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Experimental study of the effect of CO, on
temperature and soot volume fraction in C;H,/air

co-flow laminar diffusion flame

Xiuli An, Weiguang Cai, Yu Yang, Shu Zheng* and Qiang Lu® *

The threat of global warming caused by greenhouse gases such as CO, to the environment is one of the

most intractable challenges. The capture and utilization of CO, are essential to reduce its emission and

achieve the goal of being carbon neutral, in which CO,-diluted combustion is an efficient carbon
capture technology. In this research, the effects of CO, addition in the fuel side (CO,—F), oxidizer side
(CO,-0) and both sides (CO,-F/O) on temperature and soot formation in C,H4/air laminar co-flow

diffusion flames were researched. The flame images were measured by a complementary metal-oxide-

semiconductor (CMOS) imaging equipment. The two-dimensional distributions of temperature and soot

volume fraction in C;H4/air laminar co-flow diffusion flames were measured employing the inverse Abel
transform. The results demonstrated that the effect of amount variation of CO,—F on the decrease of
flame temperature was enhanced by the CO,-0O. The reduction in peak flame temperature was 4 K in
the CO,~F cases, while the reduction in peak flame temperature was 83 K in the CO,-F/O cases. The

soot formation was suppressed significantly by the effects of CO,—F/O. Compared with the CO,-F
cases, the reductions in peak soot volume fraction were 22.5% and 23.5% in the CO,—F/O cases. The
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suppression effect of amount variation of the CO,—F on soot formation became more significant with

the increase of flame height. The reductions in peak soot volume fractions were 0.3%, 3.07% and 6.38%

DOI: 10.1039/d3ra00217a

rsc.li/rsc-advances

1. Introduction

With the intensified global warming, carbon peaking and
carbon neutrality as the key strategies to mitigate climate
change, have attracted widespread attention."” Various low-
emission combustion technologies have been developed to
achieve this goal.*”® The common characteristic of these tech-
nologies is to employ the combustion product CO, to dilute the
fuel and/or the oxidizer in order to achieve lean-burn condi-
tions, such as the exhaust gas recirculation (EGR) technology®
and the flue gas recirculation (FGR) technology.*®

During the combustion process, the transfer process of heat
and mass in the flame and soot formation are affected by CO,
through physical and chemical interactions.”® Hence, the
employment of CO, as the dilution gas' is able to reduce the
flame temperature and achieve low emission of pollutants. For
CO,-F, various conclusions were drawn on the suppression
mechanism of soot formation in early research studies. Schug
et al.** proved the effect of the CO,-F on the reduction of soot
formation was a purely thermal effect. Du et al.*® carried out an
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at the flame heights of 20 mm, 30 mm and 40 mm in the CO,-F cases, and the corresponding
reductions were 4.92%, 5.2% and 16% in the CO,—F/O cases, respectively.

array of researches for the purpose of distinguishing the
different effects of CO,. The experiments proved that oxidation
process of soot precursor was dominant by the chemical effects
of CO,, resulting in inhibition on soot formation. Subsequently,
the fictitious CO, was introduced by Liu et al.’” in the C,H,/CO,
co-flow diffusion flame. The numerical study findings revealed
that soot inception was suppressed by the C,H, concentration
reduction and the increase of OH radical concentration which
caused by the CO,-F. The chemical effect of CO, was dominated
by the reaction of CO + OH = CO, + H. Gulder et al.*® analyzed
the soot formation path and the effect of CO, on each step of
soot formation path. The numerical studies proved that the soot
oxidation process was enhanced owing to the CO,-F, leading to
the suppression on soot formation. Based on the revised soot
formation model, Frenklach et al*® proved that H radicals
activating the radical sites on PAHs were reduced by the reac-
tion of CO, + H = CO + OH, leading to a suppression on the H-
abstraction-C,H,-addition (HACA) mechanism in soot particle
inception and surface growth.

For the CO,-O, its effect on flame temperature is usually
more significant than that of the CO,-F. Liu et al.>* numerically
simulated the two-dimensional temperature distributions in
a C,H, diffusion flame, the experimental results revealed that
the reduction of flame temperature was 55 K attributed to the
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CO,-0, which was larger than the reduction of 7 K attributed to
the CO,-F. Guo et al.** confirmed that the reduction of peak
soot volume fraction in a laminar diffusion flame was 52.5% in
the 50% CO,-F, which was significantly less than that caused by
the 50% CO,-O (87.2%),”* demonstrating that the suppression
effects of CO,-O on soot formation was different from that of
CO,-F.

The accurate measurements on soot volume fraction and
flame temperature play a remarkable role in depth revealing the
impact of CO, on soot formation. The laser spectrum detection
has been employed in the combustion diagnosis, the high
precision measurements of soot volume fraction can be ach-
ieved via the light extinction (LE) technology,”?* and laser-
induced fluorescence (LIF) technology.>** The soot volume
fraction in the C,H, counterflow diffusion flame was calculated
by Wang et al.>* employing the LE technology. The experimental
studies proved that the decrease of soot volume fraction was
25.2% with 20% CO,-F. M. Sirignano et al.”” revealed that the
decrease in soot volume fraction was 65% with the CO,-O using
the LIF technology. In addition, Liu et al.*® employed the LIF
technology to study the effect of CO,-F on soot formation in the
C,H, flames. The experimental studies showed that the inhi-
bition of CO, on soot formation was manifested in the inhibi-
tion of polycyclic aromatic hydrocarbons (PAHs). While Ying
et al.* employed the CO, as oxidant to research the evolution of
micro-nano structure and the reactivity of soot at the initial
stage of C,H, diffusion flames, and concluded that the sizes of
primary particles was reduced by the CO,-O, which led to the
inhibition on soot formation mainly through the nucleation
process instead of the PAHs process. The soot volume fraction
measurement results obtained by the LE and the LIF technol-
ogies were the single-point results in line-of-sight direction,
which was not enough for the study on the distributions of
spatial of soot volume fraction. Many scholars have committed
to accurately measure the two-dimensional distributions of soot
volume fraction based on flame spontaneous emission.*® Liu
et al.** experimentally researched the suppression mechanism
of the CO,-F on the soot formation. The findings revealed that
the reduction of peak soot volume fraction was 28.75% with
thermal effect and 33.25% with chemical effect, which indi-
cated that both the thermal effect and chemical effect of the
CO,-F had the notable suppression on the soot formation.
Bowen et al.*> combined the inverse Abel transform and CCD
imaging technology to reconstruct the distributions of soot
volume fraction in an O,/CO, co-flow laminar diffusion flame,
so as to exploring the effects of CO,, the main diluent in flue gas
recirculation technology, on soot formation. The results proved
that the peak soot volume fraction reduced by 48.2% when the
N, was replaced by CO, in the oxidizer side, larger than that of
16% with the N, adding in the oxidizer side, indicating that the
suppression mechanism on soot formation was dominated by
the chemical effect of the CO,-O.

As summarized above, a remarkable difference occurred in
the suppression effect and mechanism of CO,-F and CO,-O on
soot formation. Currently, the internal flue gas recirculation
technology was introduced to preheat and dilute reactants
simultaneously on the fuel side and oxidizer side, aiming to
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reduce the release of pollutants on the basic of traditional
external flue gas recirculation technology.®® The coupling
mechanism of CO,-F/O on flame structure and soot formation
and the difference in soot suppression among the CO,-F, CO,—
O and CO,-F/O were necessary to explore.

In this study, the two-dimensional distributions of temper-
ature and soot volume fraction in CO,-diluted C,H, laminar co-
flow diffusion flames were reconstructed experimentally by
inverse Abel transform, based on the radiation intensity ob-
tained by a calibrated complementary metal-oxide-
semiconductor (CMOS) imaging equipment. This research is
mainly different from previous studies by choosing CO,-F/O as
CO, addition mode instead of CO,-F or CO,-O. The organiza-
tion of this paper was as follows. First, the combustion experi-
mental system, the CMOS imaging equipment and the
measurement methodology were described in Section 2.
Subsequently, the reconstruction results of flame temperature
and soot volume fraction were analyzed in Section 3. Finally, the
main findings were summarized in the conclusions.

2. Experimental set-up and
methodology
2.1 Experimental instrument

In this experiment, the bench of hydrocarbon fuel laminar
diffusion combustion was employed, which could implement
the researches of low-emission combustion. The combustion
experiment system was shown in Fig. 1. The CO,-diluted C,H,
co-flow laminar diffusion flames were generated by a Giilder
type burner. The diameters of the outer and inner of the fuel
tube were 12.8 mm and 10.9 mm, respectively. The oxidizer
nozzle diameters were 88 mm (inner) and 100 mm (outer),
respectively. Fuel flow passed through the central tube, the
oxidizer passed through glass beads and porous metal disks to
obtain a uniform mixture of oxidizer flow. All gases were
delivered at 293 K and the air was dried by a refrigeration dryer.
A fiber spectrometer (type: AvaSpec-Mini2048CL) with the
wavelength range from 200-1100 nm was used to measure the
flame radiation intensity at different heights of the flame. The
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Fig.1 Schematic diagram of the combustion experiment system.
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Fig.2 Spectral response curves of the R, G and B bands of the CMOS
imaging equipment.

flame was imaged by a CMOS imaging equipment (type: Alvium
1800 U-040c) with a pixel area of 6.9 ym x 6.9 pm and the
resolution of 728 (H) x 544 (V) pixels. In order to ensure the
flame brightness images were not affected by the random noise,
the white balances of the R and G bands of the CMOS imaging
equipment as set to 1.0 respectively. The central wavelengths
were 610 nm, 535 nm and 430 nm for R, G and B imaging
equipment as shown in Fig. 2. Since the chemiluminescent
emission of the CH radical at 430 nm had radiative attribution
to the B band of the CMOS imaging equipment, especially in the
hydrocarbon flames, and the signal of B band was dramatically
affected by the random noise, the flame spontaneous radiation
measured by CMOS imaging equipment of R and G bands were
employed to reconstruct the flame temperature and soot
volume fraction distributions. In order to measure the high-
quality color images of the flame, the CMOS imaging equip-
ment was translated along the height of flame by the lift plat-
form, then the complete flame images were obtained by the
image processing technology.

The CMOS imaging equipment was a photoelectric conver-
sion device. The flame images collected by the CMOS imaging
equipment were the flame brightness data. The relationship
between the flame brightness data and the flame radiation
intensity was established by calibrating the CMOS imaging
equipment employing a blackbody furnace. The temperature
range of the blackbody furnace was 300 °C to 1700 °C and the
uncertainty of the temperature was 0.25% of reading +1 °C. To
eliminate the impact of exposure time on the flame brightness
data measured by CMOS imaging equipment, the quotient of
flame brightness data and the exposure time was employed as
the relative radiation intensity. Since the differences between
the relative radiation intensity and the raw data obtained by R
and G bands of the CMOS imaging equipment were significant
large, in order to obtain the calibration results of the CMOS
imaging equipment with high-precision, the relationship of the
log(I,R) and log(I,G) with log(R/¢) and log(G/t) was established,
instead of the IR and I;,G with the flame brightness data of R

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

T T T T T T T

T
y=at+bxx

27 Formation |
Tntercept (&) 14.60139 + 0.09739
Slope (b) 1.22896 + 0.01151

26 9| Sum of squared residuals 0.00676 il

23 A

22 T T T T T T T T
6.0 6.5 7.0 75 8.0 8.5 9.0 9.5 10.0 10.5

Log(R/1)
(a)
T T T
Formation y=a+bxx
267 Intercept (a) 13.24442 + 0.10745 E
Slope (b) 1.31551 +0.0131
25 | Sum of squared residuals 0.00819 i

224

21 T T T T T T T T
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

Log(G/t)
(b)

Fig.3 Variation of (a) log(/,R) and (b) log(/,G) with log(R/t) and log(G/t).

and G bands. The variation of log(I,R)and log(I,G) with log(R/¢)
and log(G/t) was shown in Fig. 3. The scatters in the Fig. 3 were
the flame brightness data and the absolute radiation intensity
obtained by the blackbody furnace, and the lines in the Fig. 3
were the linear fitting of the scatter data. The relative radiation
intensity and the absolute blackbody radiation intensity were
the linear relationship of log(I,R) = a + b x log(R/t) with the sum
of the squared residuals of 0.007 and 0.008, respectively. The
intercept a and the slope b represented the calibration coeffi-
cients. The intercepts were 14.60 and 13.24 for R and G bands,
and the slopes were 1.23 and 1.32 for R and B bands,
respectively.

In order to testify the accuracy of the calibration of CMOS
imaging equipment, the I;z and I, with setting temperatures of
blackbody furnace from 1073 K to 1623 K at the interval of 50 K
were recalculated employing the calibration coefficients. The
calibration temperatures were calculated by the two-color
method and the recalculated I,z and I;g, and compared with
the blackbody furnace setting temperatures. The calibration
results were shown in Table 1. The maximum relative calibra-
tion errors were 0.94% and 1.31% for Iz and I,g, respectively,
and the maximum relative error of the calibration temperature
was 0.48%, indicating that the calibration process was accurate.

RSC Adv, 2023, 13, 8173-8181 | 8175
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Table 1 The results of blackbody furnace calibration®

Ty (K) Lr (Wm™?sr) LR (%) L (Wm 3 sr) I58°" (%) Te (K) TS (%) €e
1073 4.04 x 10° 0.94 3.57 x 10* 0.95 1074 0.003 1.01
1123 1.07 x 10° 0.24 1.09 x 10° 0.95 1126 0.24 1.05
1173 2.61 x 10° 0.14 3.03 x 10° 1.15 1177 0.36 1.07
1223 5.95 x 10° 0.29 7.67 x 10° 0.19 1222 0.04 0.99
1273 1.27 x 10° 0.11 1.82 x 10° 0.25 1274 0.05 1.05
1323 2.56 x 10° 0.31 4.08 x 10° 1.05 1327 0.29 1.05
1373 4.92 x 107 0.81 8.55 x 10° 1.15 1374 0.01 1.02
1423 8.98 x 107 0.61 1.69 x 107 0.05 1419 0.24 0.96
1473 1.57 x 108 0.10 3.22 x 107 0.75 1477 0.29 1.05
1523 2.67 x 10° 0.59 5.88 x 107 1.01 1526 0.19 1.03
1573 4.35 x 10° 0.29 1.04 x 10° 1.31 1580 0.48 1.07
1623 6.91 x 10° 0.49 1.74 x 108 0.71 1625 0.11 1.02

% Ty, represented the setting temperature of blackbody furnace, Iz and I, represented the measured radiation intensities of R and G bands,
LR and IG* (%) represented the relative errors of the measured radiation intensities, 7. and Tc"*" represented the calculated temperature
and the relative error of calculated temperature, respectively, ¢. represented the calculated emissivity.

Four different experimental conditions were tested, as
summarized in Table 2. The flow rates of C,H, and air were 150
mL min~" in fuel side and 40 L min™" in the oxidizer side,
respectively. For the case 1 and the case 2, the flow rates of CO,
were 20% and 30% of C,H, flow rate in the fuel side,
respectively.

The two the cases were employed to explore the effects of
amount variation of the CO,-F on flame temperature and soot
volume fraction. On the basis of the case 1 and the case 2, the
CO, with the flow rate of 10% of air flow rate was added in the
oxidizer side, to explore the effects of CO,-F/O on flame
temperature and soot formation for the case 3 and the case 4.

2.2 Methodology principle

The measured flame with a cross-section radius of Ry was
divided into N concentric rings as shown in Fig. 4. N was
depended on the resolution of the CMOS imaging equipment in
this experimental research. The accumulation of the radiation
intensity emitted by the concentric rings passing through line-
of-sight was received by the CMOS imaging equipment. Lovos
represented the distance between the imaging equipment and
the central axis of flame. The flame was in the angular field of
view of the CMOS imaging equipment. The calculating angle
field was 0 € [—0f, 0], where 0; = arcsin(R¢/Lcwmos)- 07 was the
included angle between the j line of the sight of the CMOS
imaging equipment and the x-axis.

Table 2 Experimental conditions

Oxidizer side

Fuel side (mL min ") (L min™)
Case C,H, CO, Air CO,
Case 1 150 30 40 0
Case 2 150 45 40 0
Case 3 150 30 40 4
Case 4 150 45 40 4

8176 | RSC Adv, 2023, 13, 8173-8181

With optically thin assumption, the spectral radiation
intensity I,(j) received from the j line can be written as:
4i(j) 4i(j)

K,\(l)lbl(l)dl = L " HA(l)dl (1)

1G) = |
lo()
where [ was the path of the radiation intensity, H(A) the emis-
sion source term, A the wavelength, I, the blackbody radiation
intensity of soot according to Plank’s law as follows:
C1

b= S emion —1)x

(2)
where ¢; and ¢, were the Plank's constants, «; the spectral
absorption coefficient of soot particles, and expressed accord-
ing to the Rayleigh approximation:**

where E(m) was the complex function of the refractive index m,
which can be expressed as m = 1.57 + 0.567,>>*° f, the soot
volume fraction.

The R and G raw data of flame measured by the CMOS
imaging equipment were assumed approximately to be the
proportional to the monochromatic radiative intensities of the
R and G bands in the previous researches. However, the spectral
response spectrums of the CMOS imaging equipment were

CMOS imaging
equipment i

Line-of-sight
Radiative emission

LCRIOS

Fig. 4 Schematic diagram of flame horizontal section measurement.
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board, as shown in Fig. 2. To obtain the real brightness data in
the R and G bands of the CMOS imaging equipment. The
spectral response values of R and G bands were described by the
functions of the wavelength ~ ng, 1g, and the directional
transmission power Er and Eg can be expressed as follows:

AR2

0()  pAr2
E) = medi() dl:[ j e (1) didl

IR1 Jio(G)

) rgz )

EG(]) = T]R,)‘Kg(l)lb)l(l)dﬂdl

JAG1

where nr and ng were the spectral response values.
According to the inversion algorithm, the local emission
source terms Hg and Hg were solved by eqn (5):

ER(I) AIH All,N—l AILN HR(I)
Er()) |0 Al Ab y Hr(2)

: . o G
Es(1) Al Ayt Ahy Hg(1)
EG) | | 0 Al Moy | | Ho2)
Eg(M) Alyy HG(N)

The flame temperature was obtained by the ratio of Hgr and
Hg as follows:

IR,
Nr K2 / IA 1dA
He i 262 (D) Toa (1)
H, T (e
° N6 (D) Iy (1)dA
o,
o 6mcE(m)fy (1) 1)
- MR 2 2 2 (ec2/0T) — l)ndx .
(e 6mE(m)f. (1) 13 a )
o 1O 2 2 (€00 — 1)
ol

Finally, the soot volume fraction distributions can be
reconstructed according to eqn (3).

3. Results and discussions

The color images of the measured flames from case 1 to case 4
were shown in Fig. 5. The flame height of the case 1 was 59.83
mm, which was slightly higher than that of 57.94 mm in the
case 2. In the case 4, the flame height was 66.4 mm, which was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photographs of the flame shapes from case 1 to case 4.

slightly lower than that of the case 3 (67.74 mm). The height of
flame decreased with the increase of the amount of CO,-F.
Compared with the case 1 and the case 2, the flame heights
increased by 7.91 mm and 8.46 mm for the case 3 and the case 4,
respectively, indicating that the CO,-O led to the significant
increase in flame height. The flame height was increased due to
the density and transport effects of CO,. For the density effect,
the binary diffusion coefficient of the CO, and O, mixture was
lower than that of the air, which weakened the oxygen diffusion
process, and required the flame to develop to a higher place to
burn completely. Due to the increase of the axial velocity in the
oxidizer zone caused by the transport effect of CO,-O, the
oxidizer flowed through a longer distance in the same residence
time. More fuel was transported by CO, to the top of the flame,
resulting in an increase in flame height.

The reconstructed two-dimensional flame temperature
distributions from the case 1 to the case 4 were shown in Fig. 6.
Compared with the case 1 and the case 2, the peak flame
temperatures decreased by 145 K and 224 K for the case 3 and

20% COF  30% COxF
20% COLF  30% COLF 10% €00 10% CO,-0
Max: 2013K  Max: 2009 K S

50

T(K) 1ol

- 1783

- 1637

- 1589
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1491

Z (cm)

- 1443

- 1394

0.0 05 0.0 0.5 0.0 0.5 0.0 0.5
R (cm) R (cm) R (cm) R (cm)

Casel Case2 Case 3 Case 4

Fig. 6 The flame temperature distributions from case 1 to case 4.
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the case 4, respectively, indicating that the decrease in flame
temperature was caused by the CO,-F/O. Compared with the
case 3, the flame height decreased by 1.0 cm in the case 1 owing
to the transport effect of CO,. The oxygen diffusion process was
weakened with the CO,-O in the CO,-F/O cases, because the
CO, had a lower diffusion coefficient compared with the air,
and a higher height of the flame was required for the complete
burning. The temperatures at the center axis of flame increased
from 1785 K in the case 1 to 1866 K in the case 2 at the flame
height of 5.5 cm and the increase of 60 K from the case 1 to the
case 2 which appeared at the flame center axis height of 2.9 cm,
indicating that the effect of the CO,-F on the decrease of flame
temperature was mainly in the two wings region of the flame.
The heights of the temperature first measured in the flame
central axis were 2 cm along the direction of the fuel addition in
the CO,-F cases. However, the heights of the temperature first
measured in the flame central axis increased to 2.5 cm and
3.2 cm along the direction of the fuel addition for the case 3 and
the case 4, respectively, which indicated that the fuel combus-
tion in the central axis region of the flame was affected by the
CO,-F/O.

The decrease in peak flame temperature was only 4 K with
the amount of the CO,-F increased from 20% to 30% in the
CO,-F cases, confirming the little effect of amount variation of
the CO,-F on the decrease of flame temperature. Whereas in the
CO,-F/O cases, the effect of amount variation of the CO,-F on
flame temperature became more significant with the peak flame
temperatures decreasing from 1868 K to 1785 K, which was
attributed to the thermal and chemical effects of CO,. The
thermal effect was that more heat was absorbed since the heat
capacity of CO, was larger than that of air. For the chemical
effect, the main endothermic chain branching reaction (O + OH
= H + O,) was enhanced due to the reduction of the H radical
concentration via the reaction of CO, + H = CO + OH. The high
flame temperature region in the CO,-F cases (the height of 2.3-
3.2 c¢m, the radius of 0.28-0.32 cm) was higher than that in the
CO,-F/O cases (the height of 3.5-3.8 cm, the radius of 0.32-0.34
cm), accompanied with the expanding of the region of high
flame temperature to the two wings due to the CO,-O. The
reason was that the buoyancy of the oxidant gradually decreased
with the CO,-O, resulting in a decrease in the axial velocity of
the fuel transport. The mixing time of the fuel and oxidant was
delayed, and thus, the region of flame high temperature
expanded to the oxidizer side.

Fig. 7 showed the soot volume fraction distributions from
case 1 to case 4. The maximum soot volume fraction in the CO,—
F cases were 4.3 x 10 ° and 4.21 x 10~ °, respectively, existing
in the flame co-annular zone with the height of z = 3.5 cm and
the radius of 0.3 cm, higher than the height of co-annular
region with peak flame temperature position. Compared with
the case 1, the main region of soot formation (the height of 1.8-
3.7 cm) was similar to the regions of soot formation for the case
2 and the case 3. Whereas, the height of soot formation main
region increased to 2.2-4.25 cm for the case 4, which indicated
that the increase of the height of soot formation region was
achieved by the combined effects of the CO,-F and CO,-O. In
the CO,-F cases, the soot volume fraction distributions showed
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Fig. 7 The soot volume fraction distributions from case 1 to case 4.

a great difference outside the main region of soot formation. At
the flame height of 4.3 cm, the soot volume fraction of the flame
boundary was 3.16 x 10 ° for case 1 (the radius of 0.27 cm),
which was 49% higher than that at the flame axis, while in the
CO,-F/O cases, the soot volume fraction distributions were
almost the same outside the main region of soot formation,
which the maximum and minimum soot volume fraction were
2.2 x 10~° and 2.09 x 10~ °, respectively.

The amount variation of the CO,-F had a slight influence on
soot formation suppression for all cases. The reduction in soot
volume fraction was 2.1% with the amount of the CO,-F
increasing from 20% to 30% in the CO,-F cases, and the soot
volume fraction reduction in the CO,-F/O cases was 2.85%.

Compared with the case 1 and the case 2, the peak soot
volume fractions reduced by 22.5% and 23.5% for the cases 3
and the case 4, respectively, indicating that the suppression of
soot formation was affected significantly by the effects of CO,-
F/O. The soot formation could be described by the processes of
nucleation and surface growth. The nucleation rate was
proportional to the flame temperature. The flame temperature
decreased with the dilution effect of CO,—O. The molar mass of
air was less than that of CO,, so the oxidant density with CO,-O
was larger than that with air addition in the oxidizer side. In the
oxidant zone away from the reaction flame, the increase of the
buoyancy of the oxidizer, which caused by air was replaced by
CO, led to an increase in the axial velocity in this area, reducing
the mixing time between the fuel and oxidant flow, thus
decreasing the combustion intensity and flame temperature.
The substitution of oxygen by CO, resulted in a drop on the
oxygen concentration, which decreased the flame temperature
and suppressed the formation of soot. The flame temperature
reduction caused by the CO,-F/O led to the inhibition of the
soot nucleation. The processes of surface growth could be
described by the HACA and the condensation processes. The
forward reaction rate of CO, + H = CO + OH was promoted due
to the CO,-F/O, resulting in the decrease of H radical concen-
tration, which consequently resulted in the reduction of active

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sites in the process of the HACA. Similar to the soot nucleation
process, the condensation rate was also proportional to the
flame temperature. Therefore, the soot formation was sup-
pressed owing to the decrease of nucleation and condensation
rate as well as the inhibition of HACA process caused by the
CO,-F/O.

The nucleation rate and condensation rate magnitudes were
shown in Fig. 8. For CO,-F cases (case 1 and case 2), the
reductions of nucleation rate and condensation rate were 3.99%
and 7.82%, respectively, revealing that the processes of soot
nucleation and condensation were suppressed with the amount
of CO,-F increasing from 20% to 30%. The reductions of
nucleation and condensation rates were 21.18% and 20.54% for
CO,-F/O cases (case 3 and case 4), indicating that the CO,-F/O
was more effective on suppressing the processes of soot nucle-
ation and condensation.

The distributions of flame temperature and soot volume
fraction along the radius directional above the different heights
(20 mm, 30 mm, and 40 mm) of the burner outlet were
compared in Fig. 9. There was no significant difference for peak
flame temperatures at different heights of the flame in the CO,-
F cases, but the position of peak flame temperature point of the
case 1 was closer to the flame central axis compared with the
case 2, which demonstrated that the chemical reaction region
expanded to the two wings region with the amount of the CO,-F
increasing from 20% to 30%. It was evident that the flame
temperature increased with the amount increase of the CO,-F
at the central axis area of the flame, while in other areas (except
the regions near the oxidizer side), the flame temperature
decreased in the CO,-F cases. The coordinates of the demar-
cation points were 1.23 mm and 1.55 mm in radius, 30 mm and
40 mm in height as shown in the Fig. 9a and b, respectively. This
phenomenon disappeared with the CO,-F/O as shown in
Fig. 9c. The flame temperatures of 20% CO,-F were higher than
those of 30% CO,-F in the CO,-F/O cases.

At the root of the flame (flame height of 20 mm), the CO,-F
did not exhibit significantly the inhibiting effect on soot
formation in the CO,-F cases. When the amount of the CO,-F
increased by 10%, the peak soot volume fraction was only
reduced by about 0.3%. The suppression effect of the CO,-F on
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Fig. 9 Radical distributions of flame temperature and soot volume
fraction from case 1 to case 4 at different heights (a) 20 mm, (b) 30 mm
and (c) 40 mm.

soot formation was gradually evident with the increase of flame
height. The peak soot volume fraction reduced by 3.07% and
6.38% at the flame heights of 30 mm and 40 mm, respectively,
with the amount of the CO,-F increasing from 20% to 30%. In
the CO,-F/O cases, the reductions in peak soot volume fraction
were 4.92%, 5.2% and 16% caused by amount of the CO,-F
increasing from 20% to 30% at the flame height of 20 mm, 30
mm, and 40 mm, respectively.
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Comparison of temperature measurement results between the
spectrometer and CMOS imaging equipment.

In order to testify the accuracy of the flame temperatures
measured by the CMOS imaging equipment, the radiation
intensities at the heights of 2.0 cm, 2.5 cm and 4.5 cm along the
flame central axis for the case 1 were measured by a calibrated
spectrometer, as shown in Fig. 10a. The flame temperatures at
different flame heights were then calculated by the measured
radiation intensity employing the Levenberg-Malgorithm and
the Hottel and Broughton emissivity model.*” The results were
compared in Fig. 10b. It could be seen that the temperatures
obtained by the CMOS imaging equipment agreed well with the
spectrometer measurements with the maximum relative errors
was 2.48% at the flame height of 2 cm.

4. Conclusions

In this paper, experimental measurements were carried out in
CO,-diluted C,H,/air co-flow laminar diffusion flames to explore
the effects of the CO,-F, CO,-O and CO,-F/O on flame temper-
ature and soot formation. The two-dimensional distributions of
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flame temperature and soot volume fraction were reconstructed
based on the flame images obtained by the CMOS imaging
equipment using the inverse Abel transform. To further under-
stand the effects of CO, addition modes on suppression of soot
formation, the flame temperature and soot volume fraction
distributions along radius direction at different heights of flames
were analyzed. The main conclusions are as follows.

(1) The effect of amount variation of the CO,-F on the
decrease of flame temperature was weaker than that of the CO,-
F/O. The decrease of the peak flame temperature in the CO,-F
cases was only 4 K, while the decrease of the peak flame
temperature was 83 K in the CO,-F/O cases. The effect of the
CO,-F on the decrease of flame temperature was mainly in the
two wings region of the flame, the temperatures at the center
axis of flame increased from 1785 K to 1866 K at the flame
height of 5.5 cm in the CO,-F cases.

(2) The soot formation was significantly suppressed by the
effects of CO,-F/O. The reductions in the peak soot volume
fraction were 22.5% and 23.5% in the CO,-F/O cases (20% CO,-
F 10% CO,-0, 30% CO,~F 10% CO,-0) compared with the CO,~
F cases (20% CO,-F, 30% CO,-F). The height of soot formation
region was affected by the combined effects of the CO,-F and
CO,-0O. The height of soot formation region was 1.8-3.7 cm in
the CO,-F cases, and height of soot formation region increased
to 2.2-4.25 cm in the CO,-F/O cases.

(3) In the CO,-F cases, the flame temperature increased with
the amount increase of CO,-F at the central axis region of the
flame, while in other areas (except the regions near the oxidizer
side), the flame temperature decreased with the amount
increase of CO,-F, and coordinates of the demarcation points
were 1.23 mm and 1.55 mm in radius, 30 mm and 40 mm in
height, respectively. The flame temperature with 20% CO,-F
was higher than that with 30% CO,-F in the CO,-F/O cases.

(4) The suppression of soot formation caused by the CO,-F
was enhanced with the increasing flame height. In the CO,-F
cases, the peak soot volume fraction reduced only 0.3% at the
flame height of 20 mm. The reductions in peak soot volume
fractions were 3.07% and 6.38% at the flame heights of 30 mm
and 40 mm, respectively. In the CO,-F/O cases, the reductions
in peak soot volume fraction were 4.92%, 5.2% and 16% at the
flame height of 20 mm, 30 mm, and 40 mm, respectively.
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