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ABSTRACT

This study presents a universal correlation for blast wave decay after hydrogen tank rupture in a tunnel
fire. The validated CFD model is applied to perform numerical experiments in tunnels of cross-section
area 24-139 m?, aspect ratio width-height 1.2-2.7, tunnel lengths 150-1500 m with tanks of volume 15-
176 L, and pressure 35-95 MPa (mass 0.6-6.9 kg). A dimensionless correlation for transition distance
from Zone 1, dominated by blast wave reflections, to Zone 2 of planar wave propagation is developed.
The traditional models derived using high explosives are found to be non-appropriate to describe blast
wave decay after hydrogen tank rupture in a tunnel fire. Therefore, an original correlation is developed
using methods of similitude analysis and numerical experiments. The mechanical and fraction of
chemical energy contributing to the blast wave strength are accounted for along with effects of tunnel
aspect ratio and friction/minor losses.
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NOMENCLATURE
Acronyms
CFD Computational fluid dynamics
CFL Courant-Friedrichs-Lewy
CNG Compressed natural gas
(0\Y Control volume
ECF Energy concentration factor
NWP Nominal working pressure
TNT Trinitrotoluene
Greeks
o Mechanical energy coefficient
B Chemical energy coefficient
n Explosion efficiency
T “pi” constant
Y Specific heats ratio
Latins
A Best fit constant
AR Aspect ratio (width-to-height ratio)
Ar Tunnel cross-section area, m?
b Co-volume constant, 7.69e-03 m*/kg
b Best fit constant
Dy Hydraulic diameter, m
E Tank energy, J
E. Heat of combustion, kg/kJ
E., Chemical energy, J
E., Mechanical energy, J
Ernr Heat of combustion of TNT, kJ/kg
f Friction factor
H Height, m
Hc Heat of combustion, J/kg (lower heating value, 1.1993e+08 J).
L Distance, m




Dimensionless distance

Molecular mass, kg/mol

Stored hydrogen mass, kg

Blast wave overpressure, Pa
Atmospheric pressure, Pa

Wetted perimeter of tunnel cross-section
Gas pressure, Pa

Dimensionless pressure, AP /P,

The universal gas constant, 8.314 (J-K)/mol
Distance from tank, m

Temperature, K

Volume, L or m?

Width, m

Equivalent TNT mass, kg

Hopkinson-scaled dimensional distance, m/kg

N§§wﬂ\w~u|go”0;°%5 Nl
N

1/3

Subscripts

f Flammable

ch Chemical

max Maximum

m Mechanical
min Minimum

T Tunnel

TNT Trinitrotoluene
TR Transition zone

1. INTRODUCTION

Up to date blast waves from hydrogen tank rupture in a fire are studied only for scenarios in the open
atmosphere [1],[2]. The similarly generated blast wave and its decay in tunnel studies are omitted in
literature. Limited studies were performed for charges of high explosives, equating its mass to that of
trinitrotoluene (TNT). However, the TNT blast wave is different from the blast wave generated by
hydrogen high-pressure tank rupture in a fire, particularly due to the way how the chemical energy is
released. The existing models are evaluated here to see their applicability to describe the blast wave
decay after hydrogen tank rupture in a tunnel fire. Few fitting laws for free-field decay of blast wave are

proposed, e.g. [3]-[5], using the Hopkinson-scaled dimensional distance Z = r/ WTlAﬁ Free-field decay
laws are often used for assessment of blast waves in tunnels. The equivalent TNT mass is calculated as
[6]:

_ nmyEc (1)

Release of energy during an explosive reaction of TNT is arbitrarily standardized as E7vr=4184 kl/kg
(1 gram of TNT releases 4.100-4.602 kJ of energy upon explosion). The lower heat of hydrogen
combustion is 119.89 kJ/g. Thus, the TNT equivalent of hydrogen is 28.65 (28.65 grams of TNT is an
energetic equivalent of 1 gram of hydrogen [7]). The explosion efficiency, n, affected by mixing of
combustible material with air and by thermal to mechanical energy conversion efficiency, varies across
various sources. The explosion efficiency is determined as 4% by Mannan [8], other estimations range
between 1-10% [6]. Ultimately, the energy of rupture expressed in terms of equivalent TNT mass is not
optimal and often considered obsolete [9]. Besides, it is worth mentioning that a blast wave strength
depends not only on the amount of released energy but on the energy release rate.

Another approach for blast wave decay calculation is built on the energy, E, in a tank. It is based on high

explosives blast curves utilizing the Sachs-scaling defining dimensionless distance as [10]:
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To predict blast load from a spherical vessel using Sachs-scaling, Baker et al. [10] proposed pressure
versus distance relationship based on the results of numeric calculations of bursts of tanks containing
perfect gases. The effects of the containing vessel and its fragments were disregarded, with all gas
mechanical energy of compression within the vessel put into the flow field. This methodology is used
in predicting hydrogen blast wave in the open atmosphere [11].

Recently, the modified Sachs-scaling approach accounting not only for mechanical energy of
compression but a fraction of chemical energy was developed at Ulster University to predict blast wave
decay after hydrogen tank rupture in a fire in the open [12],[13].

The Sachs-scaling was utilised by Silvestrini et al. [14] in predicting blast wave decay of explosives in
a tunnel by introducing an energy concentration factor (ECF) as the ratio of volumes of the explosion
hemisphere and the tunnel. The reduction of volume available for gas expansion is considered with this
geometrical ECF. For instance, in the configuration whereby a charge is placed at a tunnel centre, the
ECF is [14]:

ECF = Vemispnere _ 5™ _ 1mr? 3)
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where 7is the distance along the tunnel. Then, the Sachs-scaled distance is altered to:
1
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The ECF approach is not well-suited for estimating the peak overpressure in the blast generated by
rupture of a tank with compressed gas in a fire or cloud explosion [15]. The ECF model was mostly
underpredicting overpressure when tested for hydrogen and methane (CNG) tank rupture in a tunnel.
Details on if the Hopkinson-scaling or Sachs-scaling was applied was not disclosed but found
inapplicable. Compared to high explosives, the bursting vessel with compressed gas has lower initial
overpressure, slower decay with distance, longer positive pressure phase duration, larger negative phase
amplitude, and strong secondary shocks [16]. Therefore, this methodology is deemed ill-fated for
determination of blast wave decay in a tunnel after hydrogen tank rupture in a fire.

The established general empirical form of blast wave decay law is [17]:
mA\D

AP « A (ﬁ) : (5)
where A, b are coefficients derived empirically of best fits, and mostly defined within specific
parameters such as distance or overpressure [17]-[19]. However, this simple form of blast wave decay
limits the fitted values of A, b to a one-tunnel-case applicability. This power law method suffers from
the omission of other factors: tunnel geometrical parameters (cross-section area, aspect ratio), the
fractions of mechanical and chemical energy of compressed flammable gas in a tank contributing to the
blast wave strength, friction/minor losses along a tunnel, presence of obstacles, etc. This can be captured
by contemporary CFD models. Then, results of CFD simulations that naturally include relevant physical
phenomena can be used to build generic engineering correlations.

2. NUMERICAL EXPERIMENTS

Validation experiments on high-pressure hydrogen tank rupture in full-scale tunnels are expensive,
hazardous and not yet available. The experiments are planned within H2020 HyTunnel-CS project “Pre-
normative research for safety of hydrogen driven vehicles and transport through tunnels and similar
confined spaces” coordinated by Ulster University and will be carried out by the project partners HSE
(UK) and CEA (France). The use of a validated CFD model eliminates removes these restrictions and
allows to simulate realistic scenarios in a wide range of conditions and build engineering correlations
already today.

The CFD model of the blast wave and fireball validated previously against tank rupture in a fire in the
open atmosphere is applied [1],[2]. The simulated scenarios account for the experimentally measured
pressure and temperature in hydrogen tanks with NWP=70 MPa [20]: in Test 1 with Type IV tank of 35
L the burst pressure was 94.54 MPa, i.e. 35% higher than NWP, and in Test 2 with Type III tank of 36
L the burst pressure increased to 99.47 MPa, i.e. 42% higher than before the test. Test 1 burst conditions



were used for simulations in this study. The simulations are carried out for stand-alone tanks in a form
of hemisphere located at tunnel road. This simulation approach is considered as reasonable following a
conclusion of study [12] that in a far-field the blast wave from stand-alone or under-vehicle tank rupture
in a fire have similar strength (loss of mechanical energy to demolish and translate the car for under-
vehicle tank rupture is “compensated” by practically the same increase of chemical energy due to a
higher rate of turbulent non-premixed combustion in a conjected confined area under the vehicle). It is
worth mentioning that in the near-field the presence of vehicle above the tank decreases the blast wave
essentially [12].

The CFL=0.1 was established as the solution convergence criterion for cylindrical tank rupture [1].
However, with the introduction of a hemispherical tank shape in this study, a CFL sensitivity analysis
was conducted again. The convergence CFL number is found to be 0.2. Seemingly, with the introduction
of a hemispherical tank flash on the road, the initial stages of reflections and thus higher pressures are
reduced compared to the tank located slightly above the road level. This causes a lower requirement to
time step, allowing the computational time to be decreased twice.

2.1. Tunnel geometries

Tunnels are constructed in a wide range of physical and operational circumstances that will determine
the type of tunnel used, specified for the appropriate traffic. The cross-section of a tunnel is determined
mainly by three factors, the first one is the required clearance gauge between the lanes where the vehicles
will circulate, which can vary depending on the planned traffic flow. Besides, equipment such as
ventilation, various safety technology and lighting should be considered [21]. For box profile tunnels
without requirements accommodating passage for an eventual broken-down vehicle, the minimum width
and height of the road necessary is found most conservative in Germany, i.e. 3.5 m and 4.5 m
respectively [22]. To compare, the UK tunnel standard sets the minimum width and height at 3.65 m
and 5.3 m [23]. In Norway, it is 4 m and 4.6 m respectively [24].

In this study, a lane of a minimum width of 3.5 m was considered to treat the worst-case scenario.
Following the lane width, a standard 1 m is extended on each side referring to the area outside the
marked driving lane, totalling a single-lane tunnel width as 5.5 m. For the second tunnel geometry
chosen, road traffic is mostly constructed using two lanes, and in some countries, e.g. Germany, they
constitute up to 90% of all rural roads [25]. This was actualised by extending the single-lane tunnel
geometry by another 3.5 m lane in width, totalling the width to 9 m. The height was kept the same at 4.5
m. A third tunnel geometry chosen as a part of the parametric study to accommodate the road tunnel
with the largest cross-section area currently constructed. The Yerba Buena tunnel, part of the San
Francisco—Oakland Bay Bridge, was selected as an example of a tunnel with large cross-section area.
This tunnel features a double-decked design, each five-lanes, the larger upper deck with a total cross-
section area of around 140 m? [26]. In extending the number lanes to 5, the height was also
correspondingly increased to meet the required cross-section area. The calculated height was 7.2 m. The
tunnels geometry similar to that is used elsewhere [27]. The parameters of tunnels selected for numerical
study are listed in Table 1.

Table 1. Tunnel parameters used in the numerical experiments.

Turmel Height, | Width, | Length frorn. tank Hydraulic Cross—sectzion Asp;ct
m m to tunnel exit, m | diameter, m area, m ratio
Single-lane, 1L 5.5 150 4.95 24.1 1.2
Double-lane, 2L 43 9 150, 1500 6 39.5 2
Five-lane, 5L 7.2 19.5 150 10.5 139.1 2.7

2.2. Computational domain and grid

A rectangular prism LxXHXW=300x100x75 m being 2,250,000 m® acted as the computational domain
to place there the box-shaped tunnel of 200 m long. Chamfered edges were inferred at the tunnel top
corners. Each tunnel employed was placed on the midpoint of the outer boundary domain. For the
tunnels extended to the length of 1550 m, the outer domain was removed, and the tunnel exits set as

4



non-reflective boundaries. The tank location was set 50 m from one exit. This was done to ensure an
undisturbed blast wave formation and propagation throughout the tunnel long part. The hydrogen vessel
was geometrically rendered as a hemisphere, placed flash on the road. The tunnel dimensions are set
according to Table 1.

A hexahedral mesh is used inside a tunnel to ensure an accurate approximation of the initial high gradient
pressure and velocity values. The mesh size ranged from 2-3 c¢m at the hydrogen tank surface and, using
a BiGeometric meshing law, and increased longitudinally to 5-75 cm being uniform through cross-
section area. This 2-3 cm refined area around each tank size is kept unchanged across all three tunnels.
CVs close to the tunnel entrance and exit would be around 10 cm size perpendicular to tunnel axis. The
zone outside of the tunnel is meshed with tetrahedral CVs and varied in size relative to its position away
from the tunnel. This was carried out with a scale factor of 2 and a maximum CV size of 10 m. One of
the computational advantages using Fluent is the ability to convert mesh, with one option being
combining tetrahedral cells into polyhedral ones and executed for the boundary zone across all used
tunnels. The number of CVs was reduced by one third.

Figure 1 illustrates the entire computational domain mesh (left), the mesh containing sub-zones of the
tunnel (middle) and tank grid (right). The quality of the mesh was measured and assured by the
maximum orthogonal quality and minimum orthogonal skewness. The bottleneck for an improved mesh
quality arose from the coarseness of the large CVs at the domain boundary outside the tunnel, whereby
the ambient conditions do not require a sophisticated mesh. Nonetheless, these quality values were all
above the quality threshold of 0.1, with a corresponding maximum CV aspect ratio of 28.4. The
recommended value for the aspect ratio, describing the ratio of maximum to minimum values of any
distances of the cell centroid to face centroid or node (stretching) is to not exceed 40.
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Figure 1. Mesh of the entire computational domain (left), tunnel (middle) and hemispherical tank (right).

2.3. Initial and boundary conditions

Initial conditions in the domain are set with pressure 101,325 Pa and temperature 280 K as ambient
conditions. The vicinity of the tank was patched to envisage combustion products. The circumference
of the patch around the tank had a width of the tank diameter and diameter of the tank as the added
height. The patch contains 0.1 mass fraction of water vapour and 0.9 mass fraction of nitrogen (N>
replacing CO> as the sole combustion product). The tank is set to contain hydrogen with a pressure of
94.5 MPa and a temperature of 395 K. This was to reflect the conditions of the tank measure right before
the rupture observed in the experiment [20]. The tank rupture in the simulations is done by an
instantaneous removal of the hydrogen tank wall. The parameters of tanks used in the simulated
scenarios are listed in Table 2.



Table 2. Parameters of hydrogen tanks used in the numerical experiments (7=395 K for all tanks).

Tank diameter, | Simulated volume | Real volume (real | Hydrogen mass, | Rupture pressure,
m (ideal gas), L gas), L kg MPa
0.25 10 15 0.6
0.45 30 43 1.7 95
0.61 60 86 3.5
176 6.9
0.77 120 160 5.2 70
140 2.6 35

The tunnel walls are set to be impermeable and with no-slip boundary conditions. Thermal properties of
the wall are set as concrete with density 2300 kg/m® and temperature equal to atmospheric 280 K.
Outside the tunnel, non-reflecting boundary conditions are applied to ensure any parameter such as
energy, mass, momentum did not influence the properties inside the tunnel in any way. The effect of
omitting the heat transfer to/from the tunnel walls was estimated and found to be insignificant on the
blast wave. Nonetheless, all simulations were performed with heat transfer to tunnel walls as it could
affect the fireball dynamics at later stages (outside the scope of this study). There are several reasons
why the pressure may decay in a tunnel in addition to friction/minor losses. These include, for example,
the rarefaction wave degrading the blast wave front [28]. For LES there is an alternative near-wall
approach for the wall shear stress. This method analytically integrates the power-law for near-wall
velocity distribution denoted as the Werner-Wengle wall functions [29]. In trial simulations, no
difference was observed due to wall function alteration.

2.4. Mesh sensitivity study

The potential of a CFD model to reproduce experimental data depends on physical soundness of sub-
grid scale models of turbulence and combustion and grid resolution applied. The balance between a fine
enough mesh to capture minor turbulent and combustion phenomena, but still coarse enough to ensure
a practical computational time is always tricky. The former is more crucial, this would ensure that results
are “not mesh dependent”. A sensitivity test was performed using two meshes in a double-lane tunnel
with a 15 L (0.6 kg) tank bursting at 95 MPa: a coarser mesh of 176k CVs and a finer mesh with 486k
CVs. The finer mesh was created by refining CVs in every direction, which resulted in 8 times (2x2x
2) more cells in the refinement areas. The mesh outside the tunnel was kept the same. Simulations on
both meshes gave close convergence in the peak pressure during the early stages of the simulations when
the pressure is most abrupt, with slightly lower pressure for the coarser mesh (see Fig. 2). The
measurements are taken at 25 cm above the ground. Since the case itself is already conservative and
things like energy loss on car deformation and its translation in space, road cratering, presence of
obstacles etc. are not considered here, the coarser grid is therefore utilized in all simulations to generate

data and retain an affordable computational time.
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Figure 2. Initial blast wave pressure as a function of distance for the finer and coarser grids.



2.5. Blast wave propagation in various tunnels

Figure 3 demonstrates snapshots of blast wave propagation (burst pressure 95 MPa, 176 L (6.9 kg) tank)
within a double-lane tunnel. Snapshot at 0.8 ms shows the hemispherical shape of the blast wave, as it
initially expands like in the open atmosphere without confinement effects. Once the blast wave reflects
off the top of the tunnel, the Mach stem is formed and propagates, e.g. snapshots 5 ms and 10 ms. Not
shown are the blast wave reflections from the tunnel walls (width 9 m). The vertical and horizontal
reflections both contribute to the complex flow field distribution in its wake. The Mach stem propagates
over the tunnel surface and due to reflections can be observed on all surfaces, e.g. snapshots 2040 ms.
Behind the planar blast wave that is established at 50-70 ms, the repeatedly reflected waves continue to
form Mach stems. The secondary shocks eventually catch up the leading blast wave front while
temperature gradient is negative (hotter gases have a higher speed of sound thus transforming energy to
the “slower” moving through colder gas acoustic waves), seen in the period 10-60 ms. As the secondary
and tertiary waves coalesce with the leading front after a distance of around 30 m (at 70 ms), the blast
wave transforms and propagates as a planar structure. This is seen at snapshots 70-100 ms when the
uniform blast wave front is practically independent of the tunnel height.
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Figure 3. Blast wave propagation in a double-lane tunnel after 95 MPa, 176 L (6.9 kg of hydrogen) tank rupture
in a fire.



Figure 4 shows the maximum overpressure that is recorded in a particular cross-section area of the tunnel
throughout the entire process duration. The maximum overpressure is dominated by reflections. At some
locations, the overpressure behind the leading front is higher than its preceding overpressure (see Figs.
3 and 4). The distance where the pressure is seen as independent of the height occurs for the single-lane
and the double-lane tunnels at 30 m and 31 m respectively. For both tunnels with comparatively small
aspect ratios of 1.2 and 2 respectively, the blast wave reflections from ceilings and walls occur almost
simultaneously. Therefore, not only would they interact and even compensate each other out, but the
total duration of the reflection period is shorter, resulting in a shorter distance of transition from Zone 1
(dominated by reflections) to Zone 2 (dominated by one-dimensional planar blast wave propagation).
The five-lane tunnel with a width almost three times more than the height (aspect ratio 2.7) exhibits
reflection dominance up until 95 m before the reflections are died down to establish a planar blast wave.
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Figure 4. Maximum blast wave overpressures along a tunnel at different heights for the case of 95 MPa, 176 L
(6.9 kg) tank rupture in a fire in tunnels of different cross-section area and aspect ratio: left - single-lane; middle
- double-lane; right - five-lane tunnel.

Once the reflections subside the blast wave front is gradually transformed into a planar front when the
overpressure is mostly independent of the tunnel height. A simple quantitative criterion is set to consider
the blast wave planar: the ratio of the maximum and the minimum overpressure in the blast wave front
to be almost equal so that AP, ;5 /APy = 11 0.01 across an entire tunnel cross-section. The locus
whereby the blast wave front becomes quasi-one-dimensional (planar) onwards, is henceforth denoted
as Zone 2, and before that as Zone 1 dominated with reflections. In Zone 2, the distance plays the major
factor dictating the blast wave decay due to friction/minor losses. In Zone 1, there are other factors such
as the geometrical shape of a tunnel causing reflections from various incident angles influencing the
blast wave strength. The amplitude of the re-reflected waves subsides with each reflection.

For high explosives, the transition from Zone 1 to Zone 2 was proposed as 6 hydraulic diameters of a
tunnel [30]. This study considers only the tunnel volume as the charge is taken as a point source. The
complexity of blast wave from hydrogen tank rupture in a tunnel fire implies accounting for other
parameters besides the tunnel, i.e. tank parameters. This is addressed later in this paper.

Figure 5 shows the maximum blast wave overpressure measured across the entire cross-section at each
distance over the entire duration of the process. Capturing the maximum overpressure, including those
from reflections, is a conservative approach that somewhat acts irrespective of the two zones. The
general trend of all the curves is similar. In the beginning, pressure peak is observed to decay quite
significantly with some oscillations due to initial reflections of the tunnel structure and Mach stem
formation and disappearance at different locations of the tunnel surface. Once the transition from initial
3D to 1D (planar) blast wave front propagation is established, the pressure attenuation rate is
significantly reduced.
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Figure 5. Maximum blast wave overpressure as a function of distance for different tunnels and hydrogen
inventories at tank burst pressure 95 MPa.

Depending on the hydrogen storage pressure, the decay in 1500 m tunnel length is correspondingly
shown in Fig. 6 for hydrogen tanks of the same volume 120 L of the ideal gas (real gas volume 176 L
for 95 MPa burst pressure with 6.9 kg of hydrogen, 160 L for 70 MPa with 5.2 kg, 140 L for 35 MPa
with 2.6 kg). Extended in length from 150 m to 1500 m, a similar trend is seen with a pecking order
depending on the rupture pressure, 95 MPa giving the highest overpressure. A 26% decrease in rupture
pressure, i.e. to 70 MPa, results in an overpressure decrease by 5 kPa close to the 1500 m exit.
Correspondingly, a 63% decrease in rupture pressure, i.e. to 35 MPa, results in an overpressure decrease
by 15 kPa.
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Figure 6. Maximum blast wave overpressure as a function of distance in 1500 m tunnel, shown for different tank
burst pressure (the volume of the simulated tank was kept the same, equal to 120 L of the ideal gas). The legend
shows parameters of the real gas tank.

3. THE UNIVERSAL CORRELATION FOR BLAST WAVE DECAY IN A TUNNEL
3.1. Similitude analysis

To determine a blast wave overpressure decay law in a tunnel, the main impact parameters of influence
are ascertained: the atmospheric pressure, Po; the energy released during tank rupture that feeds the
blast wave leading front, £; the cross-section area of the tunnel, 47; and the distance from the energy
release point, L. To find the relationships between these four physical quantities, the three basic
dimensions are identified as M=[kg], L=[m], T=[s]. Table 3 shows the selected variables together with
their symbols and dimensions.

Table 3. Selected variables and their dimensions.

Variable Symbol | Basic dimensions
Atmospheric pressure Py M'L'T
Energy E M'L*T?
Tunnel cross-section area Ar M°L*T?
Distance from release L M°L'T®




The Buckingham I1 theorem states that in a problem with four physical quantities and three dimensions,
there is one (4—3=1) independent dimensionless I1 parameter. Choosing three parameters, i.e. Po, L, F,
as repeating variables, and following the similitude analysis rules, the dimensionless parameter is
derived as [1=(PoLAr)/E. The defined dimensionless parameter is taken here as a new energy-scaled
dimensionless distance for tunnels of cross-section area Ar and distance L along the tunnel from tank
location:

PoLAT

B

Looking closely, this dimensionless parameter is like the Sachs-scaling dimensionless parameter, in
which radius r is replaced by (LA)'/3. The blast wave overpressure is made dimensionless by dividing
it by the atmospheric pressure:

L= (6)

P = AP/P,. (7
3.2. Mechanical and chemical energy contributions to the blast wave overpressure
The total energy released during hydrogen tank rupture in a fire, which contributes to the maximum
overpressure in the blast wave, includes not only instantaneously released mechanical energy of
compressed gas (physical explosion) but as well a fraction of chemical energy released by hydrogen
reaction with air at the contact surface between the heated by starting shock air and cooled by expansion
hydrogen [1],[2]. The total energy contributing to the blast wave strength is defined as:
E=0"Entp " Ea, ®)
The mechanical energy of compressed gas using the Abel-Noble equation of state of a real gas is [31]:
_ (Pg—Po)(V—mb)

By = ©)
The mass of real gas is:
m =pV = (P—G) V. (10)
PGb+RT/M
The total chemical energy of hydrogen stored in the tank that can be released by the complete
combustion in air is:
AE., =m - H. (11)

The empirical mechanical energy coefficient, a, accounts for the location of the tank, energy losses for
ground cratering and similar effects. If the mechanical energy from a tank rupture at the ground is
reflected in its entirety into the hemisphere, the energy of the generated blast wave in a hemisphere is
twice as large compared to tank rupture far above the ground [4]. The factor of =2 would be valid for
an ideal case without any losses. This is often not the case. Baker et al. recommended a factor of 1.8,
as in reality about 10% of energy is lost due to partial reflection or cratering [10]. The calculated
values of the mechanical energy of real gas for the numerical experiments are given in Table 4.

Table 4. The calculated mechanical energy released from rupture for each tank volume (a=1.8).

Mechanical energy, MJ

Hydrogen volume, L Hydrogen pressure, MPa £ o E.

15 3.5 6.3

43 10.5 18.9

86 93 21 37.8

176 42 75.6

160 70 28.6 51.5

140 35 12.5 22.5

10



The chemical energy coefficient, f, indicates a fraction of the total chemical energy of released hydrogen
which is contributing to the blast wave strength. Contrary to the mechanical energy the chemical energy
is released gradually up to the complete combustion of hydrogen after a few seconds in the rising by
buoyancy fireball. Based on the analysis of experimental data, a study conducted with the use of reduced
model [12] revealed that only 5.2% of the total chemical energy (tank 72.4 L at NWP=35 MPa)
contributes to the blast wave maximum overpressure when the tank bursts in a fire. Our recent CFD
study has shown that a fraction of chemical energy contributing to the blast wave strength (both
maximum pressure and impulse) depends somewhat on a grid resolution due to the numerical
requirement that each discontinuity in simulations occupies 3-5 CVs [1]. The good news is that the
change of grid resolution does not practically affect the maximum blast wave overpressure and affects
only the impulse (the impulse increases as CV size grows).

The method to define coefficient £ from simulations is needed. Figure 7 demonstrates that the percentage
of burned hydrogen in time for different simulated scenarios behaves likewise starting from high
reaction rate that significantly decreases within 1-2 ms after the tank rupture. Some subtle differences
are noticed, e.g. the smaller the tank the higher the burning rate and percentage of hydrogen burned
before the significant decrease in combustion rate is attained. This is physically sound, as the energy in
a vessel is proportional to tank radius as 73, whereas the contact surface area expands as 2. Therefore,
the chemical energy released during combustion at the contact surface is proportional to 1/7. In other
words, the smaller tank the larger the fraction of chemical energy contributing to the blast wave
maximum overpressure.

——95 MPa, 15 L (0.6 kg)
- - 95MPa, 43 L (1.7 kg)
weeer 95 MPa, 86 L (3.5 kg)
--=-95 MPa, 176 L (6.9 kg)
70 MPA, 160 L (5.2 kg)
35 MPa, 140 L (2.6 kg)

Burned hydrogen, %

0 1 2 3 4 5 6 7 8 9 10
Time, ms

Figure 7. Burned hydrogen as a function of time for various tanks (within the first 10 ms).

Based on the thorough analysis of CFD simulations, the contribution of chemical energy due to
combustion, i.e. 3, to the peak overpressure of blast wave front ceases shortly after the drastic decrease
in the combustion rate that is observed at about 0.5—1.5 ms after tank rupture (see Fig. 7) [1], [2]. The
decrease of combustion rate happens when the high-pressure zone behind the starting shock propagates
away from the combustion zone at the contact surface. The release of chemical energy by combustion
continues afterwards, but after some moment the released energy contributes only to the blast wave
impulse (by increasing pressure behind the blast wave front), not the blast wave maximum overpressure.
The contribution of combustion to the peak overpressure stops when the temperature gradient changes
from negative to positive value thus preventing acoustic waves from reaction zone propagate and reach
the blast wave front. An example of when exactly to ascertain that the contribution has ceased is
demonstrated in Fig. 8 (95 MPa, 176 L (6.9 kg) tank) for 4 ms, 7 ms and 12 ms after tank rupture. As
the blast wave front maximum overpressure is still being fed by energy from combustion zone at 4 ms
because the temperature gradient is negative (below zero), the acoustic waves feed the blast wave peak.
Distribution of parameters at 7 ms indicates that for the first instance the temperature gradient becomes
positive (above zero). This indicates the exact moment when the contribution from combustion to the
peak overpressure breaks off. The positive temperature gradient trend continues (see the distribution of
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parameters at 12 ms), confirming the halt of energy being fed ahead as the positive temperature gradient
grows even further.

200

Overpressure, kPa
dTdx

4 6
Distance, m Distance, m Distance, m

Figure 8. The transient pressure, temperature, and temperature gradient for 95 MPa, 176 L (6.9 kg) tank rupture
in a fire after 4 ms (left), 7 ms (centre), 12 ms (right).

This methodology of determining § is applied for all simulations. The determined fractions of chemical
energy contributed to the blast wave maximum overpressure, 3, are given in Table 5.

Table 5. The determined contributions of chemical energy fed to the blast wave maximum

overpressure.
Hydrogen Tank Total chemical | The fraction of chemical energy contributing to
tank volume, pressure, energy, MJ the blast wave maximum overpressure
L MPa B BEci, MJ
15 69 0.12 8.28
43 208 0.11 22.9
86 95 417 0.11 459
176 834 0.095 79.2
160 70 618 0.10 61.8
140 35 309 0.11 30.9

Despite the little differences in a fraction of combustion energy contributing to the blast wave maximum
overpressure, 5, the amounts of chemical energy, 5-E., is quite diverse, between 879 MJ. Compared
with the mechanical energy released (Table 4) they are quite similar proving the importance of
contributions from both energy sources. For the sake of conservatism, the use of f=0.12 is recommended
in this study when using the universal correlation.

3.3. Correlation in dimensionless parameters P-L

Let us plot P as a function of L for all three tunnels and the selected tanks (see Fig. 9). A significant
scatter is observed and thus the correlation in original dimensionless parameters P and L cannot be
accepted as a universal.

12
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1L, 95 MPa, 43 L (1.7 kg)
1L, 95 MPa, 86 L (3.5 kg)
1L, 95 MPa, 176 L (6.9 kg)
2L, 95 MPa, 15 L (0.6 kg)
2L, 95 MPa, 43 L (1.7 kg)
2L, 95 MPa, 86 L (3.5 kg)

, 95 MPa, 176 L (6.9 kg)
2L, 70 MPa, 160 L (5.2 kg)
2L, 35 MPa, 140 L (2.6 kg)
5L, 95 MPa, 15 L (0.6 kg)
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Figure 9. Dimensionless blast wave peak overpressure, P, as a function of dimensionless distance, L, for different
tunnels and various tanks.

3.4. Modified correlation accounting for tunnel aspect ratio (dimensionless parameters P- L,)

Figure 9 shows that the five-lane tunnel dimensionless blast wave overpressures are higher compared to
the other two tunnels. It is thought due to the difference in tunnel aspect ratio, i.e. width-to-height ratio
(W:H=AR). To accommodate the geometrical shape of each tunnel into the correlation, the original
dimensionless length L is divided by another dimensionless parameter, i.e. the aspect ratio AR. To
remain vigilant, the AR parameter is tested in powers #=0.5, n=1 and n=2. Figure 10 shows the
somewhat better convergence of plotted data for power 1, using the coefficient of determination (R?),
which represents the goodness of the curve fit. The correlation between the observed and estimated by
the curve fit data and ranges between 0 and 1, where 1 represents a perfect fit. Thus, the amended
dimensionless length L; is:

=20t (12)
To improve the convergence of different curves through the range of studied tanks and tunnels, the
original dimensionless pressure P is altered to P; = P/L;. Figure 10 shows the improved correlation in
dimensionless parameters P;-L, for different tunnels and tanks for three different powers of the AR.

+ 1L, 95MPa, 15L (0.6 kg) + 1L, 95 MPa, 15 L (0.6 ke
10° + 1L,95MPa, 15L (0.6 kg) 10 - 1L,95MPa, 43 L (1.7 kg) 108 R 95MPa.43L§1 HSI
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* 1L,85MPa, 1761 (69 kg) NS 2L, 95MPa, 15 L (0.6 kg) 4 2L, 95 MPa, 15L (0.6 kg)
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Figure 10. The correlation in dimensionless parameters ﬁl —Zl for different tunnels and hydrogen tanks, and three
powers for the aspect ratios: AR’ (left), AR! (middle) and 4R? (right).

The best convergence is achieved here for =2 (minimum R?). Something noticeable with the proposed
decay correlation in dimensionless parameters P;-L; is the divided tail-end on the right of Fig. 10 seen
between the 1500 m and 150 m long tunnels. This is thought due to the omission of friction/minor
losses in the correlating parameters up to now. Indeed, the influence of blast wave decay due to
frictional losses on the walls of the tunnel first manifests as a function of distance 30 times the tunnel
hydraulic diameter [32].

3.5. Dimensionless transitional distance to the planar blast wave
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To determine the transitional distance from Zone 1, dominated by reflections, to Zone 2 of planar blast
wave propagation, let us introduce a new dimensionless length similar to Eq. (12) but where the tunnel
length, L, is substituted by the tunnel hydraulic diameter, Dr:

- PyDTAT

Lp = TR (13)
The hydraulic diameter represents an equivalent diameter of the non-circular tunnel, Dy = (447)/P.
Dris 4.95, 6 and 10.5 m for the single-lane, double-lane and five-lane tunnels respectively. Figure 11

shows the dimensionless transitional distance, Ltg/Dr, i.e. the distance expressed in the number of

tunnel hydraulic diameters, as a function of the dimensionless parameter Lp. The transition to planar
wave distance is within 4-13 hydraulic diameters, depending on the tunnel and tank parameters.

20
18
16

1L, AR:1.2, 95 MPa, 15 L (0.6 kg)
1L, AR:1.2, 95 MPa, 43 L (1.7 kg)
1L, AR:1.2, 95 MPa, 86 L (3.5 kg)
1L, AR:1.2, 95 MPa, 176 L (6.9 kg)
2L, AR:2, 95 MPa, 15 L (0.6 kg)
2L, AR:2, 95 MPa, 43 L (1.7 kg)
2L, AR:2, 95 MPa, 86 L (3.5 kg)
2L, AR:2, 95 MPa, 176 L (6.9 kg)
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2L, AR:2, 35 MPa, 140 L (2.6 kg)
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Figure 11. Dimensionless transition distance as a function of the dimensionless length Lp.

3.6. The universal correlation in parameters Pr-Ly (accounting for friction/minor losses)

The basic quantity that measures the effect of friction is the parameter fL/D. The minor losses can be
expressed through the friction losses by the equivalent length method. Thus, only friction losses are
considered further. Unless the Mach number is nearly one, the change of gas temperature behind a
shock is small. Thus, it is satisfactory to use an average value for f'in calculations. The equation for
friction factor in smooth-pipe flow is [33]:

1

7 = 0869 -In (Re - Jf —08). (14)

The Reynolds number, Re, for the flow of gas in a tunnel behind the blast wave was calculated using
the tunnel hydraulic diameter, the air density in the blast wave, the velocity of air behind the shock
leading front and dynamic air viscosity. This was conducted for various distances in Zone 2 with planar
blast wave until the tunnel exit. The Re number for different scenarios was in the range 2.1-18E+07.
This corresponds to a friction factor range of 0.0065+0.0010, used to build the correlation. As a
conservative approach, the lowest value f = 0.0055 is selected.

To include friction/minor losses, the dimensionless length L;, Eq. (12), is modified to become
dimensionless tunnel length, ZT, as:

Iy = PoLAT (f_L)m (15)

E-AR%5 \Dr
The scatter of correlation points around the best fit curve was checked for three different powers of the
friction parameter fL/Dy: m=0.5, m=1 and m=2. Furthermore, with the introduction of friction
parameter, the determined power of AR in Eq. (12) was re-tested. Based on the R? coefficient and the
mean squared error, the combination seen to give the best fit curve is that of Eq. (15) with #=0.5 and
m=1.

Ultimately, the dimensionless parameters P is modified to:
Pr =P/Ly. (16)
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Figure 12 presents the universal correlation in dimensionless parameters Pr-Lyp (R*=0.9914).

108
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Figure 12. The universal correlation for the blast wave decay after a hydrogen tank rupture in a tunnel fire.

3.7. The universal correlation: best fit and conservative form
The best fit line for the universal correlation is:

_ —-1.35
PT == 022 . LT . (17)
The conservative form of the correlation is:
_ —-1.35
Pr=087 Ly . (18)

3.8. The universal correlation: examples of use

Let us demonstrate the use of the universal correlation. In the direct problem example, the correlation is
applied to calculate blast wave overpressure for known parameters of tunnel and tank at selected
distances. The three hazard distances thresholds and four corresponding hazard zones, i.e. “no-harm”
(<1.35 kPa), “slight injury” (1.35-16.5 kPa), “serious injury” (16.5-100 kPa), “fatality” (>100 kPa), are
defined elsewhere [13]. In the inverse problem example, the three pressure thresholds are used as an
input, along with tank and tunnel parameters, to define three hazard distances (four hazardous zones) in
a tunnel.

3.8.1. Direct problem

Let us consider 15 L tank ruptured at 70 MPa in a fire in a tunnel imagined as the 24.5 km long Lerdal
tunnel with cross-section area 47=56.4 m* [24], and estimate blast wave overpressure at distances L=100
m, L=1 km and L=12 km using the best fit correlation.

1. The hydrogen mass in the tank assuming 300 K is calculated by Eq. (10) as 0.6 kg. The
mechanical energy by Eq. (9) is E,=2.53 MJ. Equation (11) gives total chemical energy,
E=m-H~0.6-119E+09=70 MJ. Recommended values of coefficients are a=1.8, =0.12. The
total energy contributing to the blast wave maximum overpressure can be calculated by Eq. (8)
as 13.1 MJ.

2. The Laerdal tunnel shape is a semicircle. The hydraulic diameter Dy = 4A7/P =9 m.
3. What is the dimensionless transition distance to establish the planar blast wave? Equation (13)

gives Lp = 3.3 resulting in Lyg/Dy=7 using Fig. 12. So, the blast wave is planar after 63 m.
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4. The recommended conservative value of friction coefficient is /~0.0055.

5. Equation (15) gives L;y=2.64 (L=100 m), Ly=264.3 (L=1 km), L;=38,064 (L=12 km). The
universal correlation (best fit), Eq. (17), gives Pr=0.059 (L=100 m), P7=1.18E-04 (L=1 km),
Pr=1.45E-07 (L=12 km).

6. Equation (16) gives P = Py -Lp = 0.059 - 2.64 = 0.155 (L=100 m), P=0.031 (L=1 km),
P=0.0055 (L=12 km).

7. Finally, Eq. (7) gives dimensional blast wave overpressure AP= P - Pi=15.7 kPa (L=100 m),
AP= 3.2 kPa (L=1 km), AP= 0.6 kPa (L=12 km). The values of AP for the conservative form of
the universal correlation are 65.62 kPa, 12.6 kPa, 2.2 kPa respectively.

3.8.2. Inverse problem

Let us find what is the “no-harm” distance (AP <1.35 kPa) within the same tunnel for the same tank.
1. The calculated value of dimensionless overpressure P is 0.0133.

2. Equation (17) can be altered from its form to get the dimensionless pressure as P =

-0.35
——1.35\ —
(0.22 <Ly )LT =0.22- (;:L:Js (;—i)) . To calculate distance, L, to particular pressure

(AP =1.35 kPa in this case) having all other parameters known is a trivial task.

3. Sought distance, L, in the equation above can be found using a mathematical tool, e.g. Wolfram
Alpha, MATLAB, etc. Thus, the “no-harm” zone is beyond about 3.4 km from the tank rupture
location by using the best fit correlation.

3.8.3. Defining hazard zones

LEINA3

Using the procedure in the previous section, the hazard zones “fatality”, “serious injury”, “slight injury”
and “no-harm” within the Leerdal tunnel can be calculated. They are shown in Table 6 for the best fit
and conservative forms of the correlation.

Table 6. Hazard zones following 70 MPa, 15 L (0.6 kg) tank rupture in the Leerdal tunnel.

Fatality | Serious injury | Slight injury | No-harm
Threshold pressures, kPa >100 kPa | 16.5-100 kPa | 1.35-16.5 kPa | <1.35 kPa
Distances (best fit), m <8 8-94 94-3,392 >3,392
Distances (conservative), m | <52 683-52 683-24,798 >24,798

Hazard zones in the tunnel of the same cross-section area and aspect ratio for 70 MPa, 62 L (2.4 kg),
300 K tank rupture in a fire are given in Table 7.

Table 7. Hazard zones following 70 MPa, 62 L (2.4 kg) tank rupture in the Leerdal tunnel.

Fatality | Serious injury | Slight injury | No-harm
Threshold pressures, kPa >100 kPa | 16.5-100 kPa | 1.35-16.5 kPa | <1.35 kPa
Distances (best fit), m <15 15-190 190-6,895 >6,895
Distances (conservative), m | <105 105-1,388 1,388-50,415 | >50,415
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CONCLUSIONS

The significance of this study is in the provision for the first time of the correlation for calculation of
blast wave decay after a hydrogen tank rupture in a tunnel fire. The correlation can be used for
assessment of consequences of any tank rupture in a tunnel of any cross-section area, aspect ratio and
length. The correlation is an essential contribution to the hydrogen safety engineering discipline making
the design and use of hydrogen vehicles in tunnels inherently safer.

The originality of this research is in the use of the complementarities and synergies of two research
techniques, i.e. the similitude analysis and the validated CFD model for simulation of complex physical
phenomena intrinsic to hydrogen tank rupture in a tunnel fire. This approach has allowed all data on
blast wave decay from different tank rupturing in various tunnels to collapse into one curve.

The rigour of this work is in the universality of the correlation built using the CFD model validated

against fire tests on tank rupture. The derived dimensionless pressure and distance, Py and Ly,
encapsulate all important factors of influence. To investigate the behaviour of blast wave decay in a
tunnel after tank rupture in a fire and build the correlation, a total of 14 simulations have been performed.
They include a wide realistic range of hydrogen inventories for onboard vehicle storage 0.6-6.9 kg, tank
rupture pressures 35-95 MPa, tunnel cross-section areas 24-140 m?, aspect ratio width-to-height 1.2-2.7
and length from the location of tank rupture to tunnel exit 150-1500 m.

This theoretical and numerical study is, first of all, of academic interest rather than validated by
experiments source of guidelines for inherently safer use of hydrogen-powered vehicles in tunnels.
However, in the absence of experiments on hydrogen tank rupture in a tunnel fire, the developed
correlation is the only tool available to stakeholders for hazards and associated risk assessment. The
validation experiments, including those planned in the HyTunnel-CS project, will help to validate the
correlations coefficients to make the correlation as a practical engineering tool.
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