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1 Introduction 

Work package 3 (WP3) of PRESLHY project investigated phenomena related to cryogenic 
hydrogen release and dispersion theoretically, computationally and experimentally. 

Basic theory and analysis of cryogenic hydrogen release and dispersion was critically reviewed 

earlier in PRESLHY deliverable D3.1 (Venetsanos et al. 2019). This work addressed hydrogen 

physical properties, CFD mathematical/physical formulations, integral modelling as well as 

similarity laws. Special attention was given to point out differences in various existing phase 
change / distribution modelling approaches as well as notional nozzle modelling approaches for 

gaseous and cryogenic under-expanded releases. 

The present contribution describes the new modelling / computational work performed within 
WP3 of PRESLHY. CFD and integral models (engineering tools) were tested against experiments 

performed within PRESLHY as well as older experiments from the literature. CFD inter-

comparison between partners’ codes was also performed. 

Finally, the document examines release and dispersion phenomena in separate chapters. Within 
each chapter an attempt is made to separate between steady and transient phenomena, single 

phase versus two phase releases and CFD versus integral models. 
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2 Release modelling 

2.1 Steady state releases 

2.1.1 Two-phase critical flow 

In the framework of developing simplified engineering tools a new Homogeneous Non-
Equilibrium Mixture (HNEM) model was developed to predict isentropic choked two phase 
releases in the bubbly flow regime (low vapour quality values), see Venetsanos, (2018).  

Compared to the classical Homogeneous Equilibrium Mixture model (HEM), the new model does 

not exhibit any sound speed discontinuity when crossing the liquid saturation (bimodal) curve. 

Such a discontinuity besides being unphysical restricts the choked flow calculation algorithm to 
iterative mass flux maximization procedures. 

Both models in this work were implemented using the Helmholtz Free Energy (HFE) based 

hydrogen Equation of State (EoS) reported by Leachman et al. (2009) and the efficient Golden 
Section algorithm for mass flux maximization. 

The new HNEM model was successfully validated against the pre-existing NASA critical flow 

experiments with an elliptical converging-diverging nozzle, see Simoneau and Hendricks (1979). 

Stagnation conditions for these experiments correspond to the sub-cooled liquid region with 
pressures in the range from 12.9-58.9 bar and temperatures 27.2-32.3 K, i.e. are more 

characteristic of cryo-compressed hydrogen storage. 

The new model produced improved agreement to the experiments for low mass fluxes compared 
to the classical HEM, see Figure 1 below. Comparison was also performed against an extended 

version of the homogeneous frozen model (HFM). The analysis showed that predicted HNEM 

mass fluxes lie in between the HEM values from below and the HFM values from above. 
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Figure 1. Predicted and measured throat mass fluxes (G) versus normalized (over critical 

pressure) pressure difference between stagnation (P0) and pressure at the locus of intersection of 

the isentropic with the liquid saturation line (P1). 

2.1.2 Two-phase flow with discharge line effects 

An engineering tool was developed to predict two-phase choked flow through a discharge line 

with account of friction and variable cross section, see Venetsanos (2019). Piping wall heat 
transfer was not considered.  

The tool calculates the distribution of all relevant physical quantities along the discharge line by 

solving the 1-d pipe flow equations for given mass flow rate. Choked flow is calculated using the 
possible-impossible flow algorithm (PIF), implemented in a way to account for possible density 

discontinuities along the line, such as occurring with HEM model, see section 2.1.1. Physical 

properties are calculated using the Helmholtz Free Energy formulation. The tool was verified 
against previous experiments with water and evaluated against previous experiments with 

cryogenic two-phase hydrogen. 

Figure 2 below shows the predicted pressure and void fraction (vapour volume / total volume) 

distribution along the discharge line, using the classical HEM model and two homogeneous non-
equilibrium models: HRM (Homogeneous Relaxation model, Downar-Zapolski et al., 1996) and 

DEM (Delayed Equilibrium model, De Lorenzo et al. 2017), compared against the Super Moby 

Dick experimental data of Jeandey et al. (1981) for liquid water at stagnation state 20bar, 212.3 C. 
The difference in predicted void fraction trend between HEM and the non-equilibrium models is 

remarkable. HEM model does not account for any delay in vaporization. As a result HEM 

predicted void fraction increases very fast within the initial convergent part of the discharge line 

in contradiction to the experimental behaviour. The predicted void fraction evolution trend with 
HRM and DEM is consistent with the experimental evidence. For the present experiment DEM 

seems to produce the best results compared to the experimental void fraction data. 

This work underlined the future need to extend the applicability of non-equilibrium models such 
as HRM and DEM to hydrogen, by finding the corresponding appropriate model coefficients. 

Planning of dedicated hydrogen release experiments towards this end would be necessary in 

future R&D projects. 
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Figure 2. Predicted evolution along discharge line of pressure (left) and void fraction (right) for 

liquid water at stagnation state 20bar, 212.3 C, compared against the Super Moby Dick 
experimental data. Vertical dotted line shows location of critical section. 

Within the same work HEM model was applied against the LH2-NASA-1984-test6 experiment 

and the LH2-HSE-2010 experiments with reported experimental mass flow rates 11.5 kg/s and 

0.07 kg/s respectively. Predicted mass flow rates were found overestimated by factors of 2 and 6 
respectively, clearly underlining the need for further research to explain the above 

overestimations and improve the modelling capabilities. 

2.1.3 Two-phase flow with discharge line effects (further research) 

Further related research was performed, based on the HSE-LH2 PRESLHY experiments see 
Venetsanos et al. (2021a). This new work examined LH2 release experiments at two storage 

pressures (2 and 6 bara) and 3 nozzle diameters (1, ½ and ¼ inches), see Lyons et al. (2020) and 
Hall et al. (2021).  

The engineering model was extended to account for extra resistance due to fittings (K 

formulation) and a detailed analysis of the pressure drop and resistance along each section of the 
discharge line was performed (from the vessel inside the AL-tanker to the line exit), with special 

attention to the role of the 20 m flexible hose, whose flexibility was neglected in the previous 

simulation work above. Stagnation conditions for the simulations were assumed liquid sub-cooled 
(and not saturated as in the previous work), calculated by assuming fast isentropic compression 

starting from 1.1 bara. Three different phase distribution models were applied: a) the classical 

Homogeneous Equilibrium Mixture model (HEM), b) an Homogeneous Non Equilibrium Model 

(HNEM) that assumes no vapour appearance along the line and only metastable liquid once below 
the saturation curve and c) the most simple constant density model, with density equal to the 

stagnation density. 

The results of this new work showed significant improvements to the agreement between 
predicted mass flow rates and experimental ones. It was found that the constant density model 

generally overestimated the experimental mass flow rates by a maximum of 13.4 %.  The HNEM 

model showed a maximum overestimation of 12.7 % and slight underestimation of -0.3 %. The 
HEM model showed a maximum overestimation of 9.6 % and underestimation of -3.3 %. 

2.1.4 CFD modelling of cryogenic gaseous hydrogen flow in a release pipe 
accounting for heat transfer effect 

The heat transfer through the wall of a release pipe exposed to ambient temperature and 
connecting the storage system to the nozzle may affect significantly the cryogenic flow 

characteristics. For instance, Kuznetsov et al. (2015) observed that heat transfer from cold gas 
inside the vessel to the ambient air under high pressure release at 200 bar leads to bulk 

temperature increase by 50 and 175 degrees for 4-mm and 2-mm nozzle respectively. Such great 

temperature difference would affect not only the flow characteristics but may even affect the state 
of the gas as a gaseous or multiphase one.  
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Heat transfer can be the cause of considerable deviations when applying the under-expanded jet 

theory to calculate hydrogen jets parameters. Cirrone et al. (2021) found that the under-expanded 
jet theory without pressure losses and heat transfer was found to reproduce mass flow rate with an 

accuracy of ±15% for experiments at ambient temperature in (Breitung et al., 2009). However, the 

approach was found to be not accurate for cryogenic releases, leading to overestimations up to 

37%. The use of a discharge coefficient to match experimental mass flow rate was not capable to 
represent cryogenic releases and the change of temperature and pressure in the flow caused by 

heat transfer in the release system. 

Cirrone et al. (2021) numerically investigated the effect of conjugate heat transfer through a pipe 
wall on the flow of cryogenic hydrogen and ultimately on the thermal hazards from the resulting 

jet fires. Simulations were carried out on four experimental tests on hydrogen releases with 

pressure in the range 3-20 bar and temperature 80 K (Breitung et al., 2009). The stainless steel 
release pipe had length 60 mm and internal diameter 10 mm. The pipe ended in a restrictor with 

diameter 2 or 4 mm depending on the analysed test. The CFD model employed an LES explicit 

density-based solver, with dynamic Smagorinsky-Lilly sub-grid scale model for turbulence 

(Smagorinsky, 1963). The time step is dictated by a Courant-Friedrichs-Lewy number equal to 
CFL= 0.9. The specific heat of hydrogen is defined as a polynomial function interpolating NIST 

data for cryogenic temperatures (Bell et al., 2014). A pressure inlet condition is imposed at the 

pipe entrance with pressure and temperature as measured upstream the modelled pipe.  

Figure 3a shows comparison of mass flow rate at the real nozzle exit for simulations with 

adiabatic and non-adiabatic pipe walls for a test with pressure 14 bar. The hydrogen flow 

stabilises within 7 ms. Figure 3b shows the radial distribution of temperature at an axial distance 
of 50 mm, i.e. in the ending section of the pipe with the inner diameter 10 mm for the time 12 ms. 

It can be observed that temperature at the axis is the same for the adiabatic and non-adiabatic 

cases, however, radially, the inclusion of heat transfer causes an increase of temperature of the 

fluid towards the wall at 5 mm radial distance, reaching almost 150 K in the layer of cells closer 
to the wall. Similarly, the temperature at the nozzle exit is not uniformly distributed (see Figure 

4). The temperature in the core of the flow is approximately 57 K and it rapidly increases towards 

the tube walls up to 105 K due to heat transfer. When the heat transfer through the walls is 
included in simulations (non-adiabatic walls), the calculated established mass flow rate is 4.25 g/s 

and the temperature of hydrogen at the nozzle exit is about 72 K. The heat transfer rate through 

the wall is equal to 754 W, 75% of which goes through the pipe of wider diameter 10 mm. If the 

heat transfer through the wall is not included, the hydrogen mass flow rate is approximately 9% 
higher (4.65 g/s) and the temperature of the flow is lower (56 K). 
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(a) (b) 

Figure 3. Effect of heat transfer through the pipe walls (non-adiabatic vs. adiabatic walls) for Test  
with inlet temperature and pressure 80 K and 14 bar respectively: (a) hydrogen mass flow rate;  

(b) temperature radial distribution at 50 mm axial distance at 12 ms. 

 

  

(a) (b) 

Figure 4. Temperature distribution at the real nozzle exit at 12 ms: non-adiabatic pipe walls for 

Test 3. Temperature contours in (b) include the nozzle walls. 

Simulations results showed that the deviation of simulation mass flow rate from experimentally 

measured increases with the inlet pressure, reaching almost 30% for test at 20 bar. Higher 

pressures resulted in larger heat transfer in the pipe (up to 973 W), due to a higher velocity of the 
flow and thus higher convective heat transfer between hydrogen and the pipe. It was seen that the 

inclusion of heat transfer in just 60 mm pipe for Test 3 is capable to cause an increase of 

temperature by 16 K at the real nozzle exit. A longer pipe, as present between the temperature and 
pressure measurement location and the nozzle, may result in a larger temperature difference. 

Thus, the inlet temperature to the pipe has been gradually increased to best fit the experimental 

mass flow rate. As expected, releases at higher pressure resulted in an inlet temperature as high as 

150 K because of the associated higher heat flux. The heat transfer in simulations was seen to 
cause an increase of temperature from 67 K up to 127 K at the real nozzle exit. 

The calculated parameters at the real nozzle were used to estimate the flow characteristics at the 

notional nozzle exit where the gas is assumed to have expanded adiabatically to ambient pressure. 
The equations for mass and energy conservation, along with the assumption of uniformly sonic 

speed, were used to estimate parameters at the notional nozzle exit, including its diameter. These 

were employed as inlet conditions in numerical simulations of the hydrogen jet fires. Simulation 

results well reproduced experimentally measured flame length and radiative heat flux at several 
locations from the jet fire.  
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2.2 Transient releases (blow-down) 

2.2.1 Gaseous ambient and cryogenic storage conditions (NCSRD 
approach) 

Modelling of transient gaseous cryogenic and ambient hydrogen releases was performed in 
Venetsanos et al. (2021b), with comparison against selected DISCHA experiments performed 

within PRESLHY as well as an older experiment performed by INERIS. 

The selected DISCHA tests were hydrogen releases from a 2.815 dm³ steel tank at 200 bar 
through a 39cm discharge line with 9 mm ID ending to a nozzle, with diameters (0.5, 1, 2 and 

4 mm). The initial stagnation temperatures were either 77 K for the cold tests (tank located within 

a pool of liquid N2) or ambient temperature for the warm tests. The selected INERIS experiment 
was a hydrogen release from a 25 dm³ tank at 900 bar and ambient temperature, through a 10 m 

line with 10 mm internal diameter ending to a 2 mm diameter nozzle.  

In both experiments temperature and pressure were continuously monitored inside the tank. Such 

an experimental approach is particularly useful as it permits direct derivation of the experimental 
mass flow rate (including even overall tank heat flux) as well as provides an opportunity to 

disconnect tank modelling from discharge line modelling, using tank experimental stagnation 

conditions as input. 

Four different modelling approaches were tested: a) Isentropic tank blow-down without account 

of the discharge line, b) Given transient tank stagnation conditions without account of the 

discharge line, c) Given transient tank stagnation conditions with adiabatic discharge line and d) 
Given transient tank stagnation conditions with non-adiabatic discharge line.  

In cases (b-d) transient tank stagnation conditions were provided using the experimental 

measurements. In other words tank transient behaviour was not modelled in these cases, but 

provided as input. For case (a) tank transient behaviour was modelled by solving the transient 
tank mass balance equation and assuming tank entropy to remain constant in time. In all cases the 

Helmholtz Free Energy (HFE) EoS formulation for hydrogen single phase physical properties and 

vapour-liquid equilibrium, following Leachman et al. (2009) was applied. Finally, non-adiabatic 
effects along the discharge line were modelled using a 1-d transient energy equation inside the 

line wall. Discharge line friction, extra resistance due to fittings and area change were also 

accounted. 

Finally this work compares predicted released hydrogen mass time histories against experimental 

data, reports predicted discharge coefficients and discusses the relative importance of line heat 

transfer compared to flow resistance. 

2.2.2 Gaseous ambient and cryogenic storage conditions (UU approach) 

Ulster University modelled transient cryogenic and ambient temperature releases by taking into 
account the heat transfer through the storage tank and release piping system walls. During 

blowdown of a pressurised hydrogen storage system, temperature in the tank decreases due to the 
gas expansion. This process competes with the tendency of the gas temperature to increase due to 

the heat transfer through the tank wall. The effect of heat transfer on blowdown dynamics was 

already highlighted in (Schefer et al., 2007) for storages at initial temperature equal to ambient. 
Effect of heat transfer may further increase in the case of cryo-compressed storage tanks with a 

damaged insulation, resulting in different thermodynamic conditions in the storage and at the 

nozzle compared to a case approaching the adiabatic limit, and possibly even determining if the 
flow will be gaseous or multiphase. 

The non-adiabatic blowdown model proposed by (Dadashzadeh et al., 2019), accounting for heat 

transfer through the wall of high pressure hydrogen tanks, was further developed to extend its 

applicability to cryo-compressed hydrogen and to include heat transfer through the discharge pipe 
wall. The non-adiabatic blowdown model takes into account the non-ideal behaviour of hydrogen 
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gas at high pressure and cryogenic temperature through the high-accuracy Helmholtz energy 

formulations (NIST EoS) for mixture properties. This is done by using CoolProp database, which 
is an opensource library implementing NIST EoS and transport properties for hydrogen (Bell et 

al., 2014). The first law of thermodynamics is used to characterise the change of storage 

conditions during blowdown depending on the energy associated to the hydrogen released in time 

and the heat transfer rate. The latter accounts for unsteady conductive heat transfer through the 
tank wall and convective heat at the internal and external interfaces, i.e. hydrogen/wall and 

wall/external ambient, respectively. Heat transfer coefficients in either natural or forced 

convection regimes are calculated through Nusselt correlations. Hydrogen parameters at the real 
nozzle are calculated by solving the conservation of energy equation with assumptions of 

isentropic expansion and sonic flow at the real nozzle exit. If a discharge line between storage and 

nozzle is not insulated, heat transfer through the pipe wall can affect the flow parameters at the 
release nozzle. This model allows to include an intermediate step in between storage and real 

nozzle exit, to take into account heat transfer in the release pipe assuming an isobaric process, 

which may be valid for short and obstruction free pipes. The non-adiabatic blowdown model is 

described in detail in (Cirrone et al. 2021). 

The non-adiabatic blowdown model has been validated against sixteen experimental tests 

performed by partner Pro-Science with initial storage temperature of 300 K and 80 K and pressure 

up to 200 bar (Friedrich et al. 2019). The model accurately predicts the pressure and 

temperature dynamics during blowdown for releases with diameter in the range 0.5-4 mm. Figure 

5 shows the comparison between calculated and experimental pressure and temperature in the 

storage tank for test with initial ambient temperature (T1=300 K) and pressure P1=200 bar. 
Release nozzle diameter is 1 mm. A discharge coefficient (Cd) equal to 0.7 was used to include 

friction and minor losses in the release system. The non-adiabatic blowdown model accurately 

predicts storage conditions throughout the entire blowdown duration. Figure 5 includes 
comparison with the adiabatic blowdown model, which is observed to significantly underpredict 

pressure and temperature in the storage tank, and, thus, affect hydrogen parameters at the release 

nozzle. Figure 6 compares model predictions with experimental test at cryogenic temperature. 
Also in this case, calculated pressure and temperature agree very well with experimental 

measurements during the entire blowdown process. Full presentation of validation process against 

experiments is available in (Cirrone et al. 2021). 

 

  

Figure 5. Validation of the non-adiabatic blowdown model against experiment with T1=300 K, 

P1=200 bar, d=1 mm, Cd=0.7. Comparison with adiabatic blowdown model (Ad). 
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Figure 6. Validation of the non-adiabatic blowdown model against experiment with T1=80 K, 

P1=200 bar, d=1 mm, Cd=0.7. 

2.3 LH2 pool spreading modelling 

INERIS developed an engineering tool (HyPond) to estimate the maximum extent of the liquid 
pool likely to spread on the ground following a low pressure spillage of liquid hydrogen. 

Maximum extent refers to a free expansion of the pool over a flat, free of obstacles and horizontal 
surface. In the proposed model the maximum radius of the pool is obtained by equating the mass 

flow rate of vaporized hydrogen to that of the LH2 feeding mass flow rate. Heat is exclusively 

provided by thermal conduction through the ground under a quiet boiling regime. The equations 

representing the physics are: 

   
     

    
  mass conservation, 

      
        (           )

√         
  heat transfer, 

where Qm is the LH2 mass flow rate, Qcond the thermal exchange between the pool and the ground, 

Lvap the heat of vaporization of LH2, k the thermal conductivity of the ground, adiff the thermal 
diffusivity of the ground and t the time elapsed since the start of the release. Apond is the area of 

the pool and is linked to the characteristic radius rpond of the pond as :              
 . Finally: 

      √
        √       

    (           )
  
 
 ⁄  . 

Tool validation against the data of Verfondern and Dienhart (1997) is shown in Figure 7. 
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Figure 7: Comparison between the predicted evolution of the pool radius and the experimental 

observation for a 0.42 kg/s LH2 spill on a thick aluminium plate (points from thermocouple 

reading and shadowed zone from video records) from Verfondern and Dienhart (1997) 
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3 Dispersion modelling 

3.1 Steady cryogenic gaseous hydrogen releases 

The experiments performed independently by SANDIA National Laboratories (SNL) and 
described in Hecht and Panda, (2019) were first selected for numerical investigations through 

CFD inter-comparison studies and independently. The corresponding experimental data were 

kindly shared by SNL in the framework of international cooperation between EC and US. 

3.1.1 CFD inter-comparison of SNL experiments 

Selected SNL experiments from Hecht and Panda, (2019) were used for a CFD inter-comparison 

exercise within PRESLHY project with participation of partners AL, NCSRD, UU and KIT with 
different CFD codes and modelling strategies. 

For the simulations two tests were selected with 1 mm nozzle, with stagnation conditions 2 bara, 

58 K and 5 bara, 50 K and two tests with 1.25 mm nozzle, with stagnation conditions 2 bara, 61 K 
and 4 bara, 54 K. During the experiments, a low intensity co-flow of air (0.3 m/s) was applied 

around the jet to minimize the effect of any other room currents. 

NCSRD used the ADREA-HF code, with k-ε model (including buoyancy terms) for turbulence. 

Ambient air co-flow was neglected, since extra simulations showed little sensitivity on the results. 
The notional nozzle was modeled using mass, momentum and energy balance from the throat to 

the notional nozzle using the HFE EoS of Leachman et al. (2009) for physical properties. Choked 

conditions calculated with the same EoS and assuming isentropic expansion from the above 
stagnation conditions exactly reproduced the corresponding values reported in Hecht and Panda, 

(2019). 

AL used for the CFD modeling a commercial code FLACS v10.7 (2019). FLACS is developed by 
GexCon to simulate gas dispersion and explosions in offshore oil and gas platforms. It solves the 

Navier-Stokes equations on a 3-D Cartesian grid using a finite volume method. FLACS uses the 

RANS (Reynolds-Averaged Navier-Stokes) approach for fluid mechanics and therefore a 

turbulence model is required. For turbulence FLACS uses the k-eps model. Jet utility approach is 
used for definition of the equivalent source definition (FLACS, 2019). 

Figure below shows the comparison of simulation results with experimental measurements for 

concentration decay along the centreline and radial concentration distribution for test 1 mm, 
stagnation pressure 2 bara (58K): 
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Figure 8. AL approach: hydrogen concentration along the jet axis (top) and radial concentration 
distribution at various downstream distances from the source: simulation results versus 

experiments for Test with T = 58K, P = 2 bar and d = 1 mm. 

UU used Ansys Fluent platform to perform CFD simulations. The CFD model employed a RANS 
approach with realizable κ-ε model for turbulence. The under-expanded jet theory by (Molkov et 

al., 2009) was seen to well reproduce experimental mass flow rates for SNL tests with pressure up 

to 6 bar abs (Cirrone et al., 2019). Thus, it is employed here to calculate the notional nozzle 

parameters to model the hydrogen release sources in CFD simulations. The under-expanded jet 
theory calculates release conditions assuming chocked flow at the nozzle, adiabatic expansion and 

conservation of energy between the stagnation and release locations. 

The CFD model employing realizable κ-ε model well reproduced the experimental axial hydrogen 
concentration decay and radial distributions (see Figure 9). The simulation results showed that for 

the given experimental set-up the presence of a co-flow of air to the jet did not affect the axial 

hydrogen decay. The extraction velocity at the hood was found to not affect results when varied in 

the experimental range 2-8 m/s (see Figure 9 left). 
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Figure 9. UU approach: hydrogen concentration along the jet axis (left) and normalized radial 

distance (right): simulation results versus experiments for Test with T = 61 K, P = 2 bar and d = 
1.25 mm. 

A parametric study was carried out on Ansys Fluent platform to assess the effect of numerical 

parameters on simulation results. Figure 10 presents the comparison of simulated hydrogen and 

temperature distributions for realizable κ-ε and standard κ-ε turbulence models. It is shown that 
the choice of turbulence model affects simulation results. The difference is seen to decrease with 

increasing distance (y) from the nozzle. The following studies were carried out by employing 

standard κ-ε turbulence model. The change of Prandtl number from 0.85 to 0.72 was observed to 
not affect hydrogen concentration decay, whereas it had a negligible effect on temperature 

distribution. On the other hand, the variation of Schmidt number from 0.70 to 0.72 was seen to 

have a larger effect on hydrogen concentration decay in the near zone to the nozzle (< 0.2 m). A 
final analysis compared simulation results obtained by modelling the flow as either compressible 

or incompressible. A difference in distribution was observed up to approximately 0.2 m, with the 

hydrogen concentration decay being slower for the incompressible code. Beyond this point, 

simulation results converge and show a negligible difference.  

 

Figure 10. UU approach: effect of turbulence model on hydrogen (left) and temperature (right) 

distributions along the jet axis for test with T=61 K, P=2 bar and d=1.25 mm. 

Project participants performed an inter-comparison investigation. Figure 11 demonstrates the 
results for test 1mm, 2 bara, 58 K. Results from AL, UU, NCSRD are in close agreement with the 

experimental data for the concentration distribution. KIT slightly underestimates the 

concentration. Concerning the temperature, all partners give conservative estimation: the 
measured temperature is of 10-20 K higher than the calculated value.  
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Figure 11. Predicted and measured hydrogen mole fraction (left) and temperature (right) along the 
jet centreline (1 mm, 2 bara, 58 K release). 

Figure 12 demonstrates the comparison of simulation results and measurements for 1mm, 5 bara, 

50 K test. UU and NCSRD match well experiments for concentration, whereas KIT 
underestimates it. All partners give reasonable estimation of the temperature distribution in this 

case. 

 

Figure 12. Predicted and measured hydrogen mole fraction  (left) and temperature (right) along 

the jet centreline (1 mm, 5 bara, 50 K release). 

Figure 13 shows the comparison for test 1.25 mm nozzle, with stagnation conditions 2 bara, 61 K. 

UU results show the best fit with the experimental data for the concentration distribution, whereas 
NCSRD and KIT overestimates the measurements. All benchmark participants significantly 

underestimate the temperature.   
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Figure 13. Predicted and measured hydrogen mole fraction (left) and temperature (right) along the 
jet centreline (1.25 mm, 2 bara, 61 K release). 

Figure 14 shows simulation results corresponding to the benchmark release 1.2 mm, 4 bara, 54 K. 

UU and NCSRD are in quite good agreement with each over for the concentration and for the 

temperature. However, in this case they both significantly overestimate the concentration dilution, 
whereas the temperature is in reasonable agreement with the experiment. One should notice that 

in this experiment, Hecht and Panda, (2019) observed the oscillation of the flow rate, which can 

be due to the freezing of the release orifice (accumulation of the CO2 ice and maybe of O2 solids 
deposit – this condition is very close to the solidification point of O2). 

 

Figure 14. Predicted and measured hydrogen volume fraction (left) and temperature (right) along 
the jet centreline (1.25 mm, 4 bara, 54 K release). 

3.1.2 ADREA-HF code simulations for 1 mm nozzle releases 

In Giannissi et al. (2020), NCSRD presented validation of the ADREA-HF CFD code 
(Venetsanos et al., 2010) against the four SNL tests of Hecht and Panda, (2019) with 1 mm 

nozzle. The 3D time dependent conservation equations were solved and for turbulence modelling 

the k-ε model with extra buoyancy terms was used. An under-expanded jet is formed downstream 
the nozzle for the tests with reservoir pressure higher than 2 bar, while for the jet with 2 bar 

release the pressure at the throat was found equal to ambient. The notional nozzle for the under-

expanded jet cases was modelled using the mass, momentum and energy balance from the throat 
to the notional nozzle along with the NIST equation of state. 

Figure 15 shows the inverse mass fraction and the normalized inverse temperature decay rate 

along the jet centreline for the CFD simulations compared to the respective experimental data. 
Fairly good agreement is found for tests at 2 and 5 bar, while over-prediction of concentration and 

under-prediction of temperature is found for the tests at 3 and 4 bars. During the experiments ice 

growth on the nozzle was observed, which most likely led to shifting of jet offset the centreline. 
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This phenomenon was more pronounced in test at 3 bar. This could be the reason for the larger 

discrepancies between prediction and experiment for test at 3 bar. 

 

  

Figure 15. Comparison of simulation results using ADREA-HF code with 1mm diameter SNL 

release tests: hydrogen mass fraction (left), temperature (right). 

Figure 16 shows the volume fraction contours of the CFD simulations (flood) along with the 
respective experimental contours (lines) for the four tests. It is obvious that as we move away 

from the release the simulations predicted more lateral spreading. This is more evident in 5 bar 

release experiment. A possible reason for that behaviour could be an over-prediction of the 

turbulent diffusion computed by the k-ε model that was used for turbulence modelling. Suitable 
adjustment in the k-ε model to accurately predict cryogenic releases might be necessary. 

 2 bar, 58 K   3 bar, 56 K 

  
 4 bar, 53 K   5 bar, 50 K 

  

Figure 16. The volume fraction contours of CFD predictions (flood) and experiments (lines). 

3.1.3 DNS Modelling of the near-field region in cryogenic jet release 

In the event of potential liquid hydrogen leaks, the pressurized storage conditions will develop at 
the leaks, resulting in the formation of under-expanded hydrogen jets. Insight about the dispersion 

of cold hydrogen is of importance to safety analysis. While the subsequent dispersion of the 
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released hydrogen can be simulated with the pseudo diameter/notional nozzle approach, covered 

elsewhere in the PRESLHY deliverable D6.1 (Verfondern et al. 2021) and in PRESLHY 
deliverable D3.1 (Venetsanos et al. 2019), the detailed near field flow structures and transient 

physics of the under-expanded cryogenic hydrogen jets can be modelled with direct numerical 

simulations (DNS) (Ren, 2020).  

In DNS, the compressible Navier-Stokes equations with the transportation equations of 
multispecies are directly solved. The transport properties, such as viscosity, heat conductivity and 

diffusion coefficient of the chemical species can be obtained based on the kinetic theory (Poling, 

2001). It is generally necessary to use higher-order numerical schemes, e.g. the adaptive central-
upwind sixth-order weighted essentially non-oscillatory (WENO-CU6) scheme (Hu, 2010) for the 

convection terms to facilitate the simulations of the main flow with low dissipation and achieve a 

proper resolution of the flow properties around the shock waves, the sixth-order symmetric 
compact difference scheme for the viscous diffusion terms. Time-integration can be realized by 

the explicit third order Runge-Kutta method.  

As an example, Warwick FIRE has conducted such simulations for the experimental 

configurations of Hecht and Panda (2019) with hydrogen (inflow) and air (coflow) injected from 
the bottom, as shown in Figure 17. The non-reflected boundary conditions are applied on the left 

as well as the right boundaries. For the outlet conditions, the parameters are interpolated by 

assuming first-order derivatives. A slow coflow of air with a streamwise velocity of 0.3 m/s is 
imposed at the inlet. The static pressure, Pa, and the static temperature, Ta, of the ambient air are 1 

bar and 297 K, respectively. The nozzle pressure increased from 3.0, 4.0 to 5.0 bar as in the 

experiments and the respective cases are named as LP, MP, and HP. The grids with the size of 
Δ=20 μm are applied in the numerical simulations after the grid sensitivity study.  

 

Figure 17. The computational domain and the boundary conditions. 

The early stages of the near-nozzle flow structures for cases LP, MP, and HP from time t = 10 to 

40 μs are shown in Figure 18. Complex waves are formed in the near-nozzle field. If the partial 

pressure of hydrogen (PH2) is higher than its saturated vapour pressure (Pvap), the localized 
hydrogen liquefaction is expected to occur. Hydrogen liquefaction potentiality (HLP) is calculated 

as HLP = PH2 − Pvap. If HLP is higher than zero, the occurrence of liquefaction is expected to 

occur theoretically. The red dashed lines in Figure 18(a) denote the regions where HLP > 0, 
indicating that localized liquefaction can occur in the under-expanded jets of cold hydrogen gas 

due to the local expansion. For the low-pressure cases (LP and MP), the liquefaction cannot be 

formed. 
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(a) 

(b) 

(c) 

Figure 18. Transient development of the near-nozzle flow structure by density gradient from t = 

10 to 40 μs shown in time interval of 10 μs: (a) Case LP, (b) Case MP and (c) Case HP. 

The downstream development of the jets for Case HP is shown in Figure 19. The strong shear 
results in the rolling and shedding of vortices, which is associated with a large amount of 

hydrogen entrained by the coflow air. The regime of the potential liquefaction region decreases 

continuously as the expansion wave weakens. For the other cases, the liquefaction cannot be 
formed. 
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Figure 19. Instantaneous distributions of density gradient for Case HP from t = 50 to 80 μs shown 

in time interval of 10 μs. The red dashed lines denote the region of HLP > 0. 

In summary, DNS studies are a powerful tool to characterize the near-field flow physics, which 
are difficult to capture in the experimental tests. The studies conducted by Warwick FIRE has 

revealed that strong expansion formed in the jet head can lead to localized liquefaction due to the 

difference between the partial pressure of hydrogen and the saturated vapour pressure of 
hydrogen. The variation in the nozzle pressure ratio not only affects the subsequent hydrogen 

dispersion but also the jet shapes in the near-field region. The jet head varies from a round shape 

for the low nozzle pressure ratio to a quasi-rectangle shape for the high nozzle pressure ratio. The 

observed influence may lead to related changes in the subsequent far field dispersion. 

3.2 Transient cryogenic gaseous hydrogen releases 

3.2.1 CFD inter-comparison of PS/KIT experiments 

A CFD inter-comparison exercise was organized based on the DISCHA experiments performed 
by PS and KIT within PRESLHY project, see Giannissi et al. (2021a). 

The selected experiment involved blow-down of hydrogen from a 2.815 dm
3
 tank at 200 bar, 77 K 

stagnation conditions through a 4 mm nozzle, see Friedrich et al. (2019) and Veser et al. (2021). 

Three partners participated in the inter-comparison, NCSRD, UU and UWAR, with different CFD 

codes and modelling strategies.  

NCSRD estimated the transient release parameters from the experimental tank conditions using 
the engineering tool reported in section 2.2.1, to account for friction losses, area change and extra 

resistance along the discharge line. The notional nozzle was modeled following Venetsanos and 

Giannissi, (2017) approach. Dispersion simulations were performed using the ADREA-HF CFD 
code with transient source terms (with given velocity, temperature and notional nozzle area time 

histories) to model the transient jet. NCSRD also calculated notional nozzle conditions using HFE 

EoS and other notional modelling approaches (see PRESLHY deliverable D3.1) and these 
conditions were distributed to the other partners participating in the inter-comparison exercise. 

UU employed the volumetric source approach presented in (Molkov et al., 2009) to model the 

transient hydrogen release in CFD simulation. This approach implements transient source terms 

for mass, momentum, energy, turbulent kinetic energy and turbulent dissipation rate which vary in 
time to reflect the changing dynamics of properties at the notional nozzle. Conditions at the 

notional nozzle were calculated through the non-adiabatic blowdown model presented in section 

2.2.2 accounting for heat transfer through the tank and discharge line walls. Ansys Fluent v20.2 
was used as a platform to perform simulations.  

UWAR used the transient notional nozzle conditions provided by NCSRD for the Molkov et al., 

(2009) model assumptions, i.e. Mach = 1 at the notional nozzle and adiabatic energy balance 
between real nozzle and notional nozzle. Three-dimensional (3D) large eddy simulation (LES) for 

the unsteady cryogenic hydrogen jet has been conducted by using rhoReactingFOAM, which is a 
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density-based compressible flow solver within the frame of open-source computational fluid 

dynamics code OpenFOAM. All variables are decomposed into resolved and unresolved (subgrid) 
components by filtering Navier–Stokes equations. The governing equations are solved for three 

conservative variables, specifically density, momentum density, and total energy density. A 

transport equation is also applied to consider mixing of multiple species. The one-equation eddy-

viscosity SGS model for compressible flows is used for the Subgrid Scale (SGS) kinetic energy. 
The finite volume discrete ordinates model (FVDOM) is employed to solve the radiative heat 

transfer equation (RTE). The weighted sum of the grey gas model is used to evaluate the 

absorption and emission coefficients. 

For the unsteady simulation applied by UWAR, Figure 20 shows the comparison between the 

predicted and measured temperature profiles. Due to the computational cost for transient LES, the 

simulations have only reached 1.0 s physical time at the moment. The UWAR numerical 
simulations underpredicted the gaseous temperature at the initial stage and the rate of temperature 

increase with the decrease of distance to the nozzle. As discussed earlier, the limited sensor 

response time might have also affected the experimental measurements at the early stage which 

involved rapid temperature decrease. From about 0.4 s onwards, the predicted temperature profile 
along the centerline agrees with the measurement with both increasing gradually with time.  

 

 

Figure 20. Comparison of measured in PS experiment temperature time series along the jet 
centreline with UWAR simulation results. 

The predicted temperature time series were in fairly good agreement with the experimental time 

series during the entire blow-down duration with a tendency to underestimate the temperature at 
the early stage of the release (Figure 21).  



                                                        Grant Agreement No: 779613 
D3.2 Computational investigation of cryogenic hydrogen release and dispersion 

 

24   

 

 

 

Figure 21. Comparison of measured in PS experiment temperature time series along the jet 

centreline with NCSRD and UU simulation results.. 

Comparison between predicted and measured hydrogen volume concentrations showed significant 

discrepancies in the arrival time. The predicted arrival time occurred at almost time zero in all 

sensors, while in experiment there was a different time delay in each sensor with the largest delay 

to be around 7 sec for the sensor furthest away from the jet source. The comparison also showed 
that simulations are conservative overestimating the peak concentration. 

The experimentally observed delay in hydrogen concentration arrival time is attributed to the 

sensors’ experimental configuration. Hydrogen-air mixture was sucked from the nominal sensor 
experimental location via a thin plastic tube, 2.55 m in length, using a small pump, before 

reaching the hydrogen sensor itself. Although the experimentalists accounted for a time delay 

generated by this arrangement, and corrected homogeneously all the measured concentration time 
histories, this delay was estimated at separate tests (using hydrogen balloons) with widely 

different conditions and seems a) to be underestimated and b) to be different for each sensor 

location, i.e. depending on the flow conditions. Still maximum (peak) hydrogen concentrations 

were accepted as reliable measurements by both experimentalists and CFD modelers. 

The problem of measuring concentration close to the source for under-expanded hydrogen jets is a 

very difficult one and needs further research. Due to the difficulties encountered (as described 

above) it is suggested for future experiments near the source to a) reduce the length of the plastic 
tube as much as possible and b) use collocated temperature sensors at nominal sensor locations. 

Collocated temperature sensors can be used to derive hydrogen concentration, using the adiabatic 

mixing approach and in this sense can be used to check the reliability of hydrogen concentration 
readings. An alternative option to reduce the time delay could be to use a more powerful pump for 

suction. Such an option though was not possible in the present experiments as it would lead to 

flow velocities hitting the hydrogen sensor out of the sensor’s specifications. 

3.3 Large scale cryogenic liquid releases 

3.3.1 Liquid helium releases (INERIS tests) 

The ADREA-HF CFD code was validated against an old INERIS large scale liquid helium release 
experiment on flat ground, see Venetsanos et al. (2019). Humidity (and its phase change) was 

accounted in the simulations as an extra active constituent of the working fluid. Helium vapour 

specific heat increase, as temperature approaches the saturation temperature (a phenomenon also 
apparent for hydrogen vapour) was also accounted in the helium physical properties. The flow 

inside the diffuser at the end of the release line was modelled, permitting inflow (source) CFD 
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boundary conditions to be set the diffuser top rather at its bottom. Due to uncertainty in source 

vapour quality, simulations were performed with two different source vapour qualities (0.5 and 
1.0) for comparison. 

The predicted release and dispersion behaviour was evaluated against the experiment using 

temperature time histories at sensors deployed at various distances and heights downstream the 

source. For the selected sensors the temperature predictions were generally found in good 
agreement with the experimental with a tendency to under-predict temperature as the source is 

approached. Selected results are shown in Figure 22 and Figure 23. Differences between 0.5 and 

1.0 source vapour quality are more pronounced as the source is approached. 

 

Figure 22. Predicted temperature distribution on the symmetry plane (source vapour quality 1.0). 

Circles represent selected sensor locations. Units in axis are in meters. 
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Figure 23. Comparison between predicted and experimental temperature times series at selected 

sensor locations. Title shows name of experimental sensor and its X, Y, Z coordinates. 

3.3.2 Liquid hydrogen releases (HSE test-11) 

A CFD inter-comparison among partners AL and NCSRD was performed see Giannissi et al. 
(2021b), based on the HSE-PRESLHY LH2 release experiments, see Hall et al. (2021). 

HSE experimental trial-11 (5 barg tank pressure, through 12 mm nozzle) was selected for the 
inter-comparison because, as pointed out by the experimentalists, fully expanded liquid flow was 

established at the nozzle, and therefore no uncertainty existed regarding the modelling of the 

vapour quality at the source, see Lyons et al. (2020). The release was horizontal at 0.5 m above 
the ground in open environment, so significant wind variability was experimentally recorded.  

NCSRD used the ADREA-HF CFD code. Measured mass flow dynamics was reproduced using 

transient source boundary conditions. Wind variability was not taken into account. The wind was 
modelled in line with the release with average velocity the measured near-field speed. 

Comparison of the NCSRD predicted steady state concentrations against the peak experimental 

concentrations showed a good agreement, within factor of 2, in the near-field sensors along the jet 

centreline. Satisfactory agreement is also found at most of the sensors at z=0.25 and 0.75 m, while 
larger discrepancies were found at the bottom (z=0 m) and top sensors (z=1 m). 

For modelling AL used FLACS v20.1 and FLASH utility program (FLACS, 2020). Simulations 

were run in transient regime until achieving the steady state. The wind gust was not taken into 
account. It was also assumed that the wind is aligned with the release direction. The ground 

roughness was also kept the same along the computational domain.  

AL simulation shows the same behaviour as results of NCSRD: the concentration matches well 

experiment along the centreline (for the close field censors), whereas concentration close to the 
ground are significantly overestimated compared to measurements. This can be explained by the 
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wind variations in time and by the fact the roughness of the ground varied upstream from release 

location (hill covered by the grass with seldom bushes and trees to the asphalt in the experimental 
zone with a much lower roughness). 

Figure 24 shows the inter-comparison between predicted NCSRD and AL steady state 

concentrations and peak experimental concentrations at several distances from the nozzle and at 

several heights. The two simulations performed with different CFD codes and simulation 
strategies gave similar results in the jet centreline sensors (z=0.5 m). Generally, fairly good 

agreement with experimental data is achieved at the jet centreline sensors closer to the release, 

while greater divergence is observed at longer distances. This can be partially explained by the 
fluctuation of wind direction. In addition, AL simulation predicted a less buoyant cloud than 

NCSRD simulation. This can be attributed to the fact that in AL simulation the heat convection 

from the ground is not taken into account.   

 

Figure 24. Comparison between predicted steady state hydrogen volume fraction and peak 
experimental hydrogen volume fraction at several distances from the nozzle and at several 

heights. 

3.4 Boiling liquid expanding vapour explosion (BLEVE) 

A parametric CFD analysis of the BLEVE phenomenon was conducted by means of the CFD 
code ADREA-HF for liquid hydrogen (LH2) vessels, see Ustolin et al. (2021). This work was 

performed in the context of PRESLHY and SH2IFT EC-projects collaboration. 

Firstly, the CFD model was validated against the well-documented CO2 BLEVE experiment, of 

Van der Voort et al. (2012). Next, hydrogen BLEVE cases were examined. The physical 

parameters were chosen based on the BMW tests carried out in the 1990s on LH2 tanks designed 

for automotive purposes, see Pehr (1996). Different filling degrees, initial pressures and 
temperatures of the tank content were simulated to comprehend how the blast wave is influenced 

by the initial conditions. 

The aim of this study was twofold: provide new insights and observations on the BLEVE 
dynamics, and demonstrate the CFD tool effectiveness for conducting the consequence analysis 

and thus aiding the risk assessment of liquefied gas vessel explosion. Good agreement was shown 

between the simulation outcomes and the experimental results see Ustolin et al. (2021). 
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3.5 Engineering tools 

3.5.1 The similarity law 

The similarity law for expanded and under-expanded jets is an engineering tool able to calculate 

the axial hydrogen concentration decay in cryogenic momentum-controlled jets. The similarity 
law can be used to estimate the distance from the nozzle where a concentration of interest is 

reached, such as the Lower Flammability Limit (LFL) to determine the size of the flammable 

envelope produced by an unintended hydrogen release. 

Chen and Rodi (1980) developed a similarity law for evaluation of the axial concentration decay 

in momentum-controlled expanded jets, showing that for round jets, the mass fraction     at a 

given distance x is linearly proportional to the orifice diameter d: 

        √
  

  
 
 

 
 ,  

where    is the density of hydrogen at the nozzle and    is the density of the surrounding air. The 
similarity law was successfully validated in (Saffers and Molkov, 2013) against experiments on 

underexpanded hydrogen jets with release temperature in the range 80-298 K and pressure 2.6-

400 bar. 

Cirrone et al. (2019) validated the similarity law against experimental tests by Sandia National 

Laboratories (SNL) on cryogenic hydrogen releases with pressure 2-5 bar abs and temperature 50-

61 K (Hecht and Panda, 2018). Figure 25 shows the comparison between SNL experimental data 

and the similarity law, along with the experimental data previously used for validation in Saffers 
and Molkov (2013). Overall, it is shown that the similarity law for axial concentration decay 

represents well the experiments performed in SNL (maximum 10% deviation), with exception of 

two tests with 1 mm diameter nozzle (pressure equal to 3 and 4 bar). These experimental tests 
showed an anomalous behaviour resulting in hydrogen concentration along the jet axis lower than 

tests with lower pressure and higher temperature at the release. The reason may be due to the 

smaller diameter causing an increase of losses and a different heat exchange at the nozzle.  

The use of Abel Noble EoS or NIST EoS was seen to not affect significantly the hydrogen 

concentration decay, causing a maximum difference of 4.5% at the distance where concentration 

of ½ LFL is reached (4.5 m) for the release with highest pressure (6 bar abs) and lowest 

temperature (50 K).  
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Figure 25. The similarity law and experimental data on axial concentration decay in momentum 
controlled under-expanded jets from SNL tests and Saffers & Molkov (2013). 

3.5.2 Integral plume model 

An integral model was developed by NCSRD, in order to predict the cryogenic jet distribution 
and validated against the SNL tests with 1 mm nozzle. 

The integral model was based on the COLDPLUME model, see Winters (2009). It is coded in 

Fortran and uses the physical properties package of ADREA-HF code. The model’s full 
description can be found in Giannissi et al. (2020). 

The model distinguishes three regions for the cryogenic jet development: the under-expanded 

zone, the zone of flow establishment and the zone of established flow. COLDPUME model 
includes another zone, the zone of initial entrainment and heating, due to limitations of the 

model’s property package to calculate the mixture properties below 40 K.  This zone is neglected 

in NCSRD model, as the property package of the model has no constrains in calculating the air-

hydrogen mixture properties within all temperature ranges, including the region around the 
saturation point.  

For the under-expanded zone the notional nozzle concept is used. The exiting conditions of the 

under-expanded zone are the entering boundary conditions for the zone of flow establishment, 
which is characterized by the transformation of “plug flow” into the fully developed jet flow with 

Gaussian profiles for the velocity and the scalar transport quantities, which enters the zone of 

established flow (Winters, 2009). Finally, in the zone of established flow Gaussian profiles are 
assumed for the velocity, the density and the mass fraction in conservation equations and after a 

series of calculations a system of 11 differential-algebraic equations (DAEs) is obtained, which is 

solved numerically using the Runge-Kutta 4
th
 order method. To close the set of equations an 

entrainment model is used, which accounts for the transition from jet to plume based on the 
Froude number.  

Figure 26 shows the inverse mass fraction and the normalized inverse temperature decay rate 

along the jet centerline in comparison with experiment. Good agreement is found between 
calculations and experiment. Higher discrepancies between the calculations and the experiment 

are observed for the test at 3 and 4 bar release. As pointed out by the experimentalists, ice growth 

on the nozzle was observed in the experiments. This phenomenon was more pronounced in test at 

3 bar. This could be the reason for the larger discrepancies between model and experiment for that 
test. 
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Figure 26. Comparison with experiment for all the SNL tests with 1mm diameter: hydrogen mass 

fraction (left), temperature (right). 

Figure 27 illustrates the volume fraction contours of the integral model (flood) along with the 
respective experimental contours (lines). The volume fraction profiles and the lateral spreading 

are well predicted by the model. 

  

2 bar, 58 K 

 

3 bar, 56 K 

 

 

4 bar, 53 K 

 

 

5 bar, 50 K 

 

Figure 27. The hydrogen volume fraction, comparison of experimental measurements (lines) and 

the integral model predictions (flood) . 

 



                                                        Grant Agreement No: 779613 
D3.2 Computational investigation of cryogenic hydrogen release and dispersion 

 

31   

 

 

3.5.3 Adiabatic mixing approach 

A tool has been developed by HSE for determining the final thermodynamic state when LH2 is 
mixed with ambient air. The tool is described fully in PRESLHY deliverable D6.5 “Detailed 

description of novel engineering tools for LH2 safety, version 2” (Cirrone et al., 2021). The final 

state is defined by the temperature, hydrogen volume fraction and mixture density. The primary 
use of such an analysis tool is to support experiments on dispersing clouds of cold hydrogen in 

circumstances where there is minimal exchange of heat except with entrained air. The method 

allows estimation of gas concentrations from measured temperature, if the humidity and 
temperature of ambient air are known. The method is valid for final temperatures sufficient to 

prevent condensation of oxygen or nitrogen, which starts to occur at final temperatures below 

about 72 K. 
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4 Conclusions 

Release phenomena have been investigated both with integral models (engineering tools) and 
computational fluid dynamics and compared against pre-existing experiments and experiments 
performed within the PRESLHY project. 

NCSRD developed an engineering tool for cryogenic and ambient release calculations. The tool 

takes into account discharge line effects (friction, area change, extra resistance due to fittings and 

heat transfer through pipe walls). Stagnation conditions are either assumed adiabatic or provided 
as input. Single phase physical properties are calculated using the HFE formulation. Phase 

distribution is calculated with HEM or various HNEM models. The tool was validated against a 

series of steady and transient release experiments either pre-existing or performed within 
PRESLHY.  

The NCSRD release modelling investigations led to the following conclusions: 

 The distribution of flow parameters (pressure, temperature, velocity, etc.) along the 

discharge line for steady under-expanded releases depends strongly on the type of 

discharge line rupture. For full bore rupture flow parameters continuously change along 
the line towards its exit. For partial bore rupture (or nozzle) with diameter less than half 

that of the preceding line the flow parameters are nearly constant over most part of the 

discharge line and all the significant changes occur near the exit. In the first case 
discharge line friction plays an important role in controlling the mass flow rate. In the 

second case flow velocities are relatively small along the line and strongly increase near 

the exit, thus the mass flow rate is controlled by the characteristics of the exit nozzle 
rather than any line resistance before the nozzle area. 

 Special attention should be given to account for flexible pipeline flow resistance in 

experiments and in the design of hydrogen applications as flexible lines can experience 

up to 15 times larger flow resistances than rigid lines, see Riley (1967). 

 Mass flow rates during blowdown are systematically enhanced by non-adiabatic tank 

effects and systematically reduced primarily by discharge line resistance (friction, extra 
resistance due to fittings) and to a lesser or much lesser extent by discharge line heat 

transfer. These opposing effects may balance each other and justify the use of simpler 

modelling, i.e. assuming an adiabatic tank, neglecting the discharge line and using a 
discharge coefficient of 1.0. Indeed, this simple approach was observed to acceptably 

reproduce released hydrogen mass time histories compared to experimental data for most 

of the gaseous (cryogenic or ambient) hydrogen blowdown cases considered, although it 
suffers from underestimation of exit temperatures. These phenomena need to be further 

investigated with new dedicated experiments, where special attention should be given to 

parameters affecting resistance and heat transfer. 

 For two-phase releases, HEM model performance can be significantly improved if more 

accurate information is provided as input regarding stagnation conditions and discharge 
line resistances. Still non-equilibrium effects need to be taken into account below the 

liquid-vapour saturation curve and HNEM models (like HRM and DEM) need to be 

extended to hydrogen based on new dedicated experiments. 

 

The NCSRD CFD modelling investigations led to the following conclusions: 

 ADREA-HF CFD code was validated against a variety of cryogenic dispersion 

experiments (large scale steady LH2 and LHe releases, steady state and transient 
cryogenic gaseous H2 releases)  
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 ADREA-HF CFD code was validated against LCO2 BLEVE experiments and used to 

perform a parametric study based on the pre-existing BMW BLEVE experiments. 

 

CFD inter-comparison work for gaseous cryogenic under-expanded hydrogen blowdown releases 

led to the following conclusions: 

 Measuring arrival time and concentration decay rate close to the source for transient 

under-expanded hydrogen jets is a big challenge and needs further future research 

supported by simulations. 

 It is suggested for future experiments near the source to a) reduce the length of the plastic 

tube extracting hydrogen / air mixture from the nominal sensor location as much as 

possible and b) use collocated temperature sensors at nominal sensor locations in order to 

derive hydrogen concentration, using the adiabatic mixing approach 

Regarding the adiabatic mixing approach: 

 This approach proven to be very useful to experimentalists, could be extended to account 

for phase change of air components (O2, N2) under low temperature conditions and 

therefore be applied to distances closer to the source in case of cryogenic releases. 

 

UU research demonstrated that concentration decay in momentum-dominated hydrogen jets at 

ambient and cryogenic temperatures obey the similarity law currently widely used in hydrogen 

safety engineering. 

Heat transfer through the wall of a storage tank and discharge pipe system, if not properly 

insulated, may greatly affect hydrogen parameters in the storage and at the nozzle, possibly even 

determining whether a release will be gaseous or multiphase: 

 Analytical modelling of a storage tank blowdown by UU showed that experimental 

temperature dynamics in a tank could be reproduced accurately if heat transfer effect 

through a tank wall and discharge pipe was included, conversely to the case approaching 

the adiabatic limit. 

 Numerical simulations by UU on cryogenic hydrogen flow in a release pipe exposed to 

ambient air showed that the experimental mass flow rate could be reproduced only by 

taking into account heat transfer through the wall of the release system. The effect was 

seen to increase with the storage pressure.  

The UU numerical investigations on hydrogen releases and dispersion led to the following 
conclusions: 

 The notional nozzle approach and volumetric source concept to model steady state and 

transient releases, respectively, were found to be applicable for prediction of 

concentration decay in cryogenic under-expanded jets. 

 The CFD approaches employing RANS κ-ε turbulence models, previously validated 

against ambient temperature releases, were found to perform well for cryogenic releases 

provided that hydrogen properties are adapted to low temperatures. 
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