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Abstract

The model of explosion pressure build up in enclosures with inertial vent covers and the CINDY code implementing the model are validated
against experiments byddhst and Leuckel (1998) in a 5Gmessel with a pair of ceiling-mounted upwards-opening hinged doors in a
‘butterfly’ configuration with surface densities of 73 and 124 kgimder conditions of initially quiescent and turbulent mixtures. The model
and the code are further validated against an experiment by Zalosh (1978) in a*3®&mlike enclosure with a pair of wall-mounted
rectangular doors, in a parallel configuration, each hinged at its bottom edge with a surface density of Z3ahkgmtially quiescent
mixture. A formula for the torque acting upon a rotating venting door is derived under conditions of vent cover jet formation. The vent cover
jet effect decreases the torque three times compared to an elementary approach valid at the start of vent cover movement. It is demonstratec
that, similar to translating vent covers, the vent cover jet effect is crucial for prediction of interdependent vent cover displacement in time and
pressure transients.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ing explosion overpressures. In 2002, Hirdidp presented
the correlation for turbulence generated during vented de-
The first theories of vented gaseous deflagration dynamicsflagrations, published for the first time [B]; in his invited
were developed by Ygd] and Pasman et 4R] in 1974 with paper, Williams[8] cited findings in scaling of explosions
the turbulence factor as a lumped parameter. A detailed the-based on the mod¢®]. Russo and coworkef40], in their
ory of vented deflagration in spherical vessels was publishedstudy of pressure piling in connected vessels, demonstrated
by Bradley and Mitchesoi3] in 1978. In 1981, Molkov that only “the universal correlation by Molkd# 1] for vent
and Nekrasoy4] suggested a deflagration theory with two sizing at initially elevated pressures is quite able to reproduce
lumped parameters, i.e. the turbulence facirand gener- almost all overpressures observed in the second vessel in 115
alized discharge coefficient§. This theory has been shown experiments”. The accuracy of model predictions has been
in the following years to predict the dynamics of gaseous found to be significantly higher than predictions made using
deflagrations reasonably well for both closed and vented en-the approach offered in NFPA 82] and[13].
closures for a wide range of explosion conditions. The history ~ Modifications to the model to account for translating iner-
of development of this model is outlined in Molk{®]. Re- tial vent covers were presented recently in Molkov efia].
cently, Razus and Krau$6] published a comparative study Herein a derivation of the equations governing behaviour of
of anumber of lumped parameter models. They demonstratechinged inertial covers will be presented. Discussion of the
that model compared favourably to its analogues in predict- development of empirical coefficients supporting the hinged
inertial vent model is also presented. Finally, the results of
* Corresponding author. Tel.: +44 28 9036 8731; fax: +44 28 9036 8700. the model and the code validation against published experi-
E-mail addressV.Molkov@ulster.ac.uk (V.V. Molkov). mental data are shown.
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Nomenclature
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Tpressure torque generated by the force of gravity (N m
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Greek

AXEeTRE= ™R

S

radius of spherical vessel of equivalent volum
(m)
fraction of cross-section area of vent occupie
by burnt gas

empirical coefficient

door length (m)

speed of sound in gas (m/s)

empirical coefficient

combustion products expansion coefficient
initial conditions

transient factor

area (m)

acceleration gravity, 9.80665 /s

ratio of height to diameter

moment of inertia of the vent (kg
coordinate along door width, 91 <L (m)
door width (length of the pivoting side) (m)
molecular mass (kg/kmol)

mass (kg)

relative gas mass inside the vessel
pressure (Pa)

burnt gas equivalent sphere radius (m)
universal gas constant, 8314.4 J/K/kmol
outflow contribution

outflow parameter

mixture burning velocity at initial conditions
(m/s)

time (s)

temperature (K)

full torque (N m)

torque exerted by the gas pressure on t
hinged door (Nm)

flow velocity through the vent cross-sectio
(m/s)

flow velocity inthe changing venting area (m/s
enclosure volume (A)

inertia (surface density) (kg

transient venting parameter

auxiliary quantity

angular acceleration (radiaf)s
overall thermokinetic exponent
ratio of specific heats

generalized discharge coefficient
angle of opening of a hinged door
turbulence factor

pi number, 3.141593.
dimensionless pressungp;

=

—

~

0 density of gas (kg/)

o dimensionless density/ p;

T dimensionless time,t=5,i/a

1) angular speed (radian/s)
Subscripts and superscripts

1 in the vent cross-section

a at the atmospheric pressure level
b burnt gases

closed at closed door conditions

f flame front

full full torque

gravity torque generated by the force of gravity
[ initial state

] vent number, summation index
jet pertaining to the jet effect

L at changing venting area

new new value at the end of the integration step
N nominal, 100% open vent
pressure gas pressure force

S sphere

u unburnt gases

% venting, latching

2. Equations of vented deflagration dynamics for
multiple vents

Derivation of the equations of vented gaseous deflagra-
tion dynamics for the case of a single non-inertial venting
device was published if4] and[5]. The derivation relied
upon: conservation laws (mass, volume, energy), ideal gas
state equation, and standard orifice equations for calculation
of mass flow rate for subsonic and sonic regimes of outflow.

Ratio the real flame front ardg(t) at any momentto the
surface are&s(t) = 4n'ort2) of a sphere of radius, (where b,
burnt gases; s, sphere amngl the number ‘pi’) to which burnt
gas inside the enclosure could be gathered at the same mo-
ment. This ratio is called a turbulence facjgt) = F; (t)/Fs(t).

For the ideal case of laminar spherical flame propagation the
turbulence factor is constant during the course of deflagra-
tion and equaj = 1. For real large-scale explosion problems
values ofy two orders higher, i.e. up to 100, can be expected
[15].

The simultaneous discharges from multiple vents add up,
and that results in the following system of governing equa-
tions[16]:

dr _ o x(@)Za = na ) — g We()Rs

dr 7 — (= yo/vu)nu

3

)
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Y1 — A Fi(x) sonic flow conditions. For subsonic regime, the outflow pa-
%= )
u > i Fi() rameter is equal to
2 1 1/2
LR atln —ny\ 2,A5(0m;Fi(T) @ K= 2y (ﬁ> o <ﬁ>(y+ )y -
b np ZijFj(‘L') ’ y—1 pir pit
and for sonic regime, it is equal to
_ 1/2
dnp _1pn2/3 2 \7tl/r-1
_ REWs(2) 2 AT Fi(r) @) where o is the rlil/a.ltlve density of gases( for ulr/1]t/).urnt
b ™= > miFi(o) ’ gases, pulpi=my'"; op for burnt gases, pv/pi =" pu

is the density of unburnt gases (kgnpey is the density of
burnt gases (kg/R); pi is the initial density of unburnt gases

dny 3 +1/y 1y 2/3 (kg/m®), =m/V) andp, is the atmospheric pressure outside
e x(@)m (1 = nym=™7) the vessel (Pa). The unburned and burned versifjresdR{:
of R* are obtained from Eq$5) and (6)by substituting the
" 21— Aj@)u;Fir) unburnt and burnt versions gfando in these formulae, re-
+ R Wz(7) > i Fi(7) ’ (4) spectively. The condition of transition from subsonic to sonic
s flow regime is
wherer is the dimensionless pressurefg;, where i is the y/y—1
initial state,p is the pressure (Pg); is the initial pressurein =~ ; > @(ﬂ) (7)
the vessel (Pa)), is the dimensionless time (§,i/a, where D 2

Sui laminar burning velocity at initial conditions (m/s) ard  again, this is calculated separately for unburned and burned
is the radius of spherical vessel of equivalent volume (m)), mixture, withy, andys.

¢ is the overall thermokinetic exponent, is the adiabatic

exponent (ratio of specific heats) for unburnt mixture (where ) )

u is the unburnt gasesy, is the adiabatic exponent (ratio  3- Modelling of hinged vent covers

of specific heats) for burnt mixture (where b is the the burnt ]
gases)ny is the relative mass of unburnt mixture inside the ~ EaS-(1), (3) and (4)jabove depend on the current venting
vessel (7/m;, wheremis the mass (kg)), is the relative area that changgs Wlth'tlme. The character of this change
mass of burnt mixture inside the vesselr#m), A is the should be specmed. This a_llows vent covers of any type to
fraction of cross-section area of vent occupied by burnt gas P€ ‘Plugged in’ the calculations, as long as the value of the
( is the vent number or summation indeyj, is the gen- current_ ventln_g_ are&(t) can be calcu_lated: qu each vent
eralized discharge coefficient for ti vent,F is the vent cover, in conditions of pressure growing with time, at some
area (M), Ry, is the outflow contribution, wherB* is the ~ Momentt,j, when the gas pressure is equal to the pre-set

outflow parameters (defined below), aids the auxiliary ~ 1atch release’ pressum; (Pa), the release of vent covgr *
quantity: occurs, and outflow of gases from the enclosure through the
vent §’ begins into the surrounding atmosphere. Depending
Z=w|E— Yul¥b— 1 alnin g Yo — J/u’ on the vent cover type, the venting area either immediately
Yoyu—1 yw—1 becomes equal to the nominal vent afga(non-inertial vent

covers, or rupture membranes) (where N is the nominal area)
orincreases gradually with time while vent cover moves away
by the pressure force. The focus of this paper is on hinged

wherekE; is the combustion products expansion coefficient at
initial conditions.Wx (1) is the transient venting parameter

W (1) = 1 cui > imiFi(T) covers. Translating covers are presented in our earlier paper
X 3/3677,'0 /_Vu Sui V2/3 ’ [14]

A hinged ‘door’ or ‘cover’ is an inertial cover modelled
wherecy = (yuRTui/Myi) Y2 is the speed of sound in unburnt ~ as a solid rectangle able to swing about one of its edges, the
gas (m/s) (wher®=the universal gas constant (J/K/kmol), hinge, fixed on the enclosure, e.g. as showRim L
=8314.417T,; is the temperature of unburnt gas at initial con-

ditions (K) andMy; is the molecular mass of unburnt mixture 3.1. Venting area

atinitial conditions (kg/kmol)), andl'is the enclosure volume

(md). Denoteb the length of the hinged side (m), i.e. the length
The outflow parameter®f and Rﬁ for unburned and  ofthe doorlL the length of the pivoting side (m), i.e. the width
burned mixture in Egs(1), (3) and (4)arise from the ori- ofthe door. Then the nominal area of the vent opening and the

fice equations and are calculated differently for subsonic andarea of the hinged door 5y =bL. It is further assumed that
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the vent cover mass is distributed uniformly over the surface  Outside the vessel the gas pressuie=ig,, and the aver-

of the cover, with surface density or inertiakg/m?). Let o age gas velocity in the changing venting areaiu, . From

be the angle between the vent opening and the hinged doorthe Bernoulli's equation relating the inside and the outside of
It is assumed that the current venting af€a) is the gap the vessely, can be expressed as:

area between the edges of the cover and the vent opening. 12

The gap, as shown ifig. 1, is formed from one rectangular , _ {Z(P(t) — Pa)} (10)
region, based on the door edge opposite to the hinge and two P

triangular regions, based on the pivoting edges of the door.

. ; The mass conservation law between the vent opening and the
The venting area is then:

outside of the vessel gives an expressiorufor

F(p) = min[FN, 2L sin(%) [b +L cos(gﬂ} 8) — uL F(p)

2 1= 7L
Th|s area |st_ze_ro fc.)r_ta clors1ed ;/heflt( 0). and is a}IIowed t? i Substituting10)in (11) and the results i{Q) the pressurp;
increase un ib = pN; it reaches the maximum value equal to in the vent cross-section becomes
the nominal vent arefay . Also assume that for angles> ¢y,
the venting area stays equalRQ. Furthermore, assume that F2(p)
(bLY?

(11)

the door is inelastically arrested @t 90°. p1=p(t) = (p(1) = pa) (12)
This pressure depends on both the current explosion pressure
and the current angle of the door opening.

The second issue is dealt with by assuming that the pres-

h Whin theh Vedm IS cl?sed, thz gas pressur(; is uniform sure along the door surface changes as a linear function of
t roug (.)Ut the door surface, and is equapfy), the pres- the position on the width of the door:
sure inside the enclosure (Pa). Furthermore, the gas mass

discharge rate is zero. When the vent is open, the picture (1) = p1— P1— Pa, (13)
changes. First, the static pressure of the escaping gases on thlé ’ L

door is smaller thanthe pressure at ‘stagnation’ conditions in- yare| < L is the current position, angh is defined by(12).

side the enclosure. Second, the pressure is not uniform alongr,e assumption of a linear pressure distribution along the

the door surface any more. _ _ width of an inertial hinged vent cover is a simplification of a
The firstissue is addressed by using the Bernoulli or massmre complex three-dimensional distribution. A simple mod-

conservation law for the gas flowing between the enclosure g|jing including a portion of an enclosure, hinged vent cover,
inside the vent cros's—sectlon and the current ventmg area. Atyng a portion of the surrounding environment, was performed
the vent cross-section, Ipt=py, andu=u; (whereuy is the using FluentM. A constant internal pressure of 1.3 atm and
flow velocity through the vent cross-section (m/s)), and flows  gyernal pressure of 1.0 atm were assumed. The problem was
are low enoughtp warran_t the assumption of incompressibil- ¢51ed using a 2D approach, and the steady pressure dis-
ity. The Bernoulli's _equatlon for these two levels allows  tripytion along the cover was determined for several cover
to be expressed as: opening angles. The results are showifig. 2 Ultimately

3.2. Pressure distribution for k) < Fy

2

puy
= t) — A 9 =

o p( ) . ( ) -—o- - Angle = 15 deg.
- -a--4- - Angle = 35 deg.

| - -o--6- - Angle = 65 deg.
wherep is the gas density constant (kghm 8 s
; he—rael ?ng:e =35 geg‘

-~ - Angle = 65 de

. hep

Pressure, kPa
N
<o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance along hatch, m

Fig. 2. Pressure distribution on inertial hinged vent cover as a func-
tion of cover opening angle for constant enclosure pressure. Steady-
Vent cross-section state problemp/pg=1.3, 2D segregated solver, &-turbulence model,

O,A,O—transients ‘below’ the cover, i.e. at cover surface hit by the es-
Fig. 1. Hinged door. caping gases$, A, @—transients ‘above’ the cover.
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a three-dimensional modelling, using CFD, will be neces- these considerations in mind, it is possible to rep{dé¢and
sary to accurately determine the pressure distribution on the(17) with a single formula
hinged cover. As a first approximation, however, a linear dis-

tribution will force the model cover displacement to more _ bL? (o) — pal (1 - F2(p) (18)
closely match experimental experience than a model assum- PessUe= g yLPWD = P ®Ly?)’
ing the enclosure pressure everywhere on the cover.
where the transient factdg(y) is
3.3. Pressure force torque for ) < Fy
. 1 CjetF(‘P)
. fiet(p) = minimax( =, ———— |, Cet (19)
Thetorque exerted by the gas pressure onthe dooris (N m): 3 DbLAjet

L Indeed, wheny =0, we haveF(p) =0, the transient factor
Tpressure= /[p(l, 1) — pal bl di (14) fiet(¢) equals 1/3, and formuld 8) assumes the form ¢17).
o At a certain anglep, whenF(p) = AjetbL, fietl(p) becomes
_ - . equal toCjet, and stays at this value for any greater angle
The pressure torque is always positive, since the gas flowof opening. Respectively, formu(d8) assumes the form of

momentum always works for opening the vent. Using for- (16). For all the interim angles, formu{a9)produces interim
mulae(12) and (13) by substitution in(14), the torque the  yaJues offiet(¢) between 1/3 an@iet.

gas applies to turn the door on its hinge can be written as: The values for the controlling parametekg; and Ciet
2 2 have to be determined empirically. If comparison with an
bL F<(p) . .
Toressure= ——[p(t) — pal [ 1 — 5 (15) experiment shows thakje; assumes relatively low values,
6 (bL) say less than 10% of the nominal area, &l turns out to

be reasonable, say less than two, then fornfLi&§ may be

Our assumption of linear change of pressuréli) results X A i s
deemed a plausible approximation of the physical reality.

in very easy derivations. However, the true pressure distribu-
tion is not linear, the whole vent cover-pushing phenomenon
being three-dimensional, non-stationary and dependent on3 4. Balance of torques for BJ < Fy
the geometry of the cover and vent opening. Therefore, we

empirical ‘jet factor'Cier as follows: torgues (moments about the axis of rotation) can be expressed
as follows:
bL? F2(¢)
Tpressure= F[P(t) —pa (1- 2 (16)
Jet (bL) Trul = Tpressure‘F Tgravity (20)

The Cjet will compensate for the true non-linear, non-

stationary and geometry-dependent character of the hingec{')\/hereTf”" Is the full torque TpressurdS the torque generated
door movement. y the pressure of escaping gases, fornfli), and Tyravity

Notice that when the door is closeg= 0, formula(15) is the torque generated by the force of Earth’s gravity.

gives three times smaller value than the correct torque for the Thefulltorque (N m)iSTiui =Jm x @, wherex is the angu-
) lar acceleration of the vent (radiafysindJy is the moment
closed door should be:

of inertia of the vent (kgrf). The general formula fodn
bL? (kgn¥) is Jm = [, 1% dm, where dnis the elementary mass
Toressureclosed= T[p(t) — pal 17) (kg) forming the body, antiis the distance of this elementary

Theref h ¢ giff it lae f losed mass from the axis of rotation (hinge) (m). With the assump-
eretore, we have to use dimerent formulae fora closed of v o niform mass distribution over the vent surface, the

almost closed door and a sulfficiently wide open door. When resultis: on = wdF. wherew is the inertia of vent cover and
the door is shut or is opened within some small range of an- dF is the area of a ,surface element. Then

gles, we apply formuld17). Above a certain angle, when

F(¢) reaches a certain fractiolje; of the full areabL, the I / 2dF

velocity of gases escaping along the door surface becomes ™ — w

significant, and we have to apply formy[e6). To ensure the Fn

continuity of transition from the ‘pressure’ regime of formula
(17)to the ‘jet’ regime of formuld16), we assume this transi-
tion to be linear with respect t6(¢) and controlled by the ‘jet
fraction’ parameteAjer. We also have to ensure that formula L
(16) never produces a value greater than fornftig for the Jm = wh / 12dl =
same pressure and cover dimensions. To that end, we restrict

the values of the ‘jet factor’ by the conditidjet > 1/3. With

Since the vent is rectangular, this integral can be rewritten as

whL3
3

0
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As the inertiaw is expressed as = m/(bL) wherem=mass vent,

(kg), the moment of inertia simplifies to o, @ {b(p(t) ~ pa) ( ~ F2(<p)) ~ §sin(<p)},
T = mL? 20 | m3fiele) (bL)? L
3 and for a ceiling-mounted vent, sip)(should be changed to
The full torque is therefore Cos ().
) The angular speed (radians/s) and the angle of opening
Tl = amL ¢ (radians), are
3

t t
The torqueTgravity Of the gravity force depends on where the ;) — / a(t)dr  and o(f) = / w(t)dr, respectively
vent is mounted and what side of the vent is hinged. If the
vent is mounted on a wall, and is hinged at its side edge,
such that its swinging motion is in the horizontal plane, then  Within each step of numerical integration of the govern-

0

Tgravity=0. ing equations, the angular acceleration is assumed constant.
If the vent is mounted on a wall, and is hinged at its top Therefore, uniformly accelerated motion formulae are used
edge, then to obtain the new valuesnew andgney Of the angular speed

and the angle of opening at the end of the integration step
, from the values at the beginning of this stegew=w +«
2 dt and gnew=¢ + dt+a dt?/2.0. At the end of each inte-

whereg is the acceleration gravity (nf)s Tgravity IS Negative gration step the following assignments take plage:wnew;

because for atop-hinged wall-mounted vent the gravity works ¢ = #new:
against the opening vent. If the vent is bottom-hinged to a

mgL sin(p)
Tyravity = ——————

wall, then the difference is only in the sign 3.5. Torque when k) >Fy
Toraity = + S ESN6) The applicability of formulg18) s limited in the angles

2 of the door opening, in that the formula will work only under
since gravity helps the vent to open in this case. the assumption that the current venting &fép) is less than

Analogously, if the vent is mounted on the ceiling and the nominal are&n.
opens upwards, then At a certain angle such thaF(¢n) =Fp the pressure at
the vent cross-section is equal to the atmospheric pressure,

Tyravity = — mgL COS@), and the gas flow through the vent is unrestricted, as though

2 there had been no vent cover atall. The CINDY code assumes,

and for vents mounted in the floor and opening downwards, when this point is reached, that the vent cover displacement
continues; yet the energy imparted to the cover through mo-

T +mgL COS(p) mentum earlier in the deflagration is affecting cover motion.
gravity 2 Since the primary interest in the current research was in the
influence of vent cover inertia while the cover position and
displacement could influence transient enclosure pressures,
detailed analyses of cover displacement once the vent was

For wall-mounted vents, gathering formyE8) and the
above formulae for the torques in the EZ0) yields:

amL?  bL2(p(t) — pa) F2(¢) mgL sin(p) found to be 100% opened have been neglected. Further mod-
3 6/el(?) ( - (bL)2> - 2 ) elling would be required to assure an accurate representation
’ (21) of cover behaviour.

with a little change in notation fay. We assign the ‘direction’

for the gravitational force, such thgt> 0 corresponds to the 4. Comparison with experiments
situation when the hinged edge is at the tgg;0 when the

hinged edge is at the bottom; agé 0 when the hinged edge  4.1. Values of the empirical coefficients
is at a side.

In a similar way, for ceiling/floor-mounted vents, girin The empirical coefficient€ier and Ajet in formula (19)
formula(21) should be changed to cpsand it is assumed  were determined through matching of CINDY simulations
thatg> 0 for ceiling-mounted vents that open upwargls;0 of Hochst and Leuckdll7] experiments 3-B and 3-D (‘ex-
for floor-mounted vents that open downwards; gD for periment 3-B’ or ‘3-B’ denotes experimental results plotted
gravity compensated for by a spring or a balance. in Fig. 3b of their paper; ‘experiment 3-D’ or ‘3-D’ denotes

A simple algebra in Eq21)yields the following formula experimental results plotted iRig. 3d of their paper) At
for the angular acceleration of the vent. For a wall-mounted for hinged covers represents a threshold below which jetting
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Fig. 3. (a)Cjer—Hochst and Leuckel, experiment 3-B: opening anglg,=0.05,.. =1.2 (O—vent starts to oper@—vent 100% open). (bEjer—HOchst
and Leuckel, experiment 3-B: pressufgy =0.05,u = 1.2 (O—vent starts to oper@—vent 100% open). (oFjer—H0chst and Leuckel, experiment 3-;
Ajet =0.05,0 = 1.2 (O—vent starts to oper@®@—vent 100% open). (yer—H0Ochst and Leuckel, experiment 3-B: opening anGjg,= 1.4, = 1.2 (O—vent
starts to oper@—vent 100% open). (é)jer—H0chst and Leuckel, experiment 3-B: press@ig,= 1.4, = 1.2 (O—vent starts to oper@®@—vent 100% open).
(f) Aer—Hochst and Leuckel, experiment 3-B, Cjet = 1.4, 1 = 1.2 (O—Vvent starts to oper@—vent 100% open).

flows of gases escaping through the opening vent are assumedomputed and experimental displacements and pressures, re-
to not yet be established. The variation of the vent cover dis- spectively, for different values ok, while Fig. 3f shows
placement and the enclosure pressure for var{ipg as- the resultant turbulence levels corresponding to the selected
suming constant values @, are shown irFig. 3a and b values ofAjer. For Ajet values at or below 0.01, the pressure
for displacement and pressure, respectively (in these and fol-is overestimated, yet the cover is not moving fast enough.
lowing figures simulated curves are shown until the moment Thus, values of\je; at or below 0.01 should not be used.
of full burnout of the mixture inside enclosure). Once the However, values ofje; from 0.05 to 0.10 could be success-
values for the coefficients were selected, the valugsarid fully used, although the turbulence risesfgs rises Fig. 3).
w to backfit the simulations to the experimental data were As the figures show, increasimge (in effect the amount of
found. Fig. 3¢ shows the backfitted values gfthat were time the door is exposed to enclosure rather than door jet-
found (results were obtained with a constant discharge coef-ting conditions), ‘increases’ enclosure turbulence—the cover
ficienty = 1.2). As the figures show, increasiBig; decreases  opens faster. The best fit seems to be achieved &jcanf
the amount of force applied to the door—so the door takes 0.05.
longer to open. A slower opening door ‘generates’ less en-  Note that given the data shownkig. 3, an estimation of
closure turbulence—thus the reductions in turbulence with the sensitivity of the enclosure turbulence to A& andCiet
increasingCiet, as shown irFig. 3. The best fit seems to  may be estimated. An average shiftirasAjet or Cie varies
come with a value o€je; of 1.4. may be determined by observing the shiftynn the back-

A similar process, holdin@jet constant, was used to ex- fitted curves, and comparing the shift that occurs for various
plore the impact of varying\et. Fig. 3d and e compares  values of the coefficients. As a result, it was calculated that
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Fig. 4. (a). Hbchstand Leuckel, experiments 3-B, 3-D: opening angtel.2 (O—vent starts to ope®@—vent 100% open). (b).&thst and Leuckel, experiments
3-B, 3-D: pressurey = 1.2 (O—vent starts to oper@—vent 100% open).

whenAje; shifts£10%, x shifts+1.5%. Similarly, wherCiet gases in experiment 3-D results in faster opening of the cover,
shifts £10%, x shifts in opposite directiof-6%. From this, and higher and earlier pressures than those experienced by the
it would seem that the enclosure turbulence is more sensitivequiescent mixture in experiment 3-B. These results are well
to the amount of force applied to the vent cover than to the matched by the CINDY computationBig. 5 shows howy
amount of time that force is applied. varied as the calculations progressed, and the best fit values
The discrepancies between the experimental and simu-of x for experiments 3-B and 3-D. The enclosure gases were
lation results in pressure dynamics, especially those in theinitially turbulent in experiment 3-D—thus the highgwas
peak areas, could be explained by heat losses to enclosur@eeded to backfit the pressure and displacement are not sur-
walls, which were not modelled in this study. From explo- prising.
sion safety engineering point of view itis acceptable as calcu-  Inthe CINDY codey isimplemented as piecewise-linear;
lated pressure peaks are conservative relative to experimentabver some ranges of backfitted values, many smallincrements
data. in x can be replaced by a few longer segments with little or
no detrimental change to the backfit for either pressure or
o ) ] displacement. Data from future experiments will be required
4.2. Validation 1: Hoichst and Leuckel's experiments to further determine if a two- or three- stgpurve established

) o by simple rules could predict deflagration dynamics.
The model has been validated againsbchst and

Leuckel's experimentd 7]. For translation panels, a detailed
description of that validation was presenteilid]. Their ap-
paratus consisted of a 5Grsilo of reinforced concrete with
H/D =4. The vent covers for these experiments were a pair
of hinged vent covers arranged in a ‘butterfly’ configuration
on the top surface of the silo. The edge of each cover most
remote from the hinges was padded so that when the cov-
ers opened to 90 the impact of the covers on each other
was minimised. Experiment 3-B was a quiescent mixture of
10.7% methane—air, with a total venting area (for the two
covers)F =1.91 n?, an inertiaw = 124 kg/n?, and torque of
532N m. Experiment 3-D was a turbulent mixture (mixed
by a fan within the enclosure for the purpose) of 10.6%
methane—air, with a total venting area (for the two covers)
F=1.91n?, an inertiaw = 73 kg/n¥, and torque of 314 N m. 2 B s— |
The mixtures were ignited by an electric match with energy 10
of 75 J, located 3.5 m from the floor at the silo centre IRg.
was 0.38 m/sE; was 7.4;y, was 1.39;yp was 1.25¢,; was

353 m/s;F was 2.45 r4; ¢ was 0.3; and the molecular mass
(M) was 27.24 kg/kmol.

Fig. 4a compares the calculated opening angle transients
with the experimental results, whileig. 4b compares the
calculated enclosure pressures with the experimental results. 0 100 200 Tirf]%o m 3400 500
A good match of both displacement and pressure has been '
achieved, using th€er and Ajer coefficient values of 1.4 Fig. 5. Hschst and Leuckel, experiments 3-B, 3-p: u=1.2 (O—vent
and 0.05, respectively. As expected, the pre-mixed enclosurestarts to open®@—vent 100% open).

4.3. Validation 2: Zalosh’s experiment

The model has also been validated against an ex-
periment of Zalosh[18]. His apparatus consisted of
a rectangular concrete bunker with interior dimensions
H x Wx L=3.1mx 2.0mx 5.4mand avolume of 33.5tn
The only relief was a pair of wall-mounted blowoff panels,
arranged vertically in parallel, hinged on the bottom edges,
opening outwards and downwards, arrested by cables in the
90° opened position. Each door was sized to be 1.2%ar
a total venting area of 2.584An initially quiescent near
stoichiometric 10.0% mixture was ignited by a 12 J spark
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1.2 | . . : : ¢ The obtained empirical coefficienGet and Ajet assume

— Experiment
—-- Simulation

_ plausible values of 1.4 and 0.05. Deviation of the empir-
ical parameterCier and Aiet from values derived herein
results in only small variances in the backfitted values of
the turbulence factoy.

e Observation of gradually changing turbulence fagtover

115+

Pressure, bar
o -
& =

-

0.95 the processed experiments suggests;thmay be capable
0.9 ' ' ! . ! of being represented by a simple curve. The processing
0 100 200 300 400 500 600 L . .
Time, ms of additional experimental pressure and displacement test
data would be useful to assess how predictable the gradual
Fig. 6. Zalosh: pressurg,=1.2 (O—vent starts to oper@—vent 100% change ofy may be.
open).
12 L ' ' /'l—"' ] Acknowledgements
12 I 7
10~ /./ 7 The authors wish to thank Dr. Siegfriedoehst for
x 2 i )/’ ] providing additional information about the structure of
a b Ve 4 the vent panel arresting mechanisms used in the experi-
2F el . ments he performed with Dr. Wolfgang Leuckel. Funding
% 180 280 380 480 200 600 by the Engineering and Physical Sciences Research Coun-
Time, ms cil (EPSRC) through Grant #GR/R53333/01 is gratefully
acknowledged.
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