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We studied a lean propane-butane-air mixture ascending through a round hole of 10-mm diameter, covered
by a brass mesh as a single element of the multicellular flame. Gas temperature was measured by the CARS method
(Coherent anti-Stokes Raman Scattering) with original software for spectra processing. The vertical and horizontal
velocity components were measured by the PIV method (Particle Image Velocimetry). Distributions of heat release
intensity and heat fluxes, which cannot be obtained in direct measurements, were estimated using balance relationships
in the energy equation. The results were compared with the data obtained for the rich mixture flame in experiments
with the same burner. Convective and molecular heat fluxes were considered separately. It was shown that when
the rich air mixture with propane-butane burns, the heat flux caused by thermal conductivity reach a maximum at
the center of the heat-release zone. Their intensity is substantially lower in comparison with the convective fluxes
behind the flame front, which in turn are almost twice as weak as the convective flux in the flame of a lean mixture.
The maximal intensities of heat release in the flame of a rich mixture are lower than in the lean one.

Key words: cellular flame, Particle Image Velocimetry (PIV), Coherent anti-Stokes Raman Scattering (CARS),
balance method.

Introduction

Regularities related to heat fluxes at gas motion without chemical interaction with
the channel walls are widely represented in various publications levels. Experimental studies
are known [1], where the data on heat fluxes are obtained not only on the wall, but also near it.

Heat generation and its transfer are the most important features of the combustion pro-
cess. To describe heat transfer it is important to know the value and distribution of heat fluxes
in every specific case. As a result of solving the integral relations for the reacting boundary
layer as well as in the course of numerical simulation, distribution of thermal parameters in
a chemically reacting boundary layer was obtained. Reviews of publications dealing with
the study of this process can be found in [2, 3].

In numerous experimental studies in the flows with combustion, heat transfer is considered
at chemical reaction of substances in various aggregative states. Heat transfer of solids such as
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polymethyl methacrylate was studied in [4—6], burnout of the walls of a graphite channel was
described in the monograph [7], evaporation and combustion of liquid fuel were considered
in [8—10], injection of gaseous fuel, including hydrogen, was studied in [11-13]. These studies
are usually associated with obtaining data on heat fluxes on the channel walls, confining the flow
of a chemically reacting gas. In this case, the value of heat fluxes is estimated either from
the temperature profiles [6] or by the measurements of substance fluxes on the wall [7-10].
In experiments on ethanol combustion with the formation of a cellular flame front [14, 15], it was
shown that three-dimensional large-scale cellular structures increase significantly (up to three
times) the intensity of mass transfer on the channel wall as compared to substance transfer in
a chemically reacting laminar boundary layer. In these works, there are no data on distribution of
heat fluxes at combustion in the volume of a moving gas. The authors do not know the experi-
mental studies, where data on energy fluxes far from the walls, including the vicinity of the cel-
lular flame front, would be obtained. Such information is useful when analyzing stability of com-
bustion and solving the problems of flame propagation and flameout.

For the gas flow with chemical transformations, heat release is the most important pa-
rameter and the origin of transfer processes. It was noted in [16] that the problem of determin-
ing the rate of heat generation is complicated by the necessity to know the components of
the mixture, occurring chemical reactions (direct and reverse), and their rate. The amount of
empirical information on heat release is limited. In [17], the intensity of heat release during
chemical reaction was investigated. It was shown that it varies widely depending on organiza-
tion of the combustion process: from 0.01 to 6 GW/m’. Under laboratory conditions, the heat
release rate was approximately 350-400 MW/m’® [18], and its estimated value in fires was
1.1 MW/m’ [19].

The temperature gradients, initiating heat transfer, are formed during heat generation.
The characteristic size of the heat-release region (the half-width of the temperature gradient
profile at its half-height) is ~ 0.5 mm according to the data of [20]. In experiments of [21],
the half-width of the temperature profile was up to 2 mm. Thus, the known diagnostic methods
with spatial resolution of about 0.1 mm can be used for the experimental study of heat transfer
processes. For empirical data processing, it is possible to use the transport equations, including
temperature gradients, velocities, and thermophysical parameters presented as a grid with
a step of ~ 0.1 mm.

The purpose of this work is to obtain the data on distribution of heat release and heat
fluxes in a vicinity of the front of chemical reaction relative to the cellular flame of propane-
butane-air mixture.

1. Object of research and equipment

The object of research is a cellular flame formed at combustion of the propane-butane-air
mixture in an ascending flow (Fig. 1). In the general case, the flame is non-stationary, and
the moving cells in it are easily displaced and deformed when the probes are introduced into
the combustion zone. In [22], it was shown that with a decrease in the initial jet diameter,
a single stationary cell can be distinguished, whose characteristics are similar to the elements
of multicellular flame. In our study, a burner with an outlet diameter of 10 mm was used.
A mesh of brass wire with the 0.15-mm diameter and cell size of 0.3x0.3 mm was soldered to
the edges of the hole. In front of the cavity outlet with the diameter of 27 mm, there were three
layers of the same mesh. The equivalent ratio in the rich mixture was @ = 1.4-1.6. With
a further decrease in the share of propane-butane to ® = 0.9, the flame front turned to another
stationary shape. By the analogy with rotating chemically reacting jets [23], these two shapes
of flame, on the basis of appearance, are conventionally called M-flame (for a rich mixture)
and V-flame (for a lean mixture). In experiments on heat transfer, domestic liquefied gas from
a balloon was used. Composition of the combustion products and composition of the initial
mixture were not measured. Equivalent ratio @ in the usual form [24] was estimated as
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Fig. 1. Cellular flame in the ascending flow of rich propane-butane-air mixture
(equivalent ratio ®@ = 1.4) above the hole of 24-mm diameter, covered by a brass mesh.
Variability of the flame shape and known visual effect of “a drop on the ceiling”.

the ratio of the volume flow rate of combustible gas and air to the corresponding stoichiometric
ratio under the assumption that propane is the main component of the fuel.

The local characteristics of stationary two-dimensional V-flame of lean propane-butane-
air mixture (® = 0.9, Re = 543, the ratio of propane-butane and air flow rates (ml/s) was 4/110)
were studied to understand the effect of combustible mixture dilution on the structure and heat
transfer in a cellular flame. In [25, 26], propagation of a similar (tulip-like) flame inside
a channel was studied. The detached V-flame of an ascending jet in the open air can be consid-
ered as a type of tulip-like flame front. It can be seen in Fig. 2 that in contrast to the shape of
the rich mixture flame, a lean mixture flame does not form a conical surface above the flame
front. When analyzing the experiments (see Fig. 3), we used the primary data obtained for
the M-flame of rich mixture on the same burner (® = 1.4, Re = 370, the ratio of propane-
butane and air flow rates (ml/s) was 4/75).

To obtain experimental data on the velocity and temperature fields in a lean flame, we
used the same optical equipment as in experiments with a rich mixture [22]. The gas flow with
submicron particles was twice illuminated with laser light, and two consecutive images were
taken. The time period between pulses was 23 ms. The local flow velocity was calculated by
a change in the position of particles in these images by applying the cross-correlation algo-
rithm. Data were collected and processed by a PC with ActualFlow software. Without combus-
tion, velocity measurements at the hole outlet (at distance y ~ 1 mm from the mesh and at a dis-
tance from the jet axis » <4 mm) showed that the flow is uniform over the radius with accuracy
AVIV = 10 %. The profiles of longitudinal
velocity of gas moving away from the wall
are presented in Fig. 4. It is seen that as
the flame front approaches (marked by
the symbols), velocity component V' some-
what decreases, and at a distance of ~8 mm,
it reaches the highest values. The gas velo-
city increases with increasing radial coordi-
nate of the glowing flame surface.

TV-camera

I Air  Powder
Fig. 2. Flame of lean mixture (V-flame). E
: A
PIV scheme for measuring 2D field
of gas velocity. Computer
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CARSspectra
software Spectrograph

Fig. 3. Flame of rich mixture (M-flame).
Scheme of the CARS method for measuring
the local temperatures.

To measure the gas temperature, the CARS (Coherent Anti Stokes Scattering) method,
based on registration of radiation excited in the intersection region of laser beams with speci-
fied properties, was used. To measure the temperature, we recorded the spectra of nitrogen in
the initial mixture, in the flame front, and in the combustion products. Two beams in Fig. 3
(light gray arrows) with wavelength of 4 = 532 nm and energies of 12 mJ/imp and a beam of
broadband radiation with 4= 607 nm (black arrow) of the tunable laser were focused and inter-
sected according to the “boxcars” scheme. A measuring volume of 0.1x0.1x1 mm was formed
at the intersection. The CARS beam in the measuring volume, spatially separated from the la-
ser beams, was focused on the inlet slit of the DFS-24 double monochromator with a multi-
channel optical spectra recorder. The temperature was calculated according to the shape of
the spectrum using the CARSspectra software [27].

In Fig. 5, the triangular symbols show the results of CARS measurements of the V-flame
temperature for two extreme values of the radius of the burning lean mixture, when » = 0 mm
and » = 6 mm. Intermediate values are represented by the profiles, used then in the balance
method. The calculation results were smoothed by the B-spline. It can be seen that, in fact,
the glowing flame front (its position is marked with the square symbols) in the lean mixture is
an isothermal surface 7~1100+ 50 K. The temperature gradients are important, when pro-
cessing experimental data with the use of the transport equations. The value of gradients
(~ 1700 K/mm for » = 6 mm in Fig. 5) was close to experimental data of [21], where it was
~ 1800 K/mm (diffusion combustion of a methane counter-jet, which was studied by the method
of spontaneous Raman scattering).

According to comparison of data presented in Figs. 4 and 5, the rate of temperature in-
crease from the initial to the final value exceeds significantly the rate of an increase in the gas
velocity. Gas heating is faster than its expan-

Bt V-flame pme sion, and this can be a reason for a local in-
25 P crease in the static pressure behind the lean
flame front. The presence of local areas of
2.0
1.5 A
Fig. 4. Field of longitudinal velocity component
1.0 __ p at combustion of lean propane-butane-air mixture.
0.5 T T T T ! Symbols indicate the position of the flame contour;
0 2 4 6 8 y.mm lines — profiles for =0 (1), 1 (2), 2 (3), 3 mm (4).
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Fig. 5. Temperature profiles in the flame of lean 1K

propane-butane-air mixture. 2000 4
Square symbols indicate the position of the visible
flame contour, triangles — results of CARS- 1600 4
measurements for » =0 mm and » = 6 mm;

lines — profiles for » = 0 mm (/), 1 mm (2), 1200 4
2 mm (3), 3 mm (4), 4 mm (5), 5 mm (6), 6 mm (7).

800
increased static pressure near the front of
the cellular flame was noted in [28]. The value
of this parameter by the estimates of [22] is
approximately 0.5 Pa. 0 2 4 6 8 ».mm

400

2. The objective of research
and method of processing the measurement results

The main objective of the study was to assess the intensity of heat transfer in the vicinity
of laminar flames of type M and V. By their characteristics, they are close to the multicellular
flames of the ascending jets of rich and lean propane-butane-air mixtures, and this makes it
possible to determine the effect of the degree of combustible gas dilution on heat flux distribu-
tion. The intensity of heat fluxes was calculated by the experimental data on local temperature
and velocity profiles. In the course of research, the parameters of gas at combustion of lean and
rich mixtures were compared and correlated with the position of characteristic regions in the vi-
cinity of the combustion zone, where the heat release maximum is formed and where the glow
visualizes the flame surface.

To process the obtained experimental data, we applied the balance method, which was
used to estimate turbulent stresses [9], rates of substance formation [29], and rates of heat re-
lease [22]. In this method, the measurement results are presented in the form of a two-
dimensional grid of the local gas parameters depending on the radial coordinate and distance
from the burner cut with a step of 0.125 mm so that two velocity components and temperature
would be known at each grid point. The local values of heat capacity, viscosity, and heat con-
ductivity were additionally determined from the temperature. Further, the finite differences of
parameters at the grid nodes were used in the transport equations instead of their derivatives.
After each differentiation procedure, the calculation results were smoothed by the B-spline.

The possibility of obtaining the data on heat fluxes in the gas volume far from the wall
was checked when processing the experiments in which turbulent heat fluxes were measured
in a two-dimensional boundary layer without burning. The authors of [1] determined the heat
fluxes by measuring fluctuations of temperature 7' and velocity U’, i.e., from expression

qT =pCpU'T'. In the same paper, data on distributions of average values of temperature 7

and velocity components U and V' were presented. We use the above method to find the same
turbulent heat fluxes using the balance method, i.e., substituting averaged values 7{(x, y),
Ul(x, y), and V(x, y) into the energy equation with subsequent integration:

Yy
qT=j chUa—T+chVa—T—3 2Ly 2P . (1)
i) Ox oy oy\ Oy Ox

Experiments of [1] were carried out in an air flow, whose velocity increased along
the length of the channel. Results of integration (1) and results of direct measurements of
the turbulent heat fluxes by velocity and temperature pulsations are compared in Fig. 6.

The line shows integration results for acceleration parameter Kr = (x/U,)-(dU,/dx) = 0.15- 10°
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Y5 ! Fig. 6. Comparison of results of determining

104 * 2 the turbulent heat flux by the balance method (7)
' and direct measurements [1] (2).

0.8 1

0.6 during processing of the experiment denoted
' as 040175. The symbols correspond to qT

0.4 4 data determined from the joint measure-

0.3 ments of temperature and velocity fluctua-
' tions. The abscissa axis represents the value

. ) of the turbulent heat flux ratio to the wall

0 1.0 g%q,

flow ¢' /gy, , which was determined based
on the data on Stanton number g = St x
x pyUy Cp-(T, — T,) for longitudinal coordinate x = 1473 mm and boundary layer thickness 6=
=26 mm. The figure shows that the balance method can be applied for determining the heat
fluxes in the volume of moving gas without chemical transformations.

To process experimental data in an axisymmetric flow with combustion, in the first
approximation, it is proposed to use the energy equation, where Lewis—Semenov number

isLe=1:
NG 1 ApGT D) 2,012/, 12Ty g
oy r or oy\ oy ) r or or

here, V and U (m/s) are components of the velocity vector in direction y (m), i.e., upward the jet axis
and along its radius » (m); 7 (K) is the local temperature of the gas mixture as a function of co-
ordinates 7{(x, y) in the flame, W(W/rn3) is heat release rate, Cp (J/kg/K) is heat capacity, p (kg/m3)
is density, 4 (W/m/K) is heat conductivity, u (kg/s/m) is the dynamic viscosity. Depend-
ence of thermophysical parameters (Cp, A, 1) on temperature was taken the same as that for
nitrogen.

For the used PIV equipment, the accuracy of data on longitudinal velocity component V
was ~5 % and it was higher than the accuracy of determining horizontal component U. There-
fore, in this work, instead of experimental data, we used the values of U calculated from
the measurements of longitudinal component V" by the continuity equation in cylindrical coor-
dinates:

o(rpV) _ d(rpU)
Oy or

3)

Density p was calculated by the temperature from the equation of state taking into account that
in experiments, the molecular weight of the mixture changes insignificantly: p = p, - (7, /T),
0o =121kg/m’, T, =298 K.

When integrating, differentials were replaced by finite differences (the step in both coor-
dinates was 0.125 mm). Measurements of the radial velocity, performed using a laser Doppler
anemometer, confirmed the results of calculating the U component by equation (3). To obtain
heat fluxes in the vicinity of a two-dimensional flame front from (2), the integration procedure
was replaced by summation of finite differences.

3. Results and discussion

When burning in a laminar flow, the physical-chemical transformations are determined
by the molecular transport processes that occur against the background of the general convec-
tive movement of gas. The study of relationship between heat fluxes of different natures is of
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particular interest: between the values of convective flux, reflecting energy transfer at direc-
tional displacement of a continuous medium, and molecular flow, which transfers heat through
thermal conductivity inside a moving reacting gas. Within the framework of this task, the ques-
tion about the influence of initial composition on the ratio between different transfer mecha-
nisms arises, i.e., about data acquisition for the lean mixture and comparison with thermal pa-
rameters of the rich mixture.

To present the material, it is advisable to present expression (2) in a brief form. The terms
of the left-hand side, reflecting the energy transfer through convection due to the directional
movement of gas are denoted as C, and the terms of the right-hand side associated with energy
dissipation due to heat conductivity are denoted as M. Thus, the energy equation has the form
C =M + W, where

o-(HeGI N LA pGI ) 2T, 12, )
oy r or oy\ oy ) r or

Below, there is a brief overview of data, which reveal the connection of the reacting flow
parameters with the characteristic zones of the flame front: the position of maxima of the lumi-
nous region contour and heat release.

3.1. Heat release rate

In the present work and studies [22], the balance method in the energy equation was used
to analyze the heat transfer processes. Based on the experimental data, the terms of equation
(2) were determined, except the unknown, which was determined then from the condition that
the left- and right-hand sides of this equation are equal, i.e., W = C — M or

y-(HeGT Y L 3rpGr U] [2300), 1.0, 120
Oy r or oy\ oy ) r or or

It can be seen from the above expression that it is not possible to obtain the value of heat re-
lease rate W without data on the gas velocity components, i.e., data about organization of
a specific combustion process. The diagrams of changes in heat dissipation obtained in experi-
ments with burning rich [22] and lean mixtures at » = 2 mm are presented in Fig. 7. The maxi-
mal heat release rate (500 £ 50 MW/m”) in the lean mixture is higher here than in the rich mix-
ture, apparently due to more complete combustion.

3.2. Energy transfer by heat conductivity and convection

The data obtained allow us to analyze the relation of mechanisms of convective and mo-
lecular heat transfer. The energy fluxes (MW/m?) in the flame of rich and lean mixtures ob-
tained by integrating the left- (C) and right- (M) hand sides of the energy equation containing
thermal conductivity are compared in Fig. 8. Heat fluxes are the vector quantities, therefore,
the minus sign is used for g, as in the Fourier law. A negative value of projection of
the molecular heat flux means that it is directed against the temperature gradient, i.e., towards
the original mixture, and it is spent on its

heating: 600 1 —!
------ 2
£ 400 -
Fig. 7. A change in heat release with E
a distance from the wall for the rich w200 1
and lean propane-butane-air mixtures. =
Symbols indicate the position of the visible
flame contour; / — M-flame, 2 — V-flame. 0
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q,» MW/m? g MW/m?

0.1 i | o

0.5 /
4
04 T — ]
i 2
4().2 T L | T 1 4(). S T T T 1
0 2 4 6 ¥, mm 0 2 4 6 . mm
Fig. 8. Projections of energy fluxes caused by molecular () and convective transfer (b)
on the jet axis for » =2 mm at combustion of rich and lean propane-butane-air mixtures.
Symbols indicate the position of the visible flame contour, arrows — region of heat release;
1 — M-flame, 2 — V-flame.
. . y
gc=[C-dy q;=—[M-av. (4)
0 0

It can be seen in Fig. 8a that transfer by thermal conductivity becomes maximal in the vicinity
of the flame front, whose position is indicated by arrows. Internal (molecular) heat transfer
occurs against the background of convective motion caused by heating and thermal expansion
of the reacting gas. When comparing the data in Figs. 8¢ and 85, we can see that convective
heat fluxes (Fig. 8b), which develop during physical-chemical transformations in a rich mix-
ture, exceed significantly the internal molecular transfer through thermal conductivity. Thermal
convection in the studied lean mixture (V-flame) is more intensive than in a rich mixture
(M-flame).

y
The difference in heat fluxes of different nature (4) is determined by integral dey,
0

which is related to heat release in a chemically reacting gas flow, providing a balance in energy
equation C = M + W. As a rule, the ratio of heat fluxes, similar to g, /g,, is determined by
Peclet and Stanton numbers. In the theory of combustion [21], to describe the diffusion burn-
ing, Peclet number of the gas flow Pe = pVr/(A/C} ), characterizing the ratio of the convective

and molecular transport mechanisms is used. In the theory of heat transfer [30], Stanton criteri-
on St=gq, /[pU,Cp(Ty —T,)] is used for the ratio of heat fluxes on the wall and gas flow

moving along it.

Conclusion

The aim of the study was to obtain experimental data on heat release and heat fluxes for
the lean cellular flame and compare them with similar parameters of the rich mixture flame to
study the effect of initial composition on thermal characteristics of the combustion process.

In experiments with axisymmetric flame, which is available for optical measurements,
the CARS and PIV equipment was used. To analyze the empirical information, the balance
method was used in the energy equation for Lewis—Semenov number Le = 1. We considered
combustion of a lean (® = 0.9) propane-butane-air mixture. Distribution of parameters was
compared with the position of the characteristic regions in the vicinity of the combustion zone:
maximal heat release and flame surface visualized by glow.
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Convective and molecular heat transfers were estimated separately. At combustion of
a lean propane-butane-air mixture, the molecular heat fluxes are higher than in the case of
combustion of a rich mixture (® = 1.4). In both cases, the heat fluxes caused by thermal con-
ductivity reach their maxima at the center of the heat release zone. It is shown that in the case
of rich mixture burning, molecular heat fluxes are significantly lower than convective ones,
which, in turn, are almost twice as weak as convective flows in the flame of lean mixture.
The maximal intensity of heat release in a rich mixture flame (~ 400 + 50 MW/m’) is lower
than in a poor mixture (~ 500 + 50 MW/m?). It is also shown that in the case of combustion of
a mixture of lean composition, the visible flame contour is an isothermal surface of 1100 £ 50 K.
The rate of temperature rise from the initial to the final value exceeds significantly the rate of
gas velocity increase, which may be a reason for a local increase in static pressure. It was re-
vealed that in the absence of data on the velocity fields of the moving gas, it is impossible
to determine the rate of heat release in experiments.

The performed analysis is qualitative rather than quantitative. Investigation results can be
supplemented and refined with improvement of experimental equipment and methods for pro-
cessing the measurement results.

Nomenclature
Cp— heat capacity, J/(kg-K), p— density, kg/mz,
d — diameter of furnace outlet, m, St= g py Uy Cp (T, — T) — Stanton number,
A—heat conductivity, W/(m-K), T— temperature, K,

v— coefficient of kinematic viscosity
of fuel and air mixture, m’/ S,

Pe = pV-r/(A/Cp) — Peclet number,

Re = dV/v— Reynolds number,

r— transverse coordinate, m,

U — transverse component of velocity vector, m/s,
V— longitudinal component of velocity vector, m/s,
W — heat release rate, J/m3,

y— longitudinal coordinate, m.

Subscripts

0 — parameters for the gas flow core, o— standard atmosphere, w— parameters on the wall.
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