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A B S T R A C T

Coke Oven Gas (COG) is a by-product gas generated during coal carbonisation in coke ovens, containing H2, CH4, 
CO, CO2, and N2. Since COG is currently used as a heat source in steel works, co-firing COG with green ammonia 
is considered a promising decarbonisation method for steel works. However, experimental studies investigating 
the radiation characteristics of ammonia blended flames are limited, not only for COG-NH3 blends. In this study, 
combustion experiments with premixed COG-NH3 swirling flames are conducted at various COG-NH3 blends (0 
≤ XNH3 ≤ 0.9) and equivalence ratios (0.6 ≤ Φ ≤ 1.4), and their radiation characteristics are investigated. 
Specifically, an infrared spectrometer is used to investigate the typical wavelengths (2220, 2600 and 2700 nm) of 
NH3, H2O, and CO2 in the post flame zone, and a theoretical analysis of the internal radiation of the combustor is 
conducted based on the exhaust gas temperature and concentrations measurements. The results revealed that 
radiation primarily from H2O and CO2 peak at stoichiometric conditions, and interestingly, the change in ra-
diation is more gradual on the rich side than on the lean side. It is also found that as the NH3 fraction in the fuel 
increase, H2O derived radiation increase while CO2 derived radiation decrease. Furthermore, the results suggest 
that while H2O radiation is dominant over CO2, differences in radiation due to blending are primarily caused by 
CO2. The findings from this study significantly contribute to the development of ammonia blended combustion 
systems that take radiation characteristics into account.

1. Introduction

Ammonia has recently gained attention as an energy carrier used to 
transport energy from renewable energy production sites scattered 
around the world. Furthermore, to reduce the costs and environmental 
impact of converting ammonia into other energy sources such as 
hydrogen, direct combustion of ammonia as fuel was also considered 
[1–3]. However, since ammonia has lower reactivity compared to con-
ventional fuels [4], co-firing with highly reactive fuels such as methane, 
hydrogen and cracked ammonia were widely studied [5–7]. Neverthe-
less, there has been very little research on co-firing ammonia with Coke 
Oven Gas (COG) from steel works. COG is a by-product gas generated 
during coal distillation in coke ovens [8,9], and since its main 
combustible components are hydrogen and methane, it was expected to 
have a supporting effect on ammonia combustion. As COG is currently 
used as a heat source for heating furnaces in steel works, co-firing COG 
and ammonia has been considered a promising method for 

decarbonisation in steel works [10].
The study by Kekul et al. [11] investigated the laminar burning ve-

locity (LBV), flame temperature, and NO emission characteristics of 
COG-NH3 mixtures with and without H2O vapor using simulations. 
Their results suggested that increasing the COG mixing fraction 
improved both LBV and flame temperature but also led to higher NO 
emissions. The work by Hewlett et al. [12,13] is the sole previous study 
investigating COG-NH3 combustion through both computational and 
experimental approaches. They explored the combustion of COG 
blended with either anhydrous ammonia or ammonia containing water 
vapor. This research involved reaction simulations utilising a 1-D model 
and a chemical reactor network model. Their findings pointed to a 15 % 
COG blend as the optimal mix, resulting in minimised emissions of 
harmful exhaust components such as NO, CO and NH3. Importantly, this 
trend was validated not only through calculations but also through 
experimental observations.

While these findings provided valuable insights into COG-NH3 
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combustion, there was limited knowledge about the radiation charac-
teristics of flames, not only for COG-NH3 blends but also for most 
ammonia blends. However, the radiation characteristics of ammonia 
blend fuel combustion were important for heating products in furnaces 
and for designing cooling mechanisms to protect the inner walls of 
combustors such as gas turbines [14,15]. In the studies conducted by 
Murai et al. [16,17], the total radiative heat flux and infrared spectra 
were measured for non-premixed flames in a 10 kW test furnace. Their 
findings showed that while the radiative heat flux from an ammonia 
flame was approximately 22 % lower compared to a methane flame, 
enriching the oxygen content to 30 % allowed the ammonia flame to 
achieve higher radiative heat flux than the methane flame. Zheng et al. 
[18] investigated the impact of ammonia addition on the flame emis-
sivity of hydrocarbon jet flames (CH4 and C2H4) using a radiometer. 
Their results showed that increasing the NH3 fraction led to a decrease in 
flame emissivity. To evaluate the effect of ammonia addition, the 
measured emissivity was normalised by the emissivity of the pure hy-
drocarbon flame. Using this data, they proposed a model that describes 
the influence of ammonia addition on emissivity as a function of Rey-
nolds number. The study by Fang et al. [19] investigated the variations 
in flame emissivity, view factor, and radiative heat flux for both NH3- 
CH4 and NH3-C3H8 blends. The results indicated that flame emissivity, 
view factor, and radiative heat flux decreased with increasing NH3 
fraction. Xia et al. [20] experimentally and theoretically investigated the 
radiation characteristics of non-premixed turbulent jet flames of 
ammonia and methane, including oxygen-enriched conditions. In the 
experiments, the radiation spectra and total radiation intensity of the 
flames were measured, and the theoretical calculations used the 
HITRAN database and the optically thin model (OTM). The results 
showed that the OTM is effective for estimating the total radiation in-
tensity of ammonia flames. These studies provided valuable experi-
mental evaluations of the radiation characteristics of pure ammonia and 
ammonia-hydrocarbon blended fuels.

Furthermore, several numerical studies have suggested that radia-
tion could also influence the combustion characteristics of ammonia 
blend flames, which typically exhibited lower reactivity and flame 
temperatures. Nakamura et al.’s study [21] computationally demon-
strated that radiative heat loss in laminar ammonia flames altered flame 
temperature, influencing LBV and exhaust gas characteristics. Zheng 
et al. [22–24] showed through computational results that radiation 
reabsorption in laminar NH3-H2, NH3-CH4 and NH3-Syngas flames 
affected H, OH, and NHi (i = 0,1,2) radicals, subsequently impacting 
LBV. Furthermore, regarding the laminar NH3-H2, NH3-CH4 flames, they 
revealed that the mechanism of the radiation reabsorption influence 
changed around an equivalence ratio of 1.2 or 1.25. Another study by 
Zheng et al. [25] showed through calculations that increasing H2 frac-
tion reduced the impact of radiation reabsorption on LBV and NO 
emission. Giacomo et al.’s research [26] evaluated the influence of ra-
diation models on the performance prediction of NH3-H2 micro com-
bustors. Their findings indicated that variations in radiation, caused by 
changes in equivalence ratio and hydrogen fraction, affected the 
calculated flame length and LBV. Faghih et al. [27] suggested that while 
the radiation induced uncertainty in LBV for pure NH3 spherical flames 
exceeded 20 %, it remained below 11 % for NH3-CH4 and NH3-H2 
flames. As mentioned above, radiation has been found to affect the 
combustion characteristics of ammonia blend flames, and its influence 
was expected to vary depending on the fuel blend and equivalence ratio. 
Therefore, investigating radiation characteristics and their impact was 
crucial for the future development of combustors utilising ammonia 
blended fuels.

In this study, combustion experiments of premixed COG-NH3 swirl-
ing flames were conducted with various COG-NH3 blends (0 ≤ XNH3 ≤

0.9) and equivalence ratios (0.6 ≤ Φ ≤ 1.4), and their radiation char-
acteristics were investigated. Specifically, the intensities at the repre-
sentative wavelengths of NH3, H2O and CO2 were investigated using an 
infrared spectrometer. Previous research [16,17,20] have 

experimentally obtained radiation spectrometry data for pure NH3 and 
O2 enriched NH3. However, radiation spectrometry data in flames 
blending ammonia and hydrocarbons is revealed for the first time in this 
study. This means that the radiation emitted from ammonia blended 
flames, such as from NH3, H2O, and CO2, can be experimentally sepa-
rated and evaluated. The contribution data of each component in the 
radiation obtained from this experiment is expected to significantly 
contribute to the validation of simulations considering radiation for 
future combustor design. Furthermore, a theoretical analysis of internal 
radiation within the gas combustor is performed in the range of 0.6 ≤ Φ 
≤ 1.1, using the measured exhaust gas temperature and concentration 
data. Two methods are employed for this analysis: a Line-by-Line (LBL) 
calculation based on the HITEMP database and the approximate method 
developed by Hottel and Egbert [28,29]. Validation of radiation model 
using the experimental data will further promote the application of ra-
diation models in future numerical simulations.

2. Experimental setup and methodology

2.1. Tangential swirl burner

The experiment was conducted using a tangential swirl combustor 
(Sg = 1.45) as shown in Fig. 1. All experiments were carried out under 
atmospheric conditions of 1.1 bar and 288 K. A swirl flame was formed 
by a fuel–air premixture passing through a tangential swirler. To 
conduct spectrometry measurements of the flame, a cylindrical GE214 
quartz tube (d = 156 mm, h = 300 mm) was used to confine the swirl 
flame. This quartz tube had a sufficiently high transmittance of over 89 
% for infrared wavelengths up to 3.4 µm.

While actual COG composition varies slightly depending on coal 
properties and carbonisation conditions, this study adopted a stable gas 
composition, where only C2H4 and C2H6 totalling approximately 2.2 vol 
% were omitted, based on previous literature [12,13]. This COG was 
mixed with ammonia, and combustion characteristics were investigated 
with volume fractions of ammonia in the range of 0.0 ≤ XNH3 ≤ 0.9 as in 

Fig. 1. Schematic of experimental setup.
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Table 1.
Bronkhorst flow controllers (with accuracy of ± 0.5 % of full scale) 

were used to control ammonia and air flow rates, while an ALICAT mass 
flow controller (with accuracy of ± 0.2 % of full scale) was used to 
control COG flow rates. All mass flow controllers have been calibrated 
using air at the manufacturer’s facility, and their specified accuracy is 
guaranteed. Experiments were conducted over an equivalence ratio 
range of 0.6 ≤ Φ ≤ 1.4 while maintaining 10 kW net thermal power for 
all blends.

2.2. Exhaust gas analysis

Exhaust gases (NO, N2O, NO2, NH3, O2, CO, CO2, and H2O) were 
measured at 1 Hz using an Emerson CT5100 quantum cascade laser 
(QCL) analyser (±1% repeatability, R2 > 0.999 linearity). A cross sha-
ped probe with equidistant holes ensuring uniform exhaust gas sampling 
was installed at the quartz tube outlet. The sample line was heated to 
463 K to prevent condensation. N2 dilution was used (±10 % repeat-
ability) for points exceeding the analyser’s detection limits as explained 
in past research [30]. 120 points were acquired for each test condition, 
and time averaged data were used for evaluation.

2.3. Temperature measurements

The exhaust gas temperature (T) was measured using an R-type 
sheathed thermocouple (±1.5 K accuracy) at a point inside the quartz 
tube 50 mm upstream of its outlet. Additionally, the outer wall tem-
perature of the quartz tube at the same height was measured using a K- 
type sheathed thermocouple (±1.5 K accuracy). After the temperature 
stabilised, measurement data was recorded at 1 Hz for each condition, 
and 60 s of data was averaged. For evaluating the high temperature 
exhaust gas, the energy loss due to radiation from the thermocouple to 
the surroundings could not be neglected. Therefore the radiation 
correction was applied to T using the numerical heat transfer correction 

method (HTM) employed by Cafiero et al. [31]. The convective heat 
transfer coefficient used in this correction was calculated using the 
empirical correlation proposed by Kramers [32], which was a function 
of Reynolds number and Prandtl number.

2.4. Infrared spectrometry measurements

The spectral measurements of radiation from the flame were con-
ducted in the range of 2.0–3.4 µm using an infrared spectrometer (NLIR 
S2050-400, 6 cm− 1 resolution, 130 k counts/(ms µW) sensitivity, 11 
counts dark noise Std.). The spectrometer was calibrated using a 1073 K 
blackbody light source. The exposure time was set to 570 ms, and 20 
scans were averaged. The spectrometer was positioned 180 mm above 
the burner exit and approximately 350 m m away from the outer wall of 
the quartz tube. The measurement height was set to 180 mm to measure 
radiation from the post-flame zone. During the measurements for each 
condition, data were recorded only after confirming that the spectrum in 
the post-flame zone had sufficiently stabilised. Example of infrared 
spectrometry measurement locations for a flame and raw and back-
ground data are shown in Fig. 2. As background data, radiation from the 
heated quartz tube and the surroundings was obtained at each experi-
mental condition by extinguishing the flame while the quartz tube was 
still heated and immediately purging the remnant exhaust gases with 
unreacted air. In this study, data obtained by subtracting the back-
ground from the intensity at representative wavelengths of 2220 nm for 
NH3 and CH4, 2600 nm for H2O alone, and 2700 nm for H2O and CO2 
[33,34] were extracted for each experimental condition and used for 
radiation characteristics evaluation.

2.5. Internal radiation theoretical analysis

Internal radiation theoretical analysis at post flame zone was con-
ducted using temperature and exhaust gas composition measurement 
data. This analysis adopted two approaches: a Line-by-Line (LBL) 
calculation utilising the HITEMP database and the approximate method 
proposed by Hottel and Egbert. Because LBL calculation is generally 
used for the validation of other radiation models due to the accuracy, a 
comparison between the results of the two models is also performed at 
the end of the paper. These methods are explained in the following 
sections.

2.5.1. Line by line calculation based on HITEMP database
HITEMP (the high-temperature molecular spectroscopic database) 

provides spectral line intensities for various gases and is continuously 
being expanded. In this study, the following parameters for the main 

Table 1 
Fuel compositions (mole fraction).

Blend No. XNH3 XH2 XCH4 XCO XCO2 XN2

1 0.9000 0.0622 0.0247 0.0072 0.0019 0.0040
2 0.8500 0.0933 0.0371 0.0108 0.0029 0.0060
3 0.8000 0.1244 0.0494 0.0144 0.0038 0.0080
4 0.6000 0.2488 0.0988 0.0288 0.0076 0.0160
5 0.4000 0.3732 0.1482 0.0432 0.0114 0.0240
6 0.2000 0.4976 0.1976 0.0576 0.0152 0.0320
7 0.0000 0.6220 0.2470 0.0720 0.0190 0.0400

Fig. 2. Examples of the flame photo and infrared spectrometry data at 180 mm height from burner nozzle (Φ = 1.4, XNH3 = 0.6).
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radiating species, such as H2O and CO2, were extracted from the 
HITEMP database [35,36] and used in the calculations: 

• Si: Line intensity (at the reference temperature Tref ),
• E˝: Lower state energy)
• nair: Temperature exponent for air-broadening
• γair: Air-broadened half-width
• γself : Self-broadened half-width

The spectral bands that constitute molecular radiation consist of 
numerous spectral lines. For a given molecule, the spectral absorption 
coefficient κυ

i at an arbitrary wavenumber ν is given by the product of the 
line intensity Si(T) and the normalised line shape function fυ

i (T, p), as 
shown in Equation (1): 

κυ
i (T, p) = Si(T)fυ

i (T, p) (1) 

Here, Si(T) is the line intensity at the actual gas temperature T, and 
fυ
i (T, p) is the line shape function considering pressure broadening. The 

HITEMP database provides Si at a reference temperature of 296 K. 
Therefore, Equation (2) below is utilised to compute the line intensity at 
the actual gas temperature T: 

Si(T) = Si
(
Tref

)Q
(
Tref

)

Q(T)
e− c2E˝i/T

e− c2E˝i/Tref

1 − e− c2υi/T

1 − e− c2υi/Tref
(2) 

Here, T is taken as the measured exhaust gas temperature, obtained 
using the methods detailed in Section 2.3. where Q is the total internal 
partition function calculated using the Python code TIPS [37]. The term 
c2 is the second radiation constant, which is calculated as shown in 
Equation (3): 

c2 =
hc
k

(3) 

where h is Planck’s constant, c is the speed of light, and k is the Boltz-
mann constant. To determine the line shape function fυ

i , the Lorentzian 
pressure-broadened Half-Width at Half-Maximum (HWHM) γi was 
computed via Equation (4). This γi was then used in the Lorentz line 
shape function specified by Equation (5). 

γi(T, p) =
(

Tref

T

)nair(
γair

(
Tref , pref

)(
p − pself

)
+ γself

(
Tref , pref

)
pself

)
(4) 

f υ
i (T, p) =

1
π

γi(T, p)
(υ − vi)

2
+ γi(T, p)

2 (5) 

Using these calculation results, the spectral absorption coefficient at an 
arbitrary wavenumber ν is given by the following Equation (6): 

κυ = Nmol

∑

i
κυ

i (6) 

where Nmol is the number density of the absorbing molecules. Then, the 
spectral absorption coefficient of the H2O and CO2 mixture considered in 
this study can be expressed by Equation (7), after determining the 
respective spectral absorption coefficients: 

κυ
mixture = κυ

H2O + κυ
CO2 (7) 

Based on this result and applying Planck’s law, the total emissivity, εg, is 
determined using Equation (8): 

εg =
1

σT4 Δυ
∑(

1 − e− κυ
mixtureL)Ebυ(T) (8) 

where σ is the Stefan-Boltzmann constant and Ebυ is the spectral emissive 
power of a black body. Further details regarding the LBL calculations 
can be found in the previous literature [20,38–40].

Using this total emissivity εg, the following Equation (9) was 

employed to determine the radiative heat flux inside the combustor 
[29]: 

Qr = 0.5(1+ εw)σ
(
εgT4 − αgTiw

4)Aiw (9) 

where εw represents the emissivity of the quartz tube,Tiw denotes its 
inner wall temperature and Aiw is inner wall area. This equation models 
the radiative heat transfer occurring between the internal combustion 
gas and the inner wall of the combustor. It is a practical model designed 
for actual combustors, like those in gas turbines, featuring a simplified 
handling of the wall’s radiative characteristics (Gray body effect). In the 
present study, it was assumed that radiation from the post-flame zone, 
which occupies the majority of the combustor volume, is dominant 
within the combustor. Based on this assumption, the radiative heat flux 
to the inner wall was determined using the results of the spectral anal-
ysis, which utilised the measured exhaust gas temperature and compo-
sition. The gas absorptivity in equation (9), αg, is obtained by applying 
the results of the spectral absorption analysis, and is expressed by the 
following equation (10), similar to equation (8). 

αg =
1

σTiw
4 Δυ

∑(
1 − e− κυ

mixtureL)Ebυ(Tiw) (10) 

2.5.2. Hottel model calculation
Hottel and Egbert developed an approximate method [28,29] to 

simplify the determination of the emissivity εg and absorptivity αg used 
in the radiative heat transfer calculation shown in Equation (9). In this 
method, the εg and αg are described by the following equations: 

εg = CH2OεH2O +CCO2εCO2 − Δε (11) 

αg = αH2O + αCO2 − Δε (12) 

αH2O = CH2OεH2O
́

(
Tiw

T

)0.45

(13) 

αCO2 = CCO2εCO2
́

(
Tiw

T

)0.65

(14) 

εH2O and εCO2 represented the emissivity of H2O and CO2. These values 
could be obtained from Hottel’s charts [28,29] based on temperature 
and beam length. CH2O and CCO2 were correction factors to account for 
the partial pressures of H2O and CO2 measured in the exhaust gas, and 
Δε was a factor to account for overlapping wavelength bands between 
H2O and CO2. All these values could be obtained from Hottel’s charts 
using temperature and partial pressure data. Compared to LBL calcula-
tions, this approach is computationally less expensive and has seen 
widespread application in traditional hydrocarbon combustors. Never-
theless, since its accuracy for the ammonia-blend flames considered in 
the present work was uncertain, its suitability was assessed through 
comparison with LBL calculation results in this study.

2.5.3. Determination of inner wall temperature
The inner wall temperature Tiw is a crucial parameter in the model 

calculations presented in the preceding sections. In the present study, 
Tiw was determined from the heat balance. A schematic diagram illus-
trating this heat balance in the post flame zone is shown in Fig. 3. The 
radiative heat flux, Qr, has already been described in the previous 
section.

Subsequently, the convective heat flux, Qh, can be expressed by the 
following equation: 

Qh = h(T − Tiw)Aiw (15) 

h represented the heat transfer coefficient, and its value could be 
approximated using Nu = 4.36, assuming a circular pipe with constant 
wall heat flux [41].
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Furthermore, heat conduction from the inner wall to the outer wall of 
the quartz tube resulted in a temperature difference between the inner 
and outer walls. The conductive heat flux Qk passing through the quartz 
tube could be described as follows: 

Qk =
2πLkt

ln r2
r1

(Tiw − Tow) (16) 

L represented the height of the quartz tube, kt was the thermal con-
ductivity of the quartz tube, r1 and r2 were the inner and outer diameters 
of the quartz tube, respectively, and Tow represented the outer wall 
temperature of the quartz tube.

In this situation, the following relationship was established from the 
heat flux balance: 

Qk = Qr +Qh (17) 

The experimental measurements in this study included T, exhaust 
gas composition, and Tow, leaving only the inner wall temperature of the 
quartz tube as an unknown variable. This inner wall temperature Tiw was 
determined by iteratively solving the heat balance equation (17) to find 
the temperature satisfying the balance condition.

3. Results and discussion

3.1. Exhaust gas concentrations

The H2O concentration analysis results in the exhaust gas are shown 
in Fig. 4(a). No data was obtained for the pure COG flame in the rich 
condition because the flame was not formed due to flashback. First, as 
the NH3 fraction of the fuel increased, the H2O concentration in the 
exhaust gas increased across all equivalence ratios. To increase the NH3 
fraction, which had a lower heating value compared to H2 and CH4, 
while maintaining constant power output, it was necessary to increase 
the mass flow rate of NH3. Consequently, increasing the NH3 fraction 
also increased the supplied hydrogen atoms, resulting in a rise in H2O 
concentration in the exhaust gas. Additionally, the difference in H2O 
concentrations between blends were particularly large under stoichio-
metric conditions and slightly lean conditions with a difference of 
approximately 10 vol% between XNH3 = 0 and 0.9. Furthermore, for all 
blends, it was clear that the change in H2O concentration was more 
gradual on the rich side compared to the lean side. This indicated that 

the decrease in H2O concentration due to the increased proportion of air 
in the exhaust gas on the lean side was more rapid than the decrease in 
H2O concentration due to insufficient air for combustion reactions on 
the rich side. Moreover, for high NH3 fraction blends (XNH3 = 0.85 and 
0.9), a sharp decrease in H2O concentration was observed under lean 
conditions below Φ = 0.8 due to low combustion efficiency, shown by an 
increase in NH3 emissions in Fig. 4 (C).

Next, the CO2 concentration analysis results in the exhaust gas are 
shown in Fig. 4(b). With the QCL analyser used in this experiment, when 
CO concentration exceeded the detection limit, CO2 analysis using the 
same laser was impossible. Therefore, CO2 concentrations were analysed 
under conditions of Φ = 1.1 or below 1.0 where CO was below the 
detection limit using N2 dilution. The experimental results showed that 
as the NH3 fraction in the fuel increased, the overall CO2 concentration 
in the exhaust gas decreased due to the reduction in COG fraction which 
includes CH4 and CO. Furthermore, it made clear that blends with lower 

Fig. 3. Schematic diagram of heat flux around quartz tube.

Fig. 4. Exhaust gas concentration (wet) of (a) H2O, (b) CO2 and (c) NH3.
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NH3 fractions in the fuel showed steeper increases in CO2 emission 
concentration as the equivalence ratio approached stoichiometric 
conditions.

Furthermore, the NH3 concentration analysis results in the exhaust 
gas are shown in Fig. 4(C). For all blends, a rapid increase in unburned 
NH3 concentration was observed at fuel rich conditions. It was also 
suggested that the higher the NH3 fraction in the fuel, the steeper the 
gradient of increase in the concentration of unburned NH3. On the lean 
side, it was suggested that NH3 slip occurred at higher equivalence ratios 
for blends with higher NH3 fractions in the fuel, which had narrower 
flammability limits. For XNH3 = 0.4 or lower, no NH3 slip was observed 
on the lean side.

Additionally, NOx component analysis was also conducted simulta-
neously using the gas analyser. However, since the NOx concentration 
was much smaller than those of H2O and CO2, its impact on the radiation 
characteristics of the post flame zone was considered to be small. 
Therefore, the results were omitted in this paper.

3.2. Temperature

The measured Tow are shown in Fig. 5(a). Tow showed a slight peak at 
stoichiometric conditions, and no significant differences were observed 
between blends. However, similar to the H2O concentrations shown in 
Fig. 4(a), a sharp decrease in Tow was observed under lean conditions for 
high NH3 fraction fuels due to low combustion efficiency.

Furthermore, the radiation corrected T is shown in Fig. 5(b). T 
peaked at stoichiometric condition in all fuel blends. Furthermore, 
under the conditions of 0.8 ≤ Φ and 0.4 ≤ XNH3 ≤ 0.9, no significant 
difference in T was observed, and a similar trend was confirmed with the 
maximum temperature reaching around 1130 K. Theoretically, as the 

NH3 fraction in the fuel decreased and H2 and CH4 fractions increased, 
flame temperature should rise. However, it was inferred that the reason 
for the reduced temperature difference between the blends was that the 
increase in radiation heat loss in the low NH3 fraction offset the increase 
in flame temperature. Furthermore, it was also considered that the 
decrease in flow velocity and increase in residence time due to the 
decrease in NH3 fraction might have accelerated the increase in heat loss 
to the temperature measurement point. However, at XNH3 = 0 and 0.2, 
even though heat loss occurred, higher temperatures were observed 
compared to other blends. Details regarding the radiation are explained 
in sections 3.3 and 3.4. Additionally, like H2O concentrations, a sharp 
decrease in T was observed under lean conditions Φ ≤ 0.8 for high NH3 
fraction fuels due to low combustion efficiency.

3.3. Infrared spectrometry analysis

The background corrected intensity data at 2220 nm, which repre-
sented radiation from NH3 and CH4 are shown in Fig. 6(a). In all blends, 
the 2220 nm intensity increased with increasing equivalence ratio. 
Furthermore, blends with higher NH3 fractions showed increased 2220 
nm intensity from lower equivalence ratios. This was consistent with the 
exhaust gas concentration trend of slip NH3 under fuel rich conditions 
(Fig. 4(c)). However, no 2220 nm intensity was observed from slip NH3 
under lean conditions. This suggested that significant radiative intensity 
could be measured only when NH3 concentrations exceeded approxi-
mately 5000 vol ppm. Another characteristic feature was that the 2220 
nm intensity showed peaks at stoichiometric conditions for some blends. 
Fig. 6(d) shows the 2220 nm intensity data normalised by the fourth 
power of T. As a result, the peak at stoichiometric conditions was 
moderated and became more similar to the exhaust gas concentration 
trends of slip NH3. This suggested that the intensity peak was due to T. 
The results were consistent with the Stefan Boltzmann law, which states 
that gas radiation depended not only on gas concentration but also on 
the fourth power of temperature. However, it should be noted that the 
concentration of NH3 in the exhaust gas was very small, so the maximum 
intensity at 2220 nm was only 3 % or less of the intensity from H2O and 
CO2, which are explained later.

Next, Fig. 6(b) showed the background corrected intensity data at 
2600 nm, which represented radiation from H2O. The 2600 nm intensity 
showed sharp peaks at stoichiometric conditions for all blends. Addi-
tionally, all blends showed more gradual changes in 2600 nm intensity 
on the rich side compared to the lean side. This trend matched the H2O 
concentration trend (Fig. 4(a)). Similar to 2220 nm, Fig. 6(e) showed the 
2600 nm intensity data normalised by the fourth power of T. The results 
showed that blends with higher NH3 fractions exhibited higher overall 
intensity, following the same trend as the H2O concentration in exhaust 
gas.

Furthermore, Fig. 6(c) shows the background corrected intensity 
data at 2700 nm, which represents radiation from both H2O and CO2. 
Similar to 2600 nm, the 2700 nm intensity shows peaks at stoichiometric 
conditions for all blends, with more gradual intensity changes on the 
rich side compared to the lean side. Fig. 6(f) shows the 2700 nm in-
tensity data normalised by the fourth power of T. Interestingly, blends 
with lower NH3 fractions denote higher overall intensity, showing an 
opposite trend to the 2600 nm results. This suggests that the 2700 nm 
intensity was more influenced by CO2 concentration trends than H2O. 
Further investigation is expected for the CO2 specific radiation wave-
length of 4300 nm, which is outside the wavelength range of this study.

In the context of the LBL calculation described in Section 2.5.1
(related to Equation (8)), it is possible to determine the monochromatic 
(spectral) gas emissivity, εgv, by calculating the emissivity specifically at 
a given wavenumber ν. According to Planck’s law, the spectral emissive 
power radiated by the gas at that specific wavenumber can then be 
calculated by multiplying this spectral emissivity εgv by the spectral 
emissive power of a blackbody, Ebυ. Fig. 5. Temperature of the (a) outer wall and (b) exhaust gas.
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Fig. 6. Infrared spectrometry intensity at (a) 2220 nm, (b) 2600 nm and (c) 2700 nm normalised by maximum value of each wavelength. (d-f) The intensity 
normalised by the fourth power of T at each wavelength.

Fig. 7. Infrared spectrometry measured intensity at 2600 nm and 2700 nm wavelength compared with LBL calculated spectral radiative heat flux. (a,b) XNH3 fixed at 
0.9. (c,d) Φ fixed at 0.9. All data were normalised by maximum value.
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Ibv(T) = εgv(T)Ebυ(T) (18) 

The monochromatic radiative intensities at wavelengths of 2600 nm 
and 2700 nm, determined based on LBL calculations, are presented in 
Fig. 7 alongside spectrometry data. All data were normalised by their 
respective maximum values for comparison.

In Fig. 7(a) and (b), the ammonia fraction was held constant at 0.9, 
illustrating the effect of varying the equivalence ratio on radiation. The 
monochromatic radiative intensities calculated using LBL showed good 
agreement with the experimental results at both 2600 nm and 2700 nm 
wavelengths, including the peak equivalence ratio and overall trends. 
This confirmed the LBL method’s capability to accurately represent the 
influence of equivalence ratio variations on radiation intensity.

Conversely, Fig. 7(c) and 7(d) show the effect of varying the 
ammonia fraction on radiation intensity, with the equivalence ratio 
fixed at 0.9. The results indicated that, compared to the effect of 
equivalence ratio, the discrepancy between the LBL calculation results 
and the experimental data regarding the ammonia fraction’s influence 
was larger, suggesting that accurately modeling the ammonia fraction 
effect remains a challenge. However, the overall trends were similar. 
Both experiments and calculations demonstrated that while radiation 
intensity increased with a rising ammonia fraction at 2600 nm, the 
opposite trend was observed at 2700 nm.

Analysis of the respective contributions of CO2 compared with H2O 
(εCO2,v/εH2O,v) calculated by LBL (Fig. 8) revealed that at the 2600 nm 
wavelength, the contribution of CO2 was significantly smaller than that 
of H2O, amounting to a maximum of 1.3 % of contribution from H2O. 
This result supports the hypothesis that the increase in radiative in-
tensity at 2600 nm with increasing ammonia fraction is primarily due to 
the significant influence of H2O abundance.

However, at the 2700 nm wavelength, the CO2 contribution was 
comparable (95.8 %) to that of H2O at an ammonia fraction of 0. 
Although the CO2 contribution decreased as the ammonia fraction 
increased, it still accounted for approximately 6.4 % of the H2O 
contribution even at XNH3 = 0.9. This finding, as previously stated, 
corroborates the hypothesis that the decrease in radiative intensity at 
2700 nm with increasing ammonia fraction is largely attributable to the 
significant influence of CO2 abundance.

3.4. Internal radiation theoretical analysis

In the post flame zone of COG and NH3 blended flames, not only H2O 
and CO2 but also unburned NH3 was considered as one of the major 
radiation sources. However, as described in Section 3.3, the radiation 
intensity from ammonia (2220 nm) was very small. Therefore, radiation 
from NH3 was assumed to be negligible in the theoretical analysis of this 
study.

The radiation heat flux to the inner wall of the post flame zone under 
various conditions, calculated using the LBL internal radiation theoret-
ical analysis explained in Section 2.5, are shown in Fig. 9(a). Results 
were plotted for lean to stoichiometric conditions where CO2 concen-
tration data was obtained. The results suggest that radiation heat flux 
increased as conditions approached stoichiometric for all blends. Addi-
tionally, conditions with lower NH3 fractions showed higher radiation 
heat flux, with blends of XNH3 = 0 and 0.2 exhibiting notably higher 
radiation heat flux compared to other blends. This trend closely matched 
the spectrometry measurement results at 2700 nm wavelength (Fig. 6
(c)), which represented radiation from H2O and CO2. This correlation 

Fig. 8. Caluculated CO2 emissivity contribution rate relative to H2O (εCO2,v/εH2O,v) at 2600 nm and 2700 nm.

Fig. 9. Radiation heat flux to inner wall (a) and absorbed radiation heat 
flux (b).
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validated the reliability of the theoretical analysis method used in this 
study.

Additionally, equation (9) explained in Section 2.5 consisted of ra-
diation emission and absorption terms. Therefore, it was possible to 
approximately calculate the absorbed radiation in gas bands by calcu-
lating only the radiation absorption term as shown in equation (19). 

Qab = 0.5(1+ εw)σαgTiw
4Aiw (19) 

The calculated absorbed radiation heat flux is depicted in Fig. 9(b). The 
results suggest that for all blends, the absorbed radiation heat flux 
increased as conditions approach stoichiometric. Furthermore, it was 
confirmed that there was a tendency for the absorbed radiation heat flux 
to be slightly higher under conditions with lower NH3 fractions. 
Although there was little previous research, it is suggested that absorbed 
radiation might affect radicals in combustion fields [22]. Therefore, it 
could not be denied that the absorbed radiation shown in Fig. 9(b) might 
also influence exhaust components. Further investigation is required.

Furthermore, the radiation heat fluxes of H2O and CO2 extracted 
from equation (1) are shown in Fig. 10(a) and 6(b). Both graphs sug-
gested that for all blends, as conditions approach stoichiometric, radi-
ation heat flux from both H2O and CO2 increase. Additionally, due to 
higher concentrations of H2O, its radiation heat flux was generally 
higher than those of CO2. This further suggests that H2O contributes 
more to overall radiation than CO2 under the conditions used in this 
study. However, while H2O related radiation showed small differences 
between blends, CO2 related radiation heat flux showed larger varia-
tions between blends, with values increasing as the NH3 fraction in the 
blend decreased. This indicated that, while H2O contributed more to 
overall radiation, CO2 had a greater impact on radiation changes due to 
NH3 fraction variations in the blend employed. This was consistent with 

the fact that at the representative wavelength of H2O alone, 2600 nm 
(Fig. 6(b)), the intensity increased as the NH3 fraction increased, 
whereas at the joint representative wavelength of H2O and CO2, 2700 
nm (Fig. 6(c)), the opposite occurred. Previous studies [18,19] reported 
that an increase in the NH3 fraction reduced radiation from a flame, but 
this study is the first to evaluate radiation separately as being due to H2O 
and CO2.

Subsequently, the internal radiation heat flux calculated using the 
Hottel model (described in Section 2.5.2) under the present study’s 
conditions was compared with the results from the LBL based calcula-
tions in Fig. 11.

Although the R2 value of 0.9854 indicates reasonable agreement, the 
Mean Relative Error (MRE) of + 7.98 % revealed that the Hottel model 
tends to slightly overestimate the radiation heat flux compared to the 
LBL model.

The distribution of relative errors for the Hottel model calculations 
relative to the LBL calculations is presented in Fig. 12. The results 
revealed a trend where the accuracy of the Hottel model improves at 
high NH3 fractions and high equivalence ratios (up to stoichiometric 
conditions), while it tends to decrease at low NH3 fractions and low 
equivalence ratios. This is an unexpected result, considering that the 
Hottel model was originally developed for conventional hydrocarbon 
fuels. These findings strongly suggest that the Hottel model likely faces 
challenges in accurately determining radiation characteristic parame-
ters under conditions of high CO2 concentration or low H2O concen-
tration in the exhaust gas, which result from low NH3 fractions in the 
fuel. Additionally, it is suggested that the decrease in the overall mole 
fractions of H2O and CO2 in the exhaust gas, caused by air dilution at low 
equivalence ratios, might also contribute to the reduced accuracy of the 
model under these conditions. This finding has significant implications 
for industrial combustors, which often operate under lean conditions for 
safety and efficiency reasons.

Although these limitations were identified, the Hottel model 
demonstrated better accuracy overall than anticipated. Therefore, it 
became clear that reasonable radiation evaluations can still be per-
formed using the computationally inexpensive Hottel model, provided 
its performance characteristics under different operating conditions are 
well understood.

Fig. 10. Radiation heat flux of (a) H2O and (b) CO2. Fig. 11. Hottel based vs LBL based calculated radiative heat flux.
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4. Conclusions

In this study, combustion experiments of premixed COG- NH3 
swirling flames were conducted across a wide range of NH3 fractions (0 
≤ XNH3 ≤ 0.9) and equivalence ratios (0.6 ≤ Φ ≤ 1.4), and their radi-
ation characteristics were investigated. 

• Infrared spectrometry analysis results revealed NH3 radiation under 
fuel rich conditions, although it was found to be significantly smaller 
compared to H2O and CO2 radiation.

• Radiation primarily from H2O and CO2 showed a peak at stoichio-
metric conditions, and interestingly, the radiation changes were 
more gradual on the rich side compared to the lean side.

• As the NH3 fraction in the fuel increased, radiation from H2O 
increased while radiation from CO2 decreased.

• While H2O radiation was dominant over CO2, the differences in ra-
diation due to blending were primarily caused by CO2.

• The internal radiation theoretical analysis method with LBL used in 
this study was compared with infrared spectrometry results, and its 
reliability was confirmed within the range of 0.6 ≤ Φ ≤ 1.1.

• Comparison between the calculation results from the LBL method 
and the Hottel model revealed that the Hottel model possesses 
relatively good accuracy, although it tends to slightly overestimate 
the radiative heat flux.

This research obtained data on the radiative characteristics within a 
combustor for the combustion of a practical COG-NH3 blend fuel under a 
wide range of experimental conditions. These new experimental find-
ings provide valuable validation data for future radiation inclusive 
simulations and combustor design efforts, facilitating the path towards 
practical use of this fuel blend. Additionally, the validation of internal 
radiation models, particularly those more practical than typically found 
in prior studies, yielded knowledge expected to make a significant 
contribution to the practical application of this blend fuel.
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