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Instantaneous flame front structures of the turbulent premixed flames of syngas/air and CHg4/air mixtures
were investigated using OH-PLIF technique at high pressure up to 1.0 MPa, through which the turbulent
burning velocities were derived and correlated with the turbulence intensity. Results show that both syn-
gas/air and CHy/air mixtures, S7/S; increases remarkably with the increase of u'/S; particularly in the weak
turbulence region. For the syngas/air mixture, the intensity of flame front wrinkle is promoted with the
increase of hydrogen fraction in the syngas due to the increased preferential diffusive-thermal instability.

Keywords: . . Compared to CHy/air mixture, the syngas flames possess much wrinkled flame front with much smaller
Turbulent burning velocity P . ) . . . )

Syngas fine cusps structure, and with increasing u’/S;, the rate of the increase of S7/S; for the syngas/air mixtures
OH-PLIF is more significant than that of CH,/air mixtures. This demonstrates that the increase of flame front area

due to turbulence wrinkling is promoted by flame intrinsic instability for syngas/air mixtures. The values
of S7/S; for all mixtures increase with the increase of pressure because of the decrease of flame thickness
which promotes the hydrodynamic instability. A general correlation of turbulent burning velocity for the

High pressure

syngas/air and CHg/air mixtures was obtained in the form of S7/S; o a[(P/Po)(u[S;)]".

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

With ever increasing demand on energy and concerning on
environmental protection, the research on the clean alternative
power system has attracted an increasing attention. The developed
Integrated Gasification Combined Cycle (IGCC) technology based
on coal gasification can achieve higher efficiency and lower emis-
sions especially lower CO, emission when it combines with Carbon
Capture and Storage technology (CCS) [1-3]. The IGCC power
plants allow the gasification of wide range of liquid and solid fuel
or waste which are converted into the syngas and subsequently
consumed in a gas turbine. The main compositions of syngas are
CO and H,. It may also contain small amount of CHg, N;, CO,,
H,0 and hydrocarbons [4]. Hydrogen has unique combustion char-
acteristics such as the high reactivity, diffusivity, and the high con-
centration of free radicals such as O, H and OH in its flames. The
existence of small amount of hydrogen has a catalytic effect on
CO combustion. However, as hydrogen fraction is increased to a
sufficient level, it may cause undesired flame instability issue.
Hydrogen possesses fast laminar burning velocity and very thin
flame thickness. The increase of pressure results in a significant de-
crease of flame thickness, which promotes the hydrodynamic
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instability. Thus the hydrogen fraction in the syngas will induce
a quite different turbulence-flame interaction for the turbulent
premixed flames in the modern premixed-type gas turbine, com-
pared to that of the traditional hydrocarbon fuels [5].

Meanwhile, the specific composition of syngas depends on the
fuel resources and processing condition and has a large variability.
Hydrogen mole fractions in syngas varied from 9.0% to 41.4%
according to Siemens’s report on its IGCC plant fueled with various
fuels such as coal, biomass and solid waste [6]. Even in coal based
IGCC plant in GE, the hydrogen mole fractions in syngas varied
from 25% to 70% depends on the varied processing condition [7].
Variability of syngas composition variability will lead to different
turbulence-flame interaction and needs further study in details.

From the practical point of view, turbulent burning velocity is a
very important parameter for combustor design and turbulent
combustion modeling. A general correlation between turbulent
burning velocity and experimental condition is essential [8]. How-
ever, due to experimental difficulties, reports on the turbulent
burning velocities of syngas/air mixtures at high pressures are very
limited. Venkateswaran et al. [9,10] measured the turbulent con-
sumption speeds of syngas/air mixtures and their results indicated
a much different sensitivity of turbulent consumption speed to
syngas fuel composition. However, the turbulent burning velocity
which is a definition dependent quantity was not derived. Chiu
et al. [11,12] measured the turbulent burning velocity of syngas
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Nomenclature

u turbulence intensity, m/s

Nk Kolmogorov microscale, mm

R; turbulence Reynolds number based on Taylor micro-
scale, mm

St laminar burning velocity, cm/s

Leey effective Lewis number

X; mole fraction of specific species i

Le; Lewis number of specific species i

Tad adiabatic flame temperature, K

oL flame thickness, mm

Ly Markstein length, mm

l; flame intrinsic instability scale, mm

(c) mean progress variable

Ty, Ty burned and unburned mixture temperature, K

Sr turbulent burning velocity, cm/s

u mean velocity of the mixtures at the burner outlet, m/s
0 angle of the contour (c) = 0.1

P pressure, MPa

Py environmental pressure, MPa

a coefficient

n exponent

Sis local burning velocity for the stretched flame, cm/s

g flame stretch rate, s

at high pressure up to 1.2 MPa using a double chamber, high pres-
sure combustion vessel. However, because the pressure in the
closed combustion chamber is increasing during the flame propa-
gation process, they could not investigate the turbulent effect at gi-
ven pressure. Thus the stationary turbulent premixed flames
stabilized in a high pressure environment is more suitable to mea-
sure the turbulent burning velocity [13]. Turbulent burning veloc-
ity and flame front structure of syngas/air mixtures at high
pressure up to 1.0 MPa were studied by Ichikawa et al. [5] and
Kobayashi et al. [14]. These studies show that the turbulent flame
front of syngas/air mixtures is much wrinkled compared to that of
CH4/air mixtures. However, the effect of syngas composition on
flame front and turbulent burning velocity was not studied. Thus,
the objective of this study is to measure and correlate the turbulent
burning velocity of syngas/air mixtures for various syngas compo-
sitions at high pressure up to 1.0 MPa. The combined effect of syn-
gas composition and high pressure on flame front structure and
turbulence-flame interaction will be examined. A general correla-
tion between turbulent burning velocity and turbulence intensity
was obtained for various syngas composition and comparison to
that of CHg/air mixtures is conducted.

2. Experimental setup and procedures

Experiments were performed using the high-pressure combus-
tion test facility at the Institute of Fluid Science, Tohoku University
at high pressure up to 1.0 MPa [13]. A brass nozzle-type burner
with an outlet diameter of 20 mm was used. Turbulence was gen-
erated by a perforated plate installed 40 mm upstream of the out-
let. Bunsen-type turbulent premixed flames of CO/H,/CO,/air
mixtures and/or CHy/air mixtures were stabilized at the burner
exit in the high-pressure chamber as shown in Fig. 1, where the
ICCD camera is perpendicular to the laser beam. Large amount of
fresh air was supplied to the chamber to keep the pressure con-
stant at high pressure and to take away the heat released by the
flame. Fuel and air were premixed and supplied to the burner at
the temperature of 300 K. Turbulence measurement at high pres-
sure was conducted using a constant-temperature hot-wire ane-
mometer (Dantec, Streamline 90 N) at 300 kHz. Turbulence
parameters were calculated by assuming Taylor’s hypothesis and
isotropic turbulence assumption. Turbulence intensity, u/,
Kolmogorov scale, #;, turbulence Reynolds number based on Taylor
microscale, R;, were shown in Fig. 2. It can be seen that the
Kolmogorov scale decreases remarkably with the increase of pres-
sure. Latest direct numerical simulations show that the mean
diameter of the vortex of turbulence is about 10 times of the
Kolmogorov scale [15]. This indicates that the mean diameter of
the vortex of turbulence decreases remarkably with the increase

of pressure. More details of the experimental facility and turbu-
lence measurements were presented in Refs. [16,17].

Two syngas compositions were investigated in this study. One is
the low caloric syngas with the composition of XCO/XH; = 65/35
(denoted as CO65). The other is the high caloric syngas with the
composition of XCO/XH, = 80/20 (denoted as CO80). For the syn-
gas/air mixtures, XCO,/(XCO + XH, + XCO,) is set to be 0.3, reflect-
ing a composition of the syngas. The properties of the mixtures are
summarized in Table 1. Laminar burning velocity, S;, for mixtures
used in this study were calculated using the PREMIX code [18]
and CHEMKIN-II database [19] with the mechanism by Frassoldati
et al. [20] for the syngas/air mixture and GRI-Mech 2.11 [21] for
the CHy/air mixture. Effective Lewis number, Le.y was evaluated
by wusing the equation, 1/Le.s=(Xi/Le;+Xy/Ley+---+Xi/Le;)/
(X1 + X3 +---X;), where X; and Le; are the mole fraction and Lewis
number of considered species i [5]. This equation is based on diffu-
sion coefficient of multi-component fuel and oxidizer considering
stoichiometry. Thus, for the lean syngas/air mixture, the consid-
ered species are CO and H,. For the stochiometric CHg4/air mixtures,
the considered species are CH, and O,. Adiabatic flame tempera-
ture, T,q, flame thickness, 6;, Markstein length, Ly, [22], and flame
intrinsic instability scale, [; [23], were also calculated and given
in Table 1.

OH-PLIF measurements were performed to visualize the instan-
taneous flame front. An Nd-YAG laser (Spectra Physics, GCR-250-
10) and a DYE laser with a frequency doubler (Spectron, SL4000)
were used. A blended branch of Q1(9) and Q2(8) for (1,0) bands
of the OH radical was selected for the OH excitation, and almost
all OH-LIF emission from the (0,0) band with 308 nm was detected
using a high resolution ICCD camera (ANDOR, DH574-18F) with UV
lens (Nikkon, UV-105 mm, F4.5 s), a low-pass filter (WG-295), and
a broad band-pass filter (UG-5). Thickness of the laser sheet is less
than 50 pm and the laser height is about 50 mm at the flame posi-
tion, and the maximum energy of a single laser shot is about 11 m].
The OH-PLIF image is 1024 x 1024 pixels and the finest pixel res-
olution is 0.054 mm)/pixel at the measurement plane. More details
of the OH-PLIF measurement were stated elsewhere [24,25].

3. Results and discussions

3.1. Flame front structure of syngas/air mixtures for various syngas
composition

Fig. 3 shows the turbulent premixed flames of the present work
in the Peters modified Borghi diagram [26]. Most of the flames in
this study are in the indicated flamelet regime. Thus the flame
characteristics can be discussed by applying the flamelet model.
The instantaneous flame front OH-PLIF images are shown in
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Fig. 1. Schematic of the high-pressure combustion facility [13].
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Fig. 2. Kolmogorov scale versus turbulence intensity.

Fig. 4. It can be seen that all the flames in this study possess fine
and convoluted flame front structure which is a general character-
istic of the turbulent premixed flames at high pressure [16]. The
flame front of syngas flames are much finer and wrinkled com-
pared to that of CHy/air flames and this behavior is much more
obvious under low turbulence intensity condition (u'/S; = 0.55).
Under low turbulence condition, the syngas flames have many fine
cusps and these fine cusps with small scale are superimposed on
large-scale convex and concave flame wrinkles. While, in the case
of CHy/air flames, large scale flame branches without fine scale
cusps are formed and the branches are deep which leads to a thick
turbulent flame brush and larger flame volume [5]. With the in-
crease of u'/S;, the flame height tends to be lower and the flame
front tends to be much finer with the decrease of turbulence scale
on the wrinkled flame front. It is noted that the difference in flame

front structure between the syngas/air and CHy/air flames tends to
be weakened with the increase of u//S;. The effective Lewis number
of syngas/air mixtures is much less than unity, while that of CH,/
air mixtures are close to unity, as shown in Table 1. This indicates
that the flame front structure is significantly influenced by the
flame intrinsic instability under the weak turbulence condition
[27]. The importance of flame instability on flame front structure
is weakened under high turbulence condition, as discussed by Pe-
ters et al. [28]. This means that the increase of turbulence is much
more effective on wrinkling the flame front, compared to the flame
instability. With the increase of hydrogen fraction in syngas, as
from CO80 to CO65, the flame height is decreased and flame front
tends to be much finer. Many small isolated flame islands appear
for CO65 flame at moderate and high turbulence intensities. This
might be caused by the significant effect of flame instability on
flame front structure with the increase of hydrogen fraction.

The OH-PLIF images of the turbulent premixed flames at pres-
sure of 1.0 MPa are given in Fig. 4b. With the increase of pressure
from 0.5 MPa to 1.0 MPa, flame height is decreased and flame front
tends to be much finer. This is attributed to the decrease of flame
thickness which leads to the promotion of hydrodynamic instabil-
ity with the increase of pressure. This phenomenon becomes more
obvious for the CO65 mixtures under the weak turbulence condi-
tion. This indicates that the increase of pressure is more effective
for the syngas/air mixtures.

3.2. Turbulent burning velocity measurement and correlation at high
pressure up to 1.0 MPa

Fig. 5 gives the progress variable contours (c) at 0.1, 0.5 and 0.9.
The progress variable c is defined when local temperature is used:

Table 1

Properties of the mixtures in the study.
Mixtures P (MPa) ¢ Lower heating value (k]/mol) S; (cm/s) Taa (K) é; (mm) Leey Ly (mm) I; (mm)
C065 0.5 0.7 55.6 184 1888 0.029 0.60 0.07 0.350
CO80 0.5 0.7 56.9 153 1907 0.031 0.72 0.09 0.480
CH,/air 0.5 1.0 76.1 18.8 2253 0.024 1.05 0.10 0.666
C065 1.0 0.7 55.6 13.5 1888 0.020 0.60 0.05 0.218
CH,/air 1.0 1.0 76.1 134 2264 0.017 1.05 0.07 0.466
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Fig. 3. Borghi’s diagram of turbulent premixed flames revised by Peters [26].

cx.y) = [T(xy) = Tw)]/(Tp — Tu) (1)

where T is the local temperature, subscripts u and b represent the
unburned and burned mixture temperature, respectively. Flame
thickness is sufficiently thin thus it is assumed that c = 0 for the un-
burned mixture and c =1 for the burned mixture. Since OH radical
concentration increases quickly at the flame front for the turbulent
premixed flame, the binarized images of OH-PLIF are used for the
instantaneous boundary between c=0 and c=1. The progress
variable contours (c) are derived as following. The OH-PLIF

CO65

CO80

CHy/air

w/S.= 0.55 1.42 4.90

(a) P=0.5MPa

instantaneous flame front images are binarized and the flame front
curve is derived. About 500 images are averaged to get the progress
variable contours (c) which indicates the probability of the flame
front location of the turbulent premixed flames. In this study,
(c) =0.1 is considered as unburned side, (c) = 0.5 is considered as
mean flame front location and (c) = 0.9 is considered as the burned
side, respectively. The unburned side (c) = 0.1 is used to derive the
turbulent burning velocity with conventional flame angle method.
When the top angle of unburned side, 6, is measured from the con-
tour (c) = 0.1, the turbulent burning velocity, Sr, is calculated from
the following equation:

Sy = Usin(0/2) 2)

where U is mean velocity of the mixtures at the burner outlet.
The variations of turbulent burning velocity, Sy, with turbulence
intensity, v/, and turbulence Reynolds number based on Taylor
microscale, R; are shown in Fig. 6. Sy increases linearly with the
increase of v’ for all mixtures in the experimental range. For CHy,/
air mixtures at 0.5 MPa, bending phenomenon between Sy and v’
is occurred under high turbulence intensity condition. This bend-
ing phenomenon is a general characteristics for the hydrocarbon
fuel [27]. However, for CO65 mixtures, no bending phenomenon
is observed in the experimental range. This can be explained by
the scale model presented by Kobayashi et al. [5,17] that the flame
front wrinkled by turbulence vortex is limited to the scale of flame
intrinsic instability scale. The Sy for CO65 mixture is larger than
that of CHy/air mixtures under all turbulence conditions even
though they possess the same laminar burning velocity. Higher va-
lue of St of CO65 would be due to the more severely wrinkled flame
front structure compared to that of CH,/air mixtures. As pressure

CO65

w/S = 0.64 2.02
(b) P=1.0MPa

Fig. 4. OH-PLIF images of the turbulent premixed flames under various turbulence conditions: (a) P=0.5 MPa; and (b) P=1.0 MPa.
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Fig. 5. (c) Contours derived from OH-PLIF images.

increases from 0.5 MPa to 1.0 MPa, the Sy for CO65 mixture in-
creases slightly, while, for that of CHj/air mixtures decreases
slightly compared to CO65. The slight decrease of Sy for CHy/air
mixtures is due to the decrease of laminar burning velocity with
the increase of pressure. For CO65 mixtures, the much intensive
wrinkled flame front with the increase of pressure compensates
the decrease of laminar burning velocity and leads to the slight
increase of Sr. This indicates that the effect of high pressure on
the increase of Sy is much more obvious for the syngas/air mix-
tures. The Sy of CO80 is much lower than that of CO65 at
0.5 MPa, and the slope of the fitting line between Sy and u’ of
CO080 is also slightly lower than that of CO65. The effective Lewis
number and intrinsic instability scale of CO80 are larger than
CO65 as shown in Table 1 which leads to the different response
of flame to turbulence. With the decrease of hydrogen fraction in
syngas, the wrinkle of flame front by turbulence vortex is weak-
ened and Sy decreases subsequently. This indicates that the flame
intrinsic instability is a dominate factor on the interaction between
the turbulence and the flame chemistry. The relationship between
Sr and Reynolds number based on Taylor microscale as shown in
Fig. 6b is similar to that of turbulence intensity. This indicates that
Reynolds number based on Taylor microscale is suitable to repre-
sent the turbulence in premixed combustion [24].

Variation of the normalized turbulent burning velocity, S;/S;,
with u//S; is shown in Fig. 7. It is seen that for various hydrogen
fraction syngas/air mixture, Sy/S; increases linearly with the in-
crease of u'/S; at both 0.5 and 1.0 MPa. While for CHy/air mixtures,
the bending phenomenon between S;/S; and u/'/S; is observed for
the high turbulence intensity. Additionally, S7/S; of CO65 is larger
than that of CHy/air mixtures at 0.5 MPa even though they possess
the same S;, which suggests that the turbulence-flame interaction
for CO65 and CH,4/air mixtures is very different. At higher pressures
(1.0 MPa), Sy/S; of CO65 and CH4/air mixtures increases slightly
even though S; decreases substantially. The increase of S;/S; for

CO65 mixture is much more obvious compared to CHg4/air mixtures
with the increase of pressure. Sy/S; of CO80 is lower than that of
CO065, indicating that S;/S; decreases remarkably with the decrease
of hydrogen fraction in syngas. This is attributed to the effect of
preferential diffusive-thermal instability represented by effective
Lewis number [29].

In our previous study, a general correlation of Sy/S; for the CH,/
air mixtures as a power law function of the normalized pressure (P/
Py) and the turbulence intensity (u//S;) was proposed [8,24]. In this
study, a similar correlation is examined for the syngas/air mixtures
under high pressure condition. The correlations of turbulent burn-
ing velocity for all mixtures at high pressure are shown in Fig. 8.
Generally, a linear correlation of S;/S; with (P/Py)(u//S.) based on
the logarithmic scale is presented. The small (P/Po)(v//S.) data;
however, fail to be linearly correlated. This non-linear phenome-
non for low turbulent condition was consistent with the previous
study [8,24]. The general correlation of S;/S; at 0.5 MPa which
masks the small (P/Pp)(1//S;) is given in Fig. 8b in the form of:

Sr/S. = a[(P/Po)(u'/SL)]" (&)

where the exponent n is close to 0.42 for all the three mixtures in
this study, and coefficient a is 3.8, 3.2 and 3.2, respectively for
C065, CO80 and CHy4/air mixtures. Exponent n is in close agreement
to our previous study for CHg/air mixtures, which is close to 0.4,
suggesting the unification of the present correlation. The difference
on coefficient a would be due to the effect of Markstein length on
local burning velocity as shown in Table 1. Markstein length indi-
cates the effect of local stretch on local burning velocity

SLS = SL — 8LM (4)
where Sy is the local burning velocity for the stretched flame, S; is
the non-stretched laminar burning velocity and ¢ is the flame

stretch rate. For the CHy/air mixtures at 0.5 MPa, Markstein length
is 0.10, and it is 0.07 for CO65. Markstein length of CO80 at
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0.5 MPa is 0.09 which is close to that of CH,/air mixtures. When L,
is a large positive value, the local burning velocity decreases with
local stretch caused by turbulence vortex motion, leading to the
passively response of local turbulent flame front to turbulence
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Fig. 8. Correlation of turbulent burning velocity at high pressure of 0.5 MPa and
1.0 MPa: (a) correlation of Sy/S; for all the mixtures; (b) correlation of S;/S; at
0.5 MPa; and (c) correlation of S¢/S; for CO65 at 0.5 MPa and 1.0 MPa.

vortex motion, and resulting in the larger scale, deep cusps
structure for the CHy/air mixtures, compared to that of syngas/air
mixtures as shown in Fig. 4. Larger Ly, of CHy/air and CO80 mixtures
leads to the smaller a in the correlation equation compared to that
of CO65. The decrease of Sr/S; with the decrease of hydrogen frac-
tion in syngas is also affected by the effective Lewis number [13].
This indicates that the effect of local stretch on local burning veloc-
ity is a predominant factor on the turbulent burning velocity.
Correlation of turbulent burning velocity for CO65 mixture at
0.5 MPa and 1.0 MPa are shown in Fig. 8c. Exponent n remains con-
stant at 0.5 MPa and 1.0 MPa, while, the coefficient a is 3.8 at
0.5 MPa and decreases to 3.0 at 1.0 MPa. The decrease of a with
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the increase of pressure is consistent with the previous studies
[24,29]. This is because that S; only decreases slightly with the in-
crease of pressure for a given turbulent intensity, leading to a sig-
nificant increase of (P/Pp)(1//S.) with the increase of pressure. This
overestimates the effect of pressure on turbulent burning velocity
and leads to the decrease of coefficient a.

4. Conclusions

Measurement and correlation of turbulent burning velocities of
syngas/air mixtures for different hydrogen fractions were per-
formed at high pressure up to 1.0 MPa. The following results were
obtained:

1. Flame front of turbulent premixed flames at high pressure is a
wrinkled flame front with small scale convex and concave
structures superimposed with large scale flame branches. The
syngas flames possess much wrinkled flame front with much
smaller fine cusps structure compared to that of CH,/air flame.
The intensity of flame front wrinkle is promoted with the
increase of hydrogen fraction in the syngas.

2. For both syngas/air and CHg/air mixtures, S7/S; increases
remarkably with the increase of u//S; particularly in the weak
turbulence region. The rate of the increase of Sy/S; for the syn-
gas/air mixtures is higher than that of CHg/air mixtures. This
reflects that the increase of flame front area due to turbulence
wrinkling is promoted by flame intrinsic instability for the syn-
gas/air mixtures.

3. S7/S; increases with the increase of hydrogen fraction in syngas
which can be attributed to the effect of preferential diffusive-
thermal instability. S7/S; increases with the increase of pressure
due to the decrease of flame thickness and subsequently the
promotion of hydrodynamic instability.

4. A general correlation of turbulent burning velocity with the
pressure and turbulent intensity is obtained.
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