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 A B S T R A C T

Thermal radiation emitted by a hydrogen flame is attenuated as it propagates through humid air due to 
absorption by water vapour contained in the air. This study analyses spectral transmission of energy emitted 
by the hydrogen flame as it passes through humid air, determining the normalised spectral irradiance, the 
apparent absorbance, and the percentage of total energy transmitted. The emission spectra of the hydrogen 
flame and the absorption spectra of humid air are obtained from the HITEMP2010 database, applying the 
Voigt function under specific conditions for each medium: the hydrogen flame is modelled at 2300K with 
water vapour mole fraction of 22%, while the humid air is modelled at 300K with relative humidities of 10%, 
50% and 100%. The results indicate that humid air can absorb between 10% and 20% of the energy radiated 
by the hydrogen flame in the first metre of propagation, with total absorption between 20% and 40% over 
a 10-metre path, depending on relative humidity. Spectral analysis shows that attenuation of total radiation 
does not follow the exponential behaviour predicted by the Beer–Lambert law, attenuation being determined 
by spectral mismatch between emission bands of the hydrogen flame and absorption bands of the humid air.
1. Introduction

The burning of fossil fuels is one of the main sources of carbon diox-
ide (CO2) emissions [1–3]. To reduce these emissions, various sectors 
are incorporating hydrogen produced by renewable electricity as an 
energy carrier, as it allows energy to be stored, transported, and used 
without generating carbon compounds. However, its application poses 
major challenges, especially in terms of safety. Unlike hydrocarbons, 
whose combustion produces chemical species that emit thermal radia-
tion also in the visible part of the spectrum, the combustion of hydrogen 
mainly generates water vapour, with emissions predominantly in the 
infrared spectrum.

In accidental situations, such as a leak in storage or distribution 
systems, hydrogen can be released at high pressures and ignite when 
mixed with air, creating a hydrogen jet flame. These hydrogen flames 
are characterised by their elongated shape and high temperatures, with 
thermal emissions primarily produced by water vapour. The radiation 
produced travels through the environment, where its transmission is 
influenced by the surrounding composition [4]. When humidity is 
present, ambient water vapour acts as an absorbing agent due to 
its strong spectral lines between 1000 to 10000 cm−1. This absorp-
tion, which depends on factors such as temperature, partial vapour 
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pressure, and distance of propagation, reduces transmittance and af-
fects the amount of energy that reaches surfaces or detectors in the 
environment [5].

Thermal radiation in hydrogen flames originates predominantly 
from the roto-vibrational transitions of H2O molecules formed during 
combustion. These transitions involve changes in the internal energy 
levels of the molecule, resulting in emissions in the near-infrared and 
mid-infrared regions. When comparing a hydrogen flame with a hy-
drocarbon flame under equivalent conditions, hydrocarbon flames pro-
duce, in addition to water vapour, carbon-containing radiating species. 
These species introduce additional emission bands, such as the CO2
band at 2326 cm−1 (4.3 μm), as well as blackbody radiation from soot, 
increasing both the number of active bands and the regions of the 
spectrum where emission is concentrated. Conversely, in hydrogen 
flames, water vapour is the dominant active species, which reduces the 
spectral complexity and restricts the emission to more limited areas 
of the infrared. This reduced spectral complexity leads to a lower 
total emissive power compared to hydrocarbon flames [3,6], thereby 
decreasing the amount of radiative energy that can be transferred by 
radiation to nearby objects or surfaces.

This article aims to analyse the effect of ambient humidity on the 
transmission of thermal radiation emitted by a hydrogen flame, ignor-
ing reradiation in the humid air [6]. The effect of ambient humidity is 
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normally neglected in fire safety engineering, but can be significant for 
hydrogen flames since most radiation originates from H2O molecules 
in the flame [7,8]. The attenuation of total irradiance emitted by the 
hydrogen flame is studied, together with the spectral transmittance 
of the humid air as a function of relative humidity under standard 
conditions. Calculations are performed on the radiative contribution 
of water vapour in the flame, determined by its concentration and 
temperature, as well as on the effect of ambient water vapour on the 
attenuation of radiation along the propagation path. In this work, only 
the dominant thermal emission from H2O is considered. A represen-
tative flame temperature of 2300K and a water-vapour mass fraction 
of 15% in the flame were adopted from the study reported in [9]. 
This characterisation is relevant for risk assessment in contexts where 
hydrogen is used, stored, or transported as an energy carrier.

2. Method

2.1. Emissive and absorbent medium parameters

Emission of thermal radiation from the hydrogen flame takes place 
mainly from the water vapour which is the main product of hydrogen 
combustion. Its concentration in the flame is expressed by the molar 
fraction 𝑋H2O, calculated from the mass fraction 𝑌H2O taken from [9]. 
The conversion to 𝑋H2O is performed using the expression 𝑋H2O =
𝐴H2O∕(𝐴H2O + 𝐵N2

), where 𝐴H2O = 𝑌H2O∕𝑀H2O and 𝐵N2
= 𝑌N2

∕𝑀N2
, 

with 𝑀H2O and 𝑀N2
 being the molar masses of water vapour and 

nitrogen, respectively, and 𝑌N2
 the mass fraction for nitrogen. Argon 

is ignored. Since the reaction in [9] is simplified, these two species 
form the gas mixture representative of the hydrogen flame region, while 
residual oxygen is neglected due to its low concentration. In this study, 
a one-dimensional geometry is assumed and re-radiation of absorbed 
radiation is ignored. The one-dimensional formulation is adopted to 
isolate the effect of humid air absorption on the transmitted radiation, 
while re-radiation is neglected because the time between collisions of 
excited H2O molecules with the surrounding air molecules (e.g. N2, 
O2) is of the order 10−10 s, which is much shorter than the minimum 
spontaneous emission lifetime associated with H2O transitions, ∼ 3.3 ×
10−7 s, making collisional deactivation (collisional quenching) more 
likely than spontaneous emission [10].

The thermal radiation from the hydrogen flame will propagate 
through air which is an ideal gas composed of dry air and water vapour. 
This ideal gas approximation is valid under typical environmental con-
ditions, where atmospheric pressure 𝑃𝑚 remains close to 101 kPa and 
the temperature is close to 300K. The composition of the absorption 
medium is given by the molar fraction of water vapour, calculated as 
𝑋H2O = 𝑃H2O∕𝑃𝑚, where the partial pressure of water vapour 𝑃H2O is 
obtained as the product of the relative humidity RH and the saturation 
pressure 𝑃sat , evaluated using the Antoine equation [11] at an ambient 
temperature of 300K. The molar fraction of dry air is calculated as 
𝑋air = 1 −𝑋H2O.

The molar fractions of H2O in the hydrogen flame and the humid 
air are used to calculate the spectral absorption coefficient of each 
medium, which also depends on the wavenumber 𝜈, temperature and 
pressure.

2.2. Spectral conditions

To model the spectral absorption of water vapour H2O, spectro-
scopic data from the HITEMP database are used [12,13]. This database 
contains, for each molecular transition, the central wavenumber 𝜈𝑜
showing where a transition occurs between the energy levels of the 
molecule, the transition intensity and the broadening parameters that 
indicate how much the peaks of the spectrum of a gas are broadened 
and allow the variation of absorption to be calculated with temperature 
and pressure. From these data, the spectral absorption coefficient 𝜅  is 
𝜈

2 
calculated, which represents the effective absorption area of a molecule 
as a function of 𝜈 [12,14].

Each transition is modelled using a spectral line profile that de-
scribes how absorption is distributed around 𝜈𝑜. The Voigt function is 
used to model the shape of the spectral peaks, which combines two 
physical effects: Doppler broadening and collision broadening [15]. 
Doppler broadening is caused by the thermal motion of gas molecules. 
In the laboratory reference frame, the molecules move at different 
speeds and in different directions, resulting in a shift of the observed 
wavenumber relative to the centre line. This effect produces a symmet-
ric Gaussian distribution of absorption around 𝜈𝑜. At higher tempera-
tures, the molecular speeds are higher, resulting in greater line broad-
ening. Collision broadening arises from interactions between molecules 
during transitions, leading to a Lorentzian distribution. Its magnitude 
mainly depends on the total pressure of the medium and the mo-
lar fractions of the present gases. Although temperature influences 
this broadening, the effect of temperature is lesser; as temperature 
increases, collisions become shorter in duration and less effective at 
perturbing the energy levels, thereby reducing their contribution to 
the Lorentzian linewidth. Natural broadening, which arises from the 
finite lifetime of excited states [2,16], is also included in the Lorentzian 
distribution but is insignificant as compared to the collision broadening 
under the circumstances relevant for this study [10,14].

2.2.1. Hydrogen flame
The spectral emission coefficient of the hydrogen flame, 𝑗𝜈,f lame, is 

obtained from its spectral absorption coefficient, 𝜅′
𝜈,flame, using Kirch-

hoff’s law under local thermodynamic equilibrium (LTE) for each 
wavenumber 𝜈 [5]. The spectral emission coefficient is defined as 
𝑗𝜈,f lame = 𝜅′

𝜈,f lame ⋅ 𝐵𝜈 (𝑇 ), (1)

where 𝐵𝜈 (𝑇 ) represents the Planck function at temperature 𝑇 , and 
𝜅′
𝜈,f lame is expressed in m−1. Since the spectral absorption coefficient 

𝜅𝜈,flame is obtained from the HITEMP database in units of cm2∕molecule, 
applying the Voigt function and considering thermochemical conditions 
from [9], it must be converted to units m−1 to obtain 𝑗𝜈,f lame.1

With the spectral emission coefficient obtained, the cumulative 
spectral irradiance Ecumulative𝜈  is calculated by integrating 𝑗𝜈,f lame and 
normalising by the total irradiance. This dimensionless quantity rep-
resents the fraction of total energy emitted up to a wavenumber 𝜈, 

Ecumulative𝜈 =
∫ 𝜈
0 𝑗𝜈′ ,f lame d𝜈′

∫ 𝜈𝑚𝑎𝑥
0 𝑗𝜈′ ,f lame d𝜈′

(2)

where 𝜈𝑚𝑎𝑥 is the maximum wavenumber available in the HITEMP 
database.

2.2.2. Humid air
The spectral absorption coefficient of humid air, 𝜅𝜈,air, is determined 

under environmental conditions of 1 atm pressure, 300K temperature, 
and relative humidities (RH) of 10%, 50% and 100%. The coefficient 
𝜅𝜈,air, expressed in units of cm2∕molecule, is obtained from the HITEMP 
database by applying the Voigt function for line broadening, and then 
converted to 𝜅′

𝜈,air in units of m−1, to be used in all calculations.2 

1 The conversion from cm2∕molecule to m−1 for the spectral absorption 
coefficient of the flame is performed by first converting 𝜅𝜈,flame from units of 
cm2∕molecule to units of m2∕molecule, and then multiplying it by the molecular 
number density of water vapour as 𝜅′

𝜈,f lame = 𝜅𝜈,f lame ⋅𝑁H2O,f lame. The molecular 
number density 𝑁H2O,f lame, expressed in molecules∕m3, is calculated using the 
ideal gas law, 𝑁H2O,f lame = (𝑋H2O,f lame ⋅ 𝑃𝑚)∕(𝑘𝐵 ⋅ 𝑇flame), where 𝑃𝑚 is the 
total pressure in Pa, 𝑘𝐵 = 1.380649 × 10−23 J K−1 the Boltzmann constant, 
𝑋H2O,f lame the molar fraction of water vapour in the flame, and 𝑇f lame the flame 
temperature. The molar fraction 𝑋H2O,f lame is obtained from the mass fraction 
𝑌 , as shown in Section 2.1.
H2O
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Since humid air acts as the absorbing medium through which the 
radiation from the source propagates, the Beer–Lambert’s law [11] is 
applied to calculate the spectral transmittance 𝜏𝜈 , defined as the ratio 
of transmitted and incident spectral irradiance, denoted by 𝐸𝜈 and 𝐸𝑜𝜈 , 
respectively. 

𝜏𝜈 =
𝐸𝜈
𝐸𝑜𝜈

= 𝑒−𝜅
′
𝜈,air⋅ 𝑥 (3)

where 𝑥 (in metres) represents the path length in the air–water vapour 
mixture.

To assess how the humid air affects the spectral transmittance of 
the radiation emitted by a source (e.g. H2 f lame) over a propagation 
distance, the total transmittance 𝜏𝑡𝑜𝑡 is calculated as an integrated 
quantity over the entire spectrum. 𝜏𝑡𝑜𝑡 is a dimensionless quantity that 
incorporates the spectral emission coefficient of the source, 𝑗𝜈,source, and 
the exponential attenuation of the emitted radiation as a function of the 
absorption coefficient of the humid air, 𝜅′

𝜈,air, and the path length 𝑥. The 
total transmittance is expressed as 

𝜏𝑡𝑜𝑡 =
∫ 𝑗𝜈,source ⋅ 𝑒

−𝜅′𝜈,air⋅ 𝑥 d𝜈
∫ 𝑗𝜈,source d𝜈

(4)

where 𝜅′
𝜈,air represents the humid air absorption coefficient for each RH 

considered. In Eq. (4), the notation 𝑗𝜈,source is used instead of 𝑗𝜈,flame to 
keep the formulation general for reasons that will be explained below.

The total transmittance, which depends on the path length ranging 
from 0 to 10 m, is calculated for four emitting sources: the first 
corresponds to the hydrogen flame described in Section 2.2.1, and the 
remaining three to a hypothetical humid air emitters at 300K and 
relative humidities of 10%, 50% and 100%, respectively.

Furthermore, to understand the mechanism creating the mismatch 
between the hydrogen flame emission spectrum and the humid air 
absorption spectrum, a parametric study of the transmittance through 
1m of 50% RH air at 300 K is carried out. The water vapour molar 
fraction in the emitting source is varied between 0% and 34%, whereas 
its temperature is varied between 300 K and 2300 K.

2.3. Global and local apparent absorbance

Like Eq.  (3), spectral absorbance 𝐴𝜈 is also derived from Beer–
Lambert’s law [17]. This dimensionless quantity expresses the radiation 
absorbed by a medium as a function of wavenumber, 𝐴𝜈 = − ln[𝜏𝜈] =
𝜅′
𝜈,air⋅ 𝑥. In contrast, 𝜏𝜈 represents the proportion of radiation that passes 
through the medium without being absorbed or scattered. When the 
emitting source and the absorbing medium have complex spectral dis-
tributions (e.g. a hydrogen flame and humid air), integrated quantities 
are needed to describe total, that is not spectrally resolved, radia-
tion absorption. Therefore, the term apparent absorbance is introduced, 
which estimates global or local total attenuation of the irradiance. 
Unlike spectral absorbance, apparent absorbance has units of m−1, 
representing the effective absorption coefficient for the total radiation 
per unit length, integrating the spectral properties of the source and the 
medium. Absorbance can be characterised as total, meaning measured 
from the hydrogen jet flame to depth 𝑥, or local, at the depth 𝑥. While 
conventional spectral absorbance 𝐴𝜈 , based on the Beer–Lambert law, 
describes radiation absorption as a function of wavenumber, apparent 
absorbance describes attenuation of the total irradiance obtained by 
integrating over the complete spectral range.

2 The conversion from cm2∕molecule to m−1 for the spectral absorption 
coefficient of humid air is performed in the same way as for the flame 
absorption coefficient, but using 𝑁H2O,air at ambient conditions. In this case, 
𝑁H2O,air = (𝑋H2O,air ⋅𝑃𝑚)∕(𝑘𝐵 ⋅𝑇air ), where 𝑋H2O,air is the molar fraction of vapour 
determined from RH as 𝑋H2O,f lame = 𝑅𝐻 ⋅ 𝑃𝑠𝑎𝑡∕𝑃𝑚, 𝑃𝑠𝑎𝑡 is the H2O saturation 
pressure (e.g. 3554 Pa at 300 K), and T  the ambient temperature in K.
air

3 
The apparent global absorbance, 𝐴global(𝑥), is defined as the natural 
logarithm of the ratio between the total incident irradiance from the 
hydrogen flame (𝑥 = 0) and the total transmitted irradiance to the 
propagation distance 𝑥> 0, divided by 𝑥. 

𝐴global(𝑥) =
1
𝑥
ln

[

∫ 𝐸𝑜𝜈 𝑑𝜈
∫ 𝐸𝜈 𝑑𝜈

]

= 1
𝑥
ln
⎡

⎢

⎢

⎣

∫ 𝑗𝜈,f lame𝑑𝜈

∫ 𝑗𝜈,f lame ⋅ 𝑒
−𝜅′𝜈,air⋅𝑥𝑑𝜈

⎤

⎥

⎥

⎦

(5)

where 𝐸𝑜𝜈 corresponds to the total irradiance emitted by the hydro-
gen flame before interaction with the absorbing humid air, while 𝐸𝜈
represents the irradiance transmitted after passing through the humid 
environment. Eq.  (5) quantifies the attenuation of radiation passing 
through a homogeneous absorbing medium, such as humid air, while 
accounting for the spectral distribution of the emitting flame and the 
humid air.

Although the apparent global absorbance, 𝐴global(𝑥), provides a 
comprehensive measure of spectral attenuation along the optical path, 
it does not specify how the medium’s absorption varies at specific 
locations. To study these local variations, the local apparent absorbance 
𝐴local(𝑥) is introduced. This quantity represents the instantaneous rate 
of spectral attenuation at a specific position 𝑥, which is equivalent 
to evaluating how the total transmitted irradiance changes within an 
infinitesimal segment of the path. 𝐴local(𝑥) is required if the radiation 
at a certain distance from the hydrogen flame is known and information 
about the radiation level further away from the flame is needed.

The formulation of 𝐴local(𝑥) is based on the total transmitted ir-
radiance, which decreases with increasing 𝑥 due to the cumulative 
absorption of the medium. The local apparent absorbance is expressed 
as the negative derivative of the natural logarithm of the spectral 
integral of 𝐸𝜈 with respect to the path length 

𝐴local(𝑥) = − 𝑑
𝑑𝑥

ln
[

∫ 𝐸𝜈 𝑑𝜈
]

=
∫ 𝑗𝜈,f lame ⋅ 𝜅′

𝜈,air ⋅ 𝑒
−𝜅′𝜈,air⋅𝑥𝑑𝜈

∫ 𝑗𝜈,f lame ⋅ 𝑒
−𝜅′𝜈,air⋅𝑥𝑑𝜈

(6)

Eq.  (6) quantifies the intensity of local total absorption at position 𝑥. 
Evaluating 𝐴local(𝑥) at multiple points along the propagation path, the 
spatial variation in local absorption can be determined.

3. Results

All spectral calculations, Eqs. (2) - (6), were performed over the 
spectral range from 0 to 30000 cm−1 which corresponds to the maximum 
wavenumber in the HITEMP database. However, to facilitate visual-
isation of the spectral behaviour, the figures were limited from 0 to 
10000 cm−1, as above 10000 cm−1 the spectral emission of radiation 
from the hydrogen flame becomes negligible, see orange graph with 
cumulative flame irradiance in Fig.  1.

Fig.  1 illustrates the cumulative spectral irradiance of the hydrogen 
flame Ecumulative𝜈  (Eq. (2)), the spectral transmittance 𝜏𝜈 of humid air 
for two path lengths x (Eq. (3)), and the emission and absorption 
coefficients, respectively, of water vapour for a H2 hydrogen flame 
𝑗𝜈,f lame (red) and humid air 𝜅′

𝜈,air (blue). The spectral emission and 
absorption coefficients, expressed in units of Wm−3sr−1(cm−1)−1 and 
m−1, respectively, are represented by a distribution of discrete points 
corresponding to H2O spectral transitions. It is not possible to draw the 
spectra as continuous lines since they contain around 108 transitions. 
In regions where the hydrogen flame transitions dominate, T = 2300 K, 
high-valued emission coefficients (red dots) are observed, while in 
regions dominated by humid air transitions, T = 300 K, blue dots show 
high values, as depicted in the top panel of Fig.  1. These differences 
reflect where higher T increases the population of energy levels, allow-
ing more rotational and vibrational transitions of H2O. To highlight a 
spectral region where absorption (humid air, blue dots) and emission 
(hydrogen flame, red dots) occur at the same wavenumber 𝜈 the range 
from 3500 to 3600 cm−1 is selected, indicating overlapping transitions 
at specific 𝜈. Such overlaps are the reason why the humid air absorbs 
the radiation from the hydrogen flame.
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Fig. 1. Spectral behaviour of water vapour H2O from 0 to 10000 cm−1. The top panel shows the spectral emission coefficient for the hydrogen flame 𝑗𝜈,flame (red), 
the spectral absorption coefficient for humid air 𝜅′

𝜈,air (blue), and an inset zooms from 3500 to 3600 cm−1 to highlight spectral coincidence between the hydrogen 
flame and humid air. The right y-axis shows the cumulative spectral irradiance Ecumulative𝜈  of the hydrogen flame (orange). The bottom panel displays the spectral 
transmittance of humid air 𝜏𝜈 for two path lengths 𝑥 of 0.1m (yellow) and 10 m (green). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
In the case of the hydrogen flame, H2O transitions determine the 
spectral emission coefficient 𝑗𝜈,f lame and the spectral irradiance 𝐸𝜈 , 
which is integrated over the whole spectral domain to obtain the 
cumulative energy Ecumulative𝜈 , see Eq. (2). The top panel of Fig.  1 shows 
the normalised cumulative irradiance curve (orange), which represents 
the fraction of total energy emitted up to each wavenumber. This curve 
rises rapidly from 0 to approximately 4000 cm−1 (𝜆 > 2.5 μm, far 
and mid-infrared), where most of the emitted energy is concentrated 
due to a high density of ro-vibrational transitions. Beyond 4000 cm−1

(𝜆 < 2.5 μm), the curve increases slightly until it reaches an almost 
constant value, as the number of active transitions decreases and no 
significant additional energy is emitted. The normalised cumulative 
spectral irradiance curve shown in Fig.  1 indicates that 99.954% of the 
total energy emitted is contained below 10000 cm−1, whereas 0.046% 
is emitted in the spectral region between 10000 and 30000 cm−1. 
Therefore, the contribution from the spectral region above 10000 cm−1

to the total energy emitted is negligible. The hydrogen flame is nearly 
invisible due to the lack of radiation in the visible range (0.4 μm < 𝜆 <
0.7 μm).

The bottom panel of Fig.  1 displays the spectral transmittance of 
humid air 𝜏𝜈 as a distribution of discrete points for path lengths 𝑥
of 0.1m (yellow) and 10 m (green), calculated using Eq. (3). Across 
the spectrum, 𝜏𝜈 is higher for the shorter distance (𝑥 = 0.1m) and 
lower for the longer distance (𝑥 = 10m) due to increased absorption 
over greater paths, according to Eq. (3). In regions where 𝜅′

𝜈,air has a 
higher spectral density of high values, such as bands 1500−−2000 cm−1

and 3500 − −4000 cm−1, 𝜏  decreases significantly, indicating greater 
𝜈

4 
absorption of thermal radiation in the H2O molecules and reduced 
energy transmission.

The flame’s emission bands do not align exactly with the absorption 
bands of H2O in humid air, mainly due to temperature differences 
between the emitting source and the absorbing medium, but partly 
also due to different H2O concentrations, which affect the collision 
broadening. At higher temperatures, such as those in the hydrogen 
flame, molecular velocities and collision frequencies increase, causing 
the broadening of emission bands. In addition, H2O is more efficient 
than most other molecules in contributing to the collision broadening. 
As a result, the emission bands of the hydrogen flame become broader 
and spectrally shifted compared to the absorption bands of the humid 
air.

Figs.  2 and 3 illustrate how this spectral mismatch, in combination 
with the effect of the Beer–Lambert law, Eq. (3), influences the trans-
mission of radiated energy. In certain spectral regions, absorption is 
noticeable within the first few metres of the path, as is seen in Fig.  3, 
while in others, absorption remains weak even along the entire path. 
This indicates that the attenuation depends not only on the propagation 
distance, but more significantly on the degree of overlap between the 
emission peaks of the hydrogen flame and the absorption peaks of 
humid air. Although this behaviour is highlighted in a specific spectral 
region, analysis of the entire spectrum reveals that the spectral mis-
match dominates the transmission dynamics, allowing a large portion 
of the flame’s emitted energy to pass through the humid environment 
with low attenuation.
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Fig. 2. 𝑗𝜈,flame and 𝜅′
𝜈,air from 7337.00 cm−1 to 7338.37 cm−1. Three peaks are 

marked: (a) with low absorption and, (b) and (c) with high absorption of the 
emitted radiation.

Fig.  2 displays three peaks for 𝑗𝜈,flame (red) and 𝜅′
𝜈,air (blue) in the 

spectral region between 7337.00 cm−1 and 7338.37 cm−1, where peak 
(a) shows strong radiation emission from the hydrogen flame and low 
absorption in the humid air, while peaks (b) and (c) correspond to 
spectral regions that also have high absorption in humid air.

Fig.  3 presents the behaviour of the spectral irradiance normalised 
to 𝐸𝜈=peak b (𝑥 = 0) as it varies with the propagation distance (𝑥) 
through humid air at 50% RH, corresponding to the absorption and 
emission peaks from Fig.  2. As 𝑥 increases and the radiation propagates 
through the humid air, each peak attenuates differently, depending on 
the degree of absorption by the medium. The irradiance for peaks (b)
and (c) decreases rapidly during the first metre of propagation due to 
high absorption by the humid air, while the irradiance for peak (a)
shows minimal attenuation throughout the entire path, indicating that 
most radiation at that wavenumber 𝜈 is transmitted through the humid 
air.

Fig.  4 shows the behaviour of the normalised total transmittance 
𝜏𝑡𝑜𝑡, along with the global apparent absorbance 𝐴global and the local 
apparent absorbance 𝐴local. These quantities were calculated using 
Eqs. (4), (5) and (6), respectively, and evaluated for each relative 
humidity condition: 10% (yellow), 50% (blue) and 100% (green). The 
continuous curves in the figure represent 𝜏𝑡𝑜𝑡 for four emitting source 
configurations: one corresponding to the hydrogen flame 𝜏f lame source and 
the others to the humid air 𝜏air source, where the humid air source is 
evaluated at 300K and 10%, 50% and 100% RH, respectively. The 
reason why a source represented by humid air is analysed is to quantify 
the importance of the spectral mismatch induced by the broadening 
caused by the higher temperature and higher H2O concentration in 
the hydrogen flame. Since 𝜏air source and 𝜏f lame source are normalised in 
the range 0 to 1, these parameters quantify the relative fraction of the 
transmitted spectral energy to that emitted by the source. These curves 
enable an analysis of how the irradiance varies along the absorbing 
medium, determined by the percentage of water vapour in the air (RH) 
and the spectral characteristics of the source.

For the hypothetical humid air emitting source 𝜏air source, the curves 
show a significant decrease in irradiance in the first metre of travel 
5 
Fig. 3. Normalised spectral irradiance as a function of distance 𝑥 and 
wavenumber 𝜈 for the three peaks identified in Fig.  2. Peaks (b) and (c)
attenuate rapidly with distance 𝑥 due to strong absorption by humid air, while 
(a) remains nearly constant due to low absorption. RH = 50%.

Fig. 4. Normalised total transmittance for relative humidities of 10%, 50% and 
100% is shown for two emission sources: the realistic hydrogen flame (thick 
solid lines) and the hypothetical humid air (thin solid lines). The local apparent 
absorbance (small dotted points) and the global apparent absorbance (large 
dotted points) for the hydrogen flame as the emission source at RH of 10%, 
50% and 100% are presented.

(𝑥 = 1m) due to strong absorption by the ambient vapour. Depending 
on the relative humidity, the environment would absorb between 85%
and 97% of the emitted energy in this initial section. In contrast, for the 
realistic hydrogen flame emitting source 𝜏f lame source, the curves show 
an initial absorption of 10% to 20% of the radiation by the absorbing 
medium, significantly lower absorption than in the case of humid air as 
source, resulting in a significantly higher transmitted irradiance along 
the path.

This behaviour is attributed to the perfect matching between the 
source and emission spectrum in the unrealistic case of the flame 
having a temperature of 300 K and a much lower H2O concentration 
than a real flame. Under realistic conditions, the lower absorption for 
the real hydrogen flame conditions is explained by the lower degree 
of spectral matching between the emission spectrum of the hydrogen 
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Fig. 5. Total transmittance 𝜏tot of the radiation emitted by a hydrogen flame 
passing through an absorbing medium at a constant relative humidity of 
50% and temperature of 300K. 𝜏tot is calculated for flame temperatures 
between 300K and 2300K, and concentrations of water vapour in the flame 
between 0% and 35% for a path length of 1m. The black marker on the 
red curve identifies the only realistic hydrogen flame condition considered, 
corresponding to an H2O concentration in the flame of 22% and a flame 
temperature of 2300K. The remaining curves represent parametric cases that 
show how the spectral mismatch affects the total transmittance 𝜏tot.

flame and the absorption bands of the water vapour present in the 
medium, which limits the absorbing interaction along the travelled 
distance, as seen in Fig.  3.

On the other hand, in Fig.  4, the dotted curves show how the 
apparent absorbance (in logarithmic scale and units of m−1) varies 
as the radiation emitted by the hydrogen flame passes through the 
humid air. At the beginning of the path, 𝐴global and 𝐴local reach their 
approximate maximum values of 1.85m−1 for RH = 100%, 0.98m−1 for 
RH = 50% and 0.20m−1 for RH = 10%, due to the different concentra-
tions of water vapour in the air. During propagation, 𝐴global gradually 
decreases and remains above 0.02m−1, while 𝐴local decreases rapidly 
from its maximum value to values close to zero, indicating that the 
absorbing medium ceases to generate significant attenuation after a 
certain distance from the flame, since for the remaining radiation there 
is very little overlap between the hydrogen flame emission spectrum 
and the humid air absorption spectrum. As a consequence, the trans-
mitted irradiance tends to stabilise with a decreasing decay rate along 
the rest of the path. For instance, assuming an hypothetical initial 
irradiance of 1W/m2 emitted by the hydrogen flame that propagates 
in a humid environment with RH = 10%, 0.92W/m2 is transmitted 
after the first metre, and after 10 m the radiation is still at around 
0.80W/m2, instead of 𝜏distance inm1m = 0.9210 = 0.46W/m2. This highlights 
that attenuation is mainly concentrated in the first decimetres of travel, 
indicating strong non-Beer–Lambert law behaviour. For practical safety 
applications, the global apparent absorbance is most relevant when the 
radiation from the flame and distance to the flame is known, whereas 
the local apparent absorbance is most relevant when the radiation at a 
certain distance from the flame is known.

In order to further visualise the importance of spectral mismatch 
between the flame and the humid air, synthetic total transmittances 
are calculated in Fig.  5, where the humid air in Eq. (4) is 300K
and 50% of RH for a path length of 1m, while the temperature and 
the water concentration of the flame are varied in extreme ranges 
to obtain 𝑗𝜈,flame, again in order to visualise the importance of the 
difference in the spectra between the flame and the humid for the total 
transmittance.

The only realistic point shown in Fig.  5 is when H2O concentration 
in the flame is 22% and the temperature is 2300K, which is taken 
6 
from [9]. The remaining curves correspond to parametric variations 
of flame temperature and H2O concentrations used to explain how the 
spectral mismatch affects the total transmittance. As can be seen in 
Fig.  5 the H2O concentration in the flame plays a very minor role for 
the broadening of the flame spectrum and for the total transmittance. 
This shows that the relatively higher efficiency of water for collision 
broadening is of little importance. On the other hand, the temperature 
is very significant for the total transmittance. This is due to the fact that 
at higher temperatures, higher ro-vibrational states are more populated 
and also the Doppler broadening is higher. This significantly increases 
the mismatch between the flame emission spectrum and humid air 
absorption spectrum, which leads to a higher total transmittance.

4. Conclusions

Emission of radiation from H2O molecules in hydrogen flames, as 
well as absorption of radiation in the H2O molecules in humid air, 
has been simulated using the HITEMP spectroscopic database. Spec-
trally resolved modelling of the irradiance decay in the humid air was 
performed in one dimension, ignoring reradiation from the humid air.

The results indicate that the humidity in the air between the hydro-
gen flame and an exposed object, say a human, is highly important in 
absorbing thermal radiation from the hydrogen flame, thereby reducing 
the thermal exposure on objects and thereby reducing damage. For dry 
air (0% RH) there are no H2O molecules in the air that can absorb the 
radiation but for air with temperature 300 K and RH 10%, 50%, and 
100% the amount of radiation that has been absorbed at 10 m distance 
from the flame is 20%, 35%, and 40%, respectively.

The absorption of radiation in humid air strongly deviates from 
Beer–Lambert’s law, with a much higher absorbance close to the flame 
as compared to further away from it. This has implications for ex-
perimental measurements of thermal radiation from hydrogen flames. 
First of all, for a given flame configuration a measurement performed 
e.g. 5m from the flame with 50% RH in the air will not be represen-
tative for the irradiation received under the same conditions but with 
e.g. 10% RH or 90% RH. For a design accident scenario with 10% RH 
the measured irradiation will be too low, whereas for 90% RH it will be 
too high. Secondly, the deviation from Beer–Lambert’s law implicates 
that measured irradiation at a certain distance cannot be used to predict 
the irradiation at another location, at least not in a straightforward 
manner assuming a single exponential decay of the total irradiation. 
This is manifested by the fact that the local apparent absorbance for the 
irradiance strongly depends on distance from the flame. For example, 
for 300K and 50% RH the local absorbance is 0.33m−1, 0.07m−1, and 
0.01m−1, at 0.1m, 1m, and 10m from the flame, respectively.

These findings highlight that atmospheric humidity is an important 
parameter when assessing thermal radiation hazards from hydrogen 
flames. The results show that the irradiance reaching an exposed object 
depends on the amount of water vapour along the propagation path. 
Consequently, calibrations, measurements or calculations performed 
for a specific relative humidity and temperature may not be directly 
applicable to other conditions of relative humidity and temperature, 
which can affect thermal exposure assessments and the determination 
of safety distances. The results may indicate that certain existing safety 
distances are too conservative, but more realistic scenarios need to 
be simulated and validated with the experiments before any such 
conclusions can be drawn.

The high degree of absorption of thermal radiation in humid air is 
unique for hydrogen flames since H2O-molecules is the major source of 
thermal radiation. The matching of the emission spectrum of the flame 
and the absorption spectrum of the humid air is not perfect, however. 
The higher temperature of the flame makes transitions between excited 
states more frequent and increases the Doppler broadening of the tran-
sition peaks, as compared to ambient (300K) conditions. Without this 
difference in shape between emission spectrum (flame) and absorption 
spectrum (humid air) the absorption would have been much higher.
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In summary it has been shown that the humidity in air is important 
for reducing the irradiation impinging on an object exposed to thermal 
radiation from a hydrogen flame. This can be considered an extremely 
efficient extension of the widespread tactical use by fire fighters who 
use scattering and absorption in water sprays and water mists to 
protect themselves and exposed objects from thermal radiation from 
fires. The high efficiency in the case of hydrogen flames is due to the 
H2O molecule being the emission source. For fires in general, with 
carbon available in the fuel, a large fraction of the thermal radiation 
stems from blackbody radiation from soot particles, CO2 molecules, and 
carbon containing radicals. Since these latter particles and molecules 
are available to a very low degree in air the mismatch between emission 
(flame) and absorption (air) spectra is considerable and absorption 
becomes lower.
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