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Abstract

Particle Image Velocimetry, PIV, is described for measuring laminar burning velocities during flame propagation
in spherical explosions, by the measurement of the flame speed and gas velocity just ahead of the flame.
Measurements made in this way are compared with those obtained from the flame speed method, which is based
on the flame front propagation speed and the ratio of unburned to burned gas densities. Different values arise
between the two methods, and the principal reason is the common assumption in the flame speed method that the
burned gas density is at the equilibrium, burned gas, adiabatic temperature. When allowance is made for the effects
of flame stretch rate and Lewis number on this density, the differences in burning velocities are significantly
decreased. The PIV methodology enables mass rate of burning velocities to be expressed in terms of the burning
velocity at zero stretch rate and the Markstein numbers for strain rate and flame curvature. Burning velocities and
Markstein numbers are presented for methane, i-octane, ethanol, and n-butanol over a range of equivalence ratios
at atmospheric pressure and, in the case of n-butanol, also over a range of pressures. Account is taken of the low
stretch rate at which a laminar flame becomes unstable, and, below which, the burn rate increases due to the
enhanced flame surface area. The critical stretch rates for the transition are identified. In measuring Markstein
numbers, there is a dependency upon the isotherm employed for the measurement of the stretch rate. This aspect
is studied by comparing measurements with two different isotherms. It is concluded that the measured PIV
flame measurements might under-estimate the Markstein numbers by about 12%.

Keywords: Laminar burning velocity, Flame instability; Markstein numbers; spherical explosion flames.
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Nomenclature
A m?
Cp J/kg.K
D m?/s
Dy, m?/s
K

Kcl

K., K,

L, m
Lep Ly m
L, m
Le

Ma

Mab

Ma., ,Mag,

P Pa
Pecl

Pr

Ty m
T m

S

flame surface area

specific heat

thermal diffusivity (1/pC,)
minority species diffusion
coefficient

Karlovitz stretch factor

(6 asr/w+ 8 acr/up)
critical Karlovitz number

Karlovitz curvature and strain

55

56

57

58

59

60

61

62

63

64

rate factors, (8. /u;), (6ag./u;) 65

flame speed Markstein length
curvature and strain Markstein
lengths, respectively, associated
with u,,

Markstein length for u,,

Lewis number (1/pDjp,cp)

Markstein number

flame speed Markstein number
curvature and strain Markstein
numbers, respectively, associated
with u,,

initial pressure

critical Peclet number, 1, /06
Prandtl number (c,1/1)

critical flame radius

cold flame front radius

flame speed factor, Eq. (4)
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77

78

80

81

S, m/s stretched laminar flame speed

Ss m/s  unstretched laminar flame speed

t S time

T, K adiabatic equilibrium burned gas
temperature

T, K burned gas mean temperature

T, K unburned gas temperature

u; mfs outwards gas velocity

u; m/s PIV, unstretched laminar burning
velocity, u, ata =0

u, m/s adiabatic density, unstretched laminar
burning velocity, see Eq. (5)

U, m/s PIV u; with no radiative loss

U m/s density corrected, unstretched laminar
burning velocity, p, = p, in Eq.(5) and
Uis = Uq

u, m/s flame entrainment laminar velocity

U, m/s stretched laminar mass burning velocity
expressing mass burning rate
, see Egs. (7) and (8).

Greek Symbols

a 1/s  flame stretch rate

ag 1/s critical stretch rate for flame
instability

Aer 1/s curvature strain rate

ag, 1/s strain rate

14 ratio of specific heats
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u

m flame thickness (v/u;)/Pr 87 o equivalence ratio
J/m.K.s thermal conductivity 88 p, kg/m® adiabatic-burned gas density
kg/m.s dynamic viscosity 89 p, kg/m® meanburned gas density
m?/s  kinematic viscosity 90 p, kg/md unburned gas density

1. Introduction

An early critical review of laminar burning velocity, u;, described six different measurement techniques, including
particle tracking, for measuring velocities, yet it omitted any treatment of flame stretch rate [1]. At an early stage,
it became apparent that more complete data on flow velocities, from particle tracking [2] and hot wire anemometry
[3], yielded values of u; that differed from those obtained from more traditional techniques. Later, Direct
Numerical Simulations [4] showed that burning velocities based solely upon schlieren measurements of flame
speeds in strongly radiating spherical explosion flames would be under-predicted, and would be more accurately

measured with particle image velocimetry, PIV.

Yufei Dong et al. [5] employed PIV in the flow configuration ahead of a stagnation plate, whilst Balusamy et al.
[6] employed it to measure the laminar burning velocities of propane/air mixtures in spherical explosion flames.
Varea et al. [7] also used such flames to measure laminar burning velocities and Markstein lengths of methane,
ethanol and i-octane/air. Measurements of laminar burning velocity by this technique are not widespread because
of the inherent experimental difficulties and necessary post-processing of a large number of data points. As a
result, the spherical flame explosion technique, based solely on flame speed measurements, has become widely
employed for this purpose. This flame speed method necessitates assumptions about the adiabatic density of the
burned gas that are not required with PIV, which simultaneously measures the flame speed and gas velocity just
ahead of the flame. The difference in these values gives a burning velocity that can yield a mass rate of burning.

In addition, both the flame curvature and strain rate contributions to the flame stretch rate, a, can readily be found.

The present paper reports PIV measurements in spherical explosions, from which burning velocities can also be
derived from the flame speed measurements. The velocity measurements also enable entrainment and mass rate
of burning velocities to be found, along with flame stretch rates and associated Markstein numbers. In the flame
speed method of measuring burning velocity, it is often assumed that the burned gas density at zero stretch rate is
that of an adiabatic flame under equilibrium conditions, pj. This tends to be an under-estimation, giving burning
velocities that are shown to be about 4-11 % low. A modification of this approach is developed, involving the

burned gas density of the stretched flame, entirely in the regime of stable propagation, prior to the development
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of unstable flames at low stretch rate. In the stable regime, the mean burned gas density, p,, is larger than p;, and
depends on the stretch rate, a, and Lewis number, Le. There is little change in p, before the instability develops.
Values of p;, yield values of burning velocities that are closer to those determined by PIV. The PIV method
provides more complete information on flame propagation and, consequently, more accurate data on burning
velocities, the influences of flame stretch rates, the onset of flame instabilities, and radiative energy exchanges.
Burning velocities are presented from both of the flame speed methods, as well as the PIV-derived values for

methane, n-butanol, i-octane and ethanol mixtures with air and, in the case of n-butanol, over a range of pressures.

The paper develops a methodology for correcting burning velocities, measured by the flame speed method, due
to it not having an adiabatic value for the burned gas density. Normal strain rate laws and Markstein numbers are
only applicable during the propagation of stable flames and a methodology for defining this regime is explained.
Errors arise in the determination of Markstein numbers, if the temperature of the associated isotherm is too low,

and this effect is quantified.

2. PIV velocities, flame speeds, stretch rates and Markstein numbers

The basic PIV velocities are related by:

Up = Sp — Uy . (1)
Here u, is the stretched laminar entrainment velocity, S,, the stretched flame speed, and ug the maximum
outwards gas velocity component, normal to the flame. The overall stretch rate, a, of a spherical explosion flame,
of leading edge radius, 7;, is given by:

1dA 2 dr, 2
q=18_2dn_ 2

Adt 7, dt 7y

Sn. 2

with S, = dr,/dt.

The flame entrainment velocity, u,, is related to the flame speed, S,,, by [8]:

Un = PpSn/pu + 1u/(Bpy) (dpp/dt), 3)
with p;,, the mean density within the radius, 7,

A stable flame takes time to develop from the initiating spark plasma. Whilst the flame is developing with a small
radius, 7, Py, is higher than the density of the adiabatically burned equilibrium gas, p,, at a temperature, 7.
Measurements of u,, were only made, at constant pressure, after a stable flame had become established. With
continuing flame growth, the final term in Eq. (3) decreases and finally becomes negligible. During this time, this

changing condition is expressed by a flame speed factor:

S = Unpu/SnPp. @
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S starts with a value of about 2 and diminishes towards unity as pj, , in Eq. (3), decreases and approaches p;, [8].
With the flame stretch rate approaching zero, the flame speed approaches a stretch-free value of Sg, with the
burning velocity, u;,. Neglecting radiative heat transfer from the burned gas, its density at the adiabatic
equilibrium temperature of, T}, in Eq. (4) yields:

S = 1 and a laminar burning velocity, u;; = (0p/Pu)Ss. )
This expression is widely used in the flame speed method for measuring u;,. The flame speed, S,,, at a stretch
rate «, is related to S by a flame speed Markstein length, L, in the relationship [9]:

Ss—Sp = Lya. (6)
The mass burning rate velocity, u,,., at constant pressure for the formation of completely burned gas [10, 11] is

related to u,, and S,, by [8]:

Pu -1 Pu -1
U = (S, —u (—— ) =u (—— ) 7
nr ( n TL) Ob g Pb ’ ( )
There are two contributions to a, one due to strain rate, ag, , 2ug /1, the other to flame curvature, a.,, 2u,/1n,,

with @ = ag, + a.-. Each has an associated Markstein length, L, and L.,., and the influence of flame stretch rate
upon the burning velocity is expressed by [8]:

U — Upr = Lsr(zug/ru) + Lo Quy /1), 3
with u; the stretch-free laminar burning velocity with & = 0. Markstein numbers are obtained by normalising
these lengths with the laminar flame thickness, given by (v/u;)/Pr, where v is the mixture kinematic viscosity,
and Pr the Prandtl number, both obtained at the unburned gas temperature using the Gaseq code [12]. Also for
the derivation of accurate Markstein lengths, the isotherm upon which « is based in Eq. (2) should be closer to

the burned gas, than to the unburned gas temperature [13].

3. Apparatus

Measurements of S, and u,; were made in spherical explosion flames at 0.1 MPa for methane, i-octane and
ethanol/air mixtures at 300 K, 358 K and 360 K, respectively, over a range of equivalence ratios, and also for n-
butanol/air mixtures at 383 K between 0.1 and 0.5 MPa. The explosions occurred in a spherical stainless steel
explosion vessel of 190 mm inner radius. Flame images were obtained through three pairs of orthogonal windows
of 150 mm diameter, enabling flame radii to be measured up to 60 mm, after a stable flame had been established
at a radius of about 10 mm. An electric heater aided evaporation. Mixture temperatures were measured with a
sheathed chromel—alumel thermocouple and mixing was facilitated by four fans, driven by electric motors, located

close to the vessel wall [14].
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A double pulsed Nd:YAG laser (DM60-DH, Photonics ), generated pulses of 12 mJ at a wavelength of 532 nm at
5 KHz. These, created a sheet about 0.5 mm thick to illuminate the uniformly dispersed seeding particles in the
flow. The laser beam was expanded into a vertical sheet in the middle of the explosion vessel, as indicated in Fig.
1. The measuring system was comprised of two spherical lenses of -650 mm and 300 mm focal lengths and
cylindrical lens of -20 mm focal length. A high-speed camera, perpendicular to the laser sheet, recorded a 12-bit
image pair of 1024x1024 pixels at a frequency of 5 kHz. The camera was fitted with a macro-Nikon lens of 108
mm focal length, coupled with an optical band pass filter centered at 532 nm to minimise the effect of flame
luminosity. Six jet atomisers (9010F0021, DANTEC) generated olive oil droplets < 1 um, with a boiling
temperature of 570 K. The particle density was 0.51 (particles/pixel). Their evaporation defined the flame location
as close to the 570 K isotherm. For comparison, in the widely used flame speed method, the flame is often located
by a schlieren front. Based on the structure of a stoichiometric CH4/air flame, this is approximately the 856 K

isotherm [15].

Spherical
Lenses

4{ Cylindrical

Nd-YAG Laser .
(Double Cavity) Mirrors

PIV Laser
Sheet

‘\iﬁc’ \> g X
P —’
P
Q - ~
(g &
Filter

Fig. 1. Optical configuration.

High Speed
Camera

Image analysis and the derivation of flame speed employed computational software developed by the Dantec
Dynamics Company. The first stage identified the location of the flame edge, tracking its progression from one
image to the next, using a phase boundary detection tool. The flame edge was first located and its progression
tracked, by the evaporative disappearance of the oil particles, enhanced by increasing the contrast. The second
step, corrected for unwanted light sheet non-uniformities. The burned gas boundary was located with sub-pixel
resolution. The detected flame edges were smoothed by a low pass filter to remove noise from the digitisation
steps and a least squares algorithm calculated the best fit circle to the flame edge and the corresponding flame
radius. The flame speed, associated with the 570 K isotherm, could then be found from the temporal evolution of

the flame front.
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Balusamy et al. [6] used an adaptive algorithm to measure directly the local, radially outwards, unburned gas
velocity, at entry to the flame front. In the present work, an adaptive algorithm was employed within the Dantec
software, in an Adaptive PIV Method. This is an iterative and automatic way of calculating velocity vectors, based
on the seeding particle density. It assumes that all seeding particles evaporate completely at the iso-surface. The
orientation of individual interrogation areas, IA, were iteratively adjusted to fit the local seeding densities and
velocity gradients. The appropriate IA size was automatically determined for each individual 1A, by specifying
maximum and minimum size limits. A first iteration always used the largest IA size, which was reduced in
subsequent iterations. This allowed reduction of IA sizes where the particle density was sufficiently high. The
minimum IA determined the location and magnitude of vectors. This location was chosen to be associated with
the edge of the minimum IA. This minimum IA employed 8 pixels along the flame front and 2 pixels in the normal
direction to the flame (0.86 mm x 0.21 mm), while the maximum was (8 x 8 pixels ~ 0.86 x 0.86 mm). To
characterise the velocity profile ahead of the flame front, a sub-pixel tool was developed, linked to the Dantec
software to achieve the value of the minimum IA with one pixel step. An example of an instantaneous gas velocity

profile for a methane/air flame is presented in Fig. 2, in which zero distance locates the evaporation isotherm.

Radial distance (pixel)
0 2 4 6 8 10 12 14 16 18 20 22 24
—— T

L S R B T
18 B
Ug ey
16 il

)

g 14| |

(=]
=]
12+ 1
i Yg
10 : — 6™ order polynamial fit 7
P it

1 1 il 1 1 1 i 1
00 02 04 06 08 10 12 14 16 18 20 22 24 28§
Radial distance (mm)

Fig. 2. Gas velocity ahead of flame, CH4/ air, ¢ = 1.0, at 0.1 MPa, 300 K.
The maximum gas velocity, u,, is obtained by fitting the velocity profile to a 6™ order polynomial, which gives
the highest value of R2 This maximum value is located about 2-8 pixels (0.21-0.86 mm) ahead of the
evaporation isotherm. Computational studies show a sharp change in gas velocity within the flame zone, with a
much smaller variation ahead of the flame [10], as indicated by the profile of measured values, with the maximum
value arrowed, in Fig. 2. This adaptive PIV method was used alongside a developed program to calculate the

burning velocity. The program calculated the burning velocity from the flame edge profiles and the average value



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

of the maximum unburned gas velocity measurements. More details concerning the data processing are to be

found in the supplementary material [S1].

The temperature of 570 K, associated with the disappearance of the evaporating droplets, is probably too low for
a front that yields the value of the stretch rate, and a schlieren front close to 860K [15] is preferable. High speed
schlieren cine photography therefore was employed to study the effect of the isotherm on measurements of L.
The technique allows the visual detection of the flame front through the density gradients between the burned and
unburned mixtures, caused by the varying degrees of light refraction. A schematic figure of the schlieren optical
configuration can be found in the supplementary material [S2]. A near point source of light was provided by a 20
mW (regulated to SmW), 635 nm LED laser. This expanded on to a f -1000 mm plano-convex lens, collimating
a 150 mm beam through the vessel and its contents to another f -1000 mm plano-convex lens. This focused the
beam on to a variable diameter iris (1-15 mm). The camera was positioned to give a field of view of 110 mm. This
took full advantage of the camera resolution of 1024x1024 pixels with ~ 0.11 mm/pixel. This resolution was more

than sufficient to capture a defined flame edge, whilst allowing an ample sampling rate of 5 kHz.

Figure 3 shows two flame images of an ethanol/air mixture, ¢ = 0.8, at 0.1 MPa and 360 K, recorded by both PIV
and schlieren techniques. The same image analysis and derivation of flame speed identified the flame edges,
shown be the white circles. A slight deformation of the flame can be observed, but this did not induce any
significant departure from sphericity. The near constant maximum gas velocity profile around the flame also

indicated that buoyancy effects were negligible.

50 100 150 200 250 300 350

(pixel) (pixel)

Fig. 3. Flame images of lean ethanol/air mixture, ¢=0.8 at 0.1 MPa and 360 K. (a) PIV image, a =140.7 (1/s)
and S,,=2.30 m/s. (b) Schlieren image, a =144.2 (1/s) and S,,=2.18 m/s. Scale (0.11 mm/pixel). White circles

show flame edges.
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4. Experimental methodology

4.1. Stretch rate isotherms

Flame speed, S,, is plotted against the stretch rate, &, given by Eq. 2, from which the flame speed Markstein
length, L;, is found using Eq. (6). The flame speed is almost independent of the chosen isotherm, but the flame
stretch rate also depends on the changing radius of the isotherm, see Eq. (2). An isotherm close to the temperature
of the burned gas might be regarded as closest to expressing the rate of formation of burned gas, akin to u,,, Mag,
and Ma,, [8]. Beeckmann et al. [16] showed that PIV and schlieren techniques yield nearly identical Markstein
lengths, for a methane/air mixture, ¢ =1.1 at 0.25 MPa and 298 K. Giannakopoulos et al. [13] showed isotherms
in the reaction zone to be more reliable than those in the preheat zone for measuring Markstein numbers.
Measured flame speeds from both the PIV and schlieren images, plotted against @, are compared in Fig. 4, for
C,HsOH/air flames at different equivalence ratios, ¢, at 0.1 MPa, and an initial temperature of 360 K. Those based
on PIV Mie scattering images, shown by the full lines, are close to isotherms in the region of 570 K, in contrast
to the schlieren images, shown by the broken lines, corresponding to isotherms at about 860 K. As in [13], the
higher temperatures gives the higher L, between 4-12 % higher than the lower temperatures. For the same two
temperatures, but using the theoretical propane/air data in [13] the Markstein numbers would be 50-90% higher

at the higher temperature.

4.2 T T T T T T T T —T T T—

20F ‘ Ethanol/air | ]
) 0.1MPa, 360K, ]
36 E o i _'

S, (mis)

— PIV
--- Schlieren ]

1 . 6 [ 1 1 1 1 1 1
0 100 200 300 400 500 600 700

o (1/s)

Fig. 4. Variations of PIV and schlieren S,, values with ¢ for ethanol/air mixtures at 0.1 MPa and 360 K. Full and

dashed lines denote linear relationship for L, through PIV and schlieren points, respectively.
In [13] plateau temperatures are evaluated, at which there is no further change in Markstein number with isotherm
temperature. For the conditions in Fig. 4, a suitable plateau isotherm would be that at least 1440 K, (4xT,). When
extrapolated to this temperature, values of L, at 570 and 860 K give values of L, between 5 and 18 % higher than

those measured at the seed disappearance isotherm, and 3-5% higher than those at the schlieren front. Throughout
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the present study L, is measured at the PIV droplet disappearance isotherm, and the underestimation is in the

higher of the two ranges.

4.2. Stretch rate effects

The flame speed method of determining u;, employs Eq. (6), with S,, plotted against a, given by Eq. (2); S,, is
extrapolated to zero stretch rate, where S, = S, and w;, = (p;,/py)Ss. Figure 5 shows such a plot for CHu/air, ¢
=1.0, at 0.1 MPa and 300 K. Values on the y axes are so chosen that the horizontal dashed line in the figure shows
S, on the secondary S,, axis and u;, from Eq. (5) on the burning velocity axis, with p, /p,, calculated from the
Gaseq code [12]. Also plotted are PIV values of u, from Eq. (1). Because S, and hence u,,/S,,, always decrease
in an explosion, as S, increases, u,, must decrease, as in the figure, and, from Eq. (7), u,, must increase, also as
shown.

Values of u,,- were found from PIV data using Eq. (7) and Lg, and L., by numerical iteration of the u,,- data. In
a first iteration, L, and L, in Eq. (8) were assumed equal. This yielded an optimal value for this mixture of 0.26
mm, labelled L in Fig. 5. Further iterations with separate values of L, and L., yielded the values given on the
figure. The second iteration step plotted u,, against ag,. and «., separately. This gave initial values of the
corresponding L, and L,.. The third step inserted these initial values into a program in which a series of iterations
computed the associated values of u,, from Eq. (8). These were sensitive to the combination of Ly, and L.,.. Those
that gave the highest value of R? were adopted. These were Lg= 0.29 mm and L., =0.21 mm for methane/air

mixtures, ¢ = 1.0, at 0.1 MPa and 300 K. This procedure was followed for all mixtures. Plots of u,, =

g (22
Pb

-1
) , from Eq. (7) against ¢ when extrapolated to @ = 0, yielded the PIV value of u; in Eq. (8),

appropriate to Uy,

T T T T T T T T

L,=-012
(R*=0.934)

© o
& %
L A
<]
=1
F*ISI—:;._
= B R ]
-5 3l
= o
0 =
o ]
Il 1
] w
w o

o o o
(4] W B
(+7] [« o

T

Burning velocity (m/s)
o
®

L, =021, Ly =029,
(R* =0.958)

Markstein Lengths in mm
Il | Il

0 24 I 1 | 1 1
o 50 100 150 200 250 300 350

o (1/s)
Fig. 5. Variations of S,,, u,,, and u,, with flame stretch rate methane/air mixtures, ¢ = 1.0, at 0.1 MPa and 300

K. Dashed horizontal line links u,, (= u;) and S,, (= S;) in Eq. (5).
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Although a value of L,, in, u; - u, = Lya, is given in Fig. 5, Eq. (3) shows u,, is not a sole variable with «, but
depends upon other factors. Only in the later stages does it become a true burning velocity. Because L,, lacks the
consistency of a Markstein length, no attempt is made to feature it or evaluate its two components.

In Fig. 5, the validity of the two experimental lines is confined to the markers. At the early, higher, values of «
the small radius flame has characteristics of both a spark plasma and developing reactions, before transformation
into a flame. Low spark ignition energies were employed and the minimum flame radius was about 10 mm.
Between this radius and the upper limit of 60 mm, depending upon the mixture, it was possible for Darius-Landau
and thermo-diffusive instabilities to develop at a stretch rate, a.; The critical radius is 7, and the critical Peclet
number, 7. /68, is Pe;. The cellular flame structure so created increases S,, [17, 18]. At this critical condition, the

Karlovitz stretch factor, K, = ad;/u; attains a critical condition, with a = @, and is given by [19]:

Ky = (20/Pey)[1 + (2May,/Pey)] ™. (&)

Instabilities develop at values of K less than this value.

The experimental values of S,, and u,,, plotted in Fig. 5, cover the entire stable regime. All values of K are taken
from the values for different fuel/air mixtures, in [20]. The corresponding stability limit, in terms of «, is indicated
by the short vertical line, K, = 0.015 in Fig. 5. In some instances, just prior to the rapid increase in flame speed,
values of S, became oscillatory. Eq. (8) is the practical formulation of the mass rate of burning, but its validity

does not extend into the regime of unstable flames, below @ down to the value of u; at « = 0, which is imaginary.

4.3. Burned gas density
Only if reaction has been completed adiabatically, is Eq. (5) valid. Clavin and Williams [21] show the value of
burned gas density to be dependent upon « and the Lewis number, Le. The deviation of the mean burned gas

temperature, T, from the adiabatic burned gas temperature, T}, is given [11,22] by:

Iy-T, D (1 1) 10
T, (wq)? \Le “ (10

Here, D, is the thermal diffusivity of the mixture, obtained, like T},, from [12], for the initial conditions of T;, and
P. Measurements of temperature distributions have confirmed the general validity of this equation [11,22]. It
shows that high a and Le values can, under some circumstances, create mean temperatures significantly below
adiabatic values. As « decreases the temperature slowly recovers, but only with Le = 1.0 canT, = T,. The
changes in a are known, as the flame radius increases during the period of flame stability. Figures 6 and 7, derived

from this equation, show T}, and p,, plotted against flame radius, 7. For the stoichiometric CH4 mixture of Fig. 6
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with Le =0.99 [23, 24] and D = 2.01 X 1075 m? /s [12], the figure shows the near unity value of Le ensures early
attainment of the adiabatic equilibrium values, T}, and p,, in accordance with Eq. (5). This explains the good

convergence of the S;, and u,, straight lines at & = 0 in Fig. 5, giving u; = u;, =0.358 £ 0.005 m /s.

In sharp contrast, is the stoichiometric n-CsHyOH mixture at 383 K and 0.1 MPa, with Le = 1.58 [25] and D =
2.72 X 1075 m?2 /s [12]. Here the high Le ensures T, does not attain T, in Fig.7, and p, > p,. Figure 8 shows
data for the same mixture, but with T, and p, at 0.5 MPa, Le = 1.12 and D = 5.6 X 107% m?2/s [12]. The figure
shows the increase in pressure to lead to a rather more rapid attainment of adiabatic equilibrium, attributable to

the decreases in both Le and D.

2480 F T T T T T T T T T T 0.152 2240 F T T T T T T T T T T T
....... Adiabatic o, __ 1,150 . T H0%0
2440 2160 | {0.185
= 0.148
2400 _ {0146 2080 [ 10180
Methane-air Joraa me‘ n-butanol/air 40.175 ~
2380 ©=1.0 S 2000 - 0=10 01?0%
< >4 ¥ i 10170 5
= 300K, 0.1MPa fo142 % = ] 383K, 0.1MPa g
20 Jorao ™ T B J0.165 2
2280 10138 1840 |- '\‘ P J0.160
Joazs R e — J0.155
2240 Tp 1760 | " .
---~0134 o Ddimbatic gy, 200450
2200 | L 1 1 1 L L 1 1 1 1 1 0.132 1680 = . L L 1 1 L L I 1 L L 0.145
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Flame radius (mm) Flame radius (mm)
Fig. 6. Computed burned gas temperature and Fig. 7. Computed burned gas temperature and
density CHy/air, ¢ = 1.0, at 300 K and 0.1 MPa, Le =  density for n-C4HoOH /air, ¢ = 1.0 at 383 K and 0.1
0.991. MPa, Le = 1.58.
2360 0.70 T T T T T 350
2350 085 3g£>,bpgt?)"10$§r 325
2340 0.60 |- | 989K, U.TM2 | R S T 300
. 985 e B R P
2330 F | 2 oas0L :
- n-butanol/air £ 290
} > 045
i ©=1.0 10768 & = ! 225
<2310 £ S 0401 =
X 383K, 0.5MPa 10760 5 ¢ oo 200
~ 2300 | [t X o 035 N
Jors2 & € oa0f 3 173
2200 | 5 [
\ —- 1 @ o025 150
280 F | b 0744 ;
. 0736 020 =
20p | o Tmmmmmmmmmmmmmm—— ] 015 100
2260 - Adiabatic gy, 707 010 b . s
2250 1 1 1 1 1 1 1 1 1 1 1 0.720 005 L 1 1 1 1 1 L L 50
0 5 10 15 20 25 30 35 40 45 50 55 60 07 0.8 09 1.0 14 12 1.3
Flame radius (mm) Equivalence Ratio (¢)
Fig. 8. Computed burned gas temperature and Fig. 9. PIV values of u,,,- at the boundary values of
density for n-C4HoOH /air, ¢ = 1.0 at 383 K and 0.5 critical stretch rate, a;, and values of u;; for n-
MPa, Le = 1.12. butanol/air at 0.1 MPa and 383 K.

Mean values, p,, within the stable extrapolation range of S,,, were found in this manner during explosions. There
is little change in p, during the developed stable flame propagation. To find the stretch-free value of burning
velocity with this modified the flame speed method, S,, is plotted against & down to zero, and the mean value of

pp evaluated throughout the period of developed, stretched, stable propagation. Equation (5) is then applied to the
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value of S, except that now the relevant density becomes p;,. Flame speed values of, u;,, determined in this way,

designated u,, are closer to those of the PIV values of u; at zero stretch rate than those based on p,,.

The values of a;, below which the flame becomes unstable, are shown for n-butanol /air at different ¢, at 0.1
MPa and 383 K in Fig. 9. The associated PIV based limiting stable values of u,,, at this stretch rate are also shown.
At lower values of a.;, flames become unstable and faster burning. The filled square symbols and dotted curve
shows the stretch-free values, u;,, derived from this modified flame speed method, allowing for p, and Le. These
are higher than those of u,,.. The lower values of Markstein numbers on the rich side, see Section 5.2, contribute

to higher u,,, values there.

4.4. Radiative heat loss

The flame speed method of measuring u;, employs the adiabatic values of both density, p,, and temperature, T},
with no inherent allowance for either strain rate changes in p, or those due to radiative energy loss. The PIV
method has no such restrictive assumptions and the associated changes in the burning velocity are embodied in
the measurements of S, and u,. Radiative heat loss in laminar flames has been computed by several researchers.
Zheng Chen et al. [26], found u,;, for CH4/air mixtures, to be reduced by the radiation, and decreased by up to 5%
and 4% for ¢ = 0.6 and 1.4, respectively. For completeness, mathematical modeling of laminar flames requires
the effects of flame stretching and radiative energy loss or gain to be included, along with the detailed chemical
kinetics and flow patterns. Such modelling shows radiative heat loss to decrease the burning velocity. The decrease
in temperature slows the propagation rate, and the burned gas cooling generates an inwards flow [27]. Santner et
al. [28] have shown that in an atmospheric heptane/air flame, reductions in burning velocities due to radiative
energy loss are less than 1% between ¢ = 0.9 and 1.5. Reductions increase as the lean and rich flammability limits

are approached.

Based on their chemical kinetic modelling, Hao Yu et al. [29] have presented generalised empirical expressions
for the reductions in burning velocities of hydrocarbon /air mixtures, as a result of this energy loss under a variety
of conditions. The measured burning velocities were subjected to radiative loss. In [29] these losses were
calculated for seven different fuels, at different temperatures and pressures. The authors mentioned that this
empirical correlation could be used with other fuel/air mixtures, except diluted mixtures. This approach was
adopted in the present work and losses were calculated as in [29], and added to the PIV values of u; at a = 0 for
the different mixtures. To demonstrate what the hypothetical value of burning velocity would be like in the

absence of radiative loss, the calculated loss in burning velocity was added to u; to give uy. .
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5. Discussion

5.1. Values of laminar burning velocity

The increases in values of u; to uy,., in the absence of radiative loss, are shown by the filled triangles on the
ensuing Figs. 10-13. These are expressed as % increases in the first column of Tablel. This Table covers three
different aspects of the full range of mixtures, at atmospheric pressure. The second column shows the K; values,
marking the onset of instability, whilst the third shows the increases in u;, to u; that occur with the revised flame

speed method of processing.

Table 1. Extent of Radiative Loss, Critical Karlovitz numbers, and Strain Rate/Le Flame Speed corrections at

atmospheric pressure.

Radiative loss Critical Karlovitz number Flame Speed Method
% Increase in PIV u; with no (K x 10%) % Increase in u;, to U
radiative loss due to strain/Le
. ® an) g . ® an) g@ . ® an %@
= = =
0.7 3.1 1.8 37.8 224 -0.9 3.1

0.8 2.0 1.5 1.1 1.5 32.1 9.4 7.9 21.2 09 18 11 50
0.9 1.6 1.4 1.0 1.2 185 11.6 6.8 20.0 09 16 1.1 42
1.0 1.4 1.3 0.9 1.1 154 124 82 17.4 05 14 18 62
1.1 1.4 1.3 0.9 1.0 223 131 89 21.7 1.1 27 14 50
1.2 1.6 1.4 0.9 1.0 252 143 95 25.6 1.0 23 13 43
1.3 2.1 1.7 1.0 1.1 377 182 103 26.7 1.1 32 36 73

Although a stable, un-stretched, flame is an unrealistic concept, the complementary values of u; provide a useful
datum which, along with, Markstein numbers, provides realistic mass burning velocities within the stable flame
regime. Such stretch-free values of laminar burning velocities are shown as a function of ¢ for different fuels in
Figs. 10-13. Full line curves, and cross symbols, show PIV values of u;, based on u,,. Broken curves, and circle
symbols, show flame speed method values, u;,, based on S, values from the PIV measurements, extrapolated
to a = 0, and employing p,, in Eq. (5). Values of u;, at a =0, derived from the alternative flame speed method,
based on p;, and Le, are shown by the filled square symbols. These values are higher than those of u,,, values of
the original, broken curve, flame speed method. They are almost equal to the u; values of the PIV method. These
increases are given in the final column of Table 1. Some of the highest values of u,; are given by the u,,, filled

triangles, with no radiative loss.
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Figure 10 for CH4/air mixtures, over a wide range of equivalence ratios at 300 K and 0.1 MPa, presents PIV values
of u; and p,-based flame speeds values of u,;, . Points for u;; and u,;, also are shown. Values of Le for lean
mixtures range from 0.96 to 0.99, and for rich mixtures it is 1.1 [23, 24]. Because values of Le are close to unity,
the u;s correction is small. The closeness of the u; and u;, curves indicates the near equality of p;, from the former
and p;, from the latter. The increases in PIV values due to the elimination of radiative loss, indicated by u;,., also
are rather small. There is close agreement between the two methods, although the u; values, are always higher.
This is because the strain rate correction is small, and there is negligible correction for an increase in the value
of p;, due to the small radiative cooling. Allowance for this could bring the values of u; and u,, closer together.
Values of u;, from other workers also are shown. The values from [32] are noticeably higher. This might be due
to the pressure being recorded, in the absence of flame photographs, and a lack of coordination in flame front

imaging and pressure measurement [35].

T T % T 7 — T T T v 1 065 — T T

—
040 - | Methane/air & r = Y
| 300K, 0.1MPa 0.60 |- | n-butanol/air ) = i
035+ = - 055 - T=2383K Tr - ]
[ s “vz - 0.1MPa{
0.30 |- 3 i 0.50 | _ 3 ]
—~ o5 # Tahtouh et al[23] 1 045t e SR o
" v Guetal[30] H’E sai [ :
-E/ # Rozenchan et al.[31] - 0.5 MPa
020 ~ Tanoue et al [32] Soasl
+ Chen etal.[33]
015 < Halter et al.[34] 0.30 - ]
— uy (poly. fit of x) 025 L — uy (poly. fit of x)
010 --=- U] (poly. fitof o) ¥ ----- tf, (poly. fit of o)
= 0.20 W) R
0.05 - L | ”l’S ¥ I'_S
| A up, 0.15 £ A Uy
DOO 1 1 " L 1 1 1 1 010 1 1 1 1 1 1 1 1
06 07 08 09 10 11 1.2 06 07 08 08 10 11 12 13 14

Equivalence ratio (¢)

Equivalence Ratio (¢)

Fig. 10. Unstretched laminar burning velocities, Fig. 11. Unstretched laminar burning velocities,u;, u;,

Uy, Uy, Ui and uy,- for methane/air mixtures at 0. 1 ;s and uy, for n-butanol/air mixtures at 383 K and

MPa and 300 K. Shown also data from literature. different pressures.

Figure 11 shows unstretched burning velocities for n-C4HoOH, the fuel chosen to study the effects of pressure
changes. Values of Le ranged from 1.35 to 2.1 [25], at 0.1 MPa. The high values of Le create the largest strain
rate corrections. Here, the flame speed values, u,;,, at 0.1 MPa are 4-11% lower than the PIV values, u;, with
greater differences for the rich mixtures. Values of all the burning velocities fall with increasing pressure, but
always the u; values are higher. At 0.1 MPa when the, u,,, values are corrected for strain rate and Le, the, vy,
values are closer to the u; values as shown by the filled square points. Allowance for the radiative loss, at 0.1

MPa, results in the u;, values being the highest. Of particular interest is the narrowing of the difference between

the PIV values of u; and flame speed values of u;, with increasing pressure. This can be attributed to values of
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pp approaching those of p;, with increasing pressure, as a result of both the more rapid attainment of equilibrium,

and the decreasing values of Le with increasing pressure, see Fig. 8.

Figure 12 shows the unstretched burning velocities u; and u;, for i-octane/air mixtures at 0.1 MPa and 358 K.
The u,, values are underestimates, with a maximum difference of 6.5% below the u; values. There is rather more
consistency in the atmospheric data for ethanol/air values in Fig. 13. Again, the present results follow a decreasing
trend from u;,- down to the u;,flame speed method based on p,,. Table 1 shows ethanol to have the lowest radiative

energy loss, and its influence is clearly shown by the filled triangles. The original flame speed method

underestimates u;,, with a maximum difference of 4.5% with PIV values of u;.

0.50
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0.42 [
o L o 055
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Fig. 12. Unstretched laminar burning velocities, Fig. 13. Unstretched laminar burning velocities,
Uy, Uyg, U and uy, for i-octane/air mixtures at 0.1

MPa and 358 K.

U, Uyg, Uy and uy, for ethanol/air mixtures at 0.1

MPa and 360 K. Shown also data from literature.
5.2 Values of Markstein numbers

With regard to Markstein numbers, all Markstein lengths, based on both S,, and u,,, were found and normalised
by the flame thickness, &. The link between Le and Ma is provided by the early expression of Clavin [9]:

1

1 B(Le-1) 1-y v/1-y In(1+x)
Sln +—(y)xf0 dx ——.

1
Ma = r— - (11)

With K, and K, expressing Karlovitz strain, §a,/u; and curvature, 5, /u;, numbers, a practical form of Eq. (8)
is:
Ui~ Unr

= K, Mag, + K Ma,. (12)

up
The method of deriving the Markstein lengths from the PIV data is given in Section 4.2. Contrasting Markstein
numbers are shown for different ¢ in Fig.14 for methane/air at 0.1 MPa and in Fig. 15 for n-butanol/air at 0.1, 0.3
and 0.5 MPa. For CHy/air the influence of small values of Le close to unity has been discussed in Section 5.1.

With lean mixtures, values of Le are less than unity, leading to the low Markstein numbers in Fig.14. In contrast,
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409 for n-C4HoOH/air, with richer mixtures, and O as the minority species, the resulting higher diffusion coefficients
410 creates smaller Lewis numbers, leading to the lower Markstein numbers of Fig.15. With regard to the influence
411 of pressure, Le decreases with increasing pressure, and this leads to the associated decreasing values of both Mag,

412 and Ma,, in Fig. 15.
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24
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20 5 . 16 i Loy .
18 [ . g I : 3
I 14 Fo.1MPa< ? 7
16 | . I e
12 - 1
14+ 4 | 0.3 MPa <
© L)
St . =W ]
[ [ 0.5MPa~,
10 |- ] 8 J
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6 . 1l J
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L 2 = M -
2| ] | — Ma
0 L 0+ L o4
0.6 [\ g 08 09 1.0 1.1 12 13 06 07 08 08 10 11 12 13
Equivalence ratio (¢) Equivalence ratio (¢)

Fig. 14. Variations of Ma,, Ma, and Ma,, with ¢ Fig. 15. Variations of Ma_, and May, with ¢ for n-

for methane/air mixtures at 300 K and 0.1 MPa. butanol/air mixtures at different pressures and 383 K.
413 Values of Markstein numbers for all the other mixtures studied are tabulated in the supplementary material [S3].
414 There is a significantly greater spread in the reported values of Markstein numbers than in those of burning
415 velocities. This is probably inevitable, due to the problem of evaluating a flame thickness, which is defined by
416 asymptotic end values. Also there are at least three algebraic expressions for flame thickness [36]. In addition, see
417 Section 4.1, there is a probability of up 4-12% underestimation, depending upon the mixture, in the values of L.
418 In the present study this is a consequence of the low temperature, 570 K, for the stretch rate isotherm. This degree
419 of underestimation would extend to the different Markstein numbers. Figure 16 shows the measured values of L,
420 for CHy/air at 300 K and 0.1 MPa that are referenced in the present paper. These were predominantly determined

421 from the uncorrected flame speed method.

45 L L LI L B T T
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sol © Bradeyetal [8] ]
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E + Chen etal. [33]
QoL ¥ Halter et al. [34] 1
~ e + Present work
L w < .
15+ B
% L ]
10 % * % & + .
L 7 z g
0.5 . .
r e
OO 1 1 1 1 1 1 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
422 Equivalence ratio (¢)
423 Fig. 16. Flame speed Markstein length, L, for methane/air mixtures at 300 K and 0.1 MPa.
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6. Conclusions

(1). Stretch-free u;, and u,; values have been derived from both flame speed and PIV measurements, respectively.
These are valuable, along with Markstein numbers, in expressing practical mass burning velocities, in the stable,
stretched flame, regime at stretch rates greater than the critical stretch rate, a.; . They are no guide to the burn
rate of developing, unstable, cellular flames at the lower stretch rates.

(i1).Values of w4, u;, ys, Uy, Upy, Markstein numbers, a.;, and K,; have been found over a full range of ¢ for
methane, n-butanol, i-octane and ethanol mixtures with air. Effects of pressure have been studied for n-butanol/air
mixtures.

(iii) The flame speed method of measuring unstretched laminar burning velocity, u;,, requires the burned gas
density to be known and this is usually assumed to be that of burned gas at equilibrium. In practice, the density is
increased by the strain rate and Lewis number during stable propagation, and allowance has to be made for this.
This brings such flame speed-derived values of u;, into closer proximity to the PIV-derived values, u;. This stable
stretched flame approach is recommended, in preference to the assumption of adiabatic equilibrium for the burned
gas density.

(iv). PIV measurements provide reasonably accurate values of mass burning rate velocities, along with strain rate
and curvature Markstein numbers. Greater errors and general variability arise in the measurement of Markstein
lengths, due to stretch rate measurements at different isotherms, with higher temperatures preferred. It is estimated
that, on this account, the present values of L, should possibly be increased by between 4 and 12%. Expressions
for laminar flame thickness should always be given.

(v). Burning velocity measurements under atmospheric conditions have the aspect of natural phenomena, but
corresponding values obtained by mathematical modelling must include the effects of radiative energy loss.
Decreases in burning velocities due to radiative energy loss to surroundings at atmospheric temperature are
indicated by the differences between the u;,. and PIV values of u;. More generally, radiative energy exchanges
might involve energy gain from surroundings at elevated temperatures. Effects of both radiative energy gains and

losses in large scale spherical flame propagation are presented in [37].
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