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Measurements of Laminar and Turbulent Burning Velocities of
N-Butanol/Air Mixtures at Elevated Temperatures and Pressures

Pervez Ahmed* and Junfeng Yang

School of Mechanical Engineering, University of Leeds, UK

ABSTRACT ARTICLE HISTORY
Experimental results of laminar burning velocities u; and the asso- Received 22 May 2025
ciated flame front turbulent burning velocities u;, and uy, of premixed Revised 1 July 2025
n-butanol air mixtures are measured inside a fan stirred combustion ~ Accepted 6 July 2025
vessel, using high-speed Schlieren photography. Measurements were KEYWORDS

made between equivalence ratios from 0.7 to 1.4 at an initial tempera- Experimental; laminar
ture of 360 K and pressures ranging from 0.1 to 1.0 MPa. For turbulent burning velocities; turbulent
studies, uniform and isotropic turbulence was created in the combus- burning velocities; turbulent
tion vessel by four fans and turbulence rms velocities, u’ = 0.5 up to 6.0 combustion; n-butanol

m/s were obtained. u;, and the associated parameters Ly, May,, Pe, and
the corresponding K, associated with the onset of instabilities is pre-
sented. v, increased with ¢ and reduced with increasing pressure
while L, decreased with increasing pressure and ¢. Mas, decreases
with pressure and increasing ¢, with values becoming eventually
negative at high pressures and rich mixtures. A satisfactory correlation
exists between K; and Ma, with an R? value of 0.859. Turbulent
burning rates of n-butanol/air mixtures at high initial temperatures
and up to 1.0 MPa in a controlled environment are reported for the first
time. uy, values increase with increase in both ¢ and v'. Increase in
equivalence ratio and v’ also enhanced uy,. u,, of n-butanol/air mixtures
are higher than iso-octane/air mixtures which is attributed to lower
Mas,. Dimensionless values of urm/u;( decreased with increasing K for
a given Ma,. However, for a constant K, decrease in Ma,, lead to
increased um,/u;( values. The ur,,,/u;( curves from previous studies are
extended to a positive Ma,, of 10 along with the quench regime
identified. It is envisaged that the current work facilitates a rich data-
base that can aid in detailed chemical modelling or engine simulations
using n-butanol as fuel.

Introduction

Emissions due to fossil fuels are a major contributor toward global warming and climate
change crisis and hence alternative fuels are being sought to meet the energy supply
demands (Veloo et al. 2010). Alcohol fuels have gained research attention in the recent
past as promising alternative fuels potentially offering higher efficiency and minimum
pollution (Beatrice, Bertoli, and Giacomo 1998; Demirbas 2007; Sarathy et al. 2009).
Many countries have realised the importance of using alcohol fuels and have established
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policies promoting its use (Oced 2011). These fuels are found to have high laminar flame
speeds and high octane numbers which make them a better alternative option in engines.
Oxygen content in alcohol fuels reduces CO and particulate emission as well (Karabektas
and Hosoz 2009; Yacoub, Bata, and Gautam 1998). Among alcohol fuels, n-butanol has: low
vapor pressure which reduces the chances of vapor lock (Serras-Pereira, Aleiferis, and
Richardson 2013), less hygroscopic aiding transportation with the existing infrastructure,
and has better fuel economy due to high energy density (Serras-Pereira, Aleiferis, and
Richardson 2013) and is capable of operating in existing engines with either a little or no
modification at all (Beatrice, Bertoli, and Giacomo 1998).

Fundamental studies of premixed n-butanol/air mixtures’ laminar burning rates are
investigated (Gu et al. 2009, 2010; Gu, Li, and Huang 2011; Katoch et al. 2019; Konnov
2010; Liu et al. 2014; Qin and Ju 2005; Sarathy et al. 2009; Simon 1951; Veloo et al. 2010;
Zhang et al. 2008, 2018) in different experimental configurations. Many investigations
involving n-butanol/gasoline blends and n-butanol/diesel blends on the efficiency of
spark ignition engines have also been reported (Alasfour 1997a, 1997b; Bhattacharya,
Chatterjee, and Mishra 2004; Chen et al. 2014; Gautam and Martin 2000; Gautam,
Martin, and Carder 2000; Karabektas and Hosoz 2009; Serras-Pereira, Aleiferis, and
Richardson 2013; Szwaja and Naber 2010; Yacoub, Bata, and Gautam 1998). Details of
different research studies are tabulated in Table 1. While few studies are reported on the use
of n-butanol as a fuel in engines, there is limited work reported on combustion of n-butanol
in a controlled turbulent environment. It is also suggested in (Aleiferis, Serras-Pereira, and
Richardson 2013) that data related to combustion of the alcohol fuels in controlled
turbulent environments would reveal great details to improve the limitations in the current
combustion diagrams. Therefore, the current experimental work aims to provide
a fundamental understanding of laminar and turbulent combustion characteristics of
n-butanol in a well-controlled combustion vessel at high initial temperature over a range
of pressures and ¢ for different turbulent velocities that replicate engine-like conditions.
Values of turbulent burning velocities derived using other correlations are compared with
the present experimental results and discussed. Dimensionless correlations of turbulent
burning velocity normalised by the effective rms turbulent velocity, u,/u, are presented in
terms of K, for different Mas,. The uy,/ u}c curves from previous studies are extended to
a positive May, of 10 and the associated quench regime is identified. The authors believe that
the current work provides a rich database of n-butanol mixture burning rates that can aid in
detailed chemical modelling or engine simulations.

Laminar burning velocity, u,

Fundamental understanding of laminar burning velocity, v, is key in developing novel and
improved combustion engines. It is also required to determine the pressure and tempera-
ture dependencies of both laminar (Van Lipzig et al. 2011) and turbulent flames. It also
plays an important role in turbulent combustion simulation and validation of chemical
kinetic mechanisms (Li et al. 2015). The influence of flame chemistry on turbulent premixed
flames is usually expressed through u; in laminar flamelet models, and Markstein numbers
(Bradley et al. 1998; Bradley, Gaskell, and Gu 1996; Linan and Williams 1993). It is well
known that laminar and turbulent burning velocities are significantly affected by flame
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Table 1. Research studies involving n-butanol as a fuel.

Initial

Authors Configuration Fuel Mixtures Conditions Remarks/Conclusions

Gu et al. (2009) Spherically n-butanol/air 0.1-0.25  u; increase with temperature and decrease
expanding MPa, 413- with initial pressure.
laminar flames 473K

Veloo and Counter flow n-butanol isotherms 1 atm, Among all isomers n-butanol exhibited the
Egolfopoulos laminar flames 343K highest flame speeds.

(2011)

Zhang et al.(2013) Spherically n-butanol/iso- 0.1 MPa  u; of n-butanol are higher than iso-octane but
and Broustail expanding octane and and 393K less than ethanol. Flame speeds are
etal. (2011) laminar flames ethanol/iso- enhanced with increasing blending ratio of

octane n-butanol.

Broustail et al. Spherically n-butanol/iso- 0.1-1.0  Difference in u; for alcohol fuels and iso-
(2013) expanding octane and MPa and octane are minimal with increase in initial

laminar flames ethanol/iso- 423K pressures.
octane

Zhang et al. (2018) Spherically acetone, butanol 0.1 MPa,  u; of ABE mixtures are closer to n-butanol.
expanding and ethanol 358-428K
laminar flames (ABE) mixtures

Beeckmann et al.  Spherically Methanol, Ethanol, 1.0 MPa  Present numerical models for n-butanol
(2009, 2010 and expanding n-propanol, under predict the experimentally
2014) laminar flames n-butanol, iso- measured values at high pressures.

octane

Wu and Law Spherically n-butanol isotherms 353-373K, n-butanol exhibited high u; values among all
(2013) expanding 1-5 atm isotherms. These findings corroborated

laminar flames with their computational study. The
reduction in u; for other isotherms was
attributed to the branching of
intermediate species forming more stable
compounds.

Alasfour (1997a)  Single cylinder n-butanol/gasoline 308K Reported a reduction in output power
engine blends compared to engines fuelled with pure

gasoline.

Yao et al. (2010) Diesel engine n-butanol/diesel 313£3K  n-butanol addition improves soot and CO

fuel emissions significantly without
compromising on the break specific fuel
consumption.

Chen et al. (2014) single-cylinder n-butanol/diesel 0.18 MPa, Their results show that high butanol/diesel
research ratio blends 298K ratio blend with medium exhaust gas
engine recirculation (EGR) can potentially achieve

ultra-low NOx and soot emissions while
maintaining high thermal efficiencies.

Szwaja and Naber sparked ignited IC n-butanol and 303K n-butanol has the potential to perform as
(2010) engine gasoline blends a direct substitute for gasoline either as

a pure fuel or blended with gasoline
because of the similar thermo-physical
properties.

Valentino et al. Diesel Engine n-butanol/diesel 295-311K n-butanol and ethanol fuels burn faster than
(2012) Spark Ignition butanol/gasoline  293-363K gasoline and iso-octane at higher
Merola et al. engines (2-C4 alcohols temperatures.

(2011) Direct- with iso-oct and Their findings suggested that alcohol fuels
Serras-Pereira, injection spark-  gasoline at lean conditions were robust in

Aleiferis, and ignition combustion stability than hydrocarbons.
Richardson

(2013)

Aleiferis, Serras- Spark ignition n-butanol, ethanol, 0.5 bar  n-butanol and ethanol have comparable
Pereira, and engine, Optical iso-octane and burning rates while iso-octane reported
Richardson study/ methane the slowest. It was suggested that
(2013) Turbulent combustion of these fuels in controlled

turbulent environments would reveal great
details to improve the current combustion
diagrams.

(Continued)
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Table 1. (Continued).

Initial
Authors Configuration Fuel Mixtures Conditions Remarks/Conclusions
Siwale et al. (2013) Diesel Engine n-butanol/diesel 298K Increase in the butanol blend ratio
significantly improves the reduction of
emissions.
Katoch et al. Planar stabilised  n-butanol/air 350-600K The variation of temperature exponent ()
(2019) flames with equivalence ratio (®) was reported

also for the first time. The values exhibit

a non-linear inverted parabolic profile with
a minimum value occurring for slightly rich
mixtures at ® = 1.1

stretch (Bagdanavicius et al. 2015; Bradley, Gaskell, and Gu 1996). The total stretch rate, «,
for a spherically expanding flame is a function of r,and S, (Bradley et al. 1998)
1 dAf 2 dr, 2

= =—3,. 1
Ap dt  r,dt 1, M

Here, Ayis the flame surface area, t is the time, r,, is the radius of the cold front of the flame
and §,, is the stretched flame speed. Spherical flames are stretched due to both curvature and
strain rate (Gu et al. 2000).

The effect of stretch on u; is given by

u; — u, = L.a, + L. (2)

Here a, and «, are the stretch rates related to flame curvature and flow field strain,
while L. and L, are the associated Markstein lengths (Bradley, Gaskell, and Gu
1996). u; and u, are the unstretched and stretched laminar burning velocity, respec-
tively. r, is related to the cold flame front radius, defined as the isotherm that is 5K
above the reactant temperature, observed by Schlieren cine photography, 7. by

05

ru:mm+495&<&> (3)
Py

Here p,, is the density of the unburned and p,, that of the burned gas at the adiabatic flame

temperature and &; is the laminar flame thickness (= v/u;). Where v is the kinematic

viscosity of the unburned mixture. S, is related to r, and u, as (Bradley et al. 1998)

dr,
S, = —* 4
"= (4)

The influence of total stretch, a, on S, is given by
S — Su = Lyat (5)

Where L, is the burned gas Markstein length (Clavin 1985) and S; is the unstretched
flame speed. S, is obtained from the extrapolation of S, to the zero stretch (x=0) in
the S, vs. o< curve. For cellular flames S; is obtained by extrapolating the part of the
Sn curve before the onset of cellularity. Markstein lengths express the reduction in
burning velocity due to stretching. The gradient of the best straight-line fit to the
experimental data in the S, vs. & curve gives L. The strain rate Markstein length,
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Ly, and Markstein number related to strain rate, Ma,,, are measured directly from
the stretched laminar flame measurements, with the influence of straining directly
related to strain rate by (Bradley, Gaskell, and Gu 1998; Haq et al. 2002).

Ly=———(Ly— Ly (6)
PulPy — it
LS1’
Mag, = —
a 3 (7)

The parameter L, is obtained using multiple regression analysis (Bradley, Gaskell, and Gu
1996), uy, is deduced from S;using the relation (Bradley et al. 1998):

w=s,2. (8)
u
However, in recent studies (Bonhomme, Selle, and Poinsot 2013; Bradley, Lawes, and Morsy
2019), it is shown that for hydrocarbons like iso-octane and n-butanol flames, the mean
burnt gases temperature, Ty, is not equal to the adiabatic temperature, T, due to T, being
influenced by stretch and Lewis number, Le. This effect is shown in (Bonhomme, Selle, and
Poinsot 2013; Chung et al. 1986; Clavin and Williams 1982) as

noTe_ (L,)2, o

T4 Le u

Le is the Lewis number of the limiting reactant, D, is the thermal diffusity of the mixture.
The effect of T, < T,4, results in the mean burned gas density p, to be greater than the
adiabatic burned gas density, p, i.e. p, > p,. Therefore, to include the effect of Le and & upon
u;, in the present study it is calculated using the equation

w =820 (10)
These densities, p,, p,, and thermal diffusivity, D, of the mixture were obtained from the
thermal equilibrium program GasEq, developed by (Morley 2005).

Turbulent burning velocity, u,

Many correlations exist in the literature to calculate turbulent burning velocities
(Bagdanavicius et al. 2015; Bradley et al. 2003, 2013; Bradley, Lawes, and Mansour 2009a,
2011; Kobayashi, Kawabata, and Maruta 1998; Kolla et al. 2009; Kolla, Rogerson, and
Swaminathan 2010; Lipatnikov and Chomiak 2002). Bradley et al. (2003) measured turbu-
lent burning velocities associated with different surfaces using techniques like Schlieren
photography and Mie-scattering. Turbulent burning velocity, uy,, is associated with mean
radius of Schlieren front, ryy, while turbulent burning velocity uy, is obtained from the
mean radius, r,, of Mie-scatter image. However, Schlieren imaging technique is more
convenient and avoids the complexity of using class 4 lasers as in Mie scattering technique
to derive turbulent burning velocities. In their work (Bradley et al. 2003) it was shown that
there exists a linear relationship between, u;, and u;, whose gradient yields an expression for
uy given by
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& drsch
dt

u

Uy = Uy = 0.9 . (11)
However, in order to include the effect of Le and « in the present study, Equation 11 was
modified to

Py drscn
dt -

u

Uy = Uy = 0.9 (12)

For comparing any measured turbulent burning velocities, say u,, using the existing
correlations, characteristics such as u;, 8; and turbulent characteristics like #’ and turbulent
length scales must be known (Lawes et al. 2012). The Taylor scales, A, and Kolmogorov
scales, 7, are calculated using the relations given by (Mccomb 1990):

Ry = uA/v, (13)

Where R, is the Taylor scale Reynolds number with v the kinematic viscosity and

A A
—=— (14)
L Ry
Here A is a numerical constant, A =16 + 1.5 (Mccomb 1990).
The Kolmogorov scale, 7, is calculated using the relation (Mccomb 1990)
A
(15)

n= 15955R0

The turbulent Reynolds number (R;)based on the integral length scale, L, is defined as
u'L

14

Ry, = (16)
The value of turbulent Reynolds number (Ry) inside Leeds MK-II vessel is in the range of
1,600-10,000 depending on the fan rotating speed (1,000-6,000 rpm) (Morsy 2019).

The ratio of chemical lifetime, §;/u, to eddy lifetime, 1/4/, is the Karlovitz stretch factor,
K, and is given by (Bray 1996; Chakraborty and Cant 2006)

81/ uy
K= 17
Ve (17)
With §; = v/u;, and A = 16, K is given by (Bradley et al. 2005)
'\ 2
K =025 <> R; %’ (18)
u

During the early stage of flame-kernel growth, only the smallest turbulence wavelengths are
affecting the surface structure and the effective rms turbulent velocity, u;, that acting on the
flame is less than the rms velocity, #/, that is measured in the vessel in the absence of any
flame. As the flame propagates, it becomes more susceptible to the full range of turbulence
scales present and u;c increases until approaches v’ (Bradley, Lawes, and Mansour 2011).
Hence, the effective rms turbulent velocity, u;(, is introduced as a primary requirement to
derive turbulent burning velocities at a given /.
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The details of calculating u, over a range of wavelengths is presented in (Bradley, Lawes,
and Mansour 2011). The behaviour of u, /u’ during spherical flame propagation is derived
by integration of the entire power spectral density, S(k,), over the entire range of wave-
lengths as (Abdel-Gayed, Bradley, and Lawes 1987; Bradley, Lawes, and Mansour 2009b)

. 0.5
’ k2
uk 1505 no _
— = |—— | S(k,)dk 19
u Ry k{l (’1) n ( )

5(k,) — 0.01668R;~ + 3.74R)® — 70R; *! 20)
n) = = — -
14 (0.127R15k,) ™" + (1.15R52k,)* 4 (1.27R0357k,)

k, is a dimensionless wavenumber, defined as 27/wavelength multiplied by 7. The lower
and upper limits I_c,ﬂ and l_c,72 respectively are the associated largest and the smallest possible

wavelengths evaluated using the general wave number, k,x given by

- 2ny 32n _
o= _ RS 21
nk niL <150.25nk> A ( )

Here ny is defined as ny = 2r(5/L, where rq 5 is the mean radius of the flame. Typical curves
of u, /u' plotted against increasing n; are shown in Figure 1 for the Ry values, associated
with the current Rrand u'values employed in this study. The maximum value of
u;c /u' = 0.81 is found to be at a value of n; > 6. It is suggested in (Bradley, Lawes, and
Mansour 2011) that a value of 1 = 2 corresponds to the onset of developed linear regime for
a non-quenching flame. Therefore, for flame analysis at a value of n; above 2 well should
quantify the present experimental results.

0.8+ _—

\

06—

/u'

= fe
< 0.4

0.2

Figure 1. Variation of u, /u with increasing n for different R).
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Experimental method

Experimental measurements are carried out in a 30-liter spherical vessel, of 380 mm
internal diameter with three pairs of orthogonal windows that are 100 mm and 150 mm
in diameter (Lawes et al. 2012). Once the combustion vessel was ready and vacuumed, the
liquid n-butanol was added through the appropriate needle valve by monitoring the
pressure on the digital static pressure gauge. The vessel was again filled with dry air up to
the required initial pressure for explosion. Turbulence is generated by four identical, eight
bladed fans, each driven by an independently controlled 8 kW electric motor with accuracy
within + 5% of the set speed. The mean and rms turbulent velocities, and the associated
integral length scales have been determined using laser Doppler velocimetry (Bradley,
Gaskell, and Gu 1996). More recently, the spatial and temporal distributions of the
turbulence fluctuations have been investigated in (Bradley, Lawes, and Morsy 2021) using
particle image velocity (PIV). Uniform and isotropic turbulence is reported in the central
region (150 mm diameter) of the vessel (Bradley, Lawes, and Morsy 2019, 2021; Nwagwe
et al. 2000). The flow uniformity is particularly good up to 50 mm radii from the center with
fluctuations within 10% of the mean velocity. It is reported in (Bradley, Lawes, and Morsy
2021) that the uniform turbulent zone is limited to 40 mm radii at fan speeds >6000 rpm (#//
=6 m/s). Nonetheless, the current data analysis was conducted at flame radii of 30 mm
where turbulence is isotropic and uniform regardless of fan speed. The integral length scale
is found to be 20 mm (Bradley, Lawes, and Morsy 2021), and is independent of the fan speed
between 1000 and 10,000 rpm, except at 500 rpm where it was found to be 24 mm. «/, is
given by

u'(m/s) = 0.00119f,(rpm) (22)

where f; is the fan speed. It is reported in (Morsy 2019) that the impact of both temperature
and pressure on the rms velocity, u,” is<12% at the highest fan speeds employed.
Consequently, at p = 0.1 MPa, the integral length scales are increased up to 10%, at initial
temperatures of 400K while the impact of increasing pressure, at 300K, up to 1.0 MPa was
found negligible. The changes in the turbulence characteristics are within the experimental
measurement uncertainties and do not significantly impact the current analysis.

The initial mixture gas temperature is measured using a sheathed chromel-alumel
K-type thermocouple, inside the chamber. A static piezoresistive pressure transducer is
employed to measure the pressure during mixture preparation. This transducer is situated
outside the vessel and was isolated just prior to ignition. A central spark plug with ignition
energies of about 23 mJ (Nwagwe et al. 2000) was supplied from a 12V transistorised
automotive ignition coil (Bradley, Lawes, and Mansour 2011). All burning velocities are
measured at sufficiently large radii so that spark effects could be neglected (Bradley et al.
1998). The fans were run during mixture preparation, both to ensure full mixing and to
assist uniform heat transfer. For laminar studies the fans were switched off for a period of 20
s, following mixture preparation, before ignition. In turbulent tests the fans were main-
tained at the set speed, to produce the desired rms turbulence intensity throughout the
mixture preparation, ignition and combustion period.

High-speed Schlieren photography was used to capture flame images at the rate of 5400
frames per second with a pixel resolution of 768x768. For each explosion flame radius was
measured as a function of time. The process of identifying the flame radius for laminar
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Table 2. Summary of experimental conditions at T;=360 K, g indicates flame quenching.

P 0.1 MPa 0.5 MPa 1.0 MPa

) u'(m/s) u'(m/s) u'(m/s)

0.7 05 1 2q - - 05 1 299 - - 05 q - - -
0.8 05 1 2 4 6q 05 1 2 4 6 05 1 2 4 6
10 05 1 2 4 6 05 1 2 4 6 - 2 4 6
12 05 1 2 4 6 05 1 2 4 6 - - - - -
14 05 1 2 4 6 05 1 2 4 6 - - - - -

flames using level set technique is given in (Sethian 1999; Tripathi 2012). The details of
measuring Flame speeds, laminar burning velocities, Markstein lengths and Markstein
numbers are reported in (Bradley et al. 1998; Bradley, Gaskell, and Gu 1996). Ma,is
obtained by dividing L, with the corresponding &;. The calculation of u; requires thermal
expansion factor, which is the ratio of p, and p,,.

Results

In this section, u; of n-butanol/air mixtures are presented first followed by its turbulent
burning characteristics over the range of conditions presented in Table 2.

Laminar burning velocities, u,

Typical laminar flame images at two different ¢ and with increasing pressure at similar
radius values are shown in Figure 2. Flame radius from these Schlieren images, ., are

P =0.1 MPa P =0.5 MPa P=1.0 MPa

I e

1.0

Figure 2. Laminar flame images at $=0.8 and 1.0 at increasing initial pressure.
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derived which are used to calculate r, using Equation 3. Smooth flame propagation is
observed at lower initial pressures, while at increased initial pressures flames develop cracks
from the spark discharge, seen at 0.5 MPa and ¢ = 0.8, as it progresses. These cracks lose
their self-similarity as they grow and further cracks eventually become cellular at larger
radii. As the initial pressure increases, the onset of cellularity begins at a relatively smaller
radius.

Stretched flame speed, S,, calculated using Equation 4, against «, calculated using
Equation 1, for initial pressures of 0.1, 0.5 MPa over the range of $=0.7 to 1.4 are shown
in Figures 3 and 4 respectively. Flame speeds of up to $=0.8 at 1.0 MPa are shown in
Figure 5. The solid lines in each case show the extrapolation of smooth stretched flame
speed, independent of spark effect and cellularity, to zero stretch to obtain S;. u; was then
calculated, using Equation 8 (Bradley et al. 1998).

Laminar burning velocity, u;, of n-butanol/air mixtures are plotted against ¢ at
different initial pressures of 0.1, 0.5 and 1.0 MPa in Figure 6. Shown in Table 3 are
the Le values used to calculate T, and p, and these are taken from (Li, Jin, and Huang
2016). Mean values of u; were obtained using three identical explosions at each experi-
mental condition and are shown as filled symbols. The error bars denote the standard
deviation and the solid line shows the best line fit through each set of data.
Measurements could not be made for values of ¢ greater than 0.8 at 1.0 MPa as not
all the fuel was evaporated at this pressure and temperature of 360K. This limiting value
of ¢ is indicated by asterisk symbol in the figure. u;, decreased with increasing pressure.
Values from other studies (Broustail et al. 2011; Sarathy et al. 2009; Veloo and
Egolfopoulos 2011; Wang et al. 2018; Wu and Law 2013; Zhang et al. 2018) are also
presented for the purpose of comparison. An increase in ¢ leads to an increase in u;. u;
values are observed to be the lowest for lean mixtures, ¢ =0.7. For a given pressure,
peak values of u; are observed on the richer side, ¢ = 1.1. This is in line with the results
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Figure 3. Stretched flame speed, S,, against flame stretch q, for different ¢ at 0.1 MPa and 360 K.
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Figure 4. Stretched flame speed, S,, against flame stretch q, for different ¢ at 0.5 MPa and 360 K.

2
L 1.0 MPa
1.5+
\’_r’\) L
E 0 o O O 0
©voo
AA
I a8
07\ T T T T T L
0 0.05 0.1 0.15 0.2 0.25 0.3
o (1/ms)

Figure 5. Stretched flame speed, S,, against flame stretch q, for different ¢ at 1.0 MPa and 360 K.

reported in (Konnov 2010) and (Katoch et al. 2019). Despite similar conditions adopted
by Wu and Law (Wu and Law 2013), which are close to the present work within the
measurement uncertainty, a good agreement is seen on the lean-to-stoichiometric
conditions; however, the rich side indicates some discrepancy of up to 8% higher values
for the current measurements. This can be attributed to values of p, approaching those
of p, with increasing ¢, as a result of both the more rapid attainment of equilibrium,
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Figure 6. Unstretched laminar burning velocity, u;, of n-butanol/air mixtures at 0.1, 0.5 and 1.0 MPa at
360 K.

Table 3. Lewis numbers of n-butanol/air mixtures from previous studies.

0.1 MPa, 433K, Zhang et al. 0.1 MPa, 363K, Li, Jin, and Huang 413K, Gu et al. 428K, Gu et al.

) (2013) (2016) (2009) (2010)

0.8 2.1 2.06 2.14 2.14

0.9 2.09 2.11 2.11

1.1 0.90 0.92

12 0.88 0.88 0.92 0.91

1.3 0.89 0.91

14 0.87 0.90

1.5 0.86 0.85 0.89

and the decreasing values of Le. This indicates the level of scatter one should account for
while designing the relevant combustion systems.

Shown in Figure 7 are the corresponding L, values derived from the region of stable
flame propagation, independent of spark effect and cellularity. L, are found to decrease with
increasing pressure and also with increasing ¢. For a given ¢, u; values decrease with
increasing pressure as the sensitivity to stretch (low L, values) decreases causing the flame
to become cellular at even smaller radii. An increase in hydrodynamic and thermo-diffusive
instability at high initial pressures causes flame cellularity (Bradley et al. 2019).
Consequently, the flame speeds increase drastically at the onset of cellularity causing the
flame to burn more rapidly with increased flame surface area.

The rate of decrease in u; reduces with increase in initial pressure from 0.5 to 1.0 MPa. At
0.5 MPa and rich mixtures, L, values were negative which indicates an increase in burning
rate with stretch. A decrease in L, with pressure indicates a decrease in flame sensitivity to
stretch and therefore reduces the u; during the stable flame regime. As the flame reaches the
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Figure 7. Markstein length, L, (mm), of n-butanol/air mixtures at 0.1, 0.5 and 1.0 MPa at 360 K.

critical stretch, the flame becomes unstable and cellular and therefore cannot be used to
calculate u;. It is reported in (Liu et al. 2014), that the H and OH radicals, largely responsible
for promoting fuel consumption and associated with increased flame speeds, drop signifi-
cantly with increasing pressure; while marginal changes in CH; and C;H, radicals are seen.
C;3Hg has less reactivity among alkene. hydrocarbons [10], and the CH; would promote
chain termination through reactions R1 and R2, reducing the reactivity of fuel-air combus-
tion system (Ranzi et al. 2012; Veloo et al. 2010). Thus, reducing u; at higher pressures.
However, the detailed reaction mechanism investigation remains out of the present work’s
scope.

CHs + H + [M] = CH, + [M] (23)

Ma,,, at different pressures and ¢ are shown in Figure 8. The process of deriving Mas, is
again given in (Bradley, Gaskell, and Gu 1996). Values of §;, were found using &; = v/u;.
Values of v, are obtained from GasEq code (Morley 2005). Each open symbol represents
a mean value of Ma,, from three identical explosions, and the error bar shows the associated
uncertainty in predicting the values which is likely to increase at higher pressures and at
higher ¢ due to the early development of onset of cellularity in the explosion flames,
consequently reducing the regime of stable flame propagation. A significant decrease in
the May, values are observed with an increase in ¢ with values eventually reaching negative
at high pressures. A decrease in May, is associated with an increased propensity for flame
cellularity while limiting the stable flame regime for u; deduction (Bradley et al. 2007).
Nonetheless, 4; and the corresponding May, values provide useful datum to derive realistic
mass burning velocities within the stable flame regime.
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Figure 8. Strain rate Markstein number, Ma,, of n-butanol/air mixtures at 0.1, 0.5 and 1.0 MPa and 360 K.
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Figure 9. Critical peclet number, Pe, of n-butanol/air mixtures against ¢ at 0.5 and 1.0 MPa and 360 K.

o

Values of Peclet numbers, Pe; = r.;/J), at the onset of cellularity for pressures 0.5
MPa and 1.0 MPa are presented in Figure 9 over a range of ¢ at 360K. Values of
Pe,; decrease with increase in ¢. An increase in ¢ is associated with higher fuel mass
concentrations. The corresponding Pe decreases with ¢ as thermal diffusivity is
predominant that facilitates effective heat dissipation through the flame. This results
in hydrodynamic and thermo-diffusive instabilities causing cellular flame
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Figure 10. Critical Karlovitz stretch factor, K, expressed in terms of May, for n-butanol/air mixtures; solid
line is the best fit curve.

propagation. Consequently, the flame surface area increases leading to rapid flame
accelerations. A lower Pe indicates an early onset of cellularity at smaller flame radii,
and therefore, the region of unstable/cellular regime cannot be used to calculate u;.
In previous studies (Bradley et al. 2007; Gu et al. 2000) Pe,; are expressed in terms
of Ma,; however, it was suggested in (Bradley, Lawes, and Mansour 2009a) that
a minimal critical stretch rate, expressed as a critical Karlovitz stretch factor, K, is
required for any flame to propagate smoothly below which the flame becomes
cellular and is subjected to instability and flame speed accelerations. K is expressed
in terms of Pe; and May, as given by the expression (Bradley, Lawes, and Mansour
2009a)

K = (2/Peq)(p,/p,) (1 +2(May/Pey)) " (25)

Values of K; derived using the above expression for the preset work at 0.5 and 1.0 MPa
initial pressures are plotted against their corresponding Ma,, in Figure 10. Solid line
represents the best fit exponential curve. Notwithstanding the uncertainties in Ma,,
shown by the error bars in Figure 10, a satisfactory correlation (solid line curve) is found
with an R*=0.859. For positive May,, smaller values of K are sufficient to stabilize the
flames. As the Ma,, values become increasingly negative, higher K; values are required to
keep the flame stable, narrowing the critical stretch regime which in turn increases the
uncertainties in deriving Ma, and u;. The exponential correlation of K; — Ma,, for
n-butanol/air mixtures at 360K, shown in Figure 10, closely follows the correlation pre-
sented in (Bradley, Lawes, and Mansour 2009a) for ethanol/air mixtures at 358K, suggesting
that it is reasonable to present a general correlation of K, in terms of Ma,, independent of
fuel and initial experimental conditions.
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Figure 11. Typical turbulent flame images at similar radius (a) at constant initial pressure with increasing

v’ (b) at constant ¢’ and increasing initial pressure.

Turbulent burning velocities, uy,

Typical turbulent flame images captured at similar radii are shown in Figure 11. Flames
become increasingly wrinkled with #’ and burn with increased flame surface area at higher
initial pressures. Table 2 summarizes the range of ¢ and ' for which the present experi-
ments were conducted. Five identical explosions were conducted at each experimental
condition. Mean flame Schlieren radii, 7., against time at ¢=1 for different u’ values at
initial temperature and pressure of 360 + 5K and 0.5 MPa, respectively, are shown in

Figure 12. These curves are differentiated to yield the turbulent flame speeds, Sy, (:

drsch
dt

the apparent speed at which the developing flame progresses outwards from the spark.
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Figure 13. Variation of Ss, with increasing radii from ignition for different u’ at ¢ = 1 and 0.5 MPa, 360 K.

Shown in Figure 13 are typical Schlieren flame speeds, S, plotted against Schlieren
radii, 7y, for @ =1 and for increasing /. The figure demonstrates the inevitable stochastic
nature of turbulent burning. At any given value of /, Sy, increased with flame radius 7y,
due to the turbulent flame development (Abdel-Gayed, Al-Khishali, and Bradley 1984). S,
against r, for different equivalence ratio, ¢, and increasingu at pressures 0.1 and 0.5 MPa
are shown in Figures 14 and 15 respectively. Each individual curve is the average of five



18 (&) P.AHMED AND J. YANG

Figure 14. Variation of S, with increasing radii from ignition for different v’ at ¢ = 0.8, 1.0, 1.2 and 1.4 at
0.1 MPa, 360 K.

identical explosions and the error bar denotes the standard deviation. Similar curves at 1.0
MPa are presented in Figure Al in APPENDIX. As discussed before (in Figure 13), for
a given ¢ and v/, each flame has a slightly different S, vs 75, curve due to the instantaneous
turbulent flow field, a result of varying turbulent eddies, encountered by the developing
flame at different times and at different positions (Lawes et al. 2012). Bradley et al. (1998)
found that as the flame grows beyond 10 mm radius, it becomes independent of the ignition
effect.

It is observed from Figures 14 and 15 that increase in ¢ as well as ’ increases the flame
speed. However, at lower values of $=0.8 and at low initial pressures of 0.1 MPa, the change
in Sy, with increasing u' is less distinguishable due to more scatter in Sy as the flame
develops. This behaviour may be a consequence of the onset of flame quenching. As ¢ is
increased, the increase in S, is more clear. Highest flame speeds, ~27 m/s, are observed at
¢=1.2and 1.4and at ' = 6.0m/s for 0.5 MPa. Apparently, at a given radius, no significant
change in the flame speeds is observed as ¢ is increased from 1.2 to 1.4. However, the scatter
is found to be large at higher /' values irrespective of ¢, as the flames convect away from the
ignition position due to higher turbulence.

Values of u;, are calculated using Equation 12. For the flame speeds, S;;, shown
in Figures 14 and 15, the corresponding values of u;, for different ¢ and v/, are
plotted against r, in Figures 16 and 17 respectively. Similar curves at 1.0 MPa are
presented in Figure Bl in APPENDIX. It is suggested in (Lawes et al. 2012) that
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Figure 15. Variation of S, with increasing radii from ignition for different v’ at ¢ = 0.8, 1.0, 1.2 and 1.4 at
0.5 MPa, 360 K.

comparison using flame radius encompasses a wider range of turbulent scales,
perhaps it was easier to compare u; at a fixed radius. The effect of increasing ¢
and ' is again found to increase u;. Similar to flame speeds, at lower values of
$=0.8 and at 0.1 MPa, the change in u; with increasing u’ becomes less distinguish-
able especially at lower ¢ (=0.8) values. Perhaps, it is evident from this plot that u,,
becomes constant with increasing radius at ¥’ = 0.5m/s. At higher values of v’ = 1.0
and 2.0m/s, scatter is increased as the flame grows, which may be a consequence of
onset of flame quenching. With the increase in ¢ the change in u, is more clear.
Maximum values of u;, are observed at rich mixtures, i.e. at $ =1.4 and 6 m/s, at 0.5
MPa. In contrast to flame speeds, u, plots against radius for 0.1 and 0.5 MPa at
u' = 2and4m/s reveal noticeable increase in u; values at rich mixtures as ¢ is
increased from 1.2 to 1.4.

Variation of u, against increasing u, for different ¢ and w/at initial pressures varying
from 0.1 to 0.5 MPa are shown in Figures 18 and 19 respectively. Each curve represents the
mean from five identical explosions. Similar curves at 1.0 MPa are presented in Figure C1 in
APPENDIX. Values of u,, increase with increasing u}candu’ . Maximum values of u;, are
observed for v’ = 6m/s. The effect of increasing ¢ and #' is again found to increase u;,. As
discussed earlier, the scatter is found to be largest at v’ = 4and 6m/s, irrespective of ¢.
Unlike S, vstyy, and uy, vsry, plots, utrvsuL reveals considerable change in u,, even at low ¢

for different u'. uy, values plotted against u, at ¢ = 0.8 and at 0.1 MPa in Figure 18 show a lot
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Figure 16. Variation of u;, with increasing radii from ignition for different v’ at ¢ = 0.8, 1.0, 1.2 and 1.4 at
0.1 MPa, 360 K.

of variation as the flame is exposed to increasing ”;« Further, at ' = 2m/s, u,, values cease
to increase due to the onset of flame quenching. Pressure affects u, significantly when
increased from 0.1 to 0.5 MPa; however, no noticeable change is found with further increase
in pressure to 1.0 MPa (shown in Figure C1 in APPENDIX).

Shown in Figures 20-22 are uy,, plotted against ¢ at a flame radius of 30 mm at pressures
0.1, 0.5 and 1.0 MPa respectively. Symbols represent the mean value and the error bars show
the standard deviation from five identical explosions. Increased variations in the measure-
ments of u, are found at higher u’ and at all pressures. Solid black lines show the best fit
curve. u;, data plotted in Figure 22 for ¢ = 0.8 are slightly displaced for better visualisation.
The upward arrow in each figure indicates the quench regions where turbulence intensity
causes localised flame extinction due to extensive stretching and wrinkling of the flame
front with increasing «’. The values of 1, /u'varied between 0.62 and 0.7 for all &’ at 0.1, 0.5
and 1.0 MPa (Lawes et al. 2012). The flames developed at this radius experienced 62-70% of
the turbulent spectrum with no spark influence, indicating the measurements and compar-
isons made at this radius are quantifiable. Generally observing, u;, gradually increased from
¢ = 0.8 to ¢ = 1.0. For flames at #' = 0.5 m/s, the maximum value of u;, occurred at ¢ = 1.2
and tends to decrease beyond this limit. At 4/ =1.0 m/s, values of u;, at ¢ = 1.4 reached
similar to ¢ = 1.2. However, at v/ = 2.0, 4.0 and 6.0 m/s, richest mixture at ¢ = 1.4 burned
noticeably faster than at other ¢ values. Larger scatter in the u;, values are observed at v’ =
6.0 m/s irrespective of @ and pressure. Flames quenched at ' = 4m /s for ¢ = 0.8 at 0.1 MPa
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Figure 17. Variation of u;, with increasing radii from ignition for different v’ at ¢ = 0.8, 1.0, 1.2 and 1.4 at
0.5 MPa, 360 K.

while at 0.5 and 1.0 MPa complete flame propagation was observed. Further lower equiva-
lence ratios, i.e. ¢ = 0.7, resulted in flame quenching at lower ' at all initial pressures. At
higher pressures, 0.5 MPa and 1.0 MPa, and at leaner mixtures, ¢ = 0.7, complete flame
quenching was observed at lower values of 4’ = 2m/s and ' = 1m/s respectively. On the
other hand, at 0.1 MPa initial pressures and at ¢ = 0.7, 80% flame propagation, indicated by
P, = 0.8 in Figure 20, was observed at u' = 1m/s. Further increase in u/, up to 2m/s,
resulted in 20% flame propagation (P, = 0.2). Due to high Ma,, values at low ¢, even lower
levels of turbulence is sufficient for the flames to quench. As turbulence further increases,
the entire flame extinguishes, leading to global quench preventing further combustion.
Identifying quench regions is key for accurately predicting flame behaviour, combustion
efficiency and emissions that would aid in designing efficient combustion systems and
predict explosion hazards.

Uy, for n-butanol/air mixtures, obtained in the present work are compared with the u,,
for iso-octane/air mixtures reported in (Lawes et al. 2005, 2012) at the same conditions, 0.5
MPa and 360K at different /, in Figure 23. Both experiments were carried out in the same
Leeds combustion vessel. Experimental values of u;,, at a flame radius of 30 mm, are plotted
against ¢ for different u for both fuels. It is interesting to note that the trends are similar,
however, at same temperature and pressure and for a given u’, n-butanol/air mixtures
yielded higher u; compared to iso-octane/air mixtures. These results are in line with the
results presented in (Aleiferis, Serras-Pereira, and Richardson 2013; Serras-Pereira,
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Figure 18. Variation of u;, with u;( for different v at ¢ = 0.8, 1.0, 1.2, 1.4 at 0.1 MPa, 360 K.

Aleiferis, and Richardson 2013), comparing iso-octane and n-butanol as a fuel in spark
ignition engines. The higher u;, values obtained for n-butanol/air mixtures can be attributed
to the lower May,, shown in Figure 24, compared to iso-octane/air mixtures. It has been
shown (Bradley, Gaskell, and Gu 1998) that under turbulent conditions positive Mas,
decreases the burning velocity, while mixtures with negative Ma,, tend to burn faster. u,
increased with ¢ as well as «/.It is interesting to note that the rate of increase in u;, for
n-butanol/air mixtures are found to be higher than iso-octane/air mixtures at higher u’. Iso-

octane flames quenched at 4/ = 4m/s and ¢ = 0.8. On the other hand, for the same ¢ value
n-butanol flames burned efficiently even at ¥’ = 6m/s.

Discussion

Results of u;, L, and Ma,, along with the corresponding mixture properties are presented in
Table 4. Lowest values of u; are observed for lean mixtures at ¢ = 0.8. u; increased with ¢.
Highest values of u; are obtained for slightly rich mixtures, ¢ = 1.1. Further increase in ¢
decreased u;. Although the values of L, and May,, in Table 3, for the same set of conditions
are repeatable, May, varies over a larger value at ¢ = 1.4. Ma,, decreased with increase in ¢.
Highest values of May, are obtained for lean mixtures while rich mixtures resulted in lower
May,. For very rich mixtures, ¢ = 1.4, it was not possible to determine L, and Ma,, due to the
onset of cellularity at an early stage from ignition.
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Figure 20. uy, for n-butanol/air at r,,= 30mm against ¢ for different v’at 0.1 MPa, 360 K; solid line shows
the best fit curve for the experimental data.
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Figure 21. uy, for n-butanol/air at r,,= 30mm against ¢ for different v’at 0.5 MPa, 360 K; solid line shows
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Figure 22. uy,, for n-butanol/air at r,,= 30mm against ¢ for different v’at 1.0 MPa, 360 K; solid line shows

the best fit curve for the experimental data.

Compared in Figure 25 is the ratio u;/u; against ¢, compared at a flame radius of
30 mm, for n-butanol and iso-octane flames at 0.5 MPa and 360K. Magnitude of u,, is
approximately 3.2 times higher than u; for n-butanol flames from ¢ =0.8 to 1.2 and
increases to 5 with further increase in ¢. Lean iso-octane flames are seen to exhibit the
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Figure 23. Comparison of uy, for n-butanol/air (open diamonds) and iso-octane/air (crosses) at rscp=
30mm against ¢ for different v’at 0.5 MPa, 360 K; solid curve shows the best fit for present n-butanol
experimental data, dashed curve show the best fit for iso-octane/air data (Lawes et al. 2012).

lowest uy, /u; at @ = 0.8; however, it increases steadily with ¢ till ¢ = 1.4. Values of u;, /u; are
relatively higher for n-butanol/air mixtures compared to iso-octane over the range of ¢ =
0.8 to 1.2. However, both exhibit a similar trend beyond this value. The behaviour of higher
values of uy, /u; for n-butanol corroborates with the results of Ma,,, as shown in Figure 24.
The lower May, values of n-butanol would well justify the higher u,, /u; ratio from ¢ = 0.8 to
1.2. Although the measurements of Ma,,, at ¢ =1.4 for iso-octane were not reported in
(Lawes et al. 2005, 2012) due to the flames becoming cellular from inception, it can be
predicted from the behaviour of u;, /u; that Ma, values would be similar for both iso-octane
and n-butanol. Quenching was not observed for n-butanol flames at any of the conditions
between the limits compared, indicating appreciable burning rates over a wide range of ¢
employed.

The obtained experimental data of u,, for n-butanol/air mixtures are correlated in terms
of u,/u, and K, at flame radius of 30 mm. Moreover, it is suggested that the influence of
May,, due to flame straining, over curvature, Ma,, is dominant in increasing turbulent
burning velocities (Bradley et al. 2003). Therefore, the correlation u,,/u, against K is
presented in terms of Ma,,, and that due to curvature may be neglected at this stage.
Values of u;, v, Mas, used for these correlations are given in Table 4. May, values were quite
repeatable for lean and stoichiometric mixtures, while at higher ¢ values the variation was

large, especially at higher pressures. Values of u;,/u, are presented for both positive and
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Table 4. Laminar flame properties at 0.1, 0.5, 1.0 MPa and 360 K.

0.1 MPa 0.5 MPa 1.0 MPa
¢ p/poy W05 L, Mag 0u/Pp VX107¢ g ly May p,/p, 1076 w L, Mag
0.7 5.1 214 029 240 10.01 5.62 427 014 080 9.00 5.62 214 011 041 6.03
08 6.11 213 033 168 6.62 6.13 425 021 060 649 6.14 213 017 0.12 415
1.0 6.85 211 045 145 727 6.95 421 031 028 295 - - - - -
1.2 697 209 053 1.05 551 699 417 036 010 -280 - - - - -
14 6381 207 042 025 254 6.82 414 029 -043 —-4.39 - - - - -

negative values of May, in Figure 26. The open symbols in the graph represent the average
experimental values of uy,/ u'k for five explosions at different May,. Solid lines represent the
best fit curves. For a given Ma,, u;/ u}c has higher values at lower K and reduces with
increase in K. For a given K, at negative Ma,, u,/ u}c values are the highest and decrease as
Ma,, becomes positive.

The present measurements of uy, / ulk are compared with the uy,,/ u’k values obtained from
the correlation of (Bradley, Lawes, and Mansour 2011) for different strain rate Markstein

numbers, Ma,,.The expression used to obtain uy,,/ u;c correlation in terms of K is given by
U = tpm /i, = AaKPforK > 0.05 (26)
Here A, =1, a and f are constants given by the equations in terms of Ma,, as

L ] 0.023(30 — May), if Mayis + ve
~ | —0.085(7 — May,), if Magis — ve
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Figure 25. uy,/u; of n-butanol (open traingles) and iso-octane/air (open squares, (Lawes et al. 2005,
2012)) flames against ¢ at 0.5 MPa and 360 K.
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Figure 26. Correlation of ut,/u}( with K using Schlieren experiments.
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g [ 0:0103(May, —30),if Mais + ve
~ | —0.0075(30 + May, ), if Magis — ve

Here u,y, is the turbulent burning velocity associated with pressure rise measured using
a pressure transducer during an explosion. The details of measuring u;,, are presented in
(Bradley, Lawes, and Mansour 2011). In order to compare the correlated experimental data
of uy,/ u'k presented in Figure 26 with that of equation (24), it was necessary to convert this
data in terms of uy,, / u;c. This was achieved by using the relation between u;,, and u, given in
(Bradley, Lawes, and Mansour 2011)

utm/utv = (rv/rm)z (27)

Here r, and r,, are the radius associated with flame surfaces obtained from Mie scattered
images and pressure transducer records respectively (Bradley, Lawes, and Mansour 2011).
In the present study, uy,, associated with r,, is obtained using Equation 12. The ratio of r,, /7,
in Equation 27 is again obtained from (Bradley, Lawes, and Mansour 2011). Shown in

Figure 27 are the correlated utm/u;c curves, obtained in the present experimental

02 04 06 08 1 1.2 14 01 02 03 04 05 06 07 08
K K

Figure 27. Correlation of ut,,,/u;( with K using Schlieren experiments (open triangles); and broken curve
using the equation (24); solid curve shows the best fit for data from present Schlieren experiments.
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measurements, compared with those calculated using equation (24), for different Ma,,. The
open triangles represent the experimental data from five different explosions. The solid
curve shows the best fit, whereas, the broken curve represent u,,/u, values obtained using
equation (24). The coefficient of determination, R?, ranged between 0.85 and 0.92 for the
experimental data shown in Figure 27. Generally both the curves decrease with increasing K
for a given Ma,. For K<0.1, a sudden increase in both uy,/ u}c values were observed.
Notwithstanding the inevitable scatter during turbulent burning velocity measurements, it
is striking that both the curves agree quite satisfactorily except for values of negative Ma,,
shown in Figure 8, are subjected to increased scatter. It is interesting to note that the
experimental values of u,/u, are generally higher than the ones obtained using equation
(24) for the region K < 0.03 in particular for lower Ma, indicating that the correlation given
by equation (24) holds good for K > 0.05. For very positive values ofMa,, there is a good
agreement between the two curves. It was suggested (Bradley et al. 2005, 2007) that flames
in the lower K region, K < 0.05, are subjected to thermoacoustic instabilities that enhance
burning velocities a consequence of high flame stretch rate. The calculations of uy,,/ u}c in
Figure 27 corroborates this argument. A consequence of an increase in K results in
increased merging of flamelets and localised flame extinctions that contribute to the gradual
decrease in uyy,/ u}c (Bradley et al. 2005).

The correlated curves of Figure 27 are reproduced on Figures 28 and 29 for both positive
and negative May, values respectively. Also shown in these figures are the experimentally
deduced values of uy,/u, against May, from past work (Bradley et al. 2013; Bradley, Lawes,
and Mansour 2011, 2011; Kitagawa et al. 2008; Mandilas et al. 2007; Shepherd and Cheng
2001). Each curve is represented by an May, value followed by a reference number from
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Figure 28. urm/u;( plotted against K for positive May,. Thick solid lines (Ma,, = 2.95and5.5) are the
present work. Thin solid lines (Ma,, = 2and6 (Mandilas et al. 2007), Mas, = 2.7 (Shepherd and Cheng
2001), Ma,, = 3 and 5 (Bradley et al. 2013; Bradley, Lawes, and Mansour 2011, 2011) represent the work
from previous studies.
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Figure 29. um,/u;( plotted against K for negative Mag,Thick solid lines (Ma;, = —2.8and — 4.4) are the

present work. Thin solid lines (Ma,, =

—3 (Bradley, Lawes, and Mansour 2011, 2011; Mandilas et al.

2007)), Mag, = —5 (Bradley et al. 2013) and Ma,, = —10 (Kitagawa et al. 2008)) represent the work from

previous studies.
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Figure 30. Regimes of turbulent combustion shown in terms of urm/u;( against K over a range of Mas,.

where it was taken. Solid thick curves shown are the present work with an May, not followed
by any reference number. The agreement among the correlations from different work,
which include different fuels and different values of ¢, is quite satisfactory among the
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combustion vessel data except for the burner data, represented by the broken curve in
Figure 28. However, the curves at negative Ma,,, shown in Figure 29, exhibit a noticeable
discrepancy that can be attributed to the different methods adopted to derive May,.
Nonetheless, the curves, for both positive and negative Ma,, are in good agreement with
the past combustion data obtained in the present Leeds combustion vessel, indicating that
the proposed correlation, given by equation (24), holds well for the current results.
Shown in Figure 30 are the u,/ u;< vs K curves for different Ma,,. The figure presents
different turbulent combustion regimes which are detailed in (Bagdanavicius et al. 2015;
Bradley et al. 2013). Shown in this figure is the work reproduced from (Bradley et al. 2013)
as well as the present data extending the uy,,/ u;( values from May, = 5 to more positive Mas,
= 10. In general uy,/u, curves decrease with K while it for a given K value it increases with
a decrease in May,. The figure shows three different turbulent combustion regimes denoted
by A, B and C. Regime A features the lower K region with higher U values. Interestingly,
this region denotes an increasingly unstable flamelet region where the interactions with
thermoacoustic instabilities play a predominant role in enhancing the U values. This region
is currently being explored at University of Leeds to gain more insights between the
interactions of different mechanisms at play. Regime B represents a stable region where
flames are wrinkled proportionally with turbulent that in turn increases the turbulent
burning. Increasing the K value further causes increased flamelet extinction and ultimate
flame quenching and this region is indicated by Regime C. The present study contributes to
the latter two regimes i.e. Regime B and Regime C. The broken curve at the bottom right
indicates the onset of flame extinctions with 80% probability of burning, Pyys. With
increase in Ma,, values lower levels of turbulence is sufficient for the flames to quench.
The broken curve of flame quenching has been extended further through the more positive
May, curves of Regime B. It is interesting to see the behaviour of u, /1, against K holds true

for the extended positive Ma,, values, i.e. an increase in Ma,, decreases the uy,/ uL over
increasing values of K. Unlike the previous quench regime identified in (Bagdanavicius et al.
2015; Bradley et al. 2013), the quench curve at higher K values is corrected as flames could
still be seen propagating beyond Ma,, = -3.

Conclusions

Fundamental studies of u;, and u,, of premixed n-butanol/air mixtures are carried out using
spherically expanding flames in a constant volume chamber. The main results are sum-
marised as follows:

(1) u, and the associated Lj, Mas,, Pe.; and the corresponding K associated with the
onset of flame instabilities are presented.

(2) u; reduced with increasing pressure. Minimum values of u; are observed for lean
mixtures, i.e. at $=0.7. y; increased with ¢. The peak values of u; for a given
pressure are observed to be on the richer mixture side, i.e. at ¢ = 1.1.

(3) Ly decreases with increasing pressure and ¢. At 0.5 MPa, L, reached negative values
at rich mixtures, resulting in an increase in burning rate with stretch.

(4) Mag, decreases with pressure and increasing ¢, with values becoming eventually
negative at high pressures and rich mixtures.
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(5) For the data measured in the present study, a satisfactory correlation exists between
K., and Mag, with an R? value of 0.859. It is currently understood that it is more
rational to express instabilities in terms of K,; rather than Pe, alone.

(6) Turbulent burning rates of n-butanol/air mixtures at high initial temperatures and
up to 1.0 MPa in a controlled environment are reported for the first time. u,,, values
increase with increase in both ¢ and «'. However, at lower u’ values, 0.5 m/s, u;,
were observed to flatten beyond ¢ =1.1.

(7) Results of uy,, Mag,, and uy,/u; of n-butanol/air mixtures are compared at the same
conditions with that of iso-octane/air mixtures. u;, of n-butanol/air mixtures are
higher than iso-octane/air mixtures which is attributed to lower Ma,,. Moreover,
between the two, n-butanol/air flames are observed to possess appreciable burning
rates over a range of ¢ studied.

(8) uym/ ”;@ derived for n-butanol/air flames are correlated in terms of Ma, and K.

! . . . .
Usm /1, values decreased with increasing K for a given Ma,,. However, for a constant

K, decrease in May, lead to increased uy,/ u;( values.
(9) The derived values of uy,/ u}< from present Schlieren measurements are compared
with those obtained from previous correlations, and a good agreement is found.
(10) The uyy,/ ulk curves from the previous studies conducted at Leeds are extended to
a positive Mas, of 10 along with the quench regime identified.
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Appendix
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Figure A1. Variation of Sy, with increasing radii from ignition for different v’ at ¢ =0.7, 0.8 at 1.0 MPa,
360 K.
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Figure B1. Variation of u; with increasing radii from ignition for different v’ at ¢ = 0.7, 0.8at 1.0 MPa, 360
K.
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Figure C1. Variation of u;, with u;( for different v’ at ¢ =0.7, 0.8 at 1.0 MPa, 360 K.
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