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a b s t r a c t

The natural and wind driven mixing and dispersion of hydrogen released in an accidental

manner in a partially enclosed compartment with two vents is investigated using theo-

retical tools. A simple analytical model is constructed to predict the entrainment of air in

a buoyant turbulent hydrogen plume and the properties of the resulting two-layer strati-

fication that drives the flow through the vents. Air flows in through vents below the

position of neutral buoyancy and exits from vents above it. CFD simulations are conducted

in a full-scale geometry to confirm the physical phenomena and to compare with the

analytical results. Analytical results are also compared with experimental data from a ¼

scale two-car residential garage. The analytical model is used to understand the important

physical processes involved during hydrogen release as a vertical plume, and dispersion in

a compartment with vents at multiple levels, with and without a steady wind. Parametric

studies are conducted to study the effect of hydrogen release rate on location of the

interface between the two layers and hydrogen volume fraction in the upper layer.

Analytical model results indicate that for a given hydrogen release rate, the hydrogen

concentration in the upper layer reaches a maximum under wind conditions that oppose

the buoyancy induced flow, and that this maximum value can be as much as 70% higher

than the case with no wind effects. Results also indicate that blowing outdoor air into the

lower vent is an effective strategy for reducing the flammable volume of hydrogen gases in

a compartment, following an accidental release.

Published by Elsevier Ltd on behalf of Professor T. Nejat Veziroglu.

1. Introduction

As more hydrogen fueled applications enter the marketplace,

there is a need for a better understanding of the potential for

fires and explosions associated with the unintended release of

hydrogen within an enclosure [1]. If hydrogen gas is released

accidentally in a fully enclosed space, then the risk of an

explosion will be relatively small if the total volume of the

hydrogen release is smaller than 4% (lower flammability limit)

or greater than 74% (upper flammability limit) of the enclosure

volume, under the well-mixed assumption [2,3]. If the release

occurs in anun-enclosed space, then the buoyant hydrogen gas

would rise up and the risk of hydrogen accumulation will be

negligibly small. However, if hydrogen gas is released acciden-

tally in a partially enclosed space, then flammable concentra-

tion of hydrogen will depend on hydrogen release rate, volume

of released gases, vent location, cross-sectional area of vents,

background leaks, wind speed/wind direction and thermal

effects. Time-dependent and spatially evolving concentration

of hydrogen in a partially enclosed compartment with leaks

whose size and locationmay be unknown is difficult to predict.

The uncertainty in predicting the concentrations can increase
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significantly due to external forces such as wind and thermal

gradients. Developing a methodology to accurately predict the

flammable volume, when hydrogen is released accidentally

from a fuel cell in a compartment or a vehicle parked in a resi-

dential garage, is critical to the safe use of hydrogen and for the

development of appropriate safety codes and standards for

hydrogen applications.

The dispersion, mixing, and combustion of hydrogen have

been studied through experiments, theoretical methods and

through the use of computational fluid dynamics (CFD) tools,

and have been reported in various articles presented during

the International Conference on Hydrogen Safety meetings

[4,5]. A number of papers [6e9] have reported experimental

data on release and dispersion of hydrogen or helium in

partially enclosed compartments that can be used for

validating the numerical models and for improving our

understanding of the physical phenomena. Pitts et al. [10]

presented a detailed experimental study on helium disper-

sion in a ¼-scale two-car residential garage. Time-resolved

measurements atmultiple locations in the compartmentwere

performed, and results were presented as a function of gas

flow rates and duration of the flow. The National Institute of

Standards and Technology (NIST) Fire Dynamics Simulator

(FDS) [11] has been used to simulate these reduced-scale

experiments, where helium was used as a surrogate gas

[12,13]. These calculations have indicated that CFD software is

capable of simulating the release andmixing of hydrogenwith

clearly defined geometries and boundary conditions, but

simple analytical models are needed for providing guidance

for emergency responders and for development of appropriate

codes and standard applications relevant to hydrogen safety.

Theoretical models have been developed for ventilation flows

in a room with a heated floor [14e19]. These models typically

look at the effect of point heating (pure buoyant flows) or

distributed heating of the entire floor instead of the release of

a buoyant gas. Zhang et al. [20] modified the analytical models

originally developed for smoke filling a compartment for the

case of a hydrogen plume in a compartment. This model did

not consider the effect of multiple vents or the effect of an

external wind on hydrogen concentration in a compartment.

Barley et al. [21] developed a simple one-dimensional model

for understanding the hydrogen stratification in a compart-

ment that is ventilated through two vents. Their model was

limited to identifying the steady-state condition and did not

consider the effect an external wind flow or the effect of

intermediate vents. The results described in this paper are

more general as they cover the transient as well as the steady-

state flows that develop in a partially enclosed compartment

with a sudden hydrogen release. CFD software has been used

extensively in the past to study hydrogen leakage and burning

in complex geometries [3e25]. Swain et al. [3,22] developed

a method to establish the requirements for venting in build-

ings that contain hydrogen fueled equipment.

There is a fundamental difference between the flow-fields

that are established in a compartment when hydrogen gas is

released in a cluttered environment (e.g. release of hydrogen

under a vehicle) as opposed to the release in an un-cluttered

environment. When hydrogen gas is released under a vehicle,

the buoyant gas starts tomix rapidly with the surrounding air.

The hydrogeneair mixture can leak into the passenger

compartment or accumulate under the hood, depending on

the construction of the underside of the vehicle. Most of the

hydrogen can escape from under the vehicle through the

wheel wells and the perimeter of the vehicle as multiple

plumes rising towards the ceiling. The mixing of hydrogen

under the vehicle and its subsequent release in the form of

multiple independent plumes, results in a well-mixed

hydrogeneair mixture in the compartment. Turbulent mixing

under an obstruction resulting in a well mixed hydrogeneair

mixture in the compartment has been observed in full-scale

experiments [26] as well as reduced scaled experiments [10].

Such scenarios have also been studied recently using analyt-

ical and CFDmodels [27]. On the other hand,when hydrogen is

released in an un-cluttered environment, the flow field can be

quite different. The turbulent hydrogen plume that develops

above the release point entrains fluid as it rises. Once the

plume reaches the top, it spreads radially outwards to form

a buoyant layer separated from the air below by a density

interface. As the depth of this buoyant layer increases, the

interface descends towards the plume source, and hence the

layer is fed with increasing buoyant fluid.

In this paper, simple analytical models are developed for

studying hydrogen release and dispersion in a compartment

where hydrogen is released vertically as a buoyant turbulent

plume. CFD simulations are conducted to confirm the physical

phenomena and to compare with the analytical model. Model

results are compared with experimental data of helium

released in a ¼ scale garage model. The effect of hydrogen

release rate and vent cross-sectional area on hydrogen

volume fraction (mole fraction) and location of the interface in

the compartment is discussed. Themodel is extended to study

the effect of a wind that assists the buoyancy-driven flow, or

a wind that opposes the buoyancy-driven flow. Results for

hydrogen release and dispersion in a compartment under an

assisting/opposing wind are presented and discussed.

2. Accidental hydrogen release in
a ventilated compartment

Consider the case of a compartment of height H, in which

hydrogen is leaking accidentally from a source. The light

hydrogen gas will rise as a vertical plume, reach the ceiling,

spread to the sidewalls and descend in the space between the

sidewalls and theplumeas shown in Fig. 1. If the compartment

was sealed, then the upper part of the plume will be sur-

rounded by fluid that is lighter than the fluid of the initial

density. This will result in filling of the compartment and has

been discussed extensively by Baines et al. [18] and Worster

et al. [28]. If the compartment is vented through two vents, one

located close to the floor and the other close to the ceiling, then

the layer of buoyant fluid near the ceiling will drive a flow

through the openings. This will result in an inflow through the

vents located close to the floor and outflow through the vent

locatedclose to theceiling.A layerof hydrogen-airmixturewill

format the ceiling that is separated from the ambient fluid (air)

by a density interface. The height of this interface above the

floor is denoted as hi. The depth of the buoyant upper layerwill

increase as the layer is fed with buoyant fluid through the

plume, and the interfacewill descend and approach the plume
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source. Fig. 1 shows a schematic diagram of the flow-field

during the release of hydrogen gas as a buoyant turbulent

plume in a compartmentwith vents at the top andbottom.The

left sub-figure shows the flow-field during the transient stages,

while the right sub-figure shows the flow-field when the

interface has reached a steady state. During the transient

stages, thefluidwill be risingwithin theplume, bothabove and

below the interface. Outside the plume, the vertical compo-

nent of velocity will be downward, decreasing to zero as the

interface is approached, while below the interface the vertical

component of velocitywill be upward, againdecreasing to zero

at the interface. The horizontal component of the velocity will

be towards the plume, representing the entrainment of air into

the plume (Fig. 1 left sub-figure).

After some time, steady state will be achieved when the

location of the interface will not change with time (Fig. 1 right

sub-figure). The fluid below the interface will consist of pure

ambient fluid, while above the interface the fluid will be

lighter than the ambient fluid. Under steady-state conditions,

the compartment will be vertically stratified with outdoor air

entering through the lower vents and a lower density mixture

of hydrogen and air leaving through the upper vent. The lower

part of the compartment is comprised of ambient air, except

in the region surrounding the hydrogen plume.

The compartment is assumed to be vented through two

vents; “Vent 1” is located at the base of the compartment close

to the floor, also referred to as the “lower” vent, and “Vent 3” is

located at the top of the compartment, also referred to as the

“upper” vent. Subscript 2 is used for intermediate vents,

consistent with previous work in this subject [27]. The two

vents have cross-sectional area a1 and a3, where suffixes 1 and

3 correspond to the respective vents. LetM
$

H2 be the mass flow

rate of pure hydrogen gas into the compartment. We denote

the velocity of the fluid through the lower and upper vent as v1
and v3, respectively. It is assumed that the flow through each

opening is unidirectional at any given instant in time. In

general, the velocity vj of a gas mixture through a vent j is

related to the pressure drop DPj using Bernoulli’s theorem,

vj ¼
ffiffiffiffiffiffiffiffiffiffi
2DPj

r

s
; (1)

where, r corresponds to the density of the gas mixture. The

volumetric flow rate Qj through vent j of area aj is then related

to the velocity vj according to

Qj ¼ aj � vj � cj; (2)

where cj is the discharge coefficient that accounts for the

reduction in the area of the streamlines through the vent. The

discharge coefficient is a constant lying between 0.5 for

a sharp expansion at the inlet and 1.0 for a perfectly smooth

expansion. It should be noted that the Bernoulli’s theorem is

not strictly applicable since the flows are not dissipationless.

Fig. 2 shows the pressure distribution inside and outside

the compartment at the height of the lower and upper vents.

The ambient pressure at the height of the upper vent outside

the compartment is represented by Po. The pressure inside and

outside the compartment varies hydrostatically with height.

As a consequence, the pressure at the height of the lower vent

outside the compartment will be higher due to the weight of

the fluid and will equal to Po þ rogH, where ro is the density of

the ambient fluid and g is the gravitational acceleration. If we

let DPc be the instantaneous compartment overpressure due

to the release of hydrogen gas, then the pressure inside the

compartment at the height of the upper vent is represented as

Po þ DPc, while that at the height of the lower vent is repre-

sented as Poþ DPcþ rg(H� hi)þ roghi, as shown in Fig. 2. Owing

to the lower density of gas mixture inside the compartment,

the vertical pressure gradient is lower than the vertical pres-

sure gradient outside the compartment. These gradients are

due to the weight of the fluid. The difference between these

pressure gradients leads to a buoyancy-driven flow through

the vents.

The pressure difference at the level of the lower vent DP1
and upper vent DP3 can be written as

Fig. 1 e Schematic diagram of the flow-field during the release of a light gas (hydrogen) as a buoyant turbulent plume in

a compartment with vents at the top and bottom. The left sub-figure shows the flow-field during the transient stages, while

the right sub-figure shows the flow-field when the interface has reached a steady state.

Fig. 2 e Schematic diagram of the pressure distribution

inside and outside the compartment at the height of the

lower and upper vents.
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DP1 ¼ DrgðH� hiÞ � DPc (3)

DP3 ¼ DPc (4)

where, Dr ¼ ro � r, and ro is the density of the ambient air,

while r is the instantaneous density of the upper layer.

Substituting equations for pressure difference across the

vents (Equations (3) and (4)) in (1), the velocity through vent 1

and vent 3 can be expressed as

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
DrgðH� hiÞ � DPc

ro

s
(5)

v3 ¼
ffiffiffiffiffiffiffiffiffiffiffi
2
DPc

r

s
(6)

For any accidental release of hydrogen as a vertical plume in

a ventilated compartment, it is critical to develop an accurate

methodology to predict the hydrogen volume fraction in the

upper layer, and the location of the interface as a function of

time. Once the volume fraction and location of the interface

are known, the volume of flammable gases in the compart-

ment can be calculated. The rate of accumulation of hydrogen

in the upper layer is dependent on the rate at which hydrogen

gas is released in the compartment and the outflow of

hydrogen through the upper vent.

d
�
rYH2

� ðH� hiÞ � S
�

dt
¼ M

$

H2
� YH2

� r� ða3v3c3Þ (7)

where,M
$

H2
is the mass flow rate of pure hydrogen gas into the

compartment, YH2
is the instantaneous mass fraction of

hydrogen in the upper layer and S is the cross-sectional area of

the compartment. The rate at which the location of the

interface changes can be obtained by writing an equation for

conservation of total volume (or total mass) of the upper layer.

Thus

dððH� hiÞ � SÞ
dt

¼ Qp � a3v3c3 (8)

where, Qp is the volumetric flow rate of hydrogeneair mixture

through the plume region across the interface, discussed in

more detail in sub-Section 2.1.

The ordinary differential equations (7) and (8) can be solved

to obtain the instantaneous location of the interface and the

density of the upper layer in a compartment, and this in turn

can be used to compute the mass fraction or volume fraction

of hydrogen in the upper layer as a function of time. Since the

velocity (and volumetric flow rates) through the vents are

related to the instantaneous compartment overpressure, an

additional equation is needed to predict the instantaneous

overpressure of the compartment DPc, needed to obtain the

velocity v3 in equations (7) and (8). Since the volume of the

compartment is fixed and assuming that the flow is incom-

pressible, the volumetric flow rate into the compartmentmust

equal the volume of gases leaving the compartment through

the upper vent, or

V
$

H2
þ a1v1c1 ¼ a3v3c3 (9)

where, V
$

H2
is the volumetric flow rate of pure hydrogen gas

release into the compartment and can be obtained by dividing

themass flow rateM
$

H2
by the density of pure hydrogen gas rH2

.

Equation (9) along with equations (7) and (8) form a system

of equations that were solved to obtain the height of the

interface hi, the density r of the upper layer and the

compartment overpressure DPc as a function of time. Equa-

tions (7) and (8) are ordinary differential equations that were

advanced in time using a second order Runge Kutta (RK)

method (midpoint method), followed by a Newton Raphson

iteration to solve the volume conservation equation (9). The

volumetric flow rates through the lower and upper vent can be

obtained using equation (2) along with equations (5) and (6).

2.1. Plume modeling

As discussed in the previous section, equation (8) requires an

expression for the volumetric flow rate Qp, through the plume

at the level of the interface. This flow rate through the plume

changes due to entrainment of the surrounding air into the

turbulent plume. Most laminar plumes are unstable quite

close to the source, and the flow in a plume will be turbulent

following a short transition region, for all but the weakest

plumes [29e31]. The classical plume mixing model (Morton

et al. [30]) provides a reasonable first-order estimate of the

mixing, if the vertical distance from the source to the density

interface far exceeds the distance required for the transition.

It is assumed that the hydrogen releasing from the source is

governed by the self-similar plume solution described by

Morton et al. [29,30]. The plume theory predicts that the

volumetric flow rate Q in the plume in an un-stratified envi-

ronment varies as a function of height z measured above the

release point, and can be expressed as

QðzÞ ¼ 6e
5

�
9p2e

10

�1=3

B1=3
o ðzþ zoÞ5=3 (10)

where, e is the “entrainment constant” [29], Bo is the flow rate

of buoyancy, zo is the distance of the effective origin behind

the source at which a pure source of buoyancy with zero

volume flux and zero specified momentum flux produces an

identical flow ahead of the real source [32]. The value for the

entrainment constant was chosen as e ¼ 0.102 based on the

most commonly used value in the literature [14e21]. The rate

of flow of buoyancy Bo is related to the volumetric flow rate of

hydrogen V
$

H2
using the equation

Bo ¼ V
$

H2
�
�
ro � rH2

ro

�
� g (11)

while, zo can be obtained using the relation

V
$

H2
¼ 6e

5

�
9p2e

10

�1=3

B1=3
o z5=3o (12)

Using this approximate model, the volumetric flow rate

through the plume at a height hi (location of the interface) can

be written as

Qp ¼ 6e
5

�
9p2e

10

�1=3

B1=3
o ðhi þ zoÞ5=3 (13)

Equation (13) provides an additional relationship that quan-

tifies the plume volumetric flow rate at the interface, required

in Equation (8).
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2.2. Comparison of analytical model with full scale
compartment simulations

The simple analytical model discussed above was compared

with results of a numerical simulation performed using the

NIST Fire Dynamics Simulator (FDS). FDS is a CFD package [11]

that has been used by the fire protection community to

simulate fires in large buildings and for forensic analysis, and

can be used effectively for modeling hydrogen release and

dispersion in a compartment. The FDS software has been

validated with a series of experiments that have been per-

formed at NIST in which helium was released into a ¼-scale

two-car residential garage [12,13]. Time-resolved measure-

ments of helium volume fractions were made at multiple

heights in the model garage during the release and dispersion

phase [10]. FDS simulations of the experimental setup were

conducted to accurately resolve the entrainment into the

buoyant plume and the leakage through the vents. Simulation

results indicated that FDS software can reliably predict the

hydrogen release and dispersion in a compartment with

specified vent locations. The results of the analytical model

from the previous section are now compared with the simu-

lations from a detailed CFD calculation (Fig. 3).

The dimensions of the compartment used for this

comparative study were 6.0 m � 6.0 m � 3.0 m, with a total

volume of 108 m3. Pure hydrogen gas was uniformly released

through a square cross-section of 0.28 m � 0.28 m (area of

0.0784 m2). The mass flow rates of hydrogen gas were set at

5.0 kg/h, 0.5 kg/h and 0.05 kg/h, while the duration of the

releasewas four hours. The compartmentwas vented through

two square vents located at the top and bottom of the side-

walls as shown schematically in Fig. 1. Each vent had a cross-

sectional area of 0.01 m2. The computational domain was

divided into eightmeshes that were chosen to resolve the flow

through the release chamber and the vents. Grid resolution in

the computational domain was 2 cm in the horizontal and

vertical direction to resolve the flow through the plume region

as well as capture the transition between the upper and lower

layer. Typical computational costs of a simulation performed

on an eight processor machine were approximately 200 h.

Fig. 3 shows the numerically predicted hydrogen volume

fraction (symbols) at seven different heights (m) in the

compartment for hydrogen release rates of 5.0 kg/h (left sub-

figure) and 0.5 kg/h (right sub-figure). The analytical model

developed in the previous section (Fig. 3 solid line) was

compared with the average value of the sensors located in the

upper layer at the end of the release period. The top six

sensors located close to the ceiling were used for the aver-

aging process and the average value is representative of the

properties of the upper layer. For a hydrogen release rate of

5.0 kg/h, the maximum difference between the analytical

value and the average sensor value was less than 1.5%. Simi-

larly, for a hydrogen release rate of 0.5 kg/h, the maximum

difference was less than 1.0%.

2.3. Comparison of analytical model with reduced scale
experiments

A series of experiments were conducted at NIST to charac-

terize the dispersion of helium gas in a ¼-scale two-car resi-

dential garage [10]. In these experiments, helium (used as

a surrogate for hydrogen, due to safety concerns) was released

at a constant rate into a scaled model having interior dimen-

sions of 1.5 m � 1.5 m � 0.75 m. Volumetric flow rates of

helium were 3.71 L/min for four hour releases. Helium was

released through a Fischer burner with a 3.6 cm diameter

circular opening located 20.7 cm above the floor. Two equal

square vents, with 2.15 cm sides, were placed in one of the

sidewalls, with the bottom edge of the lower vent 2.54 cm

above the floor and the top edge of the upper vent is located

2.54 cm below the ceiling. Helium volume fractions were

recorded at seven locations along a vertical line located

37.5 cm from the left and front walls, and the relative uncer-

tainty in the measurement was reported as 1% [10].

Fig. 4 shows the comparison of analytical model results

(solid line) with experimental data (symbols). The analytical

Fig. 3 e Comparison of analytical model results (solid line) with FDS simulations (symbols) performed in a full-scale

compartment with hydrogen release rates of 5.0 kg/h (left sub-figure) and 0.5 kg/h (right sub-figure). FDS simulation results

are shown for seven sensor located at various heights (m) above the floor.
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model results are comparable with the value measured by the

sensor located at a height of 65.0 cm above the floor. Again,

this sensor value is chosen since it is representative of the

value in the upper layer. It is noted that since the release rate

of helium employed in the experimental study are very small,

diffusion of hydrogen from the upper layer into the lower

layer becomes significant. The analytical model does not

consider the diffusion process, and as a result over-predicts

the experimental data. Fig. 4 also shows the comparison of

analytical model results (solid line) with those from an FDS

calculation (dashed line), measured at a height of 65.0 cm

above the floor. The FDS calculations were performed for the

reduced scale geometry discussed in this section. Results

indicate that the analytical model results compare favorably

with CFD simulations as well as experiments [10] performed

in a reduced scale garage geometry.

2.4. Effect of release rate on steady state and transient
profiles

The effect of changing the hydrogen release rate on steady

state and temporally evolving hydrogen volume fraction in

the upper layer, height of the interface, as well as compart-

ment overpressure are discussed below. The geometry of the

compartment is identical to that discussed in Section 2.2.

Fig. 5 shows the effect of changing the hydrogen mass flow

rate (release rate) from 5.0 kg/h to 0.01 kg/h on the steady-

state hydrogen volume fraction, height of the interface and

compartment. The profiles for these variables as a function of

time for hydrogen release rates of 5.0 kg/h, 1.0 kg/h and 0.1 kg/

h are shown in Fig. 6. The steady-state volumetric flow rates

through the lower and upper vent are shown in Fig. 7 (left sub-

figure), while the time-dependent profiles are shown in Fig. 7

(right sub-figure).

The steady-state value of the hydrogen volume fraction

increases with higher hydrogenmass flow rate. The hydrogen

volume fraction in the upper layer increases monotonically

with time for all hydrogen release rates (rate of increase is

higher for higher hydrogen mass flow rate), until a steady-

state value is reached. Results indicate that the steady-state is

reached faster as hydrogen release rate increases. The height

of the interface (distance measured from the floor) initially

reduces with time, reaches a minimum value, followed by

a small increase before stabilizing at the steady-state value.

The height of the interface reduces with hydrogen release

rates, implying that the steady-state thickness of the upper

layer increases as the hydrogen mass flow rate increases. The

initial thickness of the upper layer was assumed to be 10% of

the height of the compartment (chosen to approximate the

thickness of the ceiling jet). Analytical model results were

found to be relatively insensitive to this assumption. The

compartment overpressure also increasesmonotonically with

time initially, and then stabilizes at a value that is higher for

increasing hydrogen mass flow rates.

The volumetric flow rates are shown as positive, when the

flow enters the compartment and negative, when the flow

leaves the compartment. For all hydrogen release rates, the

steady-state value of the volumetricflow rate through the lower

vent is a positive value (indicating inflow), while that through

theupper vent is anegativevalue (indicatingoutflow). For a very

Fig. 4 e Comparison of results of analytical model (solid

line) with experimental data (symbol) from reduced scale

experiments measured at a height of 65.0 cm above the

floor. Results from an FDS simulation (dashed line) at the

same height are also indicated.

Fig. 5 e Steady-state predictions (analytical model) on hydrogen volume fraction (left sub-figure), height of the interface

(middle) and compartment (right sub-figure) plotted as a function of hydrogen mass flow rates.
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short duration immediately following the release of hydrogen,

the transientvolumetric flowrates through theupper and lower

vents are negative numbers indicating that the flow is out of the

compartment through both the vents. The magnitude of the

outflow through the lower vent is larger for larger hydrogen

release rates. Gradually, the volumetric flow rate through the

lower vent becomes a positive number indicating that outdoor

air is entering the compartment through the lower vent. Results

indicate that as the hydrogen release rate increases, it takes

longer for the flow through the lower vent to change direction.

At each instant in time, the volumetric flow rates are such that

they balance the hydrogen release rate to satisfy volume

conservation. The steady-state values of the volumetric flow

rates (magnitude) through the lower and upper vents increase

with increasing hydrogen mass flow rates. The steady-state

condition also indicates inflow through the lower vent and

outflow through the upper vent. Under steady-state conditions,

the flux through the plume at the interface equals the volu-

metric flow rate through the upper vent. Also, the hydrogen

release rate (volumetricflowrate) is equal to thevolumetricflow

rate of hydrogen through the upper vent.

3. Effect of wind on hydrogen release in
a compartment

The results in the previous section indicate that the analytical

model provides reasonable predictions of the two-layer strati-

fication that can develop during accidental release of hydrogen

as a vertical plume. The stratification of the compartment

induces an inflow through the lower vent and an outflow

through the upper vent. In this section, we extend the analysis

to consider the effect of an external wind on the ventilation of

a compartment which contains a localized source of buoyant

gases.

Characterizing the effect of ventilation onhydrogen release

and dispersion can be accomplished through wind tunnel

testing, however such tests can be time consuming and

expensive toperform.CFDmodelingof theeffect of anexternal

wind can be conducted, but such computations are very

expensive because of the increase in the size of the computa-

tional domain to minimize the effect of boundary conditions

on the ventilation. Preliminary simulations performed using

Fig. 6 e Hydrogen volume fraction, height of the neutral layer and compartment plotted as a function of time for hydrogen

release rates of 5.0 kg/h, 1.0 kg/h and 0.1 kg/h.

Fig. 7 e Steady-state volumetric flow rates plotted as a function of hydrogen release rate (left sub-figure) and time dependent

volumetric flow rates through the lower and upper vents for hydrogen release rates of 5.0 kg/h, 1.0 kg/h and 0.1 kg/h (right

sub-figure).
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FDS resulted in a 1700% increase in the volume of the domain,

resulting in simulations that can be computationally prohibi-

tive. Analyzing the ventilation due to an external wind using

experimental or computational methods can be challenging

due to the presence of fluctuations or perturbation in wind

velocity and the change in direction of the wind over the

duration of the release. We limit the scope of the simple

models presented in this paper to situations where thewind is

steady (constant speed and direction) over the duration of the

release of hydrogen in the compartment. Moreover, if the

hydrogen plume is subjected to an external wind flow over its

entire height, then the plumemaynot stay vertical andmay be

blown over (bend away from the wind) which will violate the

plume model assumptions discussed in Section 2.1. In this

paper, we limit our analysis to conditions where the plume

does not get blown over by the external wind. Such conditions

will be obtained when the vent cross-sectional area is much

smaller than the cross-sectional area of the compartmentwall

and the plume is located in the center of the compartment.

If the wind flow is in a direction such that it drives outdoor

air into the compartment through the lower vent, then that

wind assists the buoyancy induced flow. On the other hand, if

the wind flow is in a direction that drives outdoor air through

the upper vent into the compartment, then that wind flow

opposes the buoyancy induced flow in the compartment. The

effect of an external wind can be divided into two broad

categories. Wind flow that assists the buoyancy induced flow

are referred to as “assisting wind case”, while wind flow that

opposes the buoyancy induced flow will be referred to as

“opposing wind case”.

3.1. Assisting wind case

Wind subjects the fluid inside the enclosure to an additional

driving force associated with the dynamic pressure drop

between the windward and leeward openings. When the

windward opening is at low level and the leeward opening is

at high level, the wind assists the buoyancy-driven flow. Let

DPw represent the dynamic pressure drop between the wind-

ward and leeward openings associated with the wind. This

dynamicwind pressure can be related to thewind speed using

Bernoulli equation DPw ¼ 1
2rov

2. Fig. 8 shows the pressure

distributions at the lower and upper vents, inside and outside

the compartment due to the presence of an assisting wind

flow. The pressure on the windward side at the lower vent is

higher due to the dynamic wind pressure DPw as shown in

Fig. 8 as opposed to the case for nowind effect, shown in Fig. 2.

Themodified velocities through Vent 1 and Vent 3, accounting

for the increased pressure due to an assisting wind, can be

written as

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
DrgðH� hiÞ þ DPw � DPc

ro

s
(14)

v3 ¼
ffiffiffiffiffiffiffiffiffiffiffi
2
DPc

r

s

For the purpose of analysis it is assumed that the flow

maintains the same basic two-layer structure, observed for

a wide range of wind speeds and buoyancy fluxes. The

increased flow through the enclosure driven by the wind

causes the interface to rise to a new level where the volume

flux in the plume is equal to the volume flux produced by the

wind and the buoyancy. Results for the wind assisted cases

will be discussed in the Section 3.3 and contrasted with those

from the wind opposed case.

3.2. Opposing wind case

The effect of an opposing wind on the stratification and flow

produced by a rising plume in a ventilated enclosure can be

much more complex than that of an assisting wind. Ventila-

tion openings located at high level on thewindward side of the

enclosure and at low level on the leeward side allow a wind-

driven flow from high to low level, opposite to the buoyancy-

driven flow. The opposing wind case can be further divided

into two categories, as discussed below.

If the wind speed that opposes the buoyancy induced flow

is small (small values of wind dynamic pressure), the buoy-

ancy-driven flow can overcome the wind driven flow. This

case will result in a steady, two-layer stratification. Under

Fig. 8 e Schematic diagram of the pressure distribution

inside and outside the compartment at the height of the

lower and upper vents, when a wind assists the buoyancy

induced flow.

Fig. 9 e Schematic diagram of the pressure distribution

inside and outside the compartment at the height of the

lower and upper vents, when a wind opposes the

buoyancy induced flow. The top sub-figure shows the

effect of small opposing wind, while the bottom sub-figure

shows the reversal in vent flow due to a large opposing

wind.
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steady-state conditions, inflow will occur through the lower

vent and outflow will occur through the upper vent. This case

is shown schematically in Fig. 9 (top figure). Note, that the flow

through the upper vent is outwards, indicating that the

buoyancy induced flow can overcome the wind generated

flow. Since the dynamic pressure on the windward side is

higher by DPw for the opposed wind case as compared with no

wind case, the vent velocities can be expressed as

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
DrgðH� hiÞ � DPc

ro

s

v3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
ðDPc � DPwÞ

r

s (15)

As the wind speed increases, the opposing windmay cause

a reversal in the flow direction. In this case, ambient air enters

Fig. 10 e Effect of wind overpressures on steady-state hydrogen volume fraction, compartment, location of the interface and

the neutral layer, and volumetric flow rates through the lower and upper vents. Results for hydrogen release rate of 5.0, 0.5

and 0.05 kg/h have been shown.
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through the high windward openings and mixes with the

interior fluid, which exits through the leeward openings. If the

rate of flow of hydrogen is more than the rate at which

hydrogen leaves through the lower vent (leeward opening),

then the buoyancy in the compartmentwill gradually increase

and a condition will be reached where the buoyancy induced

flow can overcome the wind induced flow. On the other hand,

if the flow rate of hydrogen is less than the rate at which

hydrogen leaves through the lower vent (high wind speed),

then the hydrogen concentration in the compartment

reduces. In this situation, the stratification is destroyed and

mixing ventilation occurs. Further increase in wind speed,

increases the ventilation and reduces the hydrogen volume

fraction in the compartment. Fig. 9 (bottom figure) shows the

Fig. 11 e Time dependent profiles of hydrogen volume fraction, compartment, location of the interface and the neutral layer,

and volumetric flow rates through the lower and upper vents for various wind overpressures have been shown. The

hydrogen release rate was set at 0.5 kg/h.
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pressure distributions at the lower and upper vents, inside

and outside the compartment due to the presence of a high

opposing wind flow. The velocities through Vent 1 and Vent 3

can now be expressed as follows, accounting for the reversal

in flow direction.

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
�DrgðH� hiÞ þ DPc

r

s

v3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
ð � DPc þ DPwÞ

ro

s (16)

3.3. Results and discussion

Results for forced ventilation of a compartment due to an

assisting and opposingwind flow are discussed in this section.

The steady-state values of hydrogen volume fraction,

compartment overpressure and volumetric flow rates through

the lower and upper vent are shown in Fig. 10 as a function of

wind overpressureDPw for various hydrogen release rates. The

wind overpressure is represented as a positive value, if it is an

assisting wind case; negative value, if the wind is an opposing

wind, and zero, if there is no wind. Time-dependent profiles

for hydrogen volume fraction in the upper layer, height of the

interface, compartment overpressure and location of

the neutral plane as well as volumetric flow rates through the

lower and upper vent are shown in Fig. 11 for wind pressures

of 5.0 Pa (assisting wind case), 0.0 Pa (no wind case) and

�5.0 Pa and �10.1 Pa (opposing wind case). The hydrogen

release rate was set at 0.5 kg/h.

For the assistingwind case (positive values of dynamicwind

pressure or wind overpressure), the steady-state value of

hydrogen volume fraction reduces and the height of the inter-

face increases (depthof theupper layer reduces) as thedynamic

wind pressure increases, for all hydrogen release rates. When

thewind assists the buoyancy induced ventilation, the effect of

the wind is to push the interface up until it reaches a point

where the volumetric flow rates through the vents balances the

flow rate of hydrogen released in the compartment. Increasing

the dynamic wind pressure also results in larger steady-state

compartment, which results in larger volumetric flow rates

throughthe lowerventaswellas theuppervent.Thevolumetric

flow rates are positive for the lower vent (inflow) and negative

for the upper vent (outflow) for all assisting wind cases and

hydrogen release rates. The magnitude of the volumetric flow

rates through the lower and upper vent increases, as the

dynamic wind pressure increases. Higher volumetric inflow of

outdoor air through the lower vent and larger rate of outflow of

hydrogeneair mixture through the upper vent results in

displacementventilationof the compartment. Theheight of the

interface increases and steady-state values are obtained where

the hydrogen release rate balances the volumetric flow rates

through the vents. Largerflow rates through theupper vent also

result in lower hydrogen volume fraction in the upper layer.

When the dynamic wind pressure is zero (no wind case), the

compartment overpressure reaches a minimum value for each

hydrogen release rate (Fig. 10).

For negative values of dynamic wind pressure (opposing

wind case), the hydrogen volume fraction initially increases,

reaches a maximum value, and then decreases as the

magnitudeof thewindpressure increases.Themaximumvalue

ofhydrogenvolumefraction inthecompartment isa functionof

the hydrogen release rate as well as the intensity of the

opposing wind. The steady-state hydrogen volume fraction

increases from a value of 0.49 for the no wind case, to 0.82 at

a dynamic wind pressure of�25.0 Pa (negative value indicating

opposing wind case) for hydrogen release rate of 5.0 kg/h.

Similarly, the steady-state hydrogen volume fraction increases

from 0.14 for the no wind case, to 0.25 at a dynamic wind

pressure of�7.0 Pa for hydrogen release rate of 0.5 kg/h. Finally,

the steady-statehydrogenvolume fraction increases from0.032

for the no wind case, to 0.044 at a dynamic wind pressure of

�1.0 Pa for hydrogen release rate of 0.05 kg/h. The maximum

value of steady-state hydrogen volume fraction is obtained at

increasinglyhigherwindpressures as thehydrogen release rate

increases from 0.05 kg/h to 5.0 kg/h. This maximum value of

hydrogen volume fraction obtained under certain wind condi-

tions is extremely important from a design e safety point of

view, since it represents theworst case scenario. Themaximum

valueofhydrogenvolumefractioncanbeasmuchas70%higher

than its value under no wind conditions. This analysis, there-

fore, suggests that there is a critical dynamic wind pressure at

which the compartment will reach a maximum hydrogen

concentration. It is therefore important to consider the critical

dynamic wind pressure condition for any compartment venti-

lation design/safety scenario.

For negative values of dynamic wind pressure (opposing

wind case), the compartment overpressure increases and

reaches a local maximum at the critical dynamic wind pres-

sure for each hydrogen release rate. The steady-state volu-

metric flow rates through the lower and upper vent changes

sign (change in flow direction) at the critical dynamic wind

pressure. As the dynamic wind pressure increases (opposing

wind case), the steady-state volumetric flow rate through the

lower and upper vent reduce in magnitude from their

respective values at the no wind condition. This reduction in

volumetric flow rate (reduced ventilation) results in higher

concentration of hydrogen in the compartment. This process

continues until the critical dynamic wind pressure condition

is reached. When the critical pressure is reached, the steady-

state volumetric flow rates changes direction (change in sign).

The volumetric flow rate through the lower vent becomes

negative at this point, indicating outflow through the lower

vent. At the same time, the volumetric flow rate through the

upper vent becomes positive, indicating inflow through the

upper vent. Thus, the maximum concentration in the

compartment is reached when the flow through the vents

reverses direction due to an opposed wind flow.

4. Conclusions and recommendations for
future work

Thenatural andwinddrivenmixinganddispersionofhydrogen

released in an accidental manner in a partially enclosed

compartment with two vents are investigated using theoretical

tools. A simplemodel is constructed to predict the entrainment

of air in a buoyant turbulent hydrogen plume and the resulting

two-layer stratification that drives the flow through the vents.

The buoyancy-driven flow induces an inflow through the lower
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vent and outflow through the upper vent. The analysis is based

on determining the compartment overpressure and conserva-

tion equations are formulated for obtaining the time dependent

hydrogen volume fraction and the interface location. Analytical

model results were found to compare favorably with CFD

simulations conducted in a full-scale geometry as well as with

experiments performed in a quarter scale two-car residential

garage. Themodel is extended to consider the effect of a steady

external wind that either assists or opposes the buoyancy

induced flow through the vents.

The effect of hydrogen release rate on hydrogen volume

fraction in the compartment is presented. Steady state

hydrogen volume fraction in the compartment is lower when

the hydrogen release rate is smaller and the vent cross-

sectional area is larger. The hydrogen volume fraction in the

upper layer and the compartment overpressuremonotonically

increases to its steady-state value for all hydrogen release

rates. However, the location of the interface does not mono-

tonically approach its steady-state value and this effect is

attributed to the change in the flowdirection at the lower vent,

especially at large values of hydrogen release rate. When

buoyancy-driven ventilation in a compartment is assisted by

a steady wind, the hydrogen volume fraction was found to

reduce for all hydrogen release rates. Results indicate that the

bestmethod for reducing concentration in a compartment is to

blow air into the lower vent. When the wind opposes the

buoyancy induced flow, then the hydrogen volume fraction in

the compartment increases and the flow through the vents

reduces. The maximum hydrogen volume fraction in the

compartment is reached when the flow through the vents

reversesdirectiondue to anopposedwindflow.Themaximum

volume fraction was found to be approximately 70% higher

than the no-wind case.

The analysis has been limited to conditions in which the

compartment is vented through two vents, one located close

to the floor and other located close to the ceiling. Future work

will focus on conditions in which multiple vents may be

located at different heights in the compartment (represen-

tative of natural ventilation in a realistic garage). The effect of

distance between the vents and vent cross-sectional area on

hydrogen volume fraction should also be studied. The effect

of an assisting or opposing wind flow on a compartment with

multiple vents at various heights is critical for understand

the flow-field in realistic geometries. The effect of tempera-

ture difference between the compartment and the

surroundings should also be considered to account for acci-

dental hydrogen release in a cold climate, and to study its

effect on natural ventilation. Finally, the analysis should be

extended to the study of forced ventilation that is controlled

by the output of a hydrogen sensor (different from wind

driven ventilation) to identify effective mitigation strategies

in realistic geometries.
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