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ABSTRACT
The HyRAM+ software is an open-source toolkit that provides publicly available models and
default input values to enable straightforward and consistent safety assessments for hydrogen and
other alternative fuel systems, such as natural gas and propane. The HyRAM+ quantitative risk
assessment calculation incorporates annual likelihood of leaks or failures for both compressed
gaseous and liquefied flammable fuels, as well as probabilistic models for the effects of heat flux
and overpressure. HyRAM+ contains experimentally validated models of various aspects of
release behavior, including orifice flow, unignited dispersion, and flame behavior. This document
provides a description of the methodology and models contained in HyRAM+ version 6.0. The
most significant changes for HyRAM+ version 6.0 from HyRAM+ version 5.1 are the new
graphical user interface which allows installation on macOS in addition to Windows, new default
leak frequencies for filters, and the addition of uncertainty quantification to the back-end Python
package.
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1. INTRODUCTION

The Hydrogen Plus Other Alternative Fuels Risk Assessment Models (HyRAM+) software is a
toolkit that provides publicly available models and default input values to enable straightforward
and consistent safety assessments for hydrogen and other alternative fuel (i.e., natural gas and
propane) systems. The HyRAM+ quantitative risk assessment (QRA) calculation incorporates
annual frequencies and probabilities of leaks or failures for both compressed gaseous and liquefied
fuels, as well as probabilistic models for the effects of heat flux and overpressure. HyRAM+ also
contains experimentally validated models of various aspects of release behavior, including orifice
flow, unignited dispersion, and flame behavior. Installation files, links to the source code, and
documentation downloads are available at the HyRAM+ website:
https://hyram.sandia.gov.

1.1. HyRAM+ Design Goals and Limitations

HyRAM+ was originally designed for the hydrogen safety, codes, and standards community to
provide risk-informed insights for stakeholders by enabling risk and harm metric calculations for
user-defined systems [1–4]. HyRAM+ contains default inputs and reduced-order models, which
users may use as a basis for comparing different system designs. Default input values are able to
be replaced with more specific information based on the user’s needs. Reduced-order models use
simplifying assumptions to approximate behavior much more quickly than more complex
high-fidelity models. The physics models contained in HyRAM+ have been validated against
available experimental data [5–8]. There are some phenomena for which experimental validation
is not available. In these cases, HyRAM+ provides multiple different model options that can be
used to compare the effects of alternative models.

HyRAM+ is free and open source software: you can redistribute it and/or modify it under the
terms of the GNU General Public License version 3, as published by the Free Software
Foundation. This program is distributed in the hope that it will be useful, but WITHOUT ANY
WARRANTY; without even the implied warranty of MERCHANTABILITY or FITNESS FOR A
PARTICULAR PURPOSE. See the GNU General Public License for more details
(https://www.gnu.org/licenses/gpl-3.0.html).

1.2. About This Report

This report provides technical documentation of the equations, models, and default values
implemented in HyRAM+ version 6.0. HyRAM+ version 6.0 is a revised version of the software,
and this report has a lot of similar content due to similarities between the previous versions of this
software, as well as several versions of the previously named Hydrogen Risk Assessment Models
(HyRAM) software. This report and the HyRAM+ software build off the models and
implementations from those earlier versions [3, 9–15]. The models and default values are
included in this report to maintain a complete record of the state of the software for version 6.0,
even if some of these models and values are unchanged from a previous version of the software.
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1.3. Summary of Changes Made

HyRAM+ is an open source software, meaning that changes to the code can be observed directly1.
However, a summary of major changes to the models is included here for ease of reference.

The most significant changes for HyRAM+ version 6.0 from HyRAM+ version 5.1 are the new
graphical user interface which allows installation on macOS in addition to the previously
supported Windows operating system, new default leak frequencies for filters (see Section 2.1.3),
and the addition of uncertainty quantification to the back-end Python package (see Section 2.6).

Other changes include:

• Added unconfined overpressure tests to the validation test suite

• Sped up QRA analysis by skipping unneeded consequence calculations for zero-risk
conditions

• Modified isentropic blowdown calculation to use interpolating functions, which improves
calculation speed by limiting calls to CoolProp

• Removed facility length and width for QRA plots, which was previously unused in
calculations

• Corrected the flammable mass calculation in the Jet class, which was previously being
undercalculated by missing some flammable mass near the fuel-rich region

• Added additional help text and references to Technical Reference Manual sections in
graphical user interface

1More detailed changes are given in the source code changelog: https://github.com/sandialabs/hyram/
blob/master/CHANGELOG.md
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2. QUANTITATIVE RISK ASSESSMENT

Risk can be described by a set of hazard exposure scenarios, the likelihood of occurrence of these
scenarios, and the consequences associated with each scenario [16]. In HyRAM+, the number of
fatalities is the life safety metric of interest in the QRA. The consequences and fatality risk of jet
flames and overpressures are estimated for different release sizes, each of which can be predicted
to occur with different frequencies [1–4, 17]. These risk calculations utilize some of the physics
models in HyRAM+ to estimate the physical release behavior (see Section 3).

HyRAM+ calculates the risk for release (leak) sizes of 0.01%, 0.1%, 1%, 10%, or 100% of pipe
flow area [1–4]. These release sizes are relative to the pipe flow area (𝐴) as shown in Equation 1,
where 𝐶𝑑 is the discharge coefficient, and 𝑑 is the inner diameter of the pipe. The leak sizes are all
relative to the size of the interconnecting piping, so leaks from all components are assumed to be
the same size.

𝐴 =
𝜋

4
𝐶𝑑𝑑

2 (1)

2.1. Frequency of a Release

HyRAM+ estimates the annual frequency of a release for release sizes of 0.01%, 0.1%, 1%, 10%,
or 100% of pipe flow area [1–4]. The annual frequency of a release ( 𝑓Release,𝑠) for each of the four
smallest release sizes (𝑠 = 0.01%, 0.1%, 1%, and 10%) is based on the annual frequency of
random leaks ( 𝑓Random Releases,𝑠, see Section 2.1.1), as shown in Equation 2 [3, 17].

𝑓Release,𝑠 = 𝑓Random Releases,𝑠 (2)

The annual release frequency of the largest release size (100%) is due to both random leaks (see
Section 2.1.1) and other releases (i.e., dispenser failures, see Section 2.1.4), as shown in
Equation 3 [3].

𝑓Release,100% = 𝑓Random Releases,100% + 𝑓Other Releases (3)

2.1.1. Frequency of Random Leaks

The annual frequency of random leaks is obtained for each release size using a fault tree [14].
These fault trees are implemented in HyRAM+ to combine individual component leak
frequencies into an overall system leak frequency for each leak size. As an example, the fault tree
for random leaks for leak size 0.01% is shown in Figure 2-1. The fault trees for random leaks for
all other leak sizes are analogous.
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Figure 2-1 Fault tree for random leaks of size 0.01% from components.

The annual frequency of random leaks ( 𝑓Random Releases,𝑠) for a leak size 𝑠 is calculated using
Equation 4 by combining the individual component leak frequencies for all the components in the
system of interest, where 𝑁𝑐 is the number of components of a given type and 𝑓Leak𝑐,𝑠 is the annual
leak frequency of leak size 𝑠 for component 𝑐 [3]. The component counts (𝑁𝑐) and component
leak frequencies ( 𝑓Leak,𝑐,𝑠) are all user inputs, and the default values are given in Sections 2.1.2
and 2.1.3, respectively.

𝑓Random Releases,𝑠 =
∑︁
𝑐

𝑁𝑐 𝑓Leak,𝑐,𝑠 (4)

This implementation assumes that the causes in the fault tree (leaks) are mutually exclusive; this is
because a hydrogen leak in a system can result in a shutdown of the system itself, thereby
precluding other releases2.

The available component types are Vessels (Cylinders/Tanks), Compressors, Flanges, Hoses,
Joints, Pipes3, Valves, Filters, Instruments, Heat Exchangers, Loading Arms, Vaporizers, Extra
Component #1, and Extra Component #2 [14].

2.1.2. Default Component Counts

Default component count values are provided as a way to enable exploration of the software and
should be modified by users to represent their system of interest. Default component counts are
informed by systems found in the literature, and are shown in Table 2-1 [9].

2While simultaneous releases are still possible, depending on how quickly a system shutdown can occur, treating the
events as mutually exclusive will lead to a higher (and therefore more conservative) leak frequency compared to
treating leak events as independent.

3The "Pipes" component type is per-meter of pipe; so if a system has 15 m worth of piping, then the "number" of
components for that type is 15. By contrast, the "Hoses" component type is specified as per-hose, not per-length.
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Table 2-1 Default component counts for different fuels types.

Component Gaseous Liquid Gaseous Liquid PropaneHydrogen Hydrogen Methane Methane

Compressors 1 - 1 - 1
Vessels 2 1 2 1 1
Filters 3 - 3 - 2
Flanges - 8 - 8 8
Hoses 1 1 1 1 1
Joints 43 - 43 - -
Pipes 30 30 30 30 30
Valves 7 44 7 44 44

Instruments 5 - 5 - -
Heat Exchangers - - 1 1 -

Default component counts for gaseous hydrogen are based upon the fork lift fueling system
specified in Groth et al. [17] with a compressor added based on the judgment that this would be
necessary for the system [9]. Default component counts for liquid hydrogen systems come from a
liquid hydrogen bulk supply system specified within CGA P-28 2014 [18], but a hose and
increased length of pipe were also included based on engineering judgment [9]. Gaseous methane
and blends utilize the default component counts for gaseous hydrogen, while liquid methane and
propane use the default component counts for liquid hydrogen [9]. Whenever a default component
leak frequency is not specified for a fuel type, due to lack of data, then the default component
count for that component is zero. A heat exchanger was added to the gaseous and liquid methane
default component counts due to default leak frequencies for that component being available for
those fuels; a compressor was similarly added for propane [9].

2.1.3. Default Component Leak Frequencies

In HyRAM+, the annual frequency of a random leak ( 𝑓Leak,𝑐,𝑠) for component 𝑐 and leak size 𝑠 is
assumed to be distributed as a lognormal distribution with parameters 𝜇 and 𝜎, as noted in
Equation 5 [1–4, 17]. The 𝜇 and 𝜎 parameters are obtained from fitted distributions based on the
reported distribution results from each of the original sources (see below) [12].

𝑓Leak,𝑐,𝑠 ∼ Lognormal(𝜇, 𝜎2) (5)

The geometric mean (which is equal to the median for lognormal distributions) values are used in
the frequency calculations in HyRAM+ by default as a metric of central-tendency for the
distribution4 [14]. The geometric mean is calculated using Equation 6.

median = 𝑒𝜇 (6)

4Probabilistic sampling of leak frequencies can be used in the HyRAM+ uncertainty propagation model, see Sec-
tion 2.6.
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The default values for compressed hydrogen are based on generic system leak frequencies and
data from compressed hydrogen systems developed by LaChance et al. [19] and updated by both
Groth et al. [17] and Glover et al. [20]. For liquid hydrogen, leak frequencies are determined using
gaseous hydrogen and liquefied natural gas data as described by Brooks et al. [21]. For
compressed methane, values from the analysis by Brooks et al. are used [22]. For liquid methane,
the analysis described by Mulcahy et al. [23] is used. For propane, values are estimated by Brooks
and Ehrhart [24] based on generic and liquid propane gas data. The leak frequency parameters for
the "filter" component are updated for gaseous hydrogen, gaseous methane, and propane from the
values in Brooks et al. [25].

There are two extra components (Extra Component #1 and Extra Component #2) which might not
fall into the other component type categories [14]. The intention is that users can specify a custom
leak frequency distribution for these components while still keeping the leak frequency
distributions for the other components. These extra component leak frequencies are meant to be
set by the user.

For each component for which there is no data for a specific fuel, the mean and median leak
frequencies are set to infinity, with 𝜇 and 𝜎 set to 999 to achieve this effect [12]. If a user has data
for these components for a specific fuel, they can be updated. If a user does not have specific
information for these components for the specific fuel of interest, leak frequency distribution
parameters for another fuel or another component could be used as a proxy. By making the default
median frequency infinity, the risk metric will result in a value of infinity if one of these
components is included in the system without leak frequency data, thereby alerting the
user [12].

The default leak frequency distributions for each component are shown in Figures 2-2–2-4, and
the default parameters and median values for the distributions are listed in Table 2-2.
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Figure 2-2 Box and whisker plots of gaseous hydrogen (top) and liquid hydrogen (bottom) leak
frequencies for the different components and each leak size. The thick central line is the median leak

frequency, the boxes show the 25th and 75th percentiles of the distribution and the whiskers show the 5th

and 95th percentiles.
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Figure 2-3 Box and whisker plots of gaseous methane (top) and liquid methane (bottom) leak frequencies
for the different components and each leak size. The thick central line is the median leak frequency, the

boxes show the 25th and 75th percentiles of the distribution and the whiskers show the 5th and 95th

percentiles.
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Figure 2-4 Box and whisker plot of propane (same default values for both gaseous and liquid) leak
frequencies for the different components and each leak size. The thick central line is the median leak

frequency, the boxes show the 25th and 75th percentiles of the distribution and the whiskers show the 5th

and 95th percentiles.
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Table 2-2 Default parameters for frequency of random leaks for individual components.

Component Leak Size Gaseous Hydrogen Liquid Hydrogen Gaseous Methane Liquid Methane Propane
𝜇 𝜎 median 𝜇 𝜎 median 𝜇 𝜎 median 𝜇 𝜎 median 𝜇 𝜎 median

Compressor

0.01% -2.3 0.3 1.0×10−1 999 999 ∞ -1.7 1.0 1.9×10−1 999 999 ∞ -5.7 0.7 3.3×10−3

0.1% -4.1 0.5 1.7×10−2 999 999 ∞ -3.6 0.8 2.8×10−2 999 999 ∞ -6.7 0.7 1.2×10−3

1% -5.4 0.8 4.6×10−3 999 999 ∞ -5.5 0.6 4.1×10−3 999 999 ∞ -7.8 1.6 4.3×10−4

10% -8.8 0.7 1.5×10−4 999 999 ∞ -7.4 0.6 6.0×10−4 999 999 ∞ -8.8 0.7 1.6×10−4

100% -11.1 1.2 1.5×10−5 999 999 ∞ -9.3 0.7 8.8×10−5 999 999 ∞ -9.8 1.9 5.7×10−5

Vessel
(Tank/Cylinder)

0.01% -13.5 0.7 1.4×10−6 -7.3 1.8 6.5×10−4 -3.6 1.2 2.6×10−2 -7.6 1.1 4.8×10−4 -8.7 1.0 1.6×10−4

0.1% -13.6 0.6 1.2×10−6 -8.9 2.6 1.4×10−4 -4.8 0.9 7.8×10−3 -8.9 2.2 1.4×10−4 -9.4 1.8 8.4×10−5

1% -14.1 0.6 7.9×10−7 -10.5 2.1 2.8×10−5 -6.1 0.7 2.3×10−3 -10.1 1.9 3.9×10−5 -10.0 2.6 4.5×10−5

10% -14.6 0.6 4.5×10−7 -12.1 2.7 5.7×10−6 -7.3 0.6 6.8×10−4 -11.4 2.4 1.1×10−5 -10.7 2.0 2.3×10−5

100% -15.3 0.6 2.3×10−7 -13.7 3.1 1.2×10−6 -8.5 0.9 2.0×10−4 -12.7 3.2 3.1×10−6 -11.3 4.2 1.2×10−5

Filter

0.01% -6.0 0.6 2.5×10−3 999 999 ∞ -6.0 0.6 2.5×10−3 999 999 ∞ -6.0 0.6 2.5×10−3

0.1% -7.0 0.6 9.3×10−4 999 999 ∞ -7.0 0.6 9.3×10−4 999 999 ∞ -7.0 0.6 9.3×10−4

1% -8.0 0.6 3.5×10−4 999 999 ∞ -8.0 0.6 3.5×10−4 999 999 ∞ -8.0 0.6 3.5×10−4

10% -8.9 0.7 1.3×10−4 999 999 ∞ -8.9 0.7 1.3×10−4 999 999 ∞ -8.9 0.7 1.3×10−4

100% -9.9 0.7 4.8×10−5 999 999 ∞ -9.9 0.7 4.8×10−5 999 999 ∞ -9.9 0.7 4.8×10−5

Flange

0.01% -3.9 1.5 2.0×10−2 -3.9 1.5 2.0×10−2 -2.4 1.2 8.7×10−2 -10.1 0.7 4.2×10−5 -10.1 0.7 4.1×10−5

0.1% -6.1 1.1 2.2×10−3 -6.1 1.1 2.2×10−3 -4.7 0.9 8.7×10−3 -10.7 1.2 2.3×10−5 -10.8 1.1 2.0×10−5

1% -8.3 2.1 2.4×10−4 -8.3 2.1 2.4×10−4 -7.0 0.7 8.8×10−4 -11.2 2.4 1.4×10−5 -11.6 2.2 9.2×10−6

10% -10.5 0.7 2.7×10−5 -10.5 0.7 2.7×10−5 -9.3 0.6 8.8×10−5 -11.7 2.8 8.6×10−6 -12.4 0.6 4.1×10−6

100% -12.7 1.7 2.9×10−6 -12.7 1.7 2.9×10−6 -11.6 0.7 9.2×10−6 -12.2 2.9 5.2×10−6 -13.2 1.6 1.9×10−6

Hose

0.01% -7.5 0.4 5.8×10−4 -7.5 0.4 5.8×10−4 -10.5 1.2 2.8×10−5 -13.4 0.7 1.5×10−6 -10.5 0.8 2.8×10−5

0.1% -8.5 0.6 2.0×10−4 -8.5 0.6 2.0×10−4 -9.3 0.9 9.1×10−5 -11.7 0.6 7.9×10−6 -10.2 1.4 3.7×10−5

1% -8.7 0.6 1.6×10−4 -8.7 0.6 1.6×10−4 -8.2 0.7 2.9×10−4 -10.1 4.2 4.1×10−5 -9.8 2.9 5.7×10−5

10% -8.8 0.6 1.5×10−4 -8.8 0.6 1.5×10−4 -7.0 0.6 9.1×10−4 -8.5 0.9 2.1×10−4 -9.4 1.1 8.4×10−5

100% -9.7 1.0 6.2×10−5 -9.7 1.0 6.2×10−5 -5.8 0.7 2.9×10−3 -6.8 3.6 1.1×10−3 -9.0 2.2 1.2×10−4

Joint

0.01% -10.3 0.2 3.5×10−5 -10.3 0.2 3.5×10−5 0.5 1.1 1.6×100 10.5 2.2 3.5×104 -0.1 2.5 9.2×10−1

0.1% -12.3 0.9 4.7×10−6 -12.3 0.9 4.7×10−6 -1.5 0.8 2.3×10−1 6.2 1.7 4.8×102 -1.8 1.9 1.6×10−1

1% -11.8 0.5 7.9×10−6 -11.8 0.5 7.9×10−6 -3.4 0.6 3.2×10−2 1.9 1.1 6.5×100 -3.6 1.2 2.8×10−2

10% -11.8 0.6 7.5×10−6 -11.8 0.6 7.5×10−6 -5.4 0.5 4.6×10−3 -2.4 0.7 8.8×10−2 -5.3 0.7 5.0×10−3

100% -12.0 0.7 6.4×10−6 -12.0 0.7 6.4×10−6 -7.3 0.6 6.6×10−4 -6.7 0.6 1.2×10−3 -7.0 0.7 8.8×10−4

Pipe

0.01% -11.7 0.7 8.0×10−6 -11.7 0.7 8.0×10−6 -2.5 1.2 8.1×10−2 -12.8 1.3 2.7×10−6 -12.0 1.1 6.1×10−6

0.1% -12.5 0.7 3.7×10−6 -12.5 0.7 3.7×10−6 -4.2 0.9 1.5×10−2 -13.4 1.4 1.4×10−6 -12.5 1.0 3.7×10−6

1% -13.9 1.3 9.6×10−7 -13.9 1.3 9.6×10−7 -5.9 0.9 2.7×10−3 -14.1 1.2 7.9×10−7 -13.1 1.8 2.0×10−6

10% -14.6 1.2 4.6×10−7 -14.6 1.2 4.6×10−7 -7.6 0.6 5.0×10−4 -14.7 1.4 4.2×10−7 -13.6 1.3 1.2×10−6

100% -15.7 1.8 1.5×10−7 -15.7 1.8 1.5×10−7 -9.3 0.9 9.1×10−5 -15.3 1.8 2.3×10−7 -14.1 1.7 7.5×10−7

Valve

0.01% -5.9 0.2 2.9×10−3 -5.9 0.2 2.9×10−3 -3.0 1.1 5.1×10−2 -9.4 0.7 8.4×10−5 -9.3 0.6 9.5×10−5

0.1% -7.4 0.4 5.9×10−4 -7.4 0.4 5.9×10−4 -3.9 0.8 2.0×10−2 -10.1 1.0 4.2×10−5 -9.9 1.1 5.2×10−5

1% -9.8 1.1 5.4×10−5 -9.8 1.1 5.4×10−5 -4.9 1.4 7.8×10−3 -10.7 1.2 2.2×10−5 -10.5 2.7 2.8×10−5

10% -10.6 0.6 2.5×10−5 -10.6 0.6 2.5×10−5 -5.8 0.6 3.0×10−3 -11.3 1.9 1.2×10−5 -11.1 1.2 1.5×10−5

100% -12.2 1.4 4.8×10−6 -12.2 1.4 4.8×10−6 -6.8 1.2 1.2×10−3 -11.9 1.9 6.5×10−6 -11.7 2.2 8.3×10−6

Instrument

0.01% -7.4 0.7 6.2×10−4 999 999 ∞ -7.3 0.7 6.9×10−4 999 999 ∞ -7.3 0.7 6.9×10−4

0.1% -8.5 0.8 2.0×10−4 999 999 ∞ -8.1 0.6 3.0×10−4 999 999 ∞ -8.1 0.6 3.0×10−4

1% -9.1 0.9 1.1×10−4 999 999 ∞ -8.9 0.6 1.3×10−4 999 999 ∞ -8.9 0.6 1.3×10−4

10% -9.2 1.1 1.0×10−4 999 999 ∞ -9.8 0.5 5.7×10−5 999 999 ∞ -9.8 0.5 5.7×10−5

100% -10.2 1.5 3.7×10−5 999 999 ∞ -10.6 0.7 2.5×10−5 999 999 ∞ -10.6 0.7 2.5×10−5

Heat Exchanger

0.01% 999 999 ∞ 999 999 ∞ 0.6 1.3 1.8×100 -6.1 1.0 2.3×10−3 999 999 ∞
0.1% 999 999 ∞ 999 999 ∞ -1.1 1.0 3.5×10−1 -7.0 1.3 8.9×10−4 999 999 ∞
1% 999 999 ∞ 999 999 ∞ -2.7 1.1 6.7×10−2 -8.0 1.4 3.2×10−4 999 999 ∞
10% 999 999 ∞ 999 999 ∞ -4.4 0.6 1.3×10−2 -9.1 2.3 1.2×10−4 999 999 ∞
100% 999 999 ∞ 999 999 ∞ -6.0 0.9 2.4×10−3 -10.1 1.6 4.2×10−5 999 999 ∞

Vaporizer

0.01% 999 999 ∞ 999 999 ∞ 999 999 ∞ -4.8 2.5 8.1×10−3 999 999 ∞
0.1% 999 999 ∞ 999 999 ∞ 999 999 ∞ -3.6 1.9 2.6×10−2 999 999 ∞
1% 999 999 ∞ 999 999 ∞ 999 999 ∞ -2.5 1.2 8.4×10−2 999 999 ∞
10% 999 999 ∞ 999 999 ∞ 999 999 ∞ -1.3 0.7 2.7×10−1 999 999 ∞
100% 999 999 ∞ 999 999 ∞ 999 999 ∞ -0.1 0.7 8.8×10−1 999 999 ∞

Transfer Arm

0.01% 999 999 ∞ 999 999 ∞ 999 999 ∞ -1.6 3.0 2.0×10−1 -4.8 1.2 8.3×10−3

0.1% 999 999 ∞ 999 999 ∞ 999 999 ∞ -4.4 2.1 1.2×10−2 -5.4 0.9 4.7×10−3

1% 999 999 ∞ 999 999 ∞ 999 999 ∞ -7.2 1.9 7.5×10−4 -5.9 0.7 2.6×10−3

10% 999 999 ∞ 999 999 ∞ 999 999 ∞ -10.3 1.0 3.3×10−5 -6.5 0.6 1.5×10−3

100% 999 999 ∞ 999 999 ∞ 999 999 ∞ -12.7 3.4 3.0×10−6 -7.1 0.9 8.3×10−4
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2.1.4. Frequency of Dispenser Releases

The annual frequency of other releases ( 𝑓Other Releases) deals with failures that can happen at a
dispenser, rather than random leaks from individual components [14, 17]. The probability of an
accident can be high for several reasons: fueling typically involves direct human interaction to
operate the fueling dispenser, connections are temporary rather than hard-plumbed lines, and
connections can be inadvertently broken because the vehicle is not a permanent part of the system.
On the other hand, releases from fueling can only occur when fueling occurs, and so different
systems that involve different numbers of fueling events can be impacted by these releases to
varying degrees. It is assumed that a dispenser failure would result in a large release of fuel, and
so this frequency is only used in the largest (100%) leak size.

The annual frequency of other releases ( 𝑓Other Releases) is calculated using Equation 7, in which
𝑓Fueling Demands is the annual frequency of fueling demands (i.e., the number of times a dispenser is
used to refuel a vehicle in a year) and 𝑝Dispenser Releases is the probability of a release from a
dispenser during fueling [14]. This implementation assumes that the causes in the fault tree are
mutually exclusive; this is because a hydrogen leak in a system can result in a shutdown of the
system itself, thereby precluding other releases5.

𝑓Other Releases = 𝑓Fueling Demands × 𝑝Dispenser Releases (7)

The annual frequency of fueling demands ( 𝑓Fueling Demands) is given by Equation 8, where 𝑁Vehicles
is the number of vehicles at the facility, 𝑁Fuelings per Day is the average number of times each vehicle
is fueled per day, and 𝑁Operating Days per Year is the number of operating days in a year [14].

𝑓Fueling Demands = 𝑁Vehicles × 𝑁Fuelings per Day × 𝑁Operating Days per Year (8)

Dispenser failures are categorized in HyRAM+ as Accidents (in which the vehicle tank
overpressurizes or a drive-off occurs) or Shutdown Failures (in which the system fails to shut
down after a release from the nozzle) [14]. The probability for these types of releases are
estimated using a fault tree as shown in Figure 2-5.

5While simultaneous releases are still possible, depending on how quickly a system shutdown can occur, treating the
events as mutually exclusive will lead to a higher (and therefore more conservative) release probability compared
to treating leak events as independent.
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Figure 2-5 Fault tree for Other Releases from a dispenser [14].

The probability of a release from a dispenser during fueling (𝑝Dispenser Releases) is given by
Equation 9, where 𝑝Accidents is the probability of an accident during fueling and 𝑝Shutdown Failure is
the probability of a shutdown failure during fueling [14].

𝑝Dispenser Releases = 𝑝Accidents + 𝑝Shutdown Failure (9)

The probability of an accident during fueling (𝑝Accidents) is given by Equation 10, where
𝑝Rupture During Fueling is the probability of a rupture that occurs during fueling and
𝑝Release Due to Drive−Off is the probability of a release occurring due to a vehicle drive-off [14].

𝑝Accidents = 𝑝Rupture During Fueling + 𝑝Release Due to Drive−Off (10)

The probability of a rupture during fueling is given by Equation 11, in which
𝑝Overpressure During Fueling is the probability of an overpressure occurring during fueling (e.g., the
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dispenser over-fills the vehicle tank) and 𝑝PRD FTO is the probability of the dispenser pressure
relief device failing to open on demand [14].

𝑝Rupture During Fueling = 𝑝Overpressure During Fueling × 𝑝PRD FTO (11)

The probability of a release occurring due to a vehicle drive-off (𝑝Release Due to DriveOff) is given by
Equation 12, where 𝑝DriveOff is the probability of a vehicle driving off while still attached to the
dispenser during fueling and 𝑝Breakaway FTC is the probability of the breakaway coupling failing to
close on demand [14].

𝑝Release Due to DriveOff = 𝑝DriveOff × 𝑝Breakaway FTC (12)

The probability of a shutdown failure during fueling (𝑝Shutdown Failure) is given by Equation 13,
where 𝑝Nozzle Release is the probability of the dispensing nozzle releasing fuel, 𝑝Manual Valve FTC is
the probability of the manual shutoff valve failing to close on demand, and 𝑝Solenoid Valves FTC is the
probability of the automated solenoid valves on the dispenser failing to close on demand [14].

𝑝Shutdown Failure = 𝑝Nozzle Release × 𝑝Manual Valve FTC × 𝑝Solenoid Valves FTC (13)

The probability of the dispensing nozzle releasing fuel (𝑝Nozzle Release) is given by Equation 14, in
which 𝑝Nozzle Ejection is the probability of the dispenser nozzle being ejected during fueling, and
𝑝Nozzle FTC is the probability of the dispenser nozzle failing to close on demand [14].

𝑝Nozzle Release = 𝑝Nozzle Ejection + 𝑝Nozzle FTC (14)

The probability of the automated solenoid valves on the dispenser failing to close on demand
(𝑝Solenoid Valves FTC) is given by Equation 15, where 𝑝Solenoid Valve FTC is the probability of any one
automated solenoid valve failing to close on demand and 𝑝Common Cause FTC is the probability of
something causing all of the solenoid valves to fail to close on demand (e.g., loss of connection to
sensors) [14].

𝑝Solenoid Valves FTC = [𝑝Solenoid Valve FTC]3 + 𝑝Common Cause FTC (15)

It should be noted that this fault tree implementation assumes that there are 3 solenoid valves and
that all of them need to fail in order for fuel to be released; thus, the probability for any single
valve failing is cubed.

The probabilities 𝑝Overpressure During Fueling, 𝑝PRD FTO, 𝑝DriveOff , 𝑝Breakaway FTC, 𝑝Manual Valve FTC,
𝑝Nozzle Ejection, 𝑝Nozzle FTC, 𝑝Solenoid Valve FTC, and 𝑝Common Cause FTC can each be specified as a
specific expected value from 0.0 to 1.0, or can be specified as a probability distribution such as
beta or lognormal distributions [14]. If a probability distribution is specified, the mean (or median
for a lognormal distribution) value will be calculated and used in the above calculations. Default
values for these probabilities are given in Section 2.1.5.

Any of the probabilities in this section can be used to estimate an annual frequency of any of the
events in question. This can be done by multiplying the probability for event of interest 𝐴 (𝑝𝐴) by
the annual number of fueling demands ( 𝑓Fueling Demands), as shown in Equation 16 [14].

𝑓𝐴 = 𝑝𝐴 × 𝑓Fueling Demands (16)
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2.1.5. Default Dispenser Failure Probabilities

The default dispenser failure probabilities in HyRAM+ were estimated from generic data from the
offshore oil, process chemical, and nuclear power industries as part of a risk assessment for indoor
refueling of hydrogen-powered forklifts [17]. Table 2-3 shows the default probability distributions
and parameters for various types of component-specific dispenser failures and Table 2-4 shows the
default accident occurrence probability distributions and parameters for different types of
accidents for dispensers that are described in Section 2.1.4.

Table 2-3 Default probability distributions and parameters for dispenser failure.

Component Failure Mode Variable Distribution Parameters

Nozzle Pop-off 𝑝Nozzle Ejection Beta (𝛼, 𝛽) 𝛼 = 0.5
𝛽 = 610415.5

Nozzle Failure to close 𝑝Nozzle FTC Expected value 0.002
Breakaway Failure to close 𝑝Breakaway FTC Beta (𝛼, 𝛽) 𝛼 = 0.5
coupling 𝛽 = 5031

Pressure relief Failure to open 𝑝PRD FTO Lognormal
(
𝜇, 𝜎2) 𝜇 = −11.74

valve 𝜎 = 0.67
Manual valve Failure to close 𝑝Manual Valve FTC Expected value 0.001
Solenoid valve Failure to close 𝑝Solenoid Valve FTC Expected value 0.002

Solenoid valves Common cause
𝑝Common Cause FTC Expected value 1.28×10−4

failure

Table 2-4 Default probability distributions for accident occurrence.

Accident Variable Distribution Parameters

Drive-off 𝑝DriveOff Beta (𝛼, 𝛽) 𝛼 = 31.5
𝛽 = 610384.5

Overpressure during fueling 𝑝Overpressure During Fueling Beta (𝛼, 𝛽) 𝛼 = 3.5
𝛽 = 310289.5

See Equation 6 for the calculation of the geometric mean (median) for a lognormal distribution.
For a beta distribution with parameters 𝛼 and 𝛽, the arithmetic mean is calculated using
Equation 176.

mean =
𝛼

𝛼 + 𝛽
(17)

6Probabilistic sampling of dispenser failure probabilities can be used in the HyRAM+ uncertainty propagation model,
see Section 2.6.
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The default number of vehicles that use the dispenser (𝑁Vehicles) is 20, each with 2 fuelings per day
(𝑁Fuelings per Day), and the default number of vehicle operating days per year (𝑁Operating Days per Year)
is 250. This results in 10,000 annual fueling demands by default ( 𝑓Fueling Demands, see Equation 8).

2.2. Outcome Likelihood of a Release

A release of a flammable fuel could lead to several possible hazards [2–4]. Currently, HyRAM+
calculates harm from thermal effects of jet fires (for immediate ignition) and overpressure (for
delayed ignition). A release of a liquid fuel (e.g., liquid hydrogen or liquid natural gas) may also
form a pool on the ground, but this is currently not considered in HyRAM+, nor are the thermal
effects from the cold temperatures of these cryogenic liquid fuels. The likelihood of potentially
harmful scenarios is estimated using an event sequence diagram7 for release of a flammable fuel,
shown in Figure 2-6.

Leak
Leak Detected 
and Isolated

No Ignition

Immediate 
Ignition

Shutdown

Dissipation

Jet Fire

Explosion

Figure 2-6 Event sequence diagram used by HyRAM+ for flammable gas releases (adapted from [14]).

The probability of the first outcome, Shutdown, is given by Equation 18, in which 𝑝Shutdown is the
probability of the Shutdown outcome given a leak and 𝑝Isolate is the probability of detecting and
isolating a release (leak) before ignition. The probability of detecting and isolating a release (leak)
before ignition (𝑝Isolate) is a user input, and the default value is given in Section 2.2.1.

𝑝Shutdown = 𝑝Isolate (18)

7Also called an event tree.
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The probability of the second outcome, Dissipation, is given by Equation 19, in which 𝑝Dissipation
is the probability of the Dissipation outcome given a leak and 𝑝NoIgnition is the probability of
ignition not occurring for a given release (leak). This includes the probability of failing to detect
and isolate a release (leak) without ignition, as shown in the event tree (Figure 2-6), which is the
(1 − 𝑝Isolate) term in Equation 19.

𝑝Dissipation = (1 − 𝑝Isolate) 𝑝NoIgnition (19)

The probability of ignition not occurring for a given release (𝑝NoIgnition) is the complementary
probability of the total probability of ignition given a release (𝑝Ignition), as shown in Equation 20.

𝑝NoIgnition = 1 − 𝑝Ignition (20)

The total probability of ignition given a release (𝑝Ignition) is a combination of the probability of
immediate ignition given a release (𝑝ImmediateIgnition) and the probability of delayed ignition given
a release (𝑝DelayedIgnition), as shown in Equation 21. These equations are written in this way to
utilize immediate and delayed ignition probabilities that are each conditional to a leak occurring
as user inputs. The default values for these ignition probability inputs (𝑝ImmediateIgnition and
𝑝DelayedIgnition) are given in Section 2.2.2.

𝑝Ignition = 𝑝ImmediateIgnition + 𝑝DelayedIgnition (21)

The probability of the third outcome, Jet Fire, is given by Equation 22, in which 𝑝JetFire is the
probability of the Jet Fire outcome given a leak and 𝑝Immediate is the probability of immediate
ignition given that ignition has occurred. This includes the probability of failing to detect and
isolate a release (leak) without ignition, as well as the probability of ignition occurring.

𝑝JetFire = (1 − 𝑝Isolate)
(
1 − 𝑝NoIgnition

)
𝑝Immediate (22)

The probability of immediate ignition given that ignition has occurred (𝑝Immediate) can be
calculated from the probability of immediate ignition given a release (𝑝ImmediateIgnition) and the
total probability of ignition given a release (𝑝Ignition), as shown in Equation 23.

𝑝Immediate =
𝑝ImmediateIgnition

𝑝Ignition
(23)

The probability of the fourth and final outcome, Explosion, is given by Equation 24, in which
𝑝Explosion is the probability of the Explosion outcome given a leak. This includes the probability
of detecting and isolating a release (leak) before ignition not occurring, the probability of ignition
occurring, and the probability of immediate ignition not occurring.

𝑝Explosion = (1 − 𝑝Isolate)
(
1 − 𝑝NoIgnition

)
(1 − 𝑝Immediate) (24)

As with any such event sequence diagram, the probabilities of all outcomes (𝑜) given that a
release has occurred (Equations 18–24) sum to 1, as shown in Equation 25.∑︁

𝑜

𝑝𝑜 = 1 = 𝑝Shutdown + 𝑝Dissipation + 𝑝JetFire + 𝑝Explosion (25)
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The annual frequency of any of these outcomes ( 𝑓𝑠,𝑜 for leak size 𝑠 and outcome 𝑜, see
Equations 18–24) can be obtained by multiplying the annual frequency of a leak of a given size
( 𝑓Release,𝑠 for leak size 𝑠, see Section 2.1) by the probability for each outcome (𝑝𝑠,𝑜, see
Equations 18–24), as shown in Equation 26.

𝑓𝑠,𝑜 = 𝑓Release,𝑠𝑝𝑠,𝑜 (26)

2.2.1. Default Detection and Isolation Probability

Successful release detection and isolation (𝑝Isolate) is assigned a default value of 0.9 [3]. This
value incorporates many considerations on detection and isolation including ventilation, sensor
placement, leak location, and the ability of the sensor and isolation valve to operate successfully
on demand.

Note: This value can vary significantly based on a particular system setup, and so the
user/analyst needs to carefully consider the particulars of the system being assessed and decide if
this default value is appropriate.

2.2.2. Default Ignition Probabilities

The default values for the probability of immediate ignition given a release (𝑝ImmediateIgnition) and
the probability of delayed ignition given a release (𝑝DelayedIgnition) are a function of release rate and
are given in Table 2-5 [26].

Table 2-5 Default ignition probabilities for different fuels.

(a) Hydrogen

Release Ignition Probability
Rate (kg/s) Immediate Delayed
<0.125 0.008 0.004

0.125–6.25 0.053 0.027
>6.25 0.230 0.120

(b) Methane and Propane

Release Ignition Probability
Rate (kg/s) Immediate Delayed

<1 0.007 0.003
1–50 0.047 0.023
>50 0.200 0.100

2.3. Consequence Models

The consequences of a leak scenario outcome (𝑐𝑠,𝑜) can vary by both the leak size 𝑠 (0.01%, 0.1%,
1%, 10%, and 100% leak sizes) and by outcome 𝑜 (see Section 2.2). As HyRAM+ calculates the
fatality risk, the consequences are calculated from the estimated likelihood of a fatality from each
of the 𝑙 occupants of the facility (see Section 2.3.1). Thus, the consequences for each leak size,
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outcome, and occupant (𝑐𝑠,𝑜,𝑙) combine to calculate the consequence for that leak size and
outcome (𝑐𝑠,𝑜) as shown in Equation 27.

𝑐𝑠,𝑜 =
∑︁
𝑙

𝑐𝑠,𝑜,𝑙 (27)

The consequences for each of the leak scenarios are estimated by the probability of a fatality for
each of the occupants in the facility, as described in the following sub-sections.

2.3.1. Facility Occupants

The harm and fatalities of interest in HyRAM+ are calculated for individual facility
occupants [14, 17]. The occupant positions and number of occupants are defined by user input.
For each dimension of the occupant position (𝑥, 𝑦, 𝑧) for each occupant, the user may assign a
position deterministically or may specify a probability distribution. Probability distributions are
randomly sampled to assign the positions using user-specified inputs to a uniform or normal
distribution. The occupant positions are all defined relative to the leak point; i.e., the leak occurs
at the "origin" (0, 0, 0) and extends in the 𝑥𝑦-plane depending on the angle of the leak, so the
occupant positions (𝑥, 𝑦, 𝑧) are based on that point of reference. The 𝑥 and 𝑧 coordinates are
horizontal to the ground, while the 𝑦 coordinate is height above the ground. The occupants are
assumed not to occupy the same physical space as the leak point, and so an exclusion radius is
used; if a generated occupant position is within the specified exclusion radius, that position is
rejected and another position generated. By default, the exclusion radius is 0.01 m.

The occupant locations are sampled and assigned once per QRA calculation; this means that if
any occupant location dimensions are specified with a probability distribution, the resulting risk
value may differ between calculation runs. Instead, if occupant locations are specified
deterministically for all dimensions, then the same risk value result will occur for each calculation
run. A user who wants to repeat a previously specified set of determined locations can either
specify those locations deterministically or use the same value for the "random seed" input, which
will cause the same values to be sampled from the probability distributions.

By default, HyRAM+ includes a set of 9 occupants that are meant to provide an example of
workers within a station or facility. The locations of these default occupants are assumed to be
distributed with a uniform distribution in the 𝑥-direction between 1–20 m, a constant height of 0 m
(i.e., same height as the leak itself), and distributed with a uniform distribution in the 𝑧-direction
between 1–12 m. These default occupants are assumed to have 2,000 exposed hours per occupant
per year. The number, location specifications, and exposed hours for these default occupants can
be edited by the user, and additional groups with occupants with separate numbers, locations, and
exposed hours can be specified by the user as well.
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2.3.2. Shutdown Scenario Consequences

The scenario in which a leak is safely detected and isolated is assumed to result in no fatalities for
all of the occupant positions [17], as shown in Equation 28.

𝑐𝑠,Shutdown,𝑙 = 0 (28)

2.3.3. Dissipation Scenario Consequences

The scenario in which a leak dissipates and does not ignite is assumed to result in no fatalities for
all of the occupant positions [17], as shown in Equation 29.

𝑐𝑠,Dissipation,𝑙 = 0 (29)

2.3.4. Jet Fire Scenario Consequences

The consequences of a jet fire on facility occupants are calculated using Equation 30, in which
𝑝fatal,𝑠,jetfire,𝑙 is the probability of a fatality from a jet fire for the leak size 𝑠 and occupant location
𝑙.

𝑐𝑠,Jetfire,𝑙 = 𝑝fatal,𝑠,jetfire,𝑙 (30)

The probability of a fatality from a jet fire is described in Section 2.4, which uses physical effect
modeling as described in Section 3. Specifically, the flame model described in Section 3.4.2 and
multi-point radiative heat flux model described in Section 3.4.3 are used for this scenario. These
models are coupled to the developing flow models described in Section 3.2. The heat flux
calculation is performed at each of the occupant locations, and the resulting values are then used
to estimate the probability of a fatality at each of the occupant locations using the fatality probits
in Section 2.4.1.

2.3.5. Explosion Scenario Consequences

The consequences of an explosion on facility occupants are calculated using Equation 31, in
which 𝑝fatal,𝑠,explosion,𝑙 is the probability of a fatality from an explosion for the leak size 𝑠 and
occupant position 𝑙.

𝑐𝑠,Explosion,𝑙 = 𝑝fatal,𝑠,explosion,𝑙 (31)

The probability of a fatality from an explosion is described in Section 2.4, which uses physical
effect modeling as described in Section 3. The unconfined overpressure model described in
Section 3.4.5 is used for this scenario; this assumes that the overpressure occurs outdoors or in a
large enough indoor space such that the overpressure is unconfined. The overpressure calculation
is performed at each of the occupant locations, and the resulting values are then used to estimate
the probability of a fatality at each of the occupant locations using the fatality probits in
Section 2.4.2.
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2.4. Harm and Loss Models

Probit models are used in HyRAM+ to estimate the probability of a fatality for a given harmful
effect [1–4, 17]. The probability of a fatality for the probit models in HyRAM+ is given by
Equation 32, which is the standard normal cumulative distribution function evaluated at 𝑌 ; 𝑌 is
obtained by the corresponding probit model (see Sections 2.4.1 and 2.4.2) [3, 17]. The standard
normal cumulative distribution function (Φ(𝑥)) is the case in which the normal cumulative
distribution function (𝐹 (𝑥 |𝜇, 𝜎)) has parameters of 𝜇 = 0 and 𝜎 = 1.

𝑝fatal = 𝐹 (𝑌 |𝜇 = 5, 𝜎 = 1) = Φ(𝑌 − 5) (32)

2.4.1. Thermal Harm

Equation 33 calculates the harm, as a thermal dose unit (𝑉), from a radiant heat flux [3, 17]. This
calculation uses the heat flux intensity (𝐼, in W/m2) and exposure time (𝑡, in seconds). The default
thermal exposure time used in the current version of HyRAM+8 is 30 s, but users may modify this
value. This default value was selected based on multiple literature sources that include the ability
of a person to move away from a heat source [27, 28].

𝑉 = 𝐼 (4/3)𝑡 (33)

The thermal probit models implemented in HyRAM+ are shown in Table 2-6 [3, 17]. The
probability of a fatality due to thermal harm is evaluated using the probit value resulting from the
equations in Table 2-6 with Equation 32.

Table 2-6 Thermal harm probit models where 𝑉 is the thermal dose (in units of (𝑊/𝑚2) (4/3) 𝑠) [3, 17].

Model Equation
Eisenberg [29] 𝑌 = −38.48 + 2.56 × ln(𝑉)

Tsao & Perry [30] 𝑌 = −36.38 + 2.56 × ln(𝑉)
TNO [27] 𝑌 = −37.23 + 2.56 × ln(𝑉)
Lees [31] 𝑌 = −29.02 + 1.99 × ln(0.5𝑉)

LaChance et al. [32] recommended using either the Eisenberg or the Tsao & Perry probit models
for hydrogen-related assessments. The HyRAM+ default for hydrogen is the Eisenberg probit
model for heat flux. This recommendation is based on the fact that hydrogen flames are less
radiative than hydrocarbon flames, and so the Tsao & Perry probit model may overpredict due to
the inclusion of infrared radiation. By contrast, the Tsao & Perry probit may be more relevant for
hydrocarbon fuels like methane and propane; therefore, the Tsao & Perry probit is the default
when methane or propane is selected as the fuel. The TNO and Lees probit accounts for clothing,
which may be appropriate for some situations, though may be less conservative than the probits
that do not account for clothing.

8The default value in HyRAM+ version 4.1 and earlier was 60 s [3, 17]

34



Structures can also be damaged by radiant heat flux, and it is possible that structural damage can
cause physical harm (fatalities) to humans, which is the risk metric of interest within HyRAM+.
However, significant structural damage would require a long radiant heat flux exposure in excess of
30 minutes [32]; the fatality risk due to thermal radiation from fires on structures and equipment is
assumed to be less significant than direct thermal exposure, since people would be able to evacuate
a building before thermal exposure reaches a threshold for signficant structural damage [3, 17].

2.4.2. Overpressure Harm

The probit models to predict the harm from the effects of overpressures that are implemented in
HyRAM+ are shown in Table 2-7 [3]. The probability of a fatality due to overpressure is
evaluated using the probit value resulting from the equations in Table 2-7 with Equation 32. In
this context, the overpressure is defined as the maximum pressure above ambient.

Table 2-7 Overpressure probit models where 𝑃𝑠 is peak overpressure (Pa) and 𝑖 is the impulse of the
shock wave (Pa·s) [3].

Model Equation
Eisenberg - Lung hemorrhage [33] 𝑌 = −77.1 + 6.91 ln(𝑃𝑠)
HSE - Lung hemorrhage [34, 35] 𝑌 = 5.13 + 1.37 ln

(
𝑃𝑠

105

)
TNO - Head impact [27] 𝑌 = 5 − 8.49 ln

[
2430
𝑃𝑠

+ 4.0×108

𝑃𝑠𝑖

]
TNO - Structure collapse [27] 𝑌 = 5 − 0.22 ln

[(
40000
𝑃𝑠

)7.4
+

(
460
𝑖

)11.3
]

LaChance et al. [32] recommended the use of the TNO probit models in hydrogen risk
assessments. A person inside a structure would be more likely to be killed by the facility
collapsing than from lung damage [3, 17]. However, a person located outdoors would not be at
risk of a structure collapse; therefore, the HyRAM+ default is the TNO - Head Impact probit
model for explosion/overpressure effects. It should be noted that some of the unconfined
overpressure models in Section 3.4.5 only estimate peak overpressure, not impulse values, and so
cannot be used with probit models that include an impulse term (i.e., the TNO probit models).

2.5. Risk Metrics

HyRAM+ risk calculations are done using the Potential Loss of Life (PLL) metric, which
expresses the expected number of fatalities for a group of people per system-year. The PLL
calculation is shown in Equation 34, where 𝑓𝑠,𝑜 is the annual frequency (see Section 2.2) and 𝑐𝑠,𝑜
is the consequence (see Section 2.3) of leak size 𝑠 with outcome 𝑜 [3, 4].

PLL =
∑︁
𝑠,𝑜

𝑓𝑠,𝑜𝑐𝑠,𝑜 (34)
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In order to determine the relative contribution of individual scenarios (leak size and outcome) to
the total risk, the contribution to the PLL can be calculated as in Equation 35 based on the fraction
of the total PLL that each individual scenario contributes.

PLL Contribution𝑠,𝑜 =
𝑓𝑠,𝑜𝑐𝑠,𝑜

PLL
(35)

Another risk metric calculated by HyRAM+ is the Fatal Accident Rate (FAR), which is the
expected number of fatalities for a group of people per 100 million exposed hours. The FAR is
calculated using Equation 36, where 𝑁Pop is the number of exposed people, ℎYear is the number of
exposed hours for the year, and dividing by 8760 converts from years to hours (exposure of 24
hours per day and 365 days per year) [3, 4, 17].

FAR = PLL
108

ℎYear
= PLL

108

𝑁Pop × 8760
(36)

The third metric calculated in HyRAM+ is the Average Individual Risk (AIR), which is the
average number of fatalities per year per exposed individual and is based on the number of hours
the occupant is exposed to the hazard [4]. The AIR is calculated using Equation 37, where
ℎExposed is the number of hours that a person spends at the facility annually (e.g., 2000 hours for a
full-time worker) [3, 17].

AIR = PLL
ℎExposed

ℎYear
= ℎExposed × FAR × 10−8 (37)

2.6. Uncertainty Quantification9

By default, HyRAM+ calculates risk predictions deterministically, where each input is explicitly
defined and set to a single value. In reality, the complexity of hydrogen systems can make having
high confidence in all the needed inputs challenging and can make the resulting risk predictions
potentially misleading. To address this, uncertainty quantification (UQ) methods are provided in
HyRAM+ to include this uncertainty and factor it into the risk predictions.

The HyRAM+ UQ model is predicated on Monte Carlo sampling, which uses many independent
pseudo-random iterations of the same simulation to quantify interacting uncertain parameters and
their outcomes. HyRAM+ assumes all uncertain parameters are random variables that are
probabilistically sampled from their distribution functions. Therefore, each category of uncertain
inputs requires a definition of the parametric uncertainty, which includes the probability
distribution type and the corresponding distribution parameters. HyRAM+ will use these
parametric definitions to generate and apply the input values for the QRA for each sample. The
HyRAM+ QRA model itself operates identically regardless of whether inputs are provided
deterministically or probabilistically. In other words, the UQ model will run many QRA
simulations, with different sampled values for the uncertain parameters applied in each QRA. The

9Uncertainty quantification capabilities are currently only available in the HyRAM+ Python version, not the graphic
user interface (GUI) version, for HyRAM+ 6.0. This capability will be added to the GUI in a future release.
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combined outputs of all the QRA simulations provides a distribution of the risk metrics of
interest, which shows a more holistic picture of the risk uncertainty for a system to better inform
decision making.

The allowed inputs for the UQ model are detailed in Section 2.6.1. A walkthrough of the
workflow used in the UQ model is provided in Section 2.6.2. A summary of the probability
distributions usable in the UQ model is provided in Section 2.6.3. An example of applying a
preliminary version of the HyRAM+ UQ model to the default QRA scenario, along with a
sensitivity analysis, can be found in Schroeder and Brooks [36].

2.6.1. Inputs

HyRAM+ version 6.0 allows for three categories of inputs to be uncertain. More uncertain inputs
may be introduced in future releases. The parametric definitions for all categories require a basic
set of distribution parameters (see Table 2-8) which are given by the user in somewhat different
ways due to the specifics needed for a given category.

The three input categories that can be used in the UQ model are as follows. The report sections
detailing how these variables operate at the QRA model level are given in parentheses.

• Component Random Leak Frequency (Section 2.1.1). Each component and each leak
size (0.01%, 0.1%, 1%, 10%, 100%) within a single component can have a different set of
distribution parameters. The quantity of each component must also be provided, as each
item of a specific component type is sampled individually, with their probabilities
summated when sent to the QRA model. If not provided, the component random leak
frequency distributions will default to those given in Table 2-2.

• Dispenser Release Probabilities (Section 2.1.4). Each failure mode for all fueling
components and accidents can be given its own distribution, with the overall frequency of a
dispenser release utilized by the QRA model. If not provided, the dispenser release and
accident probabilities will default to those given in Table 2-3 and Table 2-4.

• Occupant Location (Section 2.3.1). Each coordinate direction can be given its own
distribution. Different groups can also be defined, each with its own distribution
parameters. The number of occupants in each group must also be provided.

2.6.2. Workflow

The HyRAM+ UQ model follows the following procedure:

1. Input parsing: HyRAM+ takes the distribution parameters and quantities for each
uncertain input category and arranges them into individual uncertain items to sample. For
example, if a system has three filters, HyRAM+ will split each of the filters and each leak
size per filter into its own item to sample the random leak frequencies individually.
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2. Sampling: HyRAM+ samples each uncertain item from their defined probability
distributions. The user sets the number of samples as an input to the UQ model. The user
also sets whether the sampling is performed using simple random sampling or Latin
hypercube sampling, which is a sampling method designed to ensure more efficient
coverage of the full input space than simple random sampling [37].

3. Formulate QRA inputs: HyRAM+ recombines the individually sampled items into a
format that can be used to the HyRAM+ QRA model. For example, HyRAM+ sums the
individual component leak frequencies for each leak size to provide a total sampled random
leak frequency for each leak size of a given component type.

4. Model samples in QRA: The UQ model sends sets of samples to the HyRAM+ QRA
model, and each set of samples functions as inputs to a standard QRA simulation. If the
computer has multiple CPU cores available, the QRA simulations will run in parallel to
reduce execution time.

5. Compile QRA results: Once all QRA simulations are complete, HyRAM+ collects the
QRA outputs (see Section 2.5) for all simulations and returns them to the user.

2.6.3. Distributions

The HyRAM+ UQ model supports several types of probability distributions, which are outlined
below in Table 2-8. The UQ model is built from the SciPy statistics Python package
(scipy.stats) [38]; more specifics on the listed probability distributions can be found in the
SciPy user documentation10. Note that some variables can be specified as deterministic even if
other variables in the same definition set are given probabilistically. Additionally, the model
supports different probability distribution parameters for each specific fault tree item. For
example, the user could specify a lognormal distribution for dispenser releases for overpressure
accidents, but a beta distribution for driveoff accidents.

Table 2-8 Probability distributions available in the HyRAM+ uncertainty quantification model.

Distribution Input Parameters
Deterministic Value

Normal 𝜇, 𝜎
Lognormal 𝜇, 𝜎

Beta 𝛼, 𝛽
Truncated Normal 𝜇, 𝜎, Lower & Upper Bounds

Truncated Lognormal 𝜇, 𝜎, Lower & Upper Bounds
Uniform Lower & Upper Bounds

10see https://docs.scipy.org/doc/scipy/reference/stats.html
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3. PHYSICS MODELS

HyRAM+ includes physical models relevant to the behavior, hazards, and consequences of
releases of different fuels [3]. Some of these models are used in QRA analyses to determine the
consequences of a release, as described in Section 2.3, but can also be exercised as independent
analyses. Jet flames, concentration profiles for unignited jets/plumes, overpressure from the
delayed ignition of a plume, and indoor accumulation with delayed ignition causing overpressure
can all be analyzed. Several basic property calculations (e.g., the thermodynamic equation of
state) are necessary to numerically simulate the release scenarios.

3.1. Properties of the Fluids

The formulations in this section describe the thermodynamic properties of unignited and ignited
hydrogen, methane, propane, and blends, which are needed to calculate different aspects of
dispersion and combustion [12]. They are described here in detail, and then referred to in
subsequent sections [3].

3.1.1. Equation of State

Description: HyRAM+ utilizes the CoolProp library [39], called through its Python interface
to perform several thermodynamic calculations [14]. The property calculations are based on a
Helmholtz energy function, and account for the real gas behavior at high pressures and at liquid
(which can be cryogenic) temperatures, for liquids, gases, and two-phase mixtures. CoolProp [39]
can be used to calculate the properties of hydrogen, methane, propane, air, or other fluids,
including blends. For hydrogen, the relationships and energy functions are detailed in Leachman
et al. [40], for methane, in Setzmann and Wagner [41], and for propane, in Lemmon et al. [42].
CoolProp handles blends following the work of Kunz et al. [43, 44] and Lemmon et al. [45–47].
The mixing parameters for the fluids available in the front-end of HyRAM+ are from Kunz et
al. [43, 44]. These thermodynamic calculations are used to calculate leak rates and are used in
mass, momentum, and energy balances in regions close to the leak point. As an example, for
hydrogen, the relationships between pressure11, temperature, density, enthalpy, and entropy are
plotted in Figure 3-1. In some regions of the models, the ideal gas equation of state is used, as
described in other sections.

11HyRAM+ calculation inputs use absolute pressure, not gauge pressure
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Figure 3-1 Graphical representations of state points, calculated using CoolProp [39] which uses the
Leachman et al. [40] equation of state for hydrogen. Top plots show shading and iso-contours of density

as a function of temperature and pressure. Bottom plot shows shading of density as a function of
entropy and temperature, with iso-contours of pressure and enthalpy. The thick black line shows the

liquid/two-phase/vapor boundary, and the black dots mark the triple point and critical points.

Applicability: The fundamental equation of state described by Leachman et al. [40] is valid for
hydrogen at pressures up to 2000 MPa and between 14 K and 1000 K [14]. The equation of state
for methane described by Setzmann and Wagner [41] is valid from 90 K to 620 K at pressures up
to 1000 MPa. The relationships described by Lemmon et al. [42] are valid for propane from
85.5 K to 650 K and for pressures up to 1000 MPa. The most accurate range of validity for
mixtures/blends is for temperatures from 90 K to 450 K and pressures up to 35 MPa, although
limited data extends validity from 60 K to 700 K and up to 70 MPa [44]. Note that there is no
check that the equation of state is being used within the stated validation limits and HyRAM+ can
calculate outputs for temperatures and pressures outside the range of validity using the same
equation of state [12].

3.1.2. Combustion

Description: HyRAM+ flame calculations are based on the work of Ekoto et al. [48] and rely
on several underlying properties of burned fuel, namely the stoichiometric mixture fraction, 𝑓𝑠,

40



the heat of combustion, Δ𝐻𝑐, along with the temperature, molecular weight, and density of
combustion products for a given mixture fraction [14].

Assumptions: Combustion is only assumed to occur in expanded fuel at atmospheric
pressure [14]. Because combustion occurs at ambient pressure, the ideal gas equation is used to
calculate the density of the product mixture (𝜌) based on the molecular weight of the mixture
(MWmixture), the temperature (𝑇), and the gas constant (𝑅):

𝜌 =
𝑃(MWmixture)

𝑅𝑇
. (38)

These combustion calculations assume that there are no losses, that the mixture is thermally
perfect with the local enthalpy, and the pressure of the products is the same as the pressure of the
reactants [14].

Relationships: It is assumed that there are fuels and inerts reacting with pure air, and complete
combustion drives the products to water and carbon dioxide [10]. For each mole of carbon as a
reactant, 1 mole O2 is needed as a reactant and 1 mole of CO2 will be produced. For each mole of
hydrogen as a reactant, 1/4 mole of O2 is needed as a reactant to produce 1/2 mole of H2O. For
each mole of oxygen in the reactants (for example, in CO2), 1/2 mole less of O2 is needed as a
reactant. Therefore, the moles of oxygen needed as a reactant is

𝜈O2 = 𝑛C + 𝑛H
4

− 𝑛O
2

(39)

where 𝑛 is the moles of each species (subscripts C - carbon, H - hydrogen, O - oxygen) in the fuel.
For example, hydrogen (H2) has 2 moles of hydrogen and requires 2/4 = 1/2 mole of O2, methane
(CH4) has 4 moles of hydrogen and 1 mole of carbon and requires 1 + 4/4 = 2 moles of O2, and
propane (C3H8) has 3 moles of carbon and 8 moles of hydrogen and therefore requires 3+ 8/4 = 5
moles of O2 for complete combustion. For blends, the moles of carbon, hydrogen, and oxygen are
often non-integers.

During combustion, 242 kJ is released for every mole of gaseous water produced, and 394 kJ is
released for every mole of carbon dioxide produced [49]. Therefore, when hydrogen is the fuel,
the heat of combustion is 242 kJ/molH2 or 120 MJ/kgH2 (using the lower heating value) [50, 51].
For methane and propane, the heats of combustion are 50 MJ/kg and 46.4 MJ/kg, respectively.
The values can be calculated for other fuels in a similar manner. The heat of combustion from a
blend is weighted based on the mass fraction of each reactant in the fuel.

From the moles of oxygen required for complete combustion (Eq. 39), the stoichiometric mixture
fraction ( 𝑓𝑠), which is the same as the mass fraction of fuel, can be calculated as:

𝑓𝑠 =
MWfuel

MWfuel + 𝜈O2(MWO2 + 3.76MWN2)
. (40)
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The stoichiometric mixture fractions for hydrogen, methane, and propane are 0.02852, 0.05519,
and 0.06034 respectively [12]. If incomplete combustion occurs (a mixture fraction other than
stoichiometric), there will be excess air or fuel as a reactant, with the stoichiometry given by

(fuel) + 𝜂𝜈O2 (O2 + 3.76N2) →max(0, 1 − 𝜂) (fuel)

+ 𝑛H
2

· min(1, 𝜂)H2O + 𝑛C · min(1, 𝜂)CO2

+ max
(
0, (𝜂 − 1)𝜈O2

)
O2 + 3.76𝜂𝜈O2N2, (41)

where 𝜂, which specifies the moles of air, can vary from 0 to ∞ [12]. In this case, the mixture
fraction is equal to

𝑓 = 𝑌fuel + 𝑌H2O
MWfuel
MWH2O

+ 𝑌CO2

MWfuel
MWCO2

, (42)

where 𝑌 is the mass fraction of products [12]. HyRAM+ uses CoolProp [39] to calculate the mass
fraction weighted enthalpy (ℎ) of the fuel along with the enthalpy of H2O, CO2, O2, and N2 as a
function of temperature and then solves for the temperature of products assuming an isenthalpic
reaction [14], i.e.,∑︁

𝑖=fuel,O2,N2

𝑌𝑖,reacℎ𝑖,reac(𝑇reac, 𝑃reac) =
∑︁

𝑖=fuel,O2,N2,CO2,H2O
𝑌𝑖,prodℎ𝑖,prod(𝑇prod, 𝑃prod)

+ 𝑌H2O,prod
MWfuel

(nC + 1)MWH2O
Δ𝐻𝑐 . (43)

The calculation of the adiabatic flame temperature (𝑇𝑎𝑑) and density of the products of 298 K,
101,325 Pa pure fuels are shown in Figure 3-2 [12].
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Figure 3-2 Temperature and density of products for the combustion of 298 K, 101,325 Pa fuels as a
function of mixture fraction [12].

Applicability: These combustion calculations are applicable in atmospheric pressure regions
where heat losses are negligible [14].
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3.2. Developing Flow

Several engineering models are used in HyRAM+ to develop boundary conditions for the integral
models of jets/plumes and diffusion flames [11]. These engineering models describe the flow
through an orifice, how the fluid expands to atmospheric pressure (if necessary), how the fluid
warms to a level that the equation of state is valid (if necessary), and finally how the flow develops
into the Gaussian profiles that serve as the boundary conditions to the models described in
Sections 3.3.1 and 3.4.2.

3.2.1. Orifice Flow

HyRAM+ assumes that fluids flow isentropically through an orifice [14]. CoolProp [39] is used to
calculate the entropy (𝑠0) and enthalpy (ℎ0) of the fluid upstream of an orifice, using the specified
pressure and temperature (or phase if a saturated vapor or saturated liquid is specified).
CoolProp [39] is then used to calculate the enthalpy (ℎ) and density (𝜌) of a fluid at a given
pressure with the same entropy as the upstream fluid (𝑠0). An isenthalpic expansion requires

𝑣2

2
+ ℎ = ℎ0 (44)

which can be solved for the velocity, 𝑣, and the mass flux can be calculated as

¤𝑚′′ = 𝜌𝑣. (45)

A maximum mass flux is sought between the ambient and upstream pressures [52–54] using a
bounded solver [11]. If the maximum mass flux occurs at atmospheric pressure, the flow is
unchoked, while if the maximum mass flux is at a pressure above atmospheric, the flow is choked.
In the case of choked flow, the velocity through the orifice will be the speed of sound for the given
throat conditions. The choked flow speed of sound for gases is the same as that calculated by
CoolProp [39], but this algorithm also works for two-phase and liquid flows through the throat, for
which the speed of sound is ill-defined.

Orifices in HyRAM+ are assumed to be circular, characterized by their diameter, 𝑑, and a
coefficient of discharge, 𝐶𝑑 [3]. When the velocity and density of the fluid at the orifice is known,
the mass flow rate is calculated as:

¤𝑚 =
𝜋

4
𝑑2 ¤𝑚′′𝐶𝑑 =

𝜋

4
𝑑2𝜌𝑣𝐶𝑑 . (46)

3.2.2. Notional Nozzles

Notional nozzles are used to calculate the effective diameter, velocity, and thermodynamic state
after the complex shock structure of an under-expanded jet [3]. In HyRAM+, a notional nozzle
model is used if the pressure at the orifice is above atmospheric pressure [14]. They are not
necessarily a physical description of the phenomena, but a jet with the diameter, velocity and state
(temperature and atmospheric pressure) of the notional nozzle would lead to the same dispersion
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characteristics as the underexpanded jet. There are five different notional nozzle models in
HyRAM+, with each model conserving mass between flow through the real orifice and flow
through the notional nozzle. This means that

𝜌eff𝑣eff𝐴eff = 𝜌throat𝑣throat𝐴throat𝐶𝐷 (47)

where 𝜌 is the density, 𝑣 is the velocity, 𝐴 is the cross-sectional area, 𝐶𝐷 is the discharge
coefficient, the subscript "throat" denotes the choke point (at the orifice, see Section 3.2.1), and
the subscript "eff" denotes effective (after the shock structure and the pressure has returned to
atmospheric).

The default notional nozzle model in HyRAM+ is based on the work of Yüceil and Ötügen [55].
In this case, mass (Equation 47), momentum, and energy are conserved [14]. Conservation of
momentum is written as

𝜌eff𝑣
2
eff𝐴eff = 𝜌throat𝑣

2
throat𝐴throat𝐶𝐷 + 𝐴throat(𝑃throat − 𝑃ambient) (48)

where 𝑃 is the pressure. Simultaneous solution of Equations 47 and 48 yields a solution for the
velocity at the notional nozzle

𝑣eff = 𝑣throat𝐶𝐷 + 𝑃throat − 𝑃ambient
𝜌throat𝑣throat𝐶𝐷

(49)

and the effective area of the notional nozzle

𝐴eff =
𝜌throat𝑣

2
throat𝐴throat𝐶

2
𝐷

𝜌eff

(
𝑃throat − 𝑃ambient + 𝜌throat𝑉

2
throat𝐶

2
𝐷

) (50)

The effective area calculation in Equation 50 requires the effective density, which can be
calculated using the conservation of energy (assuming isentropic expansion), where

𝑣2
eff
2

+ ℎ(𝜌eff , 𝑃ambient) =
𝑣2

throat
2

+ ℎthroat. (51)

CoolProp [39] is used to calculate the enthalpy and Equation 51 is iteratively solved to determine
the effective density.

Alternative to using Equation 51, the second notional nozzle model follows the work of Birch et
al. (1987) [56]. In this work, the effective density is calculated by assuming that the temperature
of the notional nozzle is the same as the temperature of the stagnant gas, or

𝜌eff = 𝜌(𝑇0, 𝑃ambient) (52)

where 𝑇0 is the temperature of the stagnant gas (storage temperature) and CoolProp [39] is used to
calculate the density.

Three other notional nozzle models do not conserve momentum (Equation 48), but rather assume
that the notional nozzle velocity is at the speed of sound, as follows. The third notional nozzle
model follows the work of Birch et al. (1984) [57]. For this model, it is assumed that the
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temperature at the notional nozzle is the same as temperature of the stagnant gas, the density (see
Equation 52) and velocity at the notional nozzle can be calculated

𝑣eff = 𝑎(𝑇0, 𝑃ambient) (53)

where 𝑎 is the speed of sound, calculated using CoolProp [39]. The conservation of mass,
Equation 47, along with Equations 52 and 53, can be used to specify the notional nozzle
conditions.

Alternatively, Ewan and Moody [58] use the assumption that the temperature at the notional
nozzle is the same as the temperature at the throat, or

𝜌eff = 𝜌(𝑇throat, 𝑃ambient) (54)
𝑣eff = 𝑎(𝑇throat, 𝑃ambient). (55)

Finally, Molkov et al. [59] specifies that mass and energy are conserved between the orifice and
the notional nozzle and that the notional nozzle is at the speed of sound, i.e., Equation 47 along
with the simultaneous solution of the equations,

𝑣2
eff
2

+ ℎ(𝜌eff , 𝑃ambient) =
𝑣2

throat
2 + ℎthroat (56)

𝑣eff = 𝑎(𝜌eff , 𝑃ambient) (57)

where ℎ and 𝑎 are calculated using CoolProp [39].

To summarize, the 5 different notional nozzles available in HyRAM+ solve the equations [14]:

• (default) Yüceil and Ötügen [55]: Equations 49, 50, and 51

• Birch et al. (1987) [56]: Equations 49, 50, and 52

• Birch et al. (1984) [57]: Equations 47, 52, and 53

• Ewan and Moody [58]: Equations 47, 54, and 55

• Molkov et al. [59]: Equations 47, 56, and 57

3.2.3. Initial Entrainment and Heating

The models in HyRAM+ are valid for hydrogen, methane, propane, and blends, including
saturated vapor and saturated liquid releases [12]. Specifically for cryogenic hydrogen, there are
challenges calculating properties in regions of the flow where oxygen and nitrogen from the
entrained air would condense due to the extremely low temperatures, as noted by Houf and
Winters [60]. To account for this, conservation of mass, energy and momentum can be applied
until the temperature of the mixture (still assumed to be a plug-flow) is above a specified
temperature (𝑇𝑚𝑖𝑛). However, it should be noted that the default minimum temperature is 0 K, so
initial entrainment and heating is currently unused in the GUI implementation and can only be
used in the Python implementation. If the temperature of the notional nozzle (or at the orifice, if
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the flow is unchoked) is below 𝑇𝑚𝑖𝑛, the state after initial entrainment and heating is specified as
the fuel at 𝑇𝑚𝑖𝑛, and simultaneous solution to the momentum and energy balances yields the mass
fraction of fuel (𝑌 ) when the mixture has warmed to 𝑇𝑚𝑖𝑛, i.e.,

¤𝑚out = ¤𝑚in +
1 − 𝑌

𝑌
¤𝑚in (58)

𝑣out = 𝑣in
¤𝑚in
¤𝑚out

(59)

ℎout = (1 − 𝑌 )ℎair(𝑇𝑚𝑖𝑛, 𝑃ambient) + 𝑌ℎH2 (𝑇𝑚𝑖𝑛, 𝑃ambient) +
𝑣2

out
2

(60)

¤𝑚outℎout = ¤𝑚𝑖𝑛ℎin + ( ¤𝑚out − ¤𝑚in)ℎair(𝑇ambient, 𝑃ambient). (61)

Once the mass fraction (𝑌 ) is known, conservation of mass is used to yield the diameter of the
plug flow at the end of the zone of initial entrainment and heating,

𝜌out =
1

1−𝑌
𝜌air (𝑇𝑚𝑖𝑛,𝑃ambient) +

𝑌
𝜌H2 (𝑇𝑚𝑖𝑛,𝑃ambient)

(62)

𝑑out =

√︂
𝜋 ¤𝑚out

4𝜌out𝑣out
(63)

and the momentum driven entrainment rate (see Equation 87) is used to calculate the length of this
zone,

𝑆out =
(1 − 𝑌 ) ( ¤𝑚out − ¤𝑚in)

𝜌ambient(𝑇ambient, 𝑃ambient)𝐸𝑚𝑜𝑚

. (64)

3.2.4. Establishment of a Gaussian Profile

The flows described in Sections 3.2.1, 3.2.2, and 3.2.3 are all assumed to be plug flows, where the
properties (e.g., velocity, density) are constant across the entire cross-section of the flow [14].
However, jets, plumes, or flames from a pure source are well-known to have Gaussian profiles of
their properties (e.g., velocity, density, mixture fraction) in the downstream regions [48, 61]. The
final model for developing flow describes the transition from plug flow to the Gaussian profile that
is used as an input to a one-dimensional system of ordinary differential equations that describes
unignited dispersion or a diffusion flame (see Sections 3.3.1 and 3.4.2). Following the work of
Winters [62], the centerline velocity of the Gaussian flow is assumed to be equivalent to the plug
flow velocity, the jet is characterized by a half-width, 𝐵, where the velocity drops to half of the
center-line value, and a spreading ratio, 𝜆, the ratio of density spreading relative to velocity. The
center-line (denoted with a 𝑐𝑙 subscript) mass-fraction is related to 𝜆 via the relationship,

𝜆2 + 1
2𝜆2 =

𝑌𝑐𝑙 − 𝑌ambient
𝑌plug − 𝑌ambient

. (65)

Then the center-line molecular weight can be calculated,

MW𝑐𝑙 =
1

𝑌𝑐𝑙/MWfuel + (1 − 𝑌𝑐𝑙)/MWair
. (66)
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The heat capacity of the fluid and ambient air are determined from CoolProp [39] and used to
calculate the individual and mixture enthalpies as ℎ = 𝑐𝑝 · 𝑇 , where

𝑐𝑝,plug = 𝑐𝑝,CnH2n+2𝑌plug + 𝑐𝑝,air(1 − 𝑌plug), (67)
𝑐𝑝,𝑐𝑙 = 𝑐𝑝,plug𝑌𝑐𝑙 + 𝑐𝑝,air(1 − 𝑌𝑐𝑙), (68)

𝜆2 + 1
2𝜆2 =

ℎ𝑐𝑙 − ℎambient
ℎplug − ℎambient

. (69)

From these equations, the center-line temperature can be calculated, and the center-line density is
calculated using the ideal gas equation of state, where

𝜌𝑐𝑙 =
MW𝑐𝑙𝑃

𝑅𝑇𝑐𝑙
. (70)

The length of the developing flow region is a function of the densimetric Froude number12, as
described by Winters [62]. The densimetric Froude number and plug flow diameter are based
either on the flow from the orifice (as described in Section 3.2.1), or on the expanded orifice
(described in Section 3.2.2) after initial entrainment and heating (described in Section 3.2.3), if
those either or both of those engineering models are applied. The starting point of the streamline
coordinate, 𝑆0 for the Gas Jet/Plume model (Section 3.3.1) or the Jet Flame model (Section 3.4.2)
is given by

𝑆0 − 𝑆out
𝑑𝑜𝑢𝑡

=


6.2 Frden

2 ≥ 40
3.9 + 0.057Frden

2 5 ≤ Frden
2 < 40

2.075 + 0.425Frden
2 1 ≤ Frden

2 < 5
0 0 ≤ Fden

2 < 1

, (71)

where
Frden =

𝑣out√︁
𝑔𝑑out |𝜌∞ − 𝜌out |/𝜌out

. (72)

3.3. Unignited Releases

3.3.1. Gas Jet/Plume

For a jet or plume, HyRAM+ follows the one-dimensional model described by Houf and
Winters [60]. While the model only considers one dimension, this dimension is along the
streamline, and the jet/plume can curve due to buoyancy effects (or wind, although this aspect is
not currently included) [3]. The reduction in dimension comes from the assumption that the mean

12In HyRAM+ versions 5.1 and previous, this length was fixed at 𝑆/𝑑 = 6.2, which was valid for high densimetric
Froude numbers
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profiles of the velocity (𝑣), density (𝜌), and product of density and mass fraction (𝑌 ) of fuel are
Gaussian, as

𝑣 = 𝑣𝑐𝑙 exp
(
− 𝑟2

𝐵2

)
(73)

𝜌 = (𝜌𝑐𝑙 − 𝜌𝑎𝑚𝑏) exp
(
− 𝑟2

𝜆2𝐵2

)
+ 𝜌𝑎𝑚𝑏 (74)

𝜌𝑌 = 𝜌𝑐𝑙𝑌𝑐𝑙 exp
(
− 𝑟2

𝜆2𝐵2

)
(75)

where 𝐵 is a characteristic half-width, 𝜆 is the ratio of density spreading relative to velocity, the
subscript 𝑐𝑙 denotes the centerline, the subscript 𝑎𝑚𝑏 denotes ambient, and 𝑟 is perpendicular to
the stream-wise direction. Gravity acts in the negative 𝑦-direction, and the plume angle, 𝜃 is
relative to the 𝑥-axis (horizontal), as shown in Figure 3-3.

x

y

x0

y0 θ0

θ

r

S

φ

z
Figure 3-3 Sketch of plume model coordinates [3]. Gravity acts in the negative 𝑦-direction.

The derivatives of the spatial dimensions are therefore
𝑑𝑥

𝑑𝑆
= cos 𝜃, (76)

𝑑𝑦

𝑑𝑆
= sin 𝜃. (77)

The conservation equations can be written as follows:

continuity:

𝑑

𝑑𝑆

∫ ∞

0
(𝜌𝑣)2𝜋𝑟𝑑𝑟 = 𝜌𝑎𝑚𝑏𝐸, (78)
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𝑥-momentum:

𝑑

𝑑𝑆

∫ ∞

0

(
𝜌𝑣2 cos 𝜃

)
2𝜋𝑟𝑑𝑟 = 0, (79)

𝑦-momentum:

𝑑

𝑑𝑆

∫ ∞

0

(
𝜌𝑣2 sin 𝜃

)
𝑟𝑑𝑟 =

∫ ∞

0
(𝜌𝑎𝑚𝑏 − 𝜌)𝑔𝑟𝑑𝑟, (80)

species continuity:

𝑑

𝑑𝑆

∫ ∞

0
(𝜌𝑣𝑌 ) 2𝜋𝑟𝑑𝑟 = 0, (81)

energy:

𝑑

𝑑𝑆

∫ ∞

0
𝜌𝑣

(
ℎ + 𝑣2

2
− ℎ𝑎𝑚𝑏

)
2𝜋𝑟𝑑𝑟 = 0. (82)

Similar to Houf and Winters [60], HyRAM+ assumes that ℎ = 𝑐𝑝𝑇 and the ideal gas equation of
state is used for these ambient pressure mixtures [14]. The mixture molecular weight, heat
capacity, and product of density and enthalpy all vary with respect to the radial coordinate (due to
the fact that 𝑌 and 𝜌 vary radially, see Equation 75) according to the following expressions:

MW =
MW𝑎𝑚𝑏MWfuel

𝑌 (MW𝑎𝑚𝑏 − MWfuel) + MWfuel
, (83)

𝑐𝑝 = 𝑌 (𝑐𝑝,fuel − 𝑐𝑝,𝑎𝑚𝑏) + 𝑐𝑝,𝑎𝑚𝑏, (84)

𝜌ℎ =
𝑃

𝑅
𝑐𝑝MW. (85)

The Gaussian profiles in Equations 73-75 are plugged into the governing equations, and with the
exception of the energy equation can be integrated analytically [14]. For the energy equation,
Equation 82, the numeric integration to infinity is estimated by evaluation to 5𝐵. This results in a
system of 7 first order differential equations where the independent variable is 𝑆 and the
dependent variables are 𝑣𝑐𝑙 , 𝐵, 𝜌𝑐𝑙 , 𝑌𝑐𝑙 , 𝜃, 𝑥, and 𝑦. This system of equations is integrated from
the starting point to the distance desired using an explicit Runge-Kutta method of order (4)5.

The entrainment model follows Houf and Schefer [61], where there is a combination of
momentum and buoyancy driven entrainment [3],

𝐸 = 𝐸𝑚𝑜𝑚 + 𝐸𝑏𝑢𝑜𝑦, (86)

where

𝐸𝑚𝑜𝑚 = 0.282

(
𝜋𝑑2

exp

4
𝜌exp𝑣

2
exp

𝜌∞

)1/2

, (87)
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where the "exp" subscript denotes after the notional nozzle and zone of initial entrainment and
heating (if used; see Sections 3.2.2 and 3.2.3), and

𝐸𝑏𝑢𝑜𝑦 =
𝑎

Fr𝑙
(2𝜋𝑣𝑐𝑙𝐵) sin 𝜃, (88)

where the local Froude number,

Fr𝑙 =
𝑣2
𝑐𝑙

𝑔𝐷 (𝜌∞ − 𝜌𝑐𝑙)/𝜌exit
. (89)

In these equations, 𝑎 is empirically determined:{
𝑎 = 17.313 − 0.116665Frden + 2.0771×10−4Frden

2, Frden < 268
𝑎 = 0.97, Frden ≥ 268,

(90)

with the densimetric Froude number given in Eq. 72.

As the jet/plume becomes buoyancy-dominated (as opposed to momentum-dominated), the
non-dimensional number

𝛼 =
𝐸

2𝜋𝐵𝑣𝑐𝑙
(91)

will increase. When 𝛼 reaches the limiting value of 𝛼 = 0.082, 𝛼 is held constant and the
entrainment value becomes:

𝐸 = 2𝜋𝛼𝐵𝑣𝑐𝑙 = 0.164𝜋𝐵𝑣𝑐𝑙 . (92)

Mole fractions are used in many analyses, which are calculated after solving the system of
equations using the mass fraction and molecular weight as

𝑋 = 𝑌
MW

MWfuel
(93)

3.3.2. Tank Mass

The mass of fuel in a storage container (𝑚) is calculated using the density of the fuel (𝜌) and fixed
volume of the container (𝑉) using Equation 94 [15]. The density of the fuel (𝜌) is calculated using
the specified temperature and pressure using the CoolProp library [39] as described in
Section 3.1.1.

𝑚 = 𝜌𝑉 (94)
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3.3.3. Tank Emptying

In the case of a storage tank with a given volume, the transient process of the tank emptying
(blowdown) can also be calculated by HyRAM+ [15]. In this case, energy and mass are
conserved [14], following the work of Hosseini et al. [63]. The mass flow rate ¤𝑚 is calculated as
described in Section 3.2.1, whether the flow is choked or not. Energy is conserved in the tank
volume, where

𝑑𝑢

𝑑𝑡
=

¤𝑚(ℎ − 𝑢) + 𝑞

𝑚
, (95)

where 𝑢 and ℎ are the specific energy and specific enthalpy (J/kg), respectively, of the fuel in the
tank (calculated using CoolProp [39]), 𝑚 is the mass of fuel in the tank (kg, see Section 3.3.2),
and 𝑞 is the heat flow into the tank (J/s, 𝑞 = 0 if adiabatic). This equation and the equations
describing the mass flow rate (which are functions of the pressure and temperature inside the tank)
are integrated until the mass or pressure in the tank reaches the desired stopping point (e.g., the
tank pressure reaches ambient).

3.3.4. Accumulation in Confined Areas/Enclosures

When a release occurs in an enclosure, a stratified mixture of fuel and air can accumulate [3]. For
hydrogen or methane, the accumulated mixture will be near the ceiling due to buoyancy [12].

The release inside an enclosure can be assumed to come from some tank with a fixed volume [14].
Therefore, the flow from the tank follows Section 3.3.3. At each point in time for the blowdown,
the jet/plume is modeled as described in Section 3.3.1. The release can also be assumed to come
from a steady-state source.

When these releases occur indoors, the plumes could impinge on a wall [3]. Currently, should this
impingement happen, the trajectory of the jet/plume is modified such that the fuel will travel
vertically upwards along the wall, rather than in the horizontal direction, with the same features
(e.g., half-width, centerline velocity). Note that this deflection upwards will occur regardless of
the fuel and is a poor assumption for heavier fuels such as propane.

Accumulation occurs following the model of Lowesmith et al. [64], where a layer forms along the
ceiling [3]. Conservation of mass requires that

𝑑𝑉𝑙

𝑑𝑡
= 𝑄in −𝑄out, (96)

where 𝑉𝑙 is the volume of gas in the layer, and 𝑄 is the volumetric flow rate, with subscript “in”
referring to the flow rate of fuel and air entrained into the jet at the height of the layer, and “out”
referring to flow out the ventilation. Species conservation requires that

𝑑 (𝜒𝑉𝑙)
𝑑𝑡

= 𝑄leak − 𝜒𝑄out, (97)
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where 𝜒 is the mole or volume fraction of fuel in the layer and 𝑄leak is the leak rate of the fuel.
Expanding the derivative and substituting Equation 96 yields

𝑉𝑙

𝑑𝜒

𝑑𝑡
= 𝑄leak − 𝜒𝑄in. (98)

𝑄in is solved for by modeling a jet/plume within the enclosure to calculate the jet half-width (𝐵)
and centerline velocity (𝑣𝑐𝑙), as described in Section 3.3.1 at the height of the bottom of the layer.
The volumetric flow rate (𝑄in) is calculated as:

𝑄in = 𝜋𝐵2𝑣𝑐𝑙 . (99)

Flows out of the enclosure are driven by buoyancy, and potentially wind or a fan. Buoyancy driven
flow is calculated as

𝑄𝑏 = 𝐶𝑑𝐴𝑣

√︁
𝑔′𝐻𝑙 , (100)

where 𝐶𝑑 is a coefficient of discharge, 𝐴𝑣 is the area of the upper (outlet) vent, 𝐻𝑙 is the height of
the layer (between the bottom of the layer and the center-point of the outlet vent), and 𝑔′ is
reduced gravity:

𝑔′ = 𝑔
𝜌air − 𝜌𝑙

𝜌air
, (101)

where 𝑔 is the gravitational constant, 𝜌𝑙 is the density of the layer, and 𝜌air is the density of air (at
the temperature and pressure of the enclosure). The density in the layer (𝜌𝑙) is calculated from the
density of air (𝜌air) and the density of the fuel (𝜌C𝑛H2𝑛+2), both at the temperature and pressure of
the enclosure, as:

𝜌𝑙 = 𝜒𝜌C𝑛H2𝑛+2 + (1 − 𝜒)𝜌air. (102)

Wind (or mechanical ventilation) is assumed to drive the flow at a rate of:

𝑄𝑤 =
𝐶𝑑𝐴𝑣𝑈𝑤√

2
=
𝐶𝑑𝑄vent√

2
, (103)

where 𝐶𝑑 is a coefficient of discharge, 𝐴𝑣 is the area of the lower (inlet) vent, 𝑈𝑤 is the velocity of
the wind (or mechanical ventilation) through the lower (inlet) vent, and 𝑄vent is the volumetric
flow rate through the lower (inlet) vent (𝑄vent = 𝐴𝑣𝑈𝑤). Note that 𝑄vent is a user input.

The total flow out of the enclosure, accounting for buoyancy driven flow and flow from the vent, is
calculated as

𝑄out = 𝑄leak +
√︃
𝑄2

𝑏
+𝑄2

𝑤 . (104)

3.4. Ignited Releases

3.4.1. Flame Correlations

As noted by Houf and Schefer [65], a non-dimensional flame length, defined as

𝐿∗ =
𝐿vis 𝑓𝑠

𝑑 𝑗

√︁
𝜌 𝑗/𝜌𝑎𝑚𝑏

(105)
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collapses onto a single curve for a range of fuels (hydrogen, methane, and propane), where 𝐿vis is
the visible flame length (from the orifice, including any liftoff distance), 𝑓𝑠 is the mass fraction of
fuel in a stoichiometric mixture of fuel and air (Equation 40), and 𝑑 𝑗 , 𝜌 𝑗 , and 𝜌𝑎𝑚𝑏 are the orifice
diameter, density of fuel at the orifice, and density of air, respectively [14]. It is assumed that this
curve will also be valid for blends [10]. The curve is given by

𝐿∗ =


13.5Fr2/5

𝑓

(1+0.07Fr2
𝑓
)1/5 , Fr 𝑓 < 5,

23, Fr 𝑓 > 5,
(106)

which is a function of the flame Froude number (Fr 𝑓 ), which is the ratio of buoyancy to
momentum forces [14]. The flame Froude number is defined as

Fr 𝑓 =
𝑢 𝑗 𝑓

3/2
𝑠√︃

𝑔𝑑 𝑗 (𝑇ad − 𝑇𝑎𝑚𝑏)/𝑇𝑎𝑚𝑏

√︁
𝜌 𝑗/𝜌𝑎𝑚𝑏

, (107)

where 𝑔 is the gravitational constant, 𝑢 𝑗 is the velocity of the jet at the orifice, 𝑇ad is the adiabatic
flame temperature (for a stoichiometric mixture, see Section 3.1.2), and 𝑇𝑎𝑚𝑏 is the ambient
temperature. The flame width is constant at 𝑊 𝑓 = 0.17𝐿vis [3, 66, 67].

The total emitted radiative power from a flame, 𝑆rad, is related to the total energy in the flame by
the radiant fraction [3],

𝑆rad = 𝑋rad ¤𝑚fuelΔ𝐻𝑐, (108)

where 𝑋rad is the radiant fraction, ¤𝑚fuel is the mass flow rate of fuel, and Δ𝐻𝑐 is the heat of
combustion (120 MJ/kg for hydrogen, 50 MJ/kg for methane, and 46.4 MJ/kg for
propane [50, 51]). The radiant fraction (𝑋rad) varies with the flame residence time (𝜏 𝑓 ); the
relationship is [68]

𝑋rad = 9.45×10−9(𝜏 𝑓 𝑎𝑝𝑇
4
ad)

0.47, (109)

where 𝑎𝑝 is the Planck-mean absorption coefficient for an optically thin flame. To calculate the
absorption coefficient, the absorption coefficients of H2O and CO2 are calculated at the adiabatic
flame temperature from correlations given by Chmielewski and Gieras [69]. The total
Planck-mean absorption coefficient is calculated by averaging the absorption coefficient for all of
the products of combustion (only H2O and CO2 are radiatively active), weighted by the
stoichiometric mole fractions of the products. This results in absorption coefficients similar to
those reported by Molina et al. [70] (approximately 0.2 for a hydrogen flame and 0.5 for a methane
flame).

The flame residence time can be calculated as

𝜏 𝑓 =
𝜋𝜌 𝑓𝑊

2
𝑓
𝐿vis 𝑓𝑠

12 ¤𝑚fuel
, (110)

where 𝜌 𝑓 is the flame density [3]. The flame density is calculated as the density at the adiabatic
flame temperature:

𝜌 𝑓 =
𝑝𝑎𝑚𝑏𝑊mix

𝑅𝑇ad
, (111)
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where 𝑝𝑎𝑚𝑏 is the ambient pressure, 𝑊mix is the mean molecular weight of the stoichiometric
products of combustion in air, and 𝑅 is the universal gas constant.

The transmissivity, which can reduce the radiated heat flux, is calculated to account for the
absorption from water vapor and CO2 [3], using a correlation from Wayne [71]:

𝜏 = 1.006 − 0.001171
(
log10 𝑋H2O

)
− 0.02368

(
log10 𝑋H2O

)2

− 0.03188
(
log10 𝑋CO2

)
+ 0.001164

(
log10 𝑋CO2

)2
, (112)

where 𝑋H2O and 𝑋CO2 is proportional to the amount of water vapor or CO2 in the path
(dimensionless). These values are calculated by:

𝑋CO2 = 𝐿 · 273
𝑇

·
𝑐CO2

335
, (113)

𝑋H2O = 𝑅𝐻 · 𝐿 · 𝑆mm · 2.88651×102

𝑇
. (114)

In these relationships, 𝐿 is the path length (m) through which the radiative light must travel, 𝑇 is
the ambient temperature (K), 𝑐CO2 is the concentration of CO2 in the atmosphere (ppm, assumed
to be 400 ppm), 𝑅𝐻 is the fractional relative humidity (ranges from 0–1), and 𝑆mm is the saturated
water vapor pressure (mm Hg), estimated by the relationship:

𝑆mm = exp
(
10.386 − 5132

𝑇

)
. (115)

3.4.2. Jet Flame with Buoyancy Correction

A similar model to the jet/plume model described in Section 3.3.1 is also used to describe a
flame [3]. The model is described by Ekoto et al. [48]. The major difference between the
jet/plume model and the flame model is that rather than the mole fraction, the mixture fraction,
shown in Equation 42, is a conserved scalar. Similar assumptions are made for Gaussian profiles
of the velocity and mixture fraction:

𝑣 = 𝑣𝑐𝑙 exp
(
− 𝑟2

𝐵2

)
, (116)

𝑓 = 𝑓𝑐𝑙 exp
(
− 𝑟2

𝜆2𝐵2

)
, (117)

with the conservation equations written as

𝑥-centerline:

𝑑𝑥

𝑑𝑆
= cos 𝜃, (118)
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𝑦-centerline:

𝑑𝑦

𝑑𝑆
= sin 𝜃, (119)

continuity:

𝑑

𝑑𝑆
2𝜋

∫ ∞

0
𝜌𝑣𝑟𝑑𝑟 = 𝜌𝑎𝑚𝑏𝐸, (120)

𝑥-momentum:

𝑑

𝑑𝑆
2𝜋

∫ ∞

0
𝜌𝑣2 cos 𝜃𝑟𝑑𝑟 = 𝜌𝑎𝑚𝑏𝐸𝑣wind, (121)

𝑦-momentum:

𝑑

𝑑𝑆

∫ ∞

0
𝜌𝑣2 sin 𝜃𝑟𝑑𝑟 =

∫ ∞

0
(𝜌𝑎𝑚𝑏 − 𝜌)𝑔𝑟𝑑𝑟, (122)

mixture fraction:

𝑑

𝑑𝑆
2𝜋

∫ ∞

0
𝜌𝑉 𝑓 𝑟𝑑𝑟 = 0. (123)

Note that energy conservation is not included in this formulation, but rather the mixture is
assumed to be thermally perfect [3], with combustion calculations shown in Section 3.1.2. These
calculations assume that the mixture is always in equilibrium (neglecting heat-losses), which
results in a calculation of flame temperature and density as functions of mixture fraction similar to
Figure 3-2 (with slight variations depending on the reactant temperature).

Equation 121 does not explicitly set the right-hand side of the 𝑥-momentum equation to 0, as is
done in the unignited jet/plume model (Equation 79) [11]. While the GUI version of HyRAM+
sets 𝑣wind = 0, the Python backend enables specification of a cross-wind velocity, 𝑣wind. The
Gaussian profiles in Equations 116 and 117 are numerically evaluated out to 5𝐵 (an estimate of
∞), along with the radial profiles of the density (based off of the mixture fraction), which can be
plugged into Equations 118–123 and numerically integrated. This results in a system of six first
order differential equations where the independent variable is 𝑆 and the dependent variables are
𝑣𝑐𝑙 , 𝐵, 𝜃, 𝑓𝑐𝑙 , 𝑥, and 𝑦. This system of equations is integrated from the starting point to the
distance desired using the LSODA algorithm from the scipy.integrate sub-package [38]. By
default, the integration distance is the visible flame length, calculated using the correlations in
Equations 105 and 106.

Similar to the nonreacting jet, entrainment in the jet flame is modeled as the sum of momentum
and buoyancy contributions (Equation 86) [3]. However, the contributions have modified
empirical parameters and calculation methods. The momentum driven entrainment is calculated
as

𝐸𝑚𝑜𝑚 = 0.0342

(
𝜋𝑑2

exp

4
𝜌exp𝑣

2
exp

𝜌∞

)1/2

, (124)
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and buoyancy driven entrainment is calculated as

𝐸𝑏𝑢𝑜𝑦 = 2𝜋𝛼𝑏𝑢𝑜𝑦𝑔 sin 𝜃

∫ ∞
0 (𝜌𝑎𝑚𝑏 − 𝜌)𝑑𝑟

𝐵𝑣𝑐𝑙𝜌𝑒𝑥𝑖𝑡
(125)

where 𝛼𝑏𝑢𝑜𝑦 = 5.75×10−4 [48].

3.4.3. Radiation From a Curved Flame

The radiative heat flux from the buoyancy corrected, curved flame is calculated by a weighted
multi-source model [3], similar to that described by Hankinson and Lowesmith [72]. The heat flux
at a point along the flame is calculated as

𝑞 = 𝜏𝑆rad
𝑉𝐹

𝐴 𝑓

, (126)

where 𝑆rad is calculated according to Equations 108–110, 𝑉𝐹 is the view-factor, proportional to the
heat flux transmitted to the observer, 𝜏 is the transmissivity, calculated by Equation 112, and 𝐴 𝑓 is
the surface area of the flame. Contributions to the total heat flux are broken up into many (𝑁 ,
generally 50) points along the length of the curved flame, and the weighted average proceeds as

𝜏
𝑉𝐹

𝐴 𝑓

=

𝑁∑︁
𝑖=1

𝑤𝑖 cos 𝛽𝑖
4𝜋𝐷2

𝑖

𝜏𝑖, (127)

where the emitter strength weighting parameter is

𝑤𝑖 =

{
𝑖𝑤1 𝑖 ≤ 0.75𝑁[
𝑛 − 𝑛−1

𝑁−𝑛−1 (𝑖 − (𝑛 + 1))
]
𝑤1 𝑖 > 0.75𝑁,

(128)

with the constraint that 1 ≤ 𝑛 ≤ 𝑁 and
∑𝑁

𝑖=1 𝑤𝑖 = 1. In these equations, 𝐷 and 𝛽 are the distance
and angle, respectively between the observer and unit normal to the point emitter.

3.4.4. Overpressure in Enclosures

If a confined mixture ignites, significant overpressures can develop within the enclosure or
confinement area [3]. Overpressure is calculated assuming that the cause of overpressure is the
volume change on combustion pressurizing the enclosure. Within HyRAM+, the models
described in Section 3.3.4 are used to calculate the volume of fuel within the layer and entire
enclosure. It is assumed that all of the fuel within the flammability limits (in both the jet/plume
and the accumulated layer) reacts, and the overpressure is calculated, following Bauwens and
Dorofeev [73] as

Δ𝑝 = 𝑝0

( [(
𝑉𝑇 +𝑉fuel

𝑉𝑇

) (
𝑉𝑇 +𝑉stoich(𝜎 − 1)

𝑉𝑇

)]𝛾
− 1

)
, (129)
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where 𝑝0 is the initial pressure, 𝑉𝑇 is the total volume of the enclosure, 𝑉fuel is the expanded
volume of pure fuel following the release, 𝑉stoich is the volume of a stoichiometric mixture of the
consumed fuel, 𝜎 is the expansion ratio of a stoichiometric fuel-air mixture, and 𝛾 is the specific
heat ratio of air. The expanded volume is given by 𝑉fuel = 𝑚fuel/𝜌fuel where 𝑚fuel is the mass of
fuel consumed and 𝜌fuel is the density of the fuel at ambient conditions. 𝑉stoich is 𝑉fuel divided by
the stoichiometric mole fraction of fuel.

3.4.5. Unconfined Overpressure

If an unconfined mixture ignites after a release has been flowing for some time, an overpressure
can be observed as the initial mixture burns [12]. In this context, the overpressure is defined as the
pressure above ambient. HyRAM+ has four13 different methods for calculating the overpressure,
each of which requires the calculations from an unconfined and unignited jet/plume as described
in Section 3.3.1. Each method calculates an overpressure and possibly impulse as a function of
distance, 𝑅. The origin for the overpressure/impulse (distance from which 𝑅 is measured) is the
point at which the fuel concentration is assumed to be halfway between the lower and upper
flammability limits along the jet streamline. This is assumed to be a reasonable origin location,
given the overpressure blast wave will originate from the flammable mixture14.

BST The Baker-Strehlow-Tang (BST) model is based on blast curves that relate overpressure
and impulse to the Mach flame speed [75]. The flammable mass of fuel within the unignited
jet/plume (𝑚 𝑓 𝑙𝑎𝑚) is first found by volumetrically integrating the product of the mass fraction (𝑌 )
and density (𝜌) of the jet/plume that is within the flammability limits (𝑌LFL, 𝑌UFL) along the entire
length of the jet/plume streamline coordinate (𝑆) [12], or

𝑚flam =

∫ 𝑆=∞

𝑆=0

(∫ 𝑟𝑌=𝑌LFL

𝑟𝑌=𝑌UFL

𝜌𝑌2𝜋𝑟𝑑𝑟

)
𝑑𝑆. (130)

The energy within the unignited flammable mixture (𝐸flam) is related to the flammable mass
through the relationship

𝐸flam = 𝑘reflection𝑚flamΔ𝐻𝑐 (131)

where 𝑘reflection is a ground reflection factor (assumed to be 2) and Δ𝐻𝑐 is the heat of combustion
of the fuel [75]. The scaled distance is related to the energy through the relationship [75]

𝑅∗
BST =

𝑅

(𝐸flam/𝑃ambient)1/3 . (132)

The scaled overpressure and impulse are related to the scaled distance, based on the Mach flame
speed, as shown in Figure 3-4 [75]. The Mach flame speed selection is an important choice for
BST model results, and can depend on the fuel being combusted, confinement and congestion of

13However, currently only the BST, TNT, and Bauwens models are accessible from the graphical user interface.
14This is also roughly consistent with the suggested ignition concentration by Jallais et al. [74] for hydrogen.
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the flammable mixture, and other factors [75]. The default value in HyRAM+ for the Mach flame
speed is 0.35, based on overpressure observations for unconfined releases of hydrogen [74]15; this
value can be changed by the user.
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Figure 3-4 Mapping of scaled distance to scaled overpressure (left) and scaled impulse (right) for the BST
unconfined overpressure model [11].

The scaled overpressure (𝑃∗) is the peak overpressure (𝑃𝑠) relative to ambient pressure
(𝑃ambient),

𝑃∗ = 𝑃𝑠/𝑃ambient, (133)
and the impulse (𝐼) is scaled by the flammable energy (𝐸flam), ambient pressure (𝑃ambient), and
speed of sound for air (𝑎air = 340 m/s) as

𝐼∗BST =
𝐼𝑎air

(𝐸flam𝑃
2
ambient)1/3

. (134)

Jallais The Jallais model16 is based on the work of Jallais et al. [74]. As implemented in
HyRAM+, this model is based on the BST model above but with a few modifications. For
calculating the flammable mass (see Equation 130), the Jallais model uses flammability limits of
10–75% hydrogen in air rather than the full flammability range for hydrogen of 4-75% [74]. The
Jallais model calculates the flame speed (𝑣 𝑓 ) for use in the BST model based on the mass flow rate
( ¤𝑚) of the leak, as per Equation 135.

𝑣 𝑓 =


100 m/s ¤𝑚 < 0.5 kg/s
140 m/s 0.5 kg/s < ¤𝑚 < 1 kg/s
240 m/s 1 kg/s < ¤𝑚 < 10 kg/s

(135)

15The default Mach flame speed value was 5.2 for HyRAM+ versions 4.0 and 4.1, which is used for detonations;
however, experimental observations of unconfined deflagrations seem more applicable for these models.

16Currently the Jallais model is not accessible from the graphical user interface, but can be used from the Python
package.
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The flame speed (𝑣 𝑓 ) is then used to calculate the Mach flame speed (𝑀 𝑓 ) for the BST method
using the speed of sound in air (𝑎air) in Equation 136.

𝑀 𝑓 =
𝑣 𝑓

𝑎air
(136)

The calculated Mach flame speed (𝑀 𝑓 ) is then used to select the closest (based on absolute value)
Mach flame speed curve (see Figure 3-4) for use in the BST method.

As these modifications to the BST method were done specifically for hydrogen, this model is only
valid for hydrogen.

TNT The TNT equivalence method is based on finding the mass of TNT that contains the same
energy as the fuel being combusted [75]. The flammable mass of fuel within the jet/plume
(𝑚 𝑓 𝑙𝑎𝑚) is found by volumetrically integrating the product of the mass fraction and density of the
jet/plume that is within the flammability limits (see Equation 130) [12]. The flammable mass is
scaled by an equivalence factor (𝐹𝑒𝑞𝑢𝑖𝑣, 3% by default [75]), and the equivalent mass of TNT
(𝑚𝑇𝑁𝑇𝑒𝑞𝑢𝑖𝑣 ) is calculated as

𝑚TNTequiv = 𝐹equiv
𝑚flamΔ𝐻𝑐

Δ𝐻𝑐,TNT
, (137)

where Δ𝐻𝑐,TNT = 4.68 MJ/kg is the equivalent specific blast energy of TNT17. The scaled
distance (𝑅∗

TNT) is related to the equivalent mass of TNT (𝑚TNTequiv) through the relationship

𝑅∗
TNT =

𝑅

𝑚
1/3
TNTequiv

, (138)

and the scaled overpressure (𝑃∗) and scaled impulse (𝐼∗TNT) resulting from combustion are related
to the scaled distance as shown by Figure 3-5.
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Figure 3-5 Mapping of scaled distance to scaled overpressure (left) and scaled impulse (right) for the TNT
equivalence unconfined overpressure model [11].

17Previous versions of HyRAM+ (e.g., [11]) had a separate Engineering Toolkit calculation that used a slightly different
value for the TNT blast energy.
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The scaled overpressure (𝑃∗) is the overpressure (𝑃𝑠) relative to ambient pressure (see
Equation 133), and the impulse (𝐼) is scaled by the third root of the TNT mass (𝑚TNTequiv), or

𝐼∗TNT =
𝐼

𝑚
1/3
TNTequiv

. (139)

Bauwens The Bauwens method for unconfined overpressure calculation is based on the work
of Bauwens and Dorfeev [76, 77]. In this method, the detonable mass within the unconfined
jet/plume is calculated and then the overpressure is based on detonation of that mass of fuel [12].
Due to the dependence of this model on detonation cell size, it has not been updated to work with
mixtures/blends yet [10].

The detonation cell size (𝜆𝑑𝑒𝑡) is calculated at each point in the jet/plume, based on equivalence
ratio (𝜙) and fits to data from the detonation database [78]. The fits to the data are based on a
polynomial fit in log-log space [11]:

ln𝜆𝑑𝑒𝑡 = 𝑎 + 𝑏 ln 𝜙 + 𝑐(ln 𝜙)2 + 𝑑 (ln 𝜙)3 + 𝑒(ln 𝜙)4, (140)

where the parameters 𝑎–𝑒 are given in Table 3-1. The equivalence ratio (𝜙) is calculated from the
mole fraction field (𝑋 , see Section 3.3.1) and the stoichiometric fuel to air ratio (FAR𝑠) as

𝜙 =
𝑋/(1 − 𝑋)

FAR𝑠

(141)

where
FAR𝑠 =

1
4.761+3𝑛𝐶

2

, (142)

where 𝑛𝐶 is the number of carbon atoms in the fuel.

Table 3-1 Detonation cell size fitted parameters

Fuel 𝑎 𝑏 𝑐 𝑑 𝑒

H2 2.94771698 -0.16536739 2.2608031 -1.18064551 0.45823461
CH4 5.768321 1.13938677 113.36802963 0 0
C3H8 4.44856885 -0.73108257 5.50526263 0 0

The fits and data for different fuels are shown in Figure 3-6.
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Figure 3-6 Detonation cell size data (points) from the detonation database [78] and fits to the data (lines)
on a linear (left) and logarithmic (right) scale [11].

Once the detonation cell size is calculated, the gradient in the radial direction of the detonation
cell size (𝑑𝜆𝑑𝑒𝑡/𝑑𝑟) is found numerically [12]. In addition, the number of cells that fit within the
layer (𝑛𝜆𝑑𝑒𝑡 ) is numerically calculated as

𝑛𝜆𝑑𝑒𝑡 =

∫ 𝑟

0

𝑑𝑟

𝜆𝑑𝑒𝑡 (𝑟)
. (143)

Detonations are presumed to propagate in areas that are within the flammability limits, with a
detonation cell size gradient less than 0.1 (𝑑𝜆𝑑𝑒𝑡/𝑑𝑟 < 0.1), and where there are at least five cells
within the layer (𝑛𝜆𝑑𝑒𝑡 ≥ 5). The mass of fuel within the jet/plume that meets these constraints is
calculated as the detonable mass (𝑚det). In equation form,

𝑚det =

∫ ∞

𝑆=0

(∫ ∞

𝑟=0
𝜌𝑌2𝜋𝑟𝑑𝑟

)
𝑑𝑆, where𝑌lean ≤ 𝑌 ≤ 𝑌rich, 𝑑𝜆𝑑𝑒𝑡/𝑑𝑟 < 0.1, and 𝑛𝜆𝑑𝑒𝑡 ≥ 5. (144)

The dimensionless distance (𝑅∗
Bauwens) from the center of the detonable region is calculated as

𝑅∗
Bauwens = 𝑅

(
𝑃ambient
𝐸det

)1/3
, (145)

where the energy of detonable fuel (𝐸det) is calculated as

𝐸det = 𝑚detΔ𝐻𝑐 . (146)

Finally, the scaled overpressure (𝑃∗) is calculated as

𝑃∗ =
0.34

(𝑅∗
Bauwens)4/3 + 0.062

(𝑅∗
Bauwens)2 + 0.0033

(𝑅∗
Bauwens)3 . (147)
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To prevent infinite overpressure calculation and division by zero errors, the scaled distance, 𝑅∗, is
limited to a minimum value of 0.01 and any scaled distances less than that will use 0.01 in
calculation of the scaled overpressure.

There is currently no calculation of impulse for this model. This means that the overpressure
probit models in Section 2.4.2 that use impulse cannot be used with this model [12].
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4. IMPLEMENTATION DETAILS

4.1. Python Calculation Dependencies

The calculations in HyRAM+ utilize the NumPy and SciPy packages [38, 79, 80]. NumPy
provides support for multi-dimensional arrays, mathematical functions of arrays, and some
numerical linear algebra routines. SciPy provides a variety of numerical method routines
including support for statistical distributions, numerical linear algebra, integration, interpolation,
optimization, root-finding, ordinary differential equation solvers, and others. Plots in HyRAM+
are made using Matplotlib [81].

4.2. Unit Conversion

HyRAM+ modules perform calculations using values in the International System of Units
(SI) [3]. Conversions are performed in the graphical user interface allowing the user to use units
that are preferred or more relevant in problem context, while passing data to the Python
calculation algorithms in the expected SI units. Table 4-1 contains the convertible units currently
available in HyRAM+, with the SI unit listed first. Note that all pressure units are assumed to be
absolute pressure, not gauge pressure.

Table 4-1 HyRAM+ convertible units.

Unit Type Units Available
Distance m, mm, in, ft, yd

Area m2, cm2, mm2, ft2, in2, yd2

Volume m3, mm3, cm3, mL, L, in3, ft3
Angle rad, deg
Time s, ms, min, hr

Pressure Pa, kPa, MPa, psi, atm, bar, J/m3

Temperature K, ◦C, ◦F,
Speed m/s
Mass kg, mg, g, lb

Mass Flow Rate kg/s
Volumetric Flow Rate m3/s
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