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ARTICLE INFO ABSTRACT

Keywords: Thermal radiation emitted by a hydrogen flame is attenuated as it propagates through humid air due to
Hydrogen flame absorption by water vapour contained in the air. This study analyses spectral transmission of energy emitted
Thermal radiation by the hydrogen flame as it passes through humid air, determining the normalised spectral irradiance, the

Spectral transmission
Absorption
Spectral mismatch

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 pressure, and distance of propagation, reduces transmittance and af-
fects the amount of energy that reaches surfaces or detectors in the

The burning of fossil fuels is one of the main sources of carbon diox- environment [5].
ide (CO,) emissions [1-3]. To reduce these emissions, various sectors Thermal radiation in hydrogen flames originates predominantly

from the roto-vibrational transitions of H,O 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 CO,
band at 2326cm™! (4.3 um), 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

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~'. This absorp-
tion, which depends on factors such as temperature, partial vapour
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normally neglected in fire safety engineering, but can be significant for
hydrogen flames since most radiation originates from H,O 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 H,O 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 Xy, calculated from the mass fraction Yy, taken from [9].
The conversion to Xy, is performed using the expression Xy, =
Ap,0/(An,o + By,), where Ay, = Yy,0/My,o and By, = Yy,/My,,
with My, and My, being the molar masses of water vapour and
nitrogen, respectively, and Yy, 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 H,O molecules with the surrounding air molecules (e.g. N,,
0,) is of the order 10~19s, which is much shorter than the minimum
spontaneous emission lifetime associated with H,O transitions, ~ 3.3 X
10~7s, 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 P, 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
Xu,0 = Py,o0/ Py, where the partial pressure of water vapour Py, is
obtained as the product of the relative humidity RH and the saturation
pressure P, evaluated using the Antoine equation [11] at an ambient
temperature of 300K. The molar fraction of dry air is calculated as
Xyir = 1 = Xp,0-

The molar fractions of H,O 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 v, temperature and
pressure.

2.2. Spectral conditions

To model the spectral absorption of water vapour H,0, spectro-
scopic data from the HITEMP database are used [12,13]. This database
contains, for each molecular transition, the central wavenumber v,
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 «, is
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calculated, which represents the effective absorption area of a molecule
as a function of v [12,14].

Each transition is modelled using a spectral line profile that de-
scribes how absorption is distributed around v,. 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 v,. 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, j, ¢}, is
obtained from its spectral absorption coefficient, xé flame? using Kirch-
hoff’s law under local thermodynamic equilibrium (LTE) for each
wavenumber v [5]. The spectral emission coefficient is defined as

= K\,/,flame : BV(T)’ (1)

j v,flame

where B, (T) represents the Planck function at temperature 7, and
K! flame is expressed in m~!. Since the spectral absorption coefficient
K, flame iS obtained from the HITEMP database in units of cm? /molecule,
applying the Voigt function and considering thermochemical conditions
from [9], it must be converted to units m~' to obtain j, ype.'

With the spectral emission coefficient obtained, the cumulative
spectral irradiance Eﬁ“mula“"e is calculated by integrating j, .. and
normalising by the total irradiance. This dimensionless quantity rep-
resents the fraction of total energy emitted up to a wavenumber v,

V. ’
/() JV! flame dv

Ecumulative — )
v Vmax
/E) JV! flame v/
where v, is the maximum wavenumber available in the HITEMP
database.

2.2.2. Humid air

The spectral absorption coefficient of humid air, «, 4, is determined
under environmental conditions of 1atm pressure, 300K temperature,
and relative humidities (RH) of 10%, 50% and 100%. The coefficient
K, air» €xpressed in units of cm?/molecule, is obtained from the HITEMP
database by applying the Voigt function for line broadening, and then
converted to K‘C air in units of m~!, to be used in all calculations.?

! The conversion from cm?/molecule to m~' for the spectral absorption
coefficient of the flame is performed by first converting «, g,y from units of
cm? /molecule to units of m? /molecule, and then multiplying it by the molecular
number density of water vapour as k] ., = Ky fame * Vi,0,/lame- The molecular
number density Ny, o iame> €Xpressed in molecules/m?, is calculated using the
ideal gas law, Nyorume = (Xp,o0f1ame * P)/(kp - Thame) where P, is the
total pressure in Pa, k; = 1.380649 x 1072 JK~! the Boltzmann constant,
Xi,0.f1me the molar fraction of water vapour in the flame, and T}, the flame
temperature. The molar fraction X H,0.flame 1S Obtained from the mass fraction
Y,0, as shown in Section 2.1.
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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 z,, defined as the ratio
of transmitted and incident spectral irradiance, denoted by E, and E,,
respectively.

EV

p— .
T, = =e Ky air ¥ (3)
Eov

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. H, flame) over a propagation
distance, the total transmittance 7,, is calculated as an integrated
quantity over the entire spectrum. 7, is a dimensionless quantity that
incorporates the spectral emission coefficient of the source, j, soyrce> and
the exponential attenuation of the emitted radiation as a function of the
absorption coefficient of the humid air, K: air’ and the path length x. The
total transmittance is expressed as

i _K: air’ ¥ d
/Jv,source e v v
T, =
tot -
_/ Jv,source dv

where x/ air TEPTESENtS the humid air absorption coefficient for each RH
considered. In Eq. (4), the notation j, e is used instead of j, game to
keep the formulation general for reasons that will be explained below.

The total transmittance, which depends on the path length ranging
from O 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.

4

2.3. Global and local apparent absorbance

Like Eq. (3), spectral absorbance A, is also derived from Beer—
Lambert’s law [17]. This dimensionless quantity expresses the radiation
absorbed by a medium as a function of wavenumber, A, = —In[z,] =
K! air” X+ In contrast, 7, 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~!,
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 A,, 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 cm?/molecule to m~! for the spectral absorption
coefficient of humid air is performed in the same way as for the flame
absorption coefficient, but using Ny ., at ambient conditions. In this case,
Ny oair = X0 - Po)/ (kg - Tyy), where Xy o .. is the molar fraction of vapour
determined from RH as Xu,01ame = RH - Py,/P,, P, is the H,0 saturation

pressure (e.g. 3554 Pa at 300 K), and T,;, the ambient temperature in K.
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The apparent global absorbance, Agpa (%), 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.

1 E, dv 1 f JuflamedV
Aglobal(x) =—In |:f E‘7Vd :| =—In a‘fi/ -x ®)
x f vav x f jv,flume ce vairtdy

where E,, corresponds to the total irradiance emitted by the hydro-
gen flame before interaction with the absorbing humid air, while E,
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, Aggp,(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
Ajoea(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. Aj,.,(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 Aj,.,(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 E, with respect to the path length

. ’ -« x
/]’fl. sk e varTdy
Apea () = = In [ / E, dv] = 2T val (6)
dx . —x! . x

_/Jv,flame ~e valrdy
Eq. (6) quantifies the intensity of local total absorption at position x.
Evaluating Aj,.,;(x) at multiple points along the propagation path, the
spatial variation in local absorption can be determined.

3. Results

All spectral calculations, Egs. (2) - (6), were performed over the
spectral range from 0 to 30000 cm~! 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™!, as above 10000 cm~! 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 Esum“la‘i"e (Eq. (2)), the spectral transmittance 7z, of humid air
for two path lengths x (Eq. (3)), and the emission and absorption
coefficients, respectively, of water vapour for a H, hydrogen flame
Jvflame (red) and humid air K:,air (blue). The spectral emission and
absorption coefficients, expressed in units of Wm™3sr~!(cm~!)~! and
m~!, respectively, are represented by a distribution of discrete points
corresponding to H,O spectral transitions. It is not possible to draw the
spectra as continuous lines since they contain around 10® 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 H,O. To highlight a
spectral region where absorption (humid air, blue dots) and emission
(hydrogen flame, red dots) occur at the same wavenumber v the range
from 3500 to 3600 cm~! is selected, indicating overlapping transitions
at specific v. 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 H,0 from 0 to 10000 cm™'. The top panel shows the spectral emission coefficient for the hydrogen flame j, g, (red),
the spectral absorption coefficient for humid air x/ . (blue), and an inset zooms from 3500 to 3600 cm™' to highlight spectral coincidence between the hydrogen

flame and humid air. The right y-axis shows the cumulative spectral irradiance Ect™ulative of the hydrogen flame (orange). The bottom panel displays the spectral
transmittance of humid air 7, for two path lengths x of 0.1 m (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, H,O transitions determine the
spectral emission coefficient j, ), and the spectral irradiance E,,
which is integrated over the whole spectral domain to obtain the
cumulative energy Esum“l""i"e, 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 4000cm™' (4 > 2.5 pm, far
and mid-infrared), where most of the emitted energy is concentrated
due to a high density of ro-vibrational transitions. Beyond 4000 cm™!
(4 < 2.5 pm), 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~!, whereas 0.046%
is emitted in the spectral region between 10000 and 30000 cm~!.
Therefore, the contribution from the spectral region above 10000 cm™!
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 ym < 4 <
0.7 pm).

The bottom panel of Fig. 1 displays the spectral transmittance of
humid air 7, as a distribution of discrete points for path lengths x
of 0.1 m (yellow) and 10 m (green), calculated using Eq. (3). Across
the spectrum, 7, 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 «/ air has a
higher spectral density of high values, such as bands 1500 ——2000 cm™"
and 3500 — —4000 cm~!, 7, decreases significantly, indicating greater

absorption of thermal radiation in the H,O molecules and reduced
energy transmission.

The flame’s emission bands do not align exactly with the absorption
bands of H,O in humid air, mainly due to temperature differences
between the emitting source and the absorbing medium, but partly
also due to different H,O 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, H,O 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. j, fame and «/ . from 7337.00 cm™ to 7338.37 cm™'. 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 j, gme (red) and «/ air (Plue) in the
spectral region between 7337.00 cm~! and 7338.37 cm™!, 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
t0 E,_peakp (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 v is transmitted through the humid
air.

Fig. 4 shows the behaviour of the normalised total transmittance
7> along with the global apparent absorbance Agy, and the local
apparent absorbance Aj,.,. These quantities were calculated using
Egs. (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 z,, for four emitting source
configurations: one corresponding to the hydrogen flame 7}, ¢ source @0d
the others to the humid air 7, ..., 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 H,O concentration in
the hydrogen flame. Since 7, source aNd Tfjamesource ar€ Normalised in
the range O 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 7, yucc, the curves
show a significant decrease in irradiance in the first metre of travel
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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 7¢j,csources 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 H,O 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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passing through an absorbing medium at a constant relative humidity of
50% and temperature of 300K. 7., 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 1 m. The black marker on the
red curve identifies the only realistic hydrogen flame condition considered,
corresponding to an H,O 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 ;.

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~!) varies
as the radiation emitted by the hydrogen flame passes through the
humid air. At the beginning of the path, Agjgpe and A, reach their
approximate maximum values of 1.85m~! for RH = 100%, 0.98 m~! for
RH = 50% and 0.20m~' for RH = 10%, due to the different concentra-
tions of water vapour in the air. During propagation, Ay, gradually
decreases and remains above 0.02m~!, while A, 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 1 W/m? emitted by the hydrogen flame that propagates
in a humid environment with RH = 10%, 0.92W/m? is transmitted
after the first metre, and after 10 m the radiation is still at around
0.80 W/m?, instead of réistanceinm = 9210 = 0.46 W/m’. 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 1 m, while the temperature and
the water concentration of the flame are varied in extreme ranges
to obtain j, f,me, 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 H,O concentration
in the flame is 22% and the temperature is 2300K, which is taken
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from [9]. The remaining curves correspond to parametric variations
of flame temperature and H,O concentrations used to explain how the
spectral mismatch affects the total transmittance. As can be seen in
Fig. 5 the H,O 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 H,O molecules in hydrogen flames, as
well as absorption of radiation in the H,O 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 H,O 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™!, 0.07m™!, and
0.01m~!, at 0.1 m, 1 m, and 10 m 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 H,O-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 (300 K) 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
H,0 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, CO, 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.

CRediT authorship contribution statement

Andrea Correa: Writing — review & editing, Writing — original draft,
Visualization, Software, Methodology, Formal analysis, Data curation,
Conceptualization. Michael Forsth: Writing — review & editing, Writ-
ing - original draft, Supervision, Project administration, Methodology,
Funding acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

The authors acknowledge financial support from the Swedish En-
ergy Agency and Nordic Energy Research through the project H2SIPP,
project number P2023-0056.

References

[1] Saffers J-B, Molkov V. Hydrogen safety engineering framework and elementary
design safety tools. Int J Hydrog Energy 2014;39(11):6268-85. http://dx.doi.
0rg/10.1016/j.ijhydene.2013.06.060.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

International Journal of Hydrogen Energy 276 (2026) 157445

Abohamzeh E, Salehi F, Sheikholeslami M, Abbassi R, Khan F. Review of
hydrogen safety during storage, transmission, and applications processes. J Loss
Prev Process Ind 2021;72:104569. http://dx.doi.org/10.1016/j.jlp.2021.104569.
Rodimova O. Carbon dioxide and water vapor continuum absorption in the
infrared spectral region. Atmos Ocean Opt 2018;31(6):564-9. http://dx.doi.org/
10.1134/51024856018060143.

Najjar YS. Hydrogen safety: The road toward green technology. Int J Hy-
drog Energy 2013;38(25):10716-28. http://dx.doi.org/10.1016/j.ijhydene.2013.
05.126.

Lautenberger C, Tien C, Lee K, Stretton A. Radiation heat transfer. In: Hurley M,
editor. SFPE handbook of fire protection engineering. 5th ed. New York: Springer;
2016, p. 102-37.

Modest M. Radiative Heat Transfer. 3rd ed. New York: Academic Press; 2013.
Hord J. Is hydrogen a safe fuel? Int J Hydrog Energy 1978;3(2):157-76. http:
//dx.doi.org/10.1016,/0360-3199(78)90016-2.

Zabetakis MG, Burgess DS. Research on the hazards associated with the produc-
tion and handling of liquid hydrogen. (5707). US Department of the Interior,
Bureau of Mines; 1961, http://dx.doi.org/10.2172/5206437.

Haider A, Morev I, Rintanen A, Shahin Z, Tamadonfar P, Karimkashi S,
Webhrfritz A, Vuorinen V. Accelerated numerical simulations of hydrogen flames:
Open-source implementation of an advanced diffusion model library in Open-
FOAM. Int J Hydrog Energy 2025;189:152115. http://dx.doi.org/10.1016/j.
ijhydene.2025.152115.,

Demtroder W. Atoms, Molecules and Photons: An Introduction to Atomic-,
Molecular- and Quantum Physics. 2nd ed. Berlin: Springer; 2010.

Cengel Y. Heat and mass transfer: a practical approach. 3rd ed. New York:
McGraw-Hill; 2007, [chapter 12]. Radiation Heat Transfer, pp. 857-885.
Gordon I, Rothman L, Hargreaves R, Gomez F, Bertin T, Hill C, Kochanov R,
Tan Y, Wcisto P, Makhnev VY, et al. The HITRAN2024 molecular spectroscopic
database. J Quant Spectrosc Radiat Transfer 2026;353:109807. http://dx.doi.org/
10.1016/j.jqsrt.2026.109807.

Rothman LS, Gordon I, Barber R, Dothe H, Gamache RR, Goldman A,
Perevalov V, Tashkun S, Tennyson J. HITEMP, the high-temperature
molecular spectroscopic database. J Quant Spectrosc Radiat Transfer
2010;111(15):2139-50. http://dx.doi.org/10.1016/j.jqsrt.2010.05.001.
Kochanov RV, Gordon I, Rothman L, Wcisto P, Hill C, Wilzewski J. HITRAN
application programming interface (HAPI): A comprehensive approach to work-
ing with spectroscopic data. J Quant Spectrosc Radiat Transfer 2016;177:15-30.
http://dx.doi.org/10.1016/j.jqsrt.2016.03.005.

Pagnini G, Saxena R. A note on the Voigt profile function. 2008, arXiv preprint
arXiv:0805.2274.

Zhou B. Spatially resolved temperature and concentration determination in
flames using FTIR emission spectroscopy combined with HITRAN/HITEMP
database [Master of Science thesis], Lund University; 2011.

Harris DC. Quantitative Chemical Analysis. 7th ed.. New York: Freeman; 2007.


http://dx.doi.org/10.1016/j.ijhydene.2013.06.060
http://dx.doi.org/10.1016/j.ijhydene.2013.06.060
http://dx.doi.org/10.1016/j.ijhydene.2013.06.060
http://dx.doi.org/10.1016/j.jlp.2021.104569
http://dx.doi.org/10.1134/S1024856018060143
http://dx.doi.org/10.1134/S1024856018060143
http://dx.doi.org/10.1134/S1024856018060143
http://dx.doi.org/10.1016/j.ijhydene.2013.05.126
http://dx.doi.org/10.1016/j.ijhydene.2013.05.126
http://dx.doi.org/10.1016/j.ijhydene.2013.05.126
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb5
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb5
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb5
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb5
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb5
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb6
http://dx.doi.org/10.1016/0360-3199(78)90016-2
http://dx.doi.org/10.1016/0360-3199(78)90016-2
http://dx.doi.org/10.1016/0360-3199(78)90016-2
http://dx.doi.org/10.2172/5206437
http://dx.doi.org/10.1016/j.ijhydene.2025.152115
http://dx.doi.org/10.1016/j.ijhydene.2025.152115
http://dx.doi.org/10.1016/j.ijhydene.2025.152115
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb10
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb10
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb10
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb11
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb11
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb11
http://dx.doi.org/10.1016/j.jqsrt.2026.109807
http://dx.doi.org/10.1016/j.jqsrt.2026.109807
http://dx.doi.org/10.1016/j.jqsrt.2026.109807
http://dx.doi.org/10.1016/j.jqsrt.2010.05.001
http://dx.doi.org/10.1016/j.jqsrt.2016.03.005
http://arxiv.org/abs/0805.2274
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb16
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb16
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb16
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb16
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb16
http://refhub.elsevier.com/S0360-3199(26)04083-8/sb17

	Spectrum, and absorption in humid air, of thermal radiation from hydrogen jet flames using simplified radiation chemistry
	Introduction
	Method
	Emissive and absorbent medium parameters
	Spectral conditions
	Hydrogen flame
	Humid air

	Global and Local apparent absorbance

	Results
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


