SIMULATION OF SMALL-SCALE RELEASES FROM LIQUID
HYDROGEN STORAGE SYSTEMS

Winters, W.S! and Houf, W.G?

Sandia National Laboratories®, MS9409, 7011 East Ave., Livermore, CA 94550, USA,
winters@sandia.gov’, Will@sandia.gov2

ABSTRACT

Knowledge of the concentration field and flammability envelope from small-scale leaks is important
for the safe use of hydrogen. These small-scale leaks may occur from leaky fittings or o-ring seals on
liquid hydrogen-based systems. The present study focuses on steady-state leaks with large amounts of
pressure drop along the leak path such that hydrogen enters the atmosphere at near atmospheric
pressure (i.e. Very low mach number). A three-stage buoyant turbulent entrainment model is
developed to predict the properties (trajectory, hydrogen concentration and temperature) of a jet
emanating from the leak. Atmospheric hydrogen properties (temperature and quality) at the leak plane
depend on the storage pressure and whether the leak occurs from the saturated vapor space or saturated
liquid space. In the first stage of the entrainment model ambient temperature air (295 k) mixes with the
leaking hydrogen (20-30 k) over a short distance creating an ideal gas mixture at low temperature (~65
k). During this process states of hydrogen and air are determined from equilibrium thermodynamics
using models developed by NIST. In the second stage of the model (also relatively short in distance)
the radial distribution of hydrogen concentration and velocity in the jet develops into a gaussian profile
characteristic of free jets. The third and by far the longest stage is the part of the jet trajectory where
flow is fully developed. Results show that flammability envelopes for cold hydrogen jets are generally
larger than those of ambient temperature jets. While trajectories for ambient temperature jets depend
solely on the leak densimetric Froude number, results from the present study show that cold jet
trajectories depend on the Froude number and the initial jet density ratio. Furthermore, the
flammability envelope is influenced by the hydrogen concentration in the jet at the beginning of fully
developed flow.

1.0 INTRODUCTION

A need exists for developing codes and standards to support the wide-spread delivery of liquid
hydrogen bulk fuel and fueling station storage. To develop these codes and standards the consequences
of planned and unplanned hydrogen releases must be understood. The systems under consideration are
mainly those used in supplying hydrogen for transportation. These systems include production storage
tanks, tanker trucks and tanks located at vehicle fueling stations. Typically these systems store
hydrogen in the saturated state at approximately 11 atmospheres. Storage vessels are heavily insulated
and sometimes actively cooled to minimize the rate of hydrogen boil-off (intended hydrogen release).

This paper documents a series of models for describing an unintended slow leak or discharge from a
liquid hydrogen (LH2) storage system. The first of these models is used to determine the state of
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flowing hydrogen as it exits a leak at atmospheric pressure. This model provides inlet conditions for a
second model, a “plug flow” turbulent entrainment model that describes a region of initial entrainment
and heating. In this region pure hydrogen enters and entrains enough air to bring the exiting hydrogen-
air mixture to a temperature high enough to be analyzed using currently available thermodynamic
models. Typically this temperature is approximately 65 K. The conditions exiting this zone of initial
entrainment and heating are used as inlet conditions for a third model, a more conventional Gaussian
turbulent entrainment jet or plume model that treats the hydrogen and air as a mixture of ideal gases.
This third model is used to describe the trajectory and properties in most of the leak stream.

Unintended slow leaks from liquid hydrogen storage systems can occur from spaces containing either
saturated vapor or a saturated liquid. Leaks occurring from the ullage volume in an LH2 storage tank
or attached pressure relief vent lines or fittings represent leaks from the saturated vapor space. Leaks
below the liquid level in an LH2 storage tank or leaks from liquid supply lines or fittings represent
leaks from the saturated liquid space. These leaks are generally closer to ground level. Hydrostatic and
liquid pumping pressure head may result in the liquid pressure levels being slightly higher than the
saturation pressure at the liquid-vapor interface but in this study, these small pressure differences are
assumed to be negligible. Depending on the storage pressure and leak location, leaks from LH2
systems can result in flashing two-phase flow as the hydrogen is exposed to atmospheric pressure. The
models discussed here assume that flashing hydrogen behaves as a simple compressible substance in
thermodynamic equilibrium.

Thermodynamic models developed by NIST are used to calculate the state of leaking hydrogen and the
state of hydrogen-air mixtures. NIST has incorporated its thermodynamic models into the program
REFPROP [1] which can be used to generate tables and plots of thermodynamic and transport
properties of important industrial fluids and their mixtures with an emphasis on hydrocarbons and
refrigerants. While REFPROP is a stand-alone program, most of its subroutines are available in
FORTRAN for linking into individual user applications. The models presented here have been cast
into FORTRAN 95 programs that call the suite of REFPROP subroutines to model pure two-phase
hydrogen and hydrogen mixtures with air.

In addition to describing the slow leak models, this paper presents computed results for leaks from an
11 atm liquid hydrogen storage system. Leaks from both the saturated vapor and saturated liquid
spaces are considered.

2. SLOW LEAK MODELS

Figure 1 illustrates the two kinds of slow leaks (vapor and liquid) that can occur from a system storing
liquid hydrogen at a pressure P, . Since hydrogen is stored at its saturation state, the hydrogen storage

temperature T_ is equal to the saturation temperature corresponding to the storage pressure, i.e.:
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Figure 1. Leaks from LH, storage tank.



For a slow leak we make the following assumptions:

o Contents of the storage tank are at uniform pressure and temperature.

o Leak flows are quasi-steady

e Hydrogen exits the leak at atmospheric pressure. In a slow leak through a microscopic
crack the frictional pressure drop along the leak path is large. Hence it is reasonable to
assume the exiting hydrogen is at or near atmospheric pressure.

e Potential and kinetic energy changes in the leaking flow stream are negligible. Slow leaks are
by nature low velocity flows; hence it can be assumed that changes in kinetic energy are
small when compared to enthalpy flux.

e Heat exchange between the containment and the leaking flow stream is negligible.

The assumption of adiabatic flow becomes reasonable for leaks that have established themselves for a
period of time. In such leaks solid material surrounding the leak has had sufficient time to equilibrate
to a temperature that is nearly equal to the leak flow stream. Hence heat transfer from the wall to the
exit stream is small when compared to the stream’s enthalpy. The adiabatic assumption is conservative
from the standpoint of safety since it leads to colder more dense exiting hydrogen streams. Plumes or
jets having these starting conditions require longer distances to dilute to non-flammable levels.

In all the leak scenarios discussed here it is assumed that the ambient is composed of still air at
atmospheric pressure and temperature of 295 K. Based on the above assumptions, it follows that:

For saturated vapor leaks: mth, = mthg(Ps) )

For saturated liquid leaks: my, h, =m,, h, (F,) (3)

where th2 is the mass flow rate of hydrogen through the leak, h, is the initial value of the hydrogen
enthalpy as it enters the atmosphere, hg (P,) is the enthalpy of saturated hydrogen vapor at the storage

pressure and h, (P,) is the enthalpy of saturated hydrogen liquid at the storage pressure.

The transport of a slow leak through the atmosphere will be modeled using a series of three turbulent
entrainment models. The models are shown schematically in Figure 2. The axial coordinate of the jet is
designated by s and is in general a curved path influenced by gravity. The pressure in all three zones is
assumed to be atmospheric. This is an important requirement for the application of turbulent
entrainment models. The three entrainment zones are:

e Zone 1: Zone of initial entrainment and heating (S, =0<s<S,)

e Zone 2: Zone of flow establishment (Sy <s<S_)

e Zone 3: Zone of established flow (s > S;)
In the first zone, “the zone of initial entrainment and heating”, pure hydrogen with a flow rate of rﬁH2
and an enthalpy of h, enters on the left (s =0) at the leak exit plane. Air is entrained into the leak jet

such that the temperature of the hydrogen-air mixture exiting the zone on the right (s= S, ) is T,. T,

is assumed to be the lowest temperature for which the properties of a hydrogen-air mixture can be
computed using available thermodynamic models (e.g. ~65K).

The second zone, “the zone of flow establishment”, provides the transition between the zone of initial
entrainment and heating and the zone of established flow. A uniform flow of hydrogen and air at one

atmosphere and temperature T, enters the zone on the left (S =S, ). In this zone the uniform flow



profiles make a transition to Gaussian profiles characteristic of fully established jet flows before
exiting on the right.

The third and by far the longest zone for the leak jet is “the zone of established flow.” In this zone the
profiles for velocity and mixture properties vary with jet radius according to fully established Gaussian
profiles that are constrained by the equation of state. The centerline values for velocity, hydrogen
concentration and mixture enthalpy decrease with jet centerline distance. Furthermore the trajectory of
the jet is influenced by buoyant forces due to local temperature and concentration differences.

The model for the zone of flow establishment and established flow are well known in the literature
(see e.g. [2]) especially for liquid jets. They form the basis of a previous model developed by Houf and
Schefer [5] to describe small-scale unintended releases of isothermal gaseous hydrogen. The present
slow leak model for liquid hydrogen releases builds on this model by adding the energy equation so
that buoyant forces resulting from the temperature difference between the cold jet and the ambient can
be accounted for in determining the trajectory of the jet. A separate model for the zone of initial
entrainment and heating is used to overcome difficulties in accounting for multiphase hydrogen and air
mixing and to provide thermodynamically consistent starting conditions for the zone of flow
establishment.
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Figure 2. Flow zones for the complete turbulent entrainment model.

The three zones making up the turbulent entrainment model are discussed here in the context of slow
leaks. However application of the three zones can also be made to fast leaks providing the leak stream
has attained a pressure equal to the ambient pressure and changes in kinetic energy are small compared
to the stream enthalpy.

2.1 Model for the Zone Of Initial Entrainment & Heating (Zone 1)

The temperature and quality of hydrogen brought from the storage pressure to one atmosphere in a
constant enthalpy process (i.e. Equations 2 and 3) is shown in Figures 3 and 4. Exit quality varies over
a wide range depending on whether the leak occurs from a saturated vapor space or a saturated liquid
space; exit temperature varies only by a small amount. All slow leaks from the saturated liquid space
result in two-phase flow at a temperature of 20.4 K. Leaks occurring from vapor spaces in systems that
store hydrogen at approximately .7 MPa (~ 7 atm) or greater result in higher quality two-phase flows
at 20.4 K. For storage pressures less than approximately .7 MPa (~ 7 atm) leaks from vapor spaces are
superheated to temperatures slightly higher than 20.4 K.
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Figure 3. Temperature of exiting hydrogen. Figure 4. Quality of exiting hydrogen.

It is clear that the thermodynamics of leaking hydrogen can be complicated considering it is likely to
be a two-phase mixture at extremely low temperature. The thermodynamics become more difficult to
describe as the exiting hydrogen stream entrains the surrounding ambient air. Near the exit any
entrained air is likely to condense or even freeze resulting in a mixture that cannot be characterized by
currently available equilibrium models. Even a comprehensive thermodynamic model such as
REFPROP [1] cannot characterize mixtures in which two or more of the mixture species exist in the
liquid phase. To overcome this difficulty, a “plug flow” turbulent entrainment model is used to model
the first stage of the leaking hydrogen jet or plume. The following assumptions are used in developing
a model for flow in zone 1, the zone of initial entrainment and heating:

e The jet flow is turbulent and quasi-steady
Since the flow is fully turbulent and steady, radial molecular diffusion is neglected compared
to radial turbulent transport. Radial turbulent transport is assumed to occur only at the jet
periphery such that radial distributions of velocity concentration and enthalpy are uniform at
any axial location in the jet, i.e. a plug-flow model is assumed.

e Streamwise turbulent transport is negligible compared to streamwise convective transport
Buoyancy is neglected due to the fact that the zone of initial entrainment and heating is short
and the trajectory of the jet is not significantly altered as a result of buoyant forces.

e Pressure is hydrostatic throughout the flow field and the thermodynamic pressure throughout
the flow field is one atmosphere.

e The jet remains axisymmetric, i.e. there are no circumferential variations in velocity, enthalpy,
density or concentration.

The hydrogen and air are in thermodynamic equilibrium.

e Changes in kinetic and potential energy are negligible.

The entrainment model is schematically represented in Figure 5. The figure shows how continuity,
momentum and energy are conserved in the zone of initial entrainment and heating. The exit

temperature of the zone is an assumed value T,. The exit temperature is arbitrary but modeling

accuracy requires that this temperature be the lowest temperature where the exiting hydrogen-air
mixture can exist as a gas (or the lowest temperature where REFPROP can compute the

thermodynamic properties of the mixture). Keeping T, low will also cause the zone of initial

entrainment and heating to be short or even negligible compared to the remaining two zones that make
up the leak jet. In the present study a value of 65 K was selected for T, since it was the lowest

temperature for which REFPROP could characterize the state for the exiting air-hydrogen mixture.



Figure 5a illustrates the conservation of mass for the zone. Pure hydrogen enters the zone on the left;
air is turbulently entrained at the jet periphery and an air-hydrogen mixture exits on the right. The
resulting continuity equation is:

My, -+, =M. 4)

Since the pressure throughout the flow field is uniform and the jet entrains stagnant air, the net
pressure forces on the zone are zero and the entering and exit momentum is conserved in the zone
resulting in the situation depicted in Figure 5b. The momentum equation for the zone is given by:

m,, V, =, V. (5)

where V, is the velocity of hydrogen entering the zone (velocity at the leak plane) and V, is the
velocity of the air-hydrogen mixture exiting the zone.

Figure 5c illustrates conservation of energy for the zone. Pure hydrogen enters the zone at the left with
a known enthalpy, h, ; air is entrained at the known ambient enthalpy, h,, and the air-hydrogen

mixture exits the right at the enthalpy, h, resulting in the following energy equation:
My, hy +m,h,, =moh, (6)

where h, is determined from the state specified by T,, atmospheric pressure and the composition of
the exiting air-hydrogen mixture. Using Equation (4), the energy equation can be rewritten as:
mH2 hy +muhy, = (mH2 + mA) ho (7)

The entrained air, M, necessary to bring the exiting air-hydrogen mixture to a temperature of T, at

atmospheric pressure may be determined iteratively from Equation (7). Reference [2] describes the
iterative process in detail and presents computed results for a number of leak scenarios.
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Figure 5. Zone of initial entrainment and heating. Figure 6. Coordinate system for buoyant jet.



2.2 Gaussian Turbulent Entrainment Model (Zone 2 & Zone 3)

The modeling techniques outlined here for zones 2 and 3 have been developed by Gebhart et. al. [3]
and many others. The assumptions used are similar to those outlined in Section 2.1 except that the
flow is no longer a “plug flow” and the influence of buoyancy is included in determining the trajectory
of the jet or plume.

The coordinate system used to describe jet trajectory and growth of the jet are shown in Figure 6. As
mentioned previously, the jet axis lies along the streamwise s coordinate. The jet radial coordinate is r
and the jet circumferential coordinate is ¢ . The angle between the jet axis and the x axis in the

superimposed x-y-z Cartesian coordinate frame of Figure 6 is €. The jet is assumed to be symmetrical
about the x-y plane, hence the relationship between's, &, x and y are given by:

dx/ds =cosé (8)
dy/ds=sind. 9)

The integral equations for jet continuity, the two components of momentum, hydrogen concentration,
and energy may be summarized as follows:

27 ©

0
tinuit — Vrdrdg = E 10
(continuity) j j pVrdrdg = p,., (10)
a 27 o
(x-momentum) — _[ IpV ?cos@rdrdg =0 (11)
0s 4%
8 27 © 27w ©
(y-momenturm) a—jjpvzsin Ordrdg = Ij(pamb — p)grdrd¢ (12)
S 00 00
a 27 ©
(concentration) — I I oVYrdrdg =0 (13)
0s 5
a 27 o
— | |Vpo(h=h_ )rdrd¢g=0 14
(energy) ~ H p(h=h,, )rdrdg (14)

where p, V, h, Y, g, and hamb are the jet density, velocity, enthalpy, hydrogen mass fraction,

gravitational constant and ambient enthalpy respectively. The ambient properties outside the jet are
designated with the subscript “amb”. (“amb” is equivalent to the state “A” in the previous subsection.)

A number of investigators including Albertson et. al. [4] and more recently Houf and Schefer [5] have
shown that within the zone of established flow, the mean velocity profiles are nearly Gaussian and
take the form

V =V, exp(-r?/B?) (15)



where V, is the local centerline velocity, r is the radial coordinate and B is the characteristic jet width

or the radial distance at which V is equal to 1/e times V,, . Fan [6], Hoult et. al. [7] and others have
shown that scalar profiles within the jet are also Gaussian and can be expressed as:

P = Pamp = (IOCL _pamb)exp(_r2 /(EB)Z) (16)

oY = pe, Yo, exp(—r2 / (15)2) (17)

where p. ,Y. are the local centerline density and hydrogen mass fraction respectively. The
parameter A is discussed below.

The selection of a radial profile for h must be constrained in such a way as to satisfy the equation of
state for the hydrogen air mixture. The hydrogen-air mixture is assumed to be a mixture of ideal gases.

As shown in [2] substituting Equations (15-17) into the conservation Equations (10-15) and
integrating with respect to r and ¢, it can be shown that Equations (8-14) become a system 7
equations and 7 unknowns (X, Y, ,B, p.,, V.., and Y. ). COLDPLUME [2], a Fortran 95 computer
program was written to solve this system of equations and predict the behavior of atmospheric
pressure leaks from LH2 systems. The differential-algebraic solver DDASKR [8] was used in solving
the equations. COLDPLUME solves the integral in Equation (14) numerically using the trapezoidal
rule. Typically, the upper integration limit oo is replaced by 3Band 1000 equally spaced intervals
(dr) are used to perform the integration. Numerical experiments were conducted in which the upper
limit of integration was increased to 5B and 10,000 equally spaced intervals were used. The computed
values for the seven dependent variables were unaffected in the first four significant figures.

The model for zone 2 and the entrainment rate model used to compute E in Equation 10 are described
in reference [2].

3.0 RESULTS

COLDPLUME predictions were compared to isothermal plume calculations made using the Houf and
Schefer turbulent entrainment plume model [5]. When COLDPLUME is run with an initial hydrogen
temperature equal to the ambient temperature, the predicted jet behavior is identical to that predicted
by Houf and Schefer.

The slow leaks presented here are valid for a liquid hydrogen storage pressure of 11 atm absolute. This
pressure is typical industrial systems. It is important to note that leaks from systems at other storage
pressures may behave differently since the initial storage pressure impacts the state of hydrogen as it is
brought to atmospheric pressure at the leak plane. It is this state that provides the starting condition for
the turbulent entrainment models that describe the trajectory and properties of the leak stream.

The trajectory for a series of leaks from the saturated vapor space is shown in Figure 7. Figure 8
contains a similar plot for a series of leaks from the saturated liquid space. The curves in Figures 7 and
8 represents the centerline of the jet plotted in x and y coordinates that are normalized by the leak

diameter, D, . In all cases a leak diameter of 1 mm was used and the jet angle was assumed to be zero
such that the centerline of the jet at the origin aligns with the x axis. Locations where the centerline
concentration (mole fraction) of H, fall to 8, 6, 4 and 2 percent are shown for each trajectory plotted.
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Figure 7. Trajectories for saturated vapor leaks. Figure 8. Trajectories for saturated liquid leaks.

Following Houf and Schefer [5], leaks are characterized by the leak densimetric Froude number

I:rden :VI /\/gDI |pamb — P |/p| (29)

where V,, D, , p,, p., @nd g are the hydrogen leak velocity, leak diameter, hydrogen leak density,

ambient air density and gravitational constant respectively. The density ratio|p,., — o, |/ p, depends
on the storage pressure and leak location. For a storage pressure of 11 atm it follows that:

Leaks from Saturated VVapor Space: Fr

den

= 2.333V, /., /gD, (30)

Leaks from Saturated Liquid Space: Fr,., =1.304V, / /gD, (31)

The densimetric Froude number is a measure of how the initial jet momentum influences the trajectory
of the jet. For large Froude numbers, the jet is more momentum-driven resulting in a jet trajectory that
aligns more closely with the original axis of the jet, in this case, the x axis. For low Froude numbers
buoyancy forces cause the jet to quickly bend upward or downward depending on whether the jet is
positively or negatively buoyant. The influence of Froude number is clearly evident in Figures 7 and 8.

Starting conditions for all COLDPLUME calculations are derived from the plug flow entrainment
model described in Section 2.1. The temperature and pressure of the hydrogen-air mixture exiting the
zone of initial entrainment and heating are 65 K and 1 atm respectively. For leaks occurring from the
saturated vapor space the density of this mixture is less than that of ambient air causing all leaks to be
positively buoyant. This results in the upward trajectories shown in Figure 7. For leaks occurring from
the saturated liquid space the density of the air-hydrogen mixure at 65K and 1 atm is greater than the
ambient air causing negatively buoyant leaks with trajectories bending downward (Figure 8).

COLDPLUME was used to generate Tables 1 and 2 showing the maximum radial distance from the
leak origin (s =S, =0) to a point on the leak-jet trajectory curve where the hydrogen mole fraction

concentrations are 2%, 4%, 6% and 8%. These tables are similar to the one generated by Houf and
Schefer [5] for ambient temperature leaks of hydrogen gas. All LH2 leaks are assumed to occur from



storage systems containing saturated liquid hydrogen at 11 atm absolute pressure. Table 1 shows radial
distances for leaks from the saturated vapor space. Radial distances for leaks from the saturated liquid
space are shown in Table 2. Because it was assumed (see Section 2.1) that leaking hydrogen expands
adiabatically from the tank interior to the leak plane, the distances shown in Tables 1 and 2 represent
conservative (i.e. longest possible) predictions. Furthermore it is assumed that the leak jet or plume is
allowed to penetrate the still atmosphere unimpeded by obstructions or by the ground.

Froude number ranges given in Tables 1 and 2 vary from very low values where the jets are strongly
influenced by buoyancy to large Froude numbers where buoyancy has little influence and the leaks
approach choked flow.

Table 1. Maximum radial distances from saturated vapor leaks.

(Frden)1 (R’IDI}max 2% (RID)ax 4% (R,Dl)max 6% (R’IDl)max 8%
10 479 314 245 204
50 883 570 438 361
100 1134 720 546 445
200 1143 899 670 540
400 1812 1112 849 692
600 2053 1293 974 780
800 2241 1443 1072 855
1000 2500 1581 1173 937
2000 3333 1985 1343 996
3000 3799 2047 1352 998
4000 4023 2061 1354 998
50002 4111 2063 1354 998

1 Figen = 2.233 Vf(g DJ* 2 Larger Froude numbers result in choked flow.

Table 2. Maximum radial distances from saturated liquid leaks.

(Frgon) (RID)nax 2% (RD)ysy 4% (RID)ax 6%  (RID) e 8%
10 881 573 442 367
50 1610 1022 775 631
100 2051 1276 950 766
200 2483 1573 1197 975
400 3207 2024 1498 1188
600 3768 2334 1710 1362
800 4293 2658 1900 1433
1000 4842 2875 1948 1445
2000 5838 2990 1965 1449
30002 6038 2999 1966 1449
1 Fry, = 1.304 \{ /(g D) 2 Larger Froude numbers result in choked flow.

Use of Tables 1 and 2 can be illustrated by a simple example. Let us determine the radial distance
between the leak source and a point on the centerline of the leak stream where the mole fraction of
hydrogen has dropped to 4%. We shall assume the leak diameter is 1 mm with a leak velocity
corresponding to a densimetric Froude number of 1000. Table 1 indicates that the radial distance for a
saturated vapor leak is 1.581 m. Table 2 indicates a distance of 2.875 m for a saturated liquid leak.
Comparing these distances to the distances computed by Houf and Schefer [5] for ambient temperature
hydrogen leaks, we find that for the saturated vapor leak the distance is more than 4 times greater; for
the saturated liquid leak the distance is more than 7 times greater. Note that we have used the
densimetric Froude number as a basis for comparing the three leaks. Table 3 shows radial distances for
the three leaks using the mass flow rate as a basis of comparison. The saturated vapor and liquid leaks

are for a storage tank at 11 atm absolute pressure; all three leaks are for a leak diameter, D, =1 mm
and a mass flow rate of .027 g/s. The table shows that for the 4% radial distance the saturated vapor



leak is approximately 3 times greater than the ambient temperature leak distance; the saturated liquid
leak the distance is approximately 3.6 times greater than the ambient temperature leak distance. Hence
regardless of whether mass flow rate or Froude number is used as a basis for comparing the three
leaks, saturated vapor and saturated liquid hydrogen leaks require considerably longer distances to
dilute the leak stream.

Table 3. Comparison of three slow leaks.

Typeof Leak | (Fry,) (RID)pax 2% | (RID)pax 4% | (RID)yay 6% | (R/D)ay 8%
Ambient leak 1000 765 379 250 185
Sat. Vapor Leak 94.4 1828 1166 888 719
Sat. Liquid leak 37.8 2163 1359 1032 844

For liquid hydrogen storage systems leaking hydrogen is extremely cold (approximately 20 K) and
multi-phased resulting is densities that are considerably higher than ambient temperature hydrogen. As
a result, greater distances are required to dilute the leak stream.

In their study of ambient temperature hydrogen leaks, Houf and Schefer [5] showed that for
momentum dominated jets, hydrogen dilution distances are independent of the jet densimentic Froude
number. Figures 9 and 10 demonstrate that the same is true for saturated vapor and liquid leaks. Each
figure shows how the reciprocal of hydrogen mole fraction, 1/X varies along the centerline of jets
having varying Froude numbers. The distance along the jet centerline is normalized by the leak

diameter, D, .
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For increasing Froude numbers the relationship between 1/X and S/ D, approaches a straight line, i.e

High Fr,.leaks from vapor space: X *=.0117(S/D,)+.818

High Fr,.leaks from liquid space: X ™ =.00806(S/D,)+.827

(32)

(33)

Equations (32) and (33) provide a simple way for estimating hydrogen dilution distances for

momentum nominated jets.



4.0 SUMMARY AND CONCLUSIONS

A series of turbulent entrainment models have been used to predict the characteristics of leaking jets or
plumes that result from unintended slow releases of hydrogen from liquid hydrogen storage systems.
Equilibrium thermodynamic models based on the NIST REFPROP subroutines are used to predict
hydrogen and hydrogen-air states as the leak stream is decompressed from tank storage conditions to
atmospheric pressure and a temperature of 65 K. This transition is modeled as a two step process. The
resulting hydrogen-air mixture provides the starting point for further turbulent entrainment model
calculations. For these calculations the leak stream radial profiles for velocity, density, concentration
and enthalpy are assumed to be Gaussian. This Gaussian turbulent entrainment model has been
developed into the computer code COLDPLUME that can be used to predict the behavior of the
longest part of the leak stream. COLDPLUME accounts for both thermal and solutal buoyancy effects.
The model used to predict the rate of ambient air entrainment for the plug flow and COLDPLUME
models was developed by Houf and Schefer [5]. The models described above were used to predict the
characteristics of slow leaks from the saturated vapor and saturated liquid spaces of an 11 atm liquid
hydrogen storage tank. An absolute pressure of 11 atm is typical for current liquid hydrogen storage
systems. Tables have been constructed to show distances required to dilute leak streams to hydrogen
mole fractions (volume fractions) of 8, 6, 4, and 2%. Simple expressions have been developed to
describe dilution distances for momentum dominated jets. Predictions show that vapor leaks are
positively buoyant and tend to flow upward in still air. Leaks from the saturated liquid space are
negatively buoyant and tend to flow downward toward the ground. Leaks from liquid hydrogen
storages systems have relatively high densities when compared to ambient temperature hydrogen
leaks. As a result dilution distances for LH2 leaks tend to be several times greater than distances for
ambient temperature hydrogen leaks.
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