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Hot spots revealed by simultaneous experimental measurement of the two-dimensional
concentration and temperature fields of an exothermic chemical front
during finger-pattern formation
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A noninvasive optical technique combining digital interferometry in transmission and transparency measure-
ment of concentration is developed to analyze spatiotemporal dynamics of physicochemical systems. This
technique allows one to measure simultaneously the two-dimensional (2D) dynamics of concentration and
temperature fields in both reactive and nonreactive systems contained inside a transparent cell. When used to
experimentally analyze buoyancy-driven fingering of an exothermic autocatalytic chemical front, this method
reveals in the 2D temperature field the presence of hot spots where the temperature locally exceeds the

adiabatic one.
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Convective flows due to Rayleigh-Taylor, Rayleigh-
Bénard, or double-diffusive types of hydrodynamic instabili-
ties can be triggered in nonreactive solutions by spatial gra-
dients of concentration and temperature. Such phenomena
are genuinely observed in numerous applications ranging
from engineering systems to Earth mantle convection and
atmospheric or ocean convective motions, to name a few
[1,2]. In reactive systems, chemically driven gradients of
concentration and temperature can also trigger hydrody-
namic flows that in turn affect the spatiotemporal dynamics
of the system as observed in electrochemical systems [3],
simple A+ B — C fronts [4—6], combustion or polymerization
fronts [7—10], or autocatalytic redox reaction fronts [10-21].
Indeed, the composition and temperature variations in the
course of an exothermic reaction are responsible for changes
in the density which, in the gravity field, can give rise to
buoyancy induced flows. Recent work have shown that new
nontrivial spatiotemporal dynamics can result from the com-
petition between solutal and thermal buoyancy-driven con-
vective effects in such reactive systems [17-25].

Clear experimental demonstration of the role of heat ef-
fects in such dynamics is, however, impaired by the difficulty
in measuring simultaneously experimentally the full spatial
evolution of concentration and temperature fields. While ac-
cess to the dynamics of concentration fields is readily ob-
tained by means of a dye or of a specific color indicator, for
instance, temperature measurements in fluid flows is usually
accomplished by means of thermocouples that are immersed
in the fluid. However, the use of thermocouples suffers from
the drawbacks that the direct contact with the fluid can alter
the flow, and that temperature field can only be measured at
a local fixed position. To yield insight into the global two-
dimensional (2D) spatial evolution of temperature fields,
some authors have previously used infrared imaging [14,16]
or thermocolor materials [13] to track temperature changes
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around exothermic chemical fronts. The first technique has,
however, the drawback to get information only at the surface
layer of the solution while the second method is intrusive. It
needs to add thermo-sensitive species to the solution or insert
a capillary containing these species in the reactor but then
the information on temperature is obtained only in one direc-
tion. Information on temperature fields around autocatalytic
fronts have also been obtained through magnetic resonance
imaging [26,27]. In this latter case, however, the resolution
needed temperature variations larger than 1 K. In addition, in
all abovementioned experiments, the technique used allowed
us to measure either the concentration field or the tempera-
ture field but not both of them simultaneously.

Here we present a nonintrusive optical technique that al-
lows one to obtain simultaneous insight into the 2D spa-
tiotemporal evolution of both the concentration and tempera-
ture fields in a liquid system contained in a transparent setup.
We next show how this technique has allowed us to uncover
the presence of hot spots (i.e., localized zones where the
temperature is locally larger than the adiabatic one) in
buoyancy-driven fingering of an autocatalytic chemical front.

Our optical technique is based on the combination of in-
terferometry in transmission and of a transparency measure-
ment. The interferometry analysis provides the refractive in-
dex change that is due to the combination of temperature and
composition changes. The transmitivity measurement allows
one to quantify the composition in such a way that the ap-
propriate combination of the measures results in the knowl-
edge of the temperature field. Our technique is applied here
to obtain in detail the temporal evolution of both the 2D
concentration and temperature fields across an autocatalytic
chemical front of the chlorite-tetrathionate (CT) reaction, an
exothermic redox reaction known to exhibit fingering phe-
nomena [17-19,21,22,25]. Information on the full 2D evolu-
tion of the temperature allows one to obtain insight into the
fingering dynamics and show that hot spots are present at the
cusp of the fingered front, a phenomenon which remains here
unnoticed by a thermocouple measurement of the local tem-
perature at one point.
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The experimental cell consists of a Hele-Shaw cell made
of two transparent glass plates separated by a gap of 1 mm
and oriented vertically in the gravity field. The cell is filled
with the reactants of the CT reaction following a recipe pre-
viously used for studies of fingering [17]. A descending front
is initiated by an electric current passing through two parallel
electrodes fixed at the upper edge of the cell. This generates
a downward moving planar front that quickly becomes buoy-
antly because of an unstable stratification of heavier products
on top of lighter reactants. The front deforms then into a
cellular structure (see Fig. 1) induced by convective motions
of the fluid. The CT system is known to belong to the family
of antagonist reactions for which solutal and thermal contri-
butions to the density jump across the front have opposite
signs [11,25].

To have insight into the dynamics of such exothermic
fronts, we use digital interferometry which allows visualiza-
tion and measurement of the phase difference A¢ between
two beams, one passing through the sample of depth L along
z with refractive index n(x,y,z) and the other one passing in
the air

21 (F
A(x,y) = TJ [n(x,y,2) —noldz,
0

=2%LAﬁ(x,y), (1)

where n; is the refractive index of the air, A the wavelength
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FIG. 1. Fingering of a chemi-
cal front visualized as an absorp-
tion image (a), an interferometric
image (b), an optical phase image
(c), and a corrected optical phase
image (d).

of the light, and 72(x,y) is the refractive index averaged over
the depth of the sample.

When variations of the refractive index are caused by
variations of a scalar field f (similar to the temperature or
concentration), this latter can be obtained from Eq. (1) as

N (o)
Atey) = m( ; f) Ag(x). o)
In most applications, the refractive index is assumed to de-
pend only on one single field such as the concentration ¢ or
temperature 7 typically. This assumption allows us to iden-
tify interference fringes with lines of constant 7" or constant
¢, for instance [28]. However, such an assumption should, in
principle, not be valid in the situation where density gradi-
ents are due to combined solutal and thermal effects as in the
case of exothermic reaction fronts. A way to solve the prob-
lem is to take advantage of the dependence in frequency of
the refractive index. Some elaborate interferometric tech-
niques that take into account the refractive index-frequency
relation [29] use two relations obtained by expressing the
equation

277L( an()\i)Ac . an(\;) AT) 3)

Ap(\) =

) N\ de aT
for two different wavelengths A; and \,. These two equali-
ties are then combined to resolve simultaneously both the
temperature and the concentration fields. However, these
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techniques require more complicated optical systems. In ad-
dition there is no possible control of the frequency depen-
dence of the refractive index. It results that the accuracy on
the final result can be low.

In this Brief Report both the concentration and the tem-
perature fields are measured by a technique during fingering
of an exothermic reaction front. The measurement of the two
scalar fields is still based on Eq. (3) but taken now at one
fixed wavelength while A¢ and Ac are determined by differ-
ent optical apparatus in a simple optical arrangement. Explic-
itly, the system combines a Mach-Zehnder interferometer
(A=633 nm) with a transparence imaging with a blue light-
emitting diode (LED). The optical system is combined with a
CCD camera for image capture.

The two optical apparatus rely upon the variation of cer-
tain properties of the fluid along the path traveled by the ray
of light. Transmission gives a spatial distribution of absorp-
tion of the light by the fluid. The image is obtained by illu-
minating the Hele-Shaw cell with a blue LED (470 nm) and
recording the intensity of the light transmitted through the
liquid. The blue light has been chosen so as to maximize the
constrast between the reactants colored in red and the prod-
ucts, which are blue. Absorption is assumed to be indepen-
dent of temperature and to depend only on the change in the
product concentration Ac. Interferometry is used to obtain
A, and the temperature field can then be reconstructed via
the relationship

27l [ d 2aL( d
L(ﬁ)AT:A¢_L(_”)AC_ @
N \dT N \dc

Figure 1(a) shows an image of the fingers obtained by
absorption. In this image the front propagates downwards
and the products appear bright. On the corresponding inter-
ferometric image (b), the interferometer is aligned in such a
way that it provides initially a dense horizontal fringe pat-
tern. Then the relevant optical phase shift A¢ is obtained by
the Fourier method (c) [30,31]. The phase image is corrected
by a reference image in order to eliminate the possible mis-
alignement of the Hele-Shaw cell window. The final result
(d) is an image of the corrected phase the intensity of which
is proportional to the variation of the refractive index.
Thanks to the absorption image, the position of the reaction
front and of the corresponding concentration field are ex-
tracted. This information is next used to eliminate the con-
tribution of solutal effects to the phase shift and isolate the
2D temperature field.

For a quantitative measurement of the temperature and of
density a knowledge of the variation of the index of refrac-
tion with these quantities is required. We have measured the
values of the refractive index of the fluid before and after
reaction using an Abbe refractometer. The results show that
the refractive index varies slightly with the concentration,
and the value measured is very close to the value for water
(with a precision 107*). Therefore, under the assumption of
diluted solutions one can assume a linear variation of the
refractive index with concentration dn/dc =const. and with
temperature dn/JT = const. Consequently, Eq. (4) reduces to
a;AT=A¢—a,Ac, where a, and a, are constants. Although
these constants could, in principle, be computed from the
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FIG. 2. The temperature across an exothermic front traveling
from left to right measured by interferometry (dots) and via a ther-
mocouple (line). The thermocouple measurement is used to cali-
brate the interferometric measures.

underlying parameters, a more accurate evaluation is ob-
tained by performing an independent measure of 7 across the
chemical front by a thermocouple (Fig. 2). This measure de-
termines the temperature along a line across the front with a
precision of *0.05 °C. To calibrate the temperature field
obtained by interferometry, the values of the temperature
away from the front (before and after) are fitted to the tem-
peratures measured by the thermocouple by adjusting the
values of a; and a,. The result gives 1.52T=A¢+1.35¢
+0.079, where the constant term is the contribution from the
reference path.

Figure 2 shows a one-dimensional (1D) section of the 2D
temperature field across the front obtained by interferometry
together with the 1D temperature profile measured by the
thermocouple. The result shows a good agreement between
the two datasets along the entire profile despite the fact that
only the temperatures far from the front have been used to
scale the interferometric data. We point out that the correc-
tion of the phase field by the absorption image must be done
in order to superpose the two datasets. The precision on the
temperature measurement depends on the accuracy of the
optical intensity recording on A¢ and Ac which is here
~0.4%, and on the relative accuracy of the thermocouple,
AT =*0.05 °C. Under these conditions a precision of about
0.05 °C on the temperature is achieved by our method.

Eventually the calibration of 7" along one line is used to
compute a full 2D image of the temperature field (Fig. 3),
which can give informations on fingering of exothermic CT
fronts for which only concentration field measurements were
available up to now [17-19]. The first striking property of
the temperature field is to be localized around the reaction
front. As already shown by the thermocouple measurement
on one point (Fig. 2) and confirmed on the full 2D picture
(Fig. 3), heat losses through the walls are important as a
decrease of the temperature is observed at the back of the
front. The influence of such heat losses on the dynamics has
already been studied in cooperative types of families where
solutal and thermal contributions to the density jump across
the front both have the same sign [20,23]. There, heat losses
have been shown to drastically affect the stability diagram of
cooperative fronts with regard to the insulated case [23] and
to modify the structure of the flow field around the front
[20]. No equivalent theoretical study is available up to now
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FIG. 3. (Color online) Reconstructed and calibrated 2D tem-
perature field corresponding to the dynamics of Fig. 1.

for antagonist families. Measurements of 2D temperature
fields as shown in Fig. 3 should provide precious information
to validate future theoretical research in that area.

More strikingly, Fig. 3 shows the presence in the cusp of
the fingers of hot spots where T reaches 25.5 °C, a value
larger than the maximum temperature measured in the front
by the thermocouple and larger than the adiabatic tempera-
ture [9]. This is important information that would have re-
mained unnoticed here if one have had only the single ther-
mocouple signal of Fig. 2. The fact that the 2D temperature
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spectrum is larger than the maximum 7 measured by the
thermocouple shows, in particular, the efficiency of the quan-
titative reconstruction method able to catch the modulation
of the temperature field transverse to the direction of propa-
gation of the front. The hot spots observed result from the
fact that cusps are the zone where fresh reactants are concen-
trated by convective rolls enhancing locally the reaction rate
and hence the temperature. This is clear evidence that the
coupling between exothermic reactions and diffusion and
convective processes can lead to new dynamics, the study of
which will benefit from the optical technique described here.

As a conclusion, we have developed an optical method to
study spatiotemporal dynamics due to combined solutal and
thermal effects in simple transparent reactors. This technique
has allowed us to evidence the presence of hot spots in the
fingering of exothermic autocatalytic CT fronts. It provides
simultaneous measurements of full 2D concentration and
temperature fields which is of importance to analyze buoy-
ancy or Marangoni driven instabilities in both reactive and
nonreactive homogeneous or two-layer systems.
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