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Abstract : We report on the drying of films of polymer solutions under a controlled laminar air flow.
Temperature measurements reveal that a drying front propagates in the film at constant velocity. Using
thermal calibration, we are able to quantitatively determine the local drying rate of the film, and we find
it agrees with conservation arguments. We further show that a simple mass balance allows us to relate the
front velocity to the drying rate.

1 Introduction
Evaporation of water is a slow process because, in usual conditions, it is limited by diffusion of vapor

in the atmosphere. Techniques to accelerate drying have been developed in industrial lines. Submitting the
sample from which water or solvent must be extracted to a gas flow is particularly efficient and convective
drying is widely used, for instance in the food [13] and coating [8] industries. When a thin liquid film is dried
in a gas flow, as in a coating process, a front forms at the upstream edge, which propagates and separates a
dry region from a liquid one. During the so-called directional drying, the microscopic structure of the sample
may be modified by the passage of the front ; for instance, ordering [6] or aggregation [12] have been reported
in colloidal suspensions.

The kinetics of the front in unidirectional drying has been the object of less attention, although it could
provide crucial information on the local drying rate. Measurements of global drying kinetics by techniques
such as gravimetry [2], were conducted but they do not provide information on the front propagation.
Recently, the volume fraction distribution of drying colloidal suspensions obtained from transmitted light
intensity in presence of and added dye [9] was reported but the authors did not discuss the front kinetics.
Other systems dried in air flows were studied with spatially resolved techniques, such as Fourier Transform
Infrared Microscopy [19] or thickness measurements based on laser reflectometry [20, 21], but the front
velocity was not inferred from those measurements, although the effect of the front passage on local shrinking
was emphasised.

In contrast, the kinetics of spontaneously forming drying fronts in evaporating films has been considered
in several studies. Without air convection, lateral fronts form because drying is faster at the edges of the
film. In the literature, the mechanism of faster drying is under debate and is attributed either to a larger
evaporation flux at the edges [3] or to the film being thinner at the edges in the case of a small contact
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Figure 1 – Cut view of the wind tunnel in which the film of polymer solution spread on a glass plate
is made to dry. Air is injected through a honeycomb structure and a laminar flow forms above the liquid
film. The film is imaged from above with an infrared camera and through an infrared-transparent window.
An example of thermal image acquired during front propagation is shown with its color scale. The above
temperature profile was obtained by averaging the image along the direction of the y-axis, i.e. over 3 cm. The
room temperature was 19.7◦C, the average initial thickness of the film 15 µm and the air velocity 3 cm.s−1.

angle[16]. The formed fronts propagate towards the center as the film dries [17]. Different techniques have
been used to measure the displacements of the fronts. In colloidal suspensions, in which drying may change
light scattering, the fronts can be directly visualised [4, 15]. In other systems however, the front may not
be visible and more sophisticated techniques such as Small Angle X-ray Scattering (SAXS) [12] or Nuclear
Magnetics Resonance (NMR) microscopy [18] have been used. In addition to the heavy instrumentation
necessited, they require either that the front passage induces a change in the microstructure for SAXS, or
the addition of a specially designed probe for NMR microscopy.

Herein, we provide a quantitative study of the drying fronts that form during the convective drying of
films of polymer solutions based on a very simple technique. We perform temperature measurements of a
drying film with an infrared camera and we demonstrate that they can be used to monitor the front position
due to the cooling resulting from drying. In addition, we show that spatial variations in the drying rate can
be quantitatively determined from both the temperature profiles and a thermal calibration of the system.

2 Experimental section

2.1 Wind tunnel
The experimental set-up is composed of a homemade, specially designed, wind tunnel inside which a

95mm×90mm glass plate can be inserted, as shown in Fig. 1. The glass plate is placed on a two-axis rotational
stage to ensure horizontality. The wind tunnel consists of a collector at its entry, a central rectangular duct
of width W = 110 mm and height d = 5 mm, and of a diffuser at its end. The design and dimensions of the
wind tunnel ensure that the air flow is laminar in the central area, which is crucial for a correct description
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of drying since vortices have been shown to have large effects on mass transfer [10]. The Reynolds number
Re = Ud

ν , with ν the kinematic viscosity of air, is at most 60, which is well below the critical value for
unstable flows [7]. The sample is placed 5 cm after the entry of the central duct, at a distance larger than
that for the development of a Poiseuille flow, and at the same height as the surface of the bottom wall of the
wind tunnel. More generally, sharp edges that could break laminarity have been carefully avoided. Dry air
with at most 3ppm water (Air Products) is injected in the wind tunnel. The average air velocity, which is
controlled with a flowmeter (SNC), ranges from 0.6 to 12 cm.s−1, resulting in negligible entrainment of the
liquid and well below the threshold for the onset of Kelvin-Helmholtz instabilities at the air/liquid interface
[7]. We use a thermal camera (array of uncooled microbolometer, spectral range 7.5-14µm, resolution 640x480
pixels) with an objective lens of f-number 1.3 (kit camera and objective lens FLIR A700 24°). It images the
plate from above, through the upper wall of the wind tunnel made of an infrared-transparent polymer film
(Edmund Optics). The temperature measured by the camera accounts for the thermal emissivity, which is
very close to 0.95 for glass, water and the polymer whose solution is dried in the experiments.Temperature
profiles are further extracted from the thermal images by averaging the temperature over 3 cm in the y-axis
direction. An example is shown in fig. 1.

2.2 Polymer solutions
The polymer solutions are aqueous maltodextrin solutions, of volume fraction 0.143 which are prepared by

adding maltodextrin of dextrose equivalent 2 and molar mass M = 343 000 g.mol−1 (Glucidex 2, Roquette)
to deionized water. The solutions are stirred at room temperature until complete dissolution before use.
Maltodextrin is an amorphous polymer that undergoes a glass transition in solvent at room temperature :
it becomes glassy at solvent volume fractions smaller than 0.24 for the considered molar mass [1]. Prior to
drying experiments, polymer solutions are spread on clean glass plates (dimensions 95 mm× 90 mm). Wire-
wound-rods of different sizes (BYK) are used to obtain liquid films of initial thicknesses h0 ranging from 15
to 130 µm. The values of the initial thicknesses are not fully controlled with the adopted deposition process.
As a result, the spatially averaged thickness of the dried layers, hd, were systematically measured with an
optical profilometer (Zygo) after each drying experiment. The values of the average initial thicknesses are
inferred from both those measurements and the volume fraction of remaining solvent at the time of those
measurements, whose value was determined by gravimetry to be 0.15± 0.05, i.e. below glass transition.

2.3 Thermal calibration
In order to characterise the temperature decrease resulting from water evaporation, calibration experi-

ments have been performed, in which the temperature of a glass plate that is locally heated is measured.
A conductive (Indium Tin Oxyde, ITO) strip of width 2 mm is primarily sputtered on a glass plate, at a
distance x0 = 40 mm from the edge of the plate. The plate is then placed in the wind tunnel with the
ITO strip along the y-axis. An electrical power P is further injected in the stripe and the temperature of
the plate is measured with the infrared camera under constant air flow. After a transient regime lasting a
few minutes, stationary temperatures profiles, as shown in fig. 2, are measured. We have found that the
temperature profiles are well described by

T = T0 + Pα(U)g (x− x0, U) (1)

where P is the electrical power and α(U) a coefficient that depends on the air velocity U . T0 is room tem-
perature, independently measured with a thermometer. The function g accounts for the thermal exchanges
with air and the glass plate, as well as in plane heat conduction. It is normalised such that its maximum
value, reached for x = x0, is equal to 1. Its shape is well described by an heuristic expression, which is
inspired by previous measurements on a similar system [14], of the form

g(x) =

(
2

eβ
x
ζ + e−

x
ζ + (1− β)xζ

) ζ
ζθ

(2)
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Figure 2 – Temperature increase normalised by the injected electrical power measured in the calibration
set-up. The data obtained for electrical powers of 0.07 W, 0.13 W, 0.21 W and 0.31 W are shown with lines
from lighter to darker colour, with average air velocities U = 0.6 cm.s−1 (blue) and U = 9.1 cm.s−1 (red).
The hatched line is a fit to the experimental data following equation 1.

with ζ a length that accounts for the effects on temperature of the finite size of the conductive strip, ζ = 4 mm
whatever the air velocity. ζθ is the characteristic lateral length of heat propagation, both by air and by the
glass plate. The parameter β is introduced to account for the asymmetry of the temperature profile resulting
from heat convection by the air flow. The third term in the denominator forces the position of the maximum
to x = 0. The dimensionless parameter β and the length ζθ both decrease with increasing air velocity. Their
values are shown in Table 1.

Table 1 – Values of air velocity and corresponding values of the parameters of the calibration experiment
defined in eq. 1 and 2, and of length ξ given by eq. 9

U(cm.s−1) α(K.W−1) β ζθ(mm) ξ (mm)
0.6 12.72 0.72 10.3 3.9
1.5 12.56 0.60 10.7 9.7
3.0 11.67 0.49 9.5 19.4
9.1 9.87 0.30 8.5 58.3
12.1 8.52 0.26 8.2 77.7

3 Results and Discussion

3.1 Temperature profiles
Temperature profiles measured in a drying film of maltodextrine solution are shown in Fig. 3. Drying

is associated with a drop in temperature of up to 5 °C. Clearly, a stationary regime is reached far enough
from the edges of the plate, i.e. roughly between 30 and 80 mm from the upstream edge in the example of
fig. 3. This result is better observed in Fig. 4 that reports the position of the minimum of the temperature
profiles as a function of time. A constant front velocity vf can thus be defined from the temperature curves.
Its value depends on both the film thickness and air velocity and ranges from a few microns to a few tens
of microns per second. Interestingly, the spontaneous fronts that form during non-convective drying do not
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Figure 3 – Temperature profiles measured in a drying film. Profiles recorded every 5 minutes from the
beginning of drying are shown with increasingly darker color. The profiles have been averaged in a 3 cm-wide
area. The room temperature is 21.5◦C, the air velocity U = 3 cm.s−1 and the film initial average thickness
h0 = 121 µm.

move at a constant velocity in films of rectangular shape [15]. Here, it is likely the forced uniform air flow
that is responsible for the uniform motion observed.

We now show how temperature profiles can be used together with the thermal calibration to determine the
local drying rate of the film. The decrease in temperature in the film results from the vaporisation of water.
The part of film located between x′ and x′+ dx′ absorbs the power −Wdx′Lvρė(x

′) to vaporize, where W is
the dimension of the film in the y-direction, Lv the latent heat of vaporisation of water (Lv = 2.45 MJ.kg−1),
ρ its density. ė(x′) is the local drying rate at location x′, defined as the vertical velocity of the liquid/air
interface, ė = −∂h

∂t . The temperature variations of the film can be inferred by accounting for the thermal
exchanges at stake, i.e. by convolving the absorbed power and the function g determined in the calibration
experiments. It yields

T (x) = T0 − αWLvρ

∫ L

0

ė(x′)g(x− x′)dx′ (3)

In what precedes, we have assumed that the temperature decrease is instantaneous. This approximation
is justified by the small response times measured in the calibrations compared to the propagation times of
the drying front.

We have used eq. 3 to determine the local drying rate from the experimental temperatures profiles. For
this purpose, we have assumed a given form of the drying rate, which is detailed in the following paragraph.

3.2 Drying rate
The chosen drying rate ė(x) is based on the exact resolution for the drying of a semi-infinite film placed

in a convective flow of a uniform shear rate in an unbounded medium [11], yielding a power law decrease
of drying rate with the distance to the front, ė ∝ (x − xf )

− 1
3 . In this picture, the drying rate diverges at

the front, as invoked for instance at the edges of a drying droplet as the possible cause for the "coffee-stain
effect" [3].

We detail below how the concentration field is obtained. We consider a drying film placed in a horizontal
air flow and we use the axes defined in Fig. 5. We assume that the air velocity close to the surface of the
film is given by U = γ̇z, where γ̇ is the shear rate, and that the diffusion coefficient of vapor in air is D. The
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Figure 4 – Position of the minimum temperature as a function of time, measured from the temperature
profiles of fig. 3.

Figure 5 – Scheme and notations of the liquid film drying in the wind tunnel of height d. The drying front
separates the dry film from the wet one.

concentration field c of vapor above the film and at position x > xf , depends on the distance to the drying
front x − xf and on the vertical distance to the film, i.e. c(x − xf , z), and follows the advection-diffusion
equation, which, in stationary conditions, reads

γ̇z
∂c

∂x
−D

∂2c

∂z2
= 0 (4)

Following a similar resolution as Levich’s [11],we introduce the dimensionless quantity

η =
γ̇z3

9D(x− xf )
(5)

The concentration c(η) verifies

3ηc′′(η) + (3η + 2)c′(η) = 0 (6)

with the boundary conditions c(η → 0+) = csat, i.e. for z = 0+ and x > xf and c(η → +∞) = c∞ i.e. for
z > 0 and x > xf . Equation 6 can be integrated and finally yields
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Figure 6 – Concentration field computed from eq. 7 with xf = 20 mm, c∞ = 0, csat = 18 g.m−3 and
D = 2.6× 10−5 m2.s−1 which are values corresponding to evaporation of water by a dry air flow. The shear
rate is γ̇ = 145.2 s−1, corresponding to an air velocity of 12.1 cm.s−1 in the wind tunnel.

c(x− xf , z) = csat + (c∞ − csat)

∫ γ̇z3

9D(x−xf )

0 η−
2
3 e−ηdη∫∞

0
η−

2
3 e−ηdη

(7)

where csat is the vapor concentration at saturation and c∞ the vapor concentration far away from the film.
The resulting concentration field for c∞ = 0 is displayed in fig. 6. It is shown for a position of the drying
front xf = 20mm and in a section corresponding to that of the wind tunnel. We emphasise that eq. 7 is
obtained in an unbounded medium and we discuss later the differences that are expected in the bounded
medium constituted by the wind tunnel.

The drying rate of the film ė = −D
ρ

(
∂c
∂z

)
z=0

, where ρ is the density of liquid water, is thus given by

ė(x− xf ) = 0.538 (csat − c∞)
γ̇

1
3D

2
3

ρ
(x− xf )

− 1
3 (8)

The vapor concentration in equilibrium with a polymer solution is given by acsat, where a is the activity
of the solvent, which itself varies with the solvent volume fraction in the solution. Since this variation is weak
at large solvent content [5], we make the approximation that, before the passage of the front, the activity of
water remains equal to that of the initial solution, i.e. a ≃ 1. We emphasise that, after the passage of the
front, the solvent content of the film is not zero. Nevertheless, we expect that both the solvent activity and
diffusion coefficient of water in the glassy layer are small [5], and this is why we make the approximation of
a vanishing drying rate upstream of the front. In the following, the assumption we make of a sharp change
in water activity at the front results in a diverging drying rate as that in eq. 8.

A characteristic distance ξ can be inferred from the dimensionless parameter η given by eq. 5, ξ = γ̇d3/9D.
The height of the wind tunnel d is the characteristic vertical length ; U is the average velocity of the air
flow along the z-axis, hence the shear rate at z = 0 of the Poiseuille air flow is γ̇ = 6U/d. The length ξ is
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therefore given by

ξ =
2Ud2

3D
(9)

The values of ξ are reported in Table 1, they vary from a few millimeters to almost 80 mm. Introducing
the length ξ in eq. 8, the drying rate can be expressed as

ė = 1.120 (csat − c∞)
D

dρ

(
x− xf

ξ

)−1/3

(10)

The drying rate in an unbounded medium given by eq. 10 is expected to be valid in the wind tunnel at
small distances from the drying front. However, at distances from the front larger than a length we denote
ξ∗, the saturation of the atmosphere across the height of the bounded tunnel modifies the drying rate. In
order to deconvolve the thermal signal, we suggest the following ansatz for the evaporation rate. We take
into account the decrease in the evaporation rate at distances greater than ξ∗ by an exponentially decreasing
rate. Imposing continuity of the drying rate and of its first derivative at the boundary between power law
and exponential decrease i.e. at x− xf = ξ∗, yields the following expressions of the drying rate
If x− xf < 0

ė = 0 (11)

If 0 < x− xf < ξ∗

ė = ė0

(
x− xf

ξ

)− 1
3

(12)

If x− xf ≥ ξ∗

ė = ė0

(
ξ

ξ∗

) 1
3

e−
x−xf+ξ

3ξ (13)

where ė0 is the amplitude of the drying rate. As discussed above, the assumption we make about the drying
rate on each side of the drying front is based on the highly non-linear behaviour of water activity as a function
of polymer volume fraction. Consequently, we neglect the precise variations in activity close to the front,
which is justified if they occur over a very small distance. In this picture, the drying rate diverges at the
drying front and we emphasise that it makes direct deconvolution of the drying rate from the experimental
temperature profiles using eq. 3 difficult ; this is why we have rather assumed the shape of ė(x) given above.

Figure 7 shows two examples of experimental temperature profiles together with the profiles obtained by
fitting eq. 3 to the experimental profiles, using a drying rate given by eq. 11, 12 and 13. The three fitting
parameters are xf , ξ∗ and ė0, all the other parameters being determined by the experimental conditions. A
good description of the profile shapes is obtained for all air velocities and film thicknesses. The front position
xf is found to be upstream of the position of the minimum temperature. The decay length at large distances,
ξ∗ depends on both air velocity and film thickness. As the value of the initial film thickness differs in each
experiment, due to the deposition process, it is difficult to deduce trends from the measured values of ξ∗.
Nonetheless, we have found that the ratio ξ∗/ξ, decreases with increasing air velocity : it ranges from about
2 at the lowest velocity to about 0.1 at the largest velocity.

An example of drying rate is shown in fig. 8. The amplitude ė0 is found to be of the same order of
magnitude as that given by eq. 10, i.e. of the order of 10−7 m.s−1, obtained with c∞ = 0, csat = 18 g.m−3

and D = 2.6× 10−5 m2.s−1. We further comment on the values of this fitting parameter in the following.
In summary, we demonstrate that drying rates can be quantitatively determined from temperature mea-

surements. As a further validation, we show in the next sections that global mass balances can also be used
to determine the velocity of the drying front from the drying rate, as well as the amplitude ė0.

3.3 Relation between front velocity and drying rate
We now use a simple mass balance to determine the front velocity from the drying rate. Since the drying

rate is related to the sample thickness h by ∂h
∂t = −ė, integration between times t = 0 and t = td, where td
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Figure 7 – Experimental (red lines) and fitted profiles (blue dotted lines) following eq. 3, where the drying
rate is given by eq. 12 and 13 with ė0, xf and ξ∗ as fitting parameters. The average air velocities and initial
film thicknesses are respectively 1.5 cm.s−1 and 98 µm (top curve) and 3 cm.s−1 and 69 µm (bottom curve).

Figure 8 – Drying rate (red line) as a function of the distance to the edge of the film. The hatched line shows
the power law decay of eq. 12 followed at small distances to the front, whereas the drying rate decreases
exponentially at larger distances, following eq. 13. The parameters ė0 = 4.9 × 10−8 m.s−1, xf = 42.9 mm
and ξ∗ = 4 mm were determined by a fit to the experimental temperature profile of fig. 7 obtained for an air
velocity U = 3 cm.s−1, while the distance ξ = 19.4 mm given by eq. 9 is set by the experimental conditions.
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Figure 9 – Front velocity measured from the temperature profiles (circles/left axis) as a function of the
front velocity predicted by eq. 17. The horizontal error bars result from the uncertainties on the dry and
initial thicknesses of the film. The vertical error bars are too small to appear. The full line is the y = x line.
The front velocity given by the global balance of eq. 18 is shown as black squares (right axis).

it the total drying time, yields

h0 − hd =

∫ td

0

ėdt (14)

Using that the front moves at constant velocity vf , the integral can be turned into a space integral along the
length L of the film

h0 − hd =
1

vf

∫ L

0

ėdx (15)

leading to

vf =

∫ L

0
ėdx

h0 − hd
(16)

Using the expression of the drying rate given by eq. 11, 12 and 13, after integration, the front velocity is
given by

vf =
9ė0ξ

1
3 ξ∗

2
3

2 (h0 − hd)

(
1− 2

3
e−

L−xf−ξ∗

3ξ∗

)
(17)

Figure 9 shows the measured front velocity as a function of that predicted by eq. 17. Within the range
of air velocities and film thicknesses investigated, the front velocity varies by almost one order of magnitude
and a good agreement is obtained between the experimental and predicted values. Therefore, eq. 17 provides
a quantitative prediction of the front velocity.

A global conservation argument can also be used to predict the front velocity. As shown above, the
vaporized amount of solvent is (h0 − hd)vf , which is a flow rate per unit of of length in the y direction. It
must be equal to the flow rate of solvent vapor in the wind tunnel, i.e.

vf (h0 − hd) =
csatUd

ρ
(18)
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Figure 10 – Amplitude of the drying rate obtained by fits to the experimental temperature profiles as a
function of that computed using eq. 19. In the latter equation, ξ is computed using eq. 9 and ξ∗ is obtained
from fits to the temperature profiles. The value of the concentration at saturation csat is that at 20◦ C. The
full line is the y = x line.

The values of the front velocity obtained by eq. 18 are shown in fig. 9. Consistently, they are close to those
predicted by eq. 17, although they systematically overestimate the front velocity. In the next section,
we further discuss this small discrepancy by analysing its consequences on the amplitude of the drying rate.

3.4 Amplitude of the drying rate
Using eq. 17 and eq. 18 the expression of the amplitude of the drying rate reads

ė0 =
1

3

(
1− 2

3e
−

L−xf−ξ∗

3ξ∗

) ( ξ

ξ∗

) 2
3 csatD

ρd
(19)

Equation 19 is similar to the amplitude of the drying rate in an unbounded media given by eq. 10, but
with an air-velocity-dependent prefactor, which involves the ratio of the lengths ξ and ξ∗. In fig. 10, we
display the amplitude of the drying rate obtained by the fit of the temperature profiles as a function of those
given by eq. 19. The larger experimental values of ė0 deviate from those predicted by solvent conservation.
We believe that this small discrepancy results from the poorer description of the drying rate singularity
at the largest air velocities. At the latter values, the ratio ξ∗/ξ becomes small, as emphasised above, and
the exponential decay does not well capture the variations of the drying rate. The overall good agreement
between both amplitudes nevertheless shows the validity of the infrared measurements for a quantitative
determination of the drying rate.
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4 Conclusions
In conclusion, we have studied the propagation of drying fronts in films of polymer solutions dried in

laminar air flows. We show that temperature measurements using an infrared camera provide not only
a characterisation of the kinetics of the drying front, but also quantitative measurements of the spatial
variations of the drying rates. Since the measurements do not require any specific properties of the sample,
our results pave the way for a better characterisation of kinetics of drying of large classes of systems.

Acknowledgements : We are very grateful to Marc Fermigier for helping us to design the wind tun-
nel.
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