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ABSTRACT

The turbulent flame topology characteristics of the model syngas with two different
hydrogen ratios were statistically investigated, namely CO/H, ratio at 65/35 and 80/20, at
equivalence ratio of 0.7. The combustion pressure was kept at 0.5 MPa and 1.0 MPa, to
simulate the engine-like condition. The model syngas was diluted with CO, with a mole
fraction of 0.3 which mimics the flue gas recycle in the turbulent combustion. CHa/air flame
with equivalence ratio of 1.0 was also tested for comparison. The flame was anchored on a
premixed type Bunsen burner, which can generate a controllable turbulent flow. Flame front,
which is represented by the sharp increased interface of the OH radical distribution, was
measured with OH-PLIF technique. Flame front parameters were obtained through image
processing to interpret the flame topology characteristics. Results showed that the turbulent
flames possess a wrinkled character with smaller scale concave/convex structure super-
imposed on a larger scale convex structure under high pressure. The wrinkled structure of
syngas flame is much finer and more corrugated than hydrocarbon fuel flames. The main
reason is that scale of wrinkled structure is smaller for syngas flame, resulting from the
unstable physics. Hydrogen in syngas can increase the intensity of the finer structure.
Moreover, the model syngas flames have larger flame surface density than CHy/air flame, and
hydrogen ratio in syngas can increase flame surface density. This would be mainly attributed
to the fact that the syngas flames have smaller flame intrinsic instability scale I; than CH4/air
flame. S1/S; of the model syngas tested in this study is higher than CH,/air flames for both
pressures, due to the high diffusivity and fast burning property of H,. This is mainly due to
smaller Ly and I;. Vy of the two model syngas is much smaller than CH,/air flames, which
suggests that syngas flame would lead to a larger possibility to occur combustion oscillation.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The threat of energy crisis and global warming are two of the
greatest challenges to mankind in the beginning of the third
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millennium. Exploring the environment friendly alternative
fuels would be very urgent and of primary importance. A very
prospective technology to burn coal and other wastes is called
Integrated Gasification Combined Cycle (IGCC), which has
been regarded as a very promising way due to its specific
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merits. For example, it can adapt diverse fuel and fit for the
Carbon Capture and Storage (CCS) technique [1]. Moreover,
with CCS technology IGCC can achieve high efficiency and low
emissions, which is very economical to the energy and
friendly to environment protection. The IGCC power plants
can gasify a variety of liquid and solid fuel, such as coal,
agricultural wastes. The gasified fuel is converted into a syn-
thetic gas eventually, mentioned as syngas in the literature,
which will be subsequently consumed in the combustion de-
vice, i.e. gas turbine. The syngas from IGCC mainly consists of
CO, H, and the minor components are CH,, Ny, CO,, H,0 and
other hydrocarbons [2].

Hydrogen, considered as the most promising clean energy
with great potential, has a very small and light molecular
which leads to high reactivity, high diffusivity and fast
chemical reaction, i.e. large laminar burning velocity [3].
These properties result in a fact that a small amount of
hydrogen addition in other fuel, say CH, and CO, would have a
catalytic effect on the combustion of the fuel [4]. As a conse-
quence, the amount of H, in the syngas would change
turbulence-flame interaction mechanism in a real combus-
tion device, i.e. premixed-type gas turbine, which significantly
influences the combustor performance, compared with the
traditional hydrocarbon fuels [5] such as CHy. Meanwhile, the
mole fraction of every component in syngas varies signifi-
cantly and highly depends on the fuel resources and produc-
tion technology. According to Siemens’ report, the mole
fraction of H, can vary from 9.0% to 41.4% when the fuel of
IGCC plant varies from coal to biomass or other solid wastes
[6]. Even fueled with coal only, the percentage of hydrogen can
vary from 25% to 70% depending on production technology [7].

Many researches have been conducted on premixed syn-
gas flames, at both laminar and turbulent condition.
Numerous studies were done on flame topology characteris-
tics [8,9] and the instability [10,11], including thermal diffusive
instability and hydrodynamic instability, of CO/H, mixed fuels
and CH, under on laminar condition. And the corresponding
experiments were also performed at high pressure [12,13], but
there were few investigations on the turbulent case. Some
previous work focusing on the premixed flame characteristics
has been conducted in the configuration of the freely propa-
gating spherical flame [14,15], Bunsen flame [16,17] or V shape
flame [18] of CH4/air mixture. However, due to the difficulties
on experimental performance and controlling, studies on of
syngas by means of continuous turbulent flames, such as
Bunsen flame, under engine-like pressure are very limited.
Moreover, when the fuel of IGCC was burned in premixed type
with CCS, the unburned mixture was usually diluted by the
exhausted gas recycled from the burned gas, in which the
mole fraction of CO;, is relatively high, aiming to decrease the
flame temperature since the heat capacity of CO, is large.

Due to the unique property of hydrogen contained in syn-
gas, both the unburned mixture and laminar flame present
distinct behavior compared with conventional hydrocarbons
flames, say methane/air flame. Those properties would
significantly influence the chemical reaction process occurred
in combustion, as a consequence affecting the turbulence-
flame interaction when combustion was occurred in turbu-
lent condition. This would cause the difference of turbulent
flame characteristics between syngas and hydrocarbon

flames, like flame front wrinkled structure and the fractal
features, to be evident. Those characteristics describing tur-
bulent flame can reveal the mechanism of the aforemen-
tioned turbulence-flame interaction [19] and, also, they are
essential and of primary importance to the combustion
modeling, especially at modern advanced combustor design,
which needs to be further studied in details.

The objective of this study is to investigate the effect of
hydrogen ratio on turbulence-flame interaction at high pres-
sure by analyzing the flame topology and wrinkled structure
of the turbulent Bunsen flame. Two syngas mixtures with
different CO/H, mixing ratios and 30% CO, dilution ratio were
investigated as the typical model syngas, representing the
syngas obtained from different production technology. CO,
was used to mimic the flue gas recycle. Turbulent flow field
was measured and OH-PLIF technique was implemented for
detecting the instantaneous turbulent premixed flames. The
paper was organized as follows. Section Experimental setup
and procedures introduce the experimental set-up and
method. The results were presented and analyzed in Section
Results and discussions and the work was summarized in
Section Conclusions.

Experimental setup and procedures

Turbulent flames were anchored on a Bunsen burner placed in
a high-pressure combustion facility, which has been intro-
duced elsewhere [4,20,21]. Several modules were utilized
performing the experiments, i.e. the air supply system, the
OH-PLIF laser detection system and the combustion device,
namely the turbulent premixed Bunsen-type burner. A stan-
dard premixed type turbulent flame was generated with the
burner which was placed inside a high pressure combustion
chamber. The highly compressed air was dehumidified, dust
extracted and then divided into two flows. A large quantity of
the clean fresh compressed air is charged to the combustion
chamber to preserve the target ambient pressure, in the other
hand, to wash away the hot burned gases due to the large heat
release during combustion [20]. A small portion of the fresh air
was quantitatively controlled by mass flow meter as the
oxidizer mixing with fuel. The unburned mixture charged to
the burner was firstly impinged to a plate which was installed
close to the inlet of the burner, for sufficient mixing. Then the
mixture goes through two sintered metals, with different
characteristic dimension, decreasing in order, to ensure a
rectified and fully mixed unburned mixture, in the other hand
to prevent flame propagating back. Various type perforated
plates with different hole characteristic dimension and pass-
through ratio were utilized to produce the turbulence with a
wide range of intensity. The geometry of the perforated plates
was shown in Fig. 1 and the characteristics was given in Table
1. A controllable turbulent flow can be produced and the tur-
bulent flame was anchored at the burner nozzle, with a
diameter of 20 mm. Moreover, a weak hydrogen diffusion pilot
flame was served at a 0.5 mm annulus around the nozzle, to
anchor the flame and to ensure safe ignition.

The instantaneous OH radical distribution, whose sharp
increasinginterface representing turbulent flame surface, was
detected by OH-PLIF laser diagnostic technique, which has
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Fig. 1 — Perforated plates used in this study.

been introduced in detail in our previous work. We use a
wavelength of 283.56 nm obtained from a flame test as the
exciting wavelength, which can excite maximum OH radical.
Secondly, we install an OH filter in the ICCD camera to keep
the wavelength of 308 + 10 nm to make sure fluorescence
captured was from OH. Interested readers can refer [17,21]. A
constant-temperature  hot-wire anemometer (Dantec,
Streamline 90 N) was utilized to measure the turbulent flow
characteristics at burner exit. The measurement position was
tested and was set 10 mm above the nozzle. The parameters
describing turbulent flow, such as turbulence intensity, inte-
gral scale, Kolmogorov scale et al.,, were obtained by pro-
cessing the original data with Taylor hypothesis and isotropic
turbulence assumption. The data was obtained at various bulk
velocities and multiple locations along burner diameter to
avoid the large uncertainties due to the fluctuations nature of
turbulence. Firstly, an U,y was set from the volume flow rate
at burner exit, namely Ug,. = Q/7 r. Then, the instantaneous
velocity was measured at different locations to calculate the
local mean velocity Ujecq and the root mean square of the
fluctuation u’, which was regarded as turbulence intensity.
Fig. 2 plotted the measured data for plate ‘35b’ at two Uy, i.e.
3 m/s and 5 m/s. The sensor was placed at different angle, i.e.
0°and 45°, with the incoming flow for validating the isotropic
assumption. It can be seen that the Ugy, and Uj,q are in the
same magnitude for the two tested cases, which confirms the
isotropic assumption. Moreover, the linearity of u’' with
respect to the averaged velocity was plotted in Fig. 3, which
implied that the turbulence intensity is mainly affected by the
geometry structure of the plates and pressure shows no
evident influence. The integral scale lp, which represents the
mean size of the energy bearing vortex, and Kolmogorov scale
lg, corresponding to the smallest scale in turbulence, with
respect to turbulence intensity u’ were shown in Fig. 4 and
Fig. 5, respectively. The results show that Iy increases as u’ at
low intensity level, while it seems to reach a constant value
when ' is large. And it highly depends on the structure of the
plates due the turbulence generation mechanism [22]. When

looking at I, the character line of four plates collapse to a
single curve, which indicates that the smallest scale in tur-
bulence is only related to the fluctuations of the velocity field.
Furthermore, smaller Ix can be obtained at higher pressure,
due to the significant change of the viscosity.

As the discussion on the composition of syngas in the
earlier sections [5], we choose two Xco/Xgy, ratios as 65/35 and
80/20. The rest of the components were represented by the
“other component”. In the current study, carbon dioxide CO,
was regarded as the “other component” for the model
syngas and the mole fraction is determined as Xorurr/
(Xco + Xu2 + Xoruer) = 3/10 [5]. Moreover, CHy/air flames were
used to make the comparison. Table 2 listed the mole fractions
of all components and Table 3 gave the properties of the tested
mixture. The non-stretched laminar burning velocity S,
which is a basic property of the mixture, was evaluated
through the PREMIX module [23] in CHEMKIN-PRO [24] using
the chemical kinetic model of GRI-Mech 3.0 [25]. Laminar
flame thickness ¢ is calculated by 6, = ap/S;. which is regarded
as the diffusion thickness, with «p represents the unburned
gas thermal diffusivity. Markstein length Ly, which accounts
for the dependence of local laminar flame speed on stretch
rate, is the given by Ly = 6:Ma, with Markstein number
expressed as Ma. Effective Lewis number Le.g, accounts for the
global thermal and mass diffusive ratio, and flame instability
scale l;, corresponds to the wave length of the peak growth
rate, were also calculated [26,27] and listed in the Table.

Results and discussions
Image processing

Fig. 6 gives the direct image, the typical representative OH-PLF
image, the flame front extracted from the OH distribution and
the mean progress variable of the turbulent premixed flame,
<c>. The strong illumination and the flame brush of turbulent
premixed flames is clearly demonstrated by Fig. 6 (a),

Table 1 — Perforated plates diameters and turbulence characteristics.

Plates. Diameter Open ratio Coefficient a Coefficient b
(mm) (%) u’ R)\ u R)\
21 21 60 0.034 3.582 0 8.978
35a 35 65 0.067 11.309 0 4.620
40 4.0 55 0.090 14.340 0 7.390
35b 3.5 40 0.151 22.408 0 30.125
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Fig. 2 — Plots of Ujsca and turbulence intensity u’ for Uave = 3.0 m/s and 5.0 m/s of plate 35b.
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however, it is a projection image which obtained from a long
exposure time. Therefore, the digital image just provides the
averaged information of the flame and the details such as the
wrinkled structure cannot be illustrated. The OH-PLIF images
under the same experimental conditions was shown in Fig. 6
(b). The corrugated flame interface can be well recognized
with the distribution of the OH radical applying the adaptive
threshold method to binarize the image for identifying wrin-
kled flame surface. Details of the flame image processing
procedure were described in Refs. [17,28]. The turbulent mean
progress variable <c> is a measuring of the progress in tur-
bulent flame, from totally unburned gas <c> = 0 and
completely burned gas <c> = 1. It can be obtained from the
field of temperature, intermediate species, such as OH/CH,0
distribution. In this study, 500 OH-PLIF images were averaged
to obtain <c>. The leading edge, mean flame position and
flame height of turbulent flame can be determined from the
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Table 2 — Summary of mixture components mole fractions.

Mixtures Components 1) Xco X0 XcHa Xco2 Xair
CHA35 CO/H2/C0O2/air 0.7 0.135 0.072 = 0.089 0.704
CHA20 CO/H2/C0O2/air 0.7 0.166 0.041 = 0.089 0.704
CH4 CH4/air 1.0 = 0.095 = 0.905

iso-contours of <c>, e.g. <c> = 0.1, 0.5 and 0.9, respectively,
shown in Fig. 6 (d).

Table 3 — Summary of properties of mixture and flames.

Mixtures P S. oL, Lectr Ly I;
(MPa)  (cm/s)  (mm) (mm) (mm) Flame front characteristics

CHA35 0.5 18.44 0.0287  0.605 0.072 0.305
CHA20 0.5 1531 0.0315 0720 0.08  0.408 The information of the tested conditions were summarized in
G o= gz @@z LEES OID  0Es2 Table 4. Fig. 7 shows the Borghi's diagram [29], which divided
CHA35 1.0 13.49 0.0197  0.605 0.046 0.218 . s .

turbulent flame to different combustion regimes. We can see
CH4 1.0 13.35 0.0172  1.048 0.071 0.466

Fig. 6 — (a) Direct digital image; (b) OH-PLIF image; (c) extracted flame front; (d) <c> contours from 500 images.

(2)

(b)

(c)

(d)

Table 4 — Turbulent velocities and equivalence ratios for the flames in this study.

Mixtures XCO/XH2 ¢ P (MPa) Abbre. Plates S. (cm/s) Uave (m/s) u' (m/s) R,

CO/H2/C0O2/air 65/35 0.7 0.5 CHA35 21 18.44 3.0 0.102 19.7
65/35 0.7 0.5 CHA35 35a 18.44 4.0 0.266 49.9
65/35 0.7 0.5 CHA35 40 18.44 4.0 0.360 64.7
65/35 0.7 0.5 CHA35 40 18.44 5.0 0.450 79.1
65/35 0.7 0.5 CHA35 40 18.44 6.2 0.558 96.3
65/35 0.7 0.5 CHA35 35b 18.44 5.0 0.756 142.2
65/35 0.7 0.5 CHA35 35b 18.44 6.0 0.907 164.6
65/35 0.7 1.0 CHA35 21 13.49 2.5 0.085 17.9
65/35 0.7 1.0 CHA35 40 13.49 2.5 0.225 43.2
65/35 0.7 1.0 CHA35 40 13.49 3.0 0.270 50.4
65/35 0.7 1.0 CHA35 40 13.49 4.0 0.360 64.7
80/20 0.7 0.5 CHA20 21 15.31 2.5 0.085 17.9
80/20 0.7 0.5 CHA20 35a 15.31 33 0.220 419
80/20 0.7 0.5 CHA20 40 15.31 4.2 0.378 67.6
80/20 0.7 0.5 CHA20 40 15.31 5.2 0.468 82.0
80/20 0.7 0.5 CHA20 35b 15.31 5.0 0.756 142.2

CH4/air = 1.0 0.5 CH4 21 18.78 2.0 0.068 16.1
- 1.0 0.5 CH4 21 18.78 3.0 0.102 19.7
- 1.0 0.5 CH4 35a 18.78 4.0 0.266 49.9
- 1.0 0.5 CH4 40 18.78 3.0 0.270 50.4
= 1.0 0.5 CH4 40 18.78 4.0 0.360 64.7
- 1.0 0.5 CH4 35b 18.78 34 0.514 106.3
- 1.0 0.5 CH4 35b 18.78 4.2 0.635 124.2
- 1.0 0.5 CH4 35b 18.78 6.0 0.907 164.6
= 1.0 1.0 CH4 21 13.35 2.5 0.085 17.9
- 1.0 1.0 CH4 40 13.35 3.0 0.270 50.4
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Fig. 7 — Distribution of experimental conditions on the

Borghi diagram.

that the turbulent flames tested in this study were mostly
located at flamelet regime, in which the flamelet concept can
be implied here. Fig. 8 shows the representative OH-PLIF im-
ages of the aforementioned three flames at 0.5 MPa, with the
sharp interface representing the flame front surface. It can be
seen that the flame front was consisted by a large number of
small scale concave/convex wrinkles which superimposed on
large scale convex wrinkled structure. And the small wrinkled
structure propagates deeply to the burned gas. The flames
were presented at four different intensities which can inter-
pret the role of hydrogen and the turbulence intensity effect.
When the turbulence perturbation is small, say u'/S;. = 0.6, the
wrinkled structure of syngas flames is more corrugated than
CHy/air flames. The cusp-like structure with very sharp
pointed structure extending into the burned gas and wide
rounded troughs towards the cold mixture is more frequently
seen for syngas flames, resulting smaller front scale. This can
be attributed to the influence of flame intrinsic instability on
flame front structure, which results from the addition of

u’/S = 0.6 u/S =14 u/S =25 u’/S = 5.0
Uave = 3.0 m/s Uave =4.0 m/s Uave = 5.0 m/s Uave = 6.0 m/s
Ry=49.9 Ry=79.1 Ry= 164.5
CHA35
$=0.7
P =0.5 MPa
S, =18.4cm/s
Uave = 2.5 m/s Uave =33 m/s Uave = 4,2 m/s Uave = 5.0 m/s
Ry = 41,9+ Ry= 676 Ry=142.1
CHA20
$=0.7
P=0.5 MPa
S =15.3cm/s
Uave =3 m/s Uave =3.m/s Uave = 3.4 m/s Uave=4.2 m/s
Ry=50.4 Ry=106.3 " Ry=124.2
CH4
$¢=1.0
P =0.5 MPa
S, =18.8cm/s

Fig. 8 — Representative OH-PLIF images of the turbulent premixed flames under various conditions at P = 0.5 MPa.


https://doi.org/10.1016/j.ijhydene.2018.08.154
https://doi.org/10.1016/j.ijhydene.2018.08.154

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 15973—-15984

15979

u'/S, = 0.6

u/S, = 2.0 u/S, = 2.7

Uave = 2.5 m/s
Ry= 17.9

CHA35
$=0.7
P=1.0 Mpa

S, =13.54 cm/s

Uave =4.0 m/s
Ry=64.7

Uave = 3.0 m/s
Ry = 50.4

CH4

$=1.0

S . =13.35cm/s
P=1.0 MPa

Uave=3.0m/s
R;\: 504

Fig. 9 — Representative OH-PLIF images of the turbulent premixed flames under various conditions at P = 1.0 MPa.

hydrogen and its properties discussed earlier. While, in the
case of CHy/air flames, the finger structure, which is an
“elongated channels” filled by unburned gas in Ref. [30], are
often generated, which will resultin a larger spatial extension,
namely a thicker turbulent flame brush and a larger flame
volume. Moreover, hydrogen ratio in syngas can increase the
intensity of this finer structure due to the fast burning prop-
erty and instable effect of H,, as embodied by Fig. 8. This is
mainly due to the effective Lewis number Le;, which mea-
sures the unbalance of heat and mass diffusivity. As shown in
Table 3, Legy of syngas is much less than unity, implying there
is a preferential diffusion, while no obvious preferential
diffusion for CHy/air mixtures since the effective Lewis num-
ber is close to unity. As the turbulence intensity increases, the
flame tends to be shorter and the wrinkled structure tends to
be much finer due to the smaller turbulent Kolmogorov length
scale lx, which mainly affect the small scale on the flame
front. With even larger intensity, large amount of flame front
was broken by the strong turbulent perturbation and devel-
oped frequently folds and isolated inlands filled with un-
burned mixtures that detach from the main flame surface and
get rapidly consumed. And the effect of hydrogen is still
evident on flame front structure. When the intensity is suffi-
ciently high, say u'/S; = 5.0, it is worth note that the flame
topology or the characteristics of the wrinkled structure of

CHA35/CHA20 and CH4 flames have apparently decreased to
such an extent that it has no longer visible effect on the tur-
bulent flames. We can conclude that the influence of the flame
intrinsic instability on the wrinkled structure is weakened
when largely increasing the pressure, as investigated and
discussed by Peters [31] and Matalon [32]. Fig. 9 gave the OH-
PLIF images for CHA35 and CH4 at 1.0 MPa. The wrinkled
finer structure is more frequently seen compared to 0.5 MPa.
The main reason is that flame thickness at higher pressure is
thinner, which can result in stronger hydrodynamic insta-
bility. The pressure effect is more evident for the CHA35
flames under weak turbulence condition.

Flame surface density

Flame surface density (FSD) measures the flame surface area
in unit volume when the flamelet concept is applied, and it
also can be approximated as the flame surface length per area
in 2D measurement [17,33], which relates to the mean reac-
tion rate as [34]:

&= p,SthoT = p, S (1)

where p, here is the density of unburned mixture, I, is the
mean stretch factor, and = represents FSD calculated with the
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2D experimental OH-PLIF images. In experiment, the local FSD
was obtained by measuring the flame length in a controlling
box of 11 x 11 pixels, which has been tested as the optimal
option [17,35]. The measured FSD is recorded in the center of
controlling square which want through the whole flame re-
gion. The 2D data can be translated to the 3D flame surface
density by taking the estimation models, as discussed in
Ref. [33]. Fig. 10 and Fig. 11 show the local flame surface
density, namely FSD field, corresponding to Figs. 8 and 9. First
focusing on the results at 0.5 MPa, the FSD of the two model
syngas flames is denser than that of CH4 flames. And the FSD
of CHA35 is higher than CHA20, which is consistent with the
flame corrugation shown in Fig. 8. Moreover, CH4 flame has a
wider flame brush than the model syngas. The thinner flame
brush and larger FSD would result in strong heat release
which can may cause combustion oscillation. When looking at
the results of 1.0 MPa, the FSD field has a similar trend as
0.5 MPa, while flame brush is further narrowed than the
flames at 0.5 MPa, indicating that more intense combustion
can be obtained by increasing the combustion pressure.

Fig. 12 shows the variation of conditional averaged FSD 3
with mean progress variable <c> for different cases. The =
profile exhibits a symmetric shape and gets the peak value at
about <c> = 0.5. Plots of the conditional averaged flame sur-
face density always had a relation of

S =43,,0(1-7) 2

so that they would be typified by the maximum value. At
0.5 MPa, the 3,4, of the two model syngas flames seems not
depend on turbulence intensity or the ambient pressure.
Moreover, ¥ profile of the two model syngas flames barely
change when increasing turbulence intensity, while = for CH4
flame increase slightly, which mainly due to the enhancement
of the corrugated structures. At 1.0 MPa, CHA35 and CH4
flames at u//S; = 2.0 were shown. The 2, and profiles of £ of
CHAZ3S5 are almost identical to those at 0.5 MPa, while = of CH4
is even larger than that of u//S, = 3.0 at the pressure of
0.5 MPa. The model syngas and CH4 flames shows a different
behavior of £, that turbulence intensity or pressure does not
influence the flame surface density characteristics for model
syngas while they highly affect that of CH4 flames. Moreover,

u/S = 0.6 u/S =14 u/S =25 u'/S, = 5.0
1.5
Uave = 3.0 m/s Uave = 4.0 m/s Uave =5.0 m/s Uave = 6.0 m/s .
Ry=19.7 Ry = 49.9 Ry=79.1 Ry = 164.5 12
0.9
CHA35 0.6
$=0.7 . 03
P=0.5 MPa 0.1
S, =18.4cm/s
i \ i \ 1}
Uave =2.5m/s Uave=3.3m/s Uave=4.2 m/s Uave = 5.0 m/s
Ry=17.9 Ry=41.9 Ry=67.6 Ry = 142.1
CHA20
$=07
P =0.5 MPa
S, =15.3 cm/s
i Al i
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Ry=19.7

CH4
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|
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Fig. 10 — Profiles of flame surface density corresponding to the flames in Fig. 8.
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Fig. 11 — Profiles of flame surface density corresponding to the flames in Fig. 9.

hydrogen ratio has no evident effect on flame surface density
for syngas Bunsen flames for both pressures.

To further illustrate the characteristics of £ of each flame
investigated in current study, the relation of . and the
centerline flame brush thickness 6t is plotted in Fig. 13 ot is
defined as the distance between the cross point of burner axis
and <c>=0.1and 0.9 contours [19], which is also an important
parameter describing the spatial extension of the flame. The
consumption speed of turbulent premixed flames Sr/S; can
be calculated from Ref. [36].

ST,C/SL = 2muxéTIO (3)

Therefore, the variation of 3,4 Wwith 67 can be used to
analysis the turbulent consumption speed. S, for CHA35
flame is slightly higher than that for CHA20, while much larger
than CH4 flames, which has been discussed earlier. 61 has no
obvious effect on 2,4, for all cases in the figure, even though
the data is scattered. Moreover, the pressure does not influ-
ence 3,4 for CHA35 flame, while it significantly enhances the
Smax for CH4 flame.

Turbulent burning velocity and flame volume

Turbulent burning velocity St/S; is assumed to be a basic
character of premixed turbulent combustion and it is of

practical importance of determining the mean fuel con-
sumption. Sy in current study was calculated using a con-
ventional angle method with <c> = 0.1, which is analogous to
measure the laminar flame speed S; with a Bunsen burner [21].
The dependence of S;/S; on u//S; for the three tested flames
was plotted in Fig. 14. St/S; significantly increases with u'/S;
for all cases, due to the increase of the flame area resulted
from wrinkled structure [37]. Moreover, we can see that the
model syngas has a larger turbulent burning velocity than CH4
flames for both pressures of 0.5 MPa and 1.0 MPa. And due to
the high diffusivity and fast burning property, H, addition
significantly enhance S1/S; and thus the increase of S1/S; from
CHA20 to CHA35 is evident, which can be observed from the
flame front characteristics. It is clear seen from Table 3 that
the main difference between the two syngas and CH4 under
two pressures are Ly and ;. The equation below shows the
relation of stretched flame speed S, and Ly when encoun-
tered the local flame stretch «,

Sy —Six = aly (4)

where S is local flame speed for stretched flame, S; is non-
stretched laminar flame speed. Since the Markstein length
for all flames in current work are all positive, the non-
stretched laminar flame speed is suppressed by the flame
stretch. Ly, of CH4 flame is 0.100, which is larger than the value
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Fig. 12 — Conditional averaged flame surface density
against mean progress variable <c> at different conditions.

of model syngas, and it decreases with hydrogen ratio, namely
0.086 and 0.072 for CHA20 and CHA3S5, respectively. When Ly
is large, the local burning velocity or flame speed will decrease
more evidently with stretch rate encountered by the flame,
which means the local flame surface responds more passively
to the stretch.

0.8
Open: 0.5 MPa ] CHA35
Solid: 1.0 MPa CHA20
0.7+ - A~ CH4
. A [}
= Som-oofl A
Eosr
\'; Pressure effect \
3 I R S AL
ME s A
0.5+
04 I 1 I I 1 I I
8 10 12 14 16 18 20 22 24
O (mm)

Fig. 13 — Flame surface density as a function of flame brush
thickness.

Equation (3) shows the relation of the consumption speed,
Smax0r and stretch factor I,, with the latter representing an
overall stretch effect on turbulent flame. Fig. 15 plots the
variation of the turbulent burning velocity, which is consid-
ered as the equivalent consumption speed, and Spexdér. This
can be used to give an approximate measurement of I,. It can
be seen that I, is close to unity for all flames. Smaller I, is seen
for CHA35 flame, which implies that local stretch has an
overall suppression effect on turbulent combustion.

As mentioned earlier, the distribution of heat release in-
tensity of the turbulent premixed flames relates to combus-
tion oscillation in the premixed-type combustors, such as gas-
turbine. Thus, turbulent flame region, where the flame front
has possibility to show, was described by the mean volume V.
The Vy measures the three-dimensional volume inside the
<c> = 0.1 and <c> = 0.9 iso-contours, which were fitted with a
high order polynomial and then rotated 180° in the 2D
approximation based on the isotropic assumption, as applied
in Ref. [38]. The variation of V; was shown in Fig. 16 for both
0.5 MPa and 1.0 MPa. The V; is increasing with u//S; at low

20
/B.
16 B o
/'/. /A
12 {gA,f

Open/dash: 0.5 MPa
Solid/line: 1.0 MPa

0 n 1 n 1 n 1 n 1 n 1 n
0 1 2 3 4 5 6

u'/SL

Fig. 14 — Turbulent displacement speed and turbulent
consumption speed with turbulence intensity.
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Fig. 15 — Flame surface density multiplied by flame brush
thickness as a function of the turbulence intensity.
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Fig. 16 — Mean flame volume V; of turbulent premixed
flames.

premixed turbulent Bunsen burner was utilized to stabilize
the flame. A model syngas with two different CO/H, ratios,
namely 65/35 and 80/20, at equivalence ratio of 0.7 and CHa/air
flame with equivalence ratio of 1.0 were tested. The model
syngas was diluted with CO, to mimic the flue gas recycle. The
turbulent flame front was statistically analyzed and quanti-
tative parameters describing turbulent flame characteristics
were obtained. Main conclusions are:

1. The high pressure turbulent premixed flames possess a
character with small scale concave/convex structure
superimposed on a large scale convex structure. The small
scale concave structure propagates deeply to the burned
side. The flame front of syngas flames is much finer and
more corrugated than CHy/air flames. The cusp-like
structure with the very sharp pointed structure extending
into the burned gas and large rounded troughs towards the
cold mixture is more frequently seen for syngas flames,
resulting smaller front scale. Hydrogen in syngas can in-
crease the intensity of this finer structure.

2. The model syngas flames have larger flame surface density
than CH,/air flame. And higher hydrogen ratio in syngas
can obtain higher flame surface density. This would due to
the fact that syngas flames have smaller flame intrinsic
instability scale |; than CH4/air flame, which may generate
smaller flame front scale and a weaken response of the
local flame stretch against turbulence vortex motion.

3. The model syngas flames have larger turbulent burning
velocity than CH4 flames both at 0.5 MPa and 1.0 MPa due
to the high diffusivity and fast burning property. And the
increase of S1/S; from CHA20 to CHA35 is evident. This is
mainly due to smaller Ly and I;. Vyis much smaller for
model syngas flames than that of CH, flames, which sug-
gests that syngas flame would lead to a larger possibility to
occur combustion oscillation.

intensity range and seems to level off when u'/S; is large for
both pressures. And model syngas flames have a larger Vythan
the CH4 flames, which suggests that syngas flame would lead
to a larger possibility to occur combustion oscillation. Several
parameters may have an influence on the mean flame vol-
ume. One of them is the number and the size of the “elongated
channels” on the flame front. It is important to recall that V¢
indicates the spatial region over which the flame fronts are
located, thus longer “elongated channels” would lead to larger
V;. The increasing effect of the “elongated channels” on Vyis
only visible at low intensity which it is compensated by other
factors at high intensity which needs to be further studied in
the future.

Conclusions

In order to investigate the turbulent combustion characteris-
tics of lean syngas as well as the effect of hydrogen ratio at
engine relevant conditions, flame front at high pressure up to
1.0 MPa was detected with OH-PLIF technique. A standard
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