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The following work is dedicated to assessing the performance of a falling water film as a thermal protec-
tion for composite walls exposed to a radiant flux. For this purpose, an experimental set-up was designed.
The water film is created by spray nozzles and flow rates lie between 120 and 880 kg/hmwall. Different
radiant flux steps from 1 to 5 kW/m2 are tested. Temperature is measured at different locations inside
the composite panel and at the water inlet and outlet. Three different experiments are considered: one
without water film, to serve as a reference, another where the composite and the film are exposed to
the radiant flux without initial heating, and finally a wall at 100 �C before the film is triggered. The film
shows a good capacity to cool and to protect the wall in the range of this study.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

New material research is a very active field. It represents for
many industries the key to economic and energetic optimization.
The maritime sector, for example, is radically impacted with devel-
opments of high performance composite materials. Their use pro-
vides weight, stability and energy consumption improvements to
name but a few. However, despite suitable structural properties,
some particular composites (based on fiber reinforced polymers)
emit toxic fumes when submitted to important temperatures.
Thus, they cannot be allowed for a number of internal applications
for regulatory reason in case of fire [1].

Exception to this regulation can be made if a heat protection de-
vice is proved to prevent combustibility. This has motivated the
present work. It is dedicated to the study of a water film based sys-
tem. The idea is using important heat exchange with liquid film,
when a vertical composite panel is submitted to a radiant heat flux.

Water films are indeed used in many thermal applications. They
are found for example in seawater desalination device [2] or in the
cooling systems of electronic components [3]. They are also used in
the context of fire protection of oil tanks [4], glass [5] or metal
walls [6]. Excellent heat removal properties were exhibited in
these studies even for small water quantities. It is mostly done
by convection. The high value of latent heat also allows a large
amount of energy to be evacuated through vaporization. Finally,
water semi transparency property leads to important radiation
absorption capacity (in the infra-red mainly).

Despite the numerous studies concerning water film, its use in
wall protection is still fairly limited to feasibility analysis and most
often in unidimensional situations. This constitutes a lack of infor-
mation for the development of protection device using water film.

This article proposes an experimental study of the thermal pro-
tection of a composite wall by a water film when submitted to a
radiant heat flux. For this purpose an experimental test bench
was developed. It allows the protection provided by the film along
the wall to be studied for different flow rates and radiative heat
fluxes. In order to cover a wide range of possible applications, three
different experiments are tested when the wall is submitted to
radiation.
2. Materials and methods

2.1. Wall description and instrumentation

In order to investigate the protection provided by the water
film, temperature measurements are made inside the composite
wall. Dimensions are 2.80 m height and 0.5 m width (noted respec-
tively L and l). A cylindrical sample of the material is presented on
Fig. 1. It is formed of a 40 mm thick core in balsa wood and of two
skins of polyester resin and fiberglass (3 mm each) arranged on
both sides. A total of 7 similar cylinders (20 mm diameter) was ta-
ken from a small sample of composite. In such pieces, a proper
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Fig. 1. Photo and schematic representation of a cylindrical sample of the composite
wall equipped with thermocouples. Fig. 3. Photograph of the water injection ramp equipped with three fat spray

nozzles.
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positioning of thermocouples at different depths is made easier.
Holes are drilled in radial direction and staggered in a helical
(45�) in the direction of cylinder length. The depth is limited to
9 mm, to avoid hot junctions alignment. K-type thermocouples
are set in the composite at: 1, 2, 4, 8, 14, 24, 34 and 45.5 mm
respectively to the side exposed to radiant flux. The temperature
‘‘probes’’ are then introduced into the composite test wall in a hole
matching precisely the cylinder diameter. Sealing is ensured by a
similar polyester resin.

Temperature ‘‘probes’’ were distributed on the test wall accord-
ing to the scheme shown in Fig. 2. They are separated vertically
with 42.5 cm (noted e) and spaced alternately horizontally around
the center of the wall to reduce their number, while retaining the
ability to observe three-dimensional phenomena (c = 2.5 cm).
2.2. Experimental apparatus

The test bench developed for this study is schematized in Fig. 2.
Water is supplied by a centrifugal pump from a constant level tank.
Flow rate is measured through a Coriolis flowmeter. The water film
is created at the top of the wall by three flat spray nozzles (LECH-
LER, see Fig. 3). It is driven to the bottom of the plate by gravity.
Water temperature is measured in the tank and also down the wall
in the center of it (see the thermocouple position in Fig. 2).

The radiant heat flux is produced by 60 heating elements
(250 W each) made of 904L stainless steel. The emissivity of such
alloy is 0.9 at 200 �C and 0.97 at 500 �C [7] and can thus be consid-
ered to behave like a black body. A reflecting panel located behind
aims to concentrate most of the radiation towards the test wall.
Deflectors are used to avoid water projection on electrical connec-
Fig. 2. Schematic view of the experimental test bench.
tors (see Fig. 4). The assembly is placed on a pivot. Note that in the
later picture, heating elements are not oriented toward the test
wall to facilitate the visualization. A sliding steel panel placed be-
tween the heating elements and the test wall is used to create
steep steps of radiant heat flux. Finally, radiant heat flux density
is measured on the wall by a CAPTEC fluxmeter and the corre-
sponding surface temperature of the heating elements was mea-
sured by a thermocouple.

Fig. 5 presents the heat flux density received by the wall for dif-
ferent electric powers. Values are displayed as a function of height
in the center of the wall only. The corresponding surface tempera-
ture of the heating elements are respectively 261, 340, 366 and
467 �C when the mean heat flux increases. Variations of radiant
heat flux density at the top and the bottom of the wall can be no-
ticed. They can be logically interpreted as a consequence of the
view factor which decreases at these points. Nevertheless, for high
radiant heat flux densities, fluctuations can be highlighted in the
center of the wall. They can be explained by local differences in oh-
mic resistances of heating elements. They have been measured and
standard deviation is non-negligible: 5.5 X.

This test bench enables us to study the effect of a water film
flowing on a composite wall exposed to a radiant heat flux. Ten-
dencies at high heat fluxes may be slightly influenced by the radi-
ant heat flux non-homogeneity, but material conductivity tends to
soften this effect.
2.3. Experimental procedure

Three different experimental categories were carried out. For
each of them, the radiant heat source is used in steady state. This
means heating resistances are powered at first and only once they
Fig. 4. Photograph of the experimental test bench.
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are thermally established, measurements start. The wall is thus al-
ways submitted to a step of constant heat flux when the sliding pa-
nel is taken off.

� The first type of experiment aims at characterizing the wall
response to an echelon of radiant heat flux. Temperature is
measured in the wall. Once it reaches a steady state, experiment
stops.
� The second type of experiment is performed with a pre-estab-

lished water film on the wall. Thus the fluid just prevents the
plate rise in temperature. Protection phenomenon is thereby
uncoupled from the cooling aspect. Experiments start when
the wall and the film are in steady state (they may have differ-
ent initial temperatures). They are then submitted to a step of
heat flux until an established state is reached, that is when
experiment stops.
� Finally the third kind of experiment is intended to study the

coupling between cooling and protection. The wall is thus sub-
mitted without water film to an echelon of flux. When it reaches
a particular temperature (100 �C was arbitrarily chosen) the
water film is triggered. Once more experiments last until the
steady state is attained.

2.4. Results, treatments and normalization

Electric signals obtained by the thermocouples are submitted to
different noise sources (electric, magnetic. . . ). It was thus decided
to filter them to estimate the temperature accurately. A second or-
der Butterworth filtering is used. TPR is then defined as the mean
temperature once the steady state is reached. The characteristic
time s is defined as the time required by the system (wall or wall
and film) to reach 63% of TPR (see Fig. 6). This definition is arbitrary.
It was taken by analogy with a first order system. It allows different
configurations to be compared regarding the time needed to reach
an established state. It is measured on the unfiltered data as filter-
ing induces a time offset.

Power accumulated by the water film (Pth) is calculated using
the water mass flow rate (Qm), water heat capacity (C) and film
temperature measurements in the tank (Ttank) and at the bottom
of the plate (Tb).

Pth ¼ Q mCðTb � T tankÞ: ð1Þ
As flow rate is taken constant, it is supposed that the mass loss
due to evaporation is relatively small. This is coherent with the
temperature reached by the film which is maximum 30 �C. Finally,
a normalization of wall temperatures was necessary to give the
best comparison between experiments. Thus temperature mea-
sured at the top of the wall is chosen to be zero in each experiment.
Other measurements down the wall are given relatively to this
temperature, so that they are noted DT. Comparisons are mainly
done regarding temperature evolution along the plate. The abso-
lute value of the temperature in the tank and at the top of the wall
(Tref) are provided in Table 1, to enable the real values of tempera-
tures to be calculated.
2.5. Wall characterization

In order to characterize the behavior of the wall in a simplified
configuration, an experiment was performed with a dry wall ex-
posed to a step of radiant flux It brings some preliminary results
that will later be compared to the results with the water film.

The temperature profile in steady state is presented as a func-
tion of height on Fig. 7. The values presented are measured by the
thermocouples at 1 mm depth. Due to important sensitivity to
heat, the composite wall has been tested for a single heat flux
(1 kW/m2). It would have been damaged for higher heat fluxes.
Large temperature variations can be noticed with height (between
50 and 85 �C). Values are significantly correlated with the incident
radiant heat flux. Although the temperature at the top of the wall
is larger than at the bottom, while the radiative flux has the oppo-
site behavior. This finding is possibly related to the stack effect.
Natural convection thus may enhance the heating of the upper
parts.

Another way to evaluate the behavior of the wall is the charac-
teristic time defined in Section 2 and that is also presented in Fig. 7.
Significant variations can be noted, extrema are 260 and 710 s. This
could be linked to material properties evolution with temperature.
Even though temperature variations are relatively small to explain
such results. Therefore, it can be assumed that the characteristic
time is modified by the presence of natural convection phenomena
mentioned above (stack effect). The aforementioned natural con-
vection seems to have a great effect on the results for the dry wall.
It should not be relevant though in the presence of the water film.
Indeed this phenomenon will be displaced at the free surface of the
flow and will be reduced due to the surface renewal.



Table 1
Initial water temperature and reference temperature for each experiment on the composite wall.

Heat flux densities (kW/m2)

1 2,1 3,4 4,9

Q (kg/h mwall) 600 300 150 120 600 450 390 300 600 450 390 330 690 630 570 450
Twater (�C) 21,7 16,4 18,5 19,2 21,8 15,8 14,1 17 22,0 12,9 13,7 15,7 12,7 12,7 13,4 13,9
Tref (�C) 21,4 16,9 18,8 18,6 21,6 15,8 14,7 17 21,9 13,5 14,2 16,6 13,0 12,9 13,7 14,2
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Fig. 7. Temperature profile in steady state and characteristic time for an unpro-
tected wall submitted to a 1 kW/m2 mean radiant heat flux as a function of the
height.
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2.6. Film drying

While performing experiments with the pre established water
film, it has been noticed that in some particular configurations,
after exposure to the radiant heat flux, the water film tended to
dry in some small area (see Fig. 8). Evaporation is probably not
the main cause of this mechanism as the temperature is low.

The phenomenon begins with a significant reduction in the
thickness of the water film. It is initially localized in a very small
area (about a centimeter square). Then, this zone extends down-
ward and upward (symbolized by t+ on the scheme). It finally
Fig. 8. Visual description of the unwetting phenomena.
reaches the top and the bottom of the wall. This observation sug-
gests that the film becomes unstable under certain conditions of
radiative fluxes and flows. This phenomenon was also observed
in the case of a film heated by IR radiation flowing over a horizon-
tal wall [8]. They have shown that this mechanism is triggered by
Marangoni convection. A similar process may be involved here.
Surface tension gradients appearing at the film surface (resulting
from the radiant heat source) could lead to fluid migration and
thus thinning of the film. Once this starts, the thinner zones of
the film will tend to heat up more and sustain the mechanism. Fi-
nally the area increases in the vertical direction only as on the sides
it is bounded by the film forced convection.

Experiments were conducted to estimate the appearance of this
phenomenon for different flow rates and heat fluxes. The mini-
mum flow rate value for the film to remain stable is depicted on
Fig. 9. It is qualified as ‘‘critical’’. Radiant heat flux seems to affect
the ‘‘critical’’ flow rate in a quasi-linear trend. Those values are ta-
ken as the lower limit for the flow rate in our experiments. This
choice allows us to compare experiments that involve similar
physical phenomena. However, each radiant heat flux has now a
different flow range.
3. Results and discussion

3.1. Pre established film

As mentioned in the experimental procedure, the following re-
sults were obtained with an echelon of radiant flux on the wall and
the water film initially in a thermally established state.

Fig. 10 shows the temperatures as a function of height (Flow
rates are expressed in kilograms per hour per meter of wall width
(kg/hmwall), to account easily amounts of water necessary for the
wall protection). They are measured at 1 mm depth. The tempera-
ture reference is presented in Table 1. Radiant heat flux density is
4.9 kW/m2 and different flow rates are tested. Temperature profiles
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Fig. 9. Maximum unwetting flow rate versus radiant heat flux.
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appear to be quasi-linear. Some small fluctuations around the gen-
eral trend can be noticed. They can be explained by the staggered
arrangement of temperature sensors in the wall. As expected, the
higher the flow rate is, the lower the temperature. Similar results
were observed with lower heat fluxes but are not presented here
for reasons of brevity. Regarding the absolute values, wall temper-
ature reaches a maximal value of 27 �C. At 1 kW/m2, the maximum
temperature reached is 32 �C for 120 kg/hmwall. Note that 85 �C
was obtained without water film in the same conditions. Water
film thus appears to be very efficient to protect the wall. It gives
a sharp decrease in temperature for a relatively small amount of
water.

Another interesting value can be derived from these experi-
ments. Fig. 11 shows the characteristic time depending on the
height. The profiles are almost constant with height. Values ob-
tained at the top of the wall are quite disparate though. This result
is certainly related to the amplitude of temperature variation. In-
deed this area undergoes only very small temperature variations
that are of the same order of magnitude as the measurement noise.
The results are presented for information purposes, but will be ex-
cluded from the analysis. In general, all the profiles converge
τ [s]

H
ei

gh
t[

m
]

0 50 100 150 200

0

0.5

1

1.5

2

2.5

3

Q = 690 kg/h mwall

Q = 630 kg/h mwall

Q = 570 kg/h mwall

Q = 450 kg/h mwall

Fig. 11. Characteristic time profile for different radiative heat fluxes with water
film as a function of the height for 4.9 kW/m2.
around 25 s. For the wall without water film we obtained around
800 s, which is thirty time longer. Similar results were observed
at lower heat fluxes. A possible understanding of this could be
the following: whereas natural convection takes time to be fully
developed in the dry wall case, convection is forced by the water
film since the beginning of the experiments. Thus only the temper-
ature of the film and the wall varies with time (natural convection
at the film surface is assumed to be negligible as temperatures var-
iation remains low). Besides, without water film, the physics
changes along the experiments, thereby extending the transitory
state.

Instead of studying separately the experiments for different
radiant heat fluxes and flow rates, we decided to adopt the repre-
sentation shown on Fig. 12. The temperature at the bottom of the
wall (This is also the higher temperature, since the profile is linear
and increasing) is presented versus the flow rate for every experi-
ments realized. This helps to understand the influence of the flow
rate on the temperature reached in steady state. The comparison
between the different radiant heat fluxes is also made easier even
though the range of flow rate is different due to drying of the film.
In the case of low heat fluxes, temperature seems to be inversely
proportional to the flow rate. It is thus possible to reduce the wall
temperature by increasing slightly the flow rate in a first time,
even though, the horizontal asymptotic behavior leads to less effi-
ciency when the flow is important. Concerning the largest fluxes
(3.4 and 4.9 kW/m2), the comportment is not as monotone as pre-
viously. A change seems to occur passed a certain flow rate. See, for
example the curve at 4.9 kW/m2 for flow rates of 600 and 630 kg/
hmwall. After a certain flow value, temperature decreases more
promptly. It could result from a change in the physics, leading to
protection enhancement.

These results are to be analyzed together with the total power
absorbed by the water film presented in Fig. 13. Indeed, if the wall
temperature decreases, it can be either because the film absorbs or
dissipates a greater amount of energy or due to a decrease of water
temperature by increasing the flow rate. For weak heat fluxes, the
power is only slightly dependent on the flow rate. The decrease in
temperature of the wall can therefore be mainly attributed to using
higher water quantity. Therefore temperature is reduced even if
the power absorbed is still constant. For higher heat fluxes, influ-
ence of flow rate on the power is more important. A relatively con-
stant power value is observed at first. It then rises and finishes
decreasing for important flow rates.
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This can be explained by semi-transparency of water (absorp-
tion coefficient from [9] is presented on Fig. 14). Indeed, its absorp-
tivity depends strongly on the wavelength of the radiation. It is
almost transparent in the visible spectrum and tend to be opaque
in the IR. After 3 lm the film can be considered as entirely absorb-
ing the radiation at its free surface. Under 3 lm, according to Beer–
Lambert law, the absorption of radiation is function of the film
thickness.

Also in Fig. 14, the spectral distribution of the black body radi-
ation at the surface temperature of the heating elements is pre-
sented. Assuming that the heating elements behave like a black
body (see Section 2.2), it appears that, the spectral distribution of
radiation tends to deviate to shorter wavelength as heat flux in-
creases. For a given heat flux, increasing the film thickness can thus
provide better absorption in the range 0–3 lm. The relative
improvement potential can be estimated by integrating the emit-
tance from 0 to 3 lm over the emittance integral over the whole
spectrum. By doing so we obtained respectively 2%, 4.3%, 7.8%
and 12% as the radiant heat flux increases. These fractions are
coherent with the relative power increase observed on Fig. 13 as
the flow rate increases. Increasing the flow rate that is also increas-
ing the film thickness leads therefore to larger power absorption by
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the water film in the case of high radiant fluxes. Hence the wall
temperature decreases faster. Finally for the highest flow rates,
the film thickness is high enough to absorb much of the radiation
and power is dissipated by interfacial transfers.
3.2. Film triggered on the wall at 100 �C

In the experiments presented previously, only the aspect of pro-
tection is considered. The water film prevents the wall from reach-
ing too high temperatures, using mainly convection and water
semi-transparent properties. However, as the wall is not exposed
to the radiant source without water there is no effect of cooling
of the wall induced by the film.

The following experiments aim to fill up this gap. The wall is
first submitted to an echelon of radiant flux. The water film is trig-
gered when the wall reaches 100 �C at x = 2.55 m. To ensure a quick
wetting of the wall, experiments were made at higher flow rates
than previously, 600, 752 and 880 kg/hmwall are used for each radi-
ant heat fluxes excepted 1 kW/m2 because it could not bring the
wall at the triggering temperature (see Fig. 7). For better readabil-
ity, temperatures are now presented in absolute value. Fig. 15 rep-
resents the evolution versus time of the temperature of the
material at middle height (1.27 m) for different flow rates. Heat
flux density is 2.1 kW/m2. Three different thermocouples depths
are considered: 1, 14 and 45.5 mm respectively to the face exposed
to radiation. Curves have been off-setted in order to have a similar
film triggering time. Differences in the first moments can be no-
ticed. It corresponds to the phase when the wall is exposed to
the heat flux without water film. The various experiments do not
require the same exposure time to reach the criterion for triggering
the film. The curve represented by dashes (- - -) reaches its maxi-
mum temperature after a less important heating time than the so-
lid line (—). These differences could be explained by variations in
initial temperature during the various experiments. This behavior
can also be observed in Fig. 16, which isolates the temperature pro-
files in the material for the same probe at different times. The pro-
files at 400 s (the film is triggered at 720 s) show that the
temperature differences may be of the order of 10�C. Also near
the unexposed face (between 30 and 46 mm), temperature differ-
ences are reversed from those close to the exposed face. This obser-
vation tends to strengthen the fact that the higher the initial
temperature is, the faster the wall reaches 100 �C. As a result,
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during the various tests, the wall has not accumulated the same
amount of energy for similar heat flux density. For this reason anal-
ysis of these results is only focused on trends.

It can be noted in Fig. 15 that the cooling is very fast once the
film is triggered. The wall temperature drops sharply to converge
towards values inversely proportional to the flow rate. The impact
of the film on the temperatures inside the material is off-setted by
inertia effects. A phase shift can be observed according to the depth
of the thermocouple considered. By comparing these results in
terms of temperature profiles (see Fig. 16), it can be observed that
80 s after the start of the film (profiles at 800 s), the temperature of
the face exposed to the radiation is lower than the temperature in-
side the material. In other words, the cooling of the wall by the
water film is so fast that within seconds after the start of the film,
heat transfer is partially reversed. After a quarter of an hour, the
system is almost in a steady state.

Same remarks can be made for higher heat flux shown in Figs. 17
and 18. There are however some slight behavior differences. Indeed,
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Fig. 17. Evolution as a function of time of the temperature of the wall at middle
height for different flow rates and depths. Heat flux is 4.9 kW/m2.
as the radiant heat flux is higher, the time required to achieve the cri-
terion for triggering is smaller. Then fewer differences can be ob-
served between the various tests regarding the heating phase and
corresponding temperature profiles. On the other hand the material
has accumulated less energy, the time required for the establish-
ment of the system wall and film is much shorter.

4. Conclusions

In this article, heat transfer in a water film exposed to a radiant
flux was studied experimentally. The emphasis was put on assess-
ing the water film performance as a thermal protection for a com-
posite wall. For this purpose, an original apparatus was set up. The
radiant heat flux was produced by heating resistances. Flat spray
nozzles allowed the film creation. Temperature measurements
were performed by thermocouples inside the composite wall as
well as in the water. Given the results, it appears that the wall
can be maintained at low temperatures (around 30 �C) when ex-
posed to heat fluxes until 5 kW/m2. The temperature profile is thus
quite linear with wall height. Obviously this can be achieved under
certain water flow rate conditions. Experiments were performed in
the range 120–700 kg/hmwall. A major limit was found for low flow
values due to partial unwetting of the wall, probably related to a
thermo-capillary effect. This constitutes the main drawback of
the system. Temperatures are globally still acceptable in the wet-
ted parts but tend to increase dramatically in some small spots. Be-
sides, the spectral distribution of radiation seems to be an
important parameter to estimate the protection. As wavelengths
near the visible is much less absorbed by water, flow rate must
be in proportion increased for the highest radiant fluxes. Finally,
experiments were performed with an initially heated wall. The
water film produces a quick cooling of the wall.
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