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HIGHLIGHTS

e Numerical predictions reveal insight of the transient ignition, flame structures and dynamics.

e The near-field ignition led to a side diffusion flame and mostly unignited inner cold core.

e The far-field ignition resulted in a diffusion flame at outer edge and a premixed flame inside the jet.

e Localized spontaneous ignition and transient flame extinguishment were predicted during the evolution.
e The predictions also captured the experimentally observed deflagration waves in the far-field ignited jets.
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The anticipated upscaling of hydrogen energy applications will involve the storage and
transport of hydrogen at cryogenic conditions. Understanding the potential hazard arising
from leaks in high-pressure cryogenic storage is needed to improve hydrogen safety. The
manuscript reports a series of numerical simulations with detailed chemistry for the
transient evolution of ignited high-pressure cryogenic hydrogen jets. The study aims to
gain insight of the ignition processes, flame structures and dynamics associated with the
transient flame evolution. Numerical simulations were firstly conducted for an unignited
jet released under the same cryogenic temperature of 80 K and pressure of 200 bar as the
considered ignited jets. The predicted hydrogen concentrations were found to be in good
agreement with the experimental measurements. The results informed the subsequent
simulations of the ignited jets involving four different ignition locations. The predicted
time series snapshots of temperature, hydrogen mass fraction and the flame index are
analyzed to study the transient evolution and structure of the flame. The results show that
a diffusion combustion layer is developed along the outer boundary of the jet and a side
diffusion flame is formed for the near-field ignition. For the far-field ignition, an envelope
flame is observed. The flame structure contains a diffusion flame on the outer edge and a
premixed flame inside the jet. Due to the complex interactions between turbulence, fuel-
air mixing at cryogenic temperature and chemical reactions, localized spontaneous
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ignition and transient flame extinguishment are observed. The predictions also captured
the experimentally observed deflagration waves in the far-field ignited jets.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Hydrogen is an essential element in the global energy transi-
tion towards zero-emission. Although hydrogen has the
highest energy per mass of any fuel, its volumetric energy
density is low. The upscaling of hydrogen energy applications
requires the storage of relatively large quantities of hydrogen,
which can be achieved through either high-pressure or low-
temperature systems. In this regard, cryo-compression is a
competitive technique [1]. Hydrogen can be stored in a vessel
at cryogenic temperatures as low as 20 K and high pressures
up to 35 MPa. High-pressure cryogenic hydrogen generally
refers to compressed hydrogen gas below 120 K. Their acci-
dental leak will lead to the formation of under-expanded jets
and jet flames if ignited. Delayed ignition can also lead to
hydrogen explosion. Understanding potential accidental sce-
narios associated with high-pressure cryogenic hydrogen is
important to help ensure its safe handling.

Few experiments have been performed to study ignited
cryogenic hydrogen jets. Veser et al. [4] studied hydrogen jet
flames from pressurized release at cryogenic temperatures
between 35 and 80 K, and considered the effects of release
pressure, nozzle diameter, and ignition position. Friedrich
et al. [5] experimentally investigated ignited cryogenic
hydrogen jets from 7 to 35 bar releases in the temperature
range of 34—65 K. They analyzed the flame stability, com-
bustion regimes, and thermal radiation. Panda and Hecht [6]
investigated the ignition characteristics of round hydrogen
jets from 2 to 6 bar releases at 37—295 K. Comparing with re-
leases at ambient temperature, both the maximum ignition
distance from the nozzle and the flame length of the high-
pressure cryogenic hydrogen jets were found to increase,
implying that accidently released high-pressure cryogenic
hydrogen is prone to ignition further away from the release
source in comparison with ambient temperature. Hecht and
Chowdhury [7,8] studied the effects of aspect ratio for the
rectangular nozzle and found that it had no obvious effect on
the distribution of hydrogen concentration and flame size.

Numerical simulations of cryogenic jets have been con-
ducted in several recent studies [2,9—12]. Limited studies have
addressed the ignited releases, which can lead to either jet
fires or deflagration in some situations. Cirrone et al. [1]
numerically studied cryogenic hydrogen jet flame using Rey-
nolds Averaged Navier Stokes (RANS) approach for the
experimental conditions of Panda and Hecht [6]. The pre-
dictions captured the changing trend of flame length and
radiant heat flux. Cirrone et al. [13] recently considered cryo-
compressed ignited hydrogen horizontal releases and
numerically predicted the thermal radiation hazards.

More recently, a series of large-scale experiments were
conducted for ignited jets released at a cryogenic temperature
of 80 K and pressure from 5 to 200 bar in the Pre-normative
REsearch for Safe Use of Liquid HYdrogen (PRESLHY) project,
funded by the Fuel Cell and Hydrogen Joint Undertaking of the
European Commission [14]. Different ignition locations from
0.4 to 2.0 m from the nozzle were considered. The ignition
delay time ranged from 80 to 160 ms. Depending on the igni-
tion delay time and location, the flame was found to either
burn back to the nozzle and sustained after the ignition source
was turned off, or it only propagated upwards and quenched
once the ignition source was turned off. A strong explosion
with the formation of a spherical shock wave occurred just
after ignition in some tests.

The present study aims to numerically characterize ignited
cryogenic hydrogen jets, focusing on the transient flame dy-
namics and flame structures using large eddy simulation
techniques (LES). The numerical simulations were set up
using the experimental configuration in PRESLHY [14] but
before the detailed test conditions and results become avail-
able. Some comparisons with the experimental observations/
measurements will be presented. The predictions have
captured fine details of the ignition and flame evolution pro-
cesses which are difficult to quantify in large-scale
experiments.

Numerical model

The numerical simulations are conducted with rhoR-
eactingFOAM [15], which is a compressible reacting flow
solver within the frame of open-source computational fluid
dynamics (CFD) code OpenFOAM. Detailed description of the
methodology can be found in [15]. Briefly, all variables are
decomposed into resolved and unresolved subgrid scale (SGS)
components by spatially filtering the reactive Navier-Stokes
equations. The Favre-filtered governing equations are solved
for mass, momentum, and total enthalpy and chemical spe-
cies. Turbulent viscosity is calculated using the one eddy
equation model of Yoshizawa [16]. The adopted LES approach
is well suited to consider the transient ignition and fire fea-
tures as demonstrated in the authors’ previous studies [26].
Comparing with the RANS approach previous used to simulate
cryogenic hydrogen jet fires [1], the LES approach can better
capture the transient evolution of the flame kernel. The
modified eddy dissipation concept (EDC) of Parente et al. [17] is
used for combustion along with a detailed kinetic scheme
involving 9 species and 19 steps [18].

The use of the finite-rate chemistry facilitates the consid-
eration of non-unity Lewis number, local extinction and
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reignition as well as different modes of combustion. The semi-
implicit Bulirsh-Stoer (SIBS) method is used for the ordinary
differential equation (ODE) in chemistry. Thermodynamic
properties are calculated using the NIST equation of state
based on explicit modeling of the Helmholtz free energy and
considered as the current standard for cryogenic hydrogen [9].
The molecular transport model of Burali N et al. [25] is used. It
considers non-unity Lewis number effect by calculating mass
diffusivity based on species Lewis number and thermal
diffusivity. The model for thermal and transport properties is
expected to influence the dispersion and spatial distribution
of hydrogen.

The radiative heat transfer equation is solved by the finite
volume discrete ordinates method with the weighted sum of
grey gases model for the radiative properties of the gases [19].

Fig. 1 shows the three-dimensional (3D) cylindrical
computational domain, which is of 2 m in diameter and 3 m
high. The set up was based on pre-calculations of an unignited
high-pressure cryogenic jet and further checked with pre-
liminary simulations to confirm no significant velocities at the
boundaries. The side, top, and bottom boundaries of the
domain are set as open with no influence on the flow across
the domain. The circular hydrogen inlet is at the center of the
bottom plane (x-y plane, z = 0). The simulations were set up
with the same initial pressure of 200 bar and cryogenic tem-
perature of 80 K as in PRESLHY experiments [14] for a nozzle
diameter of 4 mm. Due to the high release pressure, the
ejected hydrogen forms an under-expanded jet. Pre-
calculations were conducted using a notional nozzle model
previously validated for similar high-pressure cryogenic
hydrogen releases [9] to estimate the flow conditions when
the jet expanded to the ambient pressure. The cryogenic
notional nozzle approach is used to bypass the shock-laden
under-expanded region. Simulation starts from a pseudo po-
sition where the jet has expanded to ambient pressure for
computational efficiency. As the length of the under-
expanded region is shorter than the closest ignition position
of 0.5 m, this simplification has relatively little effect on the
flame simulation and often used in simulating large-scale jet
fires. High-pressure cryogenic hydrogen is injected from the
center of the bottom along the z-direction with the velocity
and temperature calculated by the notional nozzle model. The
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Fig. 1 — Schematic diagram of the computational domain.

domain is initially filled with stagnant air at 300 K and
ambient pressure.

A structured grid with 40 million cells is used with the
smallest filter width of A = 1 mm located in the near-field
region. This means that the eddy with the size above 1 mm
is resolved and SGS turbulence is assumed to be isotropic and
homogeneous. Local mesh refinement is applied in the shear
layer between the jet and ambient air to resolve most of the
turbulent kinetic energy. In particular, the characteristic fire
diameter, D*, is calculated to guide the grid resolution A. D*/
A > 15 in the present study is found adequate for a wide range
of simulations in Ref. [22]. The chosen grid spacing of 1 mm
gives D*/A = 200, which is much finer to mimic the jet flow.
The Courant—Friedrichs—Lewy (CFL) numbers are kept to be
less than 0.5 in the entire computational domain, corre-
sponding to a physical time step in the order of 0.1 ps. The
computation is performed using 1000 cores on the UK Engi-
neering and Physical Science Research Council's ARCHER2
Supercomputer. Table 1 lists the 4 ignition locations consid-
ered. This mimics the experimental arrangements [14], in
which the ignition location, zis, was set on different stream-
wise positions along the centerline to investigate its influence
on the transient flame propagation. Hereafter, Cases FO5 and
F10 will be referred to as near-field ignition while Cases F15
and F20 as far-field ignition, in which the jets have evolved
further at the time of ignition. The ignition source is set as a
cube with a side length of 2 cm. Its temperature Tjg is set to
2000 K, which is close to the adiabatic flame temperature of
stoichiometric hydrogen-air mixture. The ignition source
contains hot air throughout the simulation. This was set from
the beginning and hence ignition delay is not considered. The
ignition time followed that in the experiments, which tried a
variety of ignition delay time ranging from 80 ms to 160 ms,
before choosing 120 ms for most of the tests including the
ones considered in the present study [20]. An unignited cryo-
genic hydrogen jet, named UF, is also simulated for some
validation.

Results and discussion
Cold flow

For the cold flow without ignition (Case UF), the evolution of
the cryogenic hydrogen jet is simulated. The snapshots of the
spatial distributions of hydrogen mole fraction are provided in
Fig. 2. At time t = 1 ms, the hydrogen jet penetrates the
ambient still air and the jet tip has a regular round shape, as
shown in Fig. 2(a). With further evolution of the flow, the jet
tip becomes corrugated. Some vortices are formed around the
jet due to the shear between the high-speed jet and ambient
air with zero velocity. In Fig. 2(b), with hydrogen at the
corrugated edge of the jet starting to mix with the surrounding
air, its concentration decreases. At t = 20 ms in Fig. 2(c), the

Table 1 — Summary of the ignition locations considered.

Case # UF FO5 F10 F15 F20

Ignition location, zig (m) / 0.5 1.0 1.5 2.0
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Fig. 2 — Instantaneous distributions of hydrogen mole fraction at y-z middle-plane for Case UF with different times.

mixing between hydrogen and surrounding air leads to
further dilution. Due to momentum transfer from hydrogen to
ambient air, the penetration speed of the jet decreases
continuously. The formed large-scale vortices entrain
ambient air into the expanding jets to accelerate the mixing
process, as depicted in Fig. 2(d) and (e). Flammable mixture is
formed at some distance from the nozzle and the extent of the
flammable region increases rapidly with time.

The predicted axial hydrogen concentration statistics of
the unignited jet (Case UF) are compared with the measure-
ments of Friedrich et al. [21] in Fig. 3, in which Xy, is the axial
centerline hydrogen mole fraction and z (m) represents the
streamwise positions. The experiments measured hydrogen
mole fractions at 0.5, 1.0 and 1.5 m along the centerline. Some
small discrepancies exist between the predicted and
measured concentrations. This is likely due to the small dif-
ference in the turbulence level at the inlet boundaries. In the
numerical simulation, it was specified as 5% while the level of
turbulence at nozzle exit in the experiment was not charac-
terized. Nevertheless, the differences are very small and the
present solver is validated to simulate the hydrogen
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Fig. 3 — Comparisons of predicted and measured axial
hydrogen concentration [21].

dispersion. The predictions serve to inform the setup of the
subsequent numerical simulations of the ignited jets.

Transient flame evolution

Following successful ignition, the typical development of an
ignited flame experiences several stages including flame
kernel growth, radial expansion, and flame propagation [23].
The present study is focused on the transient flame evolution
in the ignited cryogenic hydrogen jets. As shown in Table 1,
four ignition positions are considered. As the cryogenic
hydrogen jet disperses downstream, the hydrogen concen-
tration decreases due to air entrainment and mixing of fuel
and air, which leads to the formation of flammable mixture.
The different ignition locations lead to variations in the flame
characteristics. The predictions for the near-field ignition
(zig = 0.5 m) are shown in Fig. 4. The near-field ignition en-
counters a relatively cold mixture with relatively high
hydrogen concentration.

Earlier experimental studies of Wierzba and Ale [27] indi-
cated that an initial temperature increase from 273 K to about
620 K has a slight influence on the hydrogen flammability.
However, the recent experimental investigations of Proust
and Jamois [28] revealed that the flammability range de-
creases when the temperature drops, especially the upper
flammability limit (UPL) reduced to 60 and 66% vol. and lower
limit of hydrogen flammability (LFL) increased to 5.6 and 6,
respectively when the hydrogen gas temperature dropped to
213K and 153 K, respectively. No measurements are available
for the considered cryogenic release temperature of 80 K
considered in the present study. However, as the actual tem-
perature of the jet increase due to heat exchange with the
surrounding air following release, Fig. 4 plots the iso-surface
of hydrogen mole fraction of Xy, = 0.04 as a broad indication
of the flammable region and jet structure. After the cold
hydrogen jet interacts with the ignition source, a flame kernel
forms at the jet tip. The edge flame grows during radial
expansion around the jet tip, as shown in Fig. 4(a). Subse-
quently, the flame propagates upstream to envelop the jet.
Due to the low temperature of the jet, there are still some


https://doi.org/10.1016/j.ijhydene.2022.06.230
https://doi.org/10.1016/j.ijhydene.2022.06.230

29188

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 29184—29194

t=9ms

t=3ms t=6ms

unreacted mixture

2200
1900
1600
1300
1000
700

400

(g) 100

Fig. 4 — Transient evolution of ignited jet flame for Case FO5 marked using Xy, = 0.04 iso-surface colored by temperature (K).

unreacted mixtures distributed on the top of the jet, as
depicted by the temperature distributions on the hydrogen
concentration iso-surface in Fig. 4(b). The flame temperature
exhibits nonuniform spatial distribution. In particular, the
flame distributed on the sides of the jet has a much higher
temperature than the flame around the jet head. This is
mainly because the shear on the sides of the jet contributes to
heat transfer and species mixing of cold jet and warm sur-
rounding air, providing a more favorable condition for
chemical reaction. As the jet penetrates downstream, the
unreacted area reduces and disappear at time t = 18 ms.
Subsequently, the flame propagates upstream continuously
and interacts with the oncoming air, resulting in wrinkled
flame structure. Finally, the flame also propagates downwards
towards the nozzle and almost wraps the whole jet.

Before analyzing the flame evolution in detail, the radial
distributions of the temperature and mass fractions of
hydrogen and oxygen are plotted in Fig. 5 along z = 0.4 m at
t = 3 ms for Case FO5 before ignition. The temperature distri-
bution indicates that there is a very cold core in the jet center.
From the jet center to the edge, the hydrogen concentration
firstly increases briefly and then decreases rapidly while the
temperature increases sharply towards the environment
temperature. The mixing of the cold hydrogen and co-flow of

o0 Jet edge

entrained air is accompanied by intense heat transfer which
increases the temperature of the reactive mixture at the jet
edge. Due to the very low temperature in the jet center, igni-
tion is expected to occur at the jet edge where temperature is
relatively higher.

The global structure of the cryogenic jet flame is further
illustrated by using the flame index, FI = VY, « VYo, in Fig. 6
following the approach of Mizobuchi et al. [24]. The flame is
premixed when FI is positive and diffusion when FI is nega-
tive. Fig. 6 presents the instantaneous flame structure ob-
tained by the numerical simulation at the y-z middle-plane.
The black isolines indicate the OH mass fraction Yoy = 0.001.
The OH radical distribution can characterize the spatial dis-
tribution of the flame front. In addition, the temperature dis-
tribution, associated with the OH radical, is shown in Fig. 7. A
flame kernel (indicated as FK) is formed as the hydrogen jet tip
interacts with the ignition source, as shown in Fig. 6(a) and
Fig. 7(a). Then the edge flame propagates to warp the jet.
These predictions indicate that a diffusion flame is formed for
the near-field ignition as represented by the cyan region in
Fig. 6. Fig. 7(c) indicates that a large amount of hydrogen inside
the jet cannot be ignited due to the cryogenic temperature
suppressing the chemical reaction. The flame front becomes
corrugated from the vortex entrainment during the shear
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Fig. 5 — Radial profiles of temperature (red solid), H, (black dotdash) and O, (blue dashed) mass fraction at t = 3 ms for Case
FO5. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 6 — Evolution of flame structure at the y-z middle-plane for Case FO05. Here, color shows the combustion mode, red:
premixed, cyan: diffusion. The black isolines refer to OH mass fraction Yo = 0.001. DF, PF, FE, and FK are the abbreviations
for diffusion flame, premixed flame, flame extinguishment, and flame kernel, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7 — Evolution of combustion field at the y-z middle-plane for Case F05. Here, the contours are temperature (K), and the
black dashed isolines refer to hydrogen mass fraction Yy, = 0.02.
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process along the sides of the jet. Another flame kernel is reflected by the relatively high concentration of OH radicals at
generated from the ignition source, as shown in Fig. 6(d), but the jet tip. The peak values of the OH mass fraction dropped
subsequently it disappears. The details will be discussed later. significantly at t = 10 and 13 ms; and then increased at
Only a diffusion edge flame is formed. For the cryogenic t = 16 ms to about half of the initial peak values. The unsteady
hydrogen jet ignited closer to the nozzle, the flame front flow at the jet tip corrugates the flame surface, as shown in
preferentially propagates outside the jet surface. This is Fig. 6(e), resulting in an unstable jet flame. At t = 19 ms,
because the turbulent shear flow generates fuel pockets with quenching occurs at the jet tip. As shown by the profiles of the
higher temperatures far from the jet center and these ignited mass fractions of hydrogen and oxygen in Fig. 10. The flame is
pockets propagate faster than the main flame as the local predominantly non-premixed as judged by the rapidly

velocity is relatively small. It is also found that a local flame decrease of Yy, and increase of Yo, near the jet tip.
extinguishment occurs at the top of the flame, as marked out As the ignition location moves further away from the
in Fig. 6(f). This is mainly due to the influence from the cold jet nozzle, ignition is easier as the mixture is less rich (see Fig. 2)
dispersing upstream. and at higher temperature due to heat exchange with the
Fig. 8 illustrates the evolution of the flame kernel devel- environment. Fig. 10(a) shows the flame structure of Case F10
oped at the jet edge as shown in Fig, 6(d). The white rectangle forignition at zig = 1.0 m. After the kernel has fully grown from
indicates the regime where the flame kennel locates. As the ignition source, a flame front forms during the radial
shown from the distributions of temperature, Yy, and Yoo, at expansion and propagates upstream. Comparing with Case
time t = 12 ms, the reactive mixture of hydrogen and oxygen FO5, the lift-off distance is longer for Case F10. The flame
with a high temperature provides a suitable condition for the temperature also exhibits nonuniform distribution, in which
formation of the flame kernel. At time t = 13 ms the kernel is the flame located on the sides of the jet has a higher tem-
already formed. Subsequently, the reactive mixture is perature. However, the degree of nonuniformity is smaller
consumed, and the kernel disappears, although the local than that in Case FO5 due to the increasing exothermic reac-
temperature is high. tion rates due to enhanced reactivity of the mixture at higher
Fig. 9 shows the quenching process via the distribution of temperature.
the OH mass fraction at 5 different instantaneous moments by Fig. 11 and Fig. 12 show the transient flame evolution of
different line types for Case F05. For all the instantaneous Case F10. The flame kernel forms at the jet tip and propagates
moments considered, OH radicals are only produced over a outwards. But soon local extinction (marked as FE in Fig. 11(b))
short section over the entire regions as differentiated by the occurs during the propagation of this diffusion flame front
height. At time t = 6 ms, the jet flame starts to form, and the toward the negative y direction, as highlighted by the blue
flame kernel propagates downstream associated with the circle in Fig. 11(b). The disappearance of the flame front lo-

penetration of the jet flow. The chemical reaction is intense as cates at the periphery of the vortex with an anticlockwise
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t=12 ms

t=14 ms

T(K)

Fig. 8 — Formation and quenching of the flame kernel formed at the jet edge (Fig. 6(d)) for Case FO5. The upper row shows
temperature (T), the middle row shows hydrogen mass fraction (Yy,), and the lower row shows the oxygen mass fraction
(Yo2). The black isolines refer to OH mass fraction Yo = 0.001. The white rectangle shows the regime where the kernel is

formed.

rotation, as depicted by the local enlargement of the vorticity
field. The local high dissipation rate due to the relatively high
strain contributes to the quenching. The flame propagates
along the jet sides and the high-temperature region expands
toward the jet center and heats the local cold hydrogen, as
shown in Fig. 12(c). Accordingly, some distributed flame ker-
nels (FK), displaying a premixed mode, are formed in the core
region spontaneously as depicted in Fig. 11(c) and (d). These
scattered FKs cannot sustain the radial expansion and there-
fore a nonuniform temperature distribution appears in the
core region, where cold unburnt mixture accumulates as
shown in Fig. 12(f). For Case F10, although some premixed
flame kernels are formed in the main jet, the global flame
displays a diffusion structure. The flame front tends to prop-
agate around the outer region of the jet. This is because that
the shear on the sides of the jet promotes the mixing between
hydrogen and air and increases the temperature of the local
hydrogen-air mixture from the heat transfer. The flame evo-
lution characteristics for cases FO5 and F10 indicate that for
the near-field ignition, the shear on the sides of the jet has
important influences in the mixing and the transient flame

evolution, which is controlled by turbulence from the shear
layer.

For Case F15, the cold hydrogen jet is ignited further
downstream (z;j; = 1.5 m). Fig. 10(b) shows that the tempera-
ture of the flame front is more uniform, and the lift-off dis-
tance increases further comparing with Case F10. As the jet
interacts with the ignition source, a flame kernel is generated.
The difference of the flame expansion from the near-field
ignition is that the flame front can also propagates toward
the inner core of the jet with a premixed combustion mode at
an early stage, as shown in Fig. 13(a). For Case F15, the tem-
perature of the jet head increases, and the fuel-air mixing
increases toward stoichiometry, enhancing chemical re-
actions to support flame expansion. The diffusion flame (DF)
and premixed flame (PF) propagate in opposite directions.
However, the initially formed PF extinguishes at t = 27 ms
mainly due to the low temperature of the jet center with rich
cryogenic hydrogen concentration, as shown by the disap-
pearance of flame front scaled by the bule circle in Fig. 13(b).
The DF propagates to surround the jet head. The high-
temperature region expands in the jet flow because of the
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Fig. 9 — Streamwise profiles along the centerlines for Case
FO5: (a) You from t = 6 ms to t = 19 ms, and (b) Yi, and Yo,
att = 19 ms.

heat transfer from combustion products of DF. In the core
region, some spontaneous FKs are generated with a premixed
mode, as shown by the scatted distributions of FKs in
Fig. 13(c), but they disappear subsequently. Unburnt cold
mixture still accumulates in the core region. The FK formed

Case F10

(a)t=22 ms (b)t34 ms

inside the jet cannot sustain, but the FK generated around the
edge of the jet spontaneously can expand to form a stable
premixed flame, shown by the snapshots at the time of 32 ms
and 34 ms. The premixed mixture inside the jet has a higher
fuel concentration and a much lower temperature, which
inhibit flame propagation. The flame shows a dominant
diffusion feature while its lower section has some premixed
feature as shown in Fig. 13(f) and Fig. 14(f).

As the ignition position moves further downstream to
zig = 2.0 m, the jet flame lift-off distance further increases, as
shown in Fig. 10(c). After a flame kernel is grown, a diffusion
flame and a premixed flame are formed, respectively as
shown in Fig. 15(a). The DF propagates with the dispersion of
the jet tip. The PF propagates towards the cold fuel-rich
mixture inside the jet. Subsequently, the PF extinguishes
due to localized high fuel concentration and very low tem-
perature, as highlighted in Fig. 15(b). The DF expands outside
to envelop the jet head. The propagation trajectory is close to
the stoichiometric condition. The shear around the jet pro-
motes mixing and generates reactive pockets on the outer
edge of the jet. The DF expands faster than the inner flame as
the local velocity is relatively small. Due to the inhomoge-
neous spatial distribution of the hydrogen concentration, the
flame surface tends to become corrugated. The expansion of
DF starts to speed up from time 58 ms—60 ms as the wrinkling
of the flame front increases the flame surface area. This, in
turn, increases the hydrogen consumption rate and provides
additional acceleration of the flame. Premixed flames are
formed as the vortex entrains the reactive mixtures upstream
at 58 ms as marked by PF in Fig. 15(c). Then the PF propagates
toward the central region of the jet and the shape of the
overall flame area tends to be a semicircle, which is also found
in the experiment, as shown in Fig. 16. The distributed flame
kernels are formed around the bottom of the flame.
Comparing to the near-field ignition, the spontaneously
formed FKs for Case F20 expand to connect with the main
flame to extend the flame area, as shown by the snapshots
from times 62 ms—64 ms. For the far-field ignition (Case F15

Case F20

2200
1900
1600
1300
1000
700

400

100

(c)t=64 ms

Fig. 10 — Flame structure of ignited jet for Case F10, Case F15, and Case F20 marked using Xy, = 0.04 iso-surface colored by
temperature (K).
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Fig. 12 — Evolution of combustion field at the y-z middle-plane for Case F10. The annotations are the same as Fig. 7.
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Fig. 13 — Evolution of flame structure at the y-z middle-plane for Case F15. The annotations are the same as Fig. 6.
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Fig. 15 — Evolution of flame structure at the y-z middle-plane for Case F20. The annotations are the same as Fig. 6.

and Case F20), the hydrogen and surrounding oxygen form a
premixed reactive mixture before interacting with the ignition
source. The overall flame contains a diffusion flame on the

outer edge of the jet and a premixed flame inside the jet. An
envelope flame structure is formed for the cryogenic hydrogen
jetignited at 1.5 and 2.0 m.
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Fig. 16 — Evolution of combustion field at the y-z middle-plane for Case F20. The annotations are the same as Fig. 7.

Fig. 17 — Snapshots of the flame shapes: (a) experiment
(reproduced from [20]) and (b) Case F20.

It should be noted that there was an ignition delay of
40—-160 ms in the experiments [14]. The present simulations
were set up before the experiments were performed. Ignition
was started right at the beginning. Because of this difference,
it is not possible to compare the predicted and measured
maximum overpressures directly. However, some qualitative
comparison is still possible. The semicircle-shape flame was
recorded in the test for ignition at zj; = 2.0 m, as shown in
Fig. 17(a). This is similar to the predicted evolution of the
temperature contours in Fig. 17(b). Deflagration waves were
captured in the predictions for the far-field ignited jets (F15
and F20), which were also observed in the experiment, as
shown in Fig. 18(a).

In summary, the present predictions show that the ignition
location, zj,, has considerable influence on the flame struc-
ture. For the considered near-field ignition location (zig = 0.5
and 1.0 m), the flame kernel grows from the ignition source
and propagates around the outer edge of the jet, forming a
diffusion flame on the sides of the jet. The shear between the
high-speed jet and ambient air promotes hydrogen-air mixing

and generates reactive pockets for combustion. The local
backflow from the rotating vortex formed in the shear tur-
bulence also supports the propagation of the diffusion flame.
Therefore, the expansion of the diffusion flame can be regar-
ded as a turbulence controlled. Due to the relatively low
temperature inside the jet, the cold mixture cannot be ignited.
The area of the unreacted mixture decreases with the increase
of z;,. For the far-field ignition (z;g = 1.5 and 2.0 m), a diffusion
flame engulfs the periphery of the jet like that in the near-field
ignition. The fuel concentration decreases toward the stoi-
chiometry and the temperature of the mixture in the main jet
increases with the increase of the distance from the nozzle.
These conditions are favorable to the formation of flame
kernels. Spotted premixed flame kernels grow spontaneously
inside the jet and expand to form a premixed flame. Initially,
the premixed flame propagates at lower speed than the
diffusion flame because of the lower local relative velocity.
Deflagration waves were captured in the predictions for these
two cases.

Conclusions

Transient evolution of flame in ignited high-pressure cryo-
genic hydrogen jets is investigated numerically using LES with
detailed chemistry. Full sequence of the ignition kernel
development is computationally captured for four cases with
different ignition locations. The resulting flames show
different propagation characteristics. For ignition at 0.5 and
1.0 m from the nozzle, the flame cannot propagate inside the
cold jet and a side diffusion flame is formed. For ignition at 1.5
and 2.0 m from the nozzle, an envelope flame with mixed
diffusion and premixed combustion modes is formed around
the jet, which is attributed to the improved hydrogen-air
mixing and higher temperature in the downstream region.

Fig. 18 — Snapshot of the deflagration waves: (a) experimentally observed (reproduced from [20]), (b) predicted pressure
contour for Case F15, (c) predicted density contour (kg/m?) with static pressure iso-line of 1.03 atm.
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Localized spontaneous ignition and transient flame extin-
guishment during flame evolution have been captured, and
attributed to the complex interactions between turbulence,
fuel-air mixing at cryogenic temperature and chemical re-
actions. Deflagration waves have been captured in the far-
field ignited jets, implying potential for explosion in the
cases of delayed ignition.
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