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Infrared registration of the flame front of a hydrogen-air mixture

propagating in porous copper
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Using a high-speed infrared camera, the propagation of a flame front in copper foam in hydrogen-air mixtures
was studied. The copper foam of high permeability was used. The flame front propagation velocities and thermal
radiation were determined, and the temperature of combustion products inside porous copper was evaluated.
Microstructural and evaluative energy dispersive X-ray spectroscopy (EDS) of the surfaces of copper wire was
carried out before the experiments and after the passage of the flame front.
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Close attention is paid at present to various applications
of porous elements. Such elements are used to enhance
the combustion efficiency and reduce harmful emissions [1]
and for the design and fabrication of flame arresters and
partitions of various purpose [2]. The use of porous
metallic copper materials [3,4] with high permeability and
low hydraulic resistance to extinguish the flame front is a
relevant objective.

However, porous bodies with large pores may instead
contribute to acceleration of the flame front. This accelera-
tion may lead to supersonic combustion and the formation
of shock waves [5,6]. The laws of filtration combustion
have already been studied in sufficient detail. Combustion
modes have been determined, and criteria for the transition
from one mode to another have been established [7,8].
However, the difficulty of monitoring the flame front inside
an optically opaque porous medium is noteworthy. The
use of a high-speed infrared (IR) camera is one potentially
efficient solution to this problem [9]. The aim of the
present study is to monitor thermal radiation with an IR
camera in the process of combustion of a hydrogen—air
mixture in porous copper, estimate the temperature of
combustion products during propagation in porous copper,
and determine the surface composition of the copper frame.

Experiments were carried out in a channel open at both
ends, which had an initiation section and a diagnostic
section (Fig. 1). The initiation section with a circular cross-
section 20 mm in diameter and a length of 665 mm featured
a combustible mixture supply system and a spark gap. The
energy of initiation by an electrical discharge was 0.1J.
The diagnostic section with a rectangular cross-section had
transverse dimensions 20 x 16 mm and a length of 200 mm.
Side windows made of KI glass provided an opportunity to
record the flame front in the IR range.

The hydrogen—air mixture was prepared in advance in a
vessel 3000 cm? in volume and mixed with a fan throughout

the entire duration of experiments (20—60min). The
volume concentration of hydrogen was 11, 14, and 20%.
When the channel was filled with this flammable mixture, its
left end was plugged. The volume of hydrogen—air mixture
supplied into the channel (1500 cm®) was 4 times greater
than the channel volume. Following filling of the channel,
the plug was removed. Experiments were performed at
atmospheric pressure and a temperature of 295—298 K.
The flame front inside porous copper was recorded by an
Infratec ImageIR 8300 high-speed IR camera. The frame
rate was 2000 frames per second at a resolution of 348 x 44
pixels.

A porous copper sample 90 mm in length was positioned
at a distance of 60 mm from the head of the diagnostic
section. Porous copper with a density of 7 and 15 pores per
inch (ppi) was used. The average fiber size and porosity
were 0.6—0.8 mm and 97% for a pore density of 7 ppi and
0.4mm and 97% for 15 ppi. Figure 1 shows the photograph
of porous copper taken prior to experiments with a Nova
NanoSem 650 scanning electron microscope.

Figure 2 presents a sequence of IR images forming an
X—t diagram of flame front propagation upstream of porous
coppet, inside it, and downstream of porous copper. The
presented results correspond to 11 vol% of hydrogen and
porous copper with a pore density of 7ppi. The scale
indicates the intensity of thermal radiation [W/m?] recorded
by the IR camera. Figure 2 shows separate photographs of
the perturbed flame front upstream of porous copper (1),
the fragmented flame front inside porous copper (2), and
the flame front after passing through porous copper (3).
Time point ty corresponds to the moment of transition of
the flame front from the empty part of the channel into
porous copper.

The change in slope of the tangent to the flame front
trajectory in Fig. 2 suggests that the introduction of porous
copper led to acceleration of the front. The flame front
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Figure 1. Diagram of the experimental setup and photographic image of porous copper with a pore density of 7 ppi.

Table 1. Characteristics of combustion of a hydrogen—air mixture in an empty channel and in porous copper

Hydrogen Pore lo, lcr, To, Ter, K (To — Tcr)/To, AT/To =
concentration, density, ppi W/m? W/m? K % RTo/E, %
vol.% (10]

11 7 65+4 61 +1 1178 1160 + 30 1.44 £0.03 7
15 5242 32+2 1090 £ 80 7.7£0.6

14 7 120 £ 20 76 +4 1415 1200 £ 200 10+£2 9
15 130 £ 10 90 £ 20 1300 £ 300 10£2

20 7 360 + 20 290 + 30 1833 1700 + 100 6.2+0.4 12
15 399+3 270 £ 20 1600 + 100 12.1 £ 0.8

velocities in the diagnostic section were determined based
on the obtained images. This velocity was determined for
the point on the flame front furthest from the spark gap.
Figure 3 presents the variation of velocity corresponding to
the three hydrogen concentrations used. Lower boundary
Umin 15 the minimum velocity in transition of the flame front
from the empty part of the channel into porous copper,
and upper boundary vmax is the maximum velocity on exit
of the flame front from the 90-mm-long porous copper
sample. The flame front velocity is comparable to normal
combustion velocity S The exception to this rule is the
mixture with a hydrogen concentration of 20 vol.%, since
manifold acceleration of the front was induced in it by
porous copper.

The intensities of thermal radiation of combustion prod-
ucts upstream of porous copper |y and inside it | cp, which
are listed in Table 1, were determined based on the average
maximum glow intensity of combustion products. The
introduction of porous copper led to a reduction in radiation
intensity due to heat exchange with the copper frame. When
the hydrogen concentration increased from 11 to 20 vol.%,
the thermal radiation intensity in porous copper grew from
32—60 to 270—290 W/m?.

Temperature Tcr of combustion products in the porous
medium was estimated from intensity | of thermal radiation
monitored with the IR camera. As was demonstrated ear-
lier [11], intensity | of radiation recorded by the IR camera
in the process of hydrogen combustion is related linearly
to concentration np o, of excited water molecules. The
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Boltzmann distribution allows one to estimate temperature
T of these molecules:

hc
MksT )’

where ny,o is the concentration of water molecules and
A = 2.74 um is the vibrational excitation wavelength. Thus,
the following is true in the approximation of complete

T T )

where Ty and Tcp are the temperatures of combustion
in the empty channel and inside porous foam. Table 1
lists temperatures Tp of combustion products upstream
of porous copper in the empty channel calculated from
the energy balance for combustion products with the
use of the IVTANTERMO code (Joint Institute for High
Temperatures, Russian Academy of Sciences). The enthalpy
of formation of water vapor in the gas phase was taken
into account. It can be seen from Table 1, that the
Tcr temperature reduction in porous copper calculated by
Eq. (2) is 7.7-12.1% for a pore density of 15ppi and
1.44—10% for a pore density of 7ppi. These values
corresponded to the maximum temperature reduction in
adiabatic combustion [10).

The mass fractions of elements before the passage of the
flame front and after 20 experiments in the hydrogen-air
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Figure 2.

X—t propagation diagram and photographic images
of the flame front upstream of porous copper (/), inside porous
copper (2), and after passing through porous copper (3). lo —
thermal radiation intensity upstream of porous copper; lcp —
thermal radiation intensity inside porous copper.

mixture (Table 2) were determined by energy-dispersive X-
ray spectroscopy (EDS) performed using a Nova NanoSem
650 scanning electron microscope. EDS analysis was carried
out within surface regions 100 x 200 um in size. It follows
from Table 2 that the passage of the flame front leads to
an increase in the mass fraction of oxygen on the copper
surface, which grows from 2.2 to 2.9% after 20 experiments.
Since the flame front width (0.4mm) is comparable to
the width of fibers of the copper frame (0.4—0.8 mm),
heterogeneous reactions may raise the mass fraction of
oxygen as a result of hydroxyl deactivation on the surface
of the copper frame.

The obtained results suggest that the use of an IR camera
allows one not only to determine the propagation velocity
of the flame front of hydrogen—air mixtures in porous
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Figure 3. Variation of the flame front velocity in porous copper.
S — normal velocity of flame propagation; Umin and Umax —
minimum and maximum flame front velocities in porous copper.

Table 2. Mass fractions of elements before the experiments
M and after (20 experiments) the passage of the flame front

M, (results of energy-dispersive analysis of the surface of porous
copper)

Ml, MZ:
Element mass% mass%
Cu 93.0+0.9 92.0+£0.7
C 29+04 2.8+09
(@) 22+04 29+0.6
Fe 0.5+£0.2 0.5+£0.2
Al 0.3+0.2 0.3£0.2
Si 0.3+0.1 0.5+0.3
Ca 0.2+£0.1 04+0.2
Other 0.6 0.3 0.6 0.3

copper, but also to perform quantitative measurements of
transient thermal radiation and estimate the temperature
of combustion products in the gas phase. The maximum
temperature reduction varied from 1.44 to 12%. The results
of EDS analysis are indicative of the hydroxyl nature of
deactivation on the surface of the copper frame.
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