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FOREWORD

Pureuant to a requast from the Divieion of Operational
Safety, Headquarters, U. S. Atomle Energy Commission
(AEC), the ABC Chicago Operations Offica (CH) contracted
with the Factory Mutual Research Corporation (FPMRC) to
atudy glovebox fire safety problems relaring to activ-
ities of the ARC and its contractors,

Most of the work under that contraet was reported in
"Glovebox Fire Safety, A Guide for Safe Practices in
Design, Protection and Operation,'' TID-24236, iszsued
in 1967, Other PMRC glovebox fire safety work in spe-
¢ialized areas is coverad in ssparate reports such as
the one given on the foliowing pages,

Technical administration of the conteact waz handled
largely by L. E. Oldendorf, Safery and Fire Protection
Engineer, Safety & Technical Services Divieion, CH.

C# ot

D. E. Patterson, Chief

Industrial Safety & Fire
Protection Branch

Division of Operational Safety

16215.1
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PREFACE

This publication provides guidelines for improved expleosion safety
in the design, constructicn, and cperation of gloveboxes. It centains
theoretical eyalyations and experimentsal reepulte of studies conducted
to investigate the problem of pressure veliaf venting for explosions.
Frior to this work, rhere were no desipn criteriz available which teok
intg consideration the overpressurization resulting from explosions in
gloveboxes.

In July 1968, Factory Mutual Eesearch Corporaticn began zrudies
and tcsta for the Atomic Energy Commission to determine the =zeverity of
a "maximum credible accident” dwe to a vented explosion of representstive
combustible-air mixtures. The information was to be used for evaluating
gevaral possibie minimum requirements for wventing these expleosions,
without loging contsinment of radicactive materisl or zffecting the
integrity of the glovebox. To avald duplication of gstudies apd con-
ciderations previously made by AEC and its contractors, the AEC, Chicago
Operations 0ffica, Ssefety and Technical Bervices Division, selicited
information on the glovebox wenting problem from all AEC glovebox
facilities. The information receiwed further substantiated the need to
conduct tests and studies on glovebox explosion venting. The methods
currently used to control overpressures 1n gloveboxes at AEC farcilities
are summarized in Appendix E.

The information produced by this work provides a desipn procedure
which determines the adequacy of expleosion protection for enclosures
such sz ploveboxes. A general mathematical model was developed to
describa explosions in gloveboxes which are wented in & variety of
different ways.
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SUMMARY

Effective protection should ke given to gloveboxes where the
poasibilicy of aceldents may lead to explosions. Since gloveboxes
are basically very weak structures, protective measures must be taken
at an early staps in the deveiopment of an explosion before damage
has been done. The type of explosion referred to in this report is
commonly known as “deflagration™, a subsonic propagaring combusticon
wave accompanied by pressure affects.

A thenretical and experimental vesearch program was designed
at FMRC 1} to collect and generate knowledpe pertaining ta the
problem of explosion venting, 2) to apply this information speci-
fically to AEC giovebox safety and protection. The program comprised
the fallowing areas of investigation.

A general mathematicel model describing the explosion charaeteristice
ingide a vented enclogure was darived. The medel can be solved
numerically to predict the pressure-time history for a wide wvaviety of
venting arrangements, such as free-vent, bursting diaphragm relief venting,
and f{lter venting. The model showed that the explosion pressure developed
inside a vented anclosura ig a function of turbulence level, X, and &
dinensionless parameter, o , which consists of geometrical dimensions
az wall as physical properties of the combustible mixture. For a given
combuztible mixture, the parameter, ¢ , can be simplified to the commonly
usad vent area factor, K (cross-sectional arem containing the vent/vent area).

Good agreement is obtained between the theoretical and experimental
results and published data for cases of localized explosion in a closed vessel
and completely filled axploslon in an enclosure with free-vent.

The calculated and measured presgure-tcime record for bursting diaphragm
explasion relief venting shows distinct double pressure peaks. The firsc
prezsure peak represents the bursting pressure of the diaphragm snd the
second pressure peak represents the flow rezistance of the went opening
on the fast axpanding combustion products. For low pressure relief cases,
rhe sacond-peak pressure can be many times higher than the hurating pressure
of the diaphragm (First peak). TFor the same vent area in & given enclosure
(that is, same a and X factors) the maximum explosion pressure {(second-
peak) for bursting diaphragm axplosion reliaf is about four times higher
than the free-vent relief. Thir high zecond-peak pressure neasured
from bursting diaphragm experimants can be explailned theoreticslly by
using a hipgh turbulence factor af ¥>»1 {increage in the burning velocity
aftver the bursting of the diaphragm).

Information generared from this investigation has been anslyzed and
reduced into the form of general puidelines for explogion protection in
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gloveboxes. Several unique features of AEC gloveboxes, i.e. air
ventilatcion pattern, filters, gloves, ete, have been congidered in
this study. Gloveboxes designed to be leakage proof up to & in. water
Bauge canoot withatand even a localized explogion resulting from che
ignition ¢f 2 cumulated combustible gas mixture at 3 volume of more
than 0.3 percent of the glovebox volume. With proper design and
relocation of components, the glovebox can be upgraded to a higher
value of 2 to 5 p2i level to cope with a much larger explosive veolume
ratic of 4 to 9 percent by volume.

In the event that a large portion of the glovehow space can ba
involved with a combustible mixture, a large size sxplosion reliel
device 1% necessary. The venting requiremeént 1B noul cnly a functiom of
the size and leocation of the pressure relief device but also varies with
the manner and condition in which the velief is to be uncoversed and where
or how the explesion discharge will be axhausted.

4 general procedure for designing a bursting diaphragm type of explosion
relief and for confining and exhausting the explosion discharpe i=s
presented in this report. The effects of warious paramecers such as
gloves, filters, obstacles, mixture strength, and ventilation on dasign
considerations are also discussed. In general, the most serious glovebox
explosion condition is the center ignition in a small cubical plowebox
which is filled completely with a homogeneous combustible mixnture,
zlightly richer than sceichiometric conditien. Multiple sources of
ignition and added turbulence would increase the explosion intensity.
Howevar, undér normal ventilation conditions where welocity of gpas
movement inside the glovebox ie aboub the same order of magnitude as the
burning velecity of the combustible mixture it2elf, no sipnificant effect
on axplosion prassure has been experienged, Theoretical and experimental
Tegults obtained from this study have been presected graphically, and
can be used as 2 guide te gelect a suitable methoed of pressure relief
te meet the specific preotection reguirement. A numarical exampla is
also included to illustrate the usee of these praphs. In view of the
wide diversity in design, construcrion and operatien of the AEC glovebox,
considerable caution shonld ba axercised 30 as not tc extrapolate the data
too much beyond the range of the conditicns investigated in this program.

Several possible methods of confining and exhausting the explasian
digcharge from the glovabox have beer recomnandad. The explosion discharge
can be exhausted into 2 fixed chamber, expandable chamber or through a filter
wall into the working area. The possibility of venting an explosion with a
filter wall seema to be a very attractive method for AEC glovebox operation,
It iz anticipated that the filter wall will provide opening area for contin-
uoug venting of combustion products, and will produce minimum amounts of tux-
bulance and low explasion preasure. The filter wall can vent the explosion
discharge directly inte the room without capaing radicactive contamination
to the gperational avea,
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INTRODUCTION

In the AEC program, gloveboxes are uwsed principally to handle toxic
pyrophoric, and radicactive material, Glovebox work at AEC facilities
variae over a wide range and involves a variety of equipment., It ancompagsas
reeearchydevelopment, production, and weapons fabricacion activitiss,

A gloveboxr 1e & relatively weak structure, If is usually designed and
tested to withatand about 4 in, water gauge without leaking of the contam-
inated gas to the operating area. Although the gloveboxea can be fabricatad
to withatand a much higher pressure, soma of the vaak ecompuuentcs, such as
windows , gloves and filters, cannot withatand more than 2 to 5 psi.

A fire or explosion in the glovebox may cauvse gradual or sudden pressuri-
zatlon, which cen cause the glovesbox components to fail, In order to prevaent
the spread of radiocactivity and contamination to the operation area, the flre
and explosion must be quickly and effectively extinguished or suppressed.

A gollection of data on methods of suppresslion and extinpuishment of {}fe

or explosion inside gloveboxes is given in the “Glovebox Fire Safety”
Guide., The preblem of fire and explosion protecticn ia complicated by the

structural limitations ef the glovebox and the need to apply extinguishing
agente without preesurizing the glovebox., Where plutenium, enriched uranium,
ot other fissile materiale are handled, apecial care is needed to avoid
iutroducing moderator-type extinguishing agents {such as water) in a form or
manner that could create a potential for nuclear criticaliry, Where chemicals
reactive metale, #te., are handled, care 1a needed to aveld introducing
incompatible extinguishing ageots that could cawse an adverse chemical reaction
{e.g. water and sodium) resulting in overpressure or explosion and loss

of glovebox contalnment,

Overpreesure in a glovebox mey be caused by chemical reaction, vaperi-
zation of liquids, 5¢01id and liquid fires end gas«ous combuaticon explosiona.
Depending on the speed of the flame propagation or rate of thea energy
release, combuatlon explosion can be clamsified in two types, ordinary
explogione {deflagrations)} and detonationa. Overpressure due to
deflagration reaults mainly from the thermal expansion of a subsonic
propagating combustion wave, The peak pressure of deflagration in a closed
vesael seldowm exceeds about 120 psl and it tan be effectively reduced to
a few psi by weans of a suitable pressure relief device, Detonation ig an
extremely fast eaploslon. The {lame propagates at superscunlc speed, The

‘peak pregsure in detonstlon may reach aeveral thouysand psi. Since detonation

wave velocities are many times the speed of sound, the gas cannot be vented
as the result of a pressure increase caused by detonation until the wave
fronct reaches the vent opening, Therefore, the primary interest in this
phase of investigation is limited to ordinary explosion {deflapgration}.

The current safety practices of AEC's glovebox facilitiss emphasize moscly
preventive measures, either by eliminating the scurce of fuel or Inercing
the entire system, It was felt that erploeion venting sesme ta bhe a wore
economic and veliable solutiom to this problem because overpressurization
in AEC glovebox facilicies way not always result from combustien processes,
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Where the pessibility exists of aceldents that may lead to serfons over-
pressurizations, speclal attention zhould be given to the design and selaction
of a pressure rellef device so that the pressure loading exerted on the glove=-
box can ba reduced to a gafety level chat the weakest components, such as
gloves, filcers and windows, can withstand. Furthermere, the ability of
varlous glovebox components to withstand the maximum credible exploszion i=s
a problem of dynamic response rathar than staric leoading. Ia order fo design
3 safe glovabox, able to withetand the affact of accidental explosions, a
nethod for estimating the explogion character and the dwmanic response of
various components ia critically important. Therafsre, cthe objeceive of
thigs phase of the program has bean to: .

1)} determine the integricy or limitaLien of present glovebox desipn;

2) explore the possibility of reducing the maximum credible explosion
impulse to a controllablae level by means of pressure relief devices;
and

1) ecollact and generate dats pertaining to the problem of explosion
venting and apply thet specifically to AEC glovebox operation.
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11

HECHANTSM OF EXPLOSION PRESSURE RELIEF

The abllity of the glovebox te withatand the effect of expleosicn
is a function of the duration, magnitude and rate of the pressure rise.
One way of reducing the explosion damage to a glovebox 13 to provide
pressure relief wvents. Tt is cften very difficult to apply this methogd in
practice becavse of lack of informaticn on the complicated combustion
process of the vented explosiens. Although some, mwainly empirlcal, data
sre gvailable, they are generally applied only to certain limited applications.
In general, sgrerment among verieus luvestigations 1s very poor, Even the
relzatively eagsisr preoblen of staling the results of practical measurements
contalns certain pitialls,

The degree of euccess in this investigation depends upon the abilicy
to estimate the characters of the venied explosion and the dynamic responge
of varioua exposed glovebox components, Accidental eaxplosions are, by
definition, uncontrelled; therefores, the detailed characteristics
invalved are complex and difficult to define, Therefore, investigation in
this phase of the program nust be limiced o some simplified buc least
favorable cases, The primary purpese of this section is to review the state
of knowledge on this subjeéct and to explore further inte the fundamental
principles sud interrelationships among varlous contrelling parameters,

The mathematical results presented can be consldered as an approximation of
the actual conditione thei may exist, It could, at least, be used as a
basls for extrapolstion or scale-up of the experimental data to conditions
that are comoonly met with in AEC operatioms.

2,1 BURNING VELOCITY AND FLAME SPEED

If a combuatible gaa mixture is igonited at a point source, the
flame will propagate spherically ocutward, Several differant velocities may
bs aggociated with thig flame propagation. These velacities are very im-
portant becauge they have a marked e£ffect on the amount of heat which may
be liberated during the combuation explogion procese, The flame front, which
geparates the burned gas and unburned gam, moves outward symmetrically
relative ta a fixed observer at a flame velocity of S.; and the actual burning
velocity which is conventionally denoted ae 5,, is the velocity of the flame
relatfwe to the unburned gages or the velocity at which the combustible
mixture passeg into an advencing Flame front. The flame velocity is actually
the vector sum of four components: burning velocity; thermal expansion;
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change in the number of moleg; and initial wvelocity of the gas. IE a
gteady-state, unlimited [lame front propagates intc 2 combuatible mixture
at reat, the flame veloeity is equal to the burning velocity, 1In the case
of apherical flame propagation in a cloged vesegel, the flame front travels
at a much higher velecity than the burning velocity because of the thermal
expansion of tha burned gas trapped at the center of the vessel,

The burping velocities and flammability of various hydrocarbogsagave
]

been measured by numerouws investigators io air and other n;idants{
At one atmosphere and 26°C, the burning velecity of paraffin hydrocarbons

in air ranges from a few centimeters per sec near the limits of flammability
to about 45 cm per sec at the atoichiometric mizture composition. Figuresﬂ
2-1 and 2-2 show the published results for four pavaffin hydrocarbons-air (%)

and hydrag&n-airts} mixtures at atmospheric pressure and room temperakure.
A change in either temperature or pressure will alter §, for a particular

mixture. It was found that an increase in pressure causes 5,

of atoichlometric propan=-air and methanz-air mixtures to decrease in the
presaure rtange of 0.5 to 20 HtmﬂSPhEIEB( ) (Filgure 2-1), The cifect of
temperature is more congiztant, PFor a given preasure and mixture compo-
gitfon, an increase in temperature raises 5, (Figure 2-4), For some of the
paraffin hydrocarbong:

8, = 10 + 0.000342 12 (1)
where

Sy = burning velocity, Cm/sec

T = Temperature, K

2.2 EXPLOSION IM A CLOSED VESSEL

2.2.1 Pravioua Worl

The sombustion explosion in a amall sphﬁggcal veasel with center

ignitinn has bean examined by Lewis and VYon Elbe . & typical presaure-
time relacionghip meagured for cleoged vessel explosion is plotced in

Figure 2-5. The prezgure reaches a gsharp peak over & ghort peried, t,.
After the ignition, the flame front (eombustion wawe) has been found to
propagate very rapidly seo that convection and buoyancy effects of the het
burned gas are not neticeable, The flame front propagates ephericzlly and
arrivez ar rha wall practically simultanaously at all peoints. A detailed
analysis of ozone explosion in a 15-cm-diameter zphere by lewis and

von Elbe(?) 1s illustrated in Figure 2-6. The radius of eireles Ib, Zb, etc.
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are the radius af the volume which 18 cccupled by the burned gas at time
intervails of one=tenth the total explosion time, L The burning valocicy
{3 ),is findicatad by arrow. Although not givaen in tha figura, tha actual
flame ppeed (Sbj ~is easily obtained by dividing the distance batwaeen the
two cireles by Eime interval., To each cirela 1b, ete., the corresponding
preasure P and temperature tb are indicated along the ordinate, showing Chat
at the initial steage gaa burns and expands at practically constant pressure.
it iz subsequently compressed to nearly ics original wolume at the and of
the combustion procass. This means that the last portion of the gas to
burn must be first compressed adiasbatically and then expandad to approxi-
mately 1ts original volume, as indicated by cirecles 91, 9b and %a. Toward
the laat etage of the process, burning velocity becomas greatast,

A mathematical model of the explesion in a cloeed vessal has been
derived by Wagy, Conn, and Verakis. ) Based on the equation of state
and law of adiabatic expansion, the following aquations waerae derived to
express the pressure-time relationghipa of cth& axploaion in a spherical
vesasl,

/
I¥S'T ()P _BRyd’ °Y 1y 1iy 1/a fy 2/3 1. L _q
dsit} - uau_r= p{;)a:JJT (Pw) -P@ ) [ —Q%%%%% YopleyT ¥

r

(2}

which will lead to a ninplifie? expresslon for the maximum explosicn
pressure in a clogsed vesmel )

% (3)
F(o) HT,
where
a » radiug of encleaure.
s = ratlo of gpecific heat of the gaa at constant pressure to
constant volume,
3; = burning veleclty at the reference level of temperature and presgure
Hu’ = average or efifeccive molecular welghts of unburned and burned gases.
B = gxponent Indicating dependence of trsnsformation velocity on
PIESEULE,
P{m) "« final explesion pressure, maximum pressurs in a closed vessel,
abgolute
F{a) = initial pressure, absolute
P = reference pressure level, 14.7 psla.
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R = ygniversal gas constant.
Tufq) = dinitial temperature.
Tt = yrefevence Cemperature level, 537° K.
Tb{n) = adiwbatic flane temperature or temperature cof the burned

gas ac Plo)

Cousins and Cotton(8) measured explesion presaure of 5% prepane-air

mixture in a 3-cu-ft. tank as 90 psf. Harris'?) reported a pressvre of
117 psi for a 32 pentsne—air mixture., 4 complete tabulaticn of explns%gﬂ}

data for varicus vapors zud gases is availabli i? NFPA Pamphlet Ho. 68
and Engineering Bulietin of Purdus University 11,

As concluded by Harris{®) in his investigation of combustion explosion

in closed vessels of 4 liter and 60 fr¥ in size , the maximum
pressure of the most exploaive pentane—seir mixtures (slighily richer than

stoichiomeeric) vemained comatamt, while the pressure generated in lean

and in very rich mixtures decreased with the increase In vesss]l size

{ses Figurs 2-7)}. The explanatlon for lower peak presaure in lean and very
rich mixtures In the large vessel size is probably cauvsed by considerable in=-
crease in heat loss through cthe vessel walls cccurring during the long
reaction time. It was alsc found that for a fairly well defined concentraticn
reglon (2.7 to 4.0 nmole percent} in a large vessel, a vibreting pressure curve trace
was cbserved, The mixture burmed with a screeched pattern instead of the
normally silent combustion. The rate of pressure dp/dt for the vibratory
combusticn was conslderably higher thac the combustion at the stoichlometric
concentration,

These vibratory explosions hLave Been observed by a number of workera,
but only Iin large vessels, The explanation for this effect is not knewn,
but it 1s possible that pressure wsves travelling ahead of the flame are
reflecied from the vessel walls and cause distcortion of the flame front,

The effect of turbulence on closed vessels was also iovestipgated by
Harris'9). It was found that a high degree of turbulence, caused by
& fan of l8-in. diameter, turning ac 200 rpm in a &0 £t3 vessel causes a
marked incresse 1n the rate of pressure rise , dp/dt. This increase in
the rate ¢f pressure rise has nc effect on the meximum explosion pressure
for the mixture between 2.7 teo 4 mole percent but has & marked increase
for che lean sod vexry rich mixtures.

2.2.2 Maximum Explosion Fressure resulting from a Localized Explesicn

The expleosion pressure In a confined gaseous combustion explosion
is governsed by three independent processes: 1) gas expansion due to
temperature rise; 2} gas expansion due t¢ iogrease in molecular weight or
aumber of moles resulting from the combustion reaction; and 3) the
ptagnation pressure created at the walls by sudden deceleration nt the
combustion wave {(flame front). For the ordicary explosion (deflagraticm}
of a hydrocarbon-alr mixture which has a flame speed of less than
20 fr per msec, the stagnation pressure is less than 0.004 pel; therefore,
only the first twe processes indicated above will be considered.
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Suppoee that & combuatible gas mixture at the inltizl volume of ¥ (o) is
lgnited at the centar of a closed vessel which hae a volume of V and, at the

end of the combustion procese, the grﬂducte of combustion are expandad from
v Eu; to Vpie), as shown in Figure The gas outside the flame volume
yu{e) 1is then beinx compressed adiabatically to & pressure of p(z), Applying

tfe law of adiabatic compression to the gasz apace outside the flame volume,
we find

Y Y
P(o) [‘F -V (o}] = P(e}(‘-f -V (a}] (4)

Employing the ideal gae law to the combustible mixture, V, {0}, before and
after cthk combustion resctiua, wa have

m
o

(o) vu(o} - E:-R Tu(o} (5)
i1}

P(e) ¥, (e) = - T, (2) (6}

,

wherg
m, = Initial mass of the gas mixture |

Combining the above three equations and rearranging the terms, we find
W T (o) 17y 1/y
E —
v (o) {EET:TET [ﬁ%;% 1} v {[F%E%] 1} (N

In the case of localized EABEOUS combustion ezglosiuu, which is
probably clese to the copdition of mogt of the accidental explosions, the

relacionship between the ratia of the volune of the combustible mixture
and the volume of the wvessel, V {0)/¥, and the marimum axplosion pressura pla),
can be expressed as

)=y
v (o} lﬁv
u Pie)
v ‘{[P[a}] -1 [ T, [l"J(EJl - 1} &
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FIG. 2-8 A COWCEPTUAL MODEL QF A CEWIRALLY IGNITED LOCALIZED {BALLOCHN)
EXPLOSIOR INSIDE A SPHERICAL CHAMBER.
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Far the case of explosion In a vessel which is being filled
completely with a combugtible mixture, the same expression shown in
equation (3} can be obtained by substituting Vu{u} = ¥V into equatlion(8).

P{m) _ HHTb - EE_EE
F{o) H'hTIu n Tu

(9)

"b

Por stoilchicmetric propanefalr mixture, Hﬁ!Hb - 1.04 and TE = 2265%K
n

and for hydrogen/alr mixture Hufﬂﬁ = (.84 and Tb = 24907 '

(11)

2.3 EXPLOSION RELIEF WITH FREE-VENT

In closed vesgal explosions, 1t has been zeen that the maximum
pressure developed ls practically independent of volume and depands almost
entirely on the nature of the combustible for a given initial temperature
and pressure. In copen veni explosions, the maximum pressure developed
dependa also on flow characteristice through the opening and pressure drop
across it, s¢ that the rate of presseré rise inside the enclosure is an
important factor in determining the pressure and time relationszhlp resulting
from an open vent explosion. The actual pressure rise is balanced by two
opposing factors, Firet, there is the rise in pressure due to the tempera-—
ture rise resulting from the propagation of flame, and second, there iz a
continwous falling in presgure due ta the ¢scape of the gas through the
openings.

2.3.1 Previous Hork

Benson and Eursuyneflﬁiderived a simplified expression to predict
the peak explosion pressure fot a given vent area y In a spherical wvessel
by =quating the maximum rate of wolume increase, when the flame front
Teaches the wall, to the rate of efflux of the unburpned gas through the
opening under & pressure head of peak pressure difference acrosé the opening:

L

Ple) _ |[4ma’oyl® : [u] "
(o) {1 va 2E@e() [ ¥ +1 am

up to the ericical pressure of P(a)/P{o)}«< 1.59
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Whexe

a = gguivalent radius of che enclosure, It

[
]

Orifice discharge coefficient

a = Expansion ratio, @ = P(m}/P(0)

o = Mags burning speed, @ = gﬂu(u}su, 1b/sec £el

ﬁv = Vent area, ftz

pEO} = maes density at initial conditicns, 1b secsztﬁ

Jenes(13) introduced a simplified sguatiocn to predict the pressure—time
relationship of a dust explosfon in a vented enclosure based on the assumption
of a constant msas burning rate. However, none 0f these agquations has ever
bean - verified with experiments.

2.3.2 Mathamatical Model

In viaw of the lack of underscanding on the principles of the vented
gxplosion, an attempt has bean mada to derive a machemacical wodal based
on tha spherical flame prepagation theory, conservation of mass and
adiabatic compression. Details of the derivations are presented in
Appandix A, which shows that the pressure-time relationship of a free-vent
explogion can be exprassad by che following three simulcaneous non-linear
ardinary differential equationst

#y-2 J"_‘ L
Lo v T g2 - aluy + v"¢ o Yo/t @’ -1n (11)
gt _ JY‘T
2o o e - yogdy - n (12)

. -1
3T,
_g% - - 3! ngs _ wha(v)% 1/;éi z? -1, (13)
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The sbove dimensiconless parameters are dafined as

- Bty
S 77 (14)
J 1-.5“\:-”' 3
: § = (15)
- 2CA a /5 2CA a k s
v_ |1 Y v [P0} 1
o = [—] [n (oJP(n% - [— (16)
1 Suuo L) [T Su‘l.f pu(o} )
1
»_ (©)
b
B = in
o
o_ {t)
I
- (18)
o
Y o= pu{o}fpb{o} {1%)
[
+ -
, W+ ¥, 1 (20)
Whare
A is the dimensionless unburned gas remaining
£ 1ls the dimensionless burned gas remaining
., i6 the burned gae remaining in enclosure;
m., is the unburned gas remaining in enclogure;
n, de the initial gas mass;
L iz the dimensionless pressure;
T ie the dimensiconless time;
X 1z the turbuylence correction facter, and
end ate the fraction of the total opening area from which tha

'l:-1.u:1'ueu:tI and unburned gases are flowing out.

W iz the Jdimensionless density

@  is the explosion veuting parawmeter for spherical vessel
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The first cerm on the right hand side of equation {(11) represents
the pressure rise dus to the flame propagation and the second term represents
the falling in pressure due to the escape of burned and unburned gasesz through
the opening. Equations 11, 12 and 13 alse indicate that the explosion
pressure is 8 functlon of four independent dimensionless parametersi @, V, ﬂh and .
a0 and Vv consist of a member of well defined geometrical and physical properties;
and ¥ have to be determined experimentelly. The above equations have
been programmed for the 360 IBM computer wusiog the frurth order Kunge=Kutta
integration method for two different casmces.

Casa I. Onidy the unburmed gases are flowing out, i.e.:

mu =1 : *L = p (21)
Cage IT. The quality of the out—flowing gases iz directly proporticnal
to the ratio of burned and unburned gszses remaining inside rhe vessel at
the instant, £, L.e,!

EFCE + W)
Y (22)

o= ME + X

u

Figure 2=9 shows the pressure~time curve predicted for & Z4-in, diametar
free=vent on a 27 cu. ft. vessel at two different turbulence levels using the
computar program for Case I. In comparison with the closed vessal explesion
curve, the free-vent explosion pressurs rises slowly to a pezk of 0.59psi

and then reduces back to che base line,

2.3.3 Discussion

It has been customary to specify explosion wventing data in terms of
maximum preaggure as a function of a ratio vent area/volume of the vessel,(lj{a]{IO}
Becently, Haiaey{?} and Palmer and Rngnwaki{lﬂ) showed experimentally that
a mare logleal method of specifying vent area is to expre=s it as a vent
area factor, ¥

4 rcross sectional area of side zomtaining the vent (23)
E v =
A, area of vent

For £he purpose of correlation or scale-up of exparimental data
which {2 conducted with a known gas mixture in a cubiecal wvessel, controiling
variables Vv Y and posgibly X become conatants, The only controlling parasmeter
a can ke further reduced into:

Ava ﬁv -1

Figure 2=10 iz a graphical presentstion of the published free-vent
explosion pressure versus K racio, The figure shows that the data cbtainad
correlate very well with the K factor for different voiumes of vessels. How-

ever, the large difference ?i een the data of Cousins and Cotton and
that of Palmer and Rogowski is not explainable at the present time,
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2.4 EXPLOSICN RELIEF WITH FILTERS

The bagic principle of oxplosion relief ehrough filrers im very much
similar to that described earlier for open vent except that the gas in this
case escapes cthrough the filters,

Two major theoretical appruachesflsilﬁ}, channel theory and drag theory,
have been followed to calculate the flow through filters in the viscous flow
region. The equation derived agrees very well with experimental data In this

region when the Reynolds number, dfv'p 1
N _ === < 1]
Where re H 1-=
df = diameter of the fllter fibers
p = density of the air
u = yiscoslty of the air

z vald fraction

v' = actual [ace velocity across the filter media surface

These equatlona ¢an be expreased in a simple form:
¢, [Pty = (o)) = uv, {25)

Where Cl is characterlatic of the geometrical parameters auch as dg, Z etc.
v. 1s the superflclal velocity based on the crozs-sectional area of the
filter unit and ypis the dynamic gas viscosity which is independent of
pressure Lut approximately proportional to temperature,
Vs 1
For the turbulent flew region, Npp ™ “u 1-z > 1000 | gas flowing
through a filter can be expressed by:

¢, (P(e) - B(o)} = nvl (26)
Where the geometrical parameter Cyis a funccion of df, z, Filter thickness, etc.

By summing up equations {25) and (26), equation for a fibrous filcter
over the entire flow region can be expressed by:

P{L) - Plo) -% wv, + 1 v

1 Ca

Where the geometrical parameter C and €, for a given filrer can be estimated

from pressure vermus flow-rate data points which are usually suvpplied by the

fllter manufacturer, {see Figure 2-11). <€; is calculated more accurately at

lower values of N _ and ¢, is calculated moxe accurately at higher values of H_, .
For the commonly used AEC absolute illters with average fiber dismecer

of lezgs than 1 wicron, under the conditicus pertaining teo this study,

pi{t} - p{e) = & psil, Hre iz much smaller thac 1. Therefore, the laminar
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gaa flowing through the fllter can be expressed as:

dm _ [r(e)-P(a)) (27
ar - Cite? i

whetre w is the mass flow,

AF ia the crogg=-gsectlonal area of the filter unit.
The flow characteriatics of a size B Flandersm high-efficiency filter 1is
vumpsied wilh Lt [oxr a sharp adge orifize dn Figure 2 12, This figure
shows that for a given pressure drop of 2 psi the free orifice 13 about
3,6 times more effective than a type B Flanderm high-efficiency filter in
venting 60°F air and 3.32 rimes more effective in venting 100G°F air.
However, the advantage of a free orifice over a filter in venting gradually
reduces far higher pressure ranges., In order to vent equal amounts of ailr
ar 1000°F, the filter has to be 3.3 times larger than the free orifice
at the pressure differencfal of 4 pai, and 2.1 times larger at 4 p=i.

The governing differenciat aquationg for pressure response for
explosion wenting with filcers has been derived in the Appendix A as

-2 1

1 2

0% = 30e=0e Y e2’3 1 @ 4w ey (gD (28)
— 2-Y

%E - r(u-Dgt¥er/s . 3-"'{! e ¥ &b (29)

where the explosion venting paramecer for filter iz defined as:

T1A8 !
' ap = ;: [Pu(o]P{o}] [%]”
u o

(30)

Bl o [P(n}”%lih

sV
u
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Z2+5 EXPLOSTON RELIEF WITH BURSTING DIATHRAGH

As previcuely described, exploslon pressure can be reduced comslderably
by the provisicon of free—vents through which explosicn gases can be released,
In AEC glovebox cperations, such a vent cpening has to be covered for normal
operaticne, Therefere, knowledge is required not only of the area of relief
necessary in relation o the silze and strength of the glovebox components,
but also of the manner and the conditlon in which the relief 1s to be
uncovered, Thecretlcal treatment cf the subject presents a number of
difficulties and in the present atate of knowledge 1t is not possible to
predice the rellef requirements from rhenretizally sound principles,

Some data, mainly empirical, are available, parcicularly for
explosion talief ueing bursting diaphragms in shorc cylindrical or cubical
vesgela; this work has been reviewed by MHalkzey (7}, In general,
the meppured pressure-time recorde show distinctive double-peak characteristics,
A typical presaure-time record {(measured by Simmods and Euhhagetl?) for an
explosion in & cublcal oven ventad with a burating diaphragm pressure relief}
is presented ip Figure 2-13,

This double pressure pegak characterlatlc associated with the
bursting diaphragh explosion can be explained mathemacically by solving
the general differentisl equatlons (11}, (12) and (13) for the following
inicinl and boundary conditions:

1) Initial comdition
T =0
g =1

2) wp to the point of bureting ¢ < 1 < Th

T = Tb when P = Pb

a=20

3) Assume that only the unburned gas 1s leaking through the
cpening, after the bursting of the diaphragm, that ia

v, =1

Y, = O
The computation can proceed until all the wnbuyrned
gas mixture inside vessel ig consuned; ie.,

A=0
4) After the flame front reaches the wall,d = 0 , ctha first term

on the right hand eide of equatioms (11}, {12) and {13} will
L& dropped out,
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Explozion in a Cubical Oven Vented With
a Bursting Diaphragm (Reference 17)
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A program to obtain numericsl solution from theee equationg and
boundary conditions using the 4th Order Bunpge Kutta integration methad
on an IBM 380 computer has been complated. The theoretically predicted
praggura-time curve will ba compared with the experimentally measured
corva later in Seecilon 4.2.1 of thie report.

2.5,1 First Pragsure Peak and Bursting of Diaphragm

If a combustible gas mixture is ignited at the center, the flame will prop-
agate spherically cutward as the camse in closed vessal explosions. Depend-
ing upon the size of tha vessel and type of pas mixture, a rapldly increasing
prasgure load is exerted on tha diaphragm until failure occurs. This
bursting pressure ls raprasented by the first pressure peak In Figure 2-13,

The static bursting pressures of diaphragme of purae meeals (18} at
atmospheric cemperature follew the function of
iﬁﬂb
P T

b d {31)

where Dy 1s the bursting pressure, d 1g the diameter of the Jdisphrapm,

§ is the thickness of the diaphragm, and 03, 18 the bursting strength.
For the cage of a static bursting of s diaphragm, the byursting atremgth,
in fact, is a variable which is axpressed{19) an

*

4E52 f 2 1 ¥y
o B (ED D | (32)

and

cdd?

4 (0.976E) (33

where y = Maximum deflection at th= center

E = Young's modulus
ﬂd = Dliiwate atrength
£ = Polasgona Ratin

4 = Thickness
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Inder the actual explosion relief condition, the diaphrapm material
1s strain race dependenc. The dynawmic responee of linear impact on a
Btructural member 15 treated classically by uslog the analogy of a
weight suspended by & spring in a frictionless environmment. It has been
shown that the vield stress for the dynamic case 1s approximately twice
that of the atatic case.(20)., Further study in this area ie recommended.

2.5.2 Second=-Pesk Preasure

The second=-pesk pressure and the ghape of the pressure~time curve
may be explained by consideration of the course of events after the bursting
of the diaphragm. Aas described earlier, for a constant burning speed,
the rate of formscion of products, and consequently, the rate of rise of
preesure, depecds on the surface area at which combustion can take place,
This area incresses rapldly as the combustion fromt spresds oucwards,
For a low pressure release diaphragm the combustion flame front area at
the tima of bursting of fhe diaphragm is relacively small, A relatively
small size opening will be sufficient to provide the venting needed
to rapidly reduce the pressure. Depending upon the opening size, strength
of the mixrure, and the possible inertila force associated with the bursting
of the diaphragm, a pressure built=up inside the veasel to a second
pressure peak has been experienced as the combustion procegs is continued
{see Figure I~13). The rapid incresse in pressure 1s caused by

1) the rapld increase In the formation of products esperlally when the
flame approschea the wall of the vessel as expressed in Appendix &, and

2) the sudden or gradual Inerease in burning velocity afcer the bursting of
tihe diaphrapm due to the turbulent and wibratery flame propagation effects,

1. Turbulence Effect—- Vikratory pressute prupa*g%%gg}?ﬂg}haen chserved in
explna%nn? %2 large vented and unvented vessels and in loog
ducts (23}(24) 4 vibratory pressuvre response has also been noted in
pressure traces obtained in experiments during the present program.
Markstein{23) assecclates vibratory pressure wave propagation with a

cellular flame front of increased surface area and the subsequent
increase ia burning velocity. Burgoyne and Wilson!?l) provide other
possible reasons for this phencmenon. They recocgnize vibrations as a result

of copbustion instability. Partial explanations for this phencmencn are
as follous:

1) inscabilicy by the relatlve diffuslon rates of fuel and oxygen
through the flame.

2] oscillacion of the burning gzs by vibratlon of the vessel
and auxilfary equipment,

Y] incteraction of shock or pressure waves with the flane front,
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&) ehsat of turbulent flow conditions in the unburat pas ahead
of the propagating flame,

5) turbulent burnicg froat induced by the Flowing of exhaust unburned
gas vhich travels in a direction perpendicular to the flame
prepagation.

As described in Sectlon 2.2.3, turbulencse and vibratory combustion were
found te accelerate the flawe propagation speed and burning rate. These
effects can be induced in an explosion chamber "In many different wavs

such as bursting of a diaphragh, interaction between, the promagatine flome
and tha oocaping gases, placing obstacles along the dir?ﬁﬁ}““ of the flame
propagation or stirring wich & fan, Harris and Briecoe made &n
extansive study of the affect of turbulence on the bursting diaphrapgm
explosion over a renge of concentration of pentane-air mixtures using a
ol-ey-£ft gylindrical wvesgel. Turbulence wag produced by operacing a
four-blade l1%-in. diametar fan driven at apeada up to 2000 rpm. The
material of the bursting diaphragm was varied so that a constank 17 psi
bursting prassure (first-peak) was achiaved regardless of the vent size,
The measurad maximum pressure (second -peak) Is prasented in Figura 2-14
as a funetion of degree of turbulence, axprassed in terms of fan eparating
epead. The prezsurs rosa to maximum with the increase in fan spead for a
amzll went, but for larger wvents the axplosion pragsurae did not reach a
maximum at che highest attalnable speeds of 2000 rpm. Althouph these
datz are not direcely applicable to the low prassura reliaf case Which is
the primary interestc af this study, they demongtrate the effect of turbulence
or increage in rate of burning on the axplasion pressure (second-peak).

z. Effect of Geomerry and Configuration _ Tha explesion pressure

{second pressure peak) 1lg customarily expresaed as a function of the

vant ratio, vent area/volume of the vessel. Recently, Simmonds and Cubbagg(l?}
correlated the measured second pressure peak as a function of the vent

areaz factor K (cross-gectional area of the wall containing the

vent / vent area). The variation of meagured second-peak pressura,

Fz{psi} with the parameter ¥ i1g shown in Figure 2-15. It 1= reported

that for design purpogfes in a cublcal oven with the rubberized asbestos

sheet as the bursting diaphragm, the value of sacond-peak pressure is

given simply by

P‘2 =Kk= hflv

This relationship has been verified for town gas explosion in an oven
of 8 to 98 cu ft in size for a K value of 1 to 3.
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A correlation was perfermed by Rasbagh (26) of PrESSUre versus

¥ and L/D, The correlation was based on the work of Rasbashf23}, Simmends (177
and Cousins and Cotton(8), The fector K was varled from K=l to K=32 and
L/D was varied fyom L/D = L to L/D = 30, Pressure increased with K at
fixed L/D as expected. At larger values of K (Kedtold2)} pressure incraased
with L/D to a constant value at values of LfD=6. However, for values of X
approaching 1, pressute is nearly invariant with L/D to values of
L/l = 3 and increases for larger wvalues of L/D. The reason given for the
increase in pressure when L/D > 3 was that the turbulent flow was bacoming
eatablished along the axis of the long path which increased the burning
velocity and flame spread. An ordinary deflagration of scetylenefair
mixture will develop inte a seriocus detonation when the L/D ratio is
larger than 40, (27
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EXPERIMENTAL INVESTIGATION OF EXPLOSIONS IN GLOVEBOXES

The experimental program was developed to avaluate the variables
aggociated with overpressurization that could ogeur in ploveboxes as a
result of igniting an accumulacion of combustible gas systems.

Data, in the form of pressura ag a function af time, was cbhtained for
a geries of explesive conditions and experimental confipurations. The
primary combuetible gas wixture was a slightly higher than rtoichiometric
mixture of propanafalr (4 to 5 percent by volume). A second wixture,
hydrogen/air mixture (40 percent by velumse), was used to
represent the maximum foresesable incident.

3.1 EXPERIMENTAL APFPARATUDS

The experimental apparatus censisted of: 1) pressure meaguring system;
2} gas supply and mixing system; 3) ignitfon and timing system; and
4) rtest chamber. Figure 3-1 shows the penaral arrangoement of the

experimental instrum=ntacions.

3.1.1 Pressure Heasuriq;_ﬂyatem

Ihe pressure transducer was a Consclidated Electrodynamics Corporation
Type 4~393, having a 0-15% psl range. Later in the propram a Dynisco PT=23,
0-10 pai transducer was also used, Theae devices are unbonded types of strain
gages and require an external voltage zupply to the variable-resistantce
bridge arm. The transdocers were located centrally on the side panels of
the teat vessel. The oucput voltages of theesa devices which are analogs
0f the pressures generaced within an enclosed voluma, are presenced as an
electrical signal to the vertical deflection plates of a Tektronix dual-trace
cathode ray oscilloscope. A Type 1Al two-channal plug-in amplifier unit
was used with the oscilloscope. The pressure-time data associated with the
confined explosion was acquired on Palaroid Type 3000 speed film from
the phoaphorescent screen of the CRO by a Tektronix Type C-12, trace
recording camera. A Honeywell Visicorder was paralleled to the
Tektronix te acquire longer time higtoriea and better resclution As the
program continved.

The Dynisco pressure transducers had high thermal semsicivity which
affectad the presaure cutput significantly, This affect was minimized by
a 1/4 in. ceating of Dow Corning high vacuum grease sprayed with a
silicone aluminum aerosal spray.

3.1.2 Gas Supply and Hixing_ﬁzstem

The propane used in this study was commercially pure (99.8%) pas
obtained ftom Matheson, Inc. This analyais was obtained from FHRC's gas




CRO Sweep Start

24V A.C.

o = Power
@ Pulse Supply &
Cathode Firing Switch Firie L
Ray iring Lire
12V D. ?;S ctllo - ] To Squib
P
s.f;;?; Transducer Signal to CRO
L
Trangducer Power Supply
—— -_-—--+ — — i S S il
f': Fuel Line 7

C3H3 Air

Electric

Transducer

—I I
.'a
/ \

/Squib

- Batloon

|27 Cu, Ft.
Test Chamber

it

17687191

HOILYRONE0D HOUYISI TVILOW  ABRDLOVE



FACTORY MUTUAL RESEARCH CORPORATION
16215.1 33

chromatopraph and verified the analysiz of the supplier. Arrangements used to
mater and mix the propanefair mixtures are showm schematically in Figures
3-2, 3-3, and 3-4, Figure 3«2 was designed to introduce the measurad
quantities of propane and air into the balloon throuph a single 1/4~in.
copper line of about 15 fr lanpth., The mixing of propsne and air is
accomplished in the feeding lina,

In the event that the entire chamber was to be filled with 2 gas
mixture, the avrangament shown in Fipura 3-3 was used in the earlier part
of the work. A meagured quantity of propane was metered and fed inte the
test chamber. An B-in. diameter propeller, situated near the center nf
one vertival wall, was used tor mixing and could be run during an
axplosion to provide turbulence. The normal propane £1lling time was
about 3 min., The fan was uveed for the greater part of the test series,
during the filling period. Later, the method of fllling and mixing was
modified as shown In Figure 3-4, Proper quantities of propane and air,
messured with two aeparate flowmetaras, pasged throuph a Selas mixer,
Sselan type B Ho 310 gas combustiom controller and a selenodd valve into
the test chamber. A valume of pas mixture equal to about ten changes of
the antire chamber wag purged through the chamber for each experiment.
Periodically gas samples were collected a2t the feeding line as well as at
the exhaust line to assure proper mixing.

3.1.3 Igniticn and Timing System

Flgure 3-3 is a achamatic of the wiring for lgnition and timing syscem,
The experiment wae started when the firiang switch, 81, was closed. The single
sweep of the oscllloscope was started snd voltage was supplied to the
inliciating squib, A dalay of approwximately 1.5 to 1.8 milliseconds was
generally experienced becween the start of che scope sweep and iniciarion
of the gaseons mixture, When hipgh speed motfon pictures were required, a
second switeh, 52, was placed in Serles with 51. The function of the switch
52 was to start the initiacion train after the inertia of the camera was
ovarcome and the film was brought up to the raguired speed. This was
accomplished by adjusting the closing time of a microswiteh. The microswitch
has an extension rod which actuated the switch npon sensing & given amount
of film on the unexposed reel. The necessary amount of unexposed film
which had to be passed ro overcome the inercia of the camera was decermined
from calibrations supplied by the manufacturer, The camera was &
Hycam Model KZOSIE=11l) high~spesd camera manufactured by Red Lake Laboratories,
Sancta Clara, California. Yhe gas mixtures were ignited by a type S6HO
electrical squib manufactured by Hercules Incorporated or & type M=10{0 electric
match made by Atlas Chemical Industries.
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3.1.4 Test Chanbers

l. 24 Cu Ft Mooden Glovebox

A 24 cu fr  (2ftx3ftxidft) simulated weoden gilovebox, used in
earlier investigations of the fire problem in gloveboxea({l) was used
initially as a test chamber. This configuration as shown in Figure 3-&
was desirable from the point of view of gecmetry ae well me belng readily
avallable. However, it became evident after several series of tests were
performed that thils chamber was not sultable for exploeslon experimente
because of 1ts excessive leakage and weakness in construction.

2. 27 Lo Ft Tast Chamber

Figure 13-7 shows the design of the 27 eu ft air-cighe aluminum
chamber (3fex3fex3ft). Several interchangeable front panels and matching
flanpes were fabricated. These panels cculd be attachad on the front wall
permitting che investigation cf & lerge number of variabler under controllad
conditions.

3. Cylindrical Test Chamber

In order to determine the effect ¢f geometry and comfiguration
and to provide = means of evaluvation, two 2=ft diameter cylimdrical test
chambers {one 3 fr and ome & ft in length) were designed sc that additiomal
sections could be sdded to wvary L/D significantly. Figure 3-8 shows two
different configurations used in thiz program. The bursting diaphragm
can be mounted on gither front ox side openings to investigate the effect
of vent location on explosion charactaristics.

3.2 BALLOON EXPLOSIOH RESULTS

Propane and air were passed through the flow meters at a pra-
determined rate go that a stoichiometeic propane/alr mixture (4 percent and
9& pevcent by volume) at a given wolume could be achieved in a centrally
located meteorological balloen pricr to lgnition {see Figurs 3-1)., PResultant
pressuraes exerted oo the wall of the test chamber wera recorded by the pressure
meaguring system, The above procedure war followed in subsequent tests
performed in the 24 ¢u £t wooden glovebox as well as the 27 cu ft sluminum
chamber, The objectives of balloon exmplosion experiments were to:r 1) dater-
mine the upper limit of explosive volume vhich can be safely handled by the
presant glovebox desipgn; 2) to verify the leocalized explosion thaory
described in Section 2.2.1 of this repore; and 3} to explore tha pressure
relief affact of the high-efficiency filters din relation te free-vent.




FACTORY MUTUAL MESEARCH CORPORATION

16215.1

Exhaugnt
Fllter  =#e— r

-0

)

oof/,e’nonono

G u\le b %
Furrs Intaka Fllier

5 Cu.

Fit, )t

fTgniltlog

Townydacar

gy ————Ty—y— =y — )

FIu, 3-%

Al I -

Wlrad
plaus
whinduw

Hanoagter

Dampe 1

X

37

Exhaust Fan
.‘-’

-

FE, Wuuden

Woritice L_J

GLUVERIL WITH ALR CIRCULATLON SCHEME

Solengid

Ya 11-*

Alunbmem dLsph ragn Filter

Vs

Gay
HL xturg
inlst

27 cu, FT.

ALUMTHUIH TESY CHAMRER

Snhenld Valvo

>

Purylng
muklgk




FACTORY MUTUAL RESEARCH CORPORATION

Eeart
=~ Transducer

© 38
CONFIGURATION A
. Gas ’
Jurlat
*f | 24”p“,| Top Cover
4 ™ o
f o Flange
side ' )
T;Fnaducer Bursting
. Rear bDiaphrapn
2] Transducer O
:.:.'F, Rear .~
Cover
L
- 36" :|
CONFIGURATIDN E
Gas
Qdutlet .

//Tranaducer

Q

Dlaphtagm

16215.1

6" Dia,

rog"

FI1G, 3-8 CYLINDRIGAL TEST GHAMBERS



FACTORY MUTUAL REAEARCH CORPORATHON
16215.1 3%

3.2,1 ({Balivon} Explasion in the closed 27 cu ft chamber

Because the 24 cu ft wooden glovebox wag not air tight, the ¢losed
chamber balloon cxploslon tesaly were performed in the 27 cu fr aluminum
test chamber, Data are given in Table 1 (Appendix C} and reprasentad by
the painte in Figure 3-9, in terms of maximum explosion pressure varsus the
dimensionless volume ratic of VY,{o)}/V,Figure 3-10, an cscillogram of test
Ho. A-12, shows that the pressure curve for a 0.35% cu ft balloon rises to
a maximum of abeout 2 pel at about &0 milliseconds after ignition.

3.2.2 {Balloon) Explosion in the 24 cu Ft Glovebox

Expetiments were performed in the 24 cu ft wooden glovebox to
determine the effect of gloves, filter, alr cirsulation and dect werk, as
well as combinations of these elements on the explosion charactevistics,
Dzta obtained from this series of experiments appear in Table 2 {(Appendix C).
Figure 3-11 iz & plot of maximum explesion pressure ag a function ¢f balloon
volumefchawmber volume ratlo for different sit civculetion rates in the
wooden glovebex with two filters |, and Figude 3-12 ig a plot of maximgn
explogion presoure as a funetlon of alr eireulation rate for a fixed
ballaoon size ef 0.23 cu ft. These figures seem to indicate that air
circulation up te 48 cfm (two ailr changes per nin.) does not contribute
noticeable change in explosion pressure. Some trend of increase in
explosion pressure is Indicated at the higher air circulation rates.

Test tesulta obtalned in the same glovebox but mounted with two filters
and two gloves {one 15-mil Feoprens and cne 10-mil Latex) are platted in
beth Figures 3-12 and 3-13. In comparisen with the data osbtained without
the gloves, the existence of gloves on the glovebox seems to have no effect
on the explosion pressure, These tests werae initiaced with the ploves
protruding inside the glovebox. Over the ranpge of conditions tested,
the pressure rose to a peak of about ? pail over s period of leze than
10 milligecond, and the gloves could only extend about 2/3 aof their full
length, DObviously, one could net expect the full attenuating effect untcil
the gloves were fully inflated. The ploves appear to withetand much higher
than Z psi under the dynamic loading condition tasted,

3.2.3 Free=Vent versus Filters in (Balleon) Explosion ﬂentinﬁ

Explosion venting effecte of free-vent and high-efficlency filters
are compared exparimentally in the 27 cu £t aluminum chamber. As tabulated
in Table 3, a total of about 70 tests were performed by exploding a fixed
volume {0.53 cu £t) of propane/air mixture inside the vented test chamber.
The zize of free-vent varied from 1-in. diameter to two & 1/2 in. x 6 1/2 in.
gquares, The filters wsed in these experiments were standard 8 in. x 8 in. x 6 in,
Flanders size-B high-~efficiency filter units, having an opening area of
AF= 6 1/2 in. = 6 1f/2 in. The number of filters used ranged from one ta six.
Data obtained from thesa experiments are plotted in Figure 3I=14 as maximum
axplosion presiure versus the vent area parameter, K. The figure shows that
both curves approach the maximum pressure of 3.4 psl as che vent areas reduca
to zero (K == ) which [s equivalent to the maximum explosion pressure for
an 0.53 cw £t balloon [?u(u}f? = 1.97%Z] in a claosed chamber (see Figure 3~9).
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FIG. 3-13 EFFECT OF THE COMBIWATION OF THE FILTERS, GLOVES AND AIR
CIRCUTATION ON THE LOCALIZED (BALLOON) EXFLOSION
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Direct comparison of the presgure curves in Figure 3-14 shows that in arder
to achieve the same effectiveness as the free=vent, explosion venting with
filters would requlre abour four times greater cross-gectional area.

Osclllograms of Test No. AA-101 for ome 6 1/2-in.x & 1/Z-in, fras-vent and
Teat No, AA-157 for three é 1/2=in, % 6 1/2=1in. opening filters are presented
in Figures 3=15 and 3=1&. In view of the differences in the time scale used
in these twe figures, the pressure-time record mesgured with one & 1/2-in, x
6 1/2=-1in. free=vent ie slightly lower than that meazured for three
6 1/2-1n. x 6 1/2=in. filters.

3.3 PRESSURE RELIEF WITH BURSTING DIAFHRAGM

Experiments were cdntinned te investigate the expleosion venting
characterfacies in the 17 e¢n fe and the 3-fr diamecer eylindrical test
chambers with the entire chamber filled with the combustible gas mixcure.
The bursting diaphragm used in this study 1s l=mil-thick, Type 5-1100
aluminum foil, The objectives of this test series were to: 1} determine
the effect of varicws controlling variables asgociated with the bursting
diaphrazgm on the explosion chsracteristics; and 2) verify the explosion
veniing thecry described in Seccion 2,5.

3.3.1 Bursting Diaphragm Explosion in the 27 cu fr Test Chamber

Hon-Homogeneous Propane/Air - The earlier experiments were performed with
the setup as shown in Figure 3=3. Propane gas was introduced to the
chamber at the rate of 0.36 cfm. A 4-percent concentraticn would reguire a
filling time of 3 pin, During this £fi1lling time the 8-in. propeller
was tunning te enhance the mixing., Since we are not sure whether homogeneous
mixing of the propane and alr were achleved during these tests, test results
obtalned from this mixing arrangement are tabulated in Table 4-A as
non~homogenecus data, The typical pressure-~time record measuted from the
24-in. dlameter bursting disphtagm on the 27 cu ft chamber {(Tests A4-277, AL-279)
iz presented in Figure 3-17. The flgure showvs the distinctive double-
pressure peaks. The first peak is identified as the burscing pressure of
the diaphragm. After bursting of the diaphragm, the sudden release of gases
causes the falling of pressure. Dgpending on the opening size and bursting
pressure, the pressure started to build up te a second peak, as described
earlier in Section 2-5. The measured non-homegeneous filirst-peak pressures
{bursting pressure) are represented by the dotted vertical lines in
Figure 3-18 as a functlon of diaphragm diameter. In general, the
first peak {bursting pressure) decreases with the increase in the diaphragm
diameter. The 320 percent scattering in measured points can be
attributed to the fact that we could not stretch and mount the larpe
diameter thin feoil on the chanber the same way for each teac, It wag
alzc chaerved that the foile were not always bursting in che same fashion
each time. Ip moat casea, the diaphragm burst out as & whole pilece and
sometimes tuptuied Iintoe 10 oxr 20 small pleces. Inexpectedly, the measured
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aacond-peak pressure varled considerably sven under the same test condielon.
The non-homogéneous geécond=-peak pressure 1s represented by the dotted vertical
lines in Figure 3-19 as a function of the vent area yatio, K=A/A,. Samples of
pressure-time records with high second-pesk pressure (Test Ne, 277) and

low gsecond-pesk pressure (Tazt Ho, 279) under the same test condition are
comparéd in Figure 3-17. The difference in second-peak pressure is

attributed to tha turbulence effect induced by the difference in bursting
condicion. 1In general, high second-pesk dats usually sssociated with the

test in which cthe diaphragm burst into many amall pileces.

Homogeneous Propane/Alr Mixture - In view of the wide range of scattering
in second-peak pressure data, it was decidad that a hetter mixing setup
should be used to ensure the homngeneity of the mixture at a richer than
stoichiometric condition sc that the maximum hazard conditiom could be
reached. Homogeneous mixture tasts were conducted with the setup shown

in Fipure 3-4. The Selas mixer is not only used B2 & mixer but it also
gerved ss s blower which draws zbout 455 cfh of air from the atmosphere

to mix with a measured smoumt of gze to form the requirad concentration

at the feeding line. The propane concentrstion used in these tests was
varied from 4 to 6.6 percent., The purging time for the 27 ft vessel was

20 win, A 30-gec. delay safter the filling was uwsually employed to stabilize
the mixture inside the test chamber. However, In several test runs,
ignition was initiated while the purging was stlll in progress. Data obtainead
from this series of tests are tabulataeq in Table 5-A as the horopgeneous
mixture, and indicate that 5.08% concentration seems to give the highest
gecond-peak pressure. The measured first- and seecond-peak pressure for

this homogenaous case is plotted also in Figures 3-18 and 2-19, denoted by
the solid lines, It was found that the homogenecus mixture at higher
concentration did not affeet the first-pesk pressure, but it did raise the
second-peak pressuras te a much higher level. For the purpose of pressure
relief design, it 1s reascnable to use the upper envelope line of

Figures 3-18 and 3-19 as the first- and second-peak explosion pressure curve.

Hydrogen/air mixture - In order to determine the effect of mixture strength
{burning speed)} on the bursting diaphragm explosion relief performance, a
gseries of experiments were carriad out on the 27 cu fe rest chamber filled
completely with a richer than stoichiometric mixtuve of hydrogenfair

(40 mole percent}. Although the same non-homogenecus gas supply and
mixing setup as shown in Figure 3-3 was usaed during this test series,

the results cbtained should not he very different from those obtained with
tha homopenecus mixing arrangement. Crovich's (92 explosion tests indicared litcle
differance in race of prasgsure rise between mixtures conteining 30, 40 and
50 percent of hydrogen., Furthermore, the large quantity of hydrogen was
injecced downward through a small nozzie over a leng period cf about

30 minutes; thus ic iz belleved that the hydrogen concentration variation
inside the test chamber should not be beyond the 30 percemt to 50 percent
limirs. Daca obtained are tabulated in Teble 6 and plotted together with
the propanefair explosion data in Figureas 3-18 and 3-19. Comparison of
hydrogen/air explosion with that obtained fox propane/air explosion for
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the same dlaphragm diamecer of 32 Iln, Indicated that the flame of
hydrogenfalr mixture propagates abour six times faster and the first-pesk
pressure 1a sbout two tlmes higher, while the second-peak pressure 1s abowt
five times bhigher than in a propace/eir explosion.

Effect of Obstacles, Filcers and Alr Circulation - & 3ftx3c, lé-gauge,
1/2-1in. diamond expanded metsl screen located very near te the inside

of the diaphragm, did not contribute any noticeable Increase in explosion
pressure {see Test No. AB-27 and AB-28 of Table 5-E}.

Attenpts were also made to investigate the effect of cbstacles,
filters or combinations of these on the bursting diaphragm explosions. Data
obtained with the non=homogenecus mixtura setup are tabulsted in Table 4-3B,
All che tests with 27 cim alr circulation rate were conducted to simulace
the explosion resulting from a gas leak inside a ventilated glovebox,
Figure =20 shows the test setup. A constant propane discharge rate of
1.08 efm iz introduced to mix with the incoming air at a constant race of
2} cu fe. Ignitlon was initiated after about 30 minuces of continucua
circulation. Comparing data in Table 4-B with that in Table 4~A shows
that under practical operating conditions the explosion pressure
(second-peak) would be much lower then that expressed by the pressure gurve
in Figure 3-19.

A limited pumber of tests were aleo conducted to inwestliate the

effect of filters mmder the homopeneous mixture condiclon. These tests were
carried out using a setup very simllar te chat in Fipure 3-4., After

the normal 20 minutesof purging with the homogeneous concentracion of
propane/air mixture ac the rate of 455 cfh, the ignition was initiated while
the purging was still in progress. In comparigon with test Ho. ABK-23
through AB=29, the combinstlon of fllters and alr clrculation seems to
have no significant effect on the explesion pressures.

3.3.2 Bursting Diaphragm Explosion in the Cylindrical Test Chambersg

In order to evaluate the gecmetrical effectes on bursting diaphragm
performance, a series of rests were performed in the cylindrical test
chambers, Specifically, the following changes in geometry for a horizontal
cylindrical chamber weye examined: 1) change in L/D ratio with fixed cross—
sectfony and 2) comparisen of location of vent near the source of ignition
(slde vent) or remcte from the ignition {front vent).

The configurations A 2nd B as shown in Figure 3-8 were employed
in the program. Configuration A {a cthree-foot diameter by three-fococt long
chanber) was used alteimately with 18-1in,,30-in.,and 36-in. front-vent,and 18-in.
top-vent ; and configuration B (a three-foot diameter by nine-foot long
chanber) was used alternately with 18-in. and 30-in. frout-vent and distributed
three 18=in. top-wents. The ignitien source Is located at the center of
each comfiguration. Positlons of pressure transducers are also shown. In
contrast to previously described tests, two centrally lacated pressure
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transducers , one at the side wall and one at the end wall, were mounted on
the chamber to measure the pressure variation at these two points, Testc
data and ¢onditions employed are tabulated in Table 7. Since the pressures
recorded by the gide and the rear transducers were abont the same, only the
higher pressure recerded by the two transducers are presented In Figure 3-21.
Flgure 3-21 contains plots, the first-peak pressure versus L/D and the
second-peak pressure versus L/D. In summary, the data show that:

1) Propane concentracion in the range of 4.5 to 3.1 percent dees not
produce noticeable effect on the explosion characteristics;

2) In both the 3fex3ft and Itx¥ft c¢ylinders, almost the same
pressures were recorded from both side and end transducers. This
means that explosion pressure is exerted equally on all walls of
the chamber independent of the distance from the source of
ignition;

3} TFor a given K factor increase In L/D ratio up to 3, slight in-
crease in first-peak pressure and insignificent effect on the
second-peak pressure are experienced.

3.4 FREE-VENT FRESSURE RELIEF

Free-vent experiments were performed in the 27 ¢u ft cubical
chamber and Jfex3it and 3fix9%fr <ylindricsl chambers with homopenecus
propane/alr mixture at 5.08 percent concentraticn. Data obtained are
tobulated In Table 8. Direct compaxison of these date with second-peak
pressure of bursting diaphragm eaxplosion tests cn the seame chambers showa
that the maximum free-went exploasion pressure is about sizx times lower
than the second-peak pressure measuved with & bursting diaphragm. A
typical free vent pressure-time record 1s presented In Figure 2-5 .
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IV

DATA EVALUATION

4,1 LOCALIZED EXPLOSION IN A CLOVEBOX

Balloon explesion data for the 27 cu ft cloged teat chamber
{Test Nos. A-1l to A-12 in Table 1} and the 24 cu ft wooden glovebox
with one and two filters (Test Wos, W-1 to W-11 of Table 3} are replotted
fogether with the thecretical tesults for a cloaed chamber explosion cal-
culated from equation {B) In Figure 4-1 as maximum explosion pressure ver-
sus combustible gas velume tatio, V¥, (0)/V. The good agreement between
the test data and the theoretical curve for a closed chamber explosion confirms
some of the explostion principles and mechaniszms deseribed earlier in
this report. Furtharmere, &t the polnt of V¥ {(o}/V = 1, the theoretizal
cuTve agrees alsc very well with published éxperimental data(8) (10} for
explesion in a 3 ecu fr closed wvessel filled completely with propane/alr
mixture, The pressure difference between the clesed chamber explosion and
those with filrers represents the venting effect of the filter on the local-
ized axplosion in the glovebox. Actually cthe number of filters can be
expressed as the dimensionlees vent area parameter, guch as ¢p or K factor.
In practice, the Filters may be located at any ons ar two walls of the glovabox.
Modification ig requived in porder to take into account the s2cond opening in a
different wall.

Cenparizon of these zurves chows that the intake 2nd exhaust filters
normally used on the glovebomes can be gquite affective in venting the localizad
explosicn; however, the effectiveness diminisheas as the explosive volume
increases.

4.2 EXPLOSION RELIEF WITH BURSTING DIAPHRAGM

Bursting diaphragm explosion relief ia one of the mozt commonly used
devices. Diaphragms of many different kinds of materiale have been usad
ot are available for use as an airtight cover on exploslon vent openings.
The thin aluminum fell cf 1 mil. thick was selected for thia exparimental
Investigation on the basis of conveniance, low bursting pressure, hesat
resistance, compatibility with moest AEC glovebox enviromments snd, mosc
of all, bacause bursting of thin aluminwm foil would provida minimum hazard
to persone and equipments nearby., The primary eriteriom in choosing a
diaphrapm is that its bursting strength must be considerably lass than the
veakest component of the glevebox. Thare 1s no doubt that many other
materials may prove to be egually or more desirable for various special
gperational requirements.

4,2.1 Correlation of Burgiing DiaEhraEE Data

The predicted thacretical bursting pressure for the one-mil-cthick
aluttinum diaphragm is plotted, together with the experimentally determined
first=peak presgure and static bursting pressure data, in Figure 3-18. The
lower theoretical curve was calculated from static loading eguations
{(31), (32), and (33). However, the measured static bursting pressure
curve agrees very vell wilth the thecratical result.
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The sacond-peak pressure can be calculated from elther of twe cases,
as shown in equaifons ({21) and (22). As a fizst approech , case [,
leakage of unburned gas alone, 1ls to be considered. The second-peak pressure
predicted by using the computer program desceibed In Sectfon 2-5 of this
report is pletted In Flgure 4-2 together with the highest measured pressure
data obtained for the 27 cu Et cubical test chamber and che 3fex3ft
¢vlindrical test chamber. Data is presented as second-peak pressure
versus the o parametsr, The ventlng parametets, o , were caleulaged from
equation {l6)using a constant orifice dischatrge ccefficient of C = 0.6
except for the Polnt A, A coefficient of C = 1 was used for Point A
becavas this tear was conducted for a 36 fn. diaphrapm, mounted on a 36 in.
diamebtar wall (Taat Ho. AB-82 of Table B-A).

The measured second-peak pressure seems to fit very well inco the
theoretical data calculated by using the twrbulent Factor of 24 X 43. The
higher degree of turbulence saems to be fnduced at the lower ¢ value
glightly more than the higher cnes.

In comparison with the published daca on bureting diaphragm pressure
relief, as a function of the K factor, Figure 4-3 shows that the second-peak
pressurs meagured from this study is somewhat higher than Simmonds and
Cubbage's 17} axperimental reeults and lower than the Burgoyne and Wilgon{21)
data. One of the possible reagsons for the discrepancy s that Burgoyne and
Wilson's ignitfion source, high voltage discharge through & thin sluminum
wire,was found to throw off many small particles of aluminum: however, the
electrical squib used in this study was aleo found through photographe to
throw off, occasionally, one or twe burning parcicles which may stare |
separate ignition pointsa.

Figure 4-4 shows the diresct comparison of the experimentally and
theoretically detarmined presaure-time regopd for the etolchiometric
propanafair mixture axpleded in a 27 cu £t chamber with & 24=in. diameter
aluminum bureting diaphragm 1 mil, thizk, Fipure 4-4 ghows the general
charvactaristics of the doubla peak pressure record s bBut the measured
explogion racord indicated a much longer burning time than the theoretical
value. The high speed movie shows thar shortly after the bursting of the
diaphragm the flame propagatisn might be temporarily slowed dowm or stopped
bazause thera was no 8ign of gas discharge through the opening until a fow
milli-seconds befora the second pressure peak. A gradual incrzasa in flame
propagation speed may result from the effect of multiple ignition or large
digtortion of the flame envelope and other disturbance brought about or
indured by the various pogsible factors listed in Seceion 2.5.2. 1t is
quite pogzible that the turbulence factor X 1s actually a varisble which in=
creases with time at an unknown funcelon.
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4.2.2 Effect of Bursting Presgure on the Second-FPeak Pressure

Tests conducted thus Ear have not been able to deteymine the relatien-
ship between the first-peak and second-peak pressure, Simmonds and Eubbagetl?)

treaced the two pressure pedks as twe independent phenomena. Maizay 7
sven correlated the second-pask pressure obtained with the bursting diaphragm

with the maximum pressure measurad with the free-vent euplosion and ignored
the firgt-pressure peak complacely. The effect of bursting pressure has been
studied by Harris and Briscoee 22) ip correlating the maximum explosion
praspure for a particular went area with the diaphragm buxsting at different
prezsures. .Thie burating pressure variation was achiaved by using diffarent
kinds of diaphragms of wvarying thicknesses. The results of 2.5 mola percent
pentansfair mixture gre repleteed Lh Figure 4-5 as the maximum arxplosion
prezgure versus the bursting pressure for different vent diamerers. The
most interesting feature of these results is the unexpected prasence of

dips in some of the curves. In order te correlate these high-pressure
range erplosion data with low-pressure range results cbtained from this
study, Figure 4-5 is transformed in Figure 4-6 in log-log scale as maximum
explosion pressure versus borsbing pressure for different K facters. The
solid line represents Harris and Briscoe's data; the dotted lines represent
the writer's interpretation and extrapolation., The limited quantity of cest
data obtained from this program is alse plotted in this graph.

Compzred wich the frec-vent explozion data, it seem2 indicated that the phe-
nomenon of ex?lasiun vanting iz really not yat well investipared. Simmonds
and Cubbage's(17} sarrelation of P, = K seems only to apply to the range

of test conditionsinvolved. Conziderable caution should be given not to
extrapclate the data too far beyond the range.

It can be seen that all the maximum explogion pressure curves will
esaentially £all on the same straight line towerd the right hand side of
the figure. For thesze higher bursting pressure diaphragms it 1s apparent
that the went size is adeguate to relisve the explosion and the measured
value of the maximum explosion pressure 1z the zame as the bursting pressure
of the diaphragm.

4.2.3 Effect of Geomatry and Configuration

Floveboxes have been desipnad and fabricated in many sizes and shapes
Ec neet spacial operatienal requirements. From the point of view of
ghape, gloveboxes may be generalized into three basic categories; 1) those
having all three dimension of the same evder {(cubical); 2) thoee having
one dimensicn wmuch longer than the other two {several cubical gloveboxes
connected in geries); and 3) "thege having one dimension mach smaller than
the uvther two, The examination of glovebox construction at Arponne
Naticnal Laboratory showed that most of the very large gloweboxes are in
the third category, having demensions such as 3EexPEexlBfe.
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Explosion preecsure has been customarily correlated as a funetion of
the went ratio

A,fV = area of the vent/volume of the wvassel

Ag described previeusly, the rate of pressure rise is an important facter
in determining the maximum explasive preszure for a wented explosion.
Obvicualy the rate of precsure rige decvreaszes with inereaging volume, because
the time taken Eo reach a glven pressure i1s proportional to the cubie root
of the volume. Consequently, a smaller vent ratio, A,/V, will be
required in the large gloveboxes than the smaller gloveboxes. A more
logical geometrical scaling parameter has been used satisfactorily te
correlate the axperimental results obtained from vessels of different
volumes, il.e.:
crogs sackion area of gide contalning the vent
K = &fA, = vant area

In Simmonds and Cuhbaga's(l?} experimental results with four, 100-cu-ft
volume enclesures of differvent shapeas, the dimension ratio ranges from
1:l:l to 1:2:3. In these experiments, the same bursting diaphragms were
used to cover one entire wall, K=1, throughout the test program. It was
coencluded that no matter on which side the diaphragm was mounted, the
first— and second-peak pressures were alwaye less than those cbtailned in
the cubical enclosure. Thus, the design of reliefs could with safety be
based on the result for cubical test chambers, Rasbash’g(20) attemnpt at a
correlation of results by various workers shows that for small K factors,
up to K=4 the second-peak pressures are not affected by the L/D ratio.

Experiments conducted in the present program are all in the first two
categories, cubical and cylindrical test chambers. As shown in Figures 3-20
and 3-21, for a K factor of l.44 and 4, an increase in L/D from 1 to 3
contributed very little effect on the first and second pressure peaks,
However, the second-peak pressure for K=4 zeems to show a trend of
slightly increasing pressure when the L/D ratic approaches 1.

4.3 EXPLOSION RELIEF WITH FREE-VENT OR FILTER

Explosion relief with a Ellter La a very attractive idea far AEC
gloveboxes, A& filter is the only material whigh can weant the explesion
continuwously, like a free copening, but without the danger of causing radio-
active contamination to the atmosphere. Data obtained for explesiecn
relief with free-vent and direct. comparison between free-vent and filters
iz ballaoon explosion experiments indicate that explosion venting with a
filcer might be the best salution for AEC glovebox application.

4,3.1 Correlaticn of Free-Vent Data

The experimental and thepretical data for free-vent explosion relief
are compared with publiahed free-vent data in Figure 4-7. The Eigure ahows
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that the maximum explesion pressure messuraed from this study is juse
slightly higher than the theoretical results based on the laminar flame
propagation, ¥ = 1, and agrees wvery well with Cousins end Cottan's(?
free-vent explesion curve. It will be noted a 32 that the free-vent
explosion data cobtained by Palmer and Rogowski 14) are considerably lower
than those given by Cousing and Cotton (9) and by che present study. This is
surprising because all of these data were chtained with the propanefair
mixture,

Explesion relief with free-vent seems to represent the best possible
and most effective method, and starts to vent the pases at the very inicial
state of combustion, Minimum level of agitation, turbulence and discontinuity
are induced in the combustion process and, therefore, lower emplosion pressure
should be expected.

4.3.2 Explogion Ventinpg wicth Filters

In view of the advantage of fres-vent cowver the burscing diaphragm in
reducing the turbulence effect, and the encouraging results obtained from the
comparison testc between free-vent and filters in the balloon eaplosion
experiments, further work in this area 1z recommended.

Data cbtained chus far seem to indicate that the maximm explosion
pressure for filter venting could be correlated with the free-opening venting
by using an equivalent vent area of F Ap in the K factor. The K factor for
filter explosion relief may be approximated as

K = A/A, = a/F ag

where Ap is the cross—section area of the filter ynit, and F is the correction
factor for eguivalent area in relation to the free opening.

Due to the difference in flow characteristic between free orifice and
filter,the correction factor for equivalent opening area, F, may prove to be a
variable, However, over the low pressure range of 0.5 to 3 p=2i, F is expacted
to be in the order of about 0.2 to 0.3,
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GENERAL GUIDELINES FOR EXFPLOSIUN FROTECTION IN GLOVERDKES

Explosion as referred to in this report is commonly kaown as "dafla-
gration", a subsonic propagating combustion wave accompanied by pressure
effects. Mest industrial explosions start as deflagrations and ralatively
fev deveiep inte the more sevears detonations. In protecting gloveboxes
apaingt explosicn, the procedurs ig to arvest and minimize the effect of
a deflagration. It is important to take measutres at the early stage in
ths development of the explesion before damage or detonation has developed,

Glevebox degign 1 influayced by the toxicity, form and quentity of
the materials te be handled, type of ovperations, radioclogical risk, safety
requirements, and economic congiderations, There haz been a wide diveraity
in design and constructicn; many gloveboxes have been deaigned and fabricated
to meet special requirvements,

Most glovebeoxes are designed to withstand normal working cesnditions.
They are usually designed and tested to limit leakags, and to withstand
specified positive and negative pressures up to 4 in., wateér gauge (0,144 psid,
There are no design criteria available which fake inte congideration the over-
proesgurization resulting from explogien inside the gloveboxes.

The current safety practices of AEC's glovebox facilities emphasize
migtly preventive meaeures, elimination of the copditions which permit the
formation of an explogive mixture and provigion of sensible alarm instru-
mentation. It ig equally necezzary to apply effectkive protection measurss,
As a result of the knowledge gained from the present study and reviaw of
cther publighed information, the following guidelines for explosion protection
in gloveboxes are presented.

5.1 GENERAL GLOVEBOX DESIGN CRTTERIA

Several unique features must be conzidered in the application of explosion
venting data presgented in the pravious sectionsz of this report in designing
the complete glovebox system: 1) size and shape of the glovebox; 2} con-
gtruction strength; 3) air flow patterns; 4) type and size of the filcers;
%) type and location of the gloves, &) window material and size; 7} atmos-
phere control; and 8) penetration requirements {(i.e openings for ducta; piping ete.)}.
Therefore, the proper design procedure to provide adequate preotection from
explosion 1s presented as follows:

{l) Predeterming the oaximum credible explogion condition and its
ceuses, i.e., type of fuel, source and rate of emission and locatiocn of the
ignition sources. If this reguired information is not available, then the
maximum credible explosion condition would be the ceéntral ignition in the
glovebox filled completely with combustible mixture at f{he concentration
which givez a maximum explosion pressure.
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{2) TDeaign the ventilation rate and flow pattemn to confine the com-
bustible vapor inaide the glovebox to the smallest possible volume.

{3} Use equation {8} or Figure 4-1 to predict the maximum explosion
presaute,

{41 If the calculated pressure is slightly higher than the safecy
level of the glevebox, additional low-pressure rvelief devices or larger
filter area should be provided.

Most gloveboxes designed for & in. water gauge (0.144 psi} cannot
withstand more than 0.3 percent in explosive volume ratie, V,{e)/V. With
proper design and relecatien of components, the glevebox can be upgraded
te @ higher level of 2 to 4 psi to cope with a much larger explosive
volume vatic of 4 te 9 percent. However, if thers is any doubt cthat the
entire glovebox volume may he involved, a low pressure explesion relief,
such as a bursting diaphragm, should be installed.

5.1.1 Effect of Explesion on Flliers

The primery criteria in selecting filters for the AEC gloveboxes
are: patticulate matter collection efficiency; strength; durability and
abllity to resiat fire, heat, moisture and special chemicals. The mosatc
commonly used fire resistive high-efficiency filter units are conscructed
of glass-fiber media with metal or asbestos separators and noncombuscible
adhesives., The ability to withstand overpressure of regular filters and
dust loaded filters was tested in the 180~ft. Conical Shock Tube at the
Naval Research Laboratory (28). A summary of the test results is presented
as follows:

Eegular filrer Dust load filter
Filter =ize, in. Failure pressure (psi) Failure pressure [(p=l}
SxBx3 3.6
BxBixb 4.5 3.%3
12x12x6 3.6
Z24x2dxb 2.2
24x2a4xi2 3.2 2.9

It cap be seen from these data thst the smaller the individual unit
and the thicker the unit of 2 given size, the better is its ability to
withstand the shock wave., Shick pressures near the failure pressures
regolted in adhesive cracking or small leaks at the media - adhesive bond.
Shock pressuras of 2.5 to 1 psi greater than the failure pressure resulted
in blow—out slits in the downstream ends of the filter pleats. Shock pres-
gyures of more than 2 psi greater than the vlcimste failure pressures caused
extensive damage to the filter unit.

The loaded filters were artifically loaded with tale dust to simulate
a filter approaching the end of its useful service life, It is reported
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that a five-fold increage in air resistance due to the dust loading shows

a 15-percent drop in the shock wave resistance capability, It was also con-
cluded that stronger adhesives and means to support the center area of the
larger Filter units would improve the blast resistance markedly.

The Bx8x6 filter has been exposed to wvarious explosion pressures in
gome of the present test runs. Up to an explosion preasure of 4 psi
(Test No. AA-264 in Table 4-B) no sign of blowout or rupture of the filter
media was obgerved. In order to test the strength of the filters and gloves,
a total of six filters and two latex gloves were mounted on the front funnel
of the 27 cu ft cubic test chamber. The Eirst-peak pressure was slightly
higher than 7 pel, which was the calibrated upper limit of the visicorder.
Figure 5-1 shows the ruptured filters and gloves after the teat.

Lo M Effect of Explosion en Gloves

Loss experience and FMRC tests show that internal pressure buildup
Erom explosion, fire and unregulated supply of gas Erom & high-pressure
gource may cause gloves to rupture. Table 9 shows the static bursting
pressure of various gloves commonly used in AEC gloveboxes (1}, These
tests were performed pneumatically at FMRC,based on a pressure rise of not
more than 0.1 psi per sec in comparison with the rate of about 100 psi per
sec in actual explosion cases. In view of the difference between dynamic
and statie rupture characteristice described in the previous sactions, the
ability to withstand explosion pressure of the neoprene one-plece 0,015-in.
thiek glove and latex were tested in this study, The following is a summary
of the findings.

1} The gloves appedr to withstand much higher pressure in dynamic
conditions than when tested under static conditioms.

2 Both the neoprene, one-plece, [.015-in. thick glove and the latex
glove, at normal working conditions (protruding inside glovebox) could with-
stand a pressure of more than 2 psi, The same gloves rupture at 0.56 psi
and 0,28 psi under static test conditions,

3) The same neoprene glove mounted on the top flange of the cylin-
drical chamber as shown in Figure 5-2 did not rupture at s dynamic pressure
of 1.5 pal.

i) The same neoprene glove mounted on the top Flange of the cylin-
drical chamber with the hand hanging down as shown in Figure 5-3 ruptured
at 1.3 psi. As shown on the high-speed movie, the sleeve of the glove was
pinched by its own weight. The sleeve was expanded and ruptured near the
root, like an elastic bursting diaphragm before the remaining portion of the
glove had a chance to be inflated.

5) The pressure relieving effect due to the stretching or expansion is
not noticeable in these tests,
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TEST NO. AA-263

FIG. 5=1 RUPTURE OF FILTERS AND GLOVES
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FIGURE 5-2 - MOUNTING OF GLOVES ON THE 3ft x 3ft
CYLINDRICAL TEST CHAMBER (Arrangement A)

. FIGURE 5-=3 - MOUNTING OF GLOVES ON THE 3ft x 3ft
CYLINDRICAL TEST CHAMBER (Arrangement B)
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6) The dynamic rupture pressure of the thicker gloves may well be up
to 4 psi. Exact dynamic rupture pressures of various gloves is not known.
The rupture pressure is a function of the material, thickness, construction,
as well as how the gloves are mounted.

Recommended practices are:

1) 4voldance of any means to pinch or prevent the glove from free
expansion to a full attenuation. Tying two gloves together at the outside
of the glovebox when the gloves are not in use may cause the gloves to
rupture at a much lower pressure in case of explosion.

2) The use of outside metal glove port covers when not in use,
5.2 EXPLOSION VENTING WITH BURSTING DIAPHRAGM

Gloveboxes containing or handling flammable gases and vapors should be
vented according to the contents, operating conditions and the type of con-
struction. As described in previous sections, a large vent area or small K
factor are required for the more hazardous materials having a high burning
velocity and rapid rate of pressure rise. In general, smaller gloveboxes
are more hazardous than the larger gloveboxes, hecause, in the event of
accident, a larger portion of the space may be involved with maximum explo=
give mixture strength, whereas in @ large ventilated glovebox there is a

greater chance of having 8 localized explosion rather than a completely
filled explosion.

In the design of a suitable explosion pressure relief, the following
factors should be considered:

1) Strength of the glovebox structure and its components.

23 Strength and homogeneity of the combustible mixture accumulated
inside the glovebox, i.e., concentration, burning velocity, rate of pressure
rise, explosive volume ratio, etc.

33 §ize ‘and location of the pressure relief device.

&) Manner and the condition in which the relief is to be uncovered.

5) Lewvel of turbulence or agitation.

6) Ignition strength and number of sources.

7) Confining and exhausting the explosion dischargse.

522451 Effect of Mixture Strength and Fuel

The effact of mixture strangth between the lower and upper explosive
limits on the burning velocity and the rate of increase in pressure a8 well
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as the maximum explosion pressure in Che case of closed wvesgel explogions
are shown in Figures 2-1, 2-7, and tabulated in NFPA Psmphlet Wo. &8 (10},
Since the burning welocily, the rate of incresse of pressure af well as
the maximum explosion pressure ip greatest for "mosmt explesive™ {alightly
richer than stoichjiometric) mivture, it ieg wecessary to provide the
explogion protection for the most explosive mixture. GClovebones designed
to cope with the most explosive mixture strength will be conszidered safe
for other mixtures.

5.2.2 Detarminaticn cf Vant Araa

The wenkt area reyuirement for an explosion in a cubleal glovebox can
be estimated from the general differemntisl equations and boundary conditicns
presented in Sectiom 2.5 of thim report, using X=3 for hydrocarbon/air
mixture and X=1.5 for hydrogen/air mixtuce.

Experimental data obtained from this atudy are in agreement with the
published data. The explosion pressure {second pegk) is a functicn of the
K factor for both cubical and non-cubical gloveboxes under the conditions;
1) the bursting pressure is less than thgt of the 2econd-pesk pressure; 2)
L/D rati¢ is from I to 5; and 3} dimension ratic ranges from 1:1:1 to 1:;2:3.
For the purpose of esatimating the vent area requivement on various commonly
uszed glovebox configurations, the numerical solutions of theoreticsl equa-
tions are rearranged into a nomograch aa shosm In Figure 5-4, and plotted
as explosion pressure {second-pesk pressure) versus a modified vepting
parameter for cubical ard rectangular elovebox confipurations

1
o, = ?m}] ["bm} c [P{ﬂ?' s [pb{m] 3%
¢~ 5.a [5, 0 @) 5K lp ) lp ) @

for different turbulent indexes (y). Congiderable caution should be sxercized
in chooaing the turbulent index and orifice digcharge coefficient (C)., In
general, low ¥ values conform to high burning velocity mixture and ¥ values
increase with the decrease in burning velocity. The suggested wvalue for thin
. aluminum foil bursting diaphragm is X=3 for Sy = 40 ¢m per sec and X= 1.5
for Sy = 320 em per gae. The value of orifice discharge coefficient, C,
usually varies from 0.6 for a sharp-edged amall opening on a large wall to
0.98 for a well rounded nozzle and 1.0 for the case of K = 1. For gloveboxes
of moch larger than the sizes uged in thiz program or bursting pressure much
smaller than thak observed in this program, vent areas estimated from
Figure 5-3 should be considered as slightly on the conagzvative side. lUnder
the conditions described above, the vent opening can be positioned at any
one of the 2ix walls ae long as the same K factor is used.

For gloveboxes of large L/D vatic (L/D > 3) the vent opening should be
pesitioned as close Eo the source of ignitiom as possible. If the source
of ignition is not known, one must uwsually allow for the worsk case.
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Explosion venting in the long duct work type of gloveboxes, L/D> 3, has
not been investigated in this study. Sowe of the available empirical data
arte sumnmarized in Seckiom 2.5.2. For the low pressure erplesion venting
application where K factor is very close to 1, the explesion pressure
{second pesk) is nearly invariant with L/D for L/D > 3 and increases

with L/D for larger values. lUnder certain conditions in duct of L/D > 440
an ordinary deflagration of acetylene/air mixture may be developed into a
detonation.'27

5.2.3 Selection of Vent Relief Device

A most useful collection of data on types of low pressure telief vent
is givenin the NFP4 Explosion Venting Code No. 68 (10), Burgeyne and
wWilson (21) demonstrated that a smoothly opening vent relief such as plate
valve or a lightweight hinged plate tepd to produce lower exploszion pressure
(second peak) than bursting cypes of vent reilef. The lower second-peak
pressure with smoothly opening vent relief was thought to be due to a lower
level of turbulence effect {(low X). A5 described in Appendix B, buiterfly
dampers or valves of varicus sizes activated by a pressure switch are being
used by several AEC operations. In view of the special requirements of
1) large went srea {more than half of cross=-sectionzl avrea of the glowveboiu),
#) air seal under normal gperating conditions and 3) rapid relief in case.
of explosion, the bursting diaghragm seems Lo be a pood cholee.

Because of the absence of knowledge of dynamic burzting character-
istice of diaphragms, the diaphragm material and thickness can be selected
on the basis of static bursting data as long as the static bursting pres-
sure of the diaphragm selected i3 lower than the Static Tupture pressure
of the weakest glovebox componenkt. Although the actuval dynamic bursting
pressutre will be somewhat higher than the static bursting pressure, such
will also be the case for the glovebox components. General guidelines in
selecting bursting disphragms for glovebox application are as follows:

1%} The bursting pressure of the diaphragm should be considerably
less than the ruptuxe pressure of the wezkest component of the glovebox.

2} The effect of the bursting pressure of the diaphréagm on the
oaximum explosion pressure for a particular vent area or K factor iz des-
cribed in detsil in Section &.2.2 of this report. In general, it seems
indicated that the bursting pressure of the diasphragm should be kept as
low az possible.

3 For a particular wvent area, the staticbursting pressure of various
materigle can be determined from equations (31), (32) and (33) or from
Figure 5-5, The bursting pressure of a given material increases with
thickness of the diaphragm aud decreases with the increase in area.
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4) The dynamie bursting pressure under actual explosion conditiens
increases with the insreagse of the maximum rate of pressure rigec or buvning
velocity {see Figure 3-18).

5) For 3 given vent area, the bursting pressure of 2 circular geometry
ie lower than the square geometry., Rectangular geometry is conducive to
highest bursting pressuce.

b) For a given vent area, the actual dymamic bursting pressure decreases
with increase in glovebox size. For a hydrocarbon explosien in @ cubical
glovebox configuration of Larger than 1000 cu ft, the dynamic bursting pres-
sure would be very close to the static burating pressure.

5.2.4 Alr ?Entilation Qbkstacles and Multdple Scurces of Jgnition

The eifect of turbulence, obstacles and multiple souree of ignition
ig te increase. the rate of preasure rise,

As described earlier, upder turbulence conditiong of burning, the
radial propagating flame speed, Sb, increases by a factor of X and, thereiore,
the rate of pressvure rise as well az the maximum explosion pressure {(second
paak) will incresse considerably as indicated by Egquatien (11} snd Figure &4-2,
Under turbulent conditions, the unburned fuel ie thrown more rvapidly inte
contact with the flame than is the case when the explosion flame expands
spherically in a lamicar fashion. The increase in the rate of pressure rize
and maximum pressure under turbulent conditions i= a consequence of the
increased vate of combustion dE/dT.

Published work on the effect of turbulepnce carn be summarized as follows:

1l Turbuleznce can be created by fan, high ventilaticon rate, cbatacles,
sudden bursting ¢f the diaphragm, ektc.

2} Increase in turbulence level will result in a slight increase in
the first pregsure peak and in the bursting pressure of the diaphyagm.
However, the effect of turbulence on the bursting pressure of the diaphragm
poses no threat to the integrity of the glovebox. If the bursting diaphragm
can withstand a higher pressure under turbulence -gpditrfons, so can the cther
components.,

3) focrease in turbulence level will result in & zignificant increase
in the second-peak pressure. Results obtained from this study indicate that
the turbuleace induced by the sudden bursting of the diaphragm seems to be
much higher than the effect that may b created by normal obstacles and aic
ventilation vate up to one air change per min. Under the test conditions
carried oot in this program, no significant increase in second peak due to
obstacles and ventilation has been observed.
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4% The effect of air venCilation has been studied in this program
only for cubical configuerations. 1In case of & large L/ ratio or long
duct-ghape glovebox, ne significant increase in explosion pressure is
expected if the air inside the glovebox is moviog not too much higher
than the burning speed of the mixture. For gases moving in a long L/D
glovebox  or duct work, the intensity of turbulence is related directly
to the pgas velocity and the scale of the cress-sectional area in the
direction of the {low, ot Reynolds number of the moving gas.

5.2.5 Confining and Exhausting the Explosicn Discharge

Discussion so far has been directed toward the development and relief
of the explosion pressure from the glovebox. For AEC cperations Che '
explosion hazard cammet be said te be controlled wntil some means of con-
fining and cleaning the exhaust gases released from the glovebox is provided.

Several possible methods can be copsidered for this purpese. The
nost convenient methed is te exhsust the gases through the present or
separate emergency ventilation systems, provided that the wentilation
duct work is large enough te handle the large guantity of exhaust hot
gas over a short period of time (less than one segond)} without over-
pressuring the ventilation duct works. The reason for this Is that any
pressure lncreases In the duct work will slow down Lhe pressure reljef
performance snd, therefore, an even higher explosion pressure will result
inside the giovebox. For instance, the waximum volumetric expansion resulting
Erem a combustion explesion inside a glovebox of ¥ in voelume, filled with hydro-
tarbon and air, is about 8.2 V. For a 100 co ft gleovebox, about 30 percent
of the expension occurred during the lactcer period, indicated by a second
pressure peak of less than 20 willisecondz. Therefore, the duct work =zhoold
be siged st lesast large encugh to handle about 20,000 cu ft per second of
hot gas withouout appreciable increase in pressure. It seems indicated that
exhavst of maximum explosion hazard from a glovebox through a long duct work
iz almost impossible.

tne of rhe methods which may prove to be feasible, 18 Lo connecc
geveral imdividual gleweboxes to a large chamber through a minimm length
of large duct work (larger than the cross-section of the diaphragm). In
otder to confine the meximom credibie axplosion discharge, this chamber has
to be constructed to withstand the same pressure as the glovebox. To con-
fine the explosion discharge from a glovebox of yolume ¥, and not Lo cause
gerious increase In explosion pressore ingide the glovebox, the volume
t4tio between Che glovebox and the confining chamber ¥ has to be larger
than that indicated in Figure 4-1. For example, in order co confine the
explosion discharge resulcing from & bursting diaphrapgm which is designed
to give a second-peak pressure of 3 psi one may consider the glovebox as a
balioon of Wy(o) = Vi, exploded in a chamber of ¥ = V. + V).

For a maximum explosion pressure of 3 pei, Figure 4-1 shows that

Vule) - ¥y = 0.0197
".F V¢+U1

(35)
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Therefore, V., = V; 1 ]-1 = 49,1vg {36%
0,01%7

The confining chamber has to be about 49 times larger than the veluvme of

the zlovebox.

Howaver, &8 indicated in the theoretical calculacions, over trhe period
of the explosion approximately less than 1/3 of the mixture was actually
burned; the remaining 2/3 was exhausted through the opening in the unburned
state, If a suitable flame arrestor can be installed at the ingide of the
bursting diaphragm or sufficient dilution of the unburoned gag occurs ingide
the confining chamber to prayvent the cantinuoug burning of the exhausted
unburncd gas ingide el clpwber, & chamber ot ﬁHUIIB = 16.3y;, 16.3 times
larger than the slovebox volume, would be sufficient.

Obviously the volume requirement can be reduced considerably if
gufficienr Eilter area is provided for the chamber. As indicated in
Figure 3-14, this confining chambar, 16.3 fimes larger thao the glowvebox
vwolume, may prove tu be adequate to confine the explosion discharge resulting
from a bursting diaphragm which iz designed to give a second-peek pressure
of 1 psi, if a filter area of K = A/Ap = 20 is provided on the wall af the
confining chamber,

The confining chamber can be taken to be the form of an expandable space.
The expandable space could be fabricated of 0.001-in, thick aluminum foil to
which is konded a chin, high-strength plagtic guch ag Mylar. 1In case of
explosion, the expandable confining chember will expand from zero volume to
a2 final volume ¥.. For the explosion of hydrocarbon and air mixture, the
final volume ¥_ should be 5.2 times larger than the glovebox volume. This
expandable space could be installed divectly on the glovebox and allowed to
expand {nto the working area if sufficient space iz available. T£f there is
inadequate space in the work area, the device could be installed so that
expansion would occur external to the structure.

Addicional experimental and theoretical work in these areaz is needed
to verify the validity of the appreaches proposed above,

5,2,5 Design and Conatruction of Bursting Diaphrapgm Explosion Pressure Relief

In order to f{llustrate the use of the guldelines, deacribed previously,
a sample design computation for a 9 ft = & ft x 3 ft glovebox is presented.
Asgume the weakest component in this glovebox is the glove which has a static
burating presagsure of I psl and dynamic bursting pressure of 2 psi. Thi=
glovebox is vencilaced chrough two small 8-1in, x 8-in. x 6~in., high-efficiency
filter units at the rate of 1/2 air changs per minuce, The possible source
2f [uel is agsumed to be leakage of propane gas inzide the glovebox at
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several most unfavorable locatiomg. 5Since s cannot predetermine the
location of the leaks, it ig nob possible te apply the protection pro-
cedure described in Seckdion 5.1. The design procedure for bursting
disaphrapm explosion pressure relisf is illustrated as follows:

Calculation:

Azgsume the expleszion reaction iz @ homogeneous mixing of propane and
air with ideal gas behavior under stoichiometric and adiabatic conditions.
In the reackion

CiHg + 509 + 18.81 N — 3COp + 4H3C + 18.81 Ny
the average molecular weight of the unburned mixture i

=__1_ x 44+ 5 x 32 + 18,81 o ng = 29 4
24 .83 24 .81 24 81

the average molecular weight of the burned mixture Ls

Mp = 3 _x b4+ _4 x 18+ 1881 x 28 =283
25.81 25.81 25.81

l) Hass Density of Burned and Unburned Mixtures

Based on the ideal gas law, one lb-mole of this gas mixture ¢ccupies
359 ft3 in volume. Therefore, the mass density of the unburned mixture
st the sztandsard atmogpheric copdition (14.7 psi and 293°K) iz

a0y =(29:42) (1 ] 273 } = g.gop4s Lk sec?
| 359 ) | 32.3) | 293 e

and the masg dengity of the burned mixture at the thecoretical adizabatic
fleme temperature of 2265°K (11) ip '

i
R(0) -[23.3] [ 1 ][ 273 ]= 0.000295 1b sec
359 } |32.2) 1 2265 £r

2) Venting Parameter

From Equation {34}

= C ?(0) M2 Pp{0)7 /6
Suk [pu{n}] _ [ ﬂu{ﬂ}]
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wWhere

L =0.6
8. = &8 emfsec = 1.57 ft/aec

P (0) = 14.7 psi = 2119 1b/ft?
P, (0) = 0.00246 1b sectfth
P, (0) = 0.000295 1b secd £t
K= 4
A\"
Therefore,
ag = 0.6 [2119 ]%[ 0.000295) /¢ = 30
1.574K | 0,00246) | 0.00246 ] K

At mgdimum presgure of 7 psi we find from Figure 5-4 for w=3, a. = 15.5

Therafore,

In case the K factor approaches 1, then, a cut-and-try method of com-
putation with & larger C velue szhould be used,

3) Vent Area aod Veot Location

Yent cpening should be located on the wall which has smaller cross-
sectional ares and net facing the working ares, It is, thevefore,
degivable to position the opening onm one of the & fe£ x 3 £t walla. For
g3 vent arey factor of K = 1,94, the vent arvea

_ A _6x3 2
Av - E. - 1*9& - 9-3 ft 1

Dismater of the diaphrapgu

d = 41.3 in.

&% Bursting Pressure of the Diaphragm

The static bursting pressure of 32 0.001-in. thick soft aluminum
diaphragm can be egtimated by substituting the fellowing values into
Equations (31, (32} and (31).
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6y = 13.3 % 10° 1b/in? £ = 0.3
E=9¢x 10° 1b/in2 & = 0.001 inch

d = 41.3 ioches

gy = 13.3x 10°x{41.3)2
% x 0.976 x 9 x 10°

6 2 2
o, = 4% 9 x 105 x (0.001) [ 2 ( “-?ﬁz]_F i{“*Tﬁz] ]: 6,500 1s/1n?

= 0.762 inchea

{41.334 1-0.3 | 0.001 210,001

p, = 4 ¥ 0,001 x 6,500 = 0.63 1b/in?
41.3

The statiec burgting pressure (fivet pressure pesk} can be astimated
also from Figure 5-4 as 0.37 and £.45 psi. The estimated values for the
gtatic bursting pressure are much lower thanm the static bursting limit of
1l pai; the estimated vent srea of A, = 9.3 gq ft is considered as acceptable.

3) Confining snd Exhausting the Explosion Discharge

The wvolume of the explosion discharge cenfining chamber can be estimated
from Equaticn {8) (ot Figura 4-1) aa

1-1.4
1.4
o
Yul) 14.7 + z -1 25 3 2265 (14.? + 2 ) -1|= 0.0144
v 14.7 1577

Using Equations (35) and (36} and letting V| = Vylo) = 162 ft3, we obLain
the volume of the confining chamber.

V.=V {—L_ -1] = e8.5x 162 = 11,100 ft?
00144

45 described in Section 5.2.5, sbout 2/3 of the unburned gas mixture which
was exhsuzted from the glovebox before tha flame front appreached the
opening, may be diluted to g state that cannot be burned. Tt _is anticipated
that the confining chamber would be designed at about 3000 ftj, 1f sufficient

filter units are provided on the confining chamber. ¥Further experimental
investigation in this aree is recommended.
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&) Construction

& propossd method of bursting diaphragm construction is to hold
the thin diaphragm on the outaside wall of the glovebox by metal flange
and gasketz. The inside of the diaphragm can be firmly supported by a
fibar plazs mat and metal prill of not more than 1D percent in metal area.
In order to protect the diaphragm from outside puncture, a liphtweiphc
hinged door iz recommended, .

In cas2 a thicker nr stronger disphregm 13 necassary, the opening of
the vent can be expediced or bursting presaure of the diaphrapm can be
reduced by installing a diaphragm cutter at the outside of the diaphragm.
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VI

RECOMMENDATIONS FOR FURTHER STUDY

To extend application of the resultz cbtained in this phaae of the
study program, the following werk areas are recommended for further
investigation and experimentatioen.

1) Experimental study of cxplesicn venting with filter wall.

2y Investigation of other yeanting methods, such as blowout panele apd
hinged docrs,

3y Inveatigation of methoda of containing and exhausting the
explozion discharge.

4) Detail engineering design and full-scale demonstration under
various practical operating conditions.

5y Dynamic response of gloves, windows and other companents.
6) Fundamental study of the explosion wenting mechanizm to determine

the exact cause of the x factor and the prolonged burning time in com-
parigon with the theoretical value,
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NOMEWNCTATURE
a Equivalent radius of the wessel or glovebox.
A& Crosg=gecCion area of gide containing the vent.
A, Vent Area.
Ap Crosgg-Sectional area of the filter unit,
B Conetant.
C Orifice digcharpe coefficiant,
CiCs Filter constants.
D Diamster or characteriatic length dimension of the short surface

' of a chamber.

d Diamecer of the diaphragm.
! de Diametay of the filter fibers,
: E Young's Modulus.
| F Correction factor for egquivalent area of filter in relation to free |
, apening. |
| £1£; Funetions.

K Vent area factor K = A/4,.

le Constant.

L Cheracteristic length, dimensicon of the long surface of a chambay,

L My Effective unburned gas molacular weight.
B Effactiva burned gas molecular weight.

Mo Initial mass of the gas mixture.

Tk Mass of the burned gas mixture remaining in the chambar.

My Hags of the unburned gas mixture remaining in the chamber.

o1k Mass of the burned gas mixture which has left the c¢hamber.

L m Hasa of the unburned gas mixture which has left the chamber

Nre Reynolds number.
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P(o)
P(t)
Pl{e)
M
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Humber aof moleg of the unburned gas.

Humber of moles of the burned gas.

Frasgura, abeclute.

Initial preassure, abaoclute,

Pragzure at Cime £, zsbsolute.

Presgsure at the end of the combustion process, abaolute.
Haximum explogion pressure in = <losed vesesl, absolute.
Bursting prespurse &f the diephragm, psai.

Preseure, pel or pef.

Firat pressure peak, pai.

Second pressure peak, psi.

Iniversal gas constant.

Radius of the spherically propsgated combustion wave.

Burning welociky.

Burning velocity at standard conditionm.

Flame speed.

Absolute temperature; T, for unburned gas; T, for burned gas,
Time.

Volume of a chember or glovebox,

Volume of the unburned gas mixturse at initial or balloon volume.
Volume of the burned gas at the end ¢f the combuation process.
Actual Face velocity mcross the filter media surface.

Superficial velocity based on the cross-sestional axea of the
filter unit.

Turbulence correction fackor.
Haximum deflection at the center of the diaphragm.

Yoid Fraction.
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Filter explosion wenting parameter, gee Equation (3{}.
Explosion venting parameter for spharical wessel, see Equation (16).

Explosion venting parameter medified for cubical and non-cubical
gloveboxes, see Equation (34).

Exponent indicating dependence of burning velocity on pressure,
Adiabatic index, = 1.4 for air.

Thickness ol Lhe diaphragm.

Poisson ratie.

Dimensionless pressure ratie, P{t)/P{a).

Dimensicenless unburned gas remaining, mrufmo, see Equacion (18)
Viscesity

Dimensionless burmed gas renzining, mrbfmn’ see Equation (17}

Density of the unburned gas, 1b s&csztﬁ, slugfftg, p (0) 1g that
at the initial condition. "

Density of the burmed gas, 1b SEcszt&. slugffta.
Expansion ratie, J = Pi{m)/P(o),

Burating strength of the diaphragm.

Ultimate strength of the diaphragm material.

Fraction of the total exit area, Av, through which unburned gas
flows.,

Fractjon eof the total exic avrea, Av, threugh which burned gas flows,

Hags burning speed, w = pu{n}gsu

Dimensionless time, see Equarion (15).
Dimensionless densitcy, see Equation (19)

(o), {t), (e}, (m} Respresgent the time element, initial, anviime &, and

and of the combustion process.

Suffix u, b Represent the unburned and burned gpases.
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AFFENDIX A

MATHEMATICAL MODELING OF EXPLOSION VENTING
INCLUDING FREE YERTING

4 general mathematical model is developed describing explosions in glove

boxes which are vented in a variety of different wavys. The model 1s solved

numerically on a computer for a wide class of wenting conditions to predict the

way in whirh venting conditions infiluence the expleosions.
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A-1 THE EXPLOSICN PROCESS

Figure (4-1)} showes a simplified diagram of the sxplosion process resulting
from a central ipnition of a homopgensouns pas mixture. The explesion is treated
25 an outward propapating epherical flame front, even though there is some
distortion due to gas efflux leaving the enclosure.

Conservation of mases for the entire enclosure provides

no=m (e} +u, () +mg, (¢) +m (1) (A-1)
whare

n is the initial gas masa.

mrh(t] iz the Burnt gas remaining in enclosure.

mru(t] iz the wnburnt gas remalning in enclosure.

mEb(t] 18 the burnt gas which has left enclosure.

mlu(t) 1z the unburnt gas which has left enclesure.

The relaticnship among the various mass flows is obtained by differentiat-
ing the above expression with Tespect to time.

Thus:

meb dmru{t] dmgu{tj dmib{t]

T T T T T (A=2}

Ie 15 well known that the propagation speed Su of a deflagracion wave inte
ap unburnt mixture depends only on the gas mixture , almost independent of pressure.

Thus, for a spherical wave of radius v, ,the rate of unburnt mass consumption within

enclosure 1s b
d(mru + miu]
4t

F 2 -
ﬂnrbsupu{t} (4=3)

vhere ﬁWré iz the sphere surface area and pu{t} is the density of the unburnt gas
in the enclesure. In the above equation 21l combustion taking place outside the

enclosure iz {gnored.
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___l.'l.l u.-- z:‘
dc ﬁ“rh“upu{t}

FIG. A-1 CONCEPTUAL MODEL OF THE EXPLOSIOR VENTING
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The burnt sphere Tadiug can be related to the bhurnt gas remaining in the

enclosure, m_ . by

4T 3
hy = 5 ey -
or 1
mrh{t)
rb{t} " W {&-5)

where pb{t} i the spacial average of the burnt gas densicy.

Combining equations (4=2) (A=3) {A-4) and (A=5), we find:

2fa
d::b = 4m8 p ()5 m;:z:; - dz:" (4-6)
and
dm m_ (c) He dm
T = - 4T o () %'-v-;:—{ﬁ - H&%‘- (A=T)

The constant ¥ multiplying Su above ie a facter which describes the effect of -
inereased burning rare due to gas turbulenceiand of increased flame area due to
a non spharical flame. The effect of this factor on explosion intensity is

explered in all solutiens.

The shove two equatioms ¢sn be selved,once one knows the pressure.as well
as the rate that burnt and unburnt gases leave the enclosure. Section 2 provides

a differemtial equatiom for the pressure Tesponse.

A=2 FRESSURE EESPONSE AND ADIABATIC COMPRESSION

It iz necessary to determine how the combustion increzses the pressure in

the chamber, gince it is thisg increased pressure which drives the gas out of
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the enclosure.

In this model, the pressure is regarded &5 uniform throughout the enclosure.
This assumption 1s walid if the gas velocities within the euclosute ate much
less than the speed of sound.

Initially the enclosure contains only unburnt gas at ambient cemperature
Tu(ﬂ} dud pressute P(0)). The equation of state provides

m
2

o}
1]

where V is the enclosure wvolume: Hu, the Effectivé unburnt gas molecular welght;

Pfﬂ}v - RTU{D}I

and R, the universal gas constant.

At a later time, t, the bumt g2as oust also be considered: thus,

mrb(t} mru(t}
F.bet} + T RTu(t]'

P(E)Y =

where Tb(t} 1s the space averaged burnt gas temperature.
The ratio of these two equations provides

P(e) Tu(D} mrb(t}HuTb(t} R mtu(t]

B0} T (0~ mpmT () m

or in terms of density
(L) Tu(D] i mrb(t} uu(t}_+ mru(t)
z2{0) Tuft) m ﬂb(t] m

0 =]

For adiabatic cowpression of the umburne gas

Y
P{E} _ (pu(t}] u
P{D) DU(U}

or

My

m . TU{D) _ m X [P(n} . ﬂu{t) i} PlE Il

P{0) T (t) " P(O lP(t) P, (D) P{0)
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which ciombines with state eguation as

DIRATI {t) p (t) m_ (t)

o I N R -8
o pb a

At this point we shall aseume that the burnt gas also behaves as a simple

adiebatic compressed gas. That 1s, we shall assume that

P(t} [plh(t)}lr'hfh
P(0) ~ (o, (0

{A-9}

with Tp = Yu = Y This assumption 1s not stricvily valid, because; as the gas
iz compressed, the temperature of the burnt gas behind the cembustion wave is
not uniform in space, since the combustion 1s taking place at different pre35ures{5}.

Hewtever, this assumption 1is approximately valld for small pressure variationa

and avoids the necessity of consldering partial differential equations. Thus with

P rpy Y 7 Y g @) (0)
o, (6] tr{n)] o, (01 ~ 5, (@)

The pressure equaticn (A-B) becomes’

P(t) VY “rb(t} pu(ﬂ} mfu{t]
' [r(u}] "Tm 80w (4-10)

or diffarentiating with respect to tima

4 (20 _ . [r)' Y @ o (B ] g (20
Fi&) -+ (6] o)

a5 (0) P{0) , (0 at m 4t m

Combining this equation with equations (A-6) and (A-7) one obtaine (with

b, (0t 3(e) = p_(0) 107 ) (63 /RO,
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1
d [e(x)) _ _[R(e) e ["u{“} 1]‘!"""‘5 p, (0 P{t‘fllhwr 3“rh]z”_ 9,0 4 [m]
M p, (0) EYENI(3) T | 5, (0 dt|m "]

m
- 4]

The above equation relates the pressure response in terms of the mass flows. It

remaing now to formulate the venting mass flow equations.

A-3. VENTING CONDITIONS

Section 3.1 caleulates the mass flow of burnt and unburnt gas leaving the
enclesure through an erlfice that bursts open after the pressure rises to its

bursting pressure P This fermulation also applies te the free venting case by

b

setting B, = P{0}, that is, the burst occurs at or befere ignitfon. The second

b
part of this sectionm calculates the mags flow through a filter which iz assumed

to be always open.

A~3.1 FREE-VENT

For igentrepic flow of a compreseible gas one has

where Pres and Pugg 272 the gas presgure and gas dengity in the resarvoir where
the gas 1s regarded as stagnant.

If ¥; is the wvelccity of the gas at the orifice of area Ay, then

P
ﬁ% = CALP Y, = CA,Py [2X _Ees 1y _
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The 'Vena fontracta' coanstant € = 0.6 corrects for the fact that the gas
efflux et contracts to 0.6 of the sharp-edged orifice some distance dowmstream
of the orifice.

Using the adiabatic axprassion

lfY
rpa
wee [dowd
1 Fy
i-
R e B
4 Teg res b ﬂ rus
or rearranging
141 h i3
-ca j& o P [EL l M fres v
dt -1} "res res |P P

res
Thia aquation is applied to both the burnt and unburnt gases.

For the burnt gag P __ = P{t), Py = P{0), and

Ly
p ph(t) = pbtﬂi{—i—l

res BP0
which ylelds
in . =
£ - e, \{?TT o, (0)P(0) [g—‘-{g.}] Yoy (a-12)

where ¢E iz the fracticn of the total exit area, &) = 3 , thrgughwhich-bﬁrntIEESEg
v
flow.

Similarly for the unburnt gases Pros = P{c), P = P{0), and

prﬂs = ﬂu(t} = ﬂu{m [P{G}]
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which vields

dmiu

dt

-1
POy Ch=13)

{0}

= £Y
= ca v, 1/7-1 b (0YE(0)

by |

where wu = ] - wb is the unburnt exit area fractiom.

a=3.2 FILTER VENTING
As shown in Sectionm 2.3 of this repotr, a laminar gas [lowing through a
filter can he described by Poisville flow, that is,

dm {Fi{c} - P02
ac - Cragp n

where €1 is the filter comstant having unics of {lflength},ﬂF 1s the filter ares,

and p 1s the gas density. The dynamic gas viscosity, p, 1s independent of pressure;
however, it 1s approximately proporctional to temperatura.

For uynburnt gas, we find, therefore,

dm (t)T (0)
ftu nh u
ar - Ct¥ g (0T, () (P(2) - 2(03)

or

dmﬂu p {0}

i
- Oy U poy [BLE)) Y [Pm -1 (A-14)
at N T F(0) P(0) g

assuming that the temperature of the unburnt gas flowing through the filter is
fdantical to the unburnt gas in the enclosure. Here again wu iz the fraction of
the filter exit area through which uwnburnt gas flows.

Similarly for burnt gaz, we find

dm (6)T.(0)
{b Qb u
T = CinAL —u{ﬂ)Tb(tJ_ (B(r) - P(0})
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assunfng that 1 doss not depend on the type of gas, and only on its temperature.

How, assuming Hu = HE, wa find

2 2o
dm o (OYP{D) pb[D}] =¥

b Pled} v [PCE} _ )
ac - Sty . u{o} [pu{u}l [P(D}] [pw} 1] (4-15)

A-4. GOVERNING EQUATIONS

This section summarizes the squations and tranaformsg them into Afmensionless
form.se that they can be conveniently solved mathematically.
A-4%.1 FREE-VENT AND BURSTING DIAPHRAGM

The differentfal equation (A-11) for the pressure response can be combined

with the venting equations (A-12)and (A-13} and the adiabatfc relation(A-9)

-1 (6 (0 48,0, €0) ()11 1Y [3 o

at P (o) P(0) 5, ©®) " L ) (P o
IIIrZ -1
puw} CA,, Wnu(ﬂll’(ﬂ} B(t) T—,|,
- [ph{{l_} I o 5(0) -1 (4-16)

This eguation provides the change in pressure as a function of pressure and
burnt gag remaining mrb{t}' To solve this equation, we also need an equation for

mrh( t) which can be obtalned by combining equation (A-6) and (A-12),

¥

o, ()P(0) [% L

/9% e
[Smrh] | can J oy

i | m_ ¥y y-1

4 %] hm:supu(u} [P-:t)
]
dt|m pbf (ﬂ]ma P{0)

{a-17)
These two equations are sufficient te describe the burning process. Before
they are selved it is highly desirable to express them in dimensionless form

s¢ that the governing parameters ¢r scaling factors can be displayed.
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Define 1} 4 Dimensionlessz time T 28

2},-3
tsu pu{ﬂ}
TS [, @]

2) A Dimensionless orifice coefficient, o, asz

u o

7
!
Ichya |P6D? 1/2
- s l”u‘f‘”] (p (O)P(O})

3) A Dimensionless burnt gas remaining, £, as

4} A Dimepsiopless pressure as

_ P}
5= P
finally, 5) A Dimensionless density ratio, v, as
. nu{ﬂ:i
ﬁb{ﬂ} '
In terms of these parameters and variables, the pressure equation (A-16) becomes
_ﬂ 2 3 -1 -1
"u; E‘r(u-l}xc - {wy, + vlﬁbu}ﬁj?-ajﬁ (clf’_ -1 (A~18)
and the dimensionless burnt gas remaining equation (A-17) becomes
L
dg } 13y zfa ) =" ; }
i) CON LTEN o Y - {4-19)

The eguations for the other mass flows are similar.

The inicial condicions for the explosiom are quice simple: T = ?%ET = 13
m
and £ = EEE s some very small number (<< 1} which simulates the ignition source,
Q

For the case of bursting disphragn venting, the venting parameter ¢ is sec

ta zero until the pressure reaches the diaphrapm burst pressure, since no ecas
is permitered to escape from the enclosure; after the burst of the disphragm, gas

egcapes accoerding to the above formulas,
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Experimentally, it Is quite difficult to determine the exact proportion

of burnt and unburnmt gases escaping. Therefore, several different values of
¢u and ¢h =1 - wﬁ have been used. These thecoretical Tesults give reasonable agree-

ment for experiment for *h = 1, *b = 0, The results for these various cases

are discussed in sectiomn 4.2.1 of this report.

A=4,7 FILTER VENTING EQUATIONS
The differentisl equatiom (4-11) for pressure response can be combined with

the venting equations {A-14) and (4-15) to obtaln,

(0) &mys p. (0) 1/2y(3q {t}‘zfa
4 [ [ Py -1 X upu {P{t} 1h
P(0) P(0) ﬂb(U] ﬂﬁfﬁ P{0) 4T
0, (0) Cragp PO Y E ey )
- (i, +9) [ ] L [ - 1]
ﬂu(ﬁl n u(ﬂ}mﬂ P{0) P{0) ‘

Thizs equation can be converted to its dimensionless form by defining a dimensionless

filter coefficient, uT, as

Ciazap_(0)P(D) (p, (001 /3
Y = 5 p(0In_ [pu(GJ] )

The above pressure response equation bhecomes

3¥-2
= 3(enxg T £7% - Gy + v vege Ve - (4-20)

&

Similarly, the equation {A-6) for burnt gas remaining combines with the filter

equacion {A-15)

Ve 22X
FEE USRS 3—% tY -1 (a-21)
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These last two equations are sufficient te detexrmine the pressure Tesponse.

A=5 NUMERICAL SOLUTION TECHMIOUE

The fourth order Runge-Kutta technique was employed in selving the
simultanecus non—linear ordinary differential equations. A computer program
wan developed which is siable [ur all csses of engincering dnterest. The
accuracy of the program is attested by the fact that all four forme of mass
(mtb* LA P and miu} add up to W . even though they afe computed from separate
differentizl equations.

The program is set vp in a general form so that a wide variety of engineer-
ing questioms can be explered with 3 minimm of fime and expense. Although

any finding should be verified by experiment, this program has been and will be

instvumencal in suggesting which experiments are of particuwlar practical imporiance.
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APPENDIX E

SUMMARY OF CURRENT SAFETY FRACTICES
AT AEC GLOVEBOX FACILITIES

To aveid duplication of studies end considerations previously made by
AEC and its comtracters, the AEC, Chicago Operations Office, Safety zod
Technical Services Division, solicited information on the glovebox vencing
prablem from all AEC glovebox facilities. The information received further
gubgtantiated cthe need to conduct tests and studies on glovebox explosion
- wenting.

The following summary presents the information received from mest of
AEC's glovebox facilicies on overpresaurization comtrel for gloveboxes:

1. Te avoid an overpressure failure of glovebox containment in the
direction of operating persommel, the operating side of the glovebox
could be designed with & greater safety factor. €love ports and cother
penetrations could be equipped with metal covers when net in use.

4 frangible or relgasing panel could be installed on an unattended
side of the glovebox. Most facilities depend on the following pelicies.

2. Gloveboxes are usuwally designed and tested to limit leakage, and to with-
stand specified positive and negative pressures up to 4 in. water gauge.
Currently, there is ne design criteria available which takes into con-
gsideration the containment of explosive forces in gloveboxeg. Therefore,
prevention of overpressure failures in glovebeoxes has depended upon
administrative controls. Most facilities have established operating
linits and procedures which prohibit placing petentcially explosive
materials or uwnsafe quantities of flammable liquids in glovebozes.

Alsc, ignition sources can be eliminated, inert systems can be used,
or increased ventilation can be provided. In addition, gleveboxes can
be menltered for combustible gas mixtures, or for oxygen in the case
of inert systemsa. Alarn instryumentetion can be provided that will
gignal abnormal pressure conditions.

3. There are severzl methods wzed to handle overpressures that may dewvelop:
1) Mercoid switches are used to gense ordinary working overpressures

on inert gas systems, to trip an exhaust valve, and to dunp the
inert gas. Dwyer switches are used on airy systems to sense over-
pressures  and fo interrupt the electrical cirvcuit which stops the
air supply blower. On most syatems, a liquid-filled bubbler is
used through which overpressure can relieve itself te a duct systen
or te the atmosphere, whichever 1g applicable.

2) The inlet and exhaust system filters con air systema are usad to
provide release for pressure. An automatic pressure—controlled
emergency exhaust duct that has a capacity greater than the capacicy
of the pipe that supplies the gas is used on dry alr and inert
systems. EBahavat system blowers are installed with standbys and
comnected to an emerpency power supply syscem,




3

4)

5)

6)
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A pressure relief device consisting of & large vinyl ball seated
by gravicy inpide a vertically mounted plastic reducing coupling
iz installed to permilit gases to bypass the scrubbilng system and to
go directly to the final large-size absclute [llter.

Open-leg manometers are used to relieve overpressures or under-
pressures oo inert systems that could be caused by a malfunction
of the system. Ceonsideration 15 being given to a spring loaded
panel which would cpen to relieve an cverpressure condition.

Sclenocid valves on all services that might peessurize a box ara
activated by pressure switches, Ample-sized exhaust system capacity
is provided t¢ accommedate any additicnal gas volume generated by
an explesion. Avtomatic valving (e.g., Maxitrol Series 210) i=
installed in parallel wich the normal exhausc path to relieve
excessive coverpressure andfor vacuum that may develop.

4 seppTate purge ventilation system connécted to each glovebox and
equipped with a l{~inch butterfly damper (Kevstone valve) iz auto-
matically controlled by a pressure switch, Pressurized equipment
within gloveboxes is vented through pressure relief valves to the
process alr exhaust system.

From experience, Implesions develop at a much slower rate than oxidation
and decemposition explosicns in gloveboxes. Therefere, conventional
safeguards for wnder-pressures are much easier to incorperate inte
glovebores. GSince metheds described above are considered satlsfactery,
further studies in the control of implesions in gloveboxes are not
deemed essentlal at this time.
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FACTORY MUTUAL

RESEARCH CORPORATION

C-8
TABLE 9- FACTORY MUTUAL RESEARCH CORFP. TESTS
QN GLOVE BUBRSTING PRESSURES {Static)
(wefarance 1)
WOMINAL, FRESSLRE
THICKHESS, AT
CLOVE IH. BIMET, FATLURE
MATERIAL . COMSTRICTION HANT SLEEVE Fil LOCATION
Heopreng hand
jolned to teo. slesva adhesive joint 0. 008 0.015 0. 48 Slesve
Haoprans one plecs o.0s ¢.015 0. 5& Sleave
Heoprans one plece G.030 0. 030 .98 Slesve
Haoprene- Leaded one plece G.020 G020 1.0% Sleova
Heoprene one pisce r.055 00535 1.461 Sleeve
Butyl one plece GaOLs L5 0.125 Slecve
Butyl one plece 1.430 ¢.030 0. 58 Slesva
———— —————— ——————— —————————————————————————
FVC one piece a.0l5 a.015 .98 Llenvn
EvC one plece 0.4930 q.030 z.09 Sleeve
FRPVC one plece 0,030 0,030 1.74 Hand /S leeve
_— |

Latex hand
Joined to neo- mechanical
prane s£leeve joinc 0.00% 0.015 .24 Hand
Latex hand
{jolnad ta rubber
eleeve adhezive joint 0. 00% 0.01% .34 Hand f51eeve

MOTE: All wvalues are averages of at leasc {wo trials.

than 5% From cheair average; maximyn déeviation from avarape, L2E.

Mot regules diffeced by less

v



