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Publishable summary

A literature survey and analysis of existing experimental data on cryogenic hydrogen
combustion has been done. It includes different phenomena associated with accident
scenarios involving LH2 as a fuel and ambient air as an oxidizer. The phenomena include
LH2 jet fire behaviour, its scaling and radiation properties; burning LH2 pool behaviour,
radiation characteristics; cryogenic hydrogen combustion in a layer geometry relevant to
flame spread over the spill of LH2; flame acceleration and deflagration-detonation-
transition for cryogenic hydrogen-air clouds in an enclosure; LH2 combustion in an
enclosure. BLEVE processes are not included in the analysis because of the planned
contribution from SH2IFT project. Major characteristics of combustion characteristics are
evaluated from existing experimental data or extrapolated and theoretically predicted in
cases of the lack of data. The knowledge gaps for different phenomena are defined and
the main tasks for the forthcoming experiments are formulated.
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1. Introduction (KIT)

The theory of cryogenic hydrogen combustion is based on general theory of combustion
with a difference that the state of combustible matter can be condensed, two-phase or
gaseous but in all the cases at least non-ideal and the real gas equation of state (RG EoS)
should be used. Independent of how low the cryogenic temperature is, the danger of
cryogenic hydrogen combustion could be stronger than hydrogen combustion at ambient
temperature and pressure because of 5-10 times higher density of combustible matters. How
the density factor balances against the lower hydrogen reactivity at cryogenic temperatures
is of great practical importance.

According to the literature survey, theory and existing experimental data analysis a lot of
knowledge gaps in understanding of related physical phenomena can be specified in order
to be solved and be closed by numerical modeling and experiments. The strategy for
modeling and numerical simulations should be oriented to the problem, how to validate
theoretical models against the new and existing experimental data. The feedback between
experimental results and recent models and simulations should then lead to a better
understanding of the process, the capability to predict characteristics of the processes for
LH2 combustion, and produce a set of simplified engineering correlations to predict the
hazards of LH2 combustion.

Special attention should be paid to the following specific problems relevant to cryogenic
temperature combustion:

- Combustion under cryogenic temperatures, at the conditions of the very dense real gas
state, close to condensed phase density. Being ignited, combustion products behave as
an ideal gas.

- Heterogeneous combustion in the presence of condensed (liquid or solid) oxygen,
nitrogen, CO2 and H20. Thus, instead of a volumetric process, a chemical reaction at the
surface (liquid or solid) may occur.

- Effect of cryogenic temperatures on thermodynamics and kinetics of combustion process
leading to several times lower speed of sound and viscosity of the gas. The major problem
here is that existing thermodynamic databases are tabulated up to 200K as the lowest
temperature with non-confidential extrapolation until 100K. Chemical Kinetics exists in
the temperature range above 300K with the non-validated assumption that the reaction
rate will be governed by the same activation energy at cryogenic temperatures.

- Simultaneous combustion and phase transition (flush evaporation) of hydrogen above the
spill of LH2.

- Effect of the inverse hydrogen concentration gradient (higher hydrogen concentration at
the ground level) on combustion dynamics in a layer geometry.

- Radiation characteristics of LH2 combustion.

The main objectives of this work are the following: (1) to complete the experimental
database on cryogenic LH2 combustion, including laminar and turbulent combustion and
detonation of premixed and stratified hydrogen compositions with air at cryogenic
temperatures; (2) to analyze experimental data in order to develop and validate existing or
generate new models for LH2 combustion; and (3) to develop empirical and semi-
empirical engineering correlations for practical applications.
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At the starting point of this project the following list of LH2 specific combustion
phenomena was considered to be addressed:

« LH2 jet fire behaviour, including scaling and radiation properties

- Stationary burning LH2 pool behaviour, radiation characteristics.

- Cryogenic hydrogen combustion in a layer geometry relevant to flame spread over the
spill of LH2

- Flame acceleration and deflagration-detonation-transition for cryogenic hydrogen-air
clouds in an enclosure.

« BLEVE process with pressurized or non-pressurized LH2.!

« LH2 combustion in an enclosure. Effects of pressure, temperature, heat radiation,
convection, geometry, congestion, pressure peaking, etc.

2. Initial conditions. Real gas equation of state (KIT)

Since in reality the combustion process of liquid hydrogen and ambient air occurs only in
the gas phase the temperature range set by LH2 temperature of 20.28K to the ambient
temperature of air of 300K may be reduced for further investigations.

For instance, the calculations with NIST data base [NIST JANAF Thermochemical Tables
(1985)] for 1 bar of ambient pressure gives the lowest temperature T, for gaseous hydrogen-
air composition in whole range of hydrogen concentrations from 0 to 99%H2 (Figure 1).

Tmin ([HZ])

85

0 0.2 0.4 0.6 0.8 1
[H2], mol fraction

Figure 1. Saturation temperature for liquid phase transition for hydrogen-air mixtures (1 bar).

Homogeneous gaseous reactions will only occur above the saturation temperature T.. The
picture shows that within the standard flammability limits (4-75%H2) the lowest
temperature changes from 71.4K (at UFL = 75%H2) to 81.2K (at LFL = 4%H2). This
means that almost full range of burnable hydrogen-air compositions (above 16%H2) is

1 Because of budget limitations the BLEVE will not be experimentally investigated in PRESLHY. Instead,
a close cooperation with the Norwegian project SH2IFT is envisaged, where tests for BLEVE will be
conducted
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located above 80K. Such temperature can easily be achieved by liquid nitrogen cooling
system. The non-ideality of the gas is rather small at such conditions (>80K, 1 bar). The
compressibility factor changes from 0.99 to 0.96. Thus the existing thermodynamic JANAF
tables can be easily extended at least up to 80K. At such a temperature, the real gas density
is only 0.5 to 4% higher than the ideal gas density. Nevertheless, the density difference
should be taken into account for calculations of expansion ratio for combustion products,
o’

Pu
g = —, 1
o (1)

where py is the fresh (unburnt) gas density; pp IS the combustion products density. The low
temperature affects the reaction rate on one side and the densities of the involved gases (4
times higher at 80 K than at standard conditions) on the other side. The problem is that
chemistry in general and chemical reaction mechanisms cannot be extrapolated to such low
cryogenic temperatures compared to thermodynamics. At least all mechanisms should be
validated against experiments. There are some papers [Faisal Khan et al., 2013]
demonstrated a capability to use within FLUENT code the well known H2/02 mechanism
[Burke et al., 2012] to cryogenic temperatures. The authors [G. Ribert et al., 2008] also
implemented a known mechanism by Li et al. (2004) to calculate counter flow hydrogen-
oxygen flames at the low temperature of 100K. An overview of low temperature chemistry
for hydrocarbons and hydrogen can be found in Klotzblcher W.E. (1987).

Taking into account liquefaction of air components at cryogenic temperatures, the actual
temperature range can be chosen for forthcoming experiments on the base of real gas state
using NIST thermodynamic tables. Table 1 shows the lowest temperatures required for
flammable conditions (4-75%H2) of hydrogen-air compositions. Note “St” corresponds to
the stoichiometric concentration of hydrogen in air. It follows from the table that at 1 bar
the initial temperature has to be higher than 81K. At 0.5 bar the lowest experimental
temperature for uniform gaseous compositions can be reduced to 75.8K (below liquid
nitrogen temperature).

Table 1 The lowest temperature T, for flammable concentrations of hydrogen-air
mixtures (using NIST database)

T, K P, bar | %02 %H?2 Note
max
71.4 1 5.25 75 UFL
78.6 1 14.7 30 St
81.2 1 20.2 4 LFL
67.4 0.5 5.25 75 UFL
73.6 0.5 14.7 30 St
75.8 0.5 20.2 4 LFL

At temperatures lower than Ty, a two-phase system of the gaseous hydrogen-air mixture
and a liquid oxygen+nitrogen coexist. The liquid phase will be more than 10 times enriched
with oxygen as compared with the gaseous part, where the ratio of oxygen to nitrogen is
fixed as 1:3.76. In a liquid, the ratio of O2/N2 is changing from 1:0.92 at 81.6K to 1:0.29
at 56.17K. The solubility of hydrogen in liquid substance is negligibly small at such
temperatures and reaction may only take place at the interface gas — liquid. The efficiency
of such a reaction is very small due to a limited reaction surface and also a very low
diffusion of oxidizer in a liquid phase. Another problem is that there are no proper
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mechanisms and reaction rates between gaseous hydrogen and liquid oxygen. However, the
paper Faisal Khan et al. (2013) shows a success to extend the well known chemistry
developed at normal initial conditions to the temperature of LH2.

If the temperature approaches 20.27K of liquid hydrogen then, at the temperature below
63.1K for nitrogen and below 54.36 for oxygen, a solid phase appears. The probability of
reaction between gaseous hydrogen and solid oxygen can even be higher due to absorption
of hydrogen at solid surface which is significantly larger than the liquid one. Additionally,
the reaction can be activated due to the heat of absorption. Exactly at the interface LH2 —
solid oxygen, the reaction liquid fuel — solid oxidizer may occur. It should be like high
explosive reaction due to the extremely high energy density of the system. The only
problem is that reaction should be activated due to some exothermic process similar to
friction, spark, electrostatic discharge, shock wave or something else local leading to
energy release.

The mixture LH2/solid oxygen is well known as a high explosive. Rico (1970) theoretically
and experimentally studied the mixture LH2/solid oxygen. Detonation pressure Pcy = 27000
— 31000 bar and detonation velocity D = 5000 - 8250 m/s were theoretically predicted and
then measured. Similar to high explosives, mixtures of solid oxygen in excess (with respect
to stoichiometry) and LH2 are shock sensitive (NASA report 1740.16, 1997). A local shock
equal to 100 MPa may lead to the detonation of such composition.

The secondary explosion of a solid oxygen “cake” formed on top of LH2 pool occurred
during HSL experiments (Hall et al., 2014). The reason of such an explosion is not clear
yet.
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3. Fundamental combustion properties (KIT)

Flammability limits, ignition time delay, minimum ignition energy, laminar flame velocity,
expansion ratio are the fundamental combustion properties based on thermodynamics and
chemical kinetics. Some of them (thermodynamics based), such as expansion ratio,
maximum combustion pressure and temperature, can be calculated from first principles
with a correction to the real gas equation of state approaching to liquefaction temperature
TL. Most of them (chemical kinetics based), such as laminar flame velocity, flammability
limits, minimum ignition energy, can be evaluated experimentally within a certain range of
temperatures with a very accurate extrapolation to cryogenic temperatures with a strong
need to experimentally validate extrapolation afterward. Usually, those properties do not
depend on the geometry of the system and its scale and can be a priori used as a measure
of chemical reactivity.

3.1. Flammability limits

There exists a range of fuel concentrations, from lean to rich limit between that different
flame propagation regimes can be occurred. Beyond this range, the flame will not propagate
for a long distance from an ignition source. There are several European and American
standards for flammability limits. The European one (prEN 1839 ,,B“) is based on 5%
combustion pressure exceed of ignition spark pressure in pure air. The American standard
is based on flame detachment from ignition source and some distant propagation. In
principle, the term “flame propagation” is very conventional. For instance, Kumar (1985)
proposed that a mixture was assumed to be flammable if the flame front was detected in
the whole test volume (not less than 1.2 m as proposed US Bureau of Mines), regardless of
how the flame was produced. If the flame travels some distance from the ignition source,
and then the flame quenches, the mixture can be indicated in this case as non-flammable
one. Such a method allows to use very powerful ignition source assuming that the far
traveling of the flame is a criterion of stable flame propagation without an influence of
ignition source energy. However, a very big difference in standards leads to a difference in
flammability limits. To minimize the difference, the ignition source energy should be
limited by the values of 5-6 J.

Table 2 Flammability limits at low temperatures (Wierzba et al., 1992)

Initial temperature (°C) Lean flammability limit Rich flammability limit
(H2 %vol) (H2 %vol)
0 - 72.7
-30 4.0 72.0
-60 4.1 71.2
-100 4.3 -

Wierzba et al (1992) studied the influence of low temperature on upward flammability
limits in a stainless steel smooth circular tube of 50 mm diameter and 1 m in length. Ignition
of the test mixture was obtained by an electric spark discharge between two horizontal
conical tungsten electrodes that were spaced 6.5 mm apart and centered in the tube 35 mm
from the lower end of the tube. As shown in Table 2, the flammability domain is slightly

10
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reduced at lower temperatures. The data do not cover the cryogenic temperatures but at
least it shows a trend to reduction of flammable domain with temperature decrease.

Quite different results at lower temperatures up to — 130°C using the same experimental
facility obtained by Karim et al. (1984). The data show a stronger shrinking of flammability
limits at cryogenic temperatures (Table 3).

Table 3 Flammability limits at low temperatures (Karim et al., 1984)

Initial temperature
(K)

Lean flammability
limit (H2 %vol)

It has to be also noticed that the influence of low temperature on horizontal and downward
flammability is not available in the literature.

143 | 186 | 218 | 246 | 273 | 298

6.21 | 5.66 | 5.24 | 488 | 452 | 4.13

The data on flammability limits at low temperatures (Karim et al., 1984 and Wierzba et al.,
1992) fit very well to the data at ambient and elevated temperatures up to 400 °C obtained
in different papers (Gasse, 1992 [4]; Kumar, 1985 [5]; Hustad et al., 1988 [6]; DeSoete,
1975[7] in Figure 2). Figure 2 includes experimental data on flammability and self-ignition
limits experimental (Zabetakis, 1965[14]) and calculated (Kuznetsov et al., 2008;
Kuznetsov et al., 2013) in a whole range of temperatures and concentrations for hydrogen
— air mixtures at ambient pressure. The domain below the self-ignition limit and between
the lower and upper flammability limits corresponds to flammable mixtures area ignited by
an external ignition source (spark, glow plug, hot surface)

H2/air
1000
800 -
Self-lgnition Limit
600 - A A
1
*
o * S FL[1-2]
s 400 (h & OFL [4]
- . AFL[5-T]
LFL 0O Auto-ign.[9-10]
200 {h e O Auto-ign.[14]
AINSFLA [15] UFL
¢ ¢ No Auto-lgn.
0 T r r r
? 20 40 60 80 190
CH2! vol.%
-200

Figure 2. Flammability and self-ignition limits for hydrogen-air mixtures at different
temperatures.

11
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Figure 2 shows a well linear dependence of flammability limits against temperature which
corresponds to so called Burgess-Wheeler law. To describe data in Table 2 the authors
(Wierzba et al., 1992) propose a linear interpolation of the LFL at the temperatures 150-
300 K as follows:

CLFL(T) _1_ (T _
—CLFL(TO)_l 0.000721 - (T —T,) o

where Cr(T) and Crr(To) are the lower flammability limits at given temperature T with
unknown minimum hydrogen concentration and at the reference temperature To with
known LFL. A similar correlation was developed (Wierzba et al., 1992) for upper
flammability limit (UFL) for rich hydrogen-air mixtures:

CorD) _ 4 4 0.000721(T —T,), 3)

CurL(To)

where CurL(T) and Cur(To) are the lower flammability limits at given temperature T with
unknown minimum hydrogen concentration and at the reference temperature To with
known UFL.

Zabetakis (1965) used this dependence easier in the form:

C,., [V0l.%] = 4.13-0.013 - (t — 25°C) @)

where CrrL is unknown lower flammability limit for a given temperature t [°C] relatively
to the lower flammability limit CLr. = 4.14 vol. %H: at the ambient temperature t = 25 °C.
Zabetakis (1965) extrapolated correlation Eq. (4) until LH2 temperature and obtained the
value Crr = 7.7 vol. %Ho.

For the temperatures higher than 300 K Baker et al. (1978) propose a linear dependence as
follows:

C_., [v0l.%] = 4.0 (T —300)/121.61 )

where CprL is unknown lower flammability limit for a given temperature T [K] relatively
the lower flammability limit CLrL = 4.0 vol. %H; at the ambient temperature T = 300 K.
Summarizing all the experimental in the range -150 — 400 [°C] for the practical application
we recommend to use a linear interpolation:

Cor[vol. %] = 4.397 — 0.0063¢[0C], (6)

where CirL is unknown lower flammability limit for a given temperature t [°C] relatively
the lower flammability limit C L = 4.397 vol. %H; at the temperature t = 0 °C. At ambient
temperature t =20 °C Eq. (6) gives a little bit higher value of CLrL = 4.27%H2 than
measured but the correlation covers a wide range of temperatures.

Experimental data of (Gasse, 1992; Kumar, 1985; Hustad, 1988; DeSoete, 1975) on upper
flammability limits (UFL) for hydrogen-air mixtures in the temperature range 20-400 °C
are presented in Figure 2. Baker et al. (1978) propose a linear dependence for UFL as
follows:

Cye [VO1.%] = 74.0 — (T —300)/37.85 @)

12
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where CprL is unknown upper flammability limit for a given temperature T [K] relatively
the upper flammability limit CurL = 74.0 vol. %H> at the ambient temperature T = 300 K.
Summarizing all the experimental in the range -60 — +400 [°C] for the practical application
in order to calculate the upper flammability limits (UFL) we recommend to use a linear
interpolation:

Cye[VOL.%] = 73.8 +0.033 - t[°C] @®)

where CurL is unknown upper flammability limit for a given temperature t [°C] relatively
the upper flammability limit Cur. = 73.8 vol. %H> at the ambient temperature t =0 °C.
Blue solid lines corresponding to the linear dependencies Egs. (6) and (8) extrapolated to
the highest temperatures above 600 °C are shown in Figure 2 and demonstrate good
agreement between all experimental data and proposed correlations.

The flammability limits correlations as a function of initial temperature proposed for
stagnant initial conditions. Of course, in a real accident scenario, in presence of overlapping
effects of elevated pressure and flow velocity under high pressure hydrogen releases the
ignitability of a non-uniform turbulent hydrogen jet can be significantly changed. The
ignition and combustion characteristics of such a gasdynamic structure as a hydrogen jet
will be one of the major goals of the ongoing PRESLHY project.

3.2. Minimum Ignition energy (MIE)

The minimum ignition energy (MIE) is one of the most important characteristics of
chemical reactivity and combustion energy for flammable mixtures. According to Lewis
and von Elbe (1987) to ignite a mixture, the spark should provide an appropriate amount
of energy within a critical size similar to that for the burnt mixture itself. The MIE is
influenced by the mixture’s initial temperature because of density changes. To our
knowledge, there is no publication on the influence of low cryogenic temperature on the
MIE of hydrogen-air mixtures. At least, according to the theoretical equation (Lewis, von
Elbe, 1987) the minimum ignition energy H should decrease with initial temperature
decrease:

a3 T,
H="CKCyp,T, (1 - “/Tb), 9)

Where d is the quenching distance; K is the stretch factor (K = 0.5 for stoichiometric
hydrogen-air); C, is the heat capacity; py is the initial density of the mixture; Ty is the initial
temperature of unburned material; Ty is the adiabatic combustion temperature. In Lewis
and von Elbe (1987) work the MIE for stoichiometric hydrogen-air mixture changes
linearly from 31.5uJ to 18uJ with the initial temperature increase from 0 °C to 100 °C. The
data fit well to the correlation

Eninl)] = 31.44 — 0.1346¢[0C], (10)

The same behaviour was found by Gan Cui et al. (2016) for methane-air at different
pressures, the MIE increases with a decrease of the initial temperature to cryogenic
temperatures. The MIE increases from 0.5 mJ to 1.3 mJ with a temperature decay from 273
to 123 K (Figure 3). Similar behaviour can probably be expected for hydrogen-air mixtures
at low and cryogenic temperatures.

13
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Figure 3. Pressure (left) and temperature (right) dependences of MIE for methane-air mixture.

It was found that a semi-empirical correlation obtained up to 200K by Martin-Valdepefias
et al. (2003) for stoichiometric, lean and rich hydrogen-air compositions can be used even
up to cryogenic temperatures. Figure 4 shows the same trend as methane-air (Figure 3) and
hydrogen-air mixtures at elevated temperatures (Eg. 10). The Minimum ignition energy
increases with the initial temperature decrease within the cryogenic domain. The picture
also shows a strong MIE increase for lean and rich hydrogen — air mixtures in comparison
with stoichiometric one. The difference takes one or two orders of magnitude. For some
reasons, the data by Valdepefias et al. (2003) give two times higher MIE than given by
Lewis and von Elbe (1987).

Minimum Ignition energy (MIE)

—&—stoichiometric(p=1)
—o—lean (¢p=0.264)

0.1 ;
rich (¢=2.38)

0.01

MIE/J

0.001

.—’_‘—‘\‘—\'\o
0.0001 ’—’—0—0\._\.

0.00001

0 50 100 150 200 250 300 350
Temperature / K

Figure 4.Minimum Ignition Energy as function of initial temperature.
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3.3. Laminar flame speed

The laminar flame speed is one of the most important integral characteristics of the
chemical reactivity of combustible mixtures. Using a spherical bomb and the pressure
trends, Bavoil (1997) studied the influence of cold initial temperature on the laminar flame
speed of H2/air mixtures from 100 to 300K for different equivalence ratios (Rich on the
figure). For equivalence ratio (Richesse in French) he proposed values of alpha to calculate
the laminar flame speed in low temperature conditions.

In explosion science, in many situations the flame speed Vs is (at least at the beginning of
the flame propagation) proportional to the product of the expansion ratio with the laminar
flame speed. At ambient conditions, V¢ =6.89 * 2.1 = 14.47 m/s. At 100 K, Vf=20 * 0.4
= 8 m/s. On this basis, cryogenic conditions could be considered as less reactive than
ambient conditions.

According to the thermal theory of laminar flame by Zeldovich — Frank-Kamenetskii
[Zeldovich, 1951, Zeldovich et al., 1975, Frank-Kamenetskii, 2015] the pressure-
temperature dependence of laminar flame velocity can be expressed as follows:

Su(T,p) = Sug (T/To)a (p/po)ﬁ (11)

where Suo is the laminar flame speed at standard temperature To and pressure po; o and 8
are empirical exponents. Since the laminar flame propagation is controlled by the diffusion
of species between reactants and reaction zone, the temperature exponent o is about 1.5,
the same as for the ratio of diffusion or thermo-diffusion coefficients
D(T)/D(T0)=(T/To)*2. Empirical data on o and B exponents at elevated pressures and
temperatures are given in Malet, 2005. The data processing of experimental data for
cryogenic temperatures by Bavoil (1997) gives the parameters of Eq. (11) in Table 4. As
follows from Figure 5, the correlation Eq. (11) is valid in a wide range, including cryogenic
temperatures.

Laminar flame velocity
3.5

O f=0.6

S, mfs

100 150 200 250 300
T,K

Figure 5. Laminar flame velocity as function of temperature for different hydrogen-air
compositions by Bavoil (1997).
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Table 4 Laminar flame velocity as function of temperature (Bavoil, 1997))

Equivalence ratio Laminar flame velocity, Temperature exponent
Suo, m/s o
f=0.6 1.29 1.95
f=1 1.95 1.46
f=1.4 3.06 1.53
f=1.8 3.32 1.4
f=3 2.1 1.55

The laminar flame velocity at different initial conditions can also be directly calculated
using the Cantera code with detailed chemistry (Lutz scheme in this particular case). Figure
6 demonstrates the behaviour of laminar flame velocity at low temperatures. The capability
of the code was limited by 200K. Then, the dependence was extrapolated to 80K. Figure 6
shows an over-prediction of theoretical calculations compared to experimental data: Su =
0.50 m/s against 0.4 m/s (100K). Extrapolation calculations to 80K gives the value Su =
0.36 m/s. Since the comparison of experimental and calculated data at ambient temperature
293 gives the same trend Su = 2.57 m/s (Cantera) and Su = 1.95 m/s (experiments), then
the accuracy of calculations is acceptable for further analysis.

3
® Lutz mech calculations

“»2.5 1| OExtrapolations
T
£
2 2
(8]
o
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Q 15 1
£ Su = 2.57+(T/To) 15162
=
5 1
=
£
Tos5

0 T T T T T

50 100 150 200 250 300 350

Initial temperature (K)

Figure 6. Calculated laminar flame velocity as function of temperature for stoichiometric
hydrogen-air mixture (Cantera [Goodwin, 2009] with Lutz mechanism [Lutz, 1988]).

For practical application, we use so-called visible flame speed as a product of laminar flame
speed Su times expansion ratio . As Figure 7 shows, reduced chemical reactivity at
cryogenic temperatures will be compensated by higher density and, in turn, by the higher
expansion ratio of the gas at low temperatures. It leads that the visible flame velocity 11.7
m/s at T = 80K is only two times lower than that of 25.7 m/s at ambient conditions.

Existing experimental data laminar flame velocity at cryogenic temperatures and its good
agreement with theoretical predictions we can use that data for the analysis of flame
propagation regimes at reduced and cryogenic temperatures in the current project.
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Figure 7. Calculated visible flame velocity as function of temperature for stoichiometric
hydrogen-air mixture (Cantera [Goodwin, 2009] with Lutz mechanism [Lutz, 1988]).

3.4. Maximum combustion pressure

Usually, the maximum combustion pressure is associated with adiabatic isochoric
combustion pressure Picc, which can be easily calculated using thermodynamic tables for
the equilibrium state of reacting components at constant volume conditions. adiabatic
isochoric combustion pressure can be as a measure of the strength of hydrogen-air
explosion under conditions of constant volume.

The pressure generated by adiabatic isochoric combustion can be calculated using the
EXPLPRESS freeware. This explosion pressure is higher when the initial temperature
decreases. For instance, for Ho/air stoichiometric mixture at atmospheric pressure, Paicc
equals to 8 bar at 300K increases to 12 and 23.5 bar respectively for 200 and 100 K.

The STANJAN code (W C Reynolds, 1981) and Cantera code [Goodwin, 2009] based on
NASA thermodynamic data base are also able to calculate the PICC pressure even to 78K
in an assumption of the ideal gas. It gives the same value of 23.49 bar at 100K and 30.08
bar at 78K corresponding to liquid nitrogen temperature. This means that hydrogen
explosion at liquid nitrogen temperature will be 3.75 times stronger than at ambient
temperature for the same volume of the mixture.

3.5. Maximum combustion temperature

Thermodynamic calculations by STANJAN code demonstrated very weak influence of
initial temperature on adiabatic combustion temperature. For instance, a changing of initial
temperature from 300 K to 78 K (four times) the adiabatic combustion temperature varies
less than about 5%, from 2383 K to 2263 K, respectively.

We suppose that high level of confidence of the theoretical calculations of such
thermodynamic characteristics of hydrogen combustion as maximum combustion pressure
Picc and adiabatic combustion pressure Th at cryogenic temperatures will be sufficient for
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direct use of calculated values for the analysis and to normalize real measured combustion

characteristics.
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Figure 8. Calculated visible flame velocity as function of temperature for stoichiometric
hydrogen-air mixture (STANJAN code, Reynolds, 1981)).
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Figure 9. Calculated visible flame velocity as function of temperature for stoichiometric
hydrogen-air mixture (Cantera [Goodwin, 2009] with Lutz mechanism [Lutz, 1988]).
3.6. Expansion ratio

The expansion ratio is the ratio of the density of the fresh gases by the density of the burnt
gases. This is an important parameter for explosion modeling because it represents the
piston effect of the flame due to the thermal expansion of combustion products. This may
result in the formation of turbulent flow and advancing shock waves in front of the flame.
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Since the visible flame velocity St and flow velocity Ur ahead the flame are proportional to
the expansion ratio, the expansion ratio is of great importance for combustion processes
and flame acceleration and DDT:

Sf=0-Sy; (12)
Us=(@-1)-Sy, (13)

This means that the expansion ratio may also increase roughly in four times assuming a
real gas equation of state. As shown in Bavoil (1997) paper, the expansion ratio increases
for low temperature. For a stoichiometric mixture at atmospheric pressure, the expansion
ratio is equal to 7 at 300K and increases to 20 at 100 K. The same value of expansion ratio
o = 19.53 for the stoichiometric hydrogen-air mixture at 1 bar and 100K was calculated by
using the STANJAN code (Figure 10). At 78K the STANJAN code gives a value ¢ = 24.88.

30
® Lutz mech calculations
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_g 2o | A Real gas (NIST data base)
5 ¢
= <&
‘% 15 4 ¢
o @
o
& 0 PN

e
‘. .
5 g [ ] Py
0 T T T T T
0 100 200 300 400 500 600

Initial temperature (K)

Figure 10. Calculated expansionratio as function of temperature for stoichiometric hydrogen-air
mixture (Cantera [Goodwin, 2009] with Lutz mechanism [Lutz, 1988]).

Taking into account the real gas state (according to the NIST data base) at lower initial
temperatures the expansion ratio will be not so much changing in comparison with the ideal
gas state: 6 = 19.73 (T = 100K); o = 25.53 (T = 78K).

3.7. Concluding remarks

e The proper temperature domain for flammable hydrogen —air mixtures at cryogenic
temperatures is defined.

e Since such fundamental properties as expansion ratio, laminar flame velocity and
flammability limits will be used for further analysis of flame acceleration and DDT
criteria, theoretical evaluations and experimental data extrapolations of such
properties at cryogenic temperatures should experimentally be validated.
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4. Cryogenic hydrogen combustion.
A theory, experiments, accidents and numerical simulations
(KIT)
The objective is to evaluate critical conditions for flame acceleration and detonation
transition for hydrogen-air mixtures at cryogenic temperatures, possibly in presence of

condensed oxygen and nitrogen. The data are required for safety analysis to evaluate the
strongest possible combustion pressure and safety distances for LH2 explosions.
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4.1. Cryogenic hydrogen jet-fire (KIT, UU, PS)

In this particular chapter, the main characteristics of cryogenic hydrogen jet fire are
analyzed as following: flame length, heat radiation, maximum combustion pressure and
damage diagrams for safety distance evaluations. An effect of jet geometry, nozzle
diameter, initial bulk pressure and temperature will be analyzed.

4.1.1.Dimensionless flame length correlations (UU)

Sandia National Laboratories (SNL) conducted experiments on cryogenic hydrogen jet
fires with release temperature 37-295 K and pressures up to 6 bar abs (Panda & Hecht,
2017). They observed that the flame length correlates well with the square root of the
Reynolds number. The dimensionless correlation for hydrogen jet flames developed at
Ulster includes treatment of non-premixed flames from expanded and under-expanded
releases through the Mach and Froude numbers in addition to Reynolds number (Molkov
& Saffers, 2013). The correlation was validated against jet fires with pressure in the range
10-900 bar and temperature in the range 187-300 K. UU analysed the performance of the
dimensionless correlation when applied to model 30 tests on vertical cryogenic hydrogen
jet fires conducted at SNL (Cirrone et al., 2019). Release temperature and pressure were
included in the ranges 46-295 K and 2-6 bar abs respectively. Ulster’s under-expanded jet
theory was applied to calculate parameters at the real nozzle exit (Molkov et al., 2009). The
deviation of the calculated mass flow rate from experiments was contained within £10%.
The experimental flame length was given as an average of the images of the visible and
infrared (IR) cameras. Correlation by Schefer et al. (2006), L,;; = 0.88 L;z, was used to
retrieve the visible flame length in SNL tests and report the results in Figure 11.

10000 + UU study (SNL data),

T=46-295K, P=2-6 bar

x Molkov and Saffers (2013),
T=187-273K, P=10-870 bar

1000

L Ly/d

00

10
1.E-09 1.E-06 1.E-03 1.E+00
(pN/ps) . (UN/CN)3

Figure 11. The dimensionless correlation for hydrogen jet flames against experiments.

All tests are located in the momentum dominated under-expanded jet region. It is showed
that the flame correlation represents conservatively SNL cryogenic jet fires. Three tests
with release pressure equal to 2 bar abs present an exception out of the set of 30 tests,
showing an underestimation of the flame length up to 14%. This deviation may be due to
the experimental determination of the flame length as the distance from the nozzle where
the intensity drops to 10% of the maximum recorded for the flame image. Overall, the
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deviation of calculated flame length from experimental measurements is mostly within
acceptable accuracy for engineering correlations, 20%, similarly to releases from storage
at atmospheric temperatures. It is concluded that the use of the dimensionless flame
correlation can be expanded to cryogenic releases with pressure up to 6 bar abs.

The temperature at the release was found to greatly affect the resulting flame length.
Considering as an example a release pressure of 2 bar abs and nozzle diameter 1.25 mm,
the decrease of temperature from 185 K to 46 K leads to an increase of calculated flame
length from 0.40 m to 0.77 m. As a consequence, the minimum distance to not be harmed
by the jet fires should increase from 1.4 m to 2.7 m. Calculation of “no harm” distance
follows the study in (Molkov & Saffers, 2013), that related the jet fire flame length and
temperature distribution along the axis. It was found that the temperature of 70 °C, which
corresponds to a “no harm” criteria for any exposure duration, is achieved at x = 3.5Ly.

Panda and Hecht (2016) studied cryogenic hydrogen ignited free releases. They compared
own data on jet fire length with known literature (Figure 12) and showed that the correlation
Eq. (14) established for gaseous hydrogen releases could be used for cryogenic hydrogen
releases as well:

b (14)
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Figure 12. Dimensionless flame length as a function of Reynolds number for the cryogenic
hydrogen releases by Panda and Hecht (2016). Black symbols correspond to data (Breitung et al.,
2009)

The Reynolds number is calculated on the throat density, viscosity, choked flow velocity,
and diameter. Compared to the expression proposed by Molkov and Saffers (2013) (L =
f(m.D)*) for atmospheric temperature hydrogen releases, this expression allows to take into
consideration the variations in viscosity extends the correlation for cryogenic hydrogen
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releases. Experimental data by Panda and Hecht (2016) also give a proportionality of flame
length Lf against mass flow rate at different temperatures. The proportionality coefficient
is higher for cryogenic temperatures.

The visible flame length of turbulent diffusion flames has been extensively investigated in
Panda and Hecht (2016) and Sivathann and Gore (1993), Houf and Schefer, (2007), and
Breitung et al. (2009). They represent a summary plot for the non-dimensional visible flame
length L* as a function of Froude number (Figure 13, Figure 14), where

¢ 1/2
s
Po (15)

Lvis is the visible flame length; fs is the mass fraction of hydrogen in a stoichiometric H»-
air mixture (29.6 vol. %); d is the nozzle diameter; po is the density in a pressurized
reservoir; pw is the density of ambient air. Low Froude numbers refer to slow buoyant
plumes. The most dangerous jet fires have Fr-numbers larger than 5, for which L* = 23 can
be assumed with good accuracy, so that the visible flame length can be expressed as a
simple function of the nozzle diameter d and the hydrogen reservoir density po:

Ly =237 (;’7"0)1/2 , (16)
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Figure 13. Dimensionless flame length as a function of Reynolds number for the cryogenic
hydrogen releases by Panda and Hecht (2016). Black symbols correspond to data (Breitung et al.,
2009)
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Figure 14. Non-dimensional visible flame length as a function of Froude number for the
cryogenic hydrogen releases: black symbols (Sivathann and Gore, 1993) red symbols (Houf and
Schefer, 2007); open symbols (hydrocarbons).

4.1.2.Heat radiation and radiative fraction

Heat flux from hydrogen jet fire is one of the major properties to be used for safety distance
evaluations. Radiative emission of hydrogen jet fire behaves as grey body radiation and
depends on the optical thickness of the radiative zone. Taking into account the hydrogen
jet fire structure and different diameters of jet fire along the axis, it should be an axial and
radial distribution of heat flux radiation out of the flame surface. Independent of the gas
nature the maximum heat flux occurs at the axial position x/Lf = 0.6 (see Figure 15). The
same results were obtained for cryogenic hydrogen releases as a function of heat flux versus
normalized axial position x/Lf (see Figure 16). The temperature changed up to 48K in this
work.
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Figure 15. Profiles of normalized radiative heat flux along the centerline of a turbulent, hydrogen-
jet flame. Jet diameter is 7.94 mm. Vertical jet orientation [Schefer et al., 2006].
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Figure 16. Radiative heat flux along the length of the jet flame, for several cold release
conditions. [Panda and Hecht, 2016].

In the framework of the Icefuel project, a series of experiments with cryogenic hydrogen
releases at initial pressures from 7 to 35 bars and temperatures from 35 to 80 K was
performed (Breitung et al., 2006; Friedrich et al., 2012). Radiative levels of jet flames were
measured at different radial and axial positions. The axial sensor locations were changed
from 0.25 to 2.25 m from the nozzle level at three fixed radial locations 0.50, 0.75 and 1.25
m from the jet axis.
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Figure 17. Measured heat fluxes scaled in axial and radial direction with the visible flame length
Luis (r/Lvis = 0.5) (Breitung et al., 2006).

Figure 17 shows a plot of heat fluxes versus x/L.is for a constant scaled radial distance of
r/Lvis = 0.5. This scaled radial distance corresponds to absolute radial distances between
0.625 and 1.04 m. Heat flux measurements were made for radial distances of r = 0.5, 0.75,
and 1.25 m, so that the heat fluxes at r/Lvis = 0.5 can be interpolated from the data shown
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in Figure 17. This scaling approach results in a single relation which has its maximum at
x/Lyis = 0.6. The maximum heat flux in these scaled coordinates is qmax = q(x/Lvis = 0.6,
r/Lvis = 0.5) = 0.21 W/cm?,

The measured maximum heat fluxes from the data similar to Figure 17 but for all the
experiments can also be scaled against the radial coordinate r/Lvis. The resulting 6x3 = 18
data points are plotted in Figure 18; they all follow closely to the relation

—-1.59
r) > kw

Qmax = 0.74 (—

- (17)

m?2

Of course, it should be a difference of radial heat flux distribution for jet fire geometry and
classical spherical geometry of fireball when heat flux decays proportionally to r?2,

Maximum heat flux is the most important characteristic of burned hydrogen jet for
conservative hazard evaluation. For x/Lyis = 0.5, Eq. 17 reproduces well the maximum heat
flux from Figure 18. The correlation of q =q(x/Luvis) together with Eq. 17 allows to calculate
q(x,r) for a given visible flame length Luis.
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Figure 18. Measured maximum heat fluxes as function of scaled radial distance r/L.is from the jet
axis, r=radial distance, Lyis = visible flame length (x/L.is = 0.5) (Breitung et al., 2006).

One more useful correlation of heat flux and mass flow rate at cryogenic temperatures is
given in Figure 19 (Breitung et al., 2006):

Groo7sm |2s| = 0-12751, 4] (18)

The heat flux calculated by Eq. 18 can be recalculated for any distance assuming a certain
geometry (cylinder, spherical). This correlation is quite similar to that as a function of flame
length (Eq. 17).

Since hydrogen flame is very transparent and radiates as a grey body, the emissivity of such

flame depends on the optical thickness of the flame. The measurement of the local heat flux
q(x,r) parallel to the jet axis at a radial distance r = Lyis /2, allows to derive the total heat
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flux Srag emitted from the flame by integrating q(x,r) over a cylindrical surface with the
radius r = Lvis /2. When Srag is divided by the chemical heat release rate the fraction of
radiant energy Xrad can be calculated:

fatxr=L,,72) dA

Srad _ oyl

rad = 5
mAH, mAH, (19)

where Spq is the total emitted thermal energy of the jet flame; M is the release rate of
hydrogen = burning rate; AHc = 120 MJ/kg is the heat of hydrogen combustion;
q(x,r=Lvis/2) is the measured local heat flux at r = Lyis/2; dA is the surface element of a
cylinder, assumed for jet fire shape.

1.2

Radial distance from jet axis 0.75 m

Q (wien?) = 0.1275- m, (ais)
03

iC
e
@
L]

IF 5000 IF 4000

0.4

02

0 1 2 3 4 5 5 7 g 9
Massflowgis

Figure 19. Radiation heat flux correlation as function of mass flow rate (Breitung et al., 2006).
Initial temperatures To = 34-65K (IF 3000); To = 38-44K (IF 4000); To = 44K (IF 5000).
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Figure 20. Comparison of radiant fractions obtained in different works: black open points

(hydrogen, Schefer et al., 2006); black solid points (hydrocarbons, Turns and Myhr, 1991) red and
blue open points (hydrogen at different temperatures, Breitung et al. (2006).
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The results obtained by Breitung et al. (2006) for the radiant fraction are compared in Figure
20 to the literature data (Schefer et al., (2006); Turns and Myhr, 1991) in terms of radiant
fraction Xrad @s a function of residence time t. The flame residence time t, as defined in
Turns and Myhr (1991), is the average time a volume of burned gas needs to pass through
the jet flame region. t is proportional to flame length Lyis. It follows Figure 20:

1. Thermal radiation from hydrogen flames is significantly below that of hydrocarbons,
where the radiative properties are dominated by continuum radiation from solid soot
particles. In hydrogen jet flames gas band radiation from steam is the dominant emitting
mechanism, resulting in much less heat release. This is an important safety advantage of
GH»-flames compared to hydrocarbon jet flames.

2. According to Schefer at al. (2007) and Turns and Myhr (1991), the radiant fraction
increases with the residence time and visible flame length (t ~ Luis).

3. According to Breitung et al. (2006) the radiant fraction of hydrogen jet fire is increasing
from 3 to 8% with initial temperature decrease from 290 to 34K.

Another series of hydrogen jet fire radiation measurements were performed by Panda and
Hecht (2016) at cryogenic and normal initial temperatures (Figure 21). The paper shows
the same trend for radiant fraction versus nozzle temperature. The radiant fraction increases
from 1.5 to 5% with temperature decrease from ambient (300K) to cryogenic temperature
(60K). A correlation based on power-law was proposed to predict the radiative fraction as
a function of global flame residence time

¥r= 945 ® lﬂ_g [I:].FT,:T?]E‘F. (20)

where g is the residence time; Tf is the adiabatic flame temperature; ap = 0.23 is the Planck-
mean absorption coefficients for different flames reported by Molina et al. (2007).
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Figure 21. Radiant fractions for the cryogenic hydrogen jet flames (Panda and Hecht, 2016).

4.1.3.Damage diagram

The aforementioned analysis of hydrogen jet fire dimensions and its heat radiation allows
evaluating the integral heat flux under jet fire effect on surrounding structures and humans
in the vicinity of the hydrogen jet release for potential risk assessment and safety distances
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evaluations. The total heat flux is an integral of local specific heat flux over the jet fire
surface. Then, we have to know the axial heat flux distribution along with the jet fire (see
Figure 15, Figure 16, Figure 17), radial distribution (Figure 18) and the shape of the jet fire
surface. Of course, for each particular case, an integral heat flux can be numerically
integrated with proper models of high-pressure hydrogen release, its distribution,
combustion model and radiation of combustion products. To simplify the problem a
cylinder shape of the jet fire with characteristic length L = L and a side surface of S =0.17
L+ in average was assumed (Breitung et al., 2006). The cylinder shape of hydrogen jet fire
could be based on Figure 22 (Schefer et al., 2006). The ratio of visible flame width to visible
flame length was found to be 0.17 £ 0.02 in many experiments (Schefer et al., 2006; Turns
and Myhr, 1991) and the maximum dimension is roughly located in the middle position of
the jet. The effect of heat radiation depends on the jet fire orientation with respect to the
object. It can be horizontal, vertical and a side or an axial view position. For the axial view
position, the radiative area was assumed as S = 0.02 L (Figure 23).

Visible IR

r
>

O
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Side view area S = 0.17L¢
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4

Omax (Lf)

O ‘ afe

Figure 23. Geometry of hydrogen jet fire and exposing object location (Breitung et al., 2006): left
— side position; right — axial position of exposing object.

Omax (o-GLf)

As proposed in Breitung et al. (2006), for most of the realistic accident cases with Fr > 5,
a correlation (Eg. 16) can be used for visible jet fire dimension Lt
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d { po 1/2

A

where fs is the mass fraction of hydrogen in stoichiometric H2-air mixture; d is the nozzle
diameter; po is the density in the pressurized reservoir; p« is the density of ambient air. Eq.
16 allows to scale the maximum heat fluxes to any required nozzle diameters and hydrogen
reservoir densities connected to the pressure and temperature of pressurized volume. The
extrapolation of gmax assumes conservatively that the exposed object surface is located near
the axial position x/ Lf = 0.6, or roughly in the middle of the axial jet flame at a certain

radial distance r. Then, Eqg. 17 can be used to calculate the maximum heat flux at radial
position r :

kw

m?2

- —-1.59
Qmax = 0.74 (—)
Ly

Based on this approach Figure 24 shows the calculated radial safety distances Ls at which
the skin pain limit of about 50 kJ/m?, (Mudan, 1984) which is close to 1% degree of skin
damage (Stoll and Chianta, 1968; Sullivan and Jagger 2004) would be reached after 10
seconds of thermal exposure. This distance may be considered as the safe distance because
usually 10 s should be a sufficient time to take protective measures against the heat flux.
The safety distances in Figure 24 are proportional to the nozzle diameter and the square
root of the hydrogen density in the reservoir. For a given pressure the safety distance
decreases with increasing temperature, due to the density reduction. It also shows that
cryogenic temperatures will lead to enlarged safety distances at the same bulk pressure.

Safety distances (pain limit)= first degree
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Figure 24. Estimated radial (left) and axial (right) safety distances for reaching the skin pain limit
within 10 seconds (Breitung et al., 2006). The visible flame length Lt is used as safety distance for
axial position. The effects of leak diameter and hydrogen reservoir conditions are shown.

For the axial position, the visible flame length can be considered as an axial safety distance
for flammable materials or humans and structures. The safety distances equal to flame
length Lyis based on Eq. 16 are presented in Figure 24, right for different break diameters d
and hydrogen reservoir conditions.

Figure 25 presents another view on thermal hazards by considering the exposure time
necessary to reach a given skin damage. Skin damage depends primarily on the absorbed
radiative energy and weakly on radiative power. Figure 25 summarizes the energies needed
for the different degrees of skin damage (Stoll and Chianta, 1968; Sullivan and Jagger
2004). Five lines are shown for scaled radial distances of r/Lvis = 0.1 -1.0 from jet fire axis.
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Their slopes correspond to the maximum heat fluxes from Eq. (17), e.g. 9.56 kW/m? for
r/Lvis = 0.2. A cross-section of r/Lyis — line with a certain damage degree corresponds to the
safety distance to reach a certain damage degree in the corresponding exposure time
exceeds the critical value corresponding to the cross-section point. The value r/Lvis = 0.1
represents the lower limit of the present model because the ratio of visible flame width to
visible flame length was found to be 0.17 £ 0.02 in many experiments (Schefer et al., 2006;
Turns and Myhr, 1991). The radial distance of r/Lvis = 0.1 is therefore close to the visible
flame surface.

28.8 kWWim? 9.56 kWW/m? 5.02 k\W/mz2

—— Pain limit
—0— || degree [Stoll
| degree

—degee ] [ 2.22 KW/m?2

—— Il degree

Q, kJimz

200

=05

| —

0.74 kW/m?

e

1004/

e

0 10 20 30 40 50 60 70 80 20 100
ts

Figure 25. Maximum exposure times for different degrees of skin damage from thermal radiation
of turbulent hydrogen gas jet flames.

Using the visible flame lengths from Figure 24, right, the maximum exposure times for
different skin damages can be estimated from Figure 25. For instance, for an 80 K/30 bar
reservoir with a 10 mm leak the safety distance Lyis is about 12 m. At an absolute distance
of r = 3.6 m (r/Lvis = 0.3) the pain limit would be reached after 10 s, the first, second and
third degree of skin damage after about 20 s, 50 s, and 80 s, respectively. The most sensitive
surface for thermal radiation is the eye.

The only damage diagrams due to thermal radiation of hydrogen jet fire are analyzed. The
effect of combustion pressure and blast wave under high pressure hydrogen release is not
presented in this chapter due to the lack of experimental data.

4.1.4.Concluding remarks
This section can be summarized as follows:

e Based on existing experimental data the visible flame length L.is for a cryogenic
hydrogen jet fire can be evaluated. The data should be extended for horizontal jet
fire as well. The shape and characteristic dimensions of cryogenic jet fire should
be investigated more precisely.

e There is a lack of heat flux measurement for cryogenic jet fire. Thermal radiation
from horizontal stationary high-momentum hydrogen jet flames at cryogenic
temperatures should be measured using thermo-video camera. Time dependence of
heat flux for unstationary jet fire should also be investigated. CFD models for
numerical simulation of jet fire radiation should be developed.
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e Spatial distribution of heat radiation from jet fire should be investigated.

e Anignition envelope and flame flush back limit for cryogenic hydrogen jet should
be investigated.

e Transient regimes of cryogenic jet fire should be investigated with respect to
measure heat radiation and maximum combustion pressure at the initial moment of
jet fire development, just after ignition.

e A more precise (not so conservative) procedure for damage diagrams due to heat
radiation and blast wave under hydrogen jet ignition should be developed.
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4.2. Flame propagation regimes at cryogenic
temperatures (KIT)

Within the flammability limits, three typical combustion regimes can be distinguished for
gaseous mixtures. These include slow subsonic deflagrations (v < cr - flame velocity v is
less than the sound speed in reactants cr), fast supersonic flame (cr< v < ¢p - flame velocity
was less than the sound speed in products cp, but more than the sound speed in reactants),
and detonation (v = Dcj, Chapman-Jouguet velocity). All possible regimes are shown
schematically in Figure 26 for hydrogen-air mixtures at initial pressure 1 bar.
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Figure 26. Combustion regimes for different hydrogen-air mixtures (P = 1 bar, T = 293K): right
pictures correspond to pressure signals for different regimes (Dorofeev et al., 2001, 2000).

As it was suggested by Dorofeev and co-authors, expansion rate * (Dorofeev et al., 2001)
and 7 criteria (Dorofeev et al., 1997, 2000) can be considered as potentials of strong flame
acceleration and detonation onset correspondingly. Mixtures with the expansion rate
o above the critical value o* can effectively accelerate and then detonate, if the detonation
criteria L > 7 is satisfied (L is the characteristic size of the combustible domain, A is the
detonation cell size). The mixtures with ¢ < c* can not accelerate effectively and a subsonic
combustion regime may only occur. Characteristic pressure load from the combustion
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process is a function of combustion regime and can change from 1-2 bar for slow
combustion, to 6-8 bar for sonic flames and 20-40 bar for detonation for initial pressure 1
bar (see Figure 26).

The objective of this part is to evaluate the critical conditions for flame acceleration and
detonation transition for hydrogen-air mixtures at cryogenic temperatures, possibly in the
presence of condensed oxygen and nitrogen. The data are required for safety analysis to
evaluate the strongest possible combustion pressure and safety distances for LH2
explosions.

4.2.1.Flame acceleration limit. Critical expansion ratio.

The critical expansion ratio o* is a function of dimensionless integral scale as Peclet
number Pe = L1/5 (Lt - turbulent length scale, & -laminar flame thickness) and Zeldovich
number B (B = Ea(To-Tu)/Tv?). The critical expansion ratio c* decreases with initial
temperature Ty increase and overall energy activation Ea decrease (see the Figure 27).
Dorofeev et al. (2001) give a polynomial correlation to evaluate the critical expansion ratio
as a function of temperature

o =9.010"°x°-0.0019x* +0.1807x +.2314,

where X=E./RT,. Assuming a constant activation energy E.=7500K for hydrogen-air
mixtures in wide range of temperatures and concentrations, an extrapolation to cryogenic
temperatures gives the values of the critical expansion ratio * = 7.89 at T = 80K and c*
= 6.9 at T = 100K. It corresponds roughly to 7-8%H2 in air. The assumption about the
constant activation energy in wide range of temperatures and concentrations is very strong
and may lead to over-conservative results by shifting the critical concentration to leaner
hydrogen — air mixtures which requires stronger measures to the hydrogen safety.
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Figure 27. Resulting combustion regime as a function of critical expansion ratio o-and initial
temperature T, for hydrogen — air mixtures: black points — fast; gray points - slow combustion
regimes (Dorofeev et al., 2001).
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Figure 28 shows an extrapolation of critical expansion ratio to cryogenic temperatures. Far
extrapolation to low temperatures gives the values of critical expansion ratio c* at different
initial temperatures (Figure 28). Table 5 also gives the critical bounding hydrogen
concentration for an effective flame acceleration to the speed of sound or even higher
velocity and detonations. It follows from the data that the lower hydrogen concentration for
FA to speed of sound reduces from 11 to 9.6%H2 (c* = 8.5) with temperature decrease
from 300K to 100K and to 9.1%H2 (c* = 10.7) with temperature decrease to 78K.
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Figure 28. Critical mixture expansion ratios versus initial temperature (Dorofeev et al., 2001 ):
extrapolation to cryogenic temperatures (solid line). Blue circle indicates the point of interest at
cryogenic temperatures.

Table 5 Extrapolated temperature dependence on critical expansion ratio

T,K | CHz, %mol | o*

300 11 3.75
200 10.34 4,92
150 10.09 6.14

100 9.58 8.49
78 9.13 10.67
50 8.60 13.89

The previous extrapolation looks not confident enough because it is too far for such
nonlinear dependence. Dependence of critical expansion ratio vs. Zeldovich number looks
more linear (Figure 29). Assuming the constant activation energy, an effect of initial
temperature on the critical expansion ratio can also be evaluated. Extrapolation to cryogenic
temperature 80K leads to Zeldovich number increase from 5 to 11. According to the
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correlation in Figure 29, it corresponds to the critical expansion ratio of about o* = 8, which
in turn corresponds to 7%H2/air mixture at 80K. This value looks more reasonable and
confident to be used as a first assumption before forthcoming PRESLHY experiments.
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Due to the very far extrapolation of existing experimental data (no experimental data for
temperatures below 273-293K), there is a highly requested need to experimentally check
the theoretical prediction of critical expansion ratio at cryogenic temperatures. Another
reason is that independent of the very high thermodynamic potential of combustion at
cryogenic temperatures caused by three times higher density, the chemical reactivity of
such compositions as 7% H2/air at low temperatures might be too low even to be ignited.
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Figure 29. Critical mixture expansion ratios for possible development of fast flames in obstructed
channels vs. Zeldovich number (Dorofeev et al., 2001). Blue circle indicates the point of interest
extrapolated to cryogenic temperatures.

4.2.2.Deflagration to Detonation Transition (DDT) and
Detonation.

As Figure 26 shows, the detonations may only occur if the flame is able to reach the speed
of sound. Then, the critical condition when the characteristic dimension of the channel
(diameter of the tube, for instance) L > A/x for a smooth channel or L > 7A for an obstructed
channel should be satisfied (Dorofeev et al., 2000). This means that the characteristic size
of the combustible system should exceed seven cell sizes for detonation onset inside of the
obstructed channel.

There is a lack of experimental data on detonation cell size at cryogenic and reduced (lower
than normal) temperatures in mixtures containing hydrogen. Only one reference is known
regarding this low temperature problem. The paper of Zitoun et al. (1995) gives detonation
cell sizes for stoichiometric hydrogen oxygen mixtures at 123K and different initial
pressures (see Table 6).
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Table 6 Detonation cell sizes for stoichiometric hydrogen — oxygen mixtures at reduced
(cryogenic) temperatures

Temperature, | Pressure, Detonation cell
T (K) p (bar) width, A (mm)
123 0.4918 1.4819
123 0.6953 0.9901
123 0.9827 0.6889

For hydrogen-air mixtures we only have experimental data on the influence of elevated
initial temperature on detonation cell size (see Figure 30). In general, in accordance with
referred data of Tieszen et al. (1987) and Stamps and Tieszen (1991) the detonation cell
size is increasing with temperature decrease. These referred data are covered relatively
narrow range of temperatures (278-373K) for hydrogen-air mixture with ¢ = 0.5. In general,
we can extrapolate these data to lower temperatures but not far. The best way to resolve
this problem is to compute using CELL_H2 for detonation cell calculations (Gavrikov et
al.,, 2000). The code CELL_H2 is using different chemical kinetic models and
multidimensional detonation cell structure assumption and verified in wide range of
elevated pressures and temperatures and mixture compositions. It demonstrates very good
capability within the range 278-373K. The most problem is low temperature limitation of
the CELL _H2 code below 200 K due to the 200 K limit of available range of
thermodynamic and kinetic properties. It follows from Figure 31 that the CELL_H2 code
demonstrates not so good reliability as for elevated and normal temperatures (Tieszen et
al., 1987; Stamps and Tieszen, 1991; Denisov and Troshin, 1960) to be used for cryogenic
temperatures for hydrogen-oxygen mixtures (Zitoun et al. (1995). Thus, the CELL_H2
code gives strong under-prediction compared to the experimental data (Zitoun et al. (1995).
However, Figure 30 and Figure 31 demonstrate that until maximum of the dependence A(T)
and even to beginning of the decay at temperatures lower than 273K the code gives proper
results.
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Figure 30. Comparison of calculated and experimental Tieszen et al. (1987) and Stamps and
Tieszen (1991) detonation cell size data for hydrogen-air mixtures at different temperatures (p = 1
bar)
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Figure 31. Comparison of calculated and experimental detonation cell size data for hydrogen-

oxygen mixtures at different temperatures and pressures

Figure 32 explains an attempt to calculate the detonation cell sizes at low temperatures for
hydrogen air mixtures. In general, the detonation cell size slightly increases with initial
temperature decrease. Then, after it reaches the maximum, the dependence goes down too
rapid as compared with low temperature experiments (Zitoun et al. (1995). As shown in
Figure 31, the tangent at the maximum might be extrapolated to 100K to get more reliable
data than the linear extrapolation directly from high temperature domain. Our evaluation
of detonation cell sizes for three different hydrogen-air compositions at different

temperatures is given in Table 7.
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Figure 32. Comparison of calculated and experimental detonation cell size data for hydrogen-

oxygen mixtures at different temperatures and pressures
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The confidence of proposed extrapolation is very low. With the lack of experimental data
on detonation cell sizes for hydrogen-air mixtures at cryogenic temperatures, it needs
additional experiments on detonation cell size measurements.

Table 7 Detonation cell sizes for different hydrogen — air mixtures at reduced
temperatures (P = 1bar)

Temperature, T (K) Detonation cell width A, cm

Hydrogen concentration, %vol.

12 30 70
373 61 0.97 55
300 131 1.06 99
250 240 0.85 127
200 450 0.79 112
150 372 0.63 100
100 316 0.50 79

4.2.3.Concluding remarks

This section can be summarized as follows:

There is no experimental data on the critical expansion ratio for hydrogen-air
compositions at initial temperatures less than 273K.

Due to the very far extrapolation of existing experimental data (no experimental
data for temperatures below 273-293K), there is a highly requested need to
experimentally check the theoretical prediction of critical expansion ratio at
cryogenic temperatures. Another reason is that independent of the very high
thermodynamic potential of combustion at cryogenic temperatures caused by three
times higher density, the chemical reactivity of such compositions as 7% H2/air at
low temperatures might be too low even to be ignited.

The confidence of the proposed extrapolation is very low. With the lack of
experimental data on detonation cell sizes for hydrogen-air mixtures at cryogenic
temperatures, it needs additional experiments on detonation cell size measurements.
Shock tube experiments should be used for experimental investigation of FA and
DDT conditions for hydrogen-air mixtures at cryogenic temperatures.
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4.3. Flame propagation over a spill of LH2 (KIT)

There are two scenarios associated with a combustion of a liquid hydrogen spill: a
stationary pool fire, a flame propagation over a spill of LH2 in the case of late ignition. The
first scenario is based on the energy balance between flame and surface of the liquid
hydrogen. The layer thickness should be large enough to avoid an effect of heat transfer
from the ground to bulk LH2.

The scheme of energy balance for LH2 — pool fire is shown in Figure 33. The heat flux for
heating and evaporating of liquid hydrogen under stationary combustion o is determined
by the expression:

o = p-U-(Cp -ATb+r)=GoT+or, (21)

where u is the linear rate of liquid fuel burnup, ATk = Tb-To, Th is the boiling temperature;
r is the specific heat of vaporization. The heat flux go should be delivered by flame radiation
to the evaporating surface of LH2 to support stationary pool fire. Up to now, there is no
data on stationary LH2 pool fire linear rate. The values of go and u are incognita and should
be experimentally measured.
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Figure 33. The scheme of heat transfer from gaseous flame to LH2 surface. gr and gr are the heat
flux spent for LH2 evaporation and to heat up the LH2 layer to proper evaporation; A is the
thermal conductivity of the LH2; To is the bulk temperature of LH2.

The theory of stationary pool fire was developed for industrial fossil fuels and then
extended to hydrogen. According to the work of Hottel (1958), Zebatakis (1967) and
Babraukas (1983), equations for predicting the regression rate of pool fire are proposed in
the literature. The following Figure 34 and Table 8 present the main characteristics of pool
fires for LH2, LNG and gasoline.

LH2
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Figure 34. Stationary burning rates for different liquid fuels. LH2 data extrapolated (Babraukas,
1983).
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Table 8 Characteristics of pool fire for different liquid fuels

Fluid | Density | AH, AH, kg | " i Y y @
ke/m’] | kel | (Makel | ™' | (KT | [mnvmin] | fmnyvmin)
LH, 71 446 120 6.1 1600 142.2 20.5
LNG 422 510 61 11 1500 11.1 9.1
LPG 544 428 46 1.4 10.9 8.2
Gasoline | 737 330 44 2.1 1450 4.5 11.3

The classical equation of heat balance for pool fire (Eq. 21) assumes stationary boundary
conditions as shown in Figure 33 and can be easily realized for gasoline LPG and even
LNG. It should be a rather thick layer of liquid fuel and relatively long exposure time to
establish the condition dT/dx = O at a far distance from the surface. For LNG and for LH2
during an accident the process is highly instationary and more close to flush evaporation
and rapid phase transition. For such process the heat transfer coefficient is of the order (100
—1000) W/(m? K). Then, the heat flux from solid surface to liquid hydrogen is about (30 —
300) kW/m?2. For instance, direct measurements of the evaporation rate of LH2 above the
concrete surface give the values 0.6 — 3.3 kW/m? (Takeno et al., 1994). It fits very well to
theoretical calculations of 1.7-2.1 kW/m?. Due to this fact, the contribution of heat radiation
of LH2 pool fire (1 — 10) kwW/m? (Schefer at al., 2007; Panda and Hecht, 2017; Friedrich et
al. 2012) to the combustion process is negligibly small compared to heat flux from solid
surface to LH2. So that the LH2 pool fire is fully controlled by heat transfer from solid
material to LH2. This means that the measurements of evaporation rate due to heat transfer
from the warm ground surface (sand, concrete, ground) is of great importance for the
current PRESLHY project.

Since the evaporation rate really controls the LH2 pool fire, the geometry of such flame
and Surface Emissive Power (SEP) should be a function of heat transfer from different
materials to LH2. In case of late ignition of hydrogen cloud formed due to the flush
evaporation and rapid phase transition, the flame propagation in a semiconfined cloud
above LH2 pool should also be investigated.

4.4. LH2 combustion with congestion/confinement
variation

The problem of LH2 combustion with congestion/confinement is relevant to ‘realistic’
liquid hydrogen releases from LH2 — jet/plume/pool into open/semi-open congested or non-
congested space and then combustion of cold non-uniform hydrogen-air mixture in
congested partially confined environment. The problem is manifold. It considers the flame
propagation in presence of concentration stratification and an influence of geometrical non-
uniformities such as obstruction rig and solid interfaces such as ground/floor or sidewalls.

In the current PRESLHY project, the HSL specifies the geometry as shown in Figure 35.
The system consists of a hydrogen cloud mixed with air above the LH2-pool as a
continuous source of hydrogen (Figure 35, left) or LH2 jet/plum released to air atmosphere.
The cloud above LH2-pool and LH2-hydrogen jet cloud penetrate through a metal
construction as an obstruction rig for more efficient flame acceleration and to reach a faster
combustion regime within a shorter distance.
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B

Figure 35. Geometry of gaseous cloud in the cases of cryogenic hydrogen combustion above the
LH2-pool (left) or in the case of LH2 jet/plume release in air (right)

Figure 36 shows the nature of the hydrogen cloud above the spill of liquid hydrogen. Under
conditions of natural convection and diffusion, the cloud has a zero hydrogen concentration
and ambient temperature on top of the cloud and pure hydrogen concentration and T =
20.3K above the LH2 surface. With respect to the combustion process of such non-uniform
cloud, the only concentration range between 4 and 75%H?2 is of practical interest. Within
the flammable range (4-75%H2), assuming a linear concentration gradient, an equilibrium
temperature theoretically changes from 273 to 75K, respectively. In reality, the flammable
range of hydrogen concentrations shrinks from 4 to 70%H2 taking into account the air
condensation at lower cryogenic temperatures. Then, the mixture should be ignited at the
position of the highest hydrogen reactivity (30%H2) to measure possible flame propagation
velocity with and without obstacles. A point ignition source or linear igniter might be used
to ignite the cloud.
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Figure 36. The structure of stratified hydrogen cloud above a LH2 spill.
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Such a system is very similar to that dedicated to study flame propagation regimes in a
stratified semiconfined layer of hydrogen-air mixture (Kuznetsov et al., 2011, Kuznetsov
et al., 2015; Grune et al., 2017) with a difference that it will be an inverse stratification of
hydrogen above the LH2-pool with higher hydrogen concentration at the bottom compared
to natural stratification at ambient temperature with the higher hydrogen concentration at
the top. Another difference is that it will also be a temperature gradient depending on local
hydrogen concentration as shown in Figure 40. Hydrogen distribution in an obstructed
layer: (a) by varying of the hydrogen concentration in a mixing tank; (b) by pressure
changing in a mixing tank (Kuznetsov et al., 2015b).

All critical conditions for the current system have to be quite similar to that for the natural
stratified layer with an effect of inverse hydrogen concentration gradient, gravity and
presence of temperature non-uniformity.

A number of experiments and numerical simulations have been done with respect to
combustion and detonation in a semiconfined stratified or uniform layer of hydrogen-air
mixture typical for accident scenario in a containment of nuclear reactor or in a tunnel
geometry. Experiments on hydrogen combustion in a thin semiconfined layer have been
performed inside the safety vessel with a volume of 100 m® (Kuznetsov et al., 2011, 2015).
A rectangular box with dimensions of 9 x 3 x 0.6 m was installed inside the safety vessel
of 100 m® volume.

All experimental data on characteristic pressures and flame velocities for uniform
compositions are summarized in Figure 37. The figure shows that in semi-open channel
experiments the threshold between the slow and fast flame regimes is the sonic speed in
reactants cr, while in closed channels it is the sonic speed of the products (Alekseev et al.,
2001). Figure 37 demonstrates that the thinner is the layer thickness, the higher the
hydrogen concentration or more reactive mixture has to be to reach the speed of sound.
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1500 | /

1000 A
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overpressure, bar
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Figure 37. Characteristic flame velocity and overpressure for different layer thicknesses as
function of hydrogen concentration: Here cr, cp, DCJ are sonic speed in reactants, products and

CJ-detonation velocity; pICC and pCJ are adiabatic isochoric complete combustion pressure and
CJ-detonation pressure (Kuznetsov et al., 2011).

In terms of hydrogen concentration and critical expansion ratio c*, the critical conditions
for fast sonic flames for different layer thickness are the following (see Figure 37):

h=0.15 m for 26% Ha (c* > 4.63) (22)
h = 0.3 m for 19% Ha (c* > 5.42) (23)
h = 0.6 m for 15% Ha (c* > 6.6) (24)
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Figure 38. Critical conditions for an effective flame acceleration as function of expansion ratio vs.
dimensionless vent area: sonic flame and detonations (open points); subsonic flame (solid points).
Different spacing between obstacles is also shown (Kuznetsov et al., 2011).

Since expansion ratio is a critical indicator of the potential for flame acceleration (Dorofeev
etal., 2001; Alekseev et al., 2001), Figure 38 summarizes all experiments as a dependence
of expansion ratio versus layer thickness and spacing between obstacles for the semi-
confined layer. A linear correlation between the critical expansion ratio o* for fast flame
propagation in a flat layer and the reciprocal layer thickness 1/h or spacing between the
obstacles, s, was derived from the experiments (Figure 38) and theoretical considerations:

c* = co*(1+K-s/h), (25)

where co* = 3.75 is the critical expansion for hydrogen-air mixtures in an enclosure; K =
0.175 is a constant depending on the blockage ratio (BR = 1 —d ?/D 2, where d is the orifice
diameter; D is the channel cross-section). The ratio a = s/h can be an equivalent of vent
ratio for the system with a lateral venting as a channel with a side venting (Alekseev et al.,
2001). Then, the condition for fast flame acceleration looks quite similar:

c* = co*(1+2-a), (26)

This means that for a channel with 50% side venting it should be a mixture with expansion
ratio o* = 7.5 (almost the same as a stoichiometric hydrogen-air mixture) to be able to
accelerate to the speed of sound and then to detonate.

According to Kuznetsov et al. (2011), the detonation for uniform hydrogen-air
compositions occurs at different hydrogen concentration depending on the layer thickness
(Figure 37):

h =0.15 m for 27% Ho, (27)
h =0.3 m for 23% Hy, (28)
h =0.6 m for 21% Ho, (29)
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Figure 39. Critical conditions for DDT in the relationship between the dimensionless layer

thickness and hydrogen concentration: detonation (open points); no detonation (solid points)
(Kuznetsov et al., 2011).

The thinner layer needs a more reactive mixture to be detonated than a thicker one. Since
the energy losses and the mixture reactivity are reciprocally correlated with layer thickness
and detonation cell width A, the dimensionless ratio of the layer thickness over the
detonation cell width h/A is expected to be a constant value for the critical detonation
conditions. Figure 39 confirms that the critical dimensionless layer thickness h/A for
detonation onset is almost the same for three investigated layer thicknesses (Kuznetsov et
al., 2011).

An effect of different linear hydrogen concentration gradients of 0.2, 0.3 and 0.6%H2/cm
has been investigated inside a thin layer box by using an effect of turbulent diffusion during
the gas injection (Kuznetsov et al., 2015). Figure 40 shows an example on the formation of
a linear concentration gradient by varying the mixture composition at constant pressure
(Figure 40a) or changing of initial pressure in a mixing tank at the same hydrogen

concentration (Figure 40b).
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Figure 40. Hydrogen distribution in an obstructed layer: (a) by varying of the hydrogen
concentration in a mixing tank; (b) by pressure changing in a mixing tank (Kuznetsov et al.,
2015D).

Because experiments demonstrate almost no influence of hydrogen stratification on critical
conditions for flame acceleration, formula (Eq. 24) to evaluate the critical expansion ratio
in the stratified atmosphere remains the same as for uniform compositions:

o* = co*(1+K-s/h), (30)
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where o* is the critical expansion ratio for maximum hydrogen concentration at the ceiling
of the channel. Except for the highest gradient of 0.6%H>/cm, there is almost no influence
of the gradient on flame propagation velocity for stratified compositions. The process of
combustion in a stratified atmosphere is governed by the maximum hydrogen concentration
at the ceiling of the channel. Then, the critical conditions for DDT in a stratified atmosphere
remain the same as in Eq. 29 with the difference that for stratified atmosphere efficient
layer thickness h* should be evaluated up to the lower detonable hydrogen concentration
of 13-14%H; (Grune et al., 2017):

h*/). = 13-14 (31)

where h* is the efficient height of the detonable layer of the hydrogen-air mixture; A is the
detonation cell size of hydrogen-air mixture at the ceiling.

As Figure 37 shows, the maximum combustion pressure or strength of shock wave depends
on flame propagation regime and flame velocity. Figure 41 demonstrates the dependence
of maximum combustion pressure on flame propagation velocity in a semi-confined
stratified layer geometry. Approaching the flame speed to the speed of sound (M=1) leads
to maximum combustion over-pressure APmax > 4-5 bar. The low reactivity of hydrogen-
air mixture, low blockage or no obstructions, unconfined geometry can lead to very low
flame propagation velocity. Then, the resulting combustion over-pressure may not exceed
the level of 1 bar.

Within the current PRESLHY project, we may expect a confirmation of no influence of
inverse stratification for the cryogenic cloud on critical conditions for different flame
propagation regimes compared with natural stratification at ambient conditions. At least
the difference should not be very significant because characteristic local temperature
corresponding to stoichiometric hydrogen-air mixture occurs at 205.6K, not so low as
cryogenic temperatures at the pool surface T = 20.3K. However, the influence of the
temperature gradient should be carefully investigated.
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Figure 41. An effect of flame propagation velocity on maximum combustion pressure in a thin
semi-confined layer geometry (Kuznetsov et al., 2011).

48



PRaLHY Grant Agreement No: 779613

D5.1 Combustion

4.1. Concluding remarks

Since the evaporation rate really controls the LH2 pool fire, the geometry of such
flame and Surface Emissive Power (SEP) should be a function of heat transfer from
different materials to LH2. Then, the pool fire, its dimension and thermal radiation
as a function of heat transfer from different materials and evaporation rate should
be experimentally investigated.

In case of the late ignition of hydrogen cloud formed due to the flush evaporation
and rapid phase transition, the flame propagation in a semiconfined cloud above
LH2 pool should also be investigated.

Within the current PRESLHY project, we may expect a confirmation of no
influence of inverse stratification for the cryogenic cloud on critical conditions for
different flame propagation regimes compared with natural stratification at ambient
conditions. At least the difference should not be very significant because
characteristic local temperature corresponding to stoichiometric hydrogen-air
mixture occurs at 205.6K, not so low as cryogenic temperatures at the pool surface
TL = 20.3K. However, the influence of temperature gradient inverse stratification
on flame propagation regimes and maximum combustion pressure should be
investigated.
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