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ABSTRACT 

Hydrogen is one of the most promising alternative sources to relieve the energy crisis and environmental 

pollution. Hydrogen can be stored as cryogenic compressed hydrogen (CcH2) to achieve high volumetric 

energy densities. Reliable safety codes and standards are needed for hydrogen production, delivery, and 

storage to promote hydrogen commercialization. Unintended hydrogen releases from cryogenic storage 

systems are potential accident scenarios that are of great interest for updating safety codes and standards. 

This study investigated the behavior of CcH2 releases and dispersion. The extremely low-temperature 

CcH2 jets can cause condensation of the air components, including water vapor, nitrogen and oxygen. 

An integral model considering the condensation effects was developed to predict the CcH2 jet 

trajectories and concentration distributions. The thermophysical properties were obtained from the 

COOLPROP database. The model divides the CcH2 jet into the underexpanded, initial entrainment and 

heating, flow establishment and established flow zones. The condensation effects on the heat transfer 

and flow were included in the initial entrainment and heating zones. The empirical coefficients in the 

integral model were then modified based on measured concentration results. Finally, the analytical 

model predictions are shown to compare well with measured data to verify the model accuracy. The 

present study can be used to develop quantitative risk assessment models and update safety codes and 

standards for cryogenic hydrogen facilities. 
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1.0 INTRODUCTION 

Hydrogen energy has been regarded as a promising alternative to fossil fuels due to its cleanliness and 

renewability, which can potentially help address environmental pollution and energy crisis issues [1,2]. 

Hydrogen energy is expected to play a significant role in the transition to a low-carbon economy. Many 

countries have established targets and policies to promote hydrogen energy development [3-5].  

Hydrogen is a highly flammable gas, posing safety risks to its utilization, storage, and transportation. 

Hydrogen safety is critical to increasing public awareness and promoting the development and 

application of hydrogen energy technology. Hydrogen may quickly disperse and form an explosive 

mixture with air after leakage, creating a potential fire or explosion hazard. Therefore, the hydrogen 

leakage behavior is a major concern in hydrogen safety research. 
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Hydrogen releases from high-pressure sources will lead to underexpanded jets. Many experimental and 

CFD studies have analyzed the concentration and velocity distributions of underexpanded hydrogen jets 

[6-9]. The hydrogen jet parameters are self-similar in the momentum-dominated region. The jet 

centerline concentration and velocity distributions follow the hyperbolic decay law and the radial 

concentration and velocity distributions follow Gaussian curves. 

An integral model for low-pressure leakage, which was originally developed for pollutant diffusions and 

distributions [10,11], has been used to model subsonic hydrogen jets [12-14]. The integral model 

includes the mass, momentum and energy conservation equations, and the jet parameter distribution 

characteristics. However, the integral model cannot be directly used to calculate underexpanded jets due 

to the complex shock structure near nozzle outlets. Several notional nozzle models have been developed 

by Birch et al. [15,16], Ewan and Moodie [17], Yuceil and Otugen [18], and Molkov et al. [19] to provide 

appropriate boundary conditions for the integral model, and then the integral model is available for the 

underexpanded hydrogen jets. Li et al. [20] determined the values of key model parameters by 

comparing with the experimental data. The integral model with corrected parameters then predicted the 

room-temperature underexpanded hydrogen jets quickly and accurately.  

Cryogenic compressed hydrogen (CcH2) with its higher density can be a more efficient and economical 

method for storage and transport compared with room-temperature hydrogen. A few studies have 

focused on the measurement and simulation of CcH2 jets to analyze the concentration, temperature and 

velocity distributions [21-25]. Air components, including nitrogen, oxygen and water vapor, will 

condense in the initial entrainment and heating zone of cryogenic compressed hydrogen jets, which will 

affect the hydrogen jet diffusions. However, the integral model did not take into account the 

condensation phase transition effects. 

In the present study, an integral model considering the condensation effects was developed to predict 

the CcH2 jet concentration distributions. The CcH2 jet was divided into the underexpanded flow, initial 

entrainment and heating, flow establishment and established flow zones. The condensation effects on 

the heat transfer and flow were included in the initial entrainment and heating zones. The analytical 

model was then validated by comparisons to measured data. 

2.0 MODEL DESCRIPTIONS 

2.1 The integral model 

Based on Gebhart's integral turbulent plume model [11], Winters and Houf [6,12] developed a one-

order plume model for describing hydrogen jets. The model has now been incorporated into the HyRAM 

toolkit [26], a hydrogen safety risk assessment software developed by Sandia National Laboratory. In 

Winters and Houf's work, the jet flow field is divided into four zones: (I) underexpanded zone, (II) initial 

entrainment and heating zone, (III) flow establishment zone, and (IV) established flow zone.  
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Figure 1. Schematic of an underexpanded jet 

In this study, the important thermodynamic states along the flow stream are represented by the numbers 

0-4. Both hydrogen and air are assumed to be simple compressible substances in thermodynamic 

equilibrium, and the hydrogen is stagnant in the tank. Considering the condensation effect of the 

different air components, the air was assumed to be a simple mixture consisting of 78% nitrogen and 

22% oxygen. 

For the CcH2 stored at station 0, assuming its thermodynamic state is known, the state and mass flow 

rate of hydrogen at station 1 is determined from the isentropic process and the orifice diameter. High 

momentum flow through Zone I is assumed to expand into ambient pressure, thus the exit flow from 

Zone I is consistent with the subsonic jet law. Starting from Zone II, the air is entrained into the jet area. 

Considering the possibility of condensation of the entrained air, the multiphase flow equilibrium 

momentum equation and energy equation are added to the fully turbulent and quasi-steady flow in Zone 

II. The flow in Zone III is no longer a plug flow, and a radial variation of the jet flow characteristics is 

achieved. Zone IV describes the jet trajectory by solving the differential conservation equations for 

mass, momentum, hydrogen concentration and energy. More details on the integral model can be found 

in the reference [27]. 

2.2 Underexpanded Zone (Zone I)  

Underexpanded jets generated by high-pressure hydrogen at the real orifice are usually accompanied by 

complex shock structures. The underexpanded jets need to be simplified as low-pressure leakage 

problems to provide equivalent boundary conditions for the overall integral model. Several notional 

nozzle models have been developed to calculate the thermodynamic state of the underexpanded jet after 

the complex shock structure [15-19], with each model conserving mass between flow through the real 

orifice and flow through the notional nozzle, and the pressure of station 2 is equal to the ambient 

pressure. 

The notional nozzle model of Brich et al. (1987) [16] is used to determine the effective diameter and 

velocity of station 2 in this study. The mass conservation and momentum conservation equations of 

Zone I are shown in Eqs. (1)-(2). The exiting temperature of the notional nozzle is assumed same as the 

stagnant gas temperature, the density of hydrogen at the exit of the notional nozzle is obtained by the 

COOLPROP database in Eq (3). 

1 amb
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where V is the jet velocity, P is the jet pressure, ρ is the jet density, A is the orifice area, hamb is the 

ambient enthalpy, T is the jet temperature.  

2.3 Initial entrainment and heating Zone (Zone II)  

The initial entrainment and heating zone (Zone II) is the focus of this study. Previous models have 

assumed that the minimum temperature at the exit of zone II is that the hydrogen and air mixture will 

maintain a gaseous state, which may be seriously inconsistent with reality. In the HyRAM model [26], 

this region is directly ignored due to its short length of this region. In fact, the temperature in the flow 

core area leaving Zone I is much lower than the ambient temperature. When a pure hydrogen stream 

entrains the surrounding ambient air, the nitrogen, oxygen and water vapor in the air may condense or 

even freeze, therefore the mixture cannot be characterized by the currently available equilibrium models. 

In developing the model for Zone II, the following assumptions were used: 

(1) The flow stream is turbulent and quasi-steady; 

(2) Plug flow model is used, the radial turbulent transport occurs only at the periphery of the jet, the 

radial distribution of velocity, concentration and enthalpy is uniform at any axial position in the jet; 

(3) Buoyancy is neglected due to the initial entrainment and heating zone being short and the trajectory 

of the jet is not significantly altered as a result of buoyant forces; 

(4) The entire flow field pressure is one atmosphere; 

(5) Only nitrogen condensation is considered; 

(6) The hydrogen and air mixture and possibly liquid phase material are in thermodynamic equilibrium, 

which has different phase velocities; 

(7) The changes in potential energy are negligible. 

Eqs. (4)-(6) illustrates the conservation of mass, momentum and energy of this zone: 

22 air 3 LNm m m m    (4) 

2 22 2 3 3 LN LNm V m V m V   (5) 

2 2

2

2 2 2 air air 3 3 3 LN LN

1 1

2 2
m h V m h m h V r m h

   
        

   
 (6) 

where V2 is the velocity of pure hydrogen entering the zone at station 2, V3 is the velocity of the air-

hydrogen mixture exiting the zone at station 3, and r is latent heat released by nitrogen condensation. 

The temperature of station 3 (T3) is an assumed value. For the COOLPROP database does not support 

the characterization of solid nitrogen thermodynamic properties, T3 can be set to 63.17 K minimum.  

The air-hydrogen mixture enthalpy (h3) is determined from the state specified by T3, atmospheric 

pressure and the composition of the exiting by using the COOLPROP database: 
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where Y3 represents the set of mass fractions for exiting air-hydrogen mixture. 

The condensation temperature of nitrogen at atmospheric pressure is 77.35 K, and the solidification 

temperature is 63.17 K. In this study, condensation of the nitrogen component in air occurs when the 

temperature of station 2 is below 77.35 K. The mixture at station 3 consists only of hydrogen, oxygen, 

and nitrogen that has not liquefied. The condensation factor σ is introduced into the model for Zone II 

to describe the proportion of nitrogen in the exiting air that condenses: 

3 condensation

condensation solidification

T T

T T






 (8) 

The enthalpy, density, velocity, and mass flow rate of Station 3 can be expressed by the following 

equations:  
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where 
2N  is the volume fraction of nitrogen in the N2 and O2 mixture. mixture  is the exiting density 

of the initial reel suction and heating zone, which is evaluated from expressions of the form： 

     
N 2 N 2 22 2

mixture 3 N 3 O 3 H1 1 1 1Y Y Y              (13) 

For cases where the hydrogen temperature at Station 2 exceeds 77.35 K, there is no condensation occurs 

in Zone II. For most cryogenic hydrogen leaks this very rarely happens. Although the length of Zone 

II is very short, Figure 2 has shown that directly replacing the Zone II exiting states with the station 2 

thermodynamic parameters, which would lead to an overestimation of the station 3 mass fraction. 

Therefore, considering condensation effects in the Zone II model can provide more accurate boundary 

conditions for the subsequent integral model. 
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Figure 2. The effect of the zone II model on the mass fraction of station 3 

2.4 Flow establishment Zone and Established flow zone (Zone III and Zone IV)  

Zone III, "flow establishment zone", provides the transition between the initial entrainment and heating 

zone and the established flow zone. In this zone, the plug flow transitions to a fully established Gaussian 

flow pattern of the jet. The parameters such as mixture velocity, density and concentration vary with the 

jet radius, which on the centerline decreases with increasing distance from the jet centerline. At this 

zone, the jet gradually changes from momentum-dominated to buoyancy-dominated due to the jet being 

away from the orifice. The length of Zone III(SE), the characteristic jet width (BE), centerline mass 

fraction (Ycl,E) of station 4 are obtained from the following equations: 

E B eB d  (14) 

E S eS d  (15) 

2

cl,E 3 2

1

2
Y Y






  (16) 

where B and S  are empirical coefficients and λ is the relative concentration to velocity spreading 

ratio. For underexpanded jets, B is assumed to be 0.82, S is assumed to be 8.632, and λ is 1.529 [20].  

Zone IV is the established flow zone, which is the longest region in the integral model. Conservation 

equations for mass, momentum, hydrogen concentration and energy are given by: 
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where E is the air entrainment, h is the jet enthalpy, Y is the hydrogen jet mass fraction, g is gravitational 

constant. x and z are the horizontal and vertical coordinates of the jet centerline, S is the streamline 

coordinate along the jet centerline (also denoted by z for a vertical jet), r is the radial distance from the 

jet centerline, θ is the angle between the streamline direction and the horizontal. 

Previous studies [27,28] have shown that within the established flow zone, the jet velocity, density and 

hydrogen mass fraction follow a Gaussian distribution in the radial direction: 

2 2
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where Vcl is the local centerline velocity, B is the characteristic jet width or the radial distance at which 

V is equal to 1/e times Vcl, cl is local centerline density, Ycl is the local centerline hydrogen mass 

fraction.  

3.0 RESULTS 

Li et al. [25] measured the time-averaged concentration and temperature data of CcH2 jets by using laser 

Raman scattering diagnostics. The CcH2 were released from a liquid hydrogen source through 1 mm 

and 1.25 mm diameter orifices at back pressures ranging from 2 to 6 bar.  Figure 3 shows the predicted 

results from the integral model as compared to the data from the cryogenic compressed hydrogen 

experiments for a vertical jet. The integral model is found to be in excellent agreement with the CcH2 

jet data. The model can accurately reproduce the mole fraction decay along the centerline. 

 

Figure 3. Measured and calculated mean mole fraction for hydrogen mole fraction along the jet 

centerline  (orifice diameter =1.25 mm, 3 bar, 51 K) 

https://www.sciencedirect.com/topics/engineering/air-entrainment
https://www.sciencedirect.com/topics/engineering/radial-distance
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Figure 4 shows the predicted and measured mean concentration fields for underexpanded jets with a 

nozzle diameter of 1.25 mm for cryogenic hydrogen (3 bar, 51 K). The subfigures on the right were 

obtained from Ref. [25]. The model successfully reproduced the concentration field for the whole 

measurement range. In the area away from the axis, the model slightly overpredicted the mole fraction.  

The radial mole fraction distributions at different axial locations are shown in Figure 5. The radial molar 

fraction distributions at different axial locations. Although the centerline molar fractions (the peak 

concentrations on each curve) are in good agreement, the radial profiles predicted by the integral model 

were wider than the experimental data. Therefore, the empirical coefficients of the room-temperature 

hydrogen experimental data may no longer be suitable for the CcH2 jet. Future work will require further 

fitting of the empirical coefficients using a large amount of experimental data. 

 

Figure 4. Measured and calculated mean mole fraction for hydrogen mole fraction for cryogenic 

compressed hydrogen (orifice diameter =1.25 mm, 3 bar, 51 K) 

 

 

Figure 5. The radial molar fraction distributions at different axial locations 
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4.0 CONCLUSIONS 

The study developed an integral model of the cryogenic hydrogen jet considering the condensation of 

the air components. The integral model includes the initial entrainment and heating zones which were 

not considered in previous models. The predicted results were compared with the experimental data. 

The results show that the model considering the air component condensation can accurately predict the 

cryogenic hydrogen jet trajectories and concentration distributions. The model successfully calculated 

the concentration fields for the whole measurement range. In the area away from the axis, the model 

slightly overpredicted the mole fractions. Therefore, the empirical coefficients of the room-temperature 

hydrogen experimental data may no longer be suitable for the CcH2 jet. The integral model is a 

promising tool for fast, accurate predictions of the flow fields of CcH2 jets. In the Future work, the 

condensation of oxygen and water vapor will also be considered, the empirical coefficients will be 

improved by using a large amount of experimental data for more accurate predictions. 
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