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This paper reports high-temperature/pressure turbulent burning velocities and their correlation of ex-
panding unity-Lewis-number methane/air turbulent flames, propagating in near-isotropic turbulence in
a large dual-chamber, constant-pressure/temperature, fan-stirred 3D cruciform bomb. A novel heating
method is used to ensure that the temperature variation in the domain of experimentation is less than
1°C. Schlieren images of statistically spherical expanding turbulent flames are recorded to evaluate the
mean flame radius (R(t)) and the observed flame speeds, d(R)/dt and Sg (the slope of (R(t))), where Sg is
found to be equal to the average value of d(R)/dt within 25 mm < (R(t)) < 45 mm. Results show that the
normalized turbulent flame speed scales as a turbulent flame Reynolds number Rergime=(u/SL)((R)/5L)
roughly to the one-half power: (S;°)~'d(R)/dt ~ (5.°)~'Sg=0.116Rer,me">* at 300K and 0.168Rergame**®
at 423K, where v’ is the rms turbulent fluctuating velocity, S; and S;® are laminar flame speeds with
respect to the unburned and burned gas, and §; is the laminar flame thickness. The former at 300 K
agrees well with Chaudhuri et al. (2012) [16] except that the present pre-factor of 0.116 and Rergame
up to 10,000 are respectively 14% and four-fold higher. But the latter at 423 K shows that values of
(S.P)"'d(R)/dt bend down at larger Rerg.me. Using the density correction and Bradley’s mean progress
variable (c) converting factor for schlieren spherical flames, the turbulent burning velocity at (c)=0.5,
Ste=05~ (Pp/Pu)SE((R)c—01/(R)c=05)?, can be obtained, where the subscripts b and u indicate the burned
and unburned gas. All scattering data at different temperatures for spherical flames can be represented
by Srtc—o0s/S.=2.9[(t/'/SL)(p[p0)]®38, first proposed by Kobayashi for Bunsen flames. Also, these scattering
data can be better represented by (Src_o5-St)/u'=0.16Da®3° with small variations, where the Damkghler
number Da=(L;/u’)(S./8.) and L; is the integral length scale.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

and room temperature conditions (see Refs. [3-8] and references
therein) and some at elevated pressure and room temperature con-

The main driving force behind modern combustion research
comes from the further development of high-efficiency and low-
emission internal combustion engines such as spark ignition
engines for transportation and gas turbine combustors for power
generation [1,2]. The associated mode is premixed turbulent com-
bustion that frequently takes place in high temperature (T), high
pressure (p), turbulent environment. Extensive studies on the sub-
ject of premixed turbulent combustion especially focusing on its
primary parameter, the turbulent burning velocity (St), have been
made in the past few decades (e.g., [3-27] among many oth-
ers). However, most studies were obtained at atmospheric pressure
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ditions (e.g., [9-21] among others with a rapidly growing amount
of data recently) but few at high temperature, high pressure, high
turbulent conditions. The latter motivates the present work hav-
ing two objectives. The first objective is to report a novel heating
method that allows us to control the temperature variation in the
domain of experimentation to be less than 1°C for measurements
of expanding turbulent premixed flames in a large dual-chamber,
constant-elevated-pressure, fan-stirred 3D cruciform bomb. There-
fore, St measurements are free from the influences of tempera-
ture gradients that frequently occur using the conventional surface
heating method. The second objective is to obtain data of St at
various p, T, and turbulence conditions, to find a possible general
correlation of these St data, and to compare our correlation with
previous general correlations of both expanding turbulent spherical
flames [e.g., 14,16,17,19] and turbulent Bunsen flames [e.g., 9,22].

0010-2180/© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Nomenclature

A turbulent flame surface area, mm?

(c), T mean progress variable

d(R)/dt turbulent flame speed by taking time differen-
tiation on (R(t)), m/s

d(R)/dt average d(R)/dt from 4-5 runs at the same con-
dition, m/s

f fan frequency, Hz

L integral length scale of turbulence, mm

p initial pressure of reactants, atm

Do atmospheric pressure, atm

R bomb chamber radius measured from its cen-
ter, cm

Rinin minimum wall confinement radius of the 3D
cruciform bomb, mm

(R) mean flame radius, mm

(R)c=o01 (R) at (c)=0.1, mm

(R)c=05 (R) at (c) =0.5, mm

(R(t)) mean flame radius, mm

Sk averaged turbulent flame speed, m/s

SL planar laminar flame speed with zero stretch,
m/s

5P laminar flame speed with respect to the burned
gas, m/s

St turbulent burning velocity, m/s

ST,C=O.05 ST at <C> 2005, m/s

ST,C:O.] St at (C) =01, m/s

ST,C:O.S ST at <C> 205, m/s

T reactant temperature, K
Ty, Ty, ..., T; temperatures measured at various thermocou-
ple positions, °C

Tp perforated plate heater temperature, °C
Ts surface heater temperature, °C

t time, s

u r.m.s. turbulent fluctuation velocity, m/s
Greek letters

o thermal diffusivity, mm?2/s

S laminar flame thickness, mm

v kinematic viscosity, m2/s

Pb burned gas density, kg/m3

Pu unburned gas density, kg/m?>

1) equivalence ratio

Subscripts

1, 2,..., 7 numbers of thermocouple positions

b burned

F flame

min minimum

p perforated plate

S surface

T turbulence

u unburned

Dimensionless numbers

Da turbulent Damkoéhler number, Da = (L;/u")(S./51)
Le Lewis number (ratio of thermal diffusivity to mass
diffusivity)

Rergame turbulent flame number,
Retflame = (W[SLY{R)[81)

turbulent flow Reynolds number, Rerqoy, = t/'Li/v

Reynolds

ReT,ﬂow

Seeking a general correlation for S; has long been recognized
as one of the key issues of the study of premixed turbulent com-

bustion, as evidenced by the existing general correlations for St in
the literature [3,5,9-27]. However, others have questioned its use-
fulness and suggested that St is an experimental dependent vari-
able, depending on such as the geometry and type of the burner
used in the study [28]. From the fundamental point of view and
under the long-held assumption that Sy should be a meaningful
physical parameter like an extension of the concept of the laminar
burning velocity, there is still the interest to seek a general cor-
relation or a possible unified scaling description of St at least in
some simplified laboratory turbulent flows such as those in near-
isotropic turbulence and in stabilized Bunsen-type turbulent flows.
For such a scaling, it is well-known that the commonly-chosen tur-
bulent and flame parameters are respectively the rms deviation
from the mean velocity u” and the integral length scale L; of turbu-
lence and the laminar burning velocity S; (i.e. the planar laminar
flame speed with zero stretch) and the laminar flame thickness §;
of flame chemistry.

To date, Bradley and his co-workers at Leeds have long used a
fan-stirred bomb to extensively measure Sy of statistically spher-
ical premixed flames propagating in near-isotropic turbulence, of
which various general correlations of St have been proposed [3,5].
Also see a recent paper by Lawes et al. [23] at Leeds for St
measurements of iso-octane/air mixtures under high-temperature,
high-pressure, high-turbulent-Reynolds-number conditions. As to
stabilized Bunsen-type turbulent flames under high-temperature
and high-pressure conditions, Kobayashi et al. [9,22] have mea-
sured unity-Lewis-number methane/air flames at the equivalence
ratio ¢ =0.9 and reported a general correlation of the form:

Sr/St = C[(u'/St) (p/Po) (1)

where pg=1atm and the constant C=5.04 and 2.90 when S; were
measured at the mean progress variable ¢=0.1 and 0.5, respec-
tively. Note that the validity of Eq. (1) is to be tested via the
present measurements of high-temperature, high-pressure St of
expanding turbulent methane/air flames (¢=0.9) at c=0.1 and
0.5 propagating in near-isotropic turbulence generated by a dual-
chamber, constant-pressure, fan-stirred 3D cruciform bomb with
newly-designed heating devices. By comparing the present ex-
panding spherical flames with the previous Bunsen-type flames
[9,22], both under high-pressure and high-temperature conditions
and using the same methane/air mixtures at ¢ =0.9, the sensitivity
on the geometry and type of the burner is investigated.

Further, Chaudhuri et al. [16] found that a constant-pressure
expanding turbulent premixed flame of methane/air mixtures
(¢=0.9; Le ~ 1; room temperature) has the self-similar propaga-
tion, where all flames at different u’ and p can be represented by
a normalized turbulent flame speed

[(1/5.°)d(R)/dt] = 0.102Rer gy 2)

]0.38

S.P is the laminar burning velocity on the burned side before
density correction. (R) is the average flame radius, commonly de-
fined as (R)=.,/A/m, where A is the area enclosed by the tur-
bulent flame front tracked from high-speed images. t is time.
Retfame =u'(R)/a, where « is the thermal diffusivity (~ S.6). It
should be noted that the power-law relationship between the tur-
bulent flame speed and the turbulent Reynolds number was ini-
tially suggested by Kerstein et al. [29] by assuming that the role of
turbulence was to distort the topology of the flame front. Chaud-
huri et al. [16] then modified this scaling by fluid properties and
turbulence length scales with flame properties and geometric char-
acteristics of the flame, respectively, as shown in Eq. (2). Here we
add the subscript “flame” to distinguish it from the commonly-
used turbulent flow Reynolds number (Retgoy, =u'Li/v), where v
is the kinematic viscosity of reactants [14]. In [14], the effect
of Rergey 0N high-pressure Sy of expanding turbulent premixed
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