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PUBLIC SUMMARY

= Flow characteristics of hydrogen leakage become visually observable.

= Key transition dynamics are revealed through visualization.

Full-field concentration is constructed based on observed transition dynamics

= A new insight and visual confirmation of hydrogen leakage patterns is presented.
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As hydrogen energy systems move toward miniaturization and modulariza-
tion, the low-pressure, low-flow hydrogen leakage problem, which is
becoming more frequent and significantly harder to detect, leading to the
formation of flammable or explosive hydrogen-air mixtures, is a key chal-
lenge, constraining the widespread deployment of hydrogen technologies.
The concentration distribution directly determines the extent and severity of
flammable zones, but its spatiotemporal evolution, governed by the laminar-
to-turbulent transition of the leakage jet, remains elusive. In this study, a
visualization method is employed to observe hydrogen leakage, enabling
the first clear depiction of the transition point's behavior in low-pressure
hydrogen jets. The transition point is found to exhibit a dual nature, with a
relatively certain average position accompanied by distinct spatial fluctua-
tions. A full-field concentration distribution of hydrogen leakage is
constructed based on the spatial characteristics and fluctuation patterns of
the transition point, enabling an accurate description of the spatiotemporal
variation in hydrogen concentration fields. This work provides new insight
and visual confirmation of hydrogen leakage behavior, offering essential
support for the transition of hydrogen's societal role—from a hazardous
chemical to a safe and manageable energy carrier.

INTRODUCTION

With the growing global demand for clean energy, hydrogen has emerged
as a promising energy carrier due to its zero carbon emissions, high energy
density, and broad applicability.” It plays a critical role in addressing climate
change, achieving carbon neutrality, enhancing energy security, and enabling
green industrial transformation, and is widely regarded as a cornerstone of
future energy systems.”* As of 2024, more than 130 countries have incorpo-
rated hydrogen into their national energy strategies,” and hydrogen develop-
ment has become a global consensus.”

Safety remains the fundamental prerequisite for the large-scale deploy-
ment of hydrogen energy.” Hydrogen is colorless and odorless, with an
extremely low ignition energy and a wide flammability range (4%—75%),
making it highly susceptible to ignition or explosion in the event of leakage.
Statistics indicate that among 576 recorded hydrogen-related incidents,
approximately 79% involved ignition following leakage, and nearly half
resulted in explosions.” Consequently, hydrogen leakage represents one of
the most frequent and hazardous causes of hydrogen-related accidents.'’ In
practical scenarios, weak points such as seals, valves, and pipelines are
susceptible to microcracks or seal failures. Such leaks are often difficult to
detect, with complex diffusion paths and poorly understood evolution, posing
significant challenges for safety management.'"'”

With the advancement of hydrogen systems toward miniaturization and
modularization, hydrogen leakage is increasingly characterized by low pres-
sure and low flow rates.”'* Unlike traditional high-pressure, large-flow leaks
that exhibit strong turbulence, unsteady behavior, and directional jets, ®'" low-
pressure hydrogen leakage displays multi-scale, non-stationary flow charac-
teristics."®'® In laminar regimes, hydrogen tends to diffuse along relatively
stable paths with limited mixing, promoting the formation of high-concentra-
tion zones.” If such regions reach flammable limits and encounter ignition
sources, severe explosions may occur. In contrast, turbulent mixing produces
more intermittent and spatially dispersed concentration fields, increasing the
uncertainty of hazardous regions.”’

A key feature of low-pressure hydrogen jets is the laminar—turbulent tran-
sition.”” The emergence of a transition point significantly alters the hydrogen

diffusion rate and direction, thereby reshaping the spatial concentration
distribution and the extent of the flammable region.”” However, existing stud-
ies primarily focus on overall jet morphology or turbulence development,”*®
while most leakage models rely on numerical simulations or empirical corre-
lations.”** Although the presence of transition points has been noted,”*
their formation mechanisms and spatiotemporal dynamics remain insuffi-
ciently characterized experimentally.

Present hydrogen detection methods are primarily based on traditional
sensors, which are point-based and often intrusive.”’” Their accuracy is
highly dependent on sensor placement, calibration, and response time,
making them inadequate for capturing the global behavior of a leaking gas
plume.** These limitations hinder effective identification of leakage paths
and the boundaries of flammable zones in complex environments.™

In this study, a non-intrusive visualization method based on the unique
physical and optical properties of hydrogen is proposed. No external tracers
or reactive agents are required, and real-time observation of hydrogen leak-
age behavior is enabled. The formation, spatial evolution, and fluctuation
characteristics of the transition point in low-pressure hydrogen jets are
systematically investigated. The transition point is identified as a key flow
structure, and its dominant influence on the resulting hydrogen concentra-
tion field is clarified. Based on these insights, a more comprehensive model
of hydrogen concentration distribution is constructed. This work is intended
to offer a novel perspective for understanding hydrogen dispersion under low-
pressure, low-flow conditions and to provide theoretical and technical
support for the safe design and risk management of future compact hydro-
gen energy systems.

MATERIALS AND METHODS

The experiment involved the visualization and detection of hydrogen leak-
age jets with varying initial flow rates and concentrations. As shown in Figure
STA, the setup includes a gas generation system, a Z-type high-speed
Schlieren system, and an image acquisition system. Detailed experimental
parameters are provided in Table S1. The gas generation system was used to
produce hydrogen jets at specified flow rates, while the Z-type high-speed
Schlieren system enabled high-frame-rate, high-resolution visualization of
the hydrogen leakage jets. In the image acquisition system, NI-9203 and NI-
9264 were used for signal input and output, with control handled via NI-DAQ.
A LabVIEW-based upper computer was used to remotely control the on/off
status of the gas circuit system and to display real-time and historical data
from pressure, temperature, and flow sensors.

To ensure experimental safety and isolate the physical dispersion behavior
of hydrogen, nitrogen was used as the background gas in all mixtures (20% to
100% vol.%) (Figure ST1C). The experiment was conducted outdoors. An
experimental setup with a top ventilation opening was constructed to ensure
safety during hydrogen-related tests. One side of the setup included a door to
allow for personnel and equipment access (Figure S1B).

For safety, the hydrogen jet pressure was remotely controlled using the
upper computer, and Schlieren images were captured remotely. A total of 81
experimental conditions were established, with flow rates ranging from 2 to
10 SLM and hydrogen volume fractions from 20% to 100%.

Detailed methods are included in the supplemental information.

RESULTS AND DISCUSSION
Multistage evolution characteristics of hydrogen leakage jets

The flow pattern evolutions of 100% concentration hydrogen leakage jets
(HLJ) under various outlet flow rates were explored by high-frequency (3000
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Figure 1. Time-resolved Schlieren images depicting different jet evolution modes (A) Visualization of time-domain images. (B) Jet tip position. (C) Axial propagation velocity.

(D) Transition point position.

fps) Schlieren imaging. Each condition was repeated five times indepen-
dently to ensure reproducibility, with a positional error of + 0.1 mm. Experi-
ments were conducted at an ambient temperature of 299.65K and light
breeze conditions (Beaufort scale 1), with enclosures and thermal barriers set
up to minimize external disturbances (Supplemental Figure ST, Supplemental
Table S1).

At the initial stage, the HLJ exhibited a cylindrical laminar jet structure. As
the flow developed, a transition to turbulence occurred at a certain height,
after which the jet gradually evolved into a conical turbulent region. Ulti-
mately, a dual-region structure formed, consisting of a cylindrical laminar
core and a conical turbulent front. Based on representative time-resolved
Schlieren image sequences (Figure TA; one frame selected every 30 images),
the jet evolution process can be divided into four distinct stages:

Stage I: Initial Jetting (red area)

Stage Il: Viscosity-Dominated Stable Laminar Flow (green area)

Stage Il Turbulent Diffusion Triggered by Transition (blue area)

Stage IV: Steady-State Laminar—Turbulent Coexistence Region (purple
area).

In Stage | (0.01-0.04 s), the leading edge of the jet exhibited a parabolic-
like expansion across all flow rates. Governed by outlet velocity, jet momen-
tum, and ambient conditions, the jets displayed a nearly uniform propagation
trend. No significant instabilities were observed at this stage.

During Stage II, the HLJ front remained smooth and symmetric, indicating
a flow field still dominated by viscous effects. Shear-layer disturbances were
weak, Reynolds numbers remained low, and no pronounced fluctuations were
observed. The diffusion rate varied with flow rate, resulting in distinct spread-
ing behaviors (Figure TA-C).

As time progressed, increasing velocity gradients within the shear layer

triggered Kelvin—Helmholtz (K—H) instabilities, marking the onset of Stage II.
This stage was characterized by the formation and subsequent breakdown of
primary vortices into vortex rings, generating axisymmetric distorted struc-
tures that appeared as "mushroom-shaped" features at the jet front. Vortex
energy accumulated along the axial direction, elevating local Reynolds
numbers to critical levels and causing the transition point to migrate down-
stream toward the nozzle (Figure TA&D). As the transition developed, the
turbulent region progressively engulfed portions of the upstream laminar
region. This process occurred rapidly, typically within three image frames.

Figure 1D reveals a strong negative correlation between the transition
onset time and its final steady-state position across different flow rates. At
higher flow rates, steeper velocity gradients in the shear layer accelerated
instability development, leading to earlier transition onset and transition
points located closer to the nozzle. Conversely, at lower flow rates, distur-
bances developed more gradually, resulting in delayed transitions occurring
farther downstream.

Notably, the migration of the transition point was not synchronized with the
overall jet front propagation. For Q= 5 SLM, the transition point exhibited a
clear downward shift within the observable region. However, under low flow
rate conditions (Q= 1, 2 SLM), the transition point remained outside the visi-
ble range, indicating limited turbulence development and predominantly lami-
nar jet behavior. Specifically, for Q= 9 SLM, a distinct transition occurred at
the jet tip (71 mm) at t = 0.08 s, followed by rapid migration upstream toward
the nozzle. This turbulent expansion decelerated the jet's axial growth (Figure
1B&D).

Ultimately, all high-flow HLJs developed a relatively steady dual-region
structure, comprising a turbulence-dominated front region characterized by
dominant vortices and a viscous laminar tail maintaining approximate
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Figure 2. Fluctuation characteristics of the laminar—turbulent boundary in HLJs (A) Time-resolved Schlieren grayscale images under Q = 2=10 SLM (C =100 vol.% hydrogen).
(B) Time series of dual-region boundary height Q = 2—10 SLM, C =100 vol.% hydrogen). (C) Time series of boundary height at Q = 2 SLM with C =20-100 vol.% hydrogen. (D)
Quantified fluctuation. (E) Time-resolved Schlieren grayscale images under Q =2 SLM with C =20-100 vol.% hydrogen.

symmetry. The formation of this structure marked the classical dual-region
pattern of shear-driven jets (Stage IV).

The transition from Stage Il to Stage IV was determined based on a
combined temporal—statistical-morphological criterion. Specifically, the flow
is considered to reach a quasi-steady state when: (i) the transition point
height h(t) shows no systematic drift over a time window of at least 0.01 s;
(i) the standard deviation of h(t), evaluated over a moving window, exhibits
convergence with relative variation within +5%; and (iii) the overall jet
morphology, characterized by a stable laminar core and turbulent front,
remains invariant without further large-scale structural evolution. The onset
of Stage IV is defined as the earliest time at which these conditions are
simultaneously satisfied.

To further assess the role of buoyancy, the Richardson number was esti-
mated as

R=g(p,—p)/p,-D/U @)

where g is the gravitational acceleration, p, and p, are the densities of ambi-
ent air and hydrogen, respectively, D is the nozzle diameter, and U is the jet
exit velocity.

Under the present experimental conditions (Q=2-10SLM, C=20-100
vol.% hydrogen), the calculated values of R, range from 10 to 107, indicat-
ing a momentum-dominated regime (R, < 1). Therefore, the transition
dynamics in the third and fourth stages are primarily governed by shear-layer
instabilities induced by velocity gradients, while buoyancy plays only a
secondary role.

Fluctuation characteristics of the laminar—turbulent boundary
After reaching a quasi-steady state, the laminar—turbulent boundary height

of the HLJ—that is, the transition point position—exhibited noticeable tempo-
ral fluctuations. The stability of this boundary was significantly influenced by
the jet's initial flow rate and hydrogen concentration.

Figure 2A&E present time-resolved Schlieren grayscale images under typi-
cal conditions:

Varying flow rates (Q=2-10 SLM, C=100 vol.% hydrogen), and

Varying concentrations (Q= 2 SLM, C=20—-100 vol.% hydrogen).

The results show that, under all tested conditions, HLJs developed a char-
acteristic dual-region structure, with coexisting laminar and turbulent flow
zones.

To quantify the fluctuation of the transition point, 1000 images were
captured at a frame rate of 3000 fps, and the transition point position was
extracted every 10 frames for time-series analysis. Each experimental condi-
tion was repeated five times independently, yielding an average relative error
of 3.2% and a reproducibility index (ICC) of 0.91.

Figure 2B&C show the time series of the transition point height under typi-
cal conditions (Q= 2-10 SLM, C=100 vol.% hydrogen; Q= 2 SLM, C=20-100
vol.% hydrogen).

Theoretically, the initial momentum flux of the jet can be approximated by

J= Lpusz @)

where p is the jet density, u is the outlet velocity distribution, and A is the
nozzle outlet area.

As the flow rate increases, both the jet exit velocity and momentum flux
rise, strengthening inertia-dominated behavior. In the shear layer, high-
momentum jets exhibit greater resistance to external disturbances. Specifi-
cally, enhanced shear stress accelerates the formation and stabilization of
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coherent vortical structures, which suppresses the growth of Kelvin—
Helmholtz (K—H) instabilities and consequently reduces fluctuations in the
transition point.

Additionally, higher flow rates increase the characteristic Reynolds number
(Re), promoting convective dominance in the flow, which contributes to a
more stable and well-defined turbulent region.

On the other hand, variations in gas concentration influence jet stability
indirectly via density gradients. Higher hydrogen concentrations reduce the
mixture density and increase the magnitude of Vp, which enhances buoy-
ancy-related perturbations within the shear layer. These effects promote the
growth of K—H instabilities, facilitate the penetration of turbulence into the
laminar region, and increase the temporal variability of the transition point
height.

To quantify the influence of flow rate and concentration on boundary
stability, the standard deviation of the transition point position is used as a
metric, and its variation with flow rate and concentration is presented in
Figure 2D. The experimental results show that for pure hydrogen leakage,
increasing the flow rate from 2 SLM to 10 SLM reduces the fluctuation ampli-
tude of the boundary by approximately 99.44%. In comparison, decreasing
the hydrogen concentration from 100 vol.% to 20 vol.% leads to a reduction of
about 87.08%. These results indicate that flow rate variations directly
suppress boundary disturbances by enhancing momentum transport,
whereas concentration effects act indirectly through density gradients and
therefore have a relatively weaker influence.

In summary, the steady-state fluctuation behavior of the HLJ boundary
reflects a competition between enhanced momentum flux and density-gradi-
ent-induced disturbances. High flow rates promote boundary stability, while
high hydrogen concentrations tend to increase fluctuations. The overall
stability of the HLJ flow field is therefore governed by the combined effects of
these two factors.

Transition point fluctuation analysis

Under low-pressure and low-flow conditions, the axial transition position of
pure hydrogen jets, denoted as h(t), exhibits significant non-stationary fluc-
tuations and shows high sensitivity to perturbations. Experimental observa-
tions reveal that these fluctuations are neither purely random walks nor
clearly periodic but instead represent a mean-reverting process that gradu-
ally returns to an equilibrium position after deviation.

This behavior arises from the interaction between shear-layer velocity
gradients and evolving turbulent structures. When the transition point devi-
ates from its equilibrium position h*, the instability of the shear layer
increases, generating a restoring tendency that drives the system back
toward equilibrium. This restoring force can be analogized to a linear elastic
force, with its intensity proportional to the displacement h'(t) = h(t)—hr,
expressed as:

Foc —yh (1) ®

Meanwhile, viscous dissipation from turbulence suppresses the growth of
this deviation, described by:

dh(t)

Fy o —pv, dt

)

Together, these mechanisms govern the transition point's fluctuation
dynamics,whichcanbeapproximatelymodeledasaone-dimensional Ornstein—
Uhlenbeck (OU) process:

dh (t) = —yh (t)dt + odW(t) )

where h'(t) denotes the fluctuation of the transition point position from its
mean value, y is the restoring coefficient representing the rate of return
toward equilibrium (a measure of system "rigidity” or stability strength), o is
the fluctuation amplitude (external disturbances), and dw(t) denotes a
Wiener process.

To validate the OU process assumption, transition point time series h(t)
were extracted from 81 experimental conditions, covering flow rates Q= 2-10
SLM and volume fractions C=20-100 vol.% H,. The transition point was
identified based on the geometric characteristics of iso-grayscale contours
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extracted from Schlieren images. A consistent grayscale threshold was used
to define the jet boundary. In the laminar region, contours remain nearly
parallel to the jet axis, whereas in the turbulent region, enhanced mixing
produces inclined contours with a distinct spreading angle. The transition
point is defined as the inflection point where the contour orientation changes
from near-vertical to inclined.

After detrending via moving average, the fluctuation components h'(t)
were obtained. Statistical tests including the Augmented Dickey—Fuller (ADF,
average p < 0.05) and KPSS tests (average p > 0.1) support stationarity. Auto-
correlation analyses show strong ACF/PACF correlation at lag 1 followed by
exponential decay. Power spectral density is concentrated in the low-
frequency range with no sharp peaks (Supplemental Figure S2, S3, S4). These

Biau3 uononouu| ay|

features are consistent with the mean-reverting behavior expected of an OU <

process. Furthermore, ARIMA fitting results showed all samples conforming
to an AR(1,0,0) model, further supporting the suitability of OU modeling.

Maximum likelihood estimation (MLE) was used to extract OU parameters
y and o under various flow rates and concentrations. Residuals passed
Ljung—Box tests for autocorrelation and Shapiro—Wilk tests for normality,
confirming the statistical robustness of the fitting.

Empirical mappings were then established between the OU model parame-
ters and experimental variables Q(flow rate) and C(concentration): (Figure
3A&B)

y~2.265-10°-Q"" -exp(—0.537 - C),

0~3.114.107.Q%% .exp(2.417-C) (6)

Here, the flow rate Q has been converted from standard liters per minute
(SLM) to cubic meters per second (m?/s).

The restoring coefficient y reflects the rate at which the transition point
returns to its equilibrium position and is closely related to the stability of the
shear layer. As the flow rate increases, both the jet exit velocity and the veloc-
ity gradient in the shear layer become larger, strengthening the self-recovery
mechanisms associated with shear-driven instabilities, thereby increasing y.
In contrast, increasing the hydrogen concentration reduces the mixture
density and enhances the density gradient relative to the ambient air. Due to
intensified mass diffusion and viscous dissipation, coherent shear-layer
structures are weakened, leading to a reduction in the effective restoring
strength and thus a decrease in y.

The fluctuation intensity o reflects the combined effects of disturbance
growth and dissipation. Higher flow rates generally suppress random fluctua-
tions, whereas concentration-dependent diffusion modulates their amplitude.
As aresult, o increases with increasing hydrogen concentration.

Model predictions across the full dataset yielded a root mean square error
(RMSE) of 13.81 and a mean absolute percentage error (MAPE) of 5.15% for
v, and RMSE of 3.51-10" and MAPE of 2.41% for o, indicating strong
explanatory capability both statistically and physically.

The explicit solution of the OU model is:

H(t) = h(0)e ™ + ofote’””’dW(s) @)

To further analyze the statistical behavior of the dual-region boundary
height, transition point heights were extracted under 81 experimental condi-
tions with flow rates Q= 2-10 SLM and volume fractions C=20—100 vol.%
hydrogen. Each condition was repeated five times, and the extraction error
was controlled within £0.7 mm. Results showed that all free jets exhibited a
typical dual-region structure with a near-nozzle laminar core and a far-field
turbulent front.

In turbulent shear layers, quantities such as structural noise and energy
spectra often scale with momentum flux via power laws. Unlike the fluctua-
tion intensity o, which characterizes the system’'s dynamic response to
perturbations, the mean transition height h* better reflects the global struc-
tural evolution of the jet. To quantitatively describe how h* varies with flow
rate and concentration, the following empirical model is proposed:

h*=H,+H-exp(—kq-Q)-exp(—k.-C) ®)

where H_ represents the minimum transition height under the high-flow, low-
concentration limit, reflecting the rapid onset of turbulence near the nozzle

J—
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due to intense shear, H denotes the additional elevation of the transition point
under low-flow, low-concentration conditions, k, and k. characterize the
effects of flow-induced instability and concentration-enhanced mass diffu-
sion, respectively.

Experimental results show that increasing flow rate Q enhances jet
momentum and shear-layer gradients, accelerating instability growth and
shifting the transition point closer to the nozzle, following an exponential
decay toward H... In contrast, increasing hydrogen concentration C enhances
mass diffusion and reduces effective shear, delaying instability onset and
elevating the mean transition height. Additional dissipation at high concen-
trations further suppresses disturbance growth.

The fitted empirical model is: (Figure 3C)

h*=2.699-10 " exp(—6.767-10"-Q) -exp(5.029-C) +2.277(R* = 0.986) (9)
with RMSE = 0.688 and MAPE = 4.53%.

Full-field concentration construction

Under the present low-pressure conditions, the Joule—=Thomson coeffi-
cient of hydrogen near ambient temperature is sufficiently small that the
associated temperature changes during expansion can be neglected. The
experiments were performed in a controlled environment, with adequate
separation between the light source and the test section, and no observable
thermal plumes or background distortions unrelated to the jet were identified
in the baseline images.

An image-processing-based  grayscale-to-concentration  conversion
program was developed to calibrate Schlieren images and reconstruct the
concentration field (Figure 4D) (Supplemental text). The resulting concentra-
tion contour map clearly demonstrates the rapid decay of jet concentration
from the high-concentration near-nozzle region to the downstream turbulent
mixing zone (Figure 4A-C). To minimize outlet-induced artifacts, the initial
concentration was calibrated at 5 pixels downstream of the nozzle exit. The
jet region was segmented based on grayscale gradients, followed by param-
eterization and fitting. Radial grayscale profiles at different axial locations
were extracted to reconstruct the corresponding concentration fields.

For the axial concentration distribution of the HLJ, the axial decay of
concentration in the near-field laminar region ( z < z,) can be derived based
on mass conservation. Considering a cylindrical control volume along the jet
centerline and neglecting axial diffusion, transport is advection-dominated,
with molecular diffusion prevailing while momentum and turbulent mixing
remain underdeveloped. Assuming constant axial velocity and a uniform
radial mass loss rate, the axial concentration gradient becomes constant,
leading to a linear decay in concentration (Figure 4E) (Supplemental Figure
Sh):

c(z) ~ ¢, —kz ~0.699 — 0.967 - z(R* ~ 0.965) (10)

where ¢, is the initial concentration and k is the decay coefficient in the lami-
nar region, implying ¢,(z) « z.

In the transitional region (z, <z < z,), the jet evolves from laminar to
turbulent as shear-layer instabilities generate large-scale vortices.

Although mixing is enhanced, the flow has not yet reached a fully devel-
oped self-similar turbulent state. Under these conditions, the axial concentra-
tion follows a convection—diffusion balance dominated by radial mixing,
resulting in a power-law decay:

c(2) ®mz =~ 0.074z ***(R* ~ 0.979) amn

indicating c¢,,(z) e z %2, where m is the initial decay rate and a is the
intensity scale.

When the jet extends beyond approximately 7d axially, it fully transitions
into a developed turbulent state with self-similar structure (z > z,). Based on
momentum conservation [, pu’rdr= const and self-similarity theory, the
concentration decays as:

C.(2) =Nz = 9.375x107° .z (R* ~ 0.998) (12)

Confirming the behavior of a classical turbulent free jet, consistent with
While the axial concentration profile describes the longitudinal dilution

behavior, the radial distribution is used to characterize the transverse spread-
ing of the jet. From the axisymmetric incompressible jet mass conservation

equation:
Jdc  dc  dc (1 d (ac) 820)
= tUs=+v=-=D r + ==
2z

or =P\rarar

assuming quasi-steady state (dc/dt ~ 0) and negligible axial diffusion, the
system is dominated by radial diffusion. Assuming a self-similar form of the
concentration field:

(13)

C(rvz):CZ'f(n):n:r/O-z(Z) (14)
the radial concentration intensity is defined as:
Az) = ZTTJ:C(I’,Z) -rdr (15)

rac
or

=0, the axial derivative simplifies to

0

Under the boundary condition
dA aocl” ) . . . .
EZQTID 5 =0. However, in reality, due to irreversible mixing and
vortex transport, the effective mixing area expands, and A(z) increases.
Experimental observations lead to a segmented evolution model:

A+ K, z z<z,
A(Z)—{ o+ Ka <

(16)

A.—AA-exp(—k.(z—2z,)) Z> 2,
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Figure 4. Reconstruction of the full-field concentration distribution (A) Grayscale difference contour map for 2 SLM and 70 vol.% case, along with radial grayscale difference
profiles at different axial positions. (B) Radial concentration profiles. (C) Reconstructed concentration contour map. (D) Schematic of grayscale-to-concentration conversion. (E)
Axial concentration distribution. (F) Radial concentration intensity. (G) Two-region jet structure. (H) Radial diffusion width.

where A, is the initial intensity, k., is the laminar growth slope, z,is the transi-

tion height, A, = A, +k, -z, is the intensity at the transition, AA=A_—A, is

the turbulent mixing gain, and A_ is the saturation value.
Je(r,z)rdr

The radial diffusion width is defined as g2(7) = Jo_ ,also exhibit-
, : Iy c(r,z)rdr
ing a two-stage growth:
0.(2) = Oy +Kqoz z<z, (7)
o tka(z—2)  z>2,
The radial distribution follows a Gaussian profile:
A(2) < r )
c(z,r)=——exp| —=—— 18
@0 0.(2)V2n P\ 20 1
In the laminar region (Figure 4F):
A(z) =28.709z+1.011(R* ~ 0.994) (19)

indicating dominant axial transport and limited radial dilution (Figure 4H).

0,(z) = 15.823z+0.587, (R* ~ 0.990) (20)

The laminar region shows weak diffusion due to undeveloped shear insta-
bilities. After transitioning, both A(z) and o,(z) exhibit slope discontinuities:

A(z) =2.181-0.911 -exp(—91.103(z—z,)) (R* ~ 0.994) @1)

0,(z) = 99.664z — 0.407 (R ~ 0.999) (22)

indicating vortex-induced enhancement of radial momentum and mass
diffusion. As the turbulent jet enters a quasi-self-similar regime, axial decay
and radial diffusion reach dynamic balance, and both A(z) and o,(z) stabilize.
Error analysis yields RMSE = 0.0182 and MAPE = 0.87% for A(z), and RMSE =
0.0505 and MAPE = 1.90% for o,(z).

The transition point height plays a decisive role in determining the concen-
tration morphology and diffusion structure in HLJs. In real jets, the transition
position is not fixed but fluctuates significantly, especially in the near field,
reflecting the statistical nature of local instabilities and boundary layer devel-
opment. Therefore, this work introduces an OU process to dynamically model
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the transition height h(t):

dh(t) = y(h" — h)dt + odW(t) (23)

Based on this, a time-coupled 3D concentration field model is constructed:

A(z,1) . B r
oz<z,r>m”xp( 2o§<z,r>)

To more accurately reflect the influence mechanism of transition fluctua-
tions in the actual concentration field, supplementary experimental analyses
were conducted under representative conditions (Q= 2 SLM at 80%, 90%, and
100% vol., as well as 3, 4, and 5 SLM at 100% vol.) (Supplemental Figure S6,
Supplemental Table S2, S3, S4). The results show that under all conditions,
the axial concentration exhibits an approximately linear decay in the laminar
region, with a consistent linear slope of 1.00 + 0.20. In the transition region,
the concentration decay still follows a power-law relationship, with the power
exponent a stabilized in the range of -0.50 + 0.025.

The length of the transition region depends on the local Reynolds number
and disturbance propagation distance and follows an inverse power-law rela-
tionship with the transition height:

Li(e.q) =Ls- (h(hc()ci)>

where L, is the reference transition length, h® is the baseline transition
height, and a is an empirical exponent, found to be approximately a ~ 0.7. In
the turbulent region, the axial concentration decays approximately as an
inverse first power, with exponent stabilized at -1.00.

Under varying experimental conditions, the radial concentration integral
intensity A(z) exhibits a consistent segmented evolution behavior. In the
laminar region, A(z) increases linearly and is expressed as:

(24)

c(zrt)=

(25)

A(2) = koz + Ao,k = 38.15¢ (26)

In the turbulent region, A(z) = A. — AA-exp(—k,(z—z,)). Higher concen-
trations and lower flow rates lead to larger values of both AA and A., and
smaller values of k,,.

The corresponding diffusion scale o,(z) also shows a piecewise linear
growth. In the laminar region:

0,(2) =kgyz+ 0, (27)

with k, nearly constant.
In the turbulent region:

0,(2) =kn(z—2z,) + 0O, (28)

where k,, ~ 134.20c

Overall, the experimental results are in strong agreement with the proposed
segmented concentration model in both axial and radial directions, with
discrepancies remaining within acceptable limits. These findings confirm the
reliability and applicability of the proposed modeling framework.

CONCLUSION

In this study, hydrogen leakage phenomena under low-pressure and low-
flow conditions were investigated through high-resolution flow visualization.
The multi-stage evolution, laminar—turbulent transition mechanisms, and
fluctuation dynamics of the transition point were systematically character-
ized. A flow structure specific to low-pressure, low-flow hydrogen leakage
jets was identified, and the competing effects of flow rate and concentration
on flow stability were quantitatively assessed.

It was demonstrated that the transition point exhibits statistically station-
ary, mean-reverting fluctuations, which were well described by an
Ornstein—Uhlenbeck process. The typical fluctuation amplitude of the transi-
tion height was found to decrease by approximately 99.4% as the flow rate
increased from 2 to 10 SLM, while a reduction of concentration from 100 to
20 vol.% led to an 87.1% decrease in boundary fluctuation intensity. The
restoring coefficient increased monotonically with flow rate, whereas the
fluctuation amplitude decreased with both increasing flow rate and concen-
tration, indicating enhanced shear-induced stabilization and viscous dissipa-

tion at higher operating conditions.

Based on the spatial location and temporal fluctuation behavior of the tran-
sition point, the full-field concentration distribution was reconstructed. Quan-
titatively, the axial centerline concentration in the laminar region was shown
to decay approximately linearly, with a characteristic slope on the order of -
1.00 + 0.20. In the transitional region, the concentration followed a power-law
decay with a scaling exponent of -0.50 + 0.025, while in the fully turbulent
region the decay approached the classical turbulent jet scaling of -1.00. The
radial integral concentration intensity exhibited a segmented evolution,
increasing linearly in the laminar region and approaching exponential satura-
tion in the turbulent regime, whereas the diffusion scale grew in a piecewise
linear manner, with a significantly larger growth rate after transition.

These findings offer new experimental insights into the flow dynamics and
mixing behavior of hydrogen under low-pressure, low-flow conditions. They
also provide a theoretical foundation for the development of hydrogen leak
detection technologies, risk assessment methodologies, and inherently safe
system designs.
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