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ABSTRACT
Hydrogen is increasingly being used in the public sector as a fuel for vehicles. Due to the high
density of hydrogen in its liquid phase, fueling stations that receive deliveries of and store
hydrogen as a liquid are more practical for high volume stations. There is a critical need for
validated models to assess the risk at hydrogen fueling stations with cryogenic hydrogen on-site.
In this work, a cryogenic hydrogen release experiment generated controlled releases of cryogenic
hydrogen in the laboratory. We measured the maximum ignition distance, flame length and the
radiative heat flux and developed correlations to calculate the ignition ditance and the radiative
heat flux. We also measured the concentration and temperature fields of releases under unignited
conditions and used these measurements to validate a model for these cryogenic conditions. This
study provides critical information on the development of models to inform the safety codes and
standards of hydrogen infrastructure.
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1. INTRODUCTION

Hydrogen is increasingly being used in the public sector as a fuel for vehicles, with ambitious
targets for growth. In California, the large and growing network of stations is mapped by the
California Fuel Cell Partnership [1]. Aggressive construction of fueling stations is needed to
support the growing number of fuel cell electric vehicles [2, 3]. Heavy-duty vehicles (trucks) have
also been targeted as a prime market for hydrogen fuel cell powertrains [4]. Significant
infrastructure upgrades to accommodate increased bulk transport, storage, and delivery will be
required on exiting fueling stations. Urban centers, including San Francisco, Los Angeles, and
San Diego (in California, with additional urban centers on the east coast such as Boston and New
York) will need to have large fueling stations, able to dispense fuel to many vehicles daily. In
order to have sufficient hydrogen on-site (300–1000 kg/day), and a sustainable method of
hydrogen delivery, hydrogen at many stations will likely be delivered and stored as a liquid due to
the high density of hydrogen in its liquid phase.

In urban areas, siting of liquid hydrogen fueling infrastructure for Fuel Cell Electric Vehicles
(FCEV) are limited to space-constrained sites, which stimulated an interest in placing bulk
cryogenic hydrogen storage at reduced separation distances. The safety codes developed for
traditional industrial uses of flammable cryogens were established on lots that can accommodate
large safety separation distances, which contrast with this new space-constrained storage
requirement. Moreover, the current prescriptive liquid hydrogen separation distances are based on
subjective expert opinion rather than physical models. Even though Safety for hydrogen
infrastructure is of utmost importance, the current liquid hydrogen bulk storage separation
distances for lot lines, building openings or air intakes, may be overly conservative as reported in
2016 edition of National Fire Protection Agency Hydrogen Technologies Code (NFPA 2) [5]. The
goal of this work is to advance the scientific understanding of the thermo-physical characteristics
of cryogenic hydrogen releases and flames to the point where codes and standards can be
informed by the physics of these phenomena.

1.1. Current fire codes and standards for liquid hydrogen use

The fire codes that govern hydrogen use, such as NFPA 2: Hydrogen Technologies Code [5], have
challenging separation distance requirements for liquid hydrogen. A typical liquid hydrogen
storage tank operating pressure is 1-5 bar and the density of liquid hydrogen is approximately 70
kg/l. In order to have 1000 kg hydrogen on a site, a station would need to have a tank of
approximately 15,000 l. A tank of this size requires 15 m of separation from lot lines, ignition
sources, sprinklered buildings of combustible construction, and overhead utilities [5]. It also
requires 23 m of separation from building openings, places of public assembly, unsprinklered
buildings of combustible construction, and other combustible liquids or gases (e.g., gasoline
tanks) [5]. While fire barrier walls can be used to reduce separation distances to lot lines,
buildings, and other combustible liquids or gases, there are currently no mitigations for reducing
the 23 m separation distance to building openings/air intakes or places of public assembly, or the
15 m separation distance from ignition sources or overhead utilities. The 23 m separation distance
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can be especially challenging to meet in urban centers, where the high vehicle throughput
necessitates large quantities of hydrogen storage enabled by liquid hydrogen.

1.2. Cryogenic hydrogen behavior models

As discussed in Annexes E and I of NFPA 2 [5], the separation distances for gaseous hydrogen
are based on a risk-informed process, which is described by LaChance [6] and LaChance et
al. [7]. This risk-informed process relies on data of leak frequency and size coupled to behavior
models of hydrogen dispersion and flames, and thus helps develop the code requirements of the
minimum separation distances at hydrogen facilities to acceptable levels. In order to re-evaluate
the minimum separation distances for liquid hydrogen systems, scientific analyses using validated
behavior models for cryogenic hydrogen are needed.

Codes and standards development that governs the storage and transport of liquid hydrogen
requires a thorough understanding of release and dispersion characteristics, along with
flammability and radiation heat transfer over a range of realistic scenarios and environmental
conditions [8]. It is also important to consider specific activities, such as repeated fuel transfer
connections being made or broken. Most hydrogen releases are highly turbulent and heavily
influenced by buoyancy. Cryogenic hydrogen dispersion can be affected by many situations, such
as flashing, multi-phase flows, heat transfer, pool formation, ambient conditions (e.g.,
temperature, humidity, wind), ground effects, and obstacles/barriers. Extreme cold temperatures
can also condense or even freeze ambient air during spills, which differentiates these releases
from those of liquid natural gas and can result in unique hazards that need to be understood as
well [9, 10]. A review of hydrogen system safety knowledge by Kotchourko et al. [11] includes a
detailed discussion of liquid hydrogen systems. Several research priorities and knowledge gaps
were identified to enable accurate modeling of liquid hydrogen releases for safety analyses. Hall
et al. [12] reported experimental studies to establish the severity of an ignition from a release of
LH2, using spill rates consistent with a transfer hose operation. However, they only created a
safety distance guide which corresponds to their hydrogen spillage rate. While several large-scale
studies have looked at the pooling and vaporization of hydrogen [9–13], these experiments are
sparsely instrumented with poorly controlled boundary conditions. The use of improperly
validated models to establish safety envelopes could be detrimental to the emergence of hydrogen
as a transportation fuel.

There are several groups who have performed modeling of cryogenic hydrogen dispersion and
attempted to validate their models. These works include Schmidtchen and coworkers [14, 15],
Middha and colleagues [16–18], Giannissi and coworkers [19–21], and Jin et al. [22, 23]. The
validation data for these models are based on three sets of experiments: spill tests performed by
the National Aeronautics and Space Administration (NASA) [24], pool spreading and
vaporization experiments performed by Germany’s Federal Institute for Materials Research and
Testing (BAM) [25], and a set of release experiments at the U.K.’s Health and Safety Laboratory
(HSL) [9, 10]. However, each of these three experimental setups had limited concentration
measurements with poor spatial resolution and varying boundary (e.g. wind) conditions during
the releases, making the data unsuitable for quantitative model validation.
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Xiao et al. [26] measured hydrogen centerline concentration decay from a 298 and 80 K reservoir
flowing through 1–2 mm diameter nozzles at an FZK facility. The authors were able to show good
agreement with an integral model. Winters and Houf [27, 28] developed a model for simulating
liquid hydrogen releases. While this model compared favorably to the Xiao et al. data [26], it has
not been validated for hydrogen releases at temperatures below 80 K, where the components of
air begin to condense. Further, only hydrogen centerline concentration predictions were compared
to experiments, and the rate of hydrogen dispersion radially has not been studied.

In a controlled laboratory conditions, Freidrich et al. [29] measured hydrogen centerline
concentration decay at some discrete points for 34–65 K hydrogen at up to 30 bar at the Karlsruhe
Institute of Technology. They found that the concentration decayed slower for cold release (34-65
K) than for the warmer releases (290 and 80 K). Other than these two experiments, there is a
dearth of data suitable for hydrogen concentration modeling validation under well controlled
boundary conditions.

1.3. Method overview

The goal of this work is to advance the scientific understanding of the thermo-physical
characteristics of cryogenic hydrogen releases and flames to the point where codes and standards
can be informed by the physics of these phenomena. As discussed by LaChance et al. [7], the
radiant heat flux from a jet flame is a critical parameter that governs the deterministic separation
distance (or the hazard distance) to prevent harm during an accident scenario. A maximum
ignition distance (Xign) is defined as the maximum distance from the nozzle exit at which a laser
spark causes upstream flame propagation, leading to a sustained jet flame. An understanding of
the ignition distance can inform other separation distances, such as the distance hydrogen
infrastructure should be kept from ignition sources (e.g., power lines).

We began this work by studying at the ignition and flame characteristics of cryogenic hydrogen
releases, then we focused on the unignited concentration fields of cryogenic hydrogen releases. A
cryogenic hydrogen release facility was designed, constructed and used in this work to simulate
leak scenarios from a liquid hydrogen storage system. The experimental facility was designed for
a controlled, steady-state release at fixed pressure and temperature. Cold (as low as 37 K)
hydrogen releases formed under-expanded jets, which were subsequently ignited with a laser
generated spark. The ignition distance, Xign, was measured. The radiative power from the
sustained turbulent diffusion jet flames was measured as well using radiometers. We have
developed correlations using the flow variables to calculate the Xign and radiant heat flux from
ignited flames of cryogenic, under-expanded hydrogen jets.

We have also investigated the dispersion of hydrogen with a reservoir temperature of 50–64 K,
using advanced laser diagnostics to accurately measure instantaneous hydrogen concentrations
and particle image velocimetry to measure flow velocity. We have measured the 2-dimensional
concentration fields and compared this to the Winters and Houf model [27, 28].
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2. EXPERIMENTAL DESCRIPTION

Liquid hydrogen tanks store hydrogen at fairly low pressure (usually 3–5 bar), and at the saturated
liquid temperature (28 K at 6 barabs and 23 K at 2 barabs). The cryogenic hydrogen release
experiment was designed to simulate these conditions.

2.1. The cryogenic hydrogen release platform

Cryogenic hydrogen release experiments were performed at the Turbulent Combustion
Laboratory at Sandia National Laboratories. A sketch of the cryogenic hydrogen release
experimental system is shown in Fig. 2-1. During experiments, compressed gaseous hydrogen
flowed into the laboratory first, the pressure of gaseous hydrogen was regulated by a
Tescom 44-3200 series pressure regulator, and the flow rate of gaseous hydrogen was measured
by a Teledyne-Hastings (HFM-D-301) mass flow meter. Then, hydrogen flowed back outside the
lab and into a vacuum insulated three-stage heat exchanger (Meyer Tool & Mfg. Inc.). To monitor
hydrogen temperatures inside the heat exchanger, silicon diode temperature sensors were installed
at the inlet and exits of stages one and three. To monitor the height of cryogen baths, liquid level
sensors were installed in the first and third stages of the heat exchanger. In the first stage of the
heat exchanger, coiled stainless steel tubing was dipped inside a bath of liquid nitrogen and
gaseous hydrogen inside the tubing was cooled to around 80 K. In the second stage, the gaseous
hydrogen was further cooled in a counter-flow tube-in-tube heat exchanger by the cold gaseous

compressed3
hydrogen3

vacuum3jacketed3line
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T P
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roof3exhaust
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Figure 2-1 Sketch of the cryogenic hydrogen release experiment
at the Turbulent Combustion Laboratory, Sandia National Labo-
ratories.
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Table 2-1 Cryogenic underexpanded hydrogen jet release exper-
iment operating conditions.

Parameter Range

Pressure (barabs) 2.0 – 6.0
Temperature (K) 37 - 295
Diameter (mm) 0.75, 1.00, 1.25
H2 mass flow rate (g/s) 0.1 - 0.7

helium generated from the third stage exhaust. Finally, the precooled gaseous hydrogen flowed
through a bath of liquid helium where it was cooled down to the saturation temperature. The
saturated hydrogen flowed through a vacuum jacketed line into the laboratory, and the exit
conditions were monitored using a silicon diode temperature sensor and a pressure transducer
(Omega PX 419-150GI) near the release point. The hydrogen was released in the lab through a
small interchangeable orifice (0.75 mm, 1 mm and 1.25 mm diameter). All gases and products of
combustion were collected by an active laboratory exhaust system and expelled outside. A
three-way valve upstream of the heat exchanger allowed the user to switch between gaseous
hydrogen and helium flowing through the experimental system. This valve allowed users to purge
the lines, extinguish flames, and served as a safety feature of the experiment. If hydrogen was
detected by one of several flammable gas sensors in the laboratory, this solenoid valve would
switch, flowing helium through the heat exchanger, vacuum jacketed line, and nozzle. This active
purge prevented the back-flow and freezing of air in the cold lines under an alarm condition. A
LabVIEW program was used for data acquisition and experimental control.

2.2. Maximum ignition distance measurement

A systematic operating procedure was developed to operate the cryogenic release experiments.
The heat exchanger tubing and the vacuum jacketed lines were first purged with gaseous helium,
then pre-cooled with liquid nitrogen all the way up to the release point. In the meantime, the stage
1 bath was also filled with liquid nitrogen. Finally, when gaseous hydrogen started to flow, the
heat exchanger was operated with liquid helium in stage 3, cooling hydrogen down to the
saturation temperature. To achieve steady-state operation at a constant temperature below 50 K at
the nozzle, approximately 3 h were required. During the cool down procedure, all the gaseous
hydrogen was released inside the laboratory and vented through the active exhaust hood.

The experimental operating conditions for the under-expanded cryogenic hydrogen jets are
summarized in Table 2-1. A laser spark ignition system was used to determine the maximum
ignition distance of the cryogenic under-expanded hydrogen jets. An 8 mm beam from a Nd:YAG
laser (9 ns pulse duration, 100 mJ/pulse, 532 nm wavelength) was focused using a spherical
plano-convex lens ( f = 300 mm), to form a plasma channel that was roughly 1 mm in diameter
and 4 mm long. The centroid of the laser spark plasma channel was aligned to the jet centerline.
Phuoc and White [30] have determined that, in this setting, the laser energy was sufficient to
ignite the leanest or richest flammable hydrogen/air mixtures. At each spark location, up to 75
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Figure 2-2 Diagnostic setup of experiment. A frequency dou-
bled Nd:YAG laser is formed into a sheet, and Raman signals at
two specific wavelengths are collected simultaneously by two
cameras.

laser sparks were generated (5 s at 15 Hz). The hydrogen release apparatus was installed on a
translation stage and was translated vertically until a sustained jet flame was established at the
maximum ignition distance. The range of nozzle exit pressures was 2–6 bar, the temperature
varied from 37 to 295 K, and the nozzle orifices were switched between a 0.75, 1.00 and 1.25 mm
diameter. A total of 140 data points of maximum ignition height were collected across the range
of pressure, temperature and nozzle exit diameters.

2.3. Raman scattering imaging of the cryogenic hydrogen
releases

The cryogenic hydrogen release platform described in Section 2.1 was used to generate releases
of ultra-cold hydrogen in the laboratory. In addition, to minimize the effect of any spurious room
currents, the released hydrogen was surrounded by a co-flow of air through a 19 cm diameter
honeycomb at 0.3 m/s. A sketch of the Raman scattering imaging setup is shown in Fig. 2-2. A
18 mm high laser sheet was generated using the same Nd:YAG laser with doubled frequency
(532 nm, 9 ns pulse 700 mJ/pulse). The laser sheet was focused using a spherical plano-convex
( f = 1000 mm) and a cylindrical plano-concave ( f = 200 mm) lens pair. On one side of the
cryogenic hydrogen releases, two cameras were set up to capture Raman scattered light from
nitrogen and hydrogen. The nitrogen camera was an intensified PIMAX ICCD operated with a
gain of 255 and cropped to approximately of the height. The hydrogen camera was an
unintensified PIXIS 400B operated with 4x4 on-chip binning. The intensified nitrogen camera
had its lenses slightly offset to focus the entire image plane using the Scheimpflug principle. Both
cameras were outfitted with a Nikon 50 mm lens, a Nikon 3T close up lens, an OD 6, 532- nm,
17-nm FWHM notch filter to block out the laser light, and a stack of three OD 4 10 nm FWHM
bandpass filters to filter out light except for the Stokes-shifted spontaneous Raman scattering from
the desired gas molecules. The passband of nitrogen camera was centered at 610 nm to capture

14



100 200 300

Temperature (K)

0.5

1.0

d
en

si
ty

(k
g
/
m

3
)

ideal gas

real gas

−7.5

−5.0

−2.5

0.0 erro
r

in
d

en
sity

(%
)

Figure 2-3 Density of hydrogen at atmospheric pressure
(101325 Pa) calculated using a real gas equation of state [32]
and the ideal gas law, as well as the error in density using the
ideal gas law.

the Raman light at 607 nm, and the passband of hydrogen camera was centered at 685 nm to
capture the Raman light at 683 nm.

2.3.1. Lens and camera calibrations

Spontaneous Raman shifted scattering is proportional to the concentration of each gas and the
intensity of the incident laser light. The proportionality constant is a function of the cross-section
of the gas molecules as well as the collection efficiency and response of the lens and camera
systems. To linearize the response of the lens and camera systems, calibrations were first
performed on each lens and camera system [31]. With the same optics in place, a pure flow of
either hydrogen or nitrogen was generated, and Raman signals were collected. The signals were
corrected for the laser sheet intensity by dividing by the average laser power in the horizontal
direction. A functional fit was found to relate the signal counts to the intensity of light at each
pixel location (binned, for the unintensified camera). Rather than using higher order polynomial
to fit the response [31], a single proportionality constant was found for the small Raman signals
detected in our case. This calibration method corrected the unequal response for each camera
pixel (possibly binned), and vignetting that was observed towards the edges of each image.

Since we are not attempting to measure within the expansion zone of these releases. In this
analysis, we assume that the releases are at atmospheric pressure, and the ideal gas law can be
used to relate the concentration of the gases to the mole fraction and temperature. At downstream
of hydrogen release where temperatures are greater than 47 K, the error is less than 1% under this
assumption (Fig. 2-3). For near-liquid temperature regions of the flow, this assumption may cause
a nearly 10% error. We also assume that the temperature dependent cross-section changes are
negligible, which should be valid for the low-temperature flows in this work. Mathematically, the
intensity of Raman light can therefore be represented by the equations

IH2 = kH2I0
xH2

T
(1)

IN2 = kN2I0
xN2

T
, (2)
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where kH2 or kN2 is a proportionality constant for each camera and lens system that includes the
cross-section of the gas molecule, the collection efficiency and response of the camera system.
We also stipulate that the mole fractions of hydrogen and air must sum to one, or
xH2 +1.28xN2 = 1, where the factor 1.28 comes from the fact that air is 78% nitrogen.
Calibrations were performed to determine the proportionality constant for each camera to the gas
of interest (H2 or N2). An area of pure hydrogen was generated in the lab using a laminar coflow
box and Raman signals were collected by both cameras. The area of hydrogen was surrounded by
a coflow of pure nitrogen, enabling signal differentiation between air and nitrogen. Because the
signals were corrected to scale the intensity of pure air a value of 1, the calibration constant for
nitrogen was found to be kN2 = 1.28 ·295 K. The calibration constant for hydrogen was found to
be kH2 = 2.05 ·295 K. A target was imaged by both cameras and the known geometry of the target
image was used to align both camera images and scale them to true spatial dimensions. There
were approximately 1.7 (4×4 binned) pixels per mm for the unintensified (hydrogen) camera,
and approximately 4.6 pixels per mm for the intensified (nitrogen) camera.

2.3.2. Background normalization

The signal detected by each camera is composed of the desired signal (directly scattered Raman
light) and backgrounds, which contain electronic background (the cameras are biased so that zero
light still has small number of counts), background room light, background scattered light (either
scattered secondarily off condensed moisture in the flow or outside the wavelength of interest). To
normalize for the electronic background and background room light, a set of background images
were taken for all data sets (without significant difference between an image set taken with a lens
cap on or without the laser on, i.e. the background room light was negligible). In image regions
just above and below the laser sheet, the background scattered light was averaged in the vertical
direction, and subtracted to correct for the background scattered light. Images were then corrected
for the flat-field intensity. Images from the intensified camera (N2) were then aligned and scaled
to the unintensified camera pixel dimensions. The laser sheets are neither completely uniform in
the vertical direction nor of the same intensity from shot-to-shot, so in an air region (44 mm
wide), the corrected, flat nitrogen images were averaged in the horizontal direction, and both the
air and hydrogen (background corrected) images were divided by the vertical array to normalize
for the individual shot laser intensity and non-uniformity in the y-direction. These corrected
images images are the signal I/I0 in Eqs. 1 and 2. Corrected signals could then be converted to
mole fractions and temperatures at each pixel.
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3. RESULTS AND DISCUSSION

3.1. Mass flow rate

The mass flow rate of hydrogen was measured experimentally using HFM-D-3-1 mass flow meter
as described in Section 2.1. The mass flow rate was also calculated using a real gas equation of
state [32], assuming isentropic expansion from the measured nozzle pressure and temperature to
the sonic choked flow velocity through the small orifice. A comparison between the
experimentally measured and calculated mass flow rate of H2 for all the test cases is shown in
Fig. 3-1. For most of the conditions, the measured mass flow rate is the same as the calculated
flow rate. There are some slight deviations at higher pressures and colder jet temperatures; no
more than 10% error were observed for the conditions studied.

Ricou and Spalding [33] reported the mass flow rate for momentum dominated axisymmetric jets
of non-uniform density. The entrained mass flow rate increases with distance from the nozzle exit,
scaling inversely by the square root of the density of the jet at the nozzle. Using a developing
entrainment coefficient, Han and Mungal [34] also observed a similar trend in the entrainment
rate for turbulent reacting jets. The mass flow rate (ṁ(x))at any point along the axis of the jet is
given by

ṁ(x)
ṁ0

=C
x
D

√
ρ∞

ρ0
(3)

Where ṁ0 is the initial mass flow rate (through the orifice), C is an entrainment constant (0.32 for
non-reacting, isothermal jets), x is the distance from the release point along the jet axis, D is the
nozzle diameter, ρ∞ is the density of the entrained gas, and ρ0 is the stagnation density of the
released gas. The quantity D

√
ρ∞/ρ0 is often called an effective diameter, De f f , for an
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Figure 3-1 Calculated mass flow rate from the ignition experi-
ments as a function of measured mass flow rate. Black dashed
line is the 1:1 comparison, blue and green dashed lines show
the ±10% boundary.
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Figure 3-2 Maximum ignition distance as a function of mass flow
rate for all the nozzle pressure, temperature and diameters stud-
ied.

under-expanded jet. The effective diameter is the diameter through which the jet mass flow rate
would pass at atmospheric pressure to give the same momentum flux as the under-expanded jet at
the nozzle exit. Li et al. [35], in a recent study of under-expanded hydrogen jets, confirmed that
the variation of mean hydrogen mass fraction along the jet centerline depends on the effective
diameter of the jet in the momentum dominated regime.

3.2. Maximum ignition distance

Depending on the local fuel mass fraction, an ignition kernel formed at a particular location could
propagate towards the release source leading to a sustained jet flame [36, 37]. The maximum
ignition distance (Xign) depends on the hydrogen pressure, temperature, and leak diameter. The
Xign of under-expanded cryogenic hydrogen jets were measured at all the nozzle pressure
temperature and diameter studied. Fig. 3-2 shows a scatter plot of the Xign as a function of
hydrogen mass flow rate. The symbols here represent the nozzle pressures and the color of the
symbol denotes the hydrogen temperature at the release point. With the same mass flow rate of
hydrogen, colder jets have a higher Xign. In our studies, the Xign was also found to scale with the
effective diameter of the jet. Figure 3-3 shows the correlation between the Xign and the effective
diameter. Same as in Fig. 3-2, the symbols represent the pressure and the color represents the
temperature at the nozzle. The scatter plot of the Xign for all the test cases fits into a linear
dependence on the effective diameter (the black dashed line Fig. 3-3). Friedrich et al. [29] also
reported that the Xign for cryogenic hydrogen jets can be expressed by Xign = 0.639D

√
ρ0/ρ∞

(the blue dashed line in Fig. 3-3). The operating conditions and the Xigns reported by other
groups [36, 38, 39] are shown in Table 3-1. It is unclear why this correlation from Friedrich et
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Table 3-1 Operating conditions and the maximum ignition height
reported by different research groups.

Literature Source T (K) P (bar) D (mm) Xign (mm)

Schefer et al. [36] 295 1.0 1.91 126
Ruggles et al. [38] 295 9.89 1.5 365
Veser et al. [39] 290 5 4 800
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al. [29] is so conservative, over-predicting the Xign for the conditions from the current
experimental data as well as other reported data [36, 38, 39]. In Friedrich’s work, the key
differences are that an intrusive jet engine electrical ignitor was used and the jets were oriented
horizontally. While there may have been some flame stabilization on the ignitor, flow disruption
from the ignitor, and buoyancy influence on flame propagation, it is unlikely that these effects
would lead to the nearly factor of two difference in Xign. A new correlation shown in the plot is a
good fit for current data set as well as the reported values in other work [36, 38, 39], given by

Xign = 0.430D
√

ρ

ρ∞

(4)

Houf and Winters developed a model for a high-momentum, cryogenic hydrogen release [28].
The conditions in the experiment were simulated using this model (neglecting zone 2), and the
hydrogen mole fraction at Xign was extracted from the simulations. The extracted mole fraction at
the Xign is plotted as a function of the release temperature in Fig. 3-4. There does not seem to be a
significant correlation with temperature (perhaps a slight increase in mole fraction as the release
gas warms) or pressure (shown by the size of the symbols). As shown by the box plot to the right
of the axes, 90% of the data falls between a mole fraction of 0.13 and 0.18, with the majority of
the outliers towards the higher mole fractions, and, with the 0.75 mm orifice giving the highest
calculated mole fractions at the ignition point. Schlieren imaging showed some vertical deviation
for the 0.75 mm orifice, indicating that the ignition point is likely not along the centerline for
these releases. An off-axis ignition would occur closer to the release point than an on-axis
ignition, leading to a higher calculated mole fraction along the centerline. In their studies, the
mean calculated mole fraction at the ignition point is 0.149, while the median is 0.142, and the
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Figure 3-5 Schematic of the location of the radiometer with re-
spect to an under-expanded jet flame.

minimum calculated mole fraction at the ignition point is 0.122. All of these values are higher
than the 11% boundary, which is observed by Veser et al. [39] for the fast flame regime of
horizontal 80 K hydrogen releases. One potential reason for the higher mole fraction could be
buoyancy effects from these vertical jets, as compared to the horizontal jets of Veser et al. [39]. A
mean mole fraction above the 4% lower flammability limit of hydrogen is required to ignite
turbulent jets because there are pockets of rich and lean concentrations flowing by the ignition
point, and the flame speed in the lean pockets needs to overcome the momentum of the flow. It
should be cautioned that the model used to calculate the mole fractions in Fig. 3-4 was not not
previously validated for cryogenic hydrogen releases. Validation of the model is discussed in
Section 4.

3.3. Flame property measurements: radiant power, length and
width

The thermal radiation from a jet flame poses potential threats to the safety of people and
infrastructure. For the development of hydrogen safety codes and standards, radiative heat flux is
a key aspect of flames that needs to be investigated. To characterize the thermo-physical
properties of an ignited under-expanded cryogenic hydrogen jet, the incident radiative power was
measured by five 150◦ view angle Schmidt-Boelter thermopile detectors (Medtherm Model
64P-1-22). A ZnSe window on the face of each detector has 70% transmission between 0.7 and
17 µm. As shown in Fig. 3-5, the thermopile detectors were installed at five different locations
along the length of the jet flame, and radially 8 inches (20 cm) away from the jet axis. Detector
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measurements were recorded over 1 min and the averaged data were calculated as the radiative
heat flux. To scale the radiative heat flux from a jet flame, two factors are needed: the flame
length (L f ) and flame width (Wf ). Visible and IR flame images were recorded to calculate L f and
Wf . The IR images were recorded by a FLUKE TI 400 camera with transmission in the range of
7.5–14 µm IR spectral bands. The visible flame images were captured by a commercial
Panasonic Lumix camera.

3.4. The flame length and width

For both subsonic and under-expanded jet flames, Kalghatgi’s group [40] has measured L f . Their
measurements showed a linear dependence of L f on the mass flow rate. They also determined that
a flame grows with nozzle diameter at a fixed mass flow rate. More recently, Friedrich et al. [29]
also reported that at cryogenic temperatures of 34–65 K and pressures of 7-30 bars, the measured
heat flux scales with the hydrogen mass flow rate. However, these data did not demonstrate the
dependence of the flame length or the radiative heat flux on the release temperature of the
under-expanded hydrogen jets. In the current study, the effect of the hydrogen temperature at the
nozzle on the radiative properties of the jet flame was quantified by systematically varying it from
room temperature (295 K) to near the saturation temperature (37 K). Figure 3-6 shows the
comparison of the averaged IR image and visible image of a cryogenic hydrogen jet flame
released with a 1 mm diameter nozzle at 2 bar and 55 K. The flame is vertically oriented with the
nozzle center at r = 0 mm and x = 0 mm of the image. The field of view for the IR camera was
0.28 m; the vertical stage was traversed in steps of 0.2 m; a series of five IR images were averaged
at every location to construct the entire flame length. The flame length was determined using the
distance from the nozzle exit (along the axis of the flame) where the intensity drops to 10% of the
maximum intensity level for that image. Reported flame length and width are the average of the
IR and visible values. Figure 3-7 shows the calculated flame length as a function of hydrogen
mass flow rate. Consistent with recent reports [29, 40], there is an increase in the flame height
with hydrogen mass flow rate. Moreover, it is clear that the flame length increases with a decrease
in nozzle temperature for a fixed mass flow rate. Several reported methods [41, 42] were tested to
define the correlation of our findings in flame length and mass flow rate.

Schefer et al. [41] studied hydrogen diffusion flames and defined a dimensionless flame length,
L∗,

L∗ = L f
fs

De f f
(5)

where L f is the measured flame length, fs is the stoichiometric mass fraction and De f f is the
effective diameter (same as defined in Section 3.1). The dimensionless flame length was shown to
be dependent on the flame Froude number, which is defined as:

Fr f =
Vj f 3/2

s(
ρe
ρ∞

)1/4√gD∆Tf
T∞

(6)

where, ρe/ρ∞ is the ratio of jet gas density to ambient gas density, and ∆Tf is the peak flame
temperature rise due to combustion heat release.
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Figure 3-6 (a) Visible and (b) IR flame image for a cryogenic
under-expanded hydrogen flame. Source is a 1 mm diameter
nozzle at 2 barabs and 55 K.
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Figure 3-7 Flame length as a function of mass flow rate.

Based on Schefer et al.’s equations [41], all the flames in this study should have a L∗ = 23.
Figure 3-8 shows the comparison of the dimensionless flame lengths measured in this study and
reported by different authors. Our data showed a large scatter around the L∗ = 23 line (gray line
in Fig. 3-8), with a range of 15≤ L∗ ≤ 30. No linear correlation was observed.

Molkov and Saffers [42] also reported this scatter when comparing the flame lengths from a wider
range of experimental data [40, 41, 43–46]. Based on a similar analysis to correlate flame length
with flow (i.e, density, velocity, viscosity) and geometric variable (i.e, diameter), Molkov and
Saffers [42] expressed flame length differently than Schefer et al. [41], as a function of mass flow
rate, ṁ, diameter, D, and jet viscosity, µN , as

L f = f

√
4ṁD
πµN

= f D
√

Re (7)

Since Molkov and Saffers’ equation was defined for atmospheric temperature hydrogen releases,
the lack of variations in viscosity allowed the flame length to be shown to scale as,

√
ṁD.

For the cryogenic hydrogen jet flames in this study, using similar scaling analysis discussed by
Molkov and Saffers [42], we express a normalized flame length, L f /D, as a function of the square
root of the Reynolds number, Re (based on the throat density, viscosity, choked flow velocity, and
diameter). Figure 3-9 shows the variation of L f /D from the current study, along with the
previously reported data [40, 41, 43, 44, 46, 47]. The data collapses on to a line with the equation
of the best fit given by

L f

D
= 0.86

√
Re (8)

The increased scatter at larger Reynolds numbers could be due to larger turbulent fluctuations,
leading to increased experimental uncertainty in measuring flame length.
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Figure 3-10 Radiative heat flux along the length of the jet flame,
for several cold release conditions.

3.5. The radiative heat flux

The radiative heat flux for five different cryogenic hydrogen releases was also measured in this
study. Figure 3-10 shows the axial variation of the radiative heat flux. The axial locations (X) of
the radiometers are normalized by the respective measured flame length, and the peak value in the
radiative heat flux is observed at X/L f in the range of 0.7–0.8 (Fig. 3-10). This is an expected
behavior for a turbulent jet flame [48]. It is also noticeable that with an increase in H2 mass flow
rate (ṁ), there is a corresponding increase in the peak value of the radiative heat flux, regardless
of the release temperature.

Figure 3-11 shows the variation of radiative heat flux as a function of hydrogen mass flow rate.
There is an increase in the heat flux with an increase in hydrogen mass flow rate. Moreover, for a
fixed mass flow rate of hydrogen, the radiative heat flux increases with colder jet releases and
larger nozzle diameter.

Table 3-2 summarizes the maximum ignition distance and maximum heat flux measured at 25
representative operating conditions. The stagnation density, nozzle density and speed of sound is
calculated using the real gas equation of state [32, 49].
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Table 3-2 Cryogenic under-expanded hydrogen jet release ex-
perimental parameters and measured quantities.

TEST
ID

D (mm) P (bar) T (K) ṁ (g/s) ρ0
(kg/m3)

Xign

(mm)
L f (m) Peak

Qrad
(kW/m2)

1 0.75 2 163 0.08 0.3 102.2 0.215 0.19
2 0.75 5 179 0.178 0.68 127.2 0.292 0.57
3 0.75 6 205 0.195 0.71 107.2 0.296 0.48
4 0.75 2 215 0.065 0.23 72.2 0.187 0.12
5 1 2 46 0.25 1.08 332.2 0.737 2.15
6 1 2 55 0.241 0.89 321.2 0.66 1.8
7 1 2 62 0.23 0.79 307.2 0.65 1.64
8 1 4 78 0.375 1.25 307.2 0.678 2.64
9 1 5 81 0.46 1.51 332.2 0.704 3.12
10 1 3 113 0.24 0.64 227.2 0.462 1.1
11 1 4 124 0.297 0.78 227.2 0.495 1.37
12 1 2 129 0.147 0.38 157.2 0.355 0.62
13 1 3 162.5 0.2 0.45 172.2 0.36 0.68
14 1 3 175 0.195 0.41 147.2 0.33 0.57
15 1 6 294.5 0.274 0.49 117.2 0.314 0.6
16 1.25 2 48 0.38 1.08 412.2 0.704 2.75
17 1.25 2 53 0.365 0.93 387.2 0.671 2.66
18 1.25 2 64 0.33 0.76 372.2 0.66 2.37
19 1.25 3 70 0.46 1.05 392.2 0.715 3.24
20 1.25 5 90.7 0.66 1.34 397.2 0.781 3.96
21 1.25 2 144 0.213 0.34 202.2 0.378 0.89
22 1.25 5 155 0.525 0.78 272.2 0.492 2.52
23 1.25 2 185 0.192 0.26 172.2 0.312 0.69
24 1.25 6 200 0.54 0.72 237.2 0.523 2.11
25 1.25 5 271.5 0.377 0.45 157.2 0.358 1.04
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Figure 3-12 Radiant fractions for the cryogenic hydrogen jet flames.

3.6. The radiant fraction

In a scaling analysis, Turns and Myer [50] proposed that the radiant fraction, χr, from a
non-premixed turbulent jet flame can be scaled as a function of

χr =
Srad

ṁ∆Hc
∝

aPT 4
f D

Vj
(9)

where Srad is the total radiative power emitted from the flame, ∆Hc is the heat of combustion, aP
is the Planck-mean absorption coefficient for an optically thin flame, Tf is the adiabatic flame
temperature, Vj is the jet exit velocity and D/Vj is the flame residence time. The Planck-mean
absorption coefficients for the different flames (0.23 for hydrogen) are based on the RADCAL

calculations reported by Molina et al. [51]. A global flame residence time in terms of the flame
geometric parameters and fluid properties was also defined as

τG =
ρ fW 2

f L f fs

3ρ0D2Vj
(10)

The radiative fraction for a momentum dominated flame was found to be proportional to the
log(τG), as shown in Fig. 3-12, where χr is plotted as a function of aPτGT 4

f . The data from the
current study is compared with the literature data for hydrogen (H2) and methane (CH4)
flames [41, 43, 50, 51] (Fig. 3-12). The majority of the flame residence times of the cryogenic
hydrogen jet flames studied here are smaller than the under-expanded and lab scale hydrogen jet
flames observed previously. Nonetheless, a trend continues into this region. This trend is different
than the logarithmic correlation that the data previously suggested (yellow line in Fig. 3-12) [41,
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50, 51]. A correlation based on power-law is proposed to predict the radiative fraction as a
function of global flame residence time, given as

χr = 9.45×10−9 (apτGT 4
f
)0.47

(11)

Now focusing on the radiant fraction data from the current study, the highest radiant fractions are
seen for the lowest temperature releases. The speed of sound decreases as the temperature
decreases. The nozzle exit velocity is equal to the speed of sound for all the choked,
under-expanded jet flames studied herein. As shown in Eq. 11, as the velocity decreases, the
global residence time increases, and there is a corresponding increase in the radiant fraction. This
is an important finding with respect to the safety associated with cryogenic hydrogen
infrastructure. The increased radiant fraction and total radiative power from these cryogenic
releases over room temperature releases must be accounted for in the analysis of these systems.
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4. RAMAN SCATTERING IMAGE OF CRYOGENIC
HYDROGEN RELEASES

Raman scattering image sets were taken using method described in Section 2.3. Detailed
experimental conditions are listed in Table 4-1. The mole fraction profiles of hydrogen/nitrogen
and temperature for releases are shown in Fig. 4-1. The nozzle height was controlled vertically by
adjusting the height of the translation stage. Each 10 mm increment was defined as a 1 nozzle
height. The images of 400 individual laser pulses at each of 5 and 6 nozzle heights were taken by
two cameras. The images at each height were stitched together to give the overall median profiles
(the left and right frames in Fig. 4-1). This stitching is fairly smooth, being the least smooth
towards the tops of the images. This is likely due to the fact that in the presumed air region at the
far right 44 mm of the images, there may still be some hydrogen in this region. Moreover, the
amount of humid air entrained, and hence, background scattered light, is also higher further away
from the nozzle, causing more noise towards the tops of these images. On average, at 40 mm
downstream from the nozzle, both the 3 and 5 bar jets have warmed around 50 K and the
concentration of hydrogen has decayed by approximately 30%. The middle frame in Fig. 4-1
shows the stitched images of a single laser pulse at each of 5 and 6 nozzle heights. These images
contain significantly more noise than the median images on the left and right. However, these
individual images show that these jets are in fact turbulent, with eddies of varying mole fraction
and temperature. Comparing the individual mole fractions and temperatures in the middle images
to these in the median images (Fig. 4-1, left and right frames), regions of the flow with higher or
lower hydrogen mole fractions were identified. Due to the turbulence, temperatures at a given
location in the individual images are lower than the median temperature.

Table 4-1 Experimental conditions in this work.

Tnoz (K) Pnoz (barabs) dnoz (mm) nheights Tthroat (K) Pthroat (barabs) ρthroat vthroat (m/s)

58 2.0 1.0 4 43.5 0.972 0.55 544.5
56 3.0 1.0 4 41.9 1.457 0.86 533.3
53 4.0 1.0 4 39.6 1.940 1.22 516.4
50 5.0 1.0 5 37.4 2.422 1.65 498.2
61 2.0 1.25 6 45.7 0.973 0.52 558.9
51 2.5 1.25 2 38.2 1.215 0.79 508.4
51 3.0 1.25 6 38.2 1.457 0.95 507.5
55 3.5 1.25 3 41.2 1.699 1.03 527.6
54 4.0 1.25 2 40.4 1.940 1.20 521.6
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Figure 4-1 Profiles for mole fraction hydrogen (top frames),
mole fraction nitrogen (middle frames), and temperature (bot-
tom frames) for releases from a 1.25 mm orifice (left and center)
and a 1 mm orifice (right). Left and right image sets are median
values from 400 images. Central is an analyzed image set for a
single laser pulse at each imaging height.
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4.1. The variation in the nozzle pressure and temperature,
hydrogen centerline mole fraction and temperature

The variation in nozzle pressure and temperature was also examined in this study (Fig. 4-2 left
frames). 400 images were taken at each of 4–6 nozzle heights from the 1 mm nozzle. The
pressure, being controlled by a pressure transducer, shows very little variation at 2, 3, 4, and 5
barabs. The temperature on the other hand, does have some variation, especially for the 5 barabs
release. For the 5 barabs release, there is variation not only for each image set, but also at the
different heights of the camera. The temperature varied by around 2◦ when the camera was
approximately 40 mm from the nozzle, and by an average of 4◦ going from 40 mm to 80 mm. The
density of 48 K hydrogen is nearly 10% higher than 52 K hydrogen, with a 5% lower choked flow
velocity. This unsteadiness in the mass flow rate adds errors to the data, in addition to the errors
associated with the noise on the cameras and the data processing techniques.

Similar to Fig. 4-2, the left frame in Fig. 4-3 shows the nozzle pressure, temperature, and
centerline mole fraction and temperature for the experiments with the 1.25 mm diameter nozzle.
The nozzle pressure was quite steady while there was up to 3◦ variation in nozzle temperature.

4.2. The variation in hydrogen centerline mole fraction and
temperature

The right frames of Fig. 4-2 show the median centerline hydrogen mole fraction and temperature
as a function of the distance from the 1 mm nozzle. The maximum hydrogen mole fraction and
minimum temperature were observed to move laterally for some image sets, likely due to ice
buildup near the nozzle. Rather than extracting the value of the mole fraction and temperature at
the horizontal location 0 (see Fig. 4-1), the centerline temperature and hydrogen mole fraction in
Fig. 4-2 are the maximum average mole fraction or minimum average temperature at each height
over the horizontal distance of 0–90 mm. This change in extraction minimized the variation in the
data where the different image sets were stitched together. Even with this modification of the
centerline temperature or mole fraction, there are still some discontinuities observed in the
centerline mole fraction at 4 bar, 50 mm and 5 bar, 85 mm. These discontinuities are even more
obvious in the centerline temperature. Nonetheless, the trend in the centerline data is as expected,
with decreasing mole fraction and increasing temperatures. The 2, 3, and 4 bar releases have very
similar centerline mole fractions and temperatures, while the 5 bar release has the lowest
temperature and highest centerline mole fraction. The shaded regions show the 25th and 75th

quartiles of the mole fraction and temperature data. Some of these variations are due to noise on
the data, but the majority of this spread is due to turbulent fluctuations in the flow.

Compared to 5h3 1 mm nozzle, there is a clearer trend in the centerline data for 1.25 mm nozzle,
with decreasing mole fraction and increasing temperatures (Fig. 4-3, right frame). The increases
in temperature and mole fraction variation moving downstream of the flow are more obvious.
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Figure 4-2 Nozzle pressure and temperature during data collec-
tion (left frames), and median centerline mole fraction and tem-
perature (right frames) as a function of the distance from the
nozzle, for the 1 mm orifice. In the left hand frames, the dashed
line connects the median values while capturing images at each
camera height, the boxes are the 25th and 75th quartiles, and
the whiskers extend to the 5th and 95th percentage of the data.
In the right-hand frames, the median centerline mole fraction or
temperature are shown by the solid lines, while the shading pro-
ceeds out to dashed lines that capture the 25th and 75th quartiles
of the data.
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Figure 4-3 Nozzle pressure and temperature during data collec-
tion (left frames), and median centerline mole fraction and tem-
perature (right frames) as a function of the distance from the
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Figure 4-4 Centerline average inverse mass fraction decay
(right) and mass fraction half-width (right) plotted as a function
of the normalized downstream distance.

4.3. Mass fraction decay constant and half width decay rate

To determine the mass fraction decay constant, the downstream distance is normalized using the
effective diameter, d

√
ρ0/ρa, where d is the nozzle diameter, ρ0 is the nozzle stagnation density,

and ρa is the density of the room air. The normalized distance is linearly corelated to the decay of
the inverse average mass fraction at the release centerline, with a constant of 0.277 (Fig. 4-4, left
frame).

Other researchers [38, 52, 53] have reported the decay constant between 0.21 - 0.271 for
room-temperature releases. Our proportionality constant of 0.277 is near this range, implying that
the centerline mass fraction is decaying at a similar rate for a cryogenic release to a
room-temperature release. In contrast, Friedrich et al. [29] reported a slower decay rate, which is
likely due to errors in their sparse, extractive concentration measurements. Although it is possible
that the slightly lower temperatures of those experiments cause the elucidation of a different
phenomena, such as a greater effect from the phase change of the components in air.

The right frame of Fig. 4-4 shows the jet half-width (r1/2) plotted as a function of the normalized
distance. The half-width was found by fitting a Gaussian curve to each z pixel (each mm of
height). The data collapses fairly well against this normalized distance. The slope of the best-fit
line for all the data is 0.071 mm. While for room temperature jets, this half-width decay rate has
been reported as a bit faster–around 0.1–0.11 [38, 52, 53].

Our observations in decay rate and half-width decay rate would suggest that the velocity decay
along the centerline will be slower for cryogenic hydrogen than for warmer hydrogen. This will
likely impact two empirical parameters in the model for these flows. First, the parameter that
describes the ratio of the spreading of the velocity to the spreading of the concentration. The
second is the empirically derived air entrainment rate–this may be a function of temperature,
differentiating them from room temperature jets.
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Figure 4-5 Radial mass fractions at selected distances, normal-
ized by the centerline mass fraction. Three fits are shown on the
graph. The red line is the fit for each condition (at all heights,
not just the selected), the dashed thick black line is the fit for
all 9 release conditions, and the thin black line is the literature
fit [37, 38, 52].

Figure 4-5 shows the normalized hydrogen mass fraction as a function of the normalized radius
for all the release conditions. The data collapses well using the normalization parameters of the
average centerline hydrogen mass fraction, Y cl and the downstream distance, z. The red line in
each plot is the Gaussian fit for the release conditions of each frame (at all heights, not just the
selected heights in the legend). The 4 bar, 54 K, 1.25 mm diameter nozzle release is the most
narrow, with a fit of Y/Y cl = exp(−64η2), while the 3 bar, 56 K, 1 mm diameter nozzle release is
the widest, with a fit of Y/Y cl = exp(−33η2). The thick dashed black line is the second Gaussian
fit for all the different release conditions. In some frames, this fit of Y/Y cl = exp(−49η2) is
slightly wider than the data, while in others, it is slightly narrower than the data, but overall does a
fairly good job of predicting the radial mass fraction profile. The thin black line is the expected
distribution from literature of Y/Y cl = exp(−59η2) (for room temperature jets) [37, 38, 52]. In
most cases, this literature fit is narrower than our fit.
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Figure 4-6 Normalized inverse centerline temperature decay
(right) and temperature half-width (right) plotted as a function
of the normalized downstream distance.

4.4. Centerline temperature decay rate and half width decay rate

The Raman scattering technique used in this study also allowed the measurement of temperature.
Similar to Fig. 4-4, the normalized inverse average centerline temperature and half-width are
plotted as a function of the normalized distance in Fig. 4-6. In this case, we are not aware of any
literature data to which these decay rates can be compared. Also comparing the inverse centerline
average temperature decay rate to the inverse average mass fraction decay rate makes little sense,
because the normalization of the temperature is so much different from the inverse mass fraction.
But the half-width decay rates can be compared. In this case, the temperature half-width decays at
a slightly lower rate of 0.062, than the mass fraction half-width decay rate of 0.065.
One-dimensional modeling of jets [27, 28] typically involves specifying the ratio of the
half-width for different parameters (velocity, mole fraction, etc.) and this data will be used to
better fit these models for cryogenic hydrogen jets.

The normalized temperature profiles are shown in Fig. 4-7. Similar to Fig. 4-5, the red line is the
Gaussian fit for the release conditions of each frame, and the thick dashed black line is the second
Gaussian fit for all the different release conditions. The thin black line is the literature fit to the
normalized mass fraction profile (since there was no equivalent literature data for temperature).
The normalized temperature profiles are slightly wider than the mass fraction profiles. The
coefficient in the Gaussian fits for normalized temperature range from 21-49, with a fit to all of
the data of Θ = exp(−42η2). The atmospheric temperature, T∞ was a parameter for the Gaussian
fit, and the best-fit value ranges from 292-300 K. This is near the average lab temperature of 295
K, with the scatter due to challenges with data analysis and the amount of noise on the
temperature profiles (see Fig. 4-1).
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Figure 4-7 Radial temperatures at selected distances, normal-
ized by the temperature excursion from the atmosphere. Three
fits are shown on the graph. The red line is the fit for each condi-
tion (at all heights, not just the selected), the dashed thick black
line is the fit for all 9 release conditions, and the thin black line
is the literature fit for mass fraction [37, 38, 52].
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4.5. Comparison to COLDPLUME model

Finally, the data was compared to the COLDPLUME model developed by Winters and Houf [27,
28]. As shown in Fig. 4-8, in some of these frames, the measured mole fraction and temperature
fields at certain imaging heights were laterally offset significantly from the other imaging planes,
likely due to ice at the nozzle. It should be noted that shifts out of the imaging plane are also
likely in this setup, which will add error to the measurements. To correct for the lateral offset (no
correction is possible for the out of plane offset), the maximum median mole fraction was
determined, and the hydrogen, nitrogen, and temperature images were each shifted for each slice
in the z-direction. Large shifts to the right of the images at some heights are especially evident for
the 3 bar, 56 K, 1 mm release, where the experimental contours are jagged on the left hand side of
the images. In most cases, the experimental contours for mole fraction are penetrating slightly
further downstream than those predicted by the model. The widths of the mole fraction profiles
are fairly well predicted by the model, and overall, the model is similar to the data. Cold
temperatures (Fig. 4-8b) do not seem to penetrate as far as predicted by the model, while the
experimental temperature widths are similar to the model predictions. It is obvious in these
contour plots that there is significant noise in the temperature data, and this additional noise
should be taken into account during model validation.
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Figure 4-8 Comparison of the model predictions shown by the
solid, thin lines, to the experimental data, shown by the thick,
dashed lines and shading for (a) mole fraction (top) and (b) tem-
perature (bottom).
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5. CONCLUSIONS AND FUTURE WORK

Understanding the safety distances for ignition sources, and the radiative heat flux from a
turbulent-jet flame release or flame issuing from a hydrogen storage system leak are issues of
importance for the safe use of hydrogen. While there is extensive literature on high-pressure
hydrogen jet-flames, there is a scarcity of data on cryogenic systems. In this work, cryogenic
under-expanded hydrogen jet flames were investigated over a range of temperature (37–295 K),
pressure (2–6 barabs) and nozzle release diameters (0.75–1.25 mm). Measurements included the
maximum ignition distance, the flame length, and the radiative heat flux.

This maximum ignition distance is greater for colder, cryogenic jets at a fixed hydrogen mass flow
rate, than for room temperature jets. However, there is a linear dependence of the maximum
ignition distance with the jet effective diameter. The mean hydrogen mass fraction along the
centerline and the air entrainment rate both scale linearly with the effective diameter. The
ignitability of a fuel-air mixture depends on the local mass fraction of the fuel, justifying the
correlation between ignition distance and effective diameter. A model was applied to these
releases and the mean mole fraction at ignition is approximately 0.14 (with 90% of the data
between 0.13 and 0.18), with negligible dependence on temperature.

The hydrogen jet flame length (normalized by the release diameter) is linearly dependent on the
square root of jet Reynolds number, for cryogenic, as well as room temperature sources of
hydrogen. This observation is similar to the findings by Molkov and Saffers [42]. The maximum
radiative heat flux is emitted at approximately 70–80% of the flame length. For a fixed hydrogen
mass flow, the radiative heat flux increases as the release temperature decreases. This is due to the
lower choked flow velocity of the colder hydrogen source increasing the flame residence time.

Raman imaging was used to characterize unignited cryogenic hydrogen jets. The average
centerline mass fraction was observed to decay at a similar rate to room temperature releases of
hydrogen, or other gases. The average half-width of the mass fraction jet, on the other hand,
decayed more slowly than literature values of warmer jets. In order for mass to be conserved in
models of these flows, empirical parameters such as the relative velocity and concentration profile
spreading rates, and the entrainment rate will likely need to be modified from the values for
warmer hydrogen. Radial profiles of the normalized hydrogen mass fraction and temperature
show that these distributions are Gaussian and self-similar as a function of the radius normalized
by the downstream distance. The normalized temperature is slightly wider than the normalized
mass-fraction. Decay rates for the temperature magnitude and half-width were also measured in
this work. Finally, the measured profiles were compared to a COLDPLUME model. Both the
measured temperature and mass fraction fields agreed with those predicted by the model,
although improvements may be possible with empirical parameter adjustment. This study
provides critical information with regard to the development of guidelines for safety codes and
standards of hydrogen infrastructure.

We plan to use this data to modify the COLDPLUME model and ensure accuracy for cryogenic
hydrogen jets. We plan to evaluate the errors and error propagation in our data analysis before
making any modifications to the model. We also plan on taking data at lower temperatures,
although air-icing around the nozzle does become troublesome, changing the trajectory of the
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release, at temperatures below 50 K. Icing at the nozzle can shift the release laterally, making
stitching the images at different heights challenging and can shift the trajectory out of plane, such
that we may not be measuring the jet across the centerline, causing challenges in data
interpretation. Finally, we plan on attempting to measure velocity fields of these cryogenic jets
using particle imaging velocimetry, potentially using the entrained moisture as the particle
imaging medium.

The small diameters of the releases in this work are likely of similar size to those that might be
expected from a leaking seal from a part in liquid hydrogen service. There are other scenarios that
might be of concern to the hydrogen safety community, such as a full liquid hydrogen line shear
where pooling and vaporization occur, or a lower velocity flow from a larger opening as would be
encountered at a vent stack. Our group is planning to scale-up the Raman imaging diagnostic and
apply it to larger releases to ensure that the model can also accurately predict these other
scenarios.
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