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ABSTRACT  
High-pressure GH2 systems are of interest for storage and distribution of hydrogen. The dynamic 
blow-down process of a high-pressure GH2 reservoir in case of a small leak is a complex process 
involving a chain of distinct flow regimes and gas states which needs to be understood for safety 
investigations. 

This paper presents models to predict the hydrogen concentration and velocity field in the vicinity of a 
postulated small leak. An isentropic expansion model with a real gas equation of state for normal 
hydrogen is used to calculate the time dependent gas state in the reservoir and at the leak position. The 
subsequent gas expansion to 0.1 MPa is predicted with a zero-dimensional model. The gas conditions 
after expansion serve as input to a newly developed integral model for a round free turbulent H2-jet 
into ambient air. The model chain was evaluated by jet experiments with sonic hydrogen releases from 
different reservoir pressures and temperatures.  

Predictions are made for the blow-down of hydrogen reservoirs with 10, 30 and 100 MPa initial 
pressure. The evolution of the pressure in the reservoir and of the H2 mass flux at the orifice are 
presented in dimensionless form, which allows scaling to other system dimensions and initial gas 
conditions. Computed hydrogen concentrations and masses in the jet are given for the 100 MPa case. 
A normalized hydrogen concentration field in the free jet is presented which allows for a given leak 
scenario the prediction of the axial and radial range of burnable H2-air mixtures. 
 

1. INTRODUCTION 
In a future hydrogen economy, hydrogen will be generated from a variety of primary energy sources 
like e.g. solar, wind, water and nuclear fission. Hydrogen will serve as the secondary energy carrier 
which needs to be stored and distributed according to time and space dependent energy demands from 
industry, commerce, house holds, the transportation sector and others. For all gaseous storage and 
distribution systems a high hydrogen pressure is attractive because this increases the energy density 
and energy transport capacity. 

The risk assessment for such high pressure GH2 system must address the consequences of unintended 
leak scenarios which require an understanding of the hydrogen distribution and mixing processes with 
air. This paper investigates important safety parameters of unignited jets from a small leak, namely 
axial and radial range of burnable H2 – air mixtures, total burnable volume, burnable mass, and range 
of mixtures with flame acceleration potential. These jet properties can be used to define safety 
distances and appropriate risk reduction measures. 

2. DESCRIPTION OF NUMERICAL MODELS 
The dynamic blow-down process of a high-pressure GH2 reservoir in case of a small leak involves a 
sequence of distinct flow regimes and gas states as shown in Fig. 1.  

Phase 1: Release of high pressure hydrogen from a reservoir through a postulated small leak; 

Phase 2: Adiabatic expansion to atmospheric pressure; 
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Phase 3: Free turbulent H2-jet into ambient air from the virtual jet origin. 
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Fig. 1: Sequence of flow regimes in the dynamic blow-down process 
of a high-pressure GH2 reservoir in case of a small leak. 

2.1 Discharge from a high pressure reservoir 

The analysis of the hydrogen discharge from a high pressure reservoir requires a real gas equation of 
state for correct modeling of the thermodynamics. 

2.1.1 Hydrogen Real Gas Equation of State 

Modern equations of state[1,2] are often formulated using the Helmholtz energy as the fundamental 
property with independent variables of temperature and density, 

( ) ( ) ( )0, , , ,rT T Tα ρ α ρ α ρ= +  (1) 

where α(T, ρ) is the Helmholtz energy, α0(T, ρ) is the ideal gas contribution to the Helmholtz energy, 
and ar(T, ρ) is the residual Helmholtz energy which corresponds to the influence of intermolecular 
forces.  Thermodynamics properties can be calculated as derivatives of the Helmholtz energy. In 
practical applications, the functional form is explicit in the dimensionless Helmholtz energy, a, using 
independent variables of dimensionless density and temperature.  The form of this equation is 

( ) ( ) ( ) ( )0,
, , , ,rT

RT
α ρ

α τ δ α τ δ α τ δ= = +
 

(2) 

where τ =Tc/T is the inverse reduced temperature, Tc is the critical temperature, δ =ρ/ρc is the reduced 
density, and ρc is the critical density. 

The ideal gas Helmholtz energy is represented in the computational convenient parameterized form 

( ) ( )0
1 2

3

, ln 1.5 ln ln 1 exp ,
N

k k
k

a a a bα τ δ δ τ τ τ
=

= + + + + −⎡ ⎤⎣ ⎦∑
 

(3) 

and the residual contribution to the Helmholtz free energy takes the form 

( ) ( ) ( ) ( )2 2

1 1 1

, exp exp ,i i i i i i i

l m n
d t d t p d tr

i i i i i i i
i i l i m

N N N Dα τ δ δ τ δ τ δ δ τ ϕ δ β τ γ
= = + = +

⎡ ⎤= + − + + − + −⎣ ⎦∑ ∑ ∑
 

(4) 

where the parameters and coefficients for parahydrogen and normal hydrogen are given by Leachman 
[1,2]. The advantage of this new explicit formulation of the Helmholtz free energy is that the various 
properties, such as the pressure, compressibility factor (Fig. 2), enthalpy, entropy, speed of sound (Fig. 
3), internal energy, Gibbs energy and isochoric heat capacity, can be calculated from partial 
derivatives. 
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2.1.2 Discharge Analysis of a High Pressure Reservoir 

We can write the macroscopic mechanical energy balance for a frictionless reversible adiabatic system 
(an isentropic process) as the Bernoulli equation [3] 

2

0.
2

dv dp
ρ

+ =∫ ∫
 

(5) 

The upsteam reservoir variables, where the velocity is often assumed zero at location “r”, at any 
instant are considered in a quasi-steady-state and as such, the velocity at a downstream exit location 
“e” can be expressed in terms of the integral along a streamline in Eq. (5) outside the boundary layer 
flow to yield 
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(6) 

At this exit location “e”, the discharge mass flux is then 

.e e eG vρ=  
(7) 

The task is to find the maximum of this function, that is, to find the pressure, Pe, so that the mass flux 
is maximum, which is the definition of the classical critical flow or choked condition. Should the 
maximum occur at the lowest pressure in the system, the flow is considered subcritical.  In either case, 
the correct flow condition must be determined before the discharge dynamics can be computed by 

[ ]0 ,r
D e

dVol C A G
dt
ρ

− = ⋅ ⋅MAX
 

(8) 

where Vol is the reservoir volume, A0 is the break area and CD is the discharge coefficient. 

Using the equation of state from the previous section, a table of densities and pressures can be 
computed along an isentropic line from the stagnation conditions to the ambient pressure. With this 
table, Eq. 6 can be numerically integrated for each paired pressure and density in the table for 
successively decreasing pressures.  The maximum mass fluxes from Eq. 6 are then determined for 
each of the paired tabular pressure and densities.  With the completed table, Eq.8 is solved with any 
ordinary differential equation solver where the pressure, density, mass flux table is interpolated for 
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Fig. 2: Calculated compressibility factor with 
Leachman’s NIST hydrogen equation of state. 

Fig. 3: Calculated sound speed with Leachman’s 
NIST hydrogen equation of state. 
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intermediate values. The numerical integration of Eq. 8 continues until the reservoir pressure equals 
the ambient value. 

2.2 Adiabatic expansion 

There are several investigations addressing the expansion from the actual nozzle to the virtual nozzle 
where the pressure becomes equal to the ambient pressure. Birch[4,5] studied underexpanded natural gas 
jets from a convergent nozzle and developed a model to calculate the parameters at the “pseudo-
diameter”. Schefer’s approach[6] to study the high pressure, underexpanded hydrogen jet is entirely 
analogous to that of Birch in which only the conservation of mass and momentum are used to develop 
an expression for the notional nozzle diameter. In this approach the energy equation is not solved, and 
the temperature at the virtual nozzle Tv is taken as the stagnant temperature Tr. Yuceil[7] conducted an 
analysis similar to Birch to establish the exit parameters of the virtual nozzle. In order to determine the 
temperature Tv and density ρv at the virtual nozzle the energy equation was solved. In Yuceil’s model, 
the discharge coefficient of the nozzle was assumed to be unity and the ideal gas equation of state was 
used at the actual and the virtual nozzle. 

In our notional expansion model, the compressibility factor at the actual and the virtual nozzle was 
considered, and the energy equation was solved to obtain the temperature at the virtual nozzle. It is 
assumed that there is no mass flux through the boundary of the jet in the expansion process, and that 
the notional expansion process is adiabatic. Then a set of equations connecting the gas state at the 
actual exit nozzle “e” to the virtual jet origin “v” can be formulated from the basic conservation laws: 

2 2

2 2 2 2 2 2

2 2

( / 4) ( / 4)
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2 2
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ρ ρ

⎧ =
⎪
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⎪
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⎪
⎪

=⎪
⎩  

(9) 

where Ze is the compressibility factor at the actual orifice. Pv, Tv, ρv, vv, Dv, CPv and Zv are the pressure, 
temperature, density, velocity, diameter, specific heat capacity and compressibility factor at the virtual 
nozzle, respectively. The Mach number at the actual nozzle exit Me is defined as: 

,e
e

e

vM
c

=
 

(10)

where ce is the local sound speed: 

.e
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(11)

Solving the conservation equations (9) yields: 
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where w =Pe/Pv=Pe/Pa is the ratio of pressures at the actual nozzle and the virtual nozzle, and γ is the 
specific heat ratio of the gas. When the compressibility factors, Ze, Zv, are equal to one, Eq. 12 is 
identical to Yuceil’s model. However, for the high gas pressures of interest here, real gas effects need 
to be taken into account (Fig. 2). 

The gas expands to the ambient pressure at the virtual nozzle. It should be noted that the notional 
expansion does not exist in the physical sense. Experiments and numerical simulations[14] have shown 
that a very complicated flow structure exists in the expansion region close to the nozzle. The aim of 
the present study is not the resolution of this expansion region, but rather the engineering model for the 
far-field downstream of the exit nozzle. Eq.12 provides a consistent link between the discharge model 
(Section 2.1) and the integral jet model (Section 2.3) in the sense that all three sub-models only rely on 
mass, energy and momentum conservation. The gas state of the virtual origin derived by Eq.12 is not 
necessarily equal to that of Birch’s “pseudo-diameter”[4,5] where the temperature restores to the 
stagnation temperature in the reservoir. Lower temperature and higher speed will be obtained at the jet 
virtual origin with Eq.12, and the location of this virtual origin is closer to the actual orifice than 
Birch’s “pseudo-diameter”. In the integral model’s calculation, very rapid velocity decay and 
temperature recovery will be seen in the near field (seen in Section 3) which is consistent with Birch’s 
observations. The results of this adiabatic expansion model serve as input to an integral model for a 
round free turbulent H2-jet into ambient air. 

2.3 Integral model for round turbulent jet 

An integral model has been developed for the description of horizontal buoyant jets with arbitrary 
density differences between the jet and the ambient. This non-Boussinesq model can also be used for 
momentum dominated flows. This section outlines the model assumptions and governing equations. 

The jet formed from a round orifice discharges into the unbounded stagnant uniform ambient, as 
shown in Fig. 4. The density of the ambient atmosphere is ρa. The axis of the jet is taken as a 
parametrical coordinate s, and the coordinate n is taken to be normal to the axis s. θ is the angle of the 
s-axis with the horizontal direction. The initial density, velocity, and radius in the orifice are ρv, uv, rv. 
The density and velocity along the s-axis are ρs , us. 

The general assumptions made for the integral model are as follows: 

1) The flow is fully turbulent which means there is no Reynolds number dependence. 
2) The pressure across the flow is assumed to be uniform and equal to the ambient pressure outside of 
the flow boundary. 
3) The longitudinal turbulent transport is small compared with latitudinal convective transport. 
4) The radial velocity, concentration and temperature deficiency profiles are assumed to have Gaussian 
distribution: 

 

Fig. 4: Horizontal buoyant jet discharge from a round orifice into the unstratified ambient. 

ss
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2 2/ ,r b
su u e−=  

(13) 

where b is a characteristic radial distance from the s-axis.  

The density profile with respect to the ambient density ρa is assumed to be of Gaussian shape: 

2 2/( ) ,r ba a s

a a

e λρ ρ ρ ρ
ρ ρ

−⎛ ⎞− −
= ⎜ ⎟
⎝ ⎠  

(14) 

where λb is the characteristic length of the profiles; λ2 is the turbulent Schmidt number. In this study λ 
is taken as 1.2.  

The temperature profile is also assumed to have a Gaussian distribution: 

2 2/( ) .r ba a s

a a

T T T T e
T T

λ−⎛ ⎞− −
= ⎜ ⎟
⎝ ⎠  

(15) 

5) The entrainment relation for the round jet is given by the equation: 

2 2 .m a e j p a sE b u b uπ ρ πβ ρ−= =  
(16) 

where Em is the local mass entrainment rate, ue is the local entrainment velocity, us is the characteristic 
velocity along the s-axis, ρs is the local density along the s-axis, ρa is the ambient density, and βj-p is 
the local mass entrainment coefficient. The local entrainment coefficient for the round jet is assumed 
as [8,9]:  

12
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(17) 

where βj  = 0.055 for the pure jets and βp = 0.085 for the pure plume. We should note that the value of 
βj was obtained from low velocity flows. For flows with high velocity, βj may vary. Rij-p is the local 
Richardson number defined as [8]: 

1/ 2

5/ 4 ,j p
mRi
mo
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− =
 

(18)

where the mass flux m is 
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the momentum flux, mo, is 
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mo u rdrd u b
π ρ π πλ ρϕ
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(20) 

and the local buoyancy flux φ  is 

22 2
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a s
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∫ ∫  (21) 

where Rip is the Richardson number in the pure plume region defined as: 

( )
4.5 0.5

2

2
.

5 1
p

pRi
π β
λ

=
+

 

(22) 
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 The basic governing equations neglecting the dissipation and turbulent transport in comparison with 
the mean flow consist of mass, momentum, energy and concentration conservation equations: 
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(23) 

where h is the sensible enthalpy, Фm is the mass concentration, and Δρ is the density difference of the 
ambient and the virtual jet orifice. 

When the divergence theorem is applied, the basic governing equations become: 
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(24)

A system of first order ordinary differential equations is thus obtained after the integration of Eq. 24, 
where the seven unknowns are the density ρs, velocity us, temperature Ts along the trajectory, the  
characteristic jet width b, the local angle of the jet with respect to the horizontal axis θ, and the local 
coordinates of the jet trajectory x, y. With initial conditions, the system of ordinary differential 
equations was solved with a 4th order Runga-Kutta method to obtain the buoyant jet trajectory, the 
velocity, the density, the temperature and the concentration. 

3. MODEL VALIDATIONS  

The chain of models includes the isentropic discharge model, the adiabatic expansion model to 0.1 
MPa and the non-Boussinesq integral model. Results of these models were compared to jet 
experiments carried out in a special FZK facility. Hydrogen was released with the steady mass flux of 
3.3 g/s from orifices with diameters of 1 mm and 2 mm. Four experiments with various initial 
pressures and temperatures were analyzed (Table 1). The gas state in the reservoir is given in columns 
2 to 4. The pressure Pr is the theoretical pressure which is calculated by the model in Section 2.1 to 
obtain a mass flow rate of 3.3 g/s. The results of the discharge and the adiabatic expansion model are 
shown in Table 1 for the actual orifice and the virtual jet origin. The parameters at the virtual jet origin 
served as input for the integral model. The experiments were performed under steady state conditions 
with sonic flow velocity at the nozzle.  

Fig. 5 compares measured and calculated hydrogen concentration decays for the four test cases, using 
the orifice diameter D0 as scaling parameter for the distance S from the orifice. All experimental data 
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and the calculated results of the integral model collapse when the scaling of the distance includes the 
ratio of the density in the reservoir ρr and the ambient atmosphere ρa, according to 

0 / ,eq r aD D ρ ρ=  
(25) 

where Deq is the scaled orifice diameter (Fig. 6). Note that this scaling also covers the significant 
temperature variation in the initial jet conditions (80 K and 298 K). 

Fig. 7 compares measured and predicted velocity along the jet trajectory, Us. The velocity decelerates 
rapidly in the near field due to the air entrainment into the jet. At the distance S/D0  = 300, the velocity 
has decreased to about 1% of the initial velocity and the volume fraction of hydrogen in the jet center 
is about 12.5%. This indicates that the jet is well mixed and buoyancy has little effect on the flow in 
the low velocity region. Fig. 8 compares PIV measured radial velocity profiles with predictions of the 
integral model for case 1 in Table 1. The profiles correspond to axial distances S/D0 = 580, 300, 150, 
100, 75, 50 and 25 (top to bottom in the legend). The very good agreement supports the assumption of 
Gaussian distributions in the integral model. Fig. 9 and Fig.10 demonstrate the rapid density and 
temperature recovery to the ambient conditions due to the air entrainment for the four cases specified 
in Table. 1. 

It should be noted that in these cases the entrainment coefficient βj was slightly increased from 0.055 
to 0.070 in the integral model to achieve the best agreement with the experimental data. The value of 
βj = 0.055 was obtained from experiments with low velocities and small density ratios[8,9]. It seems 
reasonable that higher velocity and turbulent intensity will induce a stronger mass entrainment. The 
non-Boussinesq integral model was also compared to literature data for slow pure jets (air into air) and 
for slow weakly buoyant jets (N2 into air). Excellent agreement was found with βj = 0.070, which 
confirms the predictive capabilities of the developed non-Boussinesq integral model. 

Table 1. Reservoir conditions of the under-expanded hydrogen jet experiments and computed gas 
states for the actual orifice and the virtual jet origin after expansion to 0.1 MPa. 

Reservoir Actual orifice Virtual jet origin 
Cases 

Pr 
(MPa) 

Tr 
(K) 

rρ  
(kg/m3) 

D0 
(mm) 

Pe 
(MPa) 

Te 
(K) 

eρ  
(kg/m3) 

ve 
(m/s) 

Dv 
(mm) 

vρ  
(kg/m3) 

Tv 
(K) 

vv 
(m/s) 

1 1.7 298 1.369 2 0.89 246.8 0.869 1208.9 3.76 0.151 163.3 1969.2 

2 6.85 298 5.354 1 3.552 246.1 3.42 1231.4 3.52 0.163 152.8 2080.4 

3 0.825 80 2.527 2 0.4 60.1 1.641 640.4 2.75 0.566 43.6 979.8 

4 3.2 80 10.019 1 1.513 59.5 6.603 637.8 2.44 0.669 38.1 1060.2 

 

4. BLOW-DOWN OF A HIGH-PRESSURE H2 GAS RESERVOIR 
In this section the above described models for the flow conditions at the break location, the notional jet 
expansion to 0.1 MPa and the round free jet into ambient atmosphere are applied to the simulation of a 
small leak in a high-pressure GH2 system. 

The selected system dimensions are a pipe length of 1000 m, a pipe diameter of 10 cm and a leak 
diameter of 1 cm. The total system volume is 7.8 m3. The initial temperature is 300 K and three 
different initial pressures are analyzed: 10, 30 and 100 MPa. Fig. 11 shows the assumed isentropic 
expansion path for these cases, based on the above described real-gas equation of state. Two-phase 
conditions are not encountered. The methodology described in Section 2.1 leads to the mass fluxes 
shown in Fig. 12. The dimensionless time t+, mass flux G+, and pressure P+ are defined as 
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Fig. 5: Measured and calculated H2 concentration 
decay along the jet axis. 

Fig. 6: H2 concentration decay along the jet 
trajectory (scaled by Deq). 
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Fig. 8: Comparison of measured and calculated 
radial velocity profiles (case 1 in Table 1). 
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Fig. 9:  Temperature recovery along the jet 
trajectory. 

Fig. 10:   Density recovery along the jet 
trajectory. 
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where the characteristic quantities are:  

0  
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Volt
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=
×  

(29) 

and 
.char r rG cρ= ×  

(30) 

Here Vol is the reservoir volume, A0 is the break area and cr is the initial sound speed in the reservoir. 

This scaling provides a close agreement of the three analyzed initial pressures. Fig. 12 allows scaling 
of the computed discharge mass fluxes to high-pressure systems with other volumes, break areas, 
initial pressures and initial temperatures for t+ up to about 5. Fig. 13 demonstrates that the used scaling 
is not appropriate for t+ >5. The stars in Fig. 13 represent the times where the pressure ratio falls below 
1.9 and the flow becomes sub-critical. Fig. 14 shows the dimensionless pressure decay in the tank 
during the discharge. Using Eq. 26 this plot allows the estimation of the pressure decay in other high 
pressure GH2 systems. Note that the value t+ =5 mentioned above, corresponds to a very low remaining 
pressure. Table 2 summarizes the initial conditions and resulting discharge times for the present 
reservoir problem. Table 3 presents detailed results for the 100 MPa case. The gas conditions in the 
reservoir and at the leak position are given for five time points (10 s, 50 s, 100 s, 200 s, 400 s) after 
begin of the discharge. 

Table 2: Initial conditions and resulting calculated discharge times  
for the three different initial pressures in the GH2 reservoir. 

Initial pressure 
(MPa) 

Initial density 
(kg/m3) 

Initial sound speed 
(m/s) 

Discharge time 
(s) 

10 7.625 1404 593 
30 20.426 1581 775 

100 49.234 2142 985 
 

Table 3: Computed gas states for the 100 MPa hydrogen blowdown  
for five different times after begin of the discharge. 

 
The third part of Table 3 shows the results of the notional adiabatic expansion model described in 
Section 2.2. These gas states serve as input to the integral free jet model described in Section 2.3. 

Reservoir Actual orifice Virtual jet origin Time 
(s) Pr 

(MPa) 
Tr 

(K) 
ρr 

(kg/m3) 
De 

(mm) 
Pe 

(MPa 
Te 
(K) 

ρe 
(kg/m3) 

ve 
(m/s) 

Dv 
(mm) 

Tv 
(K) 

ρv 
(kg/m3) 

vv 
(m/s) 

10 78.84 280.8 44.23 10 36.15 224.6 30.24 1511.3 99.3 136.6 0.180 2580.9 

50 37.06 226.3 30.63 10 17.59 180.7 20.54 1233.4 73.5 110.1 0.223 2103.7 

100 18.36 183.2 21.03 10 8.87 145.0 13.90 1043.5 54.3 88.8 0.277 1775.6 

200 6.35 129.5 11.44 10 3.09 100.0 7.49 832.9 33.6 62.3 0.394 1404.7 

400 1.31 72.0 4.54 10 0.64 54.1 2.99 598.7 16.8 36.9 0.666 956.4 
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The integral model for a round free jet predicts the velocity, temperature and hydrogen concentration 
field downstream from the virtual jet origin. For safety investigations the hydrogen distribution in the 
jet is of main interest. Fig. 15 displays the computed hydrogen contours (4 to 75 vol % H2 in air). A 
horizontal release direction was assumed in the calculation. 

The maximum axial distance of burnable H2-air mixtures (> 4 vol % H2) falls from about 64 m at 10 s 
to about 17 m at 400 s and the corresponding maximum jet radius decreases from 7.2 to 2 m. All 
concentration contours in Fig. 15 are self-similar with a ratio of maximum radial to maximum axial 
distance of 0.111. The burnable volumes of H2-air mixture at the five times are 651 m3, 359 m3, 200 
m3, 80 m3 and 22 m3, respectively. The corresponding hydrogen masses in the burnable part of the jet 
are 3.3, 1.8, 1.0, 0.4, and 0.1 kg. The horizontally oriented jet is purely momentum dominated which 
means there is no visible effect of buoyancy on the horizontal jet trajectory. The depicted hydrogen 
concentration field is therefore independent of the release direction. 

Fig. 15 demonstrates that in round unignited jets from high pressure systems with sonic outflow into a 
free environment, the air entrainment is sufficient to dilute the released hydrogen down to unburnable 
mixtures within the jet flow field. No plume with burnable mixtures will remain further downstream; 
an additional combustion risk in the far field is excluded. The space region with hydrogen 
concentrations above 10 vol % is of special interest because ignition in this region leads to a stable 
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Fig. 11: Isentropic expansion processes for 
high-pressure hydrogen discharge cases. 

Fig. 12: Calculated dimensionless hydrogen mass 
flux for the three investigated discharge cases. 
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Fig. 13: Calculated dimensionless hydrogen mass 
flux and the sonic-subsonic transition. 

 

Fig. 14: Calculated dimensionless pressure in the 
tank for the three investigated discharge cases. 
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turbulent diffusion flame which propagates back towards to the hydrogen leak. Ignitions at lower 
concentrations only lead to a transient local burn which is convected downstream and quenches in 
regions with less than 4 vol% H2

[15]. 

It is well known that for the momentum dominated subsonic incompressible turbulent free jets the 
concentration decay along the jet centerline complies with a hyperbolic law[11]: 

0.5

0

0

,a
s

r

KDC
S S

ρ
ρ

⎛ ⎞
= ⎜ ⎟+ ⎝ ⎠

 (31) 

where Cs is the centerline concentration, K is the slope which gives the decay constant, and S0 is the 
virtual origin displacement. 

Birch’s study[4,5] has shown that this concentration decay law can be applied to underexpanded jets 
with choked-flow releases. In Houf and Schefer’s work[12], Eq. 31 was also used to calculate the 
concentration decay of high pressure supercritical choked-flow releases of hydrogen. 

The integral jet model described in Section 2.3 and the FZK experimental data give the following 
relation for the normalized centerline concentration decay of the hydrogen jet, as shown in Fig. 6: 

2,H
0

37.6 .eq
s

D
C

S S
≈

+  
(32) 

The normalized diameter Deq is defined as: 

0.5

0 .r
eq

a

D D ρ
ρ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 (33) 

The virtual origin displacement S0 will be further discussed in Section 5. If we take S0 = 30D0, the 
following non-dimensional axial distances, S, from the nozzle are obtained for 

- the lower flammability limit: 

( )24%H 975 ,eqS D=  (34) 

- the region of  stable ignition:   

( )210%H 378 ,eqS D=  (35) 

- the upper flammability limit: 

( )275%H 34 .eqS D=  (36) 
The axial distances in Fig. 15 for the 4%, 10% and 75% H2 contours agree well with these correlations. 
Eqs. (33-36) can be applied to other free round high-pressure jets to estimate the axial range of 
burnable mixtures. The corresponding maximum radial extensions of burnable mixtures, Rrad, are 
approximately 

0.111radR S≈  (37) 
For any given time in Fig. 15 the axial distances S are proportional to ( )0.5

r aρ ρ and the burnable 
volumes are proportional to ( )1.5

r aρ ρ  due to the self-similar structure of the jet. Fig. 16 shows the 
normalized hydrogen concentration contours. When scaled by Deq, all the contours in Fig. 15 collapse 
closely to the contours in Fig. 16, which is useful to estimate the maximum burnable radius and length 
of an underexpanded hydrogen jet.  
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Fig. 15: Computed hydrogen concentration field of free round jets from a 100 MPa hydrogen reservoir 
for different times after discharge (reservoir conditions in Table 3). 
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Fig. 16: Normalized hydrogen concentration contours of a free hydrogen jet 
with sonic discharge (scaled by Deq). 

 

5. MODELING UNCERTAINTIES 
Most of the published integral models based on Gaussian distributions and the Boussinesq 
approximation were validated by experiments with low jet exit velocities and small density variations. 
In our integral model the Boussinesq approximation was not used, so that the model is valid for cases 
with large density variations [13]. This model can be used for buoyant jets which are influenced by both 
the momentum and the buoyancy, as well as underexpanded jets which are dominated by the 
momentum. However, the mass entrainment coefficient βj used in the integral model was obtained 
under the experimental conditions with low velocity and density variation. In the simulation of the 
under-expanded hydrogen jet experiment in Section 3.4, it was found that the entrainment coefficient 
βj for the pure jet increases from 0.055 to 0.07 to obtain the best agreement with the experimental data. 
Although it seems reasonable that higher velocity and turbulent intensity will introduce a stronger 
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mass entrainment, the effect of the high velocity and large density variation on the entrainment 
coefficient needs further study. 

Before the Gaussian profiles are established, the initial unsheared profiles undergo changes in form of 
peripherally growing axis symmetric mixing layers. This initial region is called the zone of flow 
establishment (ZOFE) which lacks self-similarity. The transition in this region is complex and rapid. 
For the low speed flow the distance extends up to 5~10 D0 from the orifice [9]. In Xu’s numerical 
simulation of under-expanded hydrogen jet[14] 30D0 from the real orifice is found to be a critical 
location which marks the end of the shock structure and the near field expansion of the jet, and the 
location of the Mach disk is roughly at 10D0  with a diameter at 5.6 D0. In our study, the integral 
model’s virtual origin displacement S0 is 5D0 for the subsonic flow. For sonic or supersonic flow S0 is 
about 15~30D0 depending on the pressure ratio between the reservoir and the ambient. Further study 
of the virtual origin displacement for underexpanded jets is desirable. However the far field 
predictions made in this study will not be affected significantly because the burnable hydrogen jet 
extends to a long distance away from the orifice. 

A further issue in the non-Boussinesq integral model is to verify the hydrogen volume fraction at the 
location where the self-similar flow is established, which serves as input to the model. In the 
Boussinesq-based integral model, since the density difference between the jet and the ambient can be 
neglected the volume fraction at this location can be assumed as 100%. However, large density 
variation between the jet and the ambient might lead to a mass fraction below 100% due to the mass 
entrainment in this transition region. Xu’s numerical simulation[14] for an under-expanded hydrogen jet 
into air indicates that there is no air entrainment prior to the Mach disk, and at the location 30D0 the H2 
volume fraction is nearly unity. In the present integral model analysis, the initial volume fraction of 
hydrogen at the virtual origin is assumed unity.  

Another uncertainty is the discharge coefficient which is case sensitive. It depends on the system 
pressure, temperature and break parameters like shape, size, and wall thickness. It represents an 
important uncertainty for any accident simulation and some separate estimation of discharge 
coefficient should be attempted. We compared the measured and the theoretical mass flow rates in our 
cases, and there is only 10% deviation between the measured and theoretical. In the study, we assume 
that the discharge coefficient is 1.0 which is conservative for the safety analysis. 

6. CONCLUDING REMARKS 
A chain of engineering models for hydrogen jet from a small leak of a high pressure pipeline has been 
developed and verified by the FZK measured concentration and velocity decay along the centerline of 
underexpanded hydrogen jet. The newest real gas equation of state was applied to calculate the 
discharge of high pressure hydrogen through a postulated small leak. An adiabatic expansion model 
considering the energy equation and the compressibility factor was used to obtain the parameters at the 
virtual origin as the input for the integral model. A non-Boussinesq integral model with an entrainment 
coefficient adjusted to sonic H2-jet experiments was developed to calculate the concentration, velocity 
and temperature variation along the centerline, the burnable length, width and volume for the safety 
analysis. The derived non-dimensional results can be scaled to other high-pressure systems using the 
given relations. 
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