot of operations in our everyday life need to extract an object from a bath of
yield stress ﬂuid such as mud, chocolate, paint, cement paste,
cream, which leads to coat these objects with a layer of ﬂuid,
before spreading or pouring them somewhere else. Various industrial processes (food industry, automobile) rely on this technique
for coating or treating the surfaces. The stakes of research in that
ﬁeld are to understand the ﬂuid ﬂow under the effect of the solid
displacement to optimize the process parameters: geometrical
dimensions of the solid coated and container, distance between
the solids, velocity of the object to coat, rheological characteristics
of the ﬂuid.
Dip coating with Newtonian liquids (of viscosity l) has been the
object of much research and there now exists a solid background of
knowledge. To sum up very brieﬂy, most studies in that ﬁeld
focused on the ﬁlm formation and thickness [1–3]. The value of
the ﬁlm thickness results from a balance between gravity, capillary
and viscous effects. In particular, at constant velocity a uniform
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ﬁlm forms along the plate, the thickness (h) of which mainly varies
as a power-law of the capillary number (Ca = lV/r, in which r is
the ﬂuid surface tension) as long as gravity effects are negligible.
The thickness was observed to increase as a power law of V with
an exponent 2/3 in the viscous-capillary regime and an exponent
1/2 in the viscous-gravity regime [1,2]. However a fundamental
aspect of this process with simple liquids is that as soon as the
plate motion stops, the ﬂuid drains and the thickness decreases.
Much less is known concerning the ﬂow inside the bath. At least
it was shown that different ﬂow regimes can be observed, but
the liquid ﬂows at any point inside the bath [4], so that the transition from the bath to the surface is smooth.
A very limited number of (phenomenological) studies concerned non-linear ﬂuids. It was shown that elastic effects tend to
increase h [5,6]. For a shear-thinning behavior a thickness increase
[7] or decrease [8] was observed when the power-law index
decreases. For yield stress ﬂuids some numerical simulations
[9,10] suggested that h increases with sc. A theoretical analysis
[11] in the case of dominant yielding effect (i.e. plastic ﬂow) and
negligible gravity effects ﬁnally predicted h / s2c . Recently the ﬁrst
experimental study with yield stress ﬂuids showed that the coated
layer remains stuck on the plate after its withdrawal, and that the
coated thickness is approximately proportional to the yield stress
of the material [12]. The thickness at vanishing velocity was found
to be equal to 0.3sc/qg. Moreover it was suggested that the coated
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thickness is related to the ﬂow characteristics inside the bath [12].
The present work looks in more details at the characteristics of dipcoating with yield stress ﬂuids. In particular we study in depth the
different ﬂow regimes during withdrawal, we analyse in detail the
force on the plate as a function of velocity in these different
regimes, and we study how this information may be used to
deduce the coated thickness, and we describe the ﬂow characteristics inside the bath during the plate withdrawal as this can provide
key information for understanding the origin of the formation of
the coated layer. Finally we compare these results with those
obtained in the case of plate immersion.
The withdrawal of a solid object from a bath of yield stress ﬂuid
is a problem related to the displacement of an object through a
yield stress ﬂuid. This problem has so far been mainly studied in
the case of a compact object (see for example [13]). The displacement of a sphere or a cylinder moving through a yield stress ﬂuid
has been studied in depth via theory and simulations assuming an
undeformed rigid region beyond some distance from the object
[14–19]. Force versus velocity expressions have been deduced
and partly conﬁrmed experimentally (although some unexplained
discrepancies remain) [20–23]. Basically the force follows a Herschel–Bulkley type expression with an apparent shear rate equal
to the ratio of the velocity to an ‘‘apparent’’ sheared thickness proportional to the sphere radius. The drag force on a cylinder [24] and
on a disk [25] were recently determined from systematic experiments with well-controlled yield stress ﬂuids.
Only a few works aimed at measuring directly the ﬂow ﬁeld
around the object. Atapattu et al. [20] were the ﬁrst to measure
the tangential velocity proﬁles around a sphere. Gueslin et al
[26] provided an in-depth study of the velocity ﬁeld but this concerned a thixotropic material for which there can be a further,
and maybe dramatic, impact of the intense shear rate close to
the object surface. Finally some works [27,28] (for spheres) and
[24] (for cylinders) provided new detailed data concerning the
velocity ﬁeld around an object moving through a yield stress ﬂuid.
They found a signiﬁcant discrepancy of the velocity ﬁeld with that
computed from simulations. In particular they remarked an asymmetry on the ﬂow ﬁeld, the extent of the sheared zone ahead of the
object being larger than expected from theory. A signiﬁcant ﬂow
asymmetry was also observed in 2D foam ﬂow around an obstacle
by Dollet and Graner [29] which was attributed to elastic effects.
It is likely that an issue in these works, which nevertheless
might not explain the observed asymmetry, is the following:
although they are generally considered as the ﬂow characteristics
of the ﬂuid in the liquid regime, the measurements concern the
apparent velocity ﬁeld which could include both ﬂow in the liquid
regime and deformations in the solid regime. This means that new
deformations of the material in the solid regime continuously
occur around the object and might play a signiﬁcant role in the
process. This conclusion was conﬁrmed by the analysis of the ﬂow
ﬁeld around an object of simpler form, i.e. a plate, penetrating
through a bath of yield stress ﬂuid [30]: although the ﬂuid seems
to exhibit a complex velocity distribution from the instantaneous
velocity ﬁeld, it was shown that only a layer of small thickness
along the plate effectively ﬂows in the liquid regime while the rest
of material undergoes small total deformations in the solid regime.
Here we study the withdrawal of a thin plate from a bath of
yield stress ﬂuid by analyzing the evolution of the force applied
on the plate during its displacement and measuring the velocity
ﬁeld by PIV. First, we present the materials, equipments and procedures used (Section 2). Then, we analyze the different regimes that
occur during the withdrawal of the plate looking ﬁrst at the time
evolution of the force applied on the plate (Section 3), then at
the velocity ﬁeld inside the bath (Section 5). We also discuss the
impact of different parameters (geometry, ﬂuid properties, velocity) (Section 4). Finally, we compare these observations with those

corresponding to plate immersion [30,31] (Section 6) before studying the impact of a time of rest between the plate immersion and
withdrawal (Section 7).
2. Materials and methods
2.1. Materials
As yield stress ﬂuids, we used solutions of Carbopol 980 in
water at different concentrations (see details on these materials
in [32]). Rheometrical tests were carried out with a Bohlin C-VOR
rheometer equipped with two circular rough parallel plates to prevent slippage (diameter 4 cm; waterproof sandpaper of average
particle diameter 120 lm). Sweep tests were carried out: the stress
was increased logarithmically in time (for 3 min) and then
decreased for the same time. The data in the decreasing ramp are
considered as describing the material behavior in steady state. Various data of that type have been published recently (see for example [33]). They showed that these materials behave as simple yield
stress ﬂuids without thixotropy. The ﬂow curve representing the
steady state shear stress as a function of the shear rate can be very
well ﬁtted over four decades in shear rate [102; 102 s1] by a Herschel–Bulkley model. The resulting behavior in simple shear is
s < sc ) c_ ¼ 0 (solid regime) and s > sc ) s ¼ sc þ kc_ n (liquid
regime), where c_ is the shear rate and sc, k and n are parameters
depending on the material characteristics. For such materials it
was shown from MRI measurements that, in contrast with more
complex (thixotropic) yield stress ﬂuids, this macroscopic constitutive equation effectively corresponds to their local rheological
behavior inside the bulk [32]. For our experiments, we used 9 different Carbopol gels (see [31] for details on material preparation)
with sc in the range [9–82], the ﬂow curves of the 4 gels mainly
used in this study are shown in Fig. 1.
2.2. Dip-coating
We studied the dip-coating of a solid plate with the same experimental set-up used for the immersion of a plate in a yield stress
ﬂuid [30]. Here a vertical plate initially partially immersed is withdrawn at constant velocity V from a container ﬁlled with Carbopol
gel. The solid is directly linked to a dual-column testing system
(Instron 3365) which controls its position with a resolution of
0.1 lm. The apparatus is equipped with a 10 N force sensor able
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Fig. 1. Flow curves of our different Carbopol gels. The continuous lines correspond
to a Herschel–Bulkley model ﬁtted to data with the following parameters (n = 0.35):
sc = 27 Pa, k = 10.7 Pa sn (open squares); sc = 33 Pa, k = 13.8 Pa sn (circles); sc = 55 Pa, k = 23 Pa sn (open triangles) and sc = 82 Pa, k = 40.7 Pa sn (open pentagones).
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to measure the force applied on the plate with a precision of ± 105
of the maximum value. The force applied on the plate during its
withdrawal is recorded. The velocity is varied between 0.1 and
17 mm s1. Note that long duration experiments at low velocities
with such ﬂuids are often affected by artefacts such as some kind
of ﬂow localization along the walls [32] and drying. For this reason
we did not attempt to make tests at velocities smaller than
0.1 mm/s.
Except when mentioned otherwise, the thickness of the plate is
e = 1.9 mm, its width l = 7.1 cm and its length H = 25 cm (a maximum length of 24 cm could be coated). In order to avoid wall slip
effects we covered the solid surfaces with waterproof sandpaper of
average particle diameter 120 lm, giving an effective roughness of
a few tenths of microns, a thickness a priori larger than the elements suspended in the liquid. Three kinds of container were used,
two were beakers of diameter 12 cm and 18 cm and one was a
10 cm-width and 15 cm-length parallelepiped.
In these conﬁgurations, we checked that the ﬂow is independent of the geometrical parameters of the set up as soon as some
ratios of the different dimensions are large enough. This point
was addressed in [30] in the case of immersion and we discussed
it in details in Section 4.1 in the case of withdrawal. Besides, the
thickness of the coated layer is always much smaller than the
width of the plate (at least 15 times) which supports the assumption of a 2D ﬂow in the plane of observation by PIV (if we assume
that the ﬂow inside the bath involves a thickness of the same order,
a result conﬁrmed below).
Before each experiment, the plate is ﬁrst wetted with the Carbopol solution and the excess of material above the roughness is
removed. Then the free surface is smoothed. A test is composed
of two phases: the plate is immersed at constant velocity in the
bath of material then it is withdrawn at the same constant velocity.
Except when mentioned the tests were carried out with no time of
rest between the plate immersion and withdrawal. Between two
successive measures the material in the container is left at rest
for some time in order to ensure residual stress relaxation and
the material is slightly mixed to prevent the plate from being
dipped in the same region of ﬂuid. All measurements are performed at room temperature.

2.3. Particle Image Velocimetry
Along with macroscopic force recordings and taking advantage
of the transparency of the material, we carried out local measurements of the velocity proﬁles inside the bath during the withdrawal of the plate with the Particle Image Velocimetry
technique (PIV). We used the same technique as in [30]. Polystyrene beads (diameter 80 lm) were dispersed in the bath to be used
as markers at a mass fraction of around 0.2%. Their density was
very close to that of the ﬂuid to prevent their sedimentation. We
checked that their impact on the rheological behavior of the Carbopol solutions was negligible. The motion of the particles was
observed in a vertical plane perpendicular to the solid plate and
along its central axis, enlightened with a 20 mW continuous red
laser sheet. A CCD camera attached to the container recorded the
particles displacements along the plate during all the duration of
its withdrawal until the plate disappeared off the picture. Depending of the camera adjustments, the picture size is around 5 cm
height and 6.5 cm width, namely 552  767 pixels. 12 pixels stand
approximately for 10 mm. Note that when the plate is in the camera picture, there is a large part of the ﬂuid that is not enlightened
due to the set up. So the velocity ﬁeld is determined over a single
side of the plate. An experiment represents the study of the plate
displacement over a distance of about 15 cm. The movies obtained
have a frequency up to 15 frames per second.

The data were analyzed with the commercial software DaVis,
with the same process used in our previous work concerning the
immersion of the plate in a bath of Carbopol gel (see [30] for more
technical details). Each image was divided into squares of correlation of 24  24 or 36  36 pixels. On a given stack of images, we
used a cross-correlation technique comparing successive images
through the determination of the average particles displacements
between two pictures in every correlation square. The ﬁrst image
was compared to the second one, the second one to the third one
and so on, taking into account all the images of a given stack. Then
all the correlations were averaged to give the ﬁnal velocity ﬁeld of
the stack of images. In these ﬁelds, there is one velocity per correlation square.
The ﬂow ﬁelds were obtained by averaging the pictures taken
during a 1 cm displacement of the plate. Thus, the number of
images per stack used to compute an averaged velocity ﬁeld varies
for each test and decreases with the plate velocity. This displacement of 1 cm was chosen so as to have enough information on
the ﬂow and a sufﬁcient particle displacement in each correlation
square while limiting the noise around the data for the largest
velocities. Using a constant displacement to compute the velocity
ﬁeld in the ﬂuid whatever the plate velocity allows easier comparison between the data.
3. Flow regimes
3.1. Coated layer uniformity
First, the plate is partially immersed in the bath and then withdrawn at constant velocity. A ﬁrst striking observation is that
whatever the plate velocity and the gel yield stress, a coated layer
forms on the plate when the withdrawal starts. The coating ends
when the plate is no more linked to the bath of ﬂuid, which happens when the plate is around 3 mm above the free surface in
our range of material yield stresses. Then, contrary to what happens with simple liquids, no drainage is observed once the plate
is out of the bath. The mass of ﬂuid coated on the plate can be easily recorded thanks to the force machine since once the plate is out
of the container the only force applied onto the plate is the weight
W of the ﬂuid stuck on the plate.
We repeated the full process for different initial immersion
depths L0. Fig. 2 presents the variation of W as a function of L0.
When L0 is larger than about 4 cm W appears to be proportional
to L0. Since W is proportional to the volume of coated ﬂuid, this
means that the coated layer has a uniform thickness h. For smaller
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Fig. 2. Weight (W) of ﬂuid (sc = 33 Pa) coated on the plate after its withdrawal
versus the initial immersed depth (L0) for V = 10 mm s1.
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L0, edge effects play a signiﬁcant role, i.e. the coated layer thickness
increases progressively from 0 to h. A similar effect occurs at both
tips although not with the same shape, as described in the following section.
Under these conditions it is possible to get rid of the contribution of the ﬂuid coated on the edges and thus determine the thickness h. Considering that a layer of uniform thickness h is coated all
around the plate, we have h = (1/qgP)(dW/dL0), in which (dW/dL0)
is taken in the linear part of the curve, P = 2(e + l) is the perimeter
of the plate, and q the ﬂuid density. All the coated thicknesses presented in the following are determined with this method, using
ﬁve mass measurements in the range 9 < L0 < 21 cm. The uncertainty on such data is of the order of 15%.

have been discussed by Boujlel et al. in [30]: after a small initial
step when the plate ﬁrst reaches the ﬂuid, F increases linearly with
L. Here we focus on the other (ﬁve) regimes identiﬁed in the force
curve during the plate withdrawal (see Fig. 3(a)).
After the immersion stage, the plate is immediately withdrawn.
Since during the immersion the ﬂuid applies on the plate a force
directed upward, F is positive at the ﬁrst instant of withdrawal
(regime (i)). When we start to withdraw the plate, a transient
regime occurs during which the force applied by the bath on the
plate quickly decreases and becomes negative (regime (ii)). When
the plate has been withdrawn of a few centimeters, there is a linear
phase where F is proportional to L (regime (iii)). When the tip of
the plate reaches the free surface, another transient phase appears
(regime (iv)) where jFj decreases faster so as to ﬁnally reach a plateau associated to complete exit (regime (v)).

3.2. Force evolution

3.3. Analysis

In order to get more information on the formation of the coated
layer in time, we followed the force F applied on the plate during
all its withdrawal from the bath of yield stress ﬂuid, as a function
of the immersed depth of the plate L (L < H). More precisely, L is the
distance between the ﬂuid free surface and the lower tip of the
plate. Before immersing the plate, the force W is reset to zero. With
this procedure the recorded force F does not take into account the
constant contribution of the plate weight and strictly represents
the result of the interaction between the ﬂuid and the plate.
We varied the yield stress of the Carbopol gel, the plate velocity
and the depth of the initial immersion of the plate, but the results
were qualitatively the same. A typical result for F is represented in
Fig. 3(a). The plate is partially immersed at a depth larger than
8 cm in order to exceed the uniform plate coating threshold (see
Fig. 2). The different stages of the force curve during immersion

(a) F (N)

Looking at the form of the coated layer on the plate (Fig. 3(b)),
we can link its different parts to the evolution of F (Fig. 3(a)).
1. In regime (ii), the force decrease corresponds to the inversion of
the deformations previously induced by the immersion ﬂow
around the plate. At the same time the plate coating begins,
inducing a negative force. F ﬁnally becomes negative when
the upward ﬂow is settled and then starts to increase when
its variation due to plate coating is dominant.
Note that the ﬁnal coated length is smaller than the total plate
displacement in the bath by about 8 mm. It is caused by the
existence during immersion of an inversed meniscus of the free
surface around the plate. This induces a slight step between the
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Fig. 3. (a) Typical force curve during plate immersion (gray part) and withdrawal (black part) as a function of the length of immersion L (sc = 33 Pa and V = 10 mm/s). The
dotted lines indicate the separation between the different regimes during the plate withdrawal (from (i) to (v)). The straight dashed line is a guide for the eye. (b) Schemes
illustrating the different regimes. At the beginning, the plate is immersed, not coated (i), then the plate is withdrawn (ii) until a uniform coated layer forms (iii). At the end we
measure the mass of ﬂuid coated on the plate without drainage (v).
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free surface and the contact line so that the effective coating
begins as soon as this contact line reaches the free surface. Then
an upward meniscus appears between the plate and the free
surface (see Fig. 3(b)(ii)) and a ﬂuid layer forms on the part of
the plate that is emerging from the bath.
For large yield stresses, we observe a sort of hollow in the free
surface on both sides of the upward meniscus around the plate.
This effect is not represented on the schemes as it happens in
speciﬁc situations. In these cases, the upward meniscus due to
the withdrawal of the plate do not overcome the transverse
extension of the inward meniscus, resulting in the existence
of hollows.
2. Then, during regime (iii), the force curve presents a linear phase
which corresponds to the coating on the plate of a layer of uniform thickness h (see scheme (b)(iii)). In this regime, the forces
applied on the plate are due to:
– capillary effects, fc, at the ﬂuid-plate-air contact line,
– buoyancy force on the immersed part of the plate,
fb = qgLle,
– viscous force due to ﬂuid ﬂow around the plate. It can be
expressed as the sum of a term due to edge effects fe and a
term due to the uniform ﬂow along the plate (fv = 2sLl),
where s is the shear stress along the plate,
– mass increase of the coated ﬂuid, fw = 2qglh(L0  L); note
that here we suppose for the simplicity of the expression
that the coating is uniform, but this does not change the ﬁnal
result of our calculation.
A scheme of the dip-coating process is represented in Fig. 4. We
distinguish two parts in the ﬂuid whether it is above or below
the free surface, simplifying the zone around the meniscus.
Quickly after the beginning of the plate withdrawal from the bath,
i.e. during regime (iii), we observe that the shape of the air–ﬂuid
interface around the contact line remains ﬁxed. Thus the corresponding force, i.e. associated with capillary effects, is constant.
On the other hand, if we assume that the layer of material coated
on the plate out of the bath constitutes a rigid body attached to
the plate, the buoyancy force is simply proportional to the volume
of the immersed part of the plate. As the plate section is constant,
this force is proportional to L. Since the mass of coated ﬂuid is proportional to L in regime (iii), the corresponding weight varies in the
same way.

z
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h
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« solid » part
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Since the total force, which is the sum of the four above forces, is
proportional to L in regime (iii) while one of them is constant
(and thus negligible in this regime) and two of them are also proportional to L, we deduce that the last one, i.e. the viscous force, is
either negligible, which is unrealistic, or proportional to L too. This
suggests that, as for the immersion ﬂow (see [30,31]), edge effects
are constant and the ﬂow along most of the immersed part of the
plate is uniform and constant during plate withdrawal.
In the stationary regime the derivative of the total force with
regards to the immersed length writes:

dF
¼ 2sl  qgel  2qglh
dL
This equation shows that in the linear regime, if the coated thickness is known, the viscous stress along the plate in the uniform
region can be deduced from the measure of the slope of the force
versus immersed depth curve. This point is discussed in details in
Section 6.
3. Finally, around 1 cm before the tip of the plate reaches the free
surface, the regime (iv) starts: the force increases more rapidly
because the viscous force disappears when the plate leaves the
bath. It is the end of the linear phase, the coated layer thickness
decreases from h to 0.
4. At the end, in regime (v), the coated plate is completely out of
the bath and contrary to Newtonian or viscous ﬂuids, there is
no drainage, the ﬂuid stays stuck on the plate (see scheme
(b)(v)) and the force recorded, which is now constant, only corresponds to the weight of the ﬂuid coated on the plate.
Note that the fourth phase which represents the transition
between the linear and the constant regimes does not strictly
end when L = 0 due to the presence of a small amount of ﬂuid linking the plate and the free surface for some time before this connection breaks itself.
A detailed study of the force curves show that the extensions of
the regimes (ii) and (iv), i.e. the lengths over which they take place,
signiﬁcantly increase with the yield stress – they are multiplied by
30% when sc is multiplied by 3 – and slightly increase with the
plate velocity – they increase by 60% when V is multiplied by
100 – while they are independent of the immersion depth L0 provided it is larger than the sum of these extensions. In our ranges of
study for both V and sc, the extension of regime (ii) varies between
22 and 50 mm and that of regime (iv) varies between 6 and 20 mm,
so the total transient extension varies between 28 and 70 mm. This
means that the extension of the uniform coated layer also depends
of sc and V, in the opposite way of the uniform coated thickness
(see below). Globally speaking this implies that the uniform regime
(iii) is less quickly settled when the coated thickness to reach is
larger.
4. Impact of boundary conditions and material characteristics
on the coated layer thickness

H
4.1. Impact of geometrical conditions

L0

fv

fb

L

Plate
e
Fig. 4. Schematic representation of the ﬂuid distribution around the plate during its
withdrawal from the bath, and of the non-constant forces acting during the process.
The continuous line represents the schematic shape of the free surface.

Our experiments were carried out with one unique plate and
three different sizes of containers after having checked out the
impact their dimensions had on the ﬂow induced by the motion
of the plate. In that aim we can rely on the observation that, as it
appears from the force measurements, the ﬂow induced by the
plate during its withdrawal is roughly the opposite of the one
induced by immersion (see Fig. 3), so its characteristics are
expected to be similar to the one observed during immersion and
presented in [31]. In particular, extrapolating the conclusions in
immersion we can assume that the ﬂow in withdrawal is as well
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independent of the container and plate dimensions under some
non-binding size ratio conditions determined in [31]. The most
important condition is that the distance between the plate and
the container size has to be larger than 2 cm. It was also found that
the ﬂow is independent of the geometrical characteristics if the
ratios e/l and e/H are smaller than 0.032, which is the case in the
present tests. These results have been checked for a container
diameter up to 240 mm.
To study speciﬁcally its impact on the coated layer, we carried
out tests by varying the plate thickness between 1.5 and 4.3 mm.
We conﬁrmed that whatever the plate thickness, F varies in the
same way as described above with the same ﬁve regimes and we
observed that the coated layer thickness in the uniform region
appears to vary negligibly with regards to the uncertainty on each
independent measurement. As a consequence in the following we
present only data obtained with one plate thickness. The condition
H > 4 cm discussed previously is also added to ensure a uniform
coating.
4.2. Impact of the plate velocity
As seen previously there is no drainage once the plate is out of
the bath, it is thus possible to compute the uniform ﬁlm thickness
h. Fig. 5 presents the evolution of h for three gels with yield stress
in the range [27; 82 Pa] and plate velocity between 0.2 and
17 mm s1.
We can remark that there is a signiﬁcant scatter on data especially at high yield stress and small velocities likely because in
those cases the coating is more easily affected by the imperfections
of the experiments such as a slight deviation of the plate from the
vertical position or an imperfect horizontal free surface. The ﬁnal
recorded weight for the same test appeared to ﬂuctuate within
10% around its mean value. This might be due to slight variations
in the plate inclination and slight heterogeneities of the ﬂuid state
in the bath. Additional uncertainties in the coated height and the
mathematical process for estimating of the ﬂuid thickness are
around 5%. Finally the uncertainty on the whole technique for
determining the ﬂuid thickness is about 15%. It was suggested in
[12] that looking at the average tendency of the curves, all the h
versus V curves have a shape similar to that of a ﬂow curve following a Hershel–Bulkley behavior: a stress plateau at small velocities
and a stress increase at large velocities. The existence of a thickness
plateau of the order of one millimeter at low velocities implies that
for a given ﬂuid a coated layer forms whatever the plate velocity,
with a thickness larger than a critical thickness hc.

4.3. Impact of the ﬂuid yield stress
Fig. 5 shows that hc increases with the ﬂuid yield stress. This
effect may be studied directly through the evolution of h as a function of sc and V (see Fig. 6). We note that for each velocity level h is
roughly proportional to sc. Moreover, h is much more sensitive to
an increase in sc than to an increase in V: h is almost multiplied
by 3 when sc is hardly multiplied by 9, whereas h is barely doubled
when V increases over 2 decades.
5. Velocity ﬁeld
The force measurements gave us information on the way the
uniform coating thickness h evolves with the experimental parameters and suggested some characteristics of the ﬂow in the bath. In
order to conﬁrm these results and be more precise, we carried out
direct local measurements inside the ﬂuid by PIV.
For each velocity, the plate withdrawal was ﬁlmed and the
movies were analyzed to determine the time evolution of the
velocity ﬁeld along the plate in the bath. Here the container made
of plexiglas is 15 cm long, 10 cm wide and 30 cm high. Considering
the conclusions we drew concerning the non impact of the set-up
dimensions, this choice has no inﬂuence on the following results.
5.1. General observations
Fig. 7 presents the typical aspects of the ﬂow ﬁeld developed
around the plate at three different localizations: (a) near the free
surface, (b) along the plate in the bath, (c) around the bottom tip
of the plate in the bath. In (b) and (c), the free surface is located
around 5 cm above the ﬂow ﬁeld and the camera was moved to
observe the free surface in (a). Far from the plate tip and from
the free surface (Fig. 7(b)), the ﬂuid velocity is apparently uniform
along the plate. In this vertical domain close to the plate and of
uniform thickness, the ﬂuid is submitted to a large shear rate,
whereas 6 mm nearby, the shear seems negligible. At some distance from the plate the vertical velocity v is negative, which is
due to the downward motion of the ﬂuid to replace the volume left
free by the plate departure.
The region around the bottom tip (Fig. 7(c)) is deformed in each
direction in a quite large area and in particular in the direction
transverse to the plate. It is interesting to note that at about
1 cm under the plate the ﬂuid apparently rotates and ﬁnally ﬂows
downwards where the plate is moving upwards. This likely results
from the fact that once the plate has passed, the ﬂuid has to ﬁll the
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Fig. 5. Coated layer thickness h after dip-coating process as a function of the plate
velocity for different yield stress ﬂuids: (crossed squares) 27 Pa, (circles) 55, (stars)
82 Pa.
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Fig. 6. Coated layer thickness as a function of yield stress for different velocities:
(circles) 10 mm/s, (stars) 5 mm/s, (triangles) 1 mm/s.
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Fig. 7. Typical velocity ﬁelds during the steady-state regime of the plate withdrawal for a Carbopol gel with sC = 33 Pa and V = 15 mm s1 (a) around the free surface
symbolized by the line, (b) along the plate in the bath, and (c) around the bottom tip. The gray area represents the average plate position.

gap left by the plate withdrawal: two rolls of opposite directions
form in the bath, with different extensions and values. This region
of downward ﬂow, called a negative wake, has been observed
behind the motion of objects through non-Newtonian ﬂuids in particular with bubbles [34] and cylinders [18].
Finally, Fig. 7(a) presents the velocity ﬁeld around the free surface. The liquid layer surrounding the plate divides into two parts
once arriving near the free surface: one is taken by the plate and is
then coated on it, while the other part of the liquid layer, beyond
some distance from the plate, stays in the bath. This velocity ﬁeld
also shows the ﬂuid recirculation at the free surface. No drainage in
the coated layer was observed during the experiments so one can
assume that the liquid layer comes back to the solid state in the
meniscus area even if it is not possible to specify when this occurs.
Likewise, the liquid part that stays in the bath becomes solid again
before going downwards within the recirculating ﬂow.
In the following we focus on the proﬁles, along the horizontal
direction, of the vertical velocity v (spatially averaged over 1 cm).
5.2. Evolution in time of the velocity proﬁles (at ﬁxed position along
the plate)
Fig. 8 shows the time evolution of the proﬁles of the vertical
velocity v along the plate at different ﬁxed positions from the plate
tip: 10, 6, 2 and 1 cm. In each case, four proﬁles corresponding to
a plate displacement of 4 cm are drawn. As the camera ﬁeld does
not move during one experiment, the length (L0  L) of the plate
displacement before the ﬁrst proﬁle – out of the four presented –
is computed depends of the position under study. The set of proﬁles shown in Fig. 8 is determined during plate displacements
between 7 and 21 cm. These proﬁles superimpose well, which
means that after the transient regime during which the ﬂow direction changes, the ﬂow is stationary all along the plate, in the frame
of reference attached to the plate.
We can also look at the evolution of the vertical velocities as a
function of the lateral distance from the plate during the plate
withdrawal, in a 1 cm strip ﬁxed in the frame of reference of the
container (see Fig. 9), from the beginning of the plate withdrawing.
The time evolution can be divided into three parts. First, there is a
transitional part over a 5 cm plate motion during which the velocity gradient near the plate increases and the extension of the
sheared domain signiﬁcantly decreases. Then a steady uniform
ﬂow is reached, which lasts over 10 cm of plate motion. The proﬁle
exhibits a velocity plateau far from the plate, and an almost constant shear rate over several millimeters near the plate. Finally,
when the plate tip approaches (from about 4 cm) the observation
strip, the ﬂow deviates from the uniform proﬁle. Once the plate

Fig. 8. Velocity proﬁles (as a function of the distance from plate) transverse to the
plate during its withdrawal for sc = 33 Pa at V = 10 mm/s at four ﬁxed distances
from the plate tip, from top to bottom: 10 cm, 6 cm, 2 cm and 1 cm. For each ﬁxed
distance from the tip, four successive velocity proﬁles are represented, separated
one of the other by a 1 cm displacement of the plate: the ﬁrst proﬁle is represented
with open squares, the second proﬁle in open circles, the third one in open stars and
the forth one in crosses. The ﬁrst proﬁle at 10 cm from the tip is taken after a plate
displacement of 7 cm, the ﬁrst proﬁle at 6 cm is taken after a plate displacement of
11 cm, the ﬁrst proﬁle at 2 cm is taken after a plate displacement of 15 cm and the
ﬁrst proﬁle at 1 cm is taken after a plate displacement of 18 cm.

tip is away there is a slight downward ﬂuid motion below the plate
since the ﬂuid tends to replace the volume left by the coated plate
(see Fig. 7(c)), and when the plate tip is at a distance larger than
1 cm the ﬂuid has turned back to rest.
The timing of the regimes of variation of the velocity proﬁles
correspond rather well to those of the regimes of variation of the
force during withdrawal: the transient stage for the velocity proﬁle
is associated with regime (ii) for the force, then the stationary
velocity proﬁle distribution is associated with the linear regime
(iii). This conﬁrms the consistency of our above analysis of the
whole process.
5.3. Stationary velocity proﬁles
A typical velocity proﬁle (averaged over the stationary proﬁles)
of the velocity along the plate as a function of the distance from the
plate, (v(y)), exhibits an almost perfect plateau at some distance,
say for y > 15 mm (see Fig. 9). This plateau has a negative velocity
(Dv), opposed to that of the plate and much smaller: Dv  V. In
our data range, Dv/V = 3.2 ± 0.7%, which is in the same proportion
as during immersion and Dv/V increases with the velocity. This
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Fig. 9. Time evolution of the vertical velocities as a function of the lateral distance
from the plate during the plate withdrawal for sc = 33 Pa and V = 10 mm/s,
computed and averaged in a 1 cm strip perpendicular to the plate, ﬁxed in the
camera ﬁeld, located at 16 cm from the plate tip at the beginning of the ﬂow. Each
velocity proﬁle corresponds to a 1 cm displacement of the plate. The 5 ﬁrst velocity
proﬁles are computed over a 5 cm plate displacement and are in dotted lines, the 9
following ones are in continuous line, and the 7 ﬁnal ones are in dashed lines.

slight downward motion of the ﬂuid is needed to ﬁll the volume
left vacant when the plate is withdrawn. However the variation
of volume cannot be explained by the replacement of the plate
only – if so, Dv/V would be around 0.1%. The larger value obtained
for Dv/V = 3.2 ± 0.7% mainly results from the fact that the plate
induces an upward motion of a ﬂuid layer of thickness of several
millimeters, which is consistent with our observations concerning
the coated thickness on the withdrawn plate, i.e. extracted from
the bath (see Section 4).
The continuous lines in Fig. 9 also show the existence of two
regions differently sheared depending on the distance to the plate.
The ﬁrst region, near the plate, is strongly sheared, contrary to the
one localized in the plateau region, that is over 15 mm from the
plate, which is not sheared. Thus there is a similarity of the velocity
ﬁelds along the plate in the immersion and withdrawal cases. If we
rely on the detailed analysis of the history of deformation undergone by ﬂuid elements during immersion [30] we can conclude
that the region of uniform ﬂow along the plate likely corresponds
to the liquid region in the bath of ﬂuid while the rest of the material is essentially deformed in its solid regime. We can also remark
that the shear rate near the plate, given by the slope of the proﬁle,
is approximately uniform over more than 5 mm.
In order to look at the steady velocity proﬁle in the liquid
regime along the plate we compute the average velocity proﬁle
estimated over the uniform proﬁles. Fig. 10 presents the averaged
velocity proﬁles during the plate withdrawal, scaled by the plate
velocity for different plate velocities. The liquid and solid zones
are represented in broad outline. The thickness of the liquid area
is noted k. At ﬁrst sight, the plate velocity has only a slight impact
on the shape of the averaged velocity proﬁle, and the scaled velocity proﬁles are similar, all presenting a plateau above 15 mm from
the plate and a constant shear rate near the plate. In particular, it
means that the thickness of the liquid layer does not depend much
on the plate velocity.
5.4. Comparison with the plate immersion
As expected regarding the force curves, the ﬂow formed around
the plate during its withdrawal is very similar to the one formed
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y (mm)
Fig. 10. Average uniform scaled velocity proﬁles as a function of the distance from
the plate for a Carbopol gel (sC = 33 Pa) and different plate velocities: 0.1 (ﬁlled
squares), 0.2 (open circles), 0.5 (ﬁlled stars), 0.8 (crosses), 1 (ﬁlled diamonds), 2
(empty triangles), 5 (ﬁlled triangles), 8 (empty hexagons), 10 (empty stars), 12
(ﬁlled pentagons), 15 (crossed squares), 17 (vertical crosses). The dashed line
schematically separates the liquid and solid zones.

during its immersion notwithstanding the direction, including
edge effects and uniform region along the plate [30].
As for immersion, the Carbopol gel ﬂow is stationary in the
frame of reference of the plate but it takes more time for the ﬂow
to become stationary during the plate withdrawal than during
immersion. Such result is conﬁrmed by the force variations in time
(see Fig. 3): the transient regime at the beginning of the immersion
lasts approximately 10 mm while the one during the withdrawal
lasts twice more time. This results from the fact that during
immersion a part of the ﬂuid deformations essentially corresponds
to elastic deformations in the solid regime at some distance from
the plate. When the withdrawal starts, at the end of the immersion
phase, it tends to also induce deformations in the solid regime but
in the opposite direction. Before reaching steady-state the plate
motion must ﬁrst inverse previous deformations, which requires
a longer distance of displacement.
Then, a liquid layer of uniform thickness forms along the plate
during its immersion and its withdrawal. In both cases, their thickness slightly increases with the plate velocity. Fig. 11 presents and
compares these variations. At ﬁrst sight the velocity proﬁles
appears to be made of two parts: one in which the velocity almost
does not vary and one region in which the velocity signiﬁcantly
varies along a horizontal axis. It is difﬁcult to determine the exact
position of the interface between these two regions. We adopted
the following technique: in each of the regions we drew a line over
the two last data points clearly situated in this region at the
approach of the interface. We thus could estimate k as the point
of intersection between these two straight lines. We consider that
the uncertainty on this evaluation is around 15%.
Fig. 11 shows that whatever the direction of motion of the plate
the same tendencies are observed. We have a kind of plateau at
small velocities and a slight increase at larger velocities, as for a
Hershel–Bulkley model. The liquid layer thickness in immersion
is slightly smaller than during the withdrawal, say by a factor
about 12%. This could be explained by the fact that globally, it is
easier to withdraw the plate from the bath of ﬂuid than to immerse
it since in the ﬁrst case the plate pushes a large part of the bath of
ﬂuid and liqueﬁes a fraction of it, whereas during withdrawal the
resistance to the plate motion is weaker as the plate faces the air
through the free surface.
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Fig. 11. Liquid layer thicknesses k as a function of the plate velocity V during plate
immersion (black squares) and withdrawal (circles) for sC = 33 Pa.

It is remarkable that the tendency with the plate velocity is the
same for the liquid layer thickness and for the coated layer thickness (see Section 4.2). As already remarked in [12] there ﬁnally
seems to be an empirical factor, around 0.3 for our data, which
links the coated thicknesses to the liquid ones independently of
the velocity level. This factor is related to the separation of the ﬂuid
volume into two parts (one part which stays in the bath and the
other which is coated on the plate) at the approach of the free surface, as may be seen in Fig. 7(a).
6. Shear stress along the plate
Due to the uniform ﬂow in the liquid region along the plate, we
were able to determine the viscous shear stress at the plate from
force measurements (see Section 3.3). Fig. 12 presents the evolution of the shear stresses as a function of the plate velocity, during
the plate immersion and withdrawal. In immersion, the shear
stresses along the wall were measured with the help of a similar
force analysis [31].
The tendencies observed for the shear stresses in the withdrawal and immersion regimes are the same, they slowly increase
with the plate velocity and signiﬁcantly increase with the ﬂuid

τ (Pa)

yield stress. Then, the shear stresses in immersion are slightly larger that the one in withdrawal by around 7–8%. These observations
are consistent with the results concerning the liquid thickness: if
the shear rate is approximately homogeneous in the liquid region,
for the same boundary condition (plate velocity) and using the
Herschel–Bulkley behavior, a larger sheared layer leads to a smaller stress.
It is interesting to note that both the immersion and withdrawal
shear stresses apparently tend to the ﬂuid yield stress sc at vanishing velocity (see Fig. 12). Thus, as for the immersion experiment
[31], the computation of the shear stress along the plate may be
used to estimate the material yield stress.
For each plate velocity, using the Herschel–Bulkley law, it is also
possible to compute the shear stress along the plate with the gradient velocity along the plate deduced from the vertical velocity
proﬁles.
Fig. 13 compares the values obtained with this technique to the
previous values computed from the force measurements for
sc = 33 Pa.
It is remarkable that the data coming from these two methods
superimpose very well in the case of the immersion. For the withdrawal, the computation with the velocity gradients again gives
data lower than for the immersion, but there are around 5–6% larger than the one deduced from the force curves.
7. Impact on the ﬂow of a time of rest
Since we previously mentioned that the solid deformations play
a role in the characteristics of the withdrawal process, at least during the transient stages, it is important to study the inﬂuence of a
time of rest between immersion and withdrawal, which may have
an impact on the initial state of the material just before
withdrawing.
We looked at the impact of different rest periods (up to 120 s)
with the same material as before. The force curves were recorded
as in Fig. 3(a), the coated layer thicknesses were determined using
the method presented in Section 3.1 and the velocity ﬁelds were
determined with the PIV technique as in Section 5. Note that the
PIV technique requires to average the ﬂuid displacement over several images so as to compute a relevant ﬁeld and to reduce the data
noise. This means that this technique has limitations to describe
fast transient regimes. In the relaxation case, averaging the velocity
ﬁeld over only 3 images (1/5 s) gives a peak at 0.75 mm/s that is
15% of the plate velocity, instead of 0.43 mm/s with 10 images
60
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Fig. 12. Viscous shear stress along the plate s as a function of the plate velocity V
during immersion (full symbols) and withdrawal (open symbols) for 27 Pa
(squares), 33 Pa (triangles), 56 Pa (circles) and 82 Pa (stars). The dashed lines are
located at each material yield stress.
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Fig. 13. Viscous shear stress along the plate s as a function of the plate velocity V
during immersion (full symbols) and withdrawal (open symbols) for 33 Pa,
computed with the equation deduced from the force curves (triangles) and from
the velocity gradient near the plate (pentagons).
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process also appears in the velocity proﬁles (see Fig. 14). There is a
kind of motion of equilibration in which the ﬂuid close to the plate
(below 20 mm) moves upwards along the stopped plate while the
ﬂuid farther from the plate moves downwards. These motions progressively damp over about 8 s. It is likely that this equilibration is
due to the elastic strains in the solid part: when the plate is
stopped, the elastic regions relax by shearing the ﬂuid in the region
along the plate. Here we can remark that the relaxation time is
close to that observed for the force curve after stoppage, which
conﬁrms that the same process is at the origin of both effects.
In accordance to [31], with the value of the force plateau during
relaxation, it is then possible to deduce the material yield stress
using the equation in the viscous force (see Section 3.3).
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Fig. 14. Velocity proﬁles (at a depth 4 cm) during a rest period after a 200 mm plate
immersion at V = 5 mm/s and sc = 33 Pa. Successive proﬁles in time are observed
from top to bottom for short distance. The dashed lines correspond to the initial
successive velocity proﬁles (every 2/3 s), the continuous lines to the next times
(every 2 s). Inset: coated layer thickness as a function of the duration of the rest
period before withdrawal.

(2/3 s). This means that the noise on these data is signiﬁcant and
they must be regarded essentially as providing indications on qualitative trends.
First it is remarkable that the coated layer thickness is independent of the rest period between immersion and withdrawal (see
inset of Fig. 14). Since there is likely a strong link between the
sheared layer along the plate in the bath and the coated thickness
this suggests that the liquid layer along the plate is poorly affected
by what can occur during the relaxation stage.
Let us now look at the impact of the time of rest on force measurements. The force versus tip position curves (see inset of Fig. 15)
are exactly superimposed with or without rest before immersion,
which means that the ﬂow characteristics are independent of the
time of rest. This result is consistent with the observation that a
rest period does not inﬂuence the thickness of the coated layer
(see above).
The force versus time curves also makes it possible to appreciate the stress relaxation during the rest period (see Fig. 15). The
characteristic relaxation time is of the order of 10 s. This relaxation
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8. Conclusion
The ﬂows generated by the plate immersion and withdrawal are
similar: both involve the formation of a liquid layer of uniform
thickness along the plate during its displacement, while the rest
of the ﬂuid is in its solid state. Then, when withdrawn from the
bath, the plate is uniformly coated with a millimetric layer of ﬂuid.
This result can be easily generalized to any type of solid object
withdrawn from a bath of yield stress ﬂuid: in the absence of wall
slip, as no drainage occurs, there is a critical coated thickness at
vanishing velocities.
Precise studies of the force curves and of the velocity ﬁelds
inside the bath give qualitative and quantitative information on
the impact of the experimental parameters: the liquid and coated
uniform layers both increase with the plate velocity and the ﬂuid
yield stress while they are independent of the time of rest before
the plate withdrawal and of the overall experiment dimensions.
Moreover, the shear stress applied along the plate slowly increases
with the plate velocity and signiﬁcantly with the ﬂuid yield stress.
From an industrial point of view (painting, surface treatment,
food coating), these conclusions show that in the studied ranges,
the geometrical requirements on the objects and container dimensions are not very restricting providing there is several centimeters
between the two plates or the plate and the container wall to coat
and the solid and the container. Then, as the coated thickness is
mainly governed by the ﬂuid yield stress, a decrease of this quantity is efﬁcient to minimize the volume of ﬂuid coated on the object
and the extension of the non uniform coated zones. As the force
applied on the plate decreases with the yield stress, its decrease
also reduces the energy needed to cover the plate and no time of
rest is needed between immersion and withdrawal.
To conclude, in the present paper, we improved several techniques introduced in [30,31] to describe precisely the ﬂow developed along the plate during its withdrawal through the force
curves and PIV analysis. Since it has been shown that the coated
layer thickness is approximately proportional to the yield stress
[12], it could be useful to understand further the link between
the ﬂow in the bath and the coated layer in order to have a new
practical technique for determining the yield stress. Numerical
works might provide interesting information for further understanding of the link between the thickness of the liquid layer and
the coated layer.
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