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a b s t r a c t

A study on the effect of CO2 and H2O dilution on the laminar burning characteristics of CO/

H2/air mixtures was conducted at elevated pressures using spherically expanding flames

and CHEMKIN package. Experimental conditions for the CO2 and H2O diluted CO/H2/air/

mixtures of hydrogen fraction in syngas from 0.2 to 0.8 are the pressures from 0.1 to

0.3 MPa, initial temperature of 373 K, with CO2 or H2O dilution ratios from 0 to 0.15. Laminar

burning velocities of the CO2 and H2O diluted CO/H2/air/mixtures were measured and

calculated using the mechanism of Davis et al. and the mechanism of Li et al. Results show

that the discrepancy exists between the measured values and the simulated ones using

both Davis and Li mechanisms. The discrepancy shows different trends under CO2 and H2O

dilution. Chemical kinetics analysis indicates that the elementary reaction corresponding

to peak ROP of OH consumption for mixtures with CO/H2 ratio of 20/80 changes from re-

action R3 (OH þ H2 ¼ H þ H2O) to R16 (HO2þH ¼ OH þ OH) when CO2 and H2O are added.

Sensitivity analysis was conducted to find out the dominant reaction when CO2 and H2O

are added. Laminar burning velocities and kinetics analysis indicate that CO2 has a

stronger chemical effect than H2O. The intrinsic flame instability is promoted at atmo-

spheric pressure and is suppressed at elevated pressure for the CO2 and H2O diluted

mixtures. This phenomenon was interpreted with the parameters of the effective Lewis

number, thermal expansion ratio, flame thickness and linear theory.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

With the increasing concern on environmental protection,

more stringent legislation has been imposed on vehicle

exhaust gas emissions and the research on clean combustion

have drawn much attention in recent years. IGCC (Integrated

Gasification Combined Cycles) is one of the most promising

technologies for future efficient and clean energy system. For
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IGCC power plant, coal or other fuels are gasified and the

product is called syngas,withmain compositions of CO andH2

[1]. Syngas can be burned in gas turbine for power generation

and it can be also used for other combustion devices such as

internal combustion engines and/or cook appliance. Though

IGCC can reduce most pollutant emissions greatly, the NOx

emission is still a challenge due to high-temperature reaction

of N2. EGR (Exhaust Gas Recirculation) has beenwidely used in

internal combustion engines and gas turbine to reduce the
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Fig. 1 e The summary of syngas composition for various

fuel resources and gasification systems [10,11] (ZH2 [ XH2/

(XH2 D XCO), X represents mole fraction of specific species

in the mixtures).
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NOx emission due to decrease of flame temperature [2e5].

However, the flame characteristics for individual effect of EGR

gas component especially CO2 and H2O with different thermal

diffusivities and participation in chemical reaction are not

well understood. For turbulent flame, the effects of CO2 and

H2O dilution on flame characteristics were studied extensively

[6e8]. A comparative study on flame front structure of tur-

bulent premixed flames diluted with CO2 and H2O has been

conducted by the authors [8]. It showed that flame front

structure of the turbulent premixed flames varied greatly with

CO2 dilution, but remained almost unchanged with H2O dilu-

tion. This indicated that the effects of CO2 and H2O dilution on

flam-turbulence interaction are significantly different. How-

ever, the different effects of CO2 and H2O on turbulent com-

bustion are still far fromwell understood. Turbulent premixed

flame combines the interaction between turbulent flow and

chemical reaction of laminar flame. Fundamental parameters
of laminar flame, such as laminar burning velocity and flame

instability are essential to the understanding of turbulent

combustion. Thus, the systematical study on the diluted CO2

and H2O laminar flame characteristics is indispensable for

better understanding of the different effects of CO2 and H2O

dilution on turbulent flame.

Meanwhile, one of the main challenges for IGCC is the

syngas composition variability. The specific composition of

syngas depends on the fuel resources and processing condi-

tion and has a large range of variability. Fig. 1 shows the

summary of the syngas composition obtained from the

different fuel resources and gasification systems [9,10]. CO/H2

ratios of syngas can vary from 20/80 to 80/20. Hydrogen

enrichment and large variability of syngas composition

complicate the design of combustion chamber which is much

different from that of hydrocarbon fuels. Furthermore, com-

bustion processes will be even complicated for syngas with

EGR dilution.

Laminar burning characteristics of the syngas diluted with

CO2 and H2O were separately studied previously. Using Bun-

sen burner, Natarajan et al. [11] experimentally measured the

laminar burning velocities of lean syngaswith different CO/H2

ratios, at temperature of 700 K and pressure of 0.5 MPa. Pra-

thap et al. [12] measured the laminar burning velocities and

studied the intrinsic flame instability at a specified CO/H2 ratio

(50/50), temperature of 302 K and pressure of 1.0 atm using a

spherically expanding flame. Ratna et al. [13] reported laminar

burning velocities and flame instability of the syngas diluted

with CO2 at 303 K and 1.0 atm, using the heat flux method.

Laminar burning characteristics of the H2O diluted syngas

were also been examined. Krejci et al. [14] measured the

laminar burning velocities of moist syngas at various tem-

peratures (323e423 K) and pressures (0.1e1.0 MPa) using the

spherically expanding flame. Das et al. [15] experimentally

measured the laminar burning velocities of moist syngas at

normal pressure and temperature using the counterflow twin-

flame, but only lean mixture was studied. Thus, it can be seen

that the study on the effect of H2O dilution on flame instability

is limited and the comparative study on the effects of CO2 and

H2O dilution did not reported yet.

The objective of this study is to further clarify the differ-

ence of CO2 and H2O dilution on syngas combustion. Laminar

burning velocities of CO2 and H2O diluted syngas were

measured and simulated. Comparative analysis on chemical

kinetics wasmade. In addition, intrinsic flame instability with

CO2 and H2O dilution was analyzed combined with flame

propagating images and linear flame instability theory.
2. Experimental and simulation method

Detailed description of the experimental apparatus has been

given elsewhere [16,17]. The system mainly composes of a

constant volume combustion chamber, ignition electrodes,

heating system, high-speed schlieren photography and data

acquisition system. The combustion occurs in the cylindrical

combustion chamber which equips two quartz windows with

diameters of 80 mm. Two windows are separately located on

the front and reverse side of the cylinder for optical access. In

experiment, the combustible mixture in the combustion
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chamber was heated by the heating tape wrapped around the

chamber and the temperature was controlled by a thermo-

couple with an uncertainty of �3 K. Then the combustible

mixture was ignited by the centrally located electrodes and

flame propagation process was imaged with schlieren tech-

nique and high speed camera (Phantom V611).

For an outwardly spherical propagating flame, the

stretched flame velocity, Sn, can be directly extracted through

the raw flame obtained from experiments [18,19],

Sn ¼ dru
dt

(1)

where ru represents the radius of spherical flame.

Overall stretch rate of spherical flame, a can be calculated

through

a ¼ dðln AÞ
dt

¼ 1
A
$
dA
dt

¼ 2
ru
$
dru
dt

¼ 2
ru
$Sn (2)

For moderate stretch rates, there exists a linear relation-

ship between overall stretch rate, a, and unstretched flame

propagation speed, Sb [18,20],

Sb � Sn ¼ Lb$a (3)

where Lb is Markstein length of burned gas, and Sb can be

obtained through linear regression. Laminar burning velocity,

SL, can be evaluated through the continuity equation across

the flame front,

ruSL ¼ rbSb (4)

In this experiment, flame images with the radius between

5 mm and 25 mm are chosen to extract the laminar burning

velocities by comprehensive consideration of effects of ignition

energy and pressure change in the combustion chamber. Air

was replaced by the mixture of 79%N2 and 21%O2 volumetri-

cally. The fraction of CO2 or H2O in the diluted syngasmixtures

isdefinedasZH2OðCO2Þ ¼ XH2OðCO2Þ=XH2OðCO2Þ þ XN2 þ XO2.

Here X refers to mole fraction of the specific species in the

mixtures.

One dimensional freely propagating laminar unstretched

flame is simulated using the Sandia code PREMIX [21] coupled
Fig. 2 e Laminar burning velocities of CO/H2/air mixtures

with CO2 and H2O dilution (T [ 373 ± 3 K, p [ 0.1 MPa, CO/

H2 [ 50/50).
with CHEMKIN-II program [22]. Two available syngas mecha-

nisms were chosen for the comparative study. They are the

optimized syngas kinetic mechanisms of Davis et al. [23] and

Li et al. [24]. The mechanism of Davis et al. includes 6 species

and 38 reactions and the mechanism of Li et al. has 21 species

and 84 reactions. In this study, both GRAD and CURV param-

eters are set at 0.02 to ensure the result is grid independent.

Multi-component transport model was chosen and soret ef-

fect was also included in the calculation [25]. In addition,

highly radiative characteristic of CO2 and H2O which may in-

fluence the laminar burning velocity could be neglected in the

current study because Chen et al. have demonstrated that the

effects of radiative loss on spherical flame propagation can be

neglected when the laminar burning velocity is above 15 cm/s

[26].
3. Results and discussion

3.1. Laminar burning velocities of the CO2 and H2O
diluted CO/H2/air mixtures

Fig. 2 shows the laminar burning velocities of CO2 and H2O

diluted CO/H2/air mixtures at various equivalence ratios.

Meanwhile, the simulated ones with the mechanism of Davis

et al. and the mechanism of Li et al. are also presented for the

comparison. It is obvious that simulationwith themechanism

of Li et al. is slightly higher than that with the mechanism of

Davis et al. In general, the simulated values are in reasonable

agreement with the experimental ones. In the case of no

dilution, simulation with themechanism of Davis et al. shows

good agreement with the experiment. Discrepancy appears

with the mechanism of Li et al. which gives slightly higher

values to those of measured ones at all equivalence ratios. In

the case of H2O dilution, the phenomenon is quite different.

Both the mechanism of Davis et al. and the mechanism of Li

et al. can well predict the laminar burning velocities of fuel-

lean mixture, but under-prediction for the fuel-rich mix-

tures. Themechanism of Li et al. has better predictability than

that of the mechanism of Davis et al. In the case of CO2 dilu-

tion, the calculated data with the mechanism of Li et al. show

good agreement with the experimental data. The mechanism

of Davis et al. under-predicts the laminar burning velocities at

all equivalence ratios. In addition, it is observed that addition

of CO2 and H2O can both decrease the laminar burning ve-

locity at all equivalence ratios and CO2 dilution seems more

effective in reducing laminar burning velocity than H2O

dilution.

Fig. 3 gives laminar burning velocities and maximummole

fraction of H þ OH at various CO/H2 and dilution ratios.

Laminar burning velocity is deceased with the increase of CO/

H2 and dilution ratios and this is more obvious for CO2 addi-

tion. Chen et al. [27] stated that the effects of dilution on

laminar burning velocity were mainly from thermal and

chemical aspects. Fig. 4 gives the adiabatic flame temperature

of the CO2 or H2O diluted mixtures at different CO/H2 ratios.

With the increase of CO2 and/or H2O dilution ratio, adiabatic

flame temperature presents an approximately linear

decreasing trend. Similar to the laminar burning velocity,

adiabatic flame temperature gives a larger decreasing in the

http://dx.doi.org/10.1016/j.ijhydene.2013.12.037
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Fig. 3 e Laminar burning velocities and maximum mole

fraction of H D OH of CO/H2/air mixtures at various CO/H2

and dilution ratios (T [ 373 ± 3 K, p [ 0.1 MPa f [ 0.8): (a)

laminar burning velocities; (b) maximum mole fractions of

H D OH.

Fig. 4 e Adiabatic flame temperature of CO/H2/air mixtures

with CO2 and H2O dilution at various CO/H2 ratios

(T [ 373 ± 3 K, p [ 0.1 MPa, f [ 0.8).
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case of CO2 addition compared with H2O dilution. However,

adiabatic flame temperature increases with the increase of

CO/H2 ratios and this is different to that of laminar burning

velocity.

Key free radicals (H, OH and O) are often used to analyze

the chemical effect of dilution [28]. Fig. 3 shows that variation

of maximumH þ OH concentration has the similar trend with

that of laminar burning velocities of CO2 or H2O dilution.

Maximum H þ OH concentration is decreased when CO2 and/

or H2O are added. This indicates that the free radicals (espe-

cially H and OH) are extremely important to laminar burning

velocity since the concentration of those radicals plays an

important role in the elementary reactions. In fact, previous

researches [29,30] also reported the strong correlation of

laminar burning velocity with maximum concentration of

H þ OH radicals in the reaction zone. Thus, concentrations of

free radicals can be used to study the chemical effect of the

CO2 and/or H2O diluted syngas/air mixtures.

Fig. 5 shows the peak ROP (Rate of Production) of H and OH

radicals for the CO2 and/or H2O diluted mixtures at different
CO/H2 ratios. When mole fraction of H2 in syngas is low (CO/

H2 ¼ 80/20), the greatest contribution on H production is the

elementary reaction R28: CO þ OH ¼ CO2 þ H. Reaction R1:

H þ O2 ¼ O þ OH is the main consumption reaction of H

radical. For OH radical, the most important elementary re-

actions are still R1 and R28. However, R28 becomes the

greatest contribution of OH consumption and R1 is the main

elementary reaction that produces the OH radical. When CO2

and/or H2O are added, the main contributions of H and OH

radicals remain the same, but peak ROP is decreased and the

effectiveness of CO2 dilution is higher than H2O dilution. Peak

ROP of H and OH slightly shift to the downstream.Whenmole

fraction of H2 becomes larger from 0.2 to 0.8, the dominating

elementary reaction that consumes H radical remains the

same but reaction R3: OH þ H2 ¼ H þ H2O becomes the most

important elementary reaction for the production of H. When

CO2 and/or H2O are added, the dominating reactions remain

unchanged with decreased peak ROP and shifting slightly to

the downstream. R1 remains the most important reaction for

production of OH radical in syngas/air mixtures with and

without CO2 or H2O dilution. For the consumption of OH,

however, R3, substituting R28, becomes the dominating re-

action for syngas/air mixtures without dilution. Main

elementary reaction for consumption of OH radical is changed

from R3 to R16 when CO2 and/or H2O are added.

To compare the different kinetic effects of CO2 andH2O, the

normalized sensitivity coefficient of the CO2 or H2O diluted

CO/H2/air mixtures is given in Fig. 6. Reaction R28 gives the

largest positive sensitivity for the mixture with CO/H2 ratio of

80/20. The third body reaction R12: H þ O2 (þM) ¼ HO2 (þM)

gives the largest negative sensitivity coefficient. Dilution of

CO2 and H2O has an increasing effect on the sensitivity coef-

ficient of R12 in which the effect of CO2 is higher than that of

H2O. When mole fraction of H2 in syngas changes from 0.2 to

0.8, the most important positive elementary reaction is

changed from R28 to R3: OHþH2 ¼HþH2O. This is consistent

with the observation in Fig. 5. R12 still remains an important

elementary reaction which has the negative effect on laminar

burning velocity. However, the reaction R9: H þ
OH þ M ¼ H2O þ M, replacing reaction R12, becomes the

http://dx.doi.org/10.1016/j.ijhydene.2013.12.037
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Fig. 5 e ROP of H and OH radicals for CO/H2/air mixtures with CO2 and H2O dilution at various CO/H2 ratios (T [ 373 ± 3 K,

p [ 0.1 MPa, f [ 0.8): (a) CO/H2 [ 20/80; (b) CO/H2 [ 20/80; (c) CO/H2 [ 80/20; (d) CO/H2 [ 80/20.
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dominating negative sensitive elementary reaction. Laminar

burning velocity and chemical kinetics analysis reveal stron-

ger effect of CO2 than H2O on laminar premixed flame and this

links to the stronger CO2 dilution influence on flame front

structure of turbulent premixed flames than that of H2O

dilution previous study [8].

3.2. Flame instability characteristics for CO2 and H2O
diluted CO/H2/air mixtures

3.2.1. Flame cellular instability analysis with flame images
There are three flame intrinsic instabilities, the buoyancy-

driven instability, the hydrodynamic instability and the

diffusive-thermal instability [31]. Buoyancy-driven instability

can be neglected in this study since it only appears at very low

flame speed. Hydrodynamic instability results from thermal

expansion across the flame and is characterized by flame

thickness and thermal expansion ratio. Diffusive-thermal

instability is caused by non-equal diffusion process between

heat conduction and reactant diffusion. It can be assessed by

Lewis number, which is defined as the ratio of mixture ther-

mal diffusivity to mass diffusivity of the limiting reactant

relative to abundant inert gas [32,33]. Fig. 7 gives the schlieren

images of flame propagation of CO2 and H2O diluted CO/H2/air

mixtures at different pressures. Flame instability relevant

parameters, such as effective Lewis number, flame thickness

and thermal expansion ratio are also provided. It can be seen

the cellular structure is developed gradually as the flame

propagates outwardly and the effect of flame stretch is

weakened. Cellular instability is suppressed at early stage of
flame propagation because of strong effect of flame stretch. As

flame radius increases, the flame stretch rate decreases and

inhibiting effect on flame instability is weakened. Flame front

keeps smooth and only small cracks occur at pressure of

0.1 MPa. With the increase of pressure, the irregular cellular

cells occur at the flame front and the onset of wrinkling ap-

pears in earlier stage. This indicates that flame front tends to

be unstable with the increase of pressure. When CO2 and/or

H2O are added, flame front shows different trends at different

pressures. When the pressure is low (0.1 MPa), addition of CO2

and H2O promotes the flame instability. At elevated pressure,

flame instability is suppressed with CO2 and H2O dilution.

Further analysis on flame instability will be given in the

following section using relevant parameters and linear theory.

Fig. 8 presents the effective Lewis number of CO/H2/air

mixtures at different CO/H2 ratios. Here, the effective Lewis

number, Leeff, is thought to be a linear relation between the

single fuel Lewis number and was determined using the for-

mulas Leeff ¼ XH2LeH2 þ XCOLeCO,Xi being themole fractions of

fuel species [34,35]. The effective Lewis number increaseswith

the decrease of H2 mole fraction in syngas and it approaches

the unity at H2 mole fraction of 80%. The reason is that H2 is

more subject to the formation of flame instability and has low

Lewis number than that of CO. When CO2 and/or H2O are

added, the effective Lewis number is slightly decreased and

this phenomenon becomes obviously with CO2 dilution. This

indicates that addition of CO2 and H2O promote the diffusive-

thermal instability of the CO/H2/air mixtures.

Flame thickness and thermal expansion ratio are twomost

sensitive parameters controlling the hydrodynamic instability

http://dx.doi.org/10.1016/j.ijhydene.2013.12.037
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Fig. 6 e Normalized sensitivity coefficients to laminar

burning velocity.

Fig. 7 e Schlieren images of CO/H2/air mixtures with CO2

and H2O dilution at different pressures (T [ 373 ± 3 K,

f [ 0.8): (a) dilution effect (p [ 0.1 MPa, CO/H2 [ 20/80); (b)

dilution effect (p [ 0.3 MPa, CO/H2 [ 80/20); (c) pressure

effect (CO/H2 [ 80/20, without dilution).
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[36] and are presented in Fig. 9. With the increase of H2 mole

fraction in syngas, thermal expansion ratio is increased and

flame thickness is decreased. This indicates that increasing H2

fraction in syngas can promote the hydrodynamic instability.

When CO2 and/or H2O are added, thermal expansion ratio is

decreased and flame thickness is increased. Both of them

suppress the hydrodynamic instability. Compared with H2O

dilution, CO2 dilution shows higher suppressing effect on

hydrodynamic instability because of its low thermal expan-

sion ratio and high flame thickness. Thermal expansion ratio

is increased and flame thickness is decreased at elevated

pressures, and this indicates the promotion of hydrodynamic

instability at elevated pressure. In the early stage when flame

radius is small, the hydrodynamic instability is suppressed by

flame stretch and small-scale diffusive-thermal instability is a

dominating factor. Thus, at pressure of 0.1 MPa, CO2 and/or

H2O dilution promote the flame instability because of the

decrease of effective Lewis number. And CO2 dilution has

http://dx.doi.org/10.1016/j.ijhydene.2013.12.037
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Fig. 8 e Effective Lewis number of CO/H2/air mixtures at

various CO/H2 and dilution ratios (T [ 373 ± 3 K,

p [ 0.1 MPa, f [ 0.8).
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larger effect because of its lower effective Lewis number

compared with H2O dilution. As pressure is increased, the

suppressing effect on hydrodynamic instability is higher than

the promoting effect on diffusive-thermal stability when CO2

or H2O are added, thus flame front becomes smoother.

3.2.2. Flame instability analysis with linear theory
To better understand the cellular flame instability of the CO2

and H2O diluted CO/H2/air mixtures at elevated pressure, the

linear stage of flame propagationwas studied. Usually, a small

perturbation of a sinusoidal wave with infinitesimal ampli-

tude is superimposed on the smooth flame front to study the
Fig. 9 e Flame thickness and thermal ex
flame instability [37]. Development of flame instability mainly

goes through two stages, the initial linear development stage

and the following nonlinear stage. During the early develop-

ment of flame instability from a smooth flame front, the

wavelength remains constant while the amplitude of the

wave grows in exponential function of time,

A ¼ A0e
st (5)

where A0 is amplitude of initial sinusoidal wave and s is grow

rate, which is the function of initial wave number (reciprocal

of wavelength), K. Dispersion relation between s and K is given

by Yuan et al. [38] as follows,

s ¼ U0SLk� U1ak
2 � 4ad2k4 (6)

U0 ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 32 � 33
p

� 3

�.
ð1þ 3Þ (7)

U1 ¼ ð1� 3Þ2 � ln 3ð2U0 þ 1þ 3Þ
2ð1� 3Þ½ 3þ ð1þ 3ÞU0� � ð1þU0Þð 3þU0Þbð1� LeÞ

2ð1� 3Þ½ 3þ ð1� 3ÞU0�

�
Z1= 3�1

0

lnð1þ xÞ
x

dx (8)

The first term of right side in equation (8) refers to the

hydrodynamic instability, the second term refers to the

diffusive-thermal instability, and the third term refers to the

high-order temperature relaxation term which was added

according to Sivashinsky’s formulation [33]. Thus, the

formulation of Yuan et al. can comprehensively reflect the

combined effects of diffusive-thermal instability and hydro-

dynamic instability. The wave number corresponding to

maximum growth rate was defined as the critical wave

number, ksmax. It should be noted that growth rate is smaller
pansion ratio of CO/H2/air mixtures.

http://dx.doi.org/10.1016/j.ijhydene.2013.12.037
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Fig. 10 e Flame intrinsic instability scale and critical radius

at various dilution ratios.
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than zero when wave number reaches a neutral wave num-

ber, kn. To quantify the flame instability, the flame intrinsic

instability scale, li, is introduced,

li ¼ p=ksmax (9)

Fig. 10 gives the flame intrinsic instability scale, li, and

critical radius, Rcr, at various CO/H2 and dilution ratios at

pressure of 0.3 MPa. Here Rcr represents the instance where

cellular structure is no longer suppressed and cells instanta-

neously and uniformly appear over the entire flame surface

[32]. Flame intrinsic instability scale and critical radius both

increases with the increase of dilution ratio. The results

illustrate that addition of CO2 and H2O both can suppress

flame instability at elevated pressure and CO2 has a stronger

inhibiting effect.
4. Conclusions

Laminar burning velocities and flame instabilities of CO2 and

H2O diluted CO/H2/air mixtures at different CO/H2 and dilu-

tion ratios were investigated at elevated pressure and tem-

perature using the outwardly spherical propagating flame.

Main conclusions are summarized as follows:

1. Discrepancy exists between measured laminar burning

velocities and simulated ones with the mechanism of

Davis et al. and the mechanism of Li et al. For CO/H2/air

mixtures without dilution, simulated values with the

mechanism of Davis et al. are in good agreement with

experimental ones. In case of H2O dilution, simulations

with two mechanisms give underprediction on laminar

burning velocity while the mechanism of Li et al. can give

better prediction. In case of CO2 dilution, themechanism of

Li et al. gives good prediction on the laminar burning

velocity.

2. Chemical kinetic analysis shows peak ROP of H andOH and

sensitivity coefficients vary significantly with CO2 and H2O

dilution. CO2 dilution has stronger chemical effect than

H2O dilution.

3. Intrinsic flame instability is promoted at atmospheric

pressure and suppressed at elevated pressure when CO2
and H2O are added. Linear theory and instability parame-

ters analysis confirm the stronger promoting or inhibiting

effect of CO2 than H2O at atmospheric or elevated

pressures.
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