
International Journal of Heat and Mass Transfer 86 (2015) 820–825
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
Effects of radiation on the uncertainty of flame speed determination
using spherically propagating flames with CO/CO2/H2O dilutions
at elevated pressures
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.03.062
0017-9310/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: chsohn@sejong.ac.kr (C.H. Sohn).
Chae Hoon Sohn a,⇑, Zheng Chen b, Yiguang Ju c

a Department of Mechanical Engineering, Sejong University, Seoul 143-747, Republic of Korea
b SKLTCS, Department of Mechanics and Engineering Science, College of Engineering, Peking University, Beijing 100871, China
c Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ 08544, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 14 August 2014
Received in revised form 12 March 2015
Accepted 17 March 2015

Keywords:
Radiation
Spherically propagating flame
Negative burned gas velocity
Density ratio
Elevated pressure
This work investigates numerically the effects of spectral dependent radiation on laminar flame speed
determination using spherically propagating CH4/air and H2/air flames with CO/CO2/H2O dilutions at ele-
vated pressures. Three different models, adiabatic, optically thin radiation, and fitted statistically narrow
band correlated k (FSNB-CK) models, are employed. The effects of radiation-induced negative burned gas
velocity, increased density ratio, and chamber confinement induced flow compression are investigated. It
is found that compared to the FSNB-CK model, the adiabatic flame model over-predicts the flame speed
by 7% and the optically thin model makes more significant under-prediction. Moreover, this discrepancy
increases with pressure. The results also show that a large negative velocity in the burned gas is induced
by radiative heat loss and magnified further by the flow compression in a small combustion chamber. The
radiation-induced negative burned gas velocity causes an under-estimation of flame speed. Moreover,
radiation also increases the density ratio between the burned and the unburned gases. The use of the den-
sity ratio of adiabatic flame also causes under-prediction of flame speed. Two radiation corrections taking
into account of the negative burned gas velocity and the increased density ratio are recommended for
flame speed determination using propagating spherical flame for radiative mixtures. The corrections pro-
posed in this study reduce the uncertainty of flame speed due to radiation.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

To achieve higher efficiency and lower emissions, future
engines have to run at higher pressures with more exhaust gas
recirculation or highly H2O/CO2 diluted syngas mixtures [1–3].
Development of validated high-pressure kinetic mechanisms with
excessive H2O/CO2 dilution is important for quantitative prediction
of ignition, heat release rate, flashback, and emissions in engines.
Recently, significant progress has been made to develop high-pres-
sure chemical kinetics for syngas and small hydrocarbons [4,5].
However, as shown in [6–8], the uncertainty of the existing kinetic
mechanisms at high pressure is still very large and accurate mea-
surement of laminar flame speeds at high pressure (above
10 atm) is critical to the development and validation of kinetic
mechanisms.
Due to the strong hydrodynamic flame instability, most high-
pressure flame speeds are measured using spherically propagating
flames [9]. This method requires several assumptions to extrapo-
late stretched flame speed to unstretched one: zero burned gas
velocity [10], linear/nonlinear relationship between stretched
flame speed and stretch rate [11,12], adiabaticity of the flame,
and constant density ratio of burned to unburned gas (qb/qu).
The first assumption breaks up due to flow compression when
the flame radius is larger than 30% of the chamber radius [10].
The second assumption becomes questionable when the mixture
Lewis number deviates significantly from unity. The third and
fourth assumptions may not be valid when radiation heat loss or
absorption becomes significant. For example, the radiation cooling
of burned gas causes flow contraction, which makes experimen-
tally measured flame speed without radiation correction lower
than the true value. Moreover, at excessive EGR conditions, radia-
tion reabsorption of H2O/CO2 reduces the radiation heat loss or
even increases the enthalpy of unburned gas and the flame speed
[13–15]. However, few studies have been carried out to examine
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the radiation effects on the determination of high-pressure flame
speeds using a spherical bomb.

The effects of radiation on laminar flame speed measurement
were first studied for spherical methane/air flames near the lean
flammability limit [16]. It was found that radiation reduces the
flame temperature and induces inward flow of burned gas, both
of which slow down the flame propagation. Radiation was shown
to cause up to 25% under-prediction of laminar flame speed.
However, only atmospheric pressure condition was considered in
this study and the results at high pressure were not explored.
More recently, a semi-analytical investigation of radiation heat loss
on the uncertainty of measured high pressure flame speeds was
conducted [17]. The study concluded that the high pressure flame
speeds of H2/He/O2 are only slightly affected by radiation, and that
flames with low flame speeds are strongly affected by radiative
loss. However, in the study, only optically thin radiation without
any EGR effect was considered. It is well-known that radiation
absorption affects not only the temperature distribution in the
burned gas but also the flame propagation speed [13]. Currently,
it is not clear how radiation absorption affects the flame speed
determination in a high pressure spherical bomb when EGR com-
positions such as H2O/CO2 are present in the unburned mixtures.
Moreover, it is not known how the negative flow velocity in the
burned gas affects the flame speeds and whether the constant den-
sity ratio assumption is still valid in the presence of radiation.

The goal of this study is to provide quantitative assessment on
which uncertainties need to be considered and how large they are
for the determination of flame speeds of CH4 and H2 mixtures with
CO/CO2/H2O dilutions at pressures from 1 to 50 atm. The effects of
radiation on flame propagation are modeled by including spectral
dependent radiation emission and absorption as well as detailed
chemistry and transport. Two radiation corrections taking into
account of negative burned gas velocity and increased density ratio
are proposed to achieve accurate flame speed determination from
spherically propagating flames.
Fig. 1. Flame locations as a function of time from 1 to 50 atm during propagation of
CH4/O2/He/CO2 flames in a spherical chamber of 10 cm radius.
2. Numerical methods

The governing equations of one-dimensional, unsteady, com-
pressible, multi-species reactive flow in a spherical coordinate
are solved by using the Adaptive Simulation of Unsteady Reactive
Flow solver (A-SURF 1D) code [18]. The details on governing
equations, numerical schemes, code validations can be found in
[18–20].

For radiation modeling, two different models, the optically thin
model [21,22] and the fitted statistically narrow band correlated k
(FSNB-CK) model [14,23], were employed to examine the effect of
radiation heat loss and radiation absorption on flame speed mea-
surements, respectively. For the optically thin model, the volumet-
ric radiation heat loss was evaluated by

qr ¼ �4rKpðT4 � T4
1Þ; ð1Þ

where r is the Stefan–Boltzmann constant, Kp denotes Planck mean
absorption coefficients of the mixture, and T and T1 are the local
and the ambient temperatures, respectively. Four major radiative
species of CH4, CO2, CO, and H2O are considered and Kp was deter-
mined by using the high temperature SNB database [21]. For the
FSNB-CK model [14,23], the radiation transfer was solved in the
spherical coordinate using the S6 discrete ordinate method
[13,14,24–26]. The average radiation intensity at each narrow band
was calculated from the fitted cumulative k distribution function
[14].

In this study, we considered two different radiative CO2 and
H2O diluted mixtures, 0.083CH4 + 0.275O2 + 0.183He + 0.459CO2

(its equivalence ratio is u = 0.6) [14] and 0.0594H2 + 0.0594CO +
0.0699O2 + 0.6613He + 0.1500H2O (u = 0.85) [8], which were
experimentally studied using spherically propagating flames.
GRI-MECH 3.0 [27] and Li et al.’s mechanisms [28] were used for
methane and syngas flames, respectively. The detailed ther-
modynamic and transport properties are evaluated from the
CHEMKIN packages [29]. The initial pressure was varied from 1
to 50 atm for methane flame and from 1 to 6 atm for syngas flame.
To resolve the moving flame front, a dynamically adaptive mesh
refinement algorithm with the minimum grid size of 7.8 lm was
employed.

To examine the effect of flow compression [10,16] and its cou-
pling with radiation on flame speed measurements, two different
spherical chamber radii of 10 and 50 cm were used. The mixture
was quiescent initially. To initiate flame kernel, a hot spot with
radius of 1.5 mm and temperature of 1800 K, was used in the cen-
ter of the chamber. The trajectory of flame front, Rf, defined as the
position of maximum heat release rate, is monitored during flame
propagation. When the zero burned gas velocity is assumed, the
stretched flame speed, Sb, is equal to the flame propagation speed,
i.e., Sb = dRf/dt. The unstretched flame speed is obtained by linearly
extrapolating Sb to zero stretch rate, K = (2/Rf)(dRf/dt).
3. Results and discussion

3.1. Flame Propagation Speeds in an Optically Thick CH4/O2/He/CO2

Mixture

The optical thickness of the CH4/O2/He/CO2 mixture is around
2.0 at 1 atm. The spherical flame propagation of the mixture is cal-
culated for pressures from 1 to 50 atm in a chamber with radius
between 10 and 50 cm. Its initial temperature is 298 K and the
Lewis number for CH4 in the mixture is about 1.2.

Fig. 1 shows the flame front trajectories at different pressures
predicted by three different radiation models. It is observed that
radiation model has a significant impact on the predicted flame
trajectory. At all pressures, the adiabatic model predicts the fastest
flame trajectory and the optically thin model predicts the slowest
one. The trajectory predicted by the FSNB-CK model is between
them, but it is more close to that of the adiabatic model. The
dependence of the stretched burned gas flame speeds, Sb, on flame
stretch, K, at 1 atm is also inserted in Fig. 1. The stretched burned
gas flame speed is shown to have a good linear dependence on



Fig. 3. Flame locations as a function of time at 1 atm calculated with three models
of radiative heat loss, adiabatic, FSNB-CK, and optically thin models for CH4/O2/He/
CO2 flames in spherical chambers with radii of 10 and 50 cm.
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stretch rate, which allows us to extract the unstretched flame
speed, Sb

o, according to the following linear correlation

Sb ¼ So
b � LbK; ð2Þ

where Lb denotes the Markstein length of burned gas.
The extrapolated unstretched flame speeds at different pres-

sures are shown in Fig. 2, where the flame speed decreases mono-
tonically with pressure. Moreover, the flame speeds predicted by
the FSNB-CK model are very close to those of the adiabatic flames
at all pressures, indicating that pressure changes slightly radiation
effect on flame speed determination. However, the optically thin
model significantly under-predicts the flame speeds and the mag-
nitude of the under-prediction increases with pressure. The results
suggest that for an optically thick mixture, the optically thin radia-
tion model is not applicable to the prediction of flame speed mea-
surement without appropriate corrections. On the other hand, the
assumption of adiabatic flame without consideration of flame
radiation is more appropriate to extrapolate the flame speed.
However, care may be needed when mixtures with different flame
speeds and optical thickness are considered.

Radiation absorption is a strong function of optical thickness. To
examine the effect of optical thickness, calculations are made for
chamber radius of 50 cm (five times increase in optical thickness).
The comparison between flame trajectories for two different cham-
ber radii, Rch = 10 and 50 cm, and the dependence of Sb on stretch
are shown in Fig. 3. The flame location is normalized by each
chamber radius for generalization. The chamber size has an impact
on flame trajectory. For Rch = 10 cm, the predicted flame tra-
jectories deviate from the linear trajectory at a much shorter time
(0.08 s) than that with 50 cm in radius. The deviation becomes
more significant as the flame radius increases, especially for the
optically thin model. The inserted figure shows that chamber size
changes the predicted flame speeds even at high stretch rates.
For stretch rate below 70 s�1, Sb shows a nonlinear dependence
on stretch rate for Rch = 10 cm. However, the nonlinear dependence
for Rch = 50 cm appears at much smaller stretch around 20 s�1,
allowing better extrapolation to get Sb

o

The nonlinear dependence of Sb is caused by two different
effects, flow compression [10] and radiation cooling [16,17] effects.
The flow compression induces an inward burned-gas flow in the
opposite direction to flame propagation, i.e., a negative burned
gas velocity behind the flame front. With the decrease of chamber
Fig. 2. Flame speeds as a function of pressure calculated with adiabatic, FSNB-CK,
and optically thin models for CH4/O2/He/CO2 flames in a spherical chamber of
10 cm radius.
size, the compression effect becomes stronger and the negative
burned gas velocity increases [10]. As such, a smaller chamber
has a larger negative burned gas velocity, which results in earlier
nonlinear dependence of Sb on stretch at larger stretch rate
(Fig. 3). For an adiabatic flame, this effect can be corrected using
the Compression-Corrected Flame Speed (CCFS) [10].

However, for radiative flames, flow compression and radiation
cooling are coupled and make the correction more complicated
because radiation affects not only the negative burned gas velocity
but also the burned gas temperature, leading to an increase in den-
sity ratio between burned and unburned gases. The determination
of the laminar flame speed relative to unburned mixture, SL

o, from
Sb is linearly scaled by the density ratio,

So
L ¼

qb

qu
ðSb � ubÞo; ð3Þ

where qb and qu denote burned gas and unburned gas densities,
respectively, and ub is the burned gas velocity at the end of the reac-
tion zone. Therefore, one needs to know quantitatively the effect of
radiation on both ub and qb/qu.

The effect of radiation on flow velocity distribution is shown in
Fig. 4 with Rch = 10 cm and Rch = 50 cm. The radial coordinate is
normalized by each chamber radius as in Fig. 3. Fig. 4a shows that
for adiabatic flames, ub = 0 for Rch = 50 cm while ub is negative
(ub < 0) for Rch = 10 cm. This difference is caused only by flow com-
pression mentioned above. However, when the optically thin
model is used, radiation loss results in negative burned gas velocity
for both large and small chambers, and the effect is magnified for
the case of smaller chamber size. This magnification of the negative
burned gas velocity is an indication of the coupling between flow
compression and radiation cooling. Therefore, accurate prediction
of the negative burned gas effect requires the consideration of
radiation.

The effect of radiation absorption on the negative ub is predicted
by using the FSNB-CK model for Rch = 50 cm. Fig. 4b shows
that development of gas velocity and the comparison with the
result for Rch = 10 cm. At 0.07 s, the FSNB-CK model predicts
ub = –3.7 cm/s, but the smaller chamber of 10 cm gives
ub = –14.5 cm/s at the same moment. Although not shown here,
the optically thin model gives ub = –16.6 cm/s at the same flame
location for Rch = 50 cm. As such, the optically thin model signifi-
cantly over-predicts the negative burned gas velocity for an



Fig. 4. Evolutionary velocity profiles along the radial coordinate calculated with (a)
adiabatic and the optically thin models and (b) the FSNB-CK model for CH4/O2/He/
CO2 flames in a spherical chamber of 50 cm radius, which are compared with ones
calculated in a smaller chamber of Rch = 10 cm.

Fig. 5. Evolutionary temperature profiles along the radial coordinate calculated
with adiabatic (solid line), optically thin (dash-dotted lines), and FSNB-CK (dashed
lines) models for CH4/O2/He/CO2 flames in a spherical chamber of 50 cm radius.

Fig. 6. Volumetric heat loss rate and velocity profiles along the radial coordinate
calculated with the optically thin and the FSNB-CK models for CH4/O2/He/CO2

flames in a spherical chamber of 10 cm radius.
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optically thick mixture, especially with flow compression coupling
in a small chamber.

Fig. 5 shows the evolution of temperature profiles calculated
with the FSNB-CK model. The mixture has an adiabatic burned-
gas temperature, Tb,ad, of 1800 K and density ratio, qb/qu, of 0.264
from thermodynamic equilibrium calculation. The FSNB-CK model
predicts a decrease in temperature in the burned-gas region and
reduced flame temperature at the end of the reaction zone. The
optically thin model predicts more magnified decrease of tempera-
ture in the burned-gas region and the peak flame temperature.
Therefore, the change in peak flame temperature will cause an
increase of density ratio and modify the flame speed.

Fig. 6 shows distributions of volumetric radiative heat loss rate
and velocity from two radiative models. In the burned-gas region,
radiative heat loss of the optically thin model is above three times
larger than that of the FSNB-CK model. Radiation (re-)absorption
(negative radiative heat loss) is observed ahead of the flame front
by the FSNB-CK model. These results indicate that the overestima-
tion of heat loss and no absorption of the optically thin model ren-
der it not applicable to predict radiation in the optically thick
mixture [14].
Fig. 4-6 suggest that flame speed should be corrected first by
negative burned gas velocity (Eq. (3)). Flame speeds calculated
with the FSNB-CK model at 1 atm are plotted as a function of
stretch rate without and with the ub-correction in Fig. 7. By ub-cor-
rection, flame speeds are increased and the nonlinear dependence
of flame speed on stretch rate shifts to lower stretch rate, which
allows more accurate extrapolation of flame speed. The increase
of (Sb–ub)o is 4.8%. In addition to the ub-correction, it is seen from
Fig. 5 and Eq. (3) that the change of density ratio also affects the
determination of flame speed. A recent work [30] reported that
the burned-gas density is affected by curvature and non-unity
Lewis number in flames with small radius and by confinement
effect with large radius. With near-unity Lewis number, our atten-
tion here is paid only to density ratio (or flame temperature)
change induced by radiation heat loss. Considering this additional
correction, the unstretched flame speed should be expressed in the
form,

So
L ¼

qb;ad

qu

Tb;ad

Tb
ðSb � ubÞo; ð4Þ



Fig. 7. Flame speeds calculated as a function of stretch without/with correction
made by negative burned gas velocity, ub, for CH4/O2/He/CO2 flames in a spherical
chamber of 10 cm radius.
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where Tb denotes the peak burned-gas temperature from radiative
calculation and qb,ad is the burned gas density of adiabatic flame.
The former parameter, Tb, is determined to be the averaged value
of the peak temperatures from temperature profiles over a time
domain.

In summary, from Figs. 4–7 and Eq. (4), in order to obtain appro-
priately the flame speed from measurements/calculations of time-
dependent flame trajectory of a spherical flame, two radiation-in-
duced corrections are needed. One is the correction of negative
velocity of the burned gas, ub, and the other is consideration of
change in density ratio. Table 1 shows the corrections at 1 atm,
where the laminar flame speed, SL

o, calculated from the FSNB-CK
model, and its corrected values by negative ub and increased den-
sity ratio as well as the flame speed calculated from the optically
thin model. The SL

o calculated by the FSNB-CK model without cor-
rections is selected to be a baseline speed for this comparative
study. The optically thin model underestimates the flame speed
by 17.0%. The correction made by negative ub increases the flame
speed by 4.8% and the additional correction by the change of den-
sity ratio is 2.0%, making a total increase of 6.8%. The present result
shows that the former correction is greater than the latter. This
implies that the flame speed is decreased by thermal radiation
by about 7% in an optically thick mixture. This correction may
increase with the change of mixture composition. At elevated pres-
sures up to 50 atm, the correction showed the similar level to one
at 1 atm, but it decreased slightly with pressure, which indicates
weak dependence of radiation-induced correction on pressure for
the same mixture.
Table 1
Laminar flame speeds for CH4/O2/He/CO2 flames with equivalence ratio of 0.6 at 1 atm
predicted with and without radiation-induced velocity and density ratio corrections.

FSNB-CK
model
without
correction

FSNB-CK
model –
corrected
by negative
ub

FSNB-CK model
– corrected by
negative ub and
density ratio

Optically thin
modelwithout
correction

Laminar flame speed,
SL

o [cm/s]
14.7 15.4 15.7 12.2

Correction to the
FSNB-CK result

0 +4.8% +6.8% �17.0%
For this mixture, the measured, uncorrected flame speed was
13.1 cm/s at 1 atm [14], which is lower by 10.9% than the
uncorrected laminar flame speed from the present numerical
simulations. Accordingly, we can estimate that about 40%
(=6.8/(6.8 + 10.9)) of the error is from radiative heat loss and
the rest of it would be from inaccurate chemical kinetics and
measurement error. The flame speed from the optically thin model
is lower than the experimental data and is not valid for an optically
thick mixture.
3.2. Flame propagation speeds of H2/O2/He/H2O/CO syngas mixture at
elevated pressures

Typical oxygen blow coal derived syngas may contain large
amount of water vapor as well as H2, CO, N2, and CO2. A previous
experiment [8] has reported the experimental data of flame speeds
of syngas with water vapor and CO dilutions. However, the uncer-
tainty due to radiation on flame speed is unknown. In a syngas,
thermal radiation induced by H2O and CO also affects flame prop-
agation although the optical thickness may be smaller. In this study,
a sample syngas, H2/O2/He/H2O/CO mixture [8] with optical thick-
ness of about 0.3 at 1 atm, the initial temperature of 393 K, and
the Lewis number for H2 in the mixture of 1.08, is simulated and
radiation effects on the flame speed are corrected by using Eq. (4).

Spherical flame propagation at pressures from 1 to 6 atm
(experimental conditions [8]) was simulated using three radiation
models. The uncorrected and corrected laminar flame speeds are
shown as a function of pressure in Fig. 8 with predictions from
the PREMIX code with adiabatic condition [31]. The corrections
predicted by the FSNB-CK model vary from 2% to 4% at 1–6 atm,
which is relatively smaller than ones predicted in the optically
thick CH4/O2/He/CO2 mixture. The correction decreases slightly
with pressure and the corrected values are close to those predicted
by the PREMIX code. The predicted errors by the optically thin
model are 3%–10%, which is higher than that from the FSNB-CK
model. By using Eq. (4), the experimental data were corrected by
the same percentage as applied to the FSNB-CK model, resulting
in the values marked as ‘‘EXP-corrected’’. At 1 atm, the corrected
experimental value is closer to the laminar flame speed from the
PREMIX code, but at higher pressures, the discrepancy is increased.
Fig. 8. Laminar flame speeds as a function of pressure calculated with the PREMIX
code, two models of the FSNB-CK and the optically thin for H2/O2/He/H2O/CO flames
in a spherical chamber of 10 cm radius, which are compared with experimental
data [8] (data correction is made by both negative burned-gas velocity and
increased density ratio).
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The increased discrepancy between modeling and experiment with
radiation correction might be due to the uncertainty of chemical
kinetics at high pressure.
4. Conclusion

The spectral dependent radiation effects on the determination of
flame speed from spherically propagating flames are numerically
investigated by using the FSNB-CK model for an optically thick
CH4/O2/He/CO2 mixture and an optically thin H2/O2/He/H2O/CO
mixture. The results show that radiation can cause a substantial
uncertainty in flame speed measurements. Two radiation-induced
effects on the flame speed determination were identified. The first
effect is the radiation-induced negative burned gas velocity and
the second one is the radiation-induced density ratio change. A cor-
rection method is proposed to take into account of these effects so
that accurate flame speed can be obtained. Two different models,
the optically thin model and the FSNB-CK model were used to
assess the two radiation corrections to flame speed measurements.

The results show that the optically thin model over-predicts sig-
nificantly the radiation correction for an optically thick mixture and
is not valid for flame speed prediction, especially at elevated pres-
sures. The FSNB-CK model predicts flame speeds close to the adia-
batic value after correction. Due to the combined effect of radiation
and flow compression, a smaller chamber causes a larger negative
burned gas velocity and an earlier occurrence of nonlinear depen-
dence of stretched flame speed on stretch rate at higher stretch rate,
rendering the unstretched flame speed extrapolation more difficult.
The results also show that density ratio change due to radiation
reduces ‘‘measured’’ flame speed without proper correction. With
the two-step radiation correction, the total increase in the flame
speed is 6.8%, in which 4.8% from radiation induced negative
burned gas velocity and 2% from the change of density ratio.
Therefore, radiation correction is necessary for flame speed mea-
surement in a spherical chamber for an optically thick mixture.

For an optically thin syngas mixture of H2/O2/He/H2O/CO, radia-
tion-induced flame speed correction is decreased to a few percent-
ages. But, the optically thin model is not valid even for a mixture
with optical thickness of 0.3. Therefore, in order to measure flame
speed correctly for a radiative mixture, two radiation corrections
need to be made and the spectral dependent radiation model needs
to be used for appropriate radiation correction.
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