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______________________________________________________________ 
 
Abstract 
This work investigates the effects of ambient pressure on radiative heat losses in hot, warm, and cool microgravity 
spherical diffusion flames using a numerical model and compares the results to observations from microgravity 
experiments. The experimental data was obtained during droplet combustion experiments, and the numerical 
model simulates burner-supported flames. The similarities in the gas phase between the two configurations allow 
these simulations to provide accurate insights into the experimental results. The model uses a statistical narrow-
band model that includes emission and reabsorption. The effect as pressure was varied between 0.5 and 10 atm 
on the relative radiation contributions from CO2 and H2O, the primary radiating species, was examined. As the 
pressure increased H2O contributed more to radiative loss than CO2 in both the experiments and computations. 
This was determined to be caused by increased absorption coefficients leading to increased reabsorption at higher 
pressures. Calculations performed without reabsorption did not see this effect, confirming it is due to the optically 
thick nature of the system. Reabsorption was higher for CO2 due to the prominence of the absorption band at 4.3 
µm, which became saturated at higher pressures. These results demonstrated the importance of using the optically 
thick assumption to accurately account for radiative losses in these flames, which are crucial to capture flame 
behaviours such as radiative extinction and reignitions. 
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Novelty and significance statement 1 

The novelty of this study is that it provides the first 2 

comprehensive analysis of the effects of pressure on 3 

radiative reabsorption in hot, warm, and cool 4 

microgravity diffusion flames. A statistical narrow 5 

band radiation model is used to explain previously 6 

unexplained experimental behaviour from 7 

International Space Station droplet combustion 8 

experiments, where the contribution to total radiative 9 

loss shifted from CO2 dominated to H2O dominated at 10 

higher pressures. The results show for the first time 11 

this behaviour was caused by the saturation of CO2 12 

absorption bands and could not be accounted for with 13 

optically thin radiation models. This demonstrates the 14 

limitations of using the optically thin assumption 15 

when calculating radiative loss in combustion 16 

systems, particularly at elevated pressures, which has 17 

significant implications for flame stability, extinction, 18 

and reignition. 19 

 20 

1. Introduction 21 

Radiative heat transfer is of great importance in 22 

many combustion systems, particularly in high 23 

temperature systems such as flames and fires where it 24 

can be the dominant mode of heat transfer. In 25 

microgravity, where natural convection is eliminated, 26 

combustion products accumulate in the flame region 27 

and radiate heat while the chemical heat release from 28 

the flame remains relatively constant, causing the 29 

flame temperature to decrease until combustion can 30 

no longer be sustained. This phenomenon, known as 31 

radiative extinction, has been the subject of several 32 

previous studies [1–5]. Most studies are primarily 33 

concerned with the total radiative loss from the flame, 34 

and less so with the individual contributions from 35 

different species. The primary radiating species in 36 

combustion systems are H2O, CO2, CO, soot, and fuel 37 

vapor. Often CO2 and H2O are the main contributors 38 

to radiative heat loss.  39 

Radiative heat transfer in combustion systems has 40 

been studied extensively, with particular attention 41 

paid to the accuracy of different radiation property 42 

models and radiative transfer equation (RTE) solution 43 

methods [6–11]. The main types of radiation models, 44 

in order of increasing accuracy, are grey gas, wide 45 

band, narrow-band, and line-by-line models. Grey gas 46 

models do not account for the change of radiative 47 

properties with wavelength and tend to result in 48 

unacceptable accuracy. Wide band models divide the 49 
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absorption and emission spectra into a few wide bands 1 

and are computationally inexpensive but still not of 2 

high enough fidelity for most combustion 3 

applications. Narrow band models divide the spectral 4 

domain into even smaller bands and average the 5 

absorption coefficient over each band. With small 6 

enough bands, this method can produce comparable 7 

results to the line-by-line model while greatly 8 

reducing computational time. Line-by-line models 9 

consider each spectral line individually and are highly 10 

accurate but often too computationally expensive. In 11 

general, the statistical narrow band (SNB) method 12 

strikes a good balance between accuracy and 13 

computational time [7,9,12–14] for detailed 14 

simulations of laboratory-scale flames.  15 

When solving the RTE it is common to use one of 16 

two treatments. The first is that radiators both emit 17 

and absorb radiation, i.e., the system is optically thick. 18 

This is the more accurate treatment but greatly 19 

increases computation time. The second treatment is 20 

to assume radiators only emit radiation but do not 21 

absorb it, i.e., the system is optically thin. This can 22 

greatly reduce computation times but is often unable 23 

to reproduce experimental behavior without 24 

additional correction factors [6–11].  25 

There have been studies that examined the effects 26 

of using the optically thin or optically thick 27 

assumption, [9,11] or the effects of changing stretch 28 

rate [10,12] or ambient pressure [14], which affect the 29 

optical thickness [10,12,14] on radiative heat transfer. 30 

Bedir et al. [9] compared different radiation models 31 

for a PMMA stagnation point flame. They found that 32 

using the SNB model with the optically thin 33 

assumption overpredicted radiative emission by as 34 

much as 57%, and similar results were obtained using 35 

the Planck mean absorption coefficient. Applying a 36 

factor of 0.44 to the Planck mean results provided 37 

good agreement with the total emission from the 38 

optically thick narrow band calculations, but there 39 

were still inaccuracies in the distribution of radiation.  40 

Ju et al. [11] calculated new Planck mean 41 

absorption coefficients using the SNB model and 42 

compared the resulting heat fluxes to those obtained 43 

from the SNB method for a counterflow CH4 flame. 44 

They found that the Planck mean absorption 45 

coefficient overpredicted radiative heat loss due to the 46 

lack of radiation reabsorption. Rhatigan et al. [12] 47 

used an SNB model to calculate the radiation heat 48 

transfer in a PMMA stagnation point diffusion flame 49 

and compared the results to using the Planck mean 50 

absorption coefficient and the optically thin SNB 51 

model. They found that the Planck mean and optically 52 

thin SNB methods both overpredicted emission due to 53 

a lack of absorption, and that the net radiative loss 54 

from the flame increased with increasing stretch rate. 55 

Chu et al. [14] studied the effects of total pressure on 56 

radiative heat transfer in a parallel plate geometry 57 

containing CO2, H2O, and mixtures of the two. They 58 

showed that radiative emission and absorption 59 

increased with increasing pressure due to increasing 60 

optical thickness but did not differentiate between 61 

CO2 and H2O emission/absorption.  62 

Bedir and T’ien [10] studied radiation in a PMMA 63 

stagnation point diffusion flame at varying stretch 64 

rates.  They considered the radiation emission and 65 

absorption contributions for CO2, H2O, and fuel 66 

vapor. As the stretch rate increased the optical 67 

thickness of the system decreased due to the pressure 68 

path length of the radiating species decreasing. Most 69 

of the emitted radiation came from CO2, and the 70 

contribution to total emitted radiation from CO2 71 

increased with increasing optical thickness. As optical 72 

thickness increased the absorption percentage of gas 73 

phase radiation increased for both CO2 and H2O, but 74 

the CO2 increase was much larger. Most of the 75 

absorption was determined to be self-absorption, i.e., 76 

radiation from a particular species was absorbed by 77 

that same species, rather than cross absorption.  78 

Both droplet [1,3,8,15,16] and burner supported 79 

[2,5,17–20] configurations are commonly used to 80 

study microgravity spherical diffusion flames 81 

experimentally and numerically. The two 82 

configurations are similar, differing primarily by the 83 

boundary conditions at the surface of the droplet or 84 

sphere.  The burner-supported configuration is, 85 

however, computationally easier (faster) to study 86 

since the mass flux and temperature at the burner 87 

surface are prescribed rather than being part of the 88 

solution.  Both microgravity droplet and burner-89 

supported combustion experiments have a gas-phase 90 

that can be considered quasi-steady outside of the 91 

ignition and extinction transients. This allows the 92 

burner-supported configuration to provide accurate 93 

insights into the gas-phase processes [3,4,20], 94 

provided the boundary conditions at the burner 95 

surface match the burning rate and droplet surface 96 

temperature in the experiment. 97 

Warm and cool diffusion flames are relatively new 98 

areas of study. Cool diffusion flames were first 99 

observed during droplet experiments on the 100 

International Space Station (ISS) in 2012 [21], and 101 

warm diffusion flames were first observed in normal 102 

gravity counterflow experiments [22] and 103 

microgravity droplet experiments [23] in 2018. These 104 

flames burn at lower temperatures than typical hot 105 

flames and follow different chemical kinetic 106 

pathways. Understanding their behavior is key to 107 

developing advanced engine technologies that utilize 108 

their chemistry to create engines that are more 109 

efficient and less polluting. These flames can also 110 

exist outside the typical flammability limits of hot 111 

flames and are favored to form in microgravity, 112 

making them important to both terrestrial and 113 

spacecraft fire safety. Compared to hot flames, there 114 

has been little research into the radiative properties of 115 

these flames. Lin et al. [24] modeled thermal radiation 116 

in counterflow warm and cool diffusion flames but 117 

used an optically thin radiation model due to short 118 

optical lengths in that configuration. They found that 119 

thermal radiation did affect the flammability limits of 120 

the flames. Farouk et al. [23] modeled radiation in 121 
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microgravity droplet diffusion flames using an SNB 1 

model and found that total radiative losses were lower 2 

during the warm and cool flame burning periods 3 

compared to the hot flame but did not consider the 4 

relative contributions from individual species.  5 

During recent droplet experiments performed 6 

aboard the ISS radiance measurements were taken 7 

that captured both the total flame radiance and the 8 

radiance from water vapor in the 5-7 µm range at 9 

various ambient pressures [16]. A trend observed 10 

during these experiments was that, during the hot 11 

flame, as ambient pressure increased and as the flame 12 

burned the fraction of total radiation that came from 13 

water vapor increased. This trend could not be easily 14 

explained, as the production rates of main radiators 15 

CO2 and H2O should be relatively constant between 16 

conditions, and any changes to product formation 17 

should affect both radiators equally. The objective of 18 

this work is to use a transient numerical model of 19 

burner supported flames with an optically thick SNB 20 

model to recreate and determine the cause of the 21 

experimental behavior. The influence of using the 22 

optically thick or optically thin assumption on the 23 

accuracy of the numerical predictions is also 24 

examined for the spherically symmetric diffusion 25 

flames. 26 

 27 

2. Methods 28 

 29 

2.1 Experimental 30 

Droplet experiments were carried out aboard the 31 

ISS as part of the Cool Flames Investigation (CFI), a 32 

subset of the Flame Extinguishment Experiment 33 

(FLEX) set of experiments. More details on the 34 

experiments can be found in [15,16,25,26]. Both free 35 

floated droplets and droplets supported by a 40 µm 36 

carbide fiber were examined, and initial droplet 37 

diameters for the pure dodecane experiments ranged 38 

from 4 to 4.5 mm. The ambient was air (0.21/0.79 39 

O2/N2) for most of the tests and the ambient pressure 40 

ranged from 0.5 to 5 atm.  41 

The droplet and flame were monitored using color, 42 

backlit, and intensified cameras. Droplet sizes were 43 

measured using the backlit camera, and the estimated 44 

uncertainties in droplet size are ± 50 µm [15].  45 

Flame radiance was measured by two radiometers, 46 

one wideband and one narrowband, both located 110 47 

mm away from the droplet deployment site. The 48 

wideband detector was a silicon-based thermopile 49 

detector with a KRS-5 window that limited the 50 

spectral response from 0.58 µm to 50 µm, used argon 51 

as a back-fill gas, had an active area of 0.36 mm2, and 52 

was preceded by an aperture with a diameter of 3.175 53 

mm. The narrowband detector was a thin-film based 54 

thermopile with a silicon long-wave-pass filter and 55 

sapphire window that limited the spectral range from 56 

5 µm to 7 µm, where water vapor exhibits strong 57 

absorbance. It used xenon as a back-fill gas, had an 58 

active area of 4.0 mm2, and was preceded by an 59 

aperture with a diameter of 4.572 mm [15].   60 

The radiometers were calibrated using a calibrated 61 

blackbody source, and total radiance was determined 62 

using this calibration and details of the radiometer 63 

geometry relative to the droplet and flame. 64 

Uncertainties in flame radiance are estimated to be up 65 

to ± 20% [15]. More details on the radiometers and 66 

their calibration, as well as the conversion from 67 

irradiance to flame radiance, can be found in [15]. 68 

 69 

2.2 Numerical 70 

Numerical simulations were performed using the 71 

SphDiff program [18–20,27,28], which is a 72 

modification of Sandia PREMIX and uses the 73 

Chemkin-II package [29]. This numerical model has 74 

been used in various studies of burner supported 75 

spherical diffusion flames and has been shown to 76 

accurately reproduce the experimental results [18–77 

20,27,28]. A full model description can be found in 78 

[20,27,28]. 79 

The inner boundary was the burner surface, at a 80 

radius of 2.25 mm. Mass flow rate and burner 81 

temperature were prescribed, and species mass flux 82 

and energy were conserved. The outer boundary was 83 

at a radius of 100 cm and temperature and species 84 

concentrations were prescribed there. The domain 85 

was sufficiently large that there was no change in 86 

species or temperature near the outer boundary.  87 

An adaptive grid algorithm was used, as in [20]. 88 

The domain was divided into three grid areas: an inner 89 

area, a reaction area, and an outer area. The inner area 90 

follows the same algorithm as [28], and the reaction 91 

area has 200 grid cells with 0.001 cm spacing and was 92 

centered about the peak temperature. From there, the 93 

grid spacing in the outer area increased by 5% for each 94 

grid cell moving outward. A total of 373 grid cells 95 

were used, which satisfied grid independence. 96 

The radiation model is described in detail in 97 

[27,28]. The model considered radiation heat loss 98 

from CO, CO2, and H2O. A detailed 99 

absorption/emission statistical narrow band model 100 

was used to calculate the absorption coefficient for 101 

these species. For optically thin simulations, 102 

absorption was neglected. Radiation properties were 103 

taken from the HITRAN database [30] with 104 

wavenumbers ranging from 150 to 9300 cm-1. The 105 

data was divided into 366 bands, each of 25 cm-1, and 106 

properties were averaged over each band considering 107 

a Lorentz spectral line shape of random spacing and 108 

strength. The radiative transfer equation was solved 109 

using a discrete-ordinates method [27,28]. Radiation 110 

from soot was not considered in these simulations, as 111 

experimental observations show luminous soot does 112 

not typically form in these flames after the ignition 113 

transient owing to the large radiative losses reducing 114 

the temperature below the sooting threshold [3,4,20]. 115 

For the simulations the fuel was pure heptane, 116 

owing to the lack of an available dodecane chemical 117 

kinetic mechanism that was compatible with SphDiff. 118 

The radiative extinction characteristics of the 119 

dodecane droplets were very similar to those for pure 120 
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heptane droplets so the fuel choice has minimal 1 

impact on the results. It was shown in a previous study 2 

that flame radiance for different hydrocarbons was 3 

similar despite their different compositions [15]. 4 

Thus, it is reasonable to compare the results of 5 

heptane simulations to those of dodecane 6 

experiments. The chemical kinetics mechanism from 7 

UCSD, which has 65 species and 303 reactions, was 8 

used [31]. As in the experiments, the ambient was air 9 

(0.21/0.79 O2/N2). Mass flow rate was held constant 10 

at 0.9 mg/s, this value was chosen to closely match the 11 

experimentally measured burning rate constants. The 12 

burner surface temperature was held constant at the 13 

boiling point of heptane at each pressure, and pressure 14 

was varied from 0.5 to 10 atm. The burner size, 15 

temperature, and mass flow rate were chosen to best 16 

replicate the conditions from the droplet experiments. 17 

 18 

3. Results and Discussion 19 

Figure 1a shows the simulated temporal evolution 20 

of flame temperature and flame radius for the 1 atm, 21 

4 atm, and 10 atm cases. These simulations were 22 

performed using the SNB method with emission and 23 

reabsorption. The flames ignite at temperatures above 24 

2000 K, after which the peak temperature decreases 25 

due to increasing radiative losses. As the flame 26 

temperature decreases it is possible for the flame to 27 

traverse all three combustion regimes, hot, warm, and 28 

cool flames, depending on the pressure.  29 

As hot flame peak temperature reaches ~1200 K, 30 

the hot flame either radiatively extinguishes if the 31 

pressure is less than 4 atm or transitions to a warm 32 

flame if the pressure is 4 atm or higher. In the cases 33 

where a warm flame is established, the transition from 34 

hot flame to warm flame is not obvious when looking 35 

at the temperature or radius curves. Once a warm 36 

flame is established it burns in a similar manner to a 37 

hot flame and radiatively extinguishes before a cool 38 

flame is established. This section is organized such 39 

that the combustion regimes are discussed separately, 40 

starting with the hot flame, and moving to the warm 41 

flame and then the cool flame.  42 

 43 

3.1 Hot Flame 44 

Figure 1a shows that the evolution of flame 45 

temperature is nearly invariant with pressure during 46 

the hot flame. Peak temperature is controlled by the 47 

balance between radiative loss and chemical heat 48 

release, both of which decrease with increasing 49 

pressure due to the increasing influence of 50 

intermediate-temperature HO2 chemistry, which 51 

shifts chemical pathways and has a weakening effect 52 

on the hot flame [32]. Also shown in Fig. 1a is the 53 

flame radius, which decreases with increasing 54 

pressure. Increased pressure decreases the flow 55 

velocity and increases the molar density of fuel vapor 56 

and oxidizer in the system, allowing the flame to 57 

establish at locations closer to the burner surface. 58 

The net molar production rate of the radiating 59 

products H2O, CO2, and CO are shown in Fig. 1b. 60 

During the hot flame H2O is produced at higher rates 61 

than CO2, consistent with the stoichiometry, and the 62 

production of both is relatively steady with time and 63 

decreases with increasing pressure, due to the rise 64 

pressure-dependent intermediate-temperature HO2 65 

chemistry [32]. There is little to no CO production 66 

during the hot flame.  67 

The simulated temporal evolution of H2O, CO2, 68 

and CO radiance, integrated across the entire 69 

computational domain at each timestep, for the 1 atm, 70 

4 atm, and 10 atm cases is shown in Fig. 2. Figure 2a 71 

shows the raw computed values; in Fig. 2b they are 72 

normalized by the flame diameter cubed at each 73 

timestep to account for size effects.  74 

During the hot flame all the radiance comes from 75 

H2O and CO2. Water vapor radiance increases with 76 

increasing time at all pressures due to flame growth, 77 

when this is accounted for H2O radiance decreases as 78 

time increases. In Fig. 2a CO2 radiance is relatively 79 

constant with time following the initial ignition 80 

transient. When flame size is accounted for CO2 81 

radiance decreases with increasing time, and the 82 

degree of this decrease is higher than that for H2O.  83 

Water vapor radiance increases with increasing 84 

pressure in the hot flame, while CO2 radiance 85 

decreases with increasing pressure. When flame size 86 

is taken into consideration that radiance from both 87 

species increases with increasing pressure, though 88 

Figure 1: Temporal evolution of (a) flame temperature 

and flame radius and (b) H2O, CO2, and CO production 

at 1 atm, 4 atm, and 10 atm. (a) Symbols indicate points 
in the hot flame (HF: T = 1300K), warm flame (WF: T 

= 1000 K) and cool flame (CF: T = 750 K) to be 

examined in more detail. 
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H2O increases to a larger extent. Since the changes in 1 

production rate with pressure affect both species in the 2 

same direction, the only explanation for a difference 3 

in their behavior is a difference in the radiative 4 

properties for each species. 5 

Both as the flame burns and as pressure increases, 6 

the absorption coefficients of H2O and CO2 increase 7 

due to increasing molar concentrations. Increased 8 

absorption coefficients lead to higher emission and 9 

reabsorption of radiation. With the optically thin 10 

assumption there is no reabsorption of radiation, and 11 

comparing optically thin calculations to optically 12 

thick calculations isolates the reabsorption effects. 13 

The radiation calculations were re-performed using 14 

the same temperature and species profiles that were 15 

obtained with optically thick simulations, but 16 

neglecting the reabsorption term from the RTE. The 17 

reabsorption fraction is then calculated as 1-18 

Rthick/Rthin, where R is the total radiance.  The resulting 19 

reabsorption fraction (i.e., the fraction of emitted 20 

radiation that was reabsorbed) is shown in Fig. 3.  21 

A low reabsorption fraction indicates that most of 22 

the emitted radiation escapes the system, and there is 23 

little reabsorption, while a high reabsorption fraction 24 

indicates most of the emitted radiation is reabsorbed 25 

before it leaves the system. The reabsorption fraction 26 

shows that CO2 reabsorption is significantly higher 27 

than H2O reabsorption during the hot flame at all 28 

pressures, and both values increase with increasing 29 

pressure. This explains the trends seen in Fig. 2. 30 

Radiance from CO2 is relatively constant with time 31 

because early in the flame lifetime a high percentage 32 

of the emitted radiation is reabsorbed. Meanwhile 33 

H2O reabsorption levels are low, and as such H2O 34 

radiance can continually increase with time. The same 35 

is true as pressure increases, CO2 reabsorption is so 36 

high that its radiance decreases with increasing 37 

pressure, while H2O reabsorption is low enough that 38 

its radiance can increase as pressure increases.  39 

The radiance values shown in Fig. 2 for each 40 

species were obtained by integrating the radiance 41 

from the surface to the outer boundary, which is the 42 

equivalent of the total radiative loss from the system. 43 

If the integration is instead performed from the 44 

surface to some intermediate radius, the result is the 45 

radiative loss from the system up to that radius, which 46 

is the equivalent of placing a radiometer at that point. 47 

Figure 4 shows this integration for the 1 atm and 4 atm 48 

cases when the peak temperature is 1300 K, 49 

considering both optically thick and optically thin 50 

calculations. The distribution of temperature is also 51 

shown. 52 

Considering CO2 in the optically thick cases, 53 

moving outwards from the burner surface, there is a 54 

region of net reabsorption near the burner surface, 55 

after which radiance increases sharply in the high 56 

temperature region near the flame. The radiance then 57 

peaks and begins to decrease due to reabsorption by 58 

the large concentration of accumulated products at 59 

low temperature in this region and finally plateaus as 60 

the temperature and species concentrations decrease. 61 

For H2O the distribution is similar, but the effect of 62 

reabsorption is less pronounced. These trends are the 63 

same between the 1 atm and 4 atm cases, with the 4 64 

atm case having a more compressed profile.  65 

When reabsorption is neglected, radiance from 66 

both H2O and CO2 increases continually throughout 67 

the flame region until there are no more radiating 68 

products. There is a much more significant difference 69 

between the optically thick and optically thin cases for 70 

CO2 than H2O, owing to higher levels of reabsorption.  71 

 
Figure 2: Temporal evolution of radiative losses from 

H2O, CO2, and CO for the 1 atm, 4 atm, and 10 atm 
cases. (a) Integrated radiance, (b) integrated radiance 

normalized by flame diameter cubed. 
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reabsorption fractions for the 1 atm, 4 atm, and 10 atm 

cases. 
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The differences in reabsorption are due to the 1 

spectral properties of each species. Figure 5 shows the 2 

absorption cross sections of H2O and CO2 at 750 K 3 

and 1500 K, obtained from the HITRAN database 4 

[30]. These values are multiplied by Avogadro’s 5 

number and the molar concentration to obtain 6 

absorption coefficient. The H2O absorption spectrum 7 

is broad, while the CO2 spectrum has strong peaks 8 

centered at 4.3 µm and 15 µm. When temperature 9 

increases the shape of the H2O spectrum changes 10 

slightly, with its magnitude decreasing at some 11 

wavelengths and increasing at others. The CO2 12 

spectrum keeps the same general shape as temperature 13 

increases, and the magnitude of its peaks decreases. 14 

The 4.3 µm band has the highest magnitude and is the 15 

key to understanding the difference in reabsorption 16 

behaviors between the two molecules.  17 

Increasing pressure while holding other conditions 18 

constant increases the molecular density of the 19 

system, which increases absorption coefficient. A 20 

high absorption coefficient indicates that radiation is 21 

likely to be reabsorbed before it escapes the region 22 

where it is emitted, with total radiative intensity 23 

limited by the Planck blackbody function. When the 24 

absorption coefficient is initially low, the intensity is 25 

far away from this limit and can increase towards it as 26 

absorption coefficient increases. When the absorption 27 

coefficient is initially high, as it is in the 4.3 µm band 28 

for CO2, total intensity in that band is already near the 29 

limit and any new emission is almost immediately 30 

reabsorbed.  31 

This can be seen in Figure 6, where the radiance 32 

distribution across the domain has been broken down 33 

according to wavelength for the 1 atm case (with and 34 

without reabsorption) and the 4 atm case (with 35 

reabsorption) when the peak temperature is 1300 K. 36 

Neglecting reabsorption in the 1 atm case increases 37 

radiance by a fair amount across the H2O spectrum 38 

and in the 15 µm band for CO2. In the 4.3 µm band 39 

the amount of reabsorption is much higher, 80% of the 40 

CO2 radiance in that band is reabsorbed. There is a 41 

moderate increase in the radiance values in the 4 atm 42 

case compared to the 1 atm case across the H2O 43 

spectrum and in the 15 µm band for CO2, but in the 44 

4.3 µm band the radiance mostly decreased as 45 

pressure increased. 46 

Figure 7 summarizes the changes in H2O and CO2 47 

radiance during the hot flame as pressure changes 48 

from 0.5 to 10 atm for cases with and without 49 

reabsorption. Figure 7a shows the H2O and CO2 50 

radiance when the flame temperature is 1300 K at 51 

each pressure, normalized by the flame diameter 52 

cubed to remove flame size effects. Water vapor 53 

radiance increases with increasing pressure both with 54 

and without reabsorption, and the increase for cases 55 

without reabsorption is more significant. The same is 56 

true for CO2 to an even larger extent, optically thick 57 

CO2 radiance increases only slightly with increasing 58 

pressure, and optically thin radiance is an order of 59 

magnitude higher at higher pressures. Such a high 60 

amount of reabsorption is due to saturation of the 4.3 61 

µm CO2 band, keeping CO2 radiance nearly level as 62 

pressure increases. 63 

Figure 7b shows how the fraction of total radiance 64 

that comes from CO2 and H2O (the radiance ratio) 65 

changes as pressure increases for cases both with and 66 

without radiation reabsorption. In cases without 67 

reabsorption the radiance is consistently around 0.8 68 

for CO2 and 0.2 for H2O, as the radiance for both 69 

increases linearly with pressure. However, in cases 70 

with reabsorption CO2 radiance dominates at lower 71 

pressures, and as pressure increases the CO2 radiance 72 

ratio decreases and more of the radiance comes from 73 

H2O. This same behavior was also observed in 74 

microgravity droplet experiments [16] and is caused 75 

by H2O radiance increasing as pressure increases 76 

while CO2 radiance remains nearly constant. 77 

 78 

3.2 Warm Flame 79 

Warm flames were only established when the 80 

pressure was 4 atm or higher. Unlike in the hot flame, 81 

in the warm flame the evolution of peak temperature 82 

with time changes with pressure. Temperature 83 

decreases more quickly in lower pressure hot flames, 84 

as seen in Fig. 1a, because the intermediate-85 

temperature chemistry that supports these flames is 86 

stronger at higher pressures [32].  87 

Fig. 1b shows that during the warm flame H2O is 88 

produced at similar levels to its production in the hot 89 

Figure 4: Temperature distributions and H2O and CO2 

integrated radiance distributions with and without 

reabsorption for the (a) 1 atm and (b) 4 atm cases when 
the peak temperature was 1300 K.  
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flame, decreasing slightly at 4 atm and increasing 1 

slightly at 10 atm. The production of CO2 decreases 2 

in the warm flame compared to the hot flame, and the 3 

corresponding CO production increases as there is 4 

less conversion from CO to CO2 in the warm flame. 5 

CO2 production continues to decrease as time goes on 6 

in the warm flame, with CO production increasing. As 7 

pressure increases the production of CO2 and H2O 8 

increase, while the production of CO decreases.  9 

Despite the increase in CO production during the 10 

warm flame, it still only contributes a small fraction 11 

of the total flame radiance, as seen in Fig. 2. The main 12 

radiators are still CO2 and H2O, with H2O constituting 13 

most of the radiance. Radiance from CO peaks just 14 

before warm flame radiative extinction. Figure 2b 15 

shows that when accounting for flame size CO2 and 16 

H2O radiance continue to decrease with increasing 17 

time in the warm flame. 18 

To examine the effect of increasing pressure on the 19 

warm flame, the point where the peak temperature 20 

was 1000 K was chosen for comparison. Since the rate 21 

of temperature decrease decreases with increasing 22 

pressure in the warm flame, the flame takes longer to 23 

reach this temperature at higher pressures. Figure 8 24 

summarizes the results from the warm flames when 25 

the peak temperature is 1000 K as pressure increases 26 

from 4 atm to 10 atm. Fig. 8a shows the radiance from 27 

H2O and CO2 divided by the flame diameter cubed, 28 

and Fig. 8b shows the radiance ratio for these species, 29 

for cases both with and without reabsorption. The 30 

results here are much like the higher-pressure results 31 

for the hot flame shown in Fig. 7. Reabsorption from 32 

CO2 is high enough that its radiance is constant with 33 

changing pressure when reabsorption is included, 34 

while the radiance from H2O increases slightly with 35 

increasing pressure. In the optically thin cases the 36 

radiance from both species increases with increasing 37 

pressure, as the molar concentrations are higher due 38 

to the increased pressure and longer burning 39 

durations.  40 

Most of the radiance comes from H2O at all 41 

pressures during the warm flame for the optically 42 

thick calculations. The radiance ratio values for the 43 

optically thin cases are the mirror image of the 44 

optically thick cases, with most of the radiance 45 

coming from CO2 at each pressure. The difference in 46 

spectral properties that caused the trends observed in 47 

the hot flame are also responsible for the results here. 48 

In the warm flame the reabsorption coefficient is even 49 

higher due to decreasing peak temperatures and 50 

increasing product concentrations, causing the CO2 51 

reabsorption fraction to peak during the warm flame 52 

as shown in Fig. 3.  53 

 54 

3.3 Cool Flame 55 

Once the cool flame is established its burning 56 

behavior changes depending on the ambient pressure, 57 

as seen in Fig. 1a. For cool flames at pressures of 4 58 

atm and below, there is a period after the cool flame 59 

is established where the peak temperature increases 60 

Figure 5: (a) H2O and (b) CO2 absorption cross sections 

from the HITRAN database vs. wavelength at 

temperatures of 750 K and 1500 K.  
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with time, before peaking and decreasing towards a 1 

steady-state value. When the pressure is 5 atm and 2 

higher, the temperature increase at the beginning of 3 

the cool flame is enough to make it reignite back to a 4 

hot flame. The reignition is due to pressure dependent 5 

intermediate-temperature HO2 chemistry, which 6 

provides additional heat release in the cool flame [32]. 7 

Figure 1b shows that H2O production drops 8 

significantly in the cool flame compared to the 9 

hot/warm flame, as does CO2, to the point that there is 10 

little to no CO2 production. The production of CO is 11 

higher than it is in the hot flame, but lower than the 12 

peak level reached in the warm flame if a warm flame 13 

was present. The production rates of H2O and CO are 14 

comparable, with H2O being slightly higher, and the 15 

production of all three species increases with 16 

increasing pressure.  17 

Figure 2a shows that, at all pressures, radiance 18 

from CO2 and H2O drops significantly in the cool 19 

flame compared to the hot and warm flames. 20 

However, Fig. 2b shows that when flame size is 21 

accounted for there is a sharp increase in radiance as 22 

the cool flame forms due to the sharp decrease in 23 

flame radius between the hot/warm flames and the 24 

cool flame. The result is that the flame size adjusted 25 

radiance is higher in the cool flame than the later 26 

points in the hot and warm flames.  27 

Figure 2 shows that the radiance in the cool flame 28 

mostly comes from H2O. The rest of the radiance 29 

mostly comes from CO2, with a smaller contribution 30 

from CO, despite the lack of CO2 production. Besides 31 

the small amount of CO2 production there is still 32 

residual CO2 from the hot/warm flame, and CO2 is a 33 

much stronger radiator than CO.  34 

The point where the cool flames had a peak 35 

temperature of 750 K was chosen for comparison, and 36 

summary plots for the cool flames at 750 K from 2 37 

atm to 10 atm are shown in Fig. 9. The cases at 1 atm 38 

and below do not reach this temperature and are not 39 

included.  40 

The radiance from H2O and CO2 divided by the 41 

flame diameter cubed is shown in Fig. 9a. For the 42 

cases with reabsorption the radiance from H2O is 43 

consistently higher than that from CO2 at both 44 

pressures. This holds true for the 2 atm case when 45 

reabsorption is neglected, but as the pressure increases 46 

the radiance from CO2 and H2O are nearly equal when 47 

reabsorption is not included. The jump in CO2 48 

radiance between 2 atm and 3 atm is because the 2 atm 49 

case takes longer to reach 750 K than the 3 atm and 50 

higher cases. Since there is little CO2 production in 51 

the cool flame, in the early cool flame residual CO2 52 

concentration in the flame region is high from the 53 

hot/warm flame, and it decreases as the CO2 diffuses 54 

Figure 7: (a) Hot flame H2O and CO2 integrated 
radiance normalized by flame diameter cubed and (b) 

hot flame H2O and CO2 radiance ratio, as pressure 

increases from 1 atm to 10 atm. The flame temperature 
was 1300 K, and calculations with and without 

reabsorption of radiation are shown.   
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outwards. As pressure increases above 3 atm the H2O 1 

radiance remains constant, and the CO2 radiance 2 

decreases slightly when reabsorption is included. The 3 

corresponding values for the optically thin cases 4 

increase with increasing pressure, once again 5 

demonstrating the strength of reabsorption in these 6 

flames. 7 

The radiance ratios for CO2 and H2O in the cool 8 

flame are shown in Fig. 9b. In the optically thick 9 

calculations H2O consistently contributes around 70% 10 

of the total radiance, while CO2 contributes between 11 

20% to 30%, with the contribution decreasing at 12 

higher pressures. This contrasts with the hot flame, 13 

where CO2 radiance dominates with lower pressures. 14 

Since the cool flame starts after the warm/hot flame, 15 

reabsorption is high from the beginning due to large 16 

amounts of residual products. Additionally, CO2 17 

radiance is low due to its low production rate.  18 

 19 

3.4 Experimental Comparison 20 

Figure 10 compares the results obtained here with 21 

the results from microgravity droplet combustion 22 

experiments [16] for the hot, warm, and cool flames. 23 

In both the computations and the experiments, the hot 24 

flame points are taken at the point of peak hot flame 25 

radiance. The total radiance, H2O radiance, and H2O 26 

radiance ratio at this point are shown in Fig. 10a. For 27 

the warm and cool flames, experimentally the data 28 

was taken when the droplet diameter was 2.5 mm. 29 

Choosing this point results in cool flame data for 30 

pressures below 3 atm, and warm flame data for 31 

pressures of 3 atm and above. There is not a point in 32 

the calculations that directly correlates to a droplet 33 

diameter of 2.5 mm, so the point 10 s after hot flame 34 

extinction was chosen for comparison. This results in 35 

cool flames for pressures below 3 atm and warm 36 

flames for pressures of 4 atm and above. The total 37 

radiance, H2O radiance, and H2O radiance ratio at 38 

these points are shown in Fig. 10b.   39 

For the hot flame, the total flame radiance shows 40 

little dependence on pressure experimentally and is 41 

roughly 25 W at all pressures. The numerical results 42 

show a slight decrease with increasing pressure, from 43 

26.5 W to 23.5 W, as pressure increases from 0.5 to 5 44 

atm. The difference in these trends is likely caused by 45 

the different boundary conditions for each 46 

configuration. The mass flow rate here is fixed, while 47 

in the experiments the burning rate increased slightly 48 

with increasing pressure [16]. The H2O radiance 49 

increases with increasing pressure in both the 50 

experiments and simulations. The magnitude of the 51 

H2O radiance is higher in the simulations compared to 52 

the experiments, likely owing to the limitations of the 53 

experimental hardware. The values from the 54 

Figure 9: (a) Cool flame H2O and CO2 integrated 

radiance normalized by flame diameter cubed and (b) 

cool flame H2O and CO2 radiance ratio, as pressure 
increases from 2 atm to 10 atm. The flame temperature 

was 750 K, and calculations with and without 

reabsorption of radiation are shown.   
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experiments are taken from a radiometer with a filter 1 

that only allows radiation in the 5-7 µm range to pass 2 

through, and the radiometer’s response is not flat in 3 

this range [15]. Water vapor also emits radiation 4 

outside of this range, so it is expected that the 5 

measured magnitude would be less than the numerical 6 

predictions. The H2O radiance ratio also increases 7 

with increasing pressure in both the experiments and 8 

simulations. The mechanism for this increased 9 

contribution from H2O in the experiments is the same 10 

as was previously discussed for the simulations. The 11 

increasing pressure increases the molar 12 

concentrations and therefore the absorption 13 

coefficient, leading to larger amounts of CO2 14 

reabsorption compared to H2O reabsorption.  15 

For the cool and warm flames, the total radiance 16 

increases with increasing pressure in both the 17 

experiments and simulations. For the cool flames the 18 

increase is more pronounced in the experiments, while 19 

for the warm flames the increase is more pronounced 20 

in the simulations. These trends are the same for the 21 

H2O radiance. The H2O radiance ratio increases 22 

slightly with pressure in both the experiments and 23 

simulations and is in the same range for both. 24 

 25 

4. Conclusions 26 

The effects that ambient pressure had on radiance 27 

in simulations of microgravity burner-supported 28 

spherical diffusion flames were presented and 29 

compared to the results of microgravity droplet 30 

combustion experiments. Hot, warm, and cool flames 31 

were all considered. The main effect of increasing 32 

pressure was an increase in the reabsorption of 33 

radiation, particularly for CO2, due to increased 34 

absorption coefficients. The main radiators 35 

throughout all three combustion regimes were CO2 36 

and H2O, with CO never constituting more than 15% 37 

of the total radiance.  38 

The contribution to total radiance shifted from CO2 39 

dominated to H2O dominated as the flame burned and 40 

as pressure increased in the hot flame. In the warm 41 

and cool flames H2O continued to contribute the 42 

majority of the radiance, and this contribution 43 

increased with increasing pressure. These trends, 44 

which were also observed experimentally, were not 45 

present when optically thin calculations were 46 

performed, i.e., when the radiation reabsorption term 47 

was removed from the radiative transfer equation.  48 

This shift in radiation contributions was 49 

determined to be caused by the optically thick nature 50 

of the system. As absorption coefficient increased due 51 

to increased product concentrations, the CO2 52 

absorption band centered at 4.3 µm became easily 53 

saturated. This meant CO2 radiance saw much lower 54 

increases as absorption coefficient increased 55 

compared to H2O radiance. This result reinforces the 56 

notion that optically thin radiation models are unable 57 

to accurately capture the radiation behavior of high-58 

pressure combustion systems. 59 
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