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ABSTRACT

The availability of repair garage infrastructure for hydrogen fuel cell vehicles is becoming
increasingly important for future industry growth. Ventilation requirements for hydrogen
tuel cell vehicles can affect both retrofitted and purpose-built repair garages and the costs
associated with these requirements can be significant. A hazard and operability study
(HAZOP) was performed to identify key risk-significant scenarios related to hydrogen
vehicles in a repair garage. Detailed simulations and modeling were performed using
appropriate computational tools to estimate the location, behavior, and severity of
hydrogen release based on key HAZOP scenarios. This work compares current fire code
requirements to an alternate ventilation strategy to further reduce potentially hazardous
conditions. Overall, the amount of flammable mass of hydrogen at any one time in the
simulation is low compared to the total mass of hydrogen released, due to the low flow
rate of a low pressure release. It is shown that position, direction, and velocity of
ventilation have a significant impact on the amount of instantaneous flammable mass in
the domain.
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EXECUTIVE SUMMARY

Use of hydrogen and fuel cells in vehicles (light-, medium-, or heavy-duty) will create a need for
vehicle maintenance facilities across the nation. Design of these maintenance facilities should ensure
that they are safe in the event of an unintended hydrogen release, and so have additional ventilation
requirements. This study uses risk analysis and simulation of various hazards to inform future
development of the codes and standards on ventilation requirements.

A hazard and operability study (HAZOP) was used to identify significant leak scenarios in a
hydrogen fuel cell vehicle (FCV) repair garage, so that modeling efforts could focus on those
specific scenarios. Many possible release scenarios were considered with input from and discussion
with vehicle manufacturers. Of the 490 possible scenarios identified, there are only 23 unique
hydrogen releases that result. Of the 23 unique scenarios, 19 were classified as low-risk, 4 were
medium-risk, and there were no high-risk scenarios, according to the frequency-severity risk
matrix that was applied. Three of the four medium-risk scenarios relate to hydrogen accumulation
that can be mitigated by ventilation requirements, and the risks could be bounded by examining,
with computational fluid dynamics (CFD) modeling, the following two scenarios:

1. An unintended release from an accident or impropetly using a venting tool used to vent
hydrogen from the tank to outside the facility. This scenario was selected because of the amount
of hydrogen that could be released and because the main preventative measure is proper training
for operators makes it more likely to occur.

2. An unintended release when the vehicle is being defueled using a high-pressure tool. This high-
pressure defueling tool is rarely used; it is only used when damage or another issue precludes the
use of the lower pressure venting tool, and typically special procedures are in place. This
scenario was analyzed as well, but the lower pressure release is judged to be more likely to occur.

The two scenarios result in a single tank release of hydrogen at a pressure of either 1.5 MPa or 70
MPa. It was assumed that the leak occurred in the middle of the underside of a raised vehicle.
Different ventilation scenarios were examined for both the low and high pressure releases.

For the low pressure leaks, a maximum flammable concentration of approximately 4 g of hydrogen
accumulates beneath the vehicle at any one time, compared to the 2.5 kg of total hydrogen released.
For the high pressure leaks, the flammable volume extends beyond the edges of the underside of the
vehicle, around the vehicle and up towards the ceiling and was approximately 100 g.

It was found that having code-compliant ventilation in the entire facility had no significant
impact on the amount of instantaneous flammable hydrogen in the facility unless the leak
point was near a ventilation inlet. Placing the vehicle directly in front of the ventilation inlet
reduced the amount of flammable hydrogen in the facility. Having a ventilation inlet with higher
speed ventilation further reduced the maximum instantaneous flammable mass. Based on
these results, use of a portable fan might provide a suitable way to increase safety without structural
changes to the garage or ventilation system in some situations.

Future work could address the impact of garage size on ventilation requirements. Smaller garages
may need more specific ventilation requirements, while larger garages may experience more
dissipation in the larger space. This study only looked at two different ventilation velocities, and only
one total ventilation flowrate; determining a more specific relationship between the ventilation
parameters (spacing, direction, velocity, and total rate) could be very useful to inform future code
requirements.
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ACRONYMS AND DEFINITIONS

Abbreviation

Definition

ASI alternative subsonic inlet

BC boundary condition

CFD computation fluid dynamics

FCV fuel cell vehicle

H2 hydrogen

HAZOP hazard and operability study

LFL lower flammability limit

NFPA National Fire Protection Association
PRD Pressure relief device

TPRD thermally-activated pressure relief device
UFL upper flammability limit
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1. INTRODUCTION

Use of hydrogen and fuel cells in vehicles (light, medium, and heavy-duty) will create a need for
vehicle maintenance facilities across the nation. Design of maintenance facilities should ensure that
they are safe in the event of an unintended hydrogen release. While the codes and standards
developed for existing maintenance facilities designed for conventional fuels have been based on
expert knowledge and field experience, risk analysis and simulations of hazards specific to hydrogen
have not been taken into account. This study uses risk analysis and performed simulations of various
hazards to inform future development of the codes and standards. Figure 1-1 shows an overview of
the analysis approach.

Model
consequences of

Identify Compare
Risk analysis . important dentified hazard

schearios . levels
schearios

Figure 1-1. Analysis approach schematic

The rest of this report generally follows this approach. Section 2 describes the risk analysis
performed on maintenance facilities in repair garages for FCVs. This analysis leads to a number of
risk-significant scenarios being identified (Section 2.3). For the most risk-significant scenarios
identified, the consequences of a hydrogen release are modeled in order to estimate relative hazards
between them and between different possible mitigation strategies (Section 3). The models are
described in detail in Sections 3.1 and 3.2, and the results of these models are described in Section
3.3, and the hazard quantification results are summarized and compared in Section 3.5.
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2, FCV REPAIR FACILITY HAZOP

A hazard and operability study risk analysis identifies potential hazards in a system and potential
operational disturbances that lead a system to deviate from expected behaviors [1][2]. In this study, a
HAZOP was used to identify what sort of leak scenarios might be significant in a hydrogen FCV
repair garage, so that modeling efforts could focus on those specific scenarios. A HAZOP is a
qualitative, inductive process which examines each system component and identifies scenarios,
conditions, or failure modes that could lead to a hazardous condition, such as a release of hydrogen
in this study. The HAZOP method was selected for this analysis because it examines what could
generally go wrong within the process to identify hazards, rather than analyzing specific failure
mechanisms for each component. Failure mechanisms specific to a particular part may depend on
the design and materials of that part, and thus may not be generalizable to other parts or situations.
Analyzing processes is particularly beneficial in a maintenance facility where many processes are
similar.

In this study, failure was defined as an unexpected or uncontrolled release of gaseous hydrogen.
Other hazards associated with vehicle maintenance activities (e.g., mechanical, electrical, ergonomic,
and noise) were not considered as these hazards are not unique to hydrogen vehicle maintenance
facilities. Maintenance to the fuel tank was assumed to occur at the manufacturer and not the
maintenance facility. In addition, cascading failures or instances where multiple components failed
were not analyzed. Finally, it is assumed that refueling occurs outside the maintenance facility.

21. HAZOP Description

For this HAZOP, components of a generic hydrogen FCV were identified, as shown in Table 2-1.
These hydrogen process parts are found in all FCVs.

Table 2-1. Hydrogen process and defueling components

Hydrogen process and
defueling components Description

The hydrogen tanks store hydrogen until it will be used by the fuel

Hydragen tarks cell. Each tank holds approximately 2.5 kg of hydrogen.

The manual valve is a high-pressure valve that is used to isolate the
Tank manual valves

tank.
Tank pressure relief device The PRD releases hydrogen to prevent the tank from over-
(PRD) pressurizing.
Hydrogen supply regulator The hydrogen supply regulator lowers tank pressure (up to 70 MPa)
assembly to 1.5 MPa for fuel cell usage.

A valve after the regulator which is used for defueling before

Defueling valve .
maintenance.

The fuel system post-regulator is the tubing between the hydrogen

Fusl systam post-tagulstar supply regulator and the fuel cell.

The hydrogen venting tool is external to the vehicle which contains a
Hydrogen venting tool hose to defuel the tank, a valve, and a vent. The venting tool
connects to the defueling valve.

The fueling receptacle is utilized when the hydrogen tank is being

Fusling recepiacie filled and could not be used for defueling. This component was not

15



Hydrogen process and
defueling components Description

part of the analysis as hydrogen could not be released in
maintenance through this receptacle.

The automatic shutoff valve is a solenoid valve on the vehicle that

Alitematic shuton vabs automatically closes if it detects external hydrogen.

The high-pressure defueling tool is only used if the system is

High-pressure defueling tool damaged to an extent that the defueling valve cannot be used.

Each component was analyzed in the context of the operational state of a vehicle during service and
maintenance activities typically conducted in maintenance garages. The operational states analyzed
are shown in Table 2-2 along with the state of the fuel system. The state of the fuel system is
important because it determines the amount of hydrogen available during the operational state. This
determination will feed into the consequence portion of the analysis.

Table 2-2. Maintenance activities

Operational State Fuel System State
1 | Defueling entire fuel system Entire fuel system being defueled
Preparation Storage tank is isolated and the post-
for Service | 2 | Defueling of system post-regulator regulator system is being defueled
Dead vehicle storage Fuel system is charged but idle
Engine operation/idling Key-on operation
Storage tank is isolated and the post-
5 | Service on non-fuel systems regulator system is defueled/vented
Service The entire fuel system is defueled. This type
of maintenance is not performed at the
6 | Service on fuel tanks analyzed maintenance facility

Service on fuel system components | Storage tank is isolated and the system post-
7 | post-regulator regulator is defueled

Additionally, guide words were used to provide structure and analytical completeness to the analysis.
Each guide word was used in the context of the potential hazard or operational disturbance to
determine if the affected process deviates from its intended design. For example, the process part
“tank manual valve” during the operational state “service on non-fuel systems” could be combined
with the “no or not” guide word to describe a spontaneous leak; the valve did not perform the
intended function of containing hydrogen. The guide words and their associated meanings are
shown in Table 2-3.

Table 2-3. HAZOP guide words

Guide Word Meaning

No or not Complete negation of design intentions

More Quantitative increase

Less Quantitative decrease

As well as Qualitative increase (some additional activity)
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Guide Word Meaning

Part of Qualitative decrease (some intentions achieved, some are not)
Reverse Logical opposite of intention

Other than Complete substitution

The process of analyzing each process part, operational state, and HAZOP guide word led to 490

unique scenarios. The scenarios were reviewed individually, and 109 scenarios were identified that

could lead to an unintended release of hydrogen. These scenarios, including the process component,
operation state, and a brief event description is shown in Table 2-4. The scenarios in Table 2-4 could
occur during multiple operational states, so 23 scenario sets are shown with possible operating states

listed for each to give the total of 109 different scenarios. The operation state of the scenario may
have an effect on the likelihood or consequence of the release, but more information would be

needed to make this determination. As such, the scenarios that contain multiple operation states are

considered to be equivalent releases, and so the 23 scenario sets are analyzed further.

Table 2-4. HAZOP scenarios with potential to unintentionally release hydrogen

Process Component

Operation States

Event Description

Tank manual valve 1,2,3,4,5,6,7 Spontaneous leak

Tank manual valve 1,2,5,6,7 Damage causes leak

Tank PRD 1,2,3,4,5,6,7 Spontaneous leak

Tank PRD 1,2,3,4,5,6,7 Fire

Tank PRD 1,2,5,6,7 Damage causes leak

Defueling valve 1,2,3,4,5,6,7 Spontaneous leak

Defueling valve 1,2,5,6,7 Accidental operation

Defueling valve 1,2,5,6,7 Damage causes leak

Fuel system post-regulator 2 Fail to close manual valve

Fuel system post-regulator 2 Small release

Fuel system post-regulator 1,2,3,4,5,6,7 Relief valve spontaneous leak

Fuel system post-regulator 1,2,5,6,7 Damage causes leak
Spontaneous leak, low

Hydrogen supply regulator pressure system exposed to

assembly 1,2,3,4,5,6,7 high pressure

Hydrogen supply regulator

assembly 1,2,5,6,7 Damage causes leak

Hydrogen venting tool 1 Premature disconnect

Hydrogen venting tool 1 Ignition near outlet

Hydrogen venting tool 1,2,3,4,5,6,7 Spontaneous leak

Hydrogen venting tool 1,2,5,6,7 Damage causes leak

Automatic shutoff valve 1,2,3,4,5,6,7 Spontaneous leak
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Process Component Operation States Event Description
Automatic shutoff valve 1,2,5,6,7 Damage causes leak
High-pressure defueling tool 1 Premature disconnect
High-pressure defueling tool 1 Ignition near outlet
High-pressure defueling tool 1,2,3,4,5,6,7 Spontaneous leak

Inductive reasoning was then used to determine the effects of each hazard on the system. Each
scenario was given a severity ranking, shown in Table 2-5. Severity was an assessment of the
magnitude of consequence of failure. In assigning severity, the analysis team considered the worst
possible consequence for a failure; a probability distribution of the severity of consequences was not
considered in making the severity determination. The main differentiating factor was the amount of
hydrogen released.

Table 2-5. Severity values from operational deviations

Severity Value Description

3 Major: Release of full inventory of hydrogen

2 Moderate: Release of 1 tank of hydrogen (half of full inventory)
1 Minor: Small release of hydrogen

Each scenario was also given a frequency value, estimating the likelihood of occurrence of an event.

The criteria used to determine the frequency value was based on an order of magnitude scale and are
presented in Table 2-6. These values were used in the HAZOP analysis to select the frequency value
(1-5) that would apply to a given release scenatio.

Table 2-6. Frequency values from operational deviations

Frequency
Value Description Frequency

5 Intentional: Incident will occur on a set time frame
Anticipated: Incident might occur several times during the

4 lifetime of the facility f>10?/year
Unlikely: Events that are not anticipated to occur during the

3 lifetime of the facility 10*4/yr < f<102/yr
Extremely unlikely: Events that will probably not occur during

2 the lifetime of the facility 108/yr < f< 104/yr

1 Beyond extremely unlikely: All other incidents f<10%/yr

A traditional, simplified tool used to communicate risk priority within a HAZOP is a qualitative risk
ranking matrix; in this study, a three-by-five matrix. The vertical axis represents the five frequency
classes and the horizontal axis represents the three severity classes, as shown in Table 2-5 and Table
2-0. Figure 2-1 contains the risk matrix for this HAZOP analysis. The risk category is chosen as a
combination of the frequency metric and the consequence metric. These ranges are color-coded as
green (low risk), yellow (medium risk), and red (high risk) in Figure 2-1. This risk matrix only
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describes possible categories for each scenario within a HAZOP; the actual assessment and
categorization of scenarios in this analysis is done in the next section.

Risk Metric
Consequence
Frequency

1 2 3
1 Low Low Low
2 Low Low Medium
3 Low Medium | Medium
4 Low Medium High
5 Medium High High

Figure 2-1. Risk matrix categories for HAZOP analysis, showing qualitative frequency (1-5) and

consequence (1-3) metrics combined into overall possible risk category

2.2,

HAZOP Risk Assessment

Many possible scenarios were considered by the authors, with input from and discussion with
vehicle manufacturers. Of those scenarios identified, 23 were considered to be of possible concern.
Of the 23 scenarios identified, 19 were low-risk (shown in green in Table 2-7), 4 were medium-risk
(vellow), and there were no high-risk scenarios.

Table 2-7. Results of HAZOP Analysis

Process Part Ogtta:l;:n Event Description | Consequence | Frequency Risk
UehlE Tzl 1,2,3,4,5,6,7 Spontaneous Leak 1 2 Low
valve
Danid e 1,2,5,6,7 Damage causes leak 1 3 Low
valve
Tank PRD 1,2,3,4,5,6,7 Spontaneous Leak 1 2 Low
Tank PRD 1,2,3,4,5,6,7 Fire 3 2 Medium
Tank PRD 1,2,5,6,7 Damage causes leak 1 3 Low
Defueling valve | 1,2,3,4,5,6,7 | Spontaneous Leak 1 2 Low
Defueling valve 1,2,5,6,7 Accidental operation 2 2 Low
Defueling valve 1,2,5,6,7 Damage causes leak 1 3 Low
Fuel System 2 Fail to close manual 1 3 e
Post-Regulator valve
FLE S 2 Small Release 1 5 Medium
Post-Regulator
Fuel System Relief Valve
Post-Regulator 1234387 Spontaneous Leak 1 ¢ Lo
e 1,2,5,6,7 Damage causes leak 1 3 Low
Post-Regulator
Spontaneous Leak,
hiydisgen Low pressure system
supply regulator | 1,2,3,4,5,6,7 exposed 1o h)i/ h 1 2 Low
assembly P 9
pressure
Hydrogen
supply regulator 1,2,5,6,7 Damage causes leak 1 3 Low
assembly
Hyd_rogen 1 P_remature 2 4 Medium
venting tool disconnect
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Process Part 0%‘:;?;?" Event Description | Consequence | Frequency Risk
Hydrogen 1 Ignition near outlet 1 4 Low
venting tool
Hyd_rogen 1,2,3,4,5,6,7 Spontaneous Leak 1 2 Low
venting tool
Herogen 1,2,5,6,7 Damage causes leak 1 3 Low
venting tool
Automatic
Shutoff Valve 1,2,3,4,5,6,7 Spontaneous Leak 1 2 Low
Automatic
Shutoff Valve 1,2,5,6,7 Damage causes leak 1 3 Low
High-Pressure Premature .
Defueling Tool ! disconnect . . el
High-Pressure -
Defueling Tool 1 Ignition near outlet 1 4 Low
diRIEes e 1,2,3,4,5,6,7 | Spontaneous Leak 1 2 Low
Defueling Tool
2.3. Identifying Risk-Significant Scenarios of Interest

The four medium-risk scenarios were analyzed further with the intent of determining which scenario
would benefit from further analysis and modeling.

(A) External fire canses PRD release: 'This scenario examined an external fire in close proximity to the
vehicle. This scenario was not analyzed further because a large fire is an existing hazard and not
unique to a FCV maintenance facility. This is not to say that an external fire could not affect the
hydrogen within a FCV, nor that a hydrogen release during a fire is not worth examining. An
external fire could release hydrogen from the PRD and cause a jet fire; this hazard is certainly worth
further exploration. Rather, this scenario was not pursed further in this study because the ventilation
code requirements of interest would not protect against an external fire or hydrogen jet fire; the
ventilation is meant to protect against accumulation of a hazardous flammable mixture of hydrogen

gas.

(B) Small release in low-pressure systenr: This scenario examined a situation where there is a small release
of hydrogen in the fuel system post-regulator. This is the most likely scenario since it will occur on a
set time frame. This scenario is bounded by other scenarios, given that the premature disconnect of
venting tool scenario would also release hydrogen at low pressure, but would release significantly
more hydrogen; therefore, that scenario was examined instead of this one.

(C) Premature disconnect of venting tool: This scenario examined when the venting tool used to vent
hydrogen from the tank into the atmosphere outside the facility is disconnected before the venting is
complete. This scenario was selected for further investigation because of its relatively high risk
classification and because the only preventative measure is proper training for operators.

(D) Premature disconnect of high-pressure defueling tool This scenario examined the case in which the
vehicle is being defueled using a high-pressure tool. This high-pressure defueling tool is rarely used
because of the hazards associated with high pressure; it is only used when damage or other issue
precludes the use of the lower pressure venting tool, and typically special procedures are in place to
address the additional pressure hazard. This scenario was analyzed as well, but the lower pressure
release (C) is judged to be much likely to occur.
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3. SCENARIO ANALYSIS

The identified scenarios from the HAZOP were further analyzed using computational fluid
dynamics (CFD). Two sizes of garages were used. First a smaller design with 10 bays was used to
scope out several cases; these results are shown in Appendix A. Then a larger 12 bay garage was
considered, using an updated garage geometry and lessons learned from the original 10 bay cases. In
addition to an increased number of bays, the size of each bay was also increased in the 12 bay
garage. This was done based on further conversations with automakers on a realistic repair garage
size. For both garages, two sizes of leaks were analyzed: the low pressure release described by (C)
and a high pressure release described by (D). Several ventilation strategies were examined and will be
described in detail below.

A CFD solver, Fuego [3], was used to perform the hydrogen release simulations from a
representative fuel cell vehicle inside the maintenance facility. Fuego is a Sandia National
Laboratories developed code designed to simulate turbulent reacting flow and heat transfer [3] on
massively parallel computers, with a primary focus on heat transfer to objects in pool fires. The code
was adapted for compressible flow and combustion and is well suited for low Mach number flows.
The discretization scheme used in Fuego is based on the control volume finite element method [4],
where the partial differential equations of mass, momentum, and energy are integrated over
unstructured control volumes. The turbulence model was a standard two equation (k-g) turbulence
model [5] with transport equations solved for the mass fractions of each chemical species, except for
nitrogen which was modeled as the balance. For the calculations reported here, the first order
upwind scheme was used for the convective terms.

3.1. Leak Description

For case (C), a fuel cell vehicle tank holding 2.5 kg of compressed hydrogen was assumed to be
leaking through a mid-pressure port starting at 1.5 MPa. The leak was modeled with a diameter of
0.86 mm; this diameter was chosen as representative of a possible leak size, rather than based on a
specific fitting or tube. This is because a disconnection or leak could occur at the connection fitting
of the defueling tool to the mid-pressure port, or due to damage or leak in any part of the tubing
after the connection. These specifications were obtained through discussions with hydrogen FCV
manufacturers. The position and orientation of this defueling port would most likely cause the jet of
leaking hydrogen to be pointed downward, due to the possible leak points being under the vehicle,
which is how it has been modeled for this study. It is possible that the lead could occur beneath the
car and be otiented as pointing up, such as if the defueling line/hose was underneath the vehicle and
leaked hydrogen. Due to the low velocity of the modeled release (discussed below), these releases
equivalent; in both cases, buoyancy would drive the hydrogen up. This same configuration was
repeated, but with a pressure of 70 MPa to represent case (D).

3.1.1.  Hydrogen Release Boundary Conditions

Trying to model both airflow in a large garage along with a high velocity leak through a small orifice
sets up a problem that is computationally “stiff” and would take years to solve even on a large
number of processors. Therefore, an alternative subsonic inlet (ASI) [7] boundary condition was
used which conserves the hydrogen mass flow as a function of time and takes the state of the gas to
be that of the ambient pressure. This allowed the small diameter orifice (0.86 mm) to be
transformed to a larger diameter orifice (10 cm) for the Fuego mesh and inflow. The same flow rate
through a larger orifice leads to the velocity of the jet to be reduced. This boundary condition has
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been used before and shown to be useful for balancing computational load with realism for these
kinds of simulations [8][9]. It allows the speed of the incoming gas to be in the incompressible low-
Mach region (which is required for this scenario to be modeled using Fuego [10]). To be clear, this
ASI boundary condition (10 cm orifice) assumption was only made for CFD modeling with Fuego;
results shown below from HyRAM or MassTran used the actual value of the leak diameter (0.86
mm). The temperature was determined to be the temperature at the orifice outlet from MassTran
[6]-

A reduced-order model of the plume (see below) shows that for the lower pressure leak described in
this report the flammable concentration of hydrogen would not hit the floor. In the higher pressure
leak the plume would impinge on the floor. To capture that behavior more closely, the height of the
car on the jack is modeled at 0.6 m (2 ft) instead of a more typical 1.8 m (6 ft), so that the plume
from the high pressure jet can impinge or interact with the floor even at the lower ASI velocity. The
height of the car was kept consistent between the two leak cases. Additionally, a leak could occur
due to damage or severing of tubing of the defueling tool; if the leak occurred in the tubing 1.2 m (4
ft) below a car that was 1.8 m (6 ft) high, the results would be very similar to a leak occurring at 0.6
m (2 ft).

One tank of high and low pressure was considered. MassTran [6] (a network flow modeler) was used
to estimate the time it takes for 2.5 kg of hydrogen to escape the tanks at the specified initial
pressure. The HyRAM [11] tool was used to estimate the volume of the tank required. This input
was then put into MassTran and the results for the high pressure (70 MPa) and low pressure (1.5
MPa) is shown in Figure 3-1.
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Figure 3-1. MassTran temperature, pressure, and mass flow for the high (blue) and low pressure
(orange) blowdown over time

The high pressure blowdown lasted approximately 15.3 minutes and the low pressure release lasted
approximately 3.75 hours. This simulation showed the wide range of length scales associated with
the blowdowns of one tank filled with hydrogen. The changes to velocity based on the ASI
boundary condition are shown in Figure 3-2.
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Figure 3-2. MassTran velocity at the outlet for Left: 0.86 mm orifice and Right: Alternative
Subsonic Inlet (ASI) 10 cm orifice

For these MassTran results, the orifice diameter was assumed to be from the mid-pressure port
hydrogen tanks (0.86 mm). In the event that a thermally-activated pressure relief device is activated
(TPRD) then the orifice diameter changes to a larger 2.25 mm diameter. Some results from a TPRD
failure are shown in Section 3.6. No CFD modeling was done specifically for the larger TPRD
failure, only reduced-order modeling.

The MassTran simulations show the time required for each of the simulation blowdowns. The high
pressure blowdown will have much higher mass flow, but will last a much shorter time when
compared to the low pressure blowdown.

The choice of 10 cm diameter ASI boundary condition (BC) for the CFD modeling was chosen
based on what worked well in previous simulations of this type [8][9]. However, a parameter study
optimizing this parameter may be favorable to provide more physical simulations to the codes and
standards development. To aid in this future parameter study, Figure 3-3 shows the anticipated
maximum Mach number (velocity relative to the speed of sound) as a function of ASI diameter. This
figure shows the maximum Mach number if the gas is pure hydrogen or pure air for the high and
low pressure release. These simulations had a temperature of 294 K, pressure to be either high or
low pressure (70 MPa and 1.5 MPa respectively), a nozzle diameter of 0.86 mm, and the angle of the
jet pointing directly downwards (aligned with gravity).
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Figure 3-3. MassTran ASI BC anticipated maximum Mach number range of Hydrogen plume as a
function of diameter. Left: High Pressure (70 MPa) blowdown. Right: Low Pressure (1.5 MPa)
blowdown.

3.1.2. Reduced-Order Plume Analysis

HyRAM [11] was used to get an idea of what will happen to the blowdown as a function of time.
Several discrete times were chosen, and using the results from MassTran, the resulting flammable
plumes can be seen in Figure 3-4 and Figure 3-5. These plumes are shown if the jet was pointing
directly down and raised 1.8 m (6 ft) above ground. The leak diameter of 0.86 mm was used in the
HyRAM software. This model is simplified so that it does not have floor interaction, a car above the
jet, or any ventilation in the room. The figures show a side-view of the downward-directed jet;
therefore, the length of the plume can be seen along the vertical (y) axis.

These HyYRAM models are simplified, reduced-order models and so will not show perfectly accurate
representations of the flammable concentrations; for example, the high-speed flow will almost
certainly result in eddies that are not shown in the smooth contours of these images. However, these
models are validated against realistic releases and are therefore thought to be more accurate
estimations of how far away from the release point a high-speed plume release would be. Therefore,
these plume lengths are meant to show how far below a vehicle the flammable region might reach,
while the ASI boundary condition used for the Fuego CFD simulations decreases the length of this
flammable plume since the momentum of the jet is not being conserved. Thus, it is expected that
the CFD simulations for the high and low pressure release to yield a much shorter plume length
than the plumes shown here.
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Figure 3-4. HyRAM flammable plume as a function of time for high pressure (70 MPa) release.
Images are side-view (perpendicular) to jet directed straight down; x and y are the to-scale
horizontal and vertical dimensions. White contours show the 4% and 8% volumetric hydrogen
concentration flammability limits.
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Figure 3-5. HyRAM flammable plumes as a function of time for low pressure (1.5 MPa) release.
White contours show the 4% and 8% volumetric hydrogen concentration flammability limits.

One key takeaway is that the flammable plume from the lower-pressure release is not expected to
reach the floor when the car is raised 1.8 m (6 ft) off the floor. The higher-pressure jet has a
flammable concentration that is expected to reach the floor if the vehicle is raised 1.8 m (6 ft) off the
floor.

3.1.3.  Potential Plume Spreading on Floor

The current CFD simulations assume that the downward-directed hydrogen release is largely
unaffected by spreading on the floor. For a low pressure (1.5 MPa) leak, it is not expected that the
flammable concentration would reach the floor, but it is possible that a high pressure (70 MPa) leak
would have this happen. This behavior is attempted to be captured by placing the vehicle volume in
the CFD model closer to the floor, but even in doing so, the full velocity of the plume is not
included in the model; therefore, the full behavior is not captured. As such, it is worth considering
what would happen if the plume were to impact and spread on the floor.

Interactions of a gas flowing onto an obstruction are more complex than free-flow, especially at high
velocity. This is why the CFD model does not fully consider the high velocity interactions. One
reason the HyRAM models run so quickly is that the simplified model does not assume any
obstructions nor any flow field besides the plume itself and gravity (i.e., no ventilation). Thus, the
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plume results shown in Section 3.1.2 should be considered a maximum of the downward plume
length; any cross ventilation or obstruction would deflect the plume.

Both higher-velocity flow and obstructions increase turbulence of the flow, which increases mixing.
Therefore, the low-velocity release modeled using CFD is somewhat conservative in this respect.
However, if the plume encounters an obstruction (like a wall, floor, or piece of equipment), then the
hazardous (flammable) volume will be changed by two competing forces. First, the spreading of the
flammable volume will increase the perpendicular distance away from the leak that a hazardous
concentration exists. That is, a hazardous concentration of hydrogen could spread along the floor
away from the vehicle, increasing the lateral distance away from the vehicle that a hazardous
concentration exists. However, this same spreading induces the second competing force of mixing.
As the hydrogen concentration spreads along the floor, the increased turbulence increases mixing
with surrounding air, which dilutes the hydrogen and can decrease the concentration (eventually
diluting it to below the flammability limit).

Unfortunately, it is difficult to model this behavior, even in simplified and idealized conditions.
Many sources in the literature that look at stagnation point flow (flow impacting a surface
perpendicular to the flow) tend to focus on flow characteristics near the center of the flow. Behavior
further away from this point is less of interest, and more difficult to predict due to the fact that the
flow becomes less driven by the momentum of the original flow and more driven by buoyancy and
mixing effects.

However, the purpose of this study is to attempt to estimate potential hazardous conditions
(flammable mass of hydrogen) for a given release. As such, a simplified and conservative estimate
may be illustrative. If the flammable concentration of the hydrogen release plumes as shown in
Section 3.1.2 are assumed to be perfect cylinders, then the volume of this cylinder that is “displaced”
by impacting a wall (or floor) can be estimated to spread out in a second perfect cylinder. If the
radius and total length of the first cylinder (the flammable volume of the free-flowing plume) and
the height of the second cylinder (the flammable concentration that spreads along the floor) are
assumed, then the radius of the spreading cylinder can be calculated by a conservation of volume. It
should be emphasized that this rough estimation does not take any sort of enhanced mixing into
account (which would occur given obstructed flow), nor does it account for the Gaussian
concentration profile of the HyRAM plume model; it assumes the flammable volume to be a
homogenous cylinder both before and after the obstruction and spreading. Additionally, this type of
spreading assumes a constant cylinder; much like the HyRAM plume itself, it would need to be
repeated for different time points in the blowdown.

Given these assumptions, two example plumes are given. For the high pressure release, the initial
plume for the start of the high pressure release (the plume at O s in Figure 3-4) is used. The initial
plume (at time 0 s) in Figure 3-5 is used for the low pressure release. The flammable concentration
using the 4 vol% concentration (the larger contour) for the high pressure release is approximately 6
m in length, and 0.25 m in radius. Assuming a spread cylinder height of 0.1 m, and a distance to the
floor from the release point of 1.8 m (6 ft), this gives the spread cylinder profiles shown in Figure
3-6. The low pressure release does not reach the floor from a height of 1.8 m (6 ft), so it is not
modeled for spreading.
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Figure 3-6. Profile view of spreading of flammable volumes for high pressure release assuming
cylindrical plumes and conservation of volume

It should be emphasized that the assumed spread cylinder height of 0.1 m is an uncertain parameter;
increasing this height would decrease the spread radius, and decreasing the height would increase the
spread radius. Future study is needed to height in more detail. Even more than that, it would be
preferable to devote future efforts to modeling this obstructed flow in better detail to capture more
of the mixing and spreading physics at work.

This simple illustration does illustrate the fact that hydrogen spreading on some kind of obstruction

can move the flammable concentration further away from the leak point in a direction perpendicular
to the plume. If the flammable concentration moves laterally out of the flow path of ventilation, for
example, this could be significant to hazardous consequences of a leak. However, more information
about the leak and obstruction are needed in addition to better models of the spreading behavior to

estimate these effects more fully.

3.2 Mesh and Problem Description

The walls, floor, ceiling, and vehicle were all modeled with a wall boundary condition on those
surfaces with a temperature of 294 K. Fuego calculates the amount of hydrogen at each element in
the grid. To calculate the amount of the flammable mass, the density of hydrogen was integrated
over the volume where the concentration was between 4 and 75% by volume. The software CUBIT
[12] was used for mesh generation for each simulation. The postprocessing was done using Paraview

[13].

3.2.1. Garage Geometry

Repair garage facilities can vary widely; a small shop may only have a single bay, while a major
facility may have dozens of bays. Additionally, the size of the bay itself can vary. These facilities have
bay, vent, and car sizes as indicated in Table 3-1 and the layout is shown in Figure 3-7. The total
volume of this garage is approximately 3072 m’.

Table 3-1. 12 Bay garage dimensions

Item Width Length Height
Bays 4.3 m (14 ft) 8.2 m (27 ft) 4.9 m (16 ft)
Vents in 14m@4.5f) | - 0.6 m (2 ft)
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Item Width Length Height
Vents out | 0.9 m (3 ft) 0.9 m (3 ft) --
Car 1.8 m (6 ft) 4.9 m (16 ft) 1.5 m (5 ft)
Aisle 79m (26ft) | 4.3mX6bays=256m(84ft) | 4.9 m (16 ft)

Figure 3-7. 12 Bay garage layout

3.2.2. Ventilation and Boundary Conditions

The scenario description, modelling domain, and hydrogen leak characteristics for each scenario are
listed in Table 3-2. Modeling scenario letter identifiers were assigned only based on what order the
models were run; Scenarios A-D are for 10 bay results and are described in Appendix A.

Table 3-2. Model description summary

Modeling Scenario Description Tank/Leak Tank Orifice ASI BC
Scenario H, Amount | Pressure | Diameter | diameter
[ka] [MPa] [mm] [cm]

E No ventilation, 1 tank, high pressure blowdown 2.5 70 0.86 10

F No ventilation, 1 tank, low pressure blowdown 2.5 1.5 0.86 10

G Box fan start with blowdown, 1 tank, low pressure 2.5 1.5 0.86 10

H Box fan pre vent for 2 min, 1 tank, low pressure blowdown 2.5 1.5 0.86 10

| Ventilation, 1 tank, high pressure blowdown 25 70 0.86 10

J Ventilation, 1 tank, low pressure blowdown 2.5 1.5 0.86 10

K Ventilation, 1 tank, low pressure blowdown away 25 1.5 0.86 10

L Box fan start with blowdown, 1 tank, high pressure 25 70 0.86 10

The boundary conditions used for each scenario are described in Table 3-3.
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Table 3-3. Boundary Conditions for the specified scenarios

Scenario Vents in Vents out Jet Walls | Vehicle
Inflow with T, v specified
E Wall Wall by MassTran and ASI Wall Wall
Inflow with T, v specified
F Wall Wall by MassTran and ASI Wall Wall
Inflow vq, = 300 | i ifi
G Fan [ o ]Cm Open Infl'c\)/lw with T, v Spi\CIf;ed Wall Wall
and Vsponss = 26.44 [T] by MassTran and AS
cm
H —during pro- Infiow 375 = 300 [ Open wall wall | wall
ventilation (120 s) and Vsppnis = 26.44 [%]
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Four ventilation strategies were compared. The first scenario examined the effects of no ventilation,
considered to be a baseline case. The second scenario analyzed ventilation with the velocity specified
by following the National Fire Protection Association (NFPA) 30A, Code for Motor Fuel
Dispensing Facility and Repair Garages, Section 7.3.6.7 requirement of 0.00508 m’/s/m* (1 cfm/ft%)
of floor area [14]; the leaking vehicle was placed away from these vents. Based on the size of the 12-
bay garage and the cross-sectional area of the vents, this resulted in a ventilation in-flow velocity of
94.8 cm/s. The third scenario had the same ventilation rate, but the leaking vehicle was place directly
in front of one of the vents. For the final scenario, a box fan producing a velocity of 300 cm/s (as
compared to the 94.8 cm/s that results from the standard ventilation rate for the assumed vent size)
was placed directly in front of the leaking vehicle. For this final scenario, the ventilation velocity was
adjusted for the other vents to still achieve the same overall ventilation volumetric flowrate. For all
cases, the vehicle was placed 0.6 m (2 ft) above the floor of the maintenance facility to simulate
being raised on a lift. It should be noted here that the ventilation for the garage is estimated. The
shape, location, and speed of the fans is not entirely known.

Existing code requirements have conflicting ventilation requirements for maintenance garages; as
discussed further in Reference [9], some other codes such as the International Fire Code (IFC), have
a ventilation flow rate requirement based on the total volume, not just floor area, of the facility.
Table 3-4 shows the summary of three regulations regarding the ventilation required for the repair
facilities of this size. The NFPA 30A requirement was used in the present study based on
conversations with automakers.
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Table 3-4. Summary of repair garage ventilation regulations considered

Resulting Vent Resulting Vent
Regulation Requirement Velocity (10 bay | Velocity (12 bay
garage) [cm/s] garage) [cm/s]

1 cfm/ft? (0.00508 m3/s/m?) of
floor area of facility

1 cfm per 12 ft* (0.00139
IFC (2018 Ed.) m?3/s/m?) of facility volume 69.99 125.87
(5 air changes per hour)

NFPA 30A (2018 Ed.) 42.33 94.83

2
IMC (2018 Ed.) B.7 Cfm/ftfagif“‘l‘l’or Eired B 37.75 71.12

The turbulence kinetic energy k and turbulent dissipation rate € was calculated for the inlet
ventilation assuming a fully developed non-circular pipe. Thus, the following equations were used to
calculate the turbulence parameters for jet inflow and the ventilation.

Uud
Reg, = pﬂ—h (3-1)
[ =007d, (3-2)
1 (3-3)
I=0.16Rey,®
3 (3-4)
— 2
k= > wn
32 (3-5)
_ r4
€ = CH T

Where:

e (, ~ 0.09is an empiracle constant defined in the k — € turbulence model
e U is the inlet (maximum jet and bulk ventilation) velocity
e [ is the turbulence intensity

e 1 is the dynamic viscosity
e dy= % is the hydraulic diameter of the rectangular pipe (sides of length a and b)
e [is the turbulent length scale

e k is the turbulent kinetic energy

e ¢ is the dissipation rate

The initial conditions of the garage were defined by Equations (3-1) through (3-5), with the
turbulence intensity being estimated from the ventilation inlet velocity.
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3.2.3. Establishment of Ventilation Flow

In order to simulate the air flow in the garage, a pre-ventilation needed to occur to bring the
ventilation to steady state. The pre-ventilation in the 12 bay scenario was run for 600 s. This was
verified to ensure that steady-state ventilation had developed before the blowdowns began. Figure
3-8 shows the pre-ventilation streamlines at 600 s, the end of the pre-ventilation.

At first, the streamlines lead directly from the inlet to the outlet, but over time the streamlines
change such that there is more mixing in the garage. It is also noted here that the symmetry of the
ventilation leads to a center plane of upwards flow that may not be desired, further optimization of
the ventilation locations (not done in the present study) could lead to larger mixing in the room. It is
seen in the following figures that the car (rectangular prism) is slightly see through, but still colored
by velocity. This allows the reader to see the velocity contour on the vehicle, and on the ground
through the vehicle.

Figure 3-8 also shows the ventilation inlets and outlets. The front wall, right wall, and roof are all
transparent (except the outlet vents). The allows the reader to see the velocities at the inlets, outlets,
back wall, left wall, floor, and surface of vehicle. The streamlines are also colored by velocity in
Figure 3-8, but are not indicated in many of the following figures.

Time : 600

cm
£

Velocity

Figure 3-8. 600 s into the pre-ventilation of the 12 bay garage with vehicle near ventilation inlet
(Scenarios | and J). Showing streamlines and all colored by velocity.

Similarly, the ventilation was run for 600 s for the scenario that had the vehicle away from the
ventilation inlet. Figure 3-9 shows the streamlines at 600 s, the end of the pre-ventilation.
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Figure 3-9. 600 s into the pre-ventilation of the 12 bay garage with vehicle away from ventilation
inlet (Scenario K). Showing streamlines and all colored by velocity

The ventilation in the box fan scenario was run for two minutes before starting the leak blowdown

Figure 3-10 shows the streamlines of the pre-ventilation at 120 s. The 3 m/s box fan was
approximated by increasing the inlet velocity of one of the normal ventilation inlets. For the case
with the box fan, the other three ventilation velocities were reduced so that the hydrogen ventilation

requirement was still achieved.

cm

]

Velocity

)
10
0.0e+00

Figure 3-10. 120 s into the pre-ventilation of the 12 bay garage with a box fan (Scenario H)
Showing streamlines and all colored by velocity
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3.3. 12 Bay Garage with Low Pressure Release

The mesh of a 12 bay garage was run with multiple ventilation scenarios for the low pressure release.
For the scenatios with ventilation, the overall ventilation was 0.00508 m’/s/m?* (1 cubic foot per min
per square foot) of the floor area. A grid resolution study was also completed for the 10 bay case
with a high pressure release and ventilation; this is shown in Section A.2.3. For the results below, the
image shown is at the time the maximum flammable mass occurred.

It should be noted that the simulation output was output every 10 s, however many of the
simulations show a maximum flammable mass at the first 10 s point. This indicates that it may be
beneficial to output the first few seconds and observe the true maximum amount of flammable mass
in the garage. This is beneficial because the actual amount of maximum flammable mass may be
slightly higher than indicated in the simulations that show 10 s as the maximum flammable mass.

The results from the 10 bay garage presented in Section A.2 led to some changes for the rest of the
simulations. A slightly larger garage (12 bays) was used to look at a larger domain that would be
more representative of a typical garage. Additionally, the car with the leak was moved closer to the
ventilation source to see if that would have a larger effect on the amount of flammable mass
observed. Finally, a “box fan” (higher ventilation) was placed next to the vehicle that was leaking.
This section examines the low pressure release and Section 3.4 will show the results of the high
pressure release.

3.3.1. Scenario F: Low Pressure Release without Ventilation

The low pressure blowdown was simulated for a still room (no ventilation) and a snapshot 500 s
into the release is shown in Figure 3-11. The maximum flammable mass occurs at this timestep and
is concentrated directly underneath the vehicle.

The flammable mass is defined by region where the mole fraction of hydrogen is between the lower
flammability limit (LFL) of ¥y, = 4% and the upper flammability limit (UFL) of yp, = 75%. The
mole fraction was calculated using Equation (3-6) where Yy, is the mass fraction of hydrogen and
MWipix is the molecular weight of the mixture at each location in the domain and MWy, is the
molecular weight of hydrogen.

YHZMWmix

XH, = MWy,

(3-6)
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Figure 3-11. 500 s into the low pressure release without ventilation. The flammable mass is shown
in white/gray under the car.

3.3.2.  Scenario K: Low Pressure Release with the Car Away from the

Ventilation Inlet

Figure 3-12 shows the result of a low pressure blowdown in a ventilated garage when the car is
located away from a ventilation inlet. This simulation again affirms the observation that when the
vehicle is located away from a ventilation inlet, the ventilation has minimal impact on the flammable
mass. This is shown by comparing these results to Scenario F in Section 3.3.1, and by comparing

Figure 3-11 and Figure 3-12.

36



1.0e+00
8
;
3

_ 0.0e+00 ===

Time: 640 s

Mol. Frac. xp,

1.0e+00
<
38 =
g §
25e+01 | (. a
Lo
Sl =
2 | — 0.0e+00
8
(5]
10 o
0.0e+00

Figure 3-12. 640 s into the low pressure release with ventilation when the car is located away from
the inlet. The flammable mass is shown under the car in white/gray and the ventilation velocity is
shown in yellow on the floor of the garage.

3.3.3. Scenario J: Low Pressure Release with Car Near Ventilation Inlet

This is the first scenario where the ventilation is blowing directly under the leaking vehicle and is
also the first to show an influence on the amount of flammable mass. The shape of the flammable
volume is also altered in this scenario of low pressure. This suggests that having a ventilation
blowing directly on the hydrogen release decreases the amount of flammable mass in the domain.
Garages with lower ventilation speeds than this may alter the observation of decreasing the amount

of flammable mass in the domain.
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Figure 3-13. 830 s into low pressure release where the vehicle is place directly in front of the
ventilation inlet. The flammable mass is shown under the car in white/gray and the ventilation
velocity is shown in yellow on the floor of the garage.

3.3.4. Scenario G: Low Pressure Release with Box Fan Started at Time of Leak

Since directing the ventilation towards the leak had a favorable effect (lower flammable mass), an
additional scenario explored what would happen if the ventilation speed were increased. The results
for releasing the hydrogen into an initially still room and blowing a “box fan” directly under the
vehicle is shown in Figure 3-14. This simulation was conducted using a 3 m/s velocity for the vent
inlet, rather than placing a physical “box fan” into the modeling domain. Box fans can come in a
wide variety of shapes, sizes, and speeds; this size and speed were chosen based on comparisons to
commercially-available products for fans near the same size of the vents. The speed was also chosen
because it represented a significant (almost 3-times) increase in the speed of the ventilation. For this
scenario, the high-speed (“box fan”) ventilation was started at the same time as the leak. This would

be representative of emergency ventilation turning on after a leak is detected.

The other three vents were decreased in velocity so that the NFPA 30A overall ventilation
requirement was still met. This was done to keep the total flowrate of outside air entering the
modeling domain (the garage) consistent between scenarios. The effect of the ventilation is expected
to be driven by the now higher-speed vent (the box fan) and so the low speed of the ventilation of

the other vents is not expected to have a large impact on results.
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Figure 3-14. 10 s into the low pressure release where the ventilation speeds could be produced by
a box fan. The flammable mass is shown under the car in white/gray and the ventilation velocity is
shown in yellow on the floor of the garage.

The amount of flammable mass in the garage is greatly decreased, as might be expected for increased
ventilation speed. This emphasizes that the location and velocity of the ventilation (not just the
amount of ventilation) is important in determining the amount of flammable hydrogen in a repair
garage in the event of a low pressure blowdown failure. It is noted here that the box fan air being
blown into the domain is pure ambient air (no hydrogen mixture). Thus, an actual box fan may have
slightly different results since it will be blowing the air in the garage, not outside air. Such a case
study is outside the scope of this analysis, but may be of interest in future simulations and analysis.

3.3.5. Scenario H: Low Pressure Release with Box Fan Started Before Leak

In Scenario G, the fan was started at the same time as the leak. In comparison, Scenario H shows
the higher box fan ventilation being run continuously, so the flow is established before the leak

starts.

The hydrogen leak was started 120 s into the simulation, and the resulting maximum flammable
mass is shown at time 180.1 s, as shown in Figure 3-15. A very similar maximum flammable mass to
Scenario G are obtained, where the ventilation began at the same time as the blowdown, although
the time at which this maximum occurs is very different. This reaffirms that the box fan has a large
impact on the size and shape of the flammable volume. This also indicates that the amount of
flammable mass could be reduced by either having the fan run continuously or turning on
sufficiently quickly after the leak starts. Figure 3-16 shows that the initial amount of flammable mass
is reduced when the fan is already running, but the overall amount of flammable mass is very similar
to the case when the fan turns on at the same time as the leak.
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Figure 3-15. 180 s into the low pressure blowdown at maximum flammable mass when the box fan
is running before the start of the leak. The flammable mass is shown under the car in white/gray
and the ventilation velocity is shown in yellow on the floor of the garage.
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Figure 3-16. The flammable mass over time from the cases where the box fan starts either at the
same time as the leak (green) or 120 s before (orange).

3.4. 12 Bay Garage with High Pressure Release

The high pressure release was repeated for the 12 bay garage for the cases with no ventilation,
normal ventilation with the vehicle next to the inlet, and a box fan placed next to the leaking vehicle.
The case with the vehicle away from the inlet was not repeated because it is assumed that it would
produce similar results to the no ventilation case and the case away from the ventilation in the 10

bay garage.
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3.4.1.  Scenario E: High Pressure Release without Ventilation

This scenario is of the 12 bay garage where the vehicle is 0.61 m (2 ft) above the floor, and placed
directly in front of one of the vents. This scenario does not have ventilation, but will serves as a
reference in order to gauge how the ventilation impacts the hydrogen flammable mass.

Time: 10 s
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Figure 3-17. 10 s into the high pressure release showing maximum flammable mass. The
flammable mass is shown under the car in white/gray.

These figures show that the flammable mass is similar to the other 10 Bay Garage scenarios with and
without ventilation. The qualitative behavior of the size and shape of flammable mass is very similar

between these scenarios.

3.4.2.  Scenario I: High Pressure Release with Car Near Ventilation Inlet

The high pressure blowdown with pre-ventilation is shown in Figure 3-18. The flammable region is
altered compared to the no ventilation simulation. The flammable region is pushed away from the

inlet and to the far end of the car instead of rising symmetrically.
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Figure 3-18. 610 s the high pressure blowdown with ventilation. The flammable mass is shown
under the car in white/gray and the ventilation velocity is shown in yellow on the floor of the
garage.

The maximum flammable mass is slightly larger than the simulation without ventilation. However,
the amount of flammable mass decreases sharply as a function of time as the reader is referred to

Figure 3-21.
3.4.3. Scenario L: High Pressure Release with Box Fan Started at Time of Leak

In this scenario, the box fan ventilation begins at the same time as the blowdown and so takes the
ventilation a moment to reach the hydrogen jet. But when that occurs, the amount of flammable

mass is greatly decreased when compared to a still room.
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Figure 3-19. 10 s into the high pressure release and ventilation from a box fan. The flammable
mass is shown under the car in white/gray and the ventilation velocity is shown in yellow on the
floor of the garage.

The unusual shape of the flammable mass shown in Figure 3-19 is caused by the high velocity air
flow in the garage from the box fan, as shown in Figure 3-20. The flow streamlines leaving the box
fan inlet, go through flammable mass region, and swirl upwards at the rear of the car. Thus, the
separation of the flammable mass region is not a numerical artifact but a realistic physical effect.
More frequent output would have indicated more detailed behavior of this flammable mass as a box

fan blows it into the center of the garage.
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Figure 3-20. 10 s into the high pressure release and ventilation from a box fan, showing mesh on
the outer walls of the garage, and streamlines from the box fan to the outer outlet

3.5. Hazard Results

The amount of flammable mass in the garage as a function of time is shown in Figure 3-21. These
results show that the maximum flammable mass in the domain happens early in the hydrogen release
relative to the length of the blowdown. The mole fraction of hydrogen (xy,) was calculated as per
Equation (3-7), where Yy, is the mass fraction of hydrogen, MWy, is the molecular weight of the
air/hydrogen mixture, and MWy, is the molecular weight of hydrogen.

Y, MWnix

XH, = MWy,

(3-7)
The flammable mass of hydrogen was calculated using Equation (3-8), where p is the density of the
mixture, Yy, is the mass fraction of hydrogen, and () indicated the volume of the flammable mass in

the garage.

Meiagm = LPYszQ (3-8)
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Figure 3-21. Amount of flammable mass in the garage as a function of time for high pressure
blowdown scenarios
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Figure 3-22. Amount of flammable mass in the garage as a function of time for low pressure
blowdown scenarios

When hydrogen (or any other flammable gas) combusts in a confined space, it can generate an
elevated pressure either due to volumetric expansion of combustion products or due to a blast wave.
This overpressure (pressure above ambient) can be harmful to people, equipment, and structures.
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The volumetric overpressure of this flammable mass can be estimated using Equation (3-9) as

described in [15].
Vo + Vi Veroicn (0 — DTV
AP = PO T H Vstoich ) —1 (3_9)
Vr Vr

This overpressure is a volumetric estimation only; it compares the volumetric change due to
combustion of the flammable mass to the total volume of the enclosure. It does not take any sort of
blast wave or deflagration/detonation calculation into account. Conversely, this overpressure
assumes a sealed environment; any sort of window or door opening (or explosion venting) would
mitigate this overpressure. This estimation is included only to show how hazards can scale with the
total amount of flammable mass, and how these hazards can change between scenarios. The total
volume of the 12 Bay Garage is 3072 m’. Table 3-5 shows the summary of the maximum
instantaneous flammable mass and the associated time at which this maximum occurred, and
overpressure based on this amount of flammable mass.

Table 3-5. Overpressure and Flammable Mass for the Scenarios

Scenario Leak Ventilation Max Max Time After Leak
Pressure Overpressure | Flammable Starts to Max
AP [kPa] Mass [g] Flammable Mass [s]
E High None 1.3 94 10
| High Normal, 14 100 610
Near
L High Box Fan,
start with 0.84 62 10
leak
F Low None 0.027 2.0 500
Low NG 0.03 22 640
Away
. Low Namial 0.0055 0.4 830
Near
G Low Box Fan,
start with 0.00074 0.05 11
leak
H Low Box Fan,
start before | 0.00074 0.05 180
leak

These overpressure values can be compared to the anticipated effect ranges [16][17] as summarized
in Table 3-6. By comparing the estimated volumetric overpressure to the consequence threshold
values in Table 3-6, it is shown that ventilation and leak-pressure differences can change the impact
of a potential over-pressure event. The change in flammable mass due to high-speed, directed
ventilation can have a significant impact on the hazardous impacts of a release.
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Table 3-6. Consequences of overpressures in an enclosed space [16][17]

Overpressure AP [kPa] Consequence
1 Breaks glass
6.9 Injuries due to projected missiles
13.8 Fatality from projection against obstacles
Eardrum rupture
15-20 Unreinforced concrete wall collapse
3.6. Thermally-Activated Pressure Relief Device (TPRD) Scenario

A similar analysis, combining MassTran and HyRAM to provide the plume and jet simulations, was
done to reflect a TPRD failure (i.e., larger release orifice). The MassTran results are plotted
alongside the previous high and low pressure releases (from the 0.86 mm orifice). Since the TPRD
would result in a release directly from the tank (not after the regulator), only the high pressure (70
MPa) case was considered. As shown in Figure 3-23, the time for the blowdown of the TPRD was
2.4 minutes, shorter than the smaller orifice high pressure release blowdown time of 15.3 minutes.
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Figure 3-23. MassTran temperature, pressure, and mass flow as a function of time for the high and
low pressure release and with the TPRD release

This output from MassTran was then used to set the conditions for HyRAM and run at several
discrete time steps as shown here.
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Figure 3-24. HyRAM plume simulation as a function of time with MassTran blowdown of TPRD
release scenario

These results indicate that a flammable plume would easily reach the ground for a TPRD release,
similar to the high pressure release with the smaller orifice. However, this hazardous condition
would persist for a much shorter time than the smaller orifice, due to the increased flowrate. It
should also be noted that these high pressure releases are expected to be significantly less frequent
than a lower pressure release.
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4, CONCLUSIONS

A HAZOP risk assessment was conducted to identify risk-significant release scenarios in a hydrogen
FCV maintenance garage. This resulted in 490 unique scenarios, many of which were equivalent to
each other in terms of likelihood and consequence. Of the 490 total scenarios, 23 were identified as
being unique to analyze further. These scenarios were assigned a metric for how frequently the
failure would occur and a metric for how severe the consequence of the failure would be. This
process resulted in no high risk scenarios and 4 scenarios that were deemed medium-risk. Of the 4
medium risk scenarios, 2 were selected for further analysis using CFD modeling due to the
possibility of hydrogen accumulation which can be addressed by ventilation. The two scenarios
selected involve a release of hydrogen during defueling, resulting in a single tank release of hydrogen
at a pressure of either 1.5 MPa or 70 MPa.

The identified scenarios from the HAZOP were further analyzed using computational fluid
dynamics (CFD). Both a high pressure release (70 MPa) and a low pressure release (1.5 MPa) were
considered. An ASI boundary condition was used to enable modeling with CFD; this led to a larger
release orifice with a lower velocity in order to conserve mass flow. It was assumed that the leak
occurred in the middle of the underside of a raised vehicle.

For the low pressure leaks, it was found that a flammable concentration of hydrogen in air
accumulates directly beneath the vehicle. The vehicle may have many contours in an actual release
scenario, but the simulation assumed a flat bottom surface to the vehicle. Thus, in reality the
flammable mass may enter into one of the cavities of the underside of the vehicle. For the high
pressure leaks, the flammable volume extends beyond the edges of the underside of the vehicle,
around the vehicle and up towards the ceiling. The instantaneous flammable mass of hydrogen at
any one time during the release simulation was much less than the total amount of hydrogen
released; the maximum flammable mass for the low pressure (1.5 MPa) release was approximately 4
g of hydrogen, compared to the 2.5 kg of total hydrogen released. This is due to the low flow rate of
hydrogen leaving the release orifice and dissipating in the air of the garage. For the high pressure
release, the maximum flammable mass was approximately 100 g.

It was found that having code-compliant ventilation in the entire facility had no significant impact
on the amount of instantaneous flammable hydrogen in the facility, unless the leak point was near a
ventilation inlet. That is, simulations with no ventilation in the facility had comparable maximum
instantaneous flammable mass values to the simulations with ventilation, as long as the ventilation
inlet was not next to the vehicle with the leak. Placing the vehicle directly in front of the ventilation
inlet had a larger impact on the amount of flammable hydrogen in the facility. Having a ventilation
inlet with higher speed ventilation was found to further reduce the maximum instantaneous
flammable mass. Based on these results, it is suggested that use of a portable fan might provide a
suitable way to increase safety without structural changes to the garage or ventilation system.
Ventilation can vary widely between different facilities, and this study only looked at a few cases of
different ventilation speeds for a particular facility; thus, these results may or may not be applicable
to a particular facility.

Possible for future work could include simulations where there is more realistic treatment of the
high-speed ventilation cases. In the current presented simulations, the fan is represented by inlet
vents of pure air into the domain. A more realistic representation would have the fan blowing a
mixture of air and hydrogen based on the fan’s position in the domain. This could yield insight into
optimal fan placement to mitigate flammable hydrogen mass in the garage. However, since the
hydrogen is so buoyant, it is anticipated that the hydrogen will simply rise away from the fan, rather
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than flow around to the back. Thus, the modeling refinement may have only a minor impact on the
results.

Another suggested study could be conducted on the ASI boundary condition diameter, to allow
more physical simulations to be observed. This study could even vary time, flowrate, or volume
constraints to map out a realistic ASI “space” of useful parameters for different types of simulations.
This will give the codes and standards a more physical model of how the hydrogen will be released
for different failure scenarios.

Finally, another potentially useful study would be to explore the impact of garage size on ventilation
requirements. The current study looked at 2 garage sizes that are relatively similar; smaller garages
may need more specific ventilation requirements, while larger garages may experience more
dissipation in the larger space. This study only looked at two different ventilation velocities, and only
one total ventilation rate; determining a more specific relationship between the ventilation
parameters (spacing, direction, velocity, and total rate) could be very useful to inform future code
requirements.
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APPENDIX A. 10 BAY GARAGE: PRELIMINARY RESULTS AND MESH
RESOLUTION STUDY

AA1. Mesh and Problem Description

A.1.1. Garage Geometry

A ten bay garage was developed for the initial simulation. The assumed dimensions to the garage are
indicated in Table A-1. The layout of the ten bays and vents are shown in Figure A-1. Note that the
cylinders below the car shown in the image were used to refine the CFD mesh (smaller
discretization) near the jet inlet to the domain, but these cylinders and walls of the garages do not
exist as physical objects in the simulations. This refinement was necessary to solve CFD simulations.
The size of the refinement cylinder was based upon the width of the plume generated from HyRAM
under the similar conditions and small orifice. The smaller boxes near the floor and on the roof are
the eight vents. Four inlets along the floor, and four outlets along the roof. The car is raised so the
bottom of the car is raised 1.8 m (6 ft) off the floor. The total volume of this garage is approximately
1715 m’.

Table A-1. 10 Bay garage dimensions

Item Width Length Height
Bays | 3.7m(12ft) | 6.1 m (20 ft) 6.1 m (20 ft)
Vents | 0.9m (3ft) | 0.9 m (3 1) --

Car 1.8m(6ft) | 4.9m (16 ft) 1.5 m (5 ft)
Aisle 3.0m (10ft) | 3.7 X5 bays = 18.5 m (61 ft) 6.1 m (20 ft)

)

Figure A-1. 10 Bay Garage Layout



A.12 Ventilation and Boundary Conditions

The scenario description, modelling domain, and hydrogen leak characteristics for each scenario are
listed in Table A-2.

Table A-2. Model description summary

Modeling Scenario Description Tank/Leak Tank Orifice ASI BC
Scenario H, Amount | Pressure | Diameter | diameter
[kg] [MPa] [mm] [cm]

No ventilation, 1 tank, high

& pressure blowdown 28 7 L Y

B Ventilation, 1 tank, high pressure 25 70 0.86 10
blowdown

c No Ventilation, 1 tank, low 25 15 0.86 10
pressure blowdown

D Ventilation, 1 tank, low pressure 25 15 0.86 10
blowdown
Ventilation, 1 tank, high pressure

B2 blowdown (refined mesh) 2.3 0 0:66 10

The boundary conditions used for each 10 bay scenario are described in Table A-3.

For the first case which was run with no ventilation, Scenario D, the outflow ventilation vents were
modeled as an open boundary condition. For the subsequent no-ventilation scenatios (E and F) for
the 12 bay garage, the outflow vents were modeled as “closed”, or walls. Because there is no
ventilation in or out of the garage, this will have little to now effect on the results of the calculations.

Table A-3. Boundary conditions for the specified scenarios

Scenario Vents in Vents out Jet Walls | Vehicle

Inflow with T, v specified

A Wall Open by MassTran and ASI Wall Wall

B — during pre- _ cm

ventilation (900 5) Inflow v = 42.33 [ Open Wall Wall | Wall

B — during blowdown | Inflow v = 42.33 [7] Open L”;'R’A";S";';hr:n ;:g‘jfgl'ed wall | wall

C — during pre- _ cm

ventilation (900 s) Inflow v = 42.33 [ S ] Open Wall Wall Wall

C — during blowdown Inflow v = 42.33 [%] Open Lnjlﬁ/lv;svgrhr; ];:g?g;ed Wall Wall
Inflow with T, v specified

D Wall Open by MassTran and ASI Wall Wall

B-2 — during blowdown | Inflow v = 42.33 [7] Open L”;",\’A";S";‘;hr;r; ‘;:g‘jfgl'ed Wall | Wall

A.1.3. Establishment of Ventilation Flow

In order to simulate the air flow in the garage, a pre-ventilation needed to occur to bring the
ventilation to steady state. The pre-ventilation for the 10 bay garage occurred for 900 s and is
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pictured in Figure A-2. The change in ventilation from 30 s to 900 s is shown in these images. At
first, the streamlines lead directly from the inlet to the outlet, but over time the streamlines change
such that there is more mixing in the garage. It is also noted here that the symmetry of the
ventilation leads to a center plane of upwards flow that may not be desired, further optimization of
the ventilation locations (not done in the present study) could lead to larger mixing in the room. It is
seen in the following figures that the car (rectangular prism) is slightly see through, but still colored
by velocity. This allows the reader to see the velocity contour on the vehicle, and on the ground
through the vehicle.

Figure A-2 also shows the ventilation inlets and outlets. The front wall, right wall, and roof are all
transparent (except the outlet vents). The allows the reader to see the velocities at the inlets, outlets,
back wall, left wall, floor, and surface of vehicle. The streamlines are also colored by velocity in
Figure A-2, but are not indicated in many of the following figures.

Time: 30 s

Velocity &

cm
S

Velocity &

Figure A-2. Pre-ventilation and streamlines colored by velocity for 10 Bay Garage shown at 30 s
and 900 s (Scenarios B and D).
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A.2. 10 Bay Garage with Low Pressure Release

The mesh of a ten bay garage was run with four scenarios: a high pressure leak without ventilation, a
high pressure leak with ventilation, a low pressure leak without ventilation, and a low pressure leak
with ventilation. For the scenarios with ventilation, the overall ventilation was 0.00508 m’/s/m? (1
cubic foot per min per square foot) of the floor area. A grid resolution study was also completed for
the case with a high pressure release and ventilation. For these results, the image shown is at the
time the maximum flammable mass occurred.

A21. Scenario A: High Pressure Release without Ventilation

The high pressure blowdown was simulated for a still room (no ventilation) and a snapshot 30 s into
the release is shown in Figure A-3. The maximum flammable mass occurs at this timestep and is
concentrated directly around the vehicle and towards the roof.

. — 456401
Time: 30 s ca
. .35 §|m
l-30 b
25 =
20 8 e
15 c
10 >~
5
0.0e+00
/ )
L'y \
|
7.5e-01 v
PO
g =
25 8
) —~ N
3B =
1025 3 o
0t =
— 4.0e-02

Figure A-3. 30 s into Scenario A. Left: entire garage showing flammable mass in white/gray. Right:
slice through the flammable mass located at the plane of the jet and colored by mole fraction of
hydrogen (shown in white and gray) with a transparent flammable mass

A22 Scenario B: High Pressure Release in a Ventilated Garage

The same high pressure blowdown as in Scenario A was repeated with a ventilation rate of 42.33
cm/s, which corresponds to a mass flow rate of 0.00508 m’/s/m? (one cubic feet per minute per
square foot) of floor area. This ventilation was run for 900 s before the start of the release. The
velocity streamlines from one vent and the region of flammable mass are show for the 10 s (Figure
A-4) and 30 s (Figure A-5) after the start of the release.

58



4.5e+01

Time: 910 s L@

cm
=

S
Velocity &

7.5e-01

65
- 085
- Q.45

35
025

— 4.0e-02

Figure A-4. 10 s into the high pressure release with ventilation. The flammable region is shown in
white/gray and the velocity streamlines are colored by velocity magnitude.
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Figure A-5. 30 s into the high pressure release with ventilation. The flammable region is shown in
white/gray and the velocity streamlines are colored by velocity magnitude.

These results show that the current ventilation setup with the vehicle located away from the vents
does not have a large impact on the shape and size of the flammable region. Additionally, it can be
seen here that high amount of hydrogen entering the domain in a jet stream entrains much of the
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inlet ventilation air into the hydrogen plume. It is noted that since the hydrogen release will decrease
in velocity throughout the release, these streamlines will also change with time.

A23. Scenario B-2: Grid Refinement Study of Scenario B

The grid resolution study on the high pressure leak with ventilation was done because the results
from this scenario would be representative for all the cases. Percept, a Sandia tool, was used with the
mesh_adapt command to refine the mesh from approximately 2M cells to 10M cells. Figure A-6 and
Figure A-7 show the simulation at the same times as Figure A-4 and Figure A-5. The similarities
allow us to qualitatively conclude that the coarser mesh used in Scenario B is adequate for our
simulations. The refinement used in Scenario B is similar to the other simulations as well.

Time: 910 s B

cm
S

N
o
Velocity <

0.0e+00

[S IR NN N E)]
Mol. Frac. xy,

4.0e-02

Figure A-6. 10 s into the fine mesh simulation of a high pressure release with ventilation. The
flammable region is shown in white/gray and the velocity streamlines are colored by velocity
maghnitude. This can be compared to Figure A-4.
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Figure A-7. 30 s into the fine mesh simulation of a high pressure release with ventilation. The
flammable region is shown in white/gray and the velocity streamlines are colored by velocity
maghnitude. This can be compared to Figure A-5.

For a more quantitative comparison, the amount of flammable mass is shown in Figure A-8 for the
first minute of the fine mesh simulation and five minutes of the coarser mesh. As can be seen, these

values match very well.

85 1 —— Coarse mesh
- Fine mesh

Flammable mass [g]
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o w
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0.2 0.4 0.6 0.8 1.0 1.2
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Figure A-8. Flammable mass in the garage as a function of time for the coarser mesh (blue) and
the fine mesh (orange).

Additional quantitative assessment was conducted to observe the differences between the two
simulations. Taking the velocity of the finer mesh (Scenario B-2) and subtracting the velocity of the
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coarser mesh (Scenario B), the magnitude of the differences in velocity between the two simulations
is shown in the left hand side of Figure A-9.

Absolute Normalized
Difference Difference
1.0 - 1.0
0.8 0.8
06 — 0.6
.04 - 04
Ir 0.2 I 0.2
0.0 0.0

Figure A-9. 30 s into the simulations of the fine and coarse resolutions. Left: The difference in
velocity magnitude between the two simulations is shown colored by the difference in velocity
where the blue (smaller difference) is more transparent than the red (more difference). Right: Slice
through the jet colored by the difference in velocity normalized by the velocity of the fine
resolution results.

Higher differences in the simulation (maximum around 44 cm/s) are seen nearest the jet inlet. This
indicates that much of the difference in the simulations is around the refinement of the jet inlet. This
area of the domain contains the highest velocity in the garage. The difference normalized by the
velocity of the finer grid are shown in the right-hand side of Figure A-9.

A refinement of the garage does indeed change the solution, but not by more than 10% for the
majority of the domain. Thus, the coarse mesh used in Scenario B is adequate for all of the scenarios
investigated.

A24. Scenario C: Low Pressure Release with No Ventilation

The low pressure (1.5 MPa) release with no ventilation is shown at 220 s into the simulation (the
time at which the maximum flammable mass occurred) in Figure A-10. It is seen here that the
flammable mass stays local to the underside of the vehicle. The car is modeled as a rectangular prism
in this study, but a more realistic geometry might show that the hydrogen might get trapped in
cavities on the underside of the car in different ways than are shown here. The maximum amount of
flammable mass observed in the time of simulation is shown at 220 s in Figure A-10. This amount
persisted for approximately 1 hour. It is noteworthy that the flammable mass does not reach the
ceiling in this simulation, and it is expected that this would still be the case with more realistic car
model as well.
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Figure A-10. 220 s into the low pressure leak without ventilation. The flammable mass is shown in
white/gray and has pooled under the car.

It was observed that at large times for this simulation, that the open boundary conditions on the
roof had a large inflow. This happened despite the boundary condition having the specification that
the “flow must exit domain”. This can be seen in Figure A-11 where one ventilation outlet has an
inflow coming into the domain, and the other three ventilation boundary conditions are all positive

going out.

Figure A-11. Y-component of velocity as shown on transparent slices through the X and Z normal
planes passing through the ventilation outlets.

Because of this non-physical boundary condition, it was decided that future scenarios with no
ventilation will have a wall instead of an outlet. This will increase the amount of hydrogen in the
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domain, and it will increase the pressure inside of the domain, but these will be more negligible
effects than the strange unsymmetrical inlet velocity coming from the roof outlet ventilation.

A25. Scenario D: Low Pressure Release in a Ventilated Garage

Scenario D has an earlier maximum flammable mass shown in Figure A-12 at 80 s into the
blowdown. Comparing Figure A-12 to Figure A-10, it is once again observed that the extra
ventilation in this garage has minimal impact on the size, shape, and location of the flammable mass
in the garage. It is reminded that there is more hydrogen in the garage than is shown in the
flammable contour. Much of it is located near the roof of the garage, however, the hydrogen and air
mixture is below of the lean flammability limit and is not shown in these figures.

4.5e+0]
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Figure A-12. 80 s into the blowdown of Scenario D with similar description as Figure A-3

For the four cases of the ten bay garage the car was placed away from the air vents. It was observed

in both the high and low pressure release that whether or not the ventilation was turned on had very
little influence on the amount of flammable mass observed. Subsequent scenarios explored different
venting options where the leak is located closer to the incoming air.

A.3. 10 Bay Hazard Results

The amount of flaimmable mass in the garage as a function of time is shown in Figure A-13 for high
pressure releases and in Figure A-14 for low pressure releases. These results show that the maximum
flammable mass in the domain happens eatly in the hydrogen release relative to the length of the

blowdown.
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Figure A-13. Amount of flammable mass in the garage as a function of time for high pressure
blowdown scenarios
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Figure A-14. Amount of flammable mass in the garage as a function of time for low pressure
blowdown scenarios

Table A-4 shows the summary of the maximum instantaneous flammable mass and the associated
time at which this maximum occurred, and overpressure based on this amount of flammable mass.
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Table A-4. Overpressure and Flammable Mass Results of the 10 Bay Scenarios

Scenario Leak Ventilation Max Max Time After Leak
Pressure Overpressure | Flammable Starts to Max
AP [kPa] Mass [g] Flammable Mass [s]
High None 1.96 81 30
B kg DT 2.06 85 930
way
B2 (fine) | High Eormal, 2 84 930
way
C Low None 0.090 3.7 220
b Lo Nermal, 0.10 4.3 980
Away
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