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Executive Summary

PHENIX is one of the major detectors used in the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory. The PHENIX detector consists of several systems, each with its own role in detecting
subhtomic particles. Combustible gases such as ethane, isobutane, and methane are used in several of the
detector systems. Due to the scale of the PHENIX detector, the inventory of such combustible gases are
relatively large compared to other detectors found at BNL. As a result, concerns over potential explosion
hazards involving these combustible gases are being addressed as part of the PHENIX Safety Review. The
purpose of this report is to document an independent evaluation of the potential explosion hazards, and to
provide input to the PHENIX Group to establish a Design Basis Accident (DBA) for which safety systems
will be implemented. Two DBAs were considered in the analysis. In both cases, it is assumed that all the
safety systems fail to detect the release of combustible gas, and as a result, no action is taken to shut down
power to instrumentation which could serve as ignition sources.

In the first DBA the full PHENIX inventory of combustibles is released into the Interaction Region (IR),
mixed with the existing IR air and then ignited. During flame propagation in the IR, gas is vented from the
IR into the Assembly Hall and the North and South Mezzanines. Gas venting mitigates against substantial
pressurization of the IR. The results of the analysis indicate that the effects of this DBA would be completely
confined to the IR, and that the block shield wall is a stable and effective safety barrier between the fire and
the outside world. The analysis also demonstrates that if a combustible cloud of the correct size and
concentration is formed in the IR, and the ignition is timed perfectly, the wall could topple as a result of the
ensuing explosion. No scenarios by which such a cloud can form in reality has been identified.

The second DBA analysis explores the effects of the ignition of an explosive mixture of isobutane within the
confinement of the Muon magnets. This DBA presumes the release of the full inventory of isobutane from
the detectors, and assumes containment of the resulting isobutane-air mixture within the magnet “lampshade”
shaped outer shell. The analysis shows that the magnets are sufficiently robust to withstand the overpressure
produced by an explosion involving the ignition of the mixture, and thus, the effects of the DBA are limited
to the Muon system itself.

Analyses are also performed to determine the response of the three different shielding walls to “theoretical”
worst-case explosions. These worst-case explosions are considered theoretical since the underlying

assumptions made are non-physical and thus can not be considered the consequence of any credible accident




scenario. The results from the analyses should not be used directly to set regulations concerning hazard
classifications or occupancy restrictions to any of the areas within Building #1008.

The first analysis deals with an explosion in the IR involving the full combustible gas inventory of PHENIX.
Sevéral nonphysical conservative assumptions are made: it is assumed that the combustible gas mixes with
Just enough air to produce a spherical gas cloud with a mixture composition which yield the highest possible
constant volume pressure for an equivalent ethane-air mixture, 2) it is assumed that this unconfined gas cloud
explodes producing a similar size cloud of combustion product gases at the constant volume pressure. This
high-pressure, high-temperature gas cloud then expands producing a shock wave which interacts with the IR v
block shield wall and the closest Muon ID plate. It is shown that due to the very short duration of the shock
wave loading the block wall does not move by an appreciable amount but is sufficient to tip the Muon plate
over towards the back wall. This indicates that even under this theoretical worst case scenario the block wall
serves its purpose to shield personnel outside the IR from not only neutrons but also missiles which could be
generated from an IR explosion. The analysis also shows that the duration of the combustion product gas
depressurization from the IR following the shock loading is sufficiently long that the block wall does

collapse.

The second analysis looks at the consequences of a theoretical worst case explosion occurs in the north and
south mezzanines. For this analysis it is assumed that the full gas inventory is released in the IR and mixes to
form a homogeneous 7% ethane in-air spherical cloud. It is then assumed that the burn occurs at constant
pressure displacing the maximum amount of ethane-air into. the mezzanines. The nonphysical assumption is

* then made that this displaced gas mixture then displaces the air in the Mezzanine forming a combustible
“slug” of gas. This gas slug then explodes, with no change in volume, generating a pressure equal to the
mixture constant volume pressure. The high pressure gas cloud then expands out into the tunnel
progressively lowering the pressure in the slug starting at the free end.. The most severe pressure time
history, corresponding to the location in the mezzanines on the other side of the IR wall, is applied to the
entire wall without taking credit for any additional venting generated by the motion of the top of the wall.
The results indicate that even under these theoretical worst-case explosions, movement of the block shield
walls in the north and south mezzanines are limited to less than 15 cm.

Based on the analysis described in this report, the results of the DBA analysis indicate that the wall will not
topple over, however, the PHENIX group should exercise caution and limit the occupancy of the AH. The
Justification for this is that there is some degree of inherent uncertainty in the model concerning scaling of the




combustion phenomenon. There is also some uncertainty linked to the possibility of producing a higher
ethane concentration cloud via some nonidentified accident scenario. The possibility of the North Mezzanine
block wall collapsing due to any credible accident scenario involving the release and ignition of the PHENIX
combustibles in the IR is so remote so as not to require any limitations on the occupancy of the electronics
and Sounting house. ’
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Explosion Analysis for the RHIC PHENIX Detector
Gaby Ciccarelli

1.0 ~ “Introduction

PHENIX is one of the major detectors used in the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory. The PHENIX detector consists of several systems, each with its own role in detecting
subatomic particles. Combustible gases such as ethane, isobutane, and methane are used in several of the
detector systems. Due to the'scale of the PHENIX detector, the inventory of such combustible gases are
relatively large compared to other detectors found at BNL. As a result, concems over potential explosion
hazards involving these combustible gases are being addressed as part of the PHENIX Safety Review. The
purpose of this report is to document an independent evaluation of the potential explosion hazards, and to
provide input to the PHENIX Group to establish a Design Basis Accident (DBA) for which safety systems
will be implemented.

20 PHENIX Detector Location

PHENIX is housed in the Major Facility Hall located in Building #1008 at roughly the 8 o’clock position of
the RHIC Ring. A layout drawing of Building #1008 is given in Figure 1. The complex is subdivided into

the following units:

-

Interaction Region (IR) - area where the RHIC beams cross and the PHENIX detector is located.
Assembly Hall (AH) - area where the major detector systems are assembled before being positioned in the

IR

Electrical Room - area where the data acquisition and control consoles as well as other electrical
equipment are located.

Counting House - area where the data acquisition and control terminals are located.

Engineering Room - area where small-scale technical work is carried out.
N. and S. Mezzanine - transition area from the IR to the RHIC Tunnel where the DX magnets are located.




Also shown in Figure 1 are the lovations of soveral block shicld walls which play key roles in the
determination of the eonsepense of an axplazion in che [R and Mezzanine arezz. The South Mezzaning
block wall acts as a radiation shieid for the tuznel and dlso scts as & barrier jor the pas mixing trailer located
just outside the wall. Since personne] are only preseat. in this ares for reutine mamtensnce, it 13 conndersd &
low odcupancy arca. Toc IR is separaiid Som the AH by & Dlock shield wall, of which 4 large portion
contists of a plug door which can be rolled inbo and out of position. Tn the initisl phase of tasting, oaly half of
the PHENTX detector will be used  with nn combuctibie gases. During dhiz phase the AH will be used for
ansersily of the second half of the doector, Onoe e complete detentor i i place in the IR, and operating
with ccanbustible gases, occupancy of the AH will be low. There is 2 thind abeebd block wall whuch scparates
ocupancy but the coutting house is occupied sround the clock with az mamy as 20 operators et a time,

Agide From the black shisld walls, the TR and the Mezzanines sre constructed from thick reinforeed soncenz
wnlls znd both e Mezzanings are covered with earth backfil Assuming an intemal explosion, the weakest
structures in all three arcas are the block shickl walls which art fros o move. Nols, the strength of the

concrete walls And e inectin of the santh backfill act as an affective boundary. Onc of the chjcctives of the
analysis i to debermine the tmpact of an xploain in the TR and the Mezranines on the movement impartad

Ll B

1 these block shishd walls and the consequences of this movement. e

30  PHENIX Detector

Showm in Figure 2 is a schematic of tw PHENTX dotoctor subsystems, the various Lage: magnets, and the
Muon stexl plates. The bulk of the detectors are mounted on two carrizges which are posttioned on cither side
of the beam line exdis, at the 10 pnd 7 o’clock positions. The detectars ane laysred in the radial direction.
There are also Two Largs detector gystans, o0 the north and soeth of the interaction point, wed for Musa
trecking and idktification. The Muon Teacking Chambers are lacatad within two large radial-fickd magnets.
The various FHEMTX detectors ermploy mixturcs of gases, some of which comtain combugtfble coastituents,
Teble 1 provides poeme bogic dats on semme of the detector gazes which will be discussed turovghout the
report.




Table 1: Properties of dotector ghses used it FHENIX

Gas Symbol Molecular Weight Hoat of Combustion (MMkg)*
Mg Kl/mol
Al . 29 . .
Nifrogen N, 24 . .
Argon Ar 40 . .
Mcthane CH, 16 50,00 $00
Ethame ‘ CH, 30 4740 1422
Bobotme CH, i 5% 45,60 2645
Tetafluoromethans | CF, 8% . Co.

*wmmwmmﬁm&mmmﬁmmmvmm
carben dioxide, source Baker ot al |, 1983

A summary of the type and quantity of combustble gas wsed under pormel opersting oomditions in cach of the
detectoyr systems: shown  Fignre | is provided in Tahle 2

T Table 2: Combestible Gas Yolume per Deteetne

Detector Gas Mix Total Detecter | Total Comb.
(b vohumty | Volwne {or) Volume (1)
Drift Chamber (DXC) AriC.H, 50/50 56 28
Pad Chambers (PC) ATIC.H, 50750 L2 - 0.56
Time: Expangion Chamber (TEC) | ACH, 30710 115 115
Ring Emaging Cherenko CH, 100 £D 80
Counter (RICH) .
Mison Tracker (MuTr) CF/CHE., 50/50 282 146
Muon Ideatifisr (Muld) CO/C,Hy, 919 55 531
TOTAL 91.28

The detebor with the most volume of combustible gas is the RICH detecior which has BD m* of 100% ethane
goa. The RICH detector consists of 4 welded alwmunmom e wth te large 0,005 nch thuek alvmimzed

i
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KAPTON windows, pempendicnler 1o the radial directiom Az shonn i Figure 2, the pad chambers (PCS) are
locened on zither side of these windows with roughdy a one inch gap between the RICH window and the PC.
Nitrogee gas 19 continuously fushod through this gap in order to oot the PC electronics. This nitrogen fush
Mmummmm“mmmmmmmmmﬂ:mms,m
elcStrdmics serve 25 potential ignition scurce. Hecause of the luge cthmne imveatory, the RICH detector has
received the mast wttention in wrms of sxplosion hazards. In the analyats that foflows, it ix assumed thar the
entire RICH irventory of elhame is relaasad and mixed with atr i the JR. This aeewmpiion Us very
LORSErWHIVE Since there IS Ho clear mechamism fo achisve tis dispersian and miximg within realistic time

_ frames. The mebeevlar weight of sthans is 30 g/nol which & exly shightly iess than #uat of sir, and the edrans

& at the sume tamperame e a5 Yoo srromding ir, thers is very bittle boovancy force which can drive the
dispersion of the: sthane. Furthermore, althengh the RICH detector has very thin KAPTON windows, the
opehing svailsbiz fix the cthene to lzave the chamber is thoough to very narrow slits, roughly 2 % gm wid,

The second Jargest quantity of combustible gas is used in the Muon Tdntificr detectors. The |
isobutane/carbon-dioxids detector gas is boosed inside of small plexiglass unite which gre stacked inside of
CO, flushad panels. Becsuse of the compartmentalization of the wnits it ia difficult to release all the gas o
one time, Furthermors, the 991 sobutamricarbon-dioxide detsctor gas misivre is nomflammsble. An
izoburane-tettaflcromethans minctore is used in the Muon Tracking detectors located within the bm
“lanpehadc™ shaped Munn Magness. There are thrse detector stations per magnet, each roughly filling the
micmal cross-sectionsl ares of te magnet. This is the only datector where the finmmable gaz and air are
enclosed {¢. &, lampshade cochosure) such that if s detector conteinment fails, mixing of the cormbustible
gas ond air is imminent, For this reason,  separalc analysis is performed to lock at the explosion hazerd
associated with this dessetr,

The remaining detectors do not contain substanrial amoants of combustible gas, and there are o feturss of
thair strecture <o location within PHENTX which werract any special consideration.

=g



4.0 Basics ¢f Combustign Phenomenpn

Combustion is defined as the initiation and progress of an excthermic process involving the chemical reaction
of a gus mixtwrz from one state to mother, Inmﬂwfm'ﬁismauﬁmhmrmuﬁumﬂthﬁgunﬂmn
must include an oxidizer (e, axypen) and a fuel (2.g., bydrocarbens). The enerpy liberated is the resalt of
the ntt chamge o the diszmcal bood energy of the molocules m bwasthon from the vobwmed stebe to the
urncd siate. This enorgy rolease manificns itsclf m mn incroase in the tomperatare of the ges products
relative to the nnburned fhech pag mixroee. The mapninide of the temperaters incpesse depends on the
smount of sncrgy relensed and the heast capacity of the product gas, which for the combustion of
ydrecarbons in air typically consists of a mixiure of water vapor, carbon diovide, nitrogen and regidonl
oncyges: wind the Toel, A storckdometon: et o defined ws one w whuch the products of combestion do pot
inchude amy residval oxveen or foel. For example, the following stoichiometric ethans-oxyzes mixture
congists of 22 7% ethare

Y I %ﬂz*ﬂzﬂm + 200, 1))

In order fior & combustion process to ooour, an ignition source must be present and the foel-air composition
must be within a spexific range, coammonly referred o 9 the Aammmebility limet, An ignition source can be 2n
tlectncal spank, 83 in an inbamal combuston engipe, or 2 hot surfece at & temperature sbove the so-called
*amoipnition teenperature”. Table3 provides soms flame properties fior the two foels of interest in this
analysis (noke: the propextes for n-batane s Byted instead of iscbutenc), The diffenence between the two
molecules is that n-batane has 2 straight chain structure and iznbutane has a branched chain stroctoes,

Table 3: Flame Proparties

Fuel % Fuel in Flams: Mmimum | Autoignition Flammebility Limits

stoichic- | Taemperanors Ignition Temperanme {24 fsed in air)
! metric air ® | By | ® Lower Upper
Ethoane 5.7 2170 025 7R3 30 124
n-butane 31 2170 0.26 573 LB B4




Iz general, the minimem igmition encrgies for hydrobans &t very Jow, and in maiy casés static electricity
15 suflicacnt to ignite a mixbrs,

Phy=ical damage cansed by combustion can include; stroctural deformation and failure doc to shock pressurs
loading, and stroctars charring and mehing due 10 thermal boading. I the initial staic of the combustibic gos
nuxiure is in the form of m unconfined cloud, the combugtion proocss oocurs ot roughly constant pregsure.
Since the process ocours =t roughly consiant pressure, the product gas mivire is at 4 kower donsity than che
Fresh gas, 1 the initial conbnstible ga mixtam is confined, fhw: combustion process oocurs a congtant
volume, Since the process ocours at cobstant danity i.c., constant volume and mass, thert is an increase in
the system peessure. The peak progvre oocurs when all the ixturs i consumed. The theoretical mardmum
pressare, under constant volume combugtion and adiabetic boondary conditions, is vefiaed to as either the
coustant vojume or adiabatic isochonic complets combnstion (ATCC) pressure. This masioun pressure is
typicaily ¢ titves the titial pressure for mom Eivichtometric ydrocarhon zir miseres. Figors 3 ig & plot of
the constant vohanc pressare a8 & function of fuel compostion in air for ethane and isobutens, for an initial
teperatare and pressure of 198K wnd | wmosphere. The data plotted = Figure 3 was calcviaied uging the
chemical equilibrion cods STANJAN (Reynoldy, 1986), whens standard air was taken #s 2 1% cooygen and
79% wirogen. In general, for fel-gir mixiures, the peak in the constant vohaze pressure comespands t a
preseure decreages, whene the drop i typitally o sevare on the lean side.

4.1  Dellagration and Detoaation Mode of Combustion

There arc generally two types of combustion modes possible for any combugtible mixtae. The deflagrarion
maode involves the propagetion of B flame at a velotity which is subsazic relative to the pas ahead of the
flsme. The second iz a detanation modk: which propagates supesscmtically arod thus the gns shead hes no
comeumicaion with the detonation wave.

For a deflagration, a flame corresponds to the interface bebwsen the bumsd and inburned gas. The rans at
raies of reactions for the mixture. Under nminar conditions the “burning vekotity™ is very slow, € g, below
0.5 m/s for a stoichiometric hydrocarbon air mixture. I the flame is ignited in p closed coded tubs, the
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velocity al which the flame advances can be up to B times thic laminar burning velocity simee the bot
combushon grecs expaid convecting the flame forvard along with the unburned gas. This abserved velocity
is raferred 15 as the “flame velocity”, Under quiescent concticions, the boming velovity dependa solely ca the
mixhrs propates. However, if the gas is in motios, Gobrulence will exist at high enough free stream
velocities. The boming veloeity within this flow depends o the turbulencs intensiry since eombustion can
occur via lurbubent convertion, 49 opposed to only diffusion processes which povisn the laminar cass.
Themfore, 3 cos talres mio acoount tarlames, 2 specinum of borning velacitiés (o flame velocities) ae
pessible for any given mixiure deperding on the free strémm velorty and the prescoce of irbulence
generating obstacles

1n a datonation wave, the flame {in this comtext, more commoniy referred 1o a3 the reastion sone) is empled
0 a leading shock wave. The shock wave adisbatically compresses the unbumnad gas, raising the
temperature. This mcreased témpérature inszates an cxothermic chemical reaction in the mixbore which leads
10 3 further increass in the mixivre temperature and 2 decraase in tha pressure from the pesic post shock
temperabwe. The cucrgy that is released in the neaction zone sustaing the kading shock wave so that the
complex is self-sustained The length of the reaction zone, which alzo includas 2 thermally neutral induction
2obe inonedistely aflor the shock wrve, dictetes the “sensitiviry”” of the mixhore to wndorgo detonation. Fer
oxample, the smatier the reaction sone, e eoialler the smount of cocrgy rogaired Bor direct initiation of'a
detemation wive, end thus the more sensitive the mixture. In general, an initiation source with the required
chergy content and energy release rate requinsd for direet miviation of 3 Jotonation is not prasent under oSt
sccident scenarioe. A detonstion wave can alc be titiated indirectly via an accelerering Mame In Jong
Dirtow chawmeds with flow obstructicus, 2 flame can sccelerats due to turbulencs. This Aame scesieration
Process can lead to the development of a seroag precursor shock witve: resulting i the mitiation of 3
detonation. The requirement of srong lataral oonfimement and long axial distances 2o not geoerally met in
moet indogtrial plants, exccpt for pipeiines in the chemical industry and deep eoal minas In paneral, most
indueirial explosions involve deflapratione ard not detonation waves,

42  Conbmed and Uncenfined Explosions

If ignition oeenrs al the center of 8 eonfmed spherice] gas cloud, i.c., enclosed in a rigid chamber, 3 flame
propagetes medially cutwird conyarting the fresh gas mitore into hiph temperahure combustion produsts.
The expending combustion product gas acts like w spherical piston pushing the ges ahead of it. 1f the flame

7




velocity is slow, the pressise i the entite volume is eoifoom since compreesion weves have sufficisnt time to
squalize the pressors, The gysiem presewre mersases proporbuomally to the volume of the fresh gas consumed
and the rate of pressurc rize depends oa the volure of the gystens and the buming rave. If the flarme velocity
1 famst, 1.e, clost i the mixbure speed of sound, 8 shock wave borms shead of the flame. The shock wave
reflects off the boundary mod reverbormies within e confinement. Throngh the mechaniam of shock
preasure defined above, When the shock wave attenuates, for an adisbatic boundary condition, the gystem
pressure cquibbraies 2t the theoreteal maaroii.

For an unconfined gas ¢loud, the same prineipiss deseribed for the confimed cloud apply with the exception
that thare is no naiform incease in system pressure, [ the Same veloeity is very akow, the combrstion
peodnet gas expangion e is much shorier than the burning rate, and as 3 result, the pressure m the cloud
mnmmmﬂwwhmdpfﬂudﬁmmnmmmmm
increasing the radiai exteat of the gms cloud, For highar flame velomtics, the expangion of the hot gey can not
keep up with fe coasomption of fresh pas resuhting in pressunization in the umed gas and the formation of a
shock wave abead of the flame. The strength of the shock wave depends on the magnitude of the flame
velocity (or buming velocity).

43 Explosion Dwrprmu I‘rudll:hm

Ag pan of the analysic we will be interestad in deteemining the strength of the blast wave gencrated by the
explotion of & combustible gne clowd. For a given gas clound size and mixiure compositicn, the sirength of the
Dlast wave depends on the rete of cenbustion.  Sbown w Figure 4 are e éwults S0 nmmerical calaulatins
{Baker et al. 1933) for the comtbustion of anumconfined spherical cloud in tems of normahzed shock

OV ITSRS Vorsus oncgy sonlod distance. The enerpy density and combustion product racio of specific
hears wsed in the calenisticns was chosen to model moat soichiometric hydrocarbon-air explogions. Fer the
cuses whers n deflagration is ignited at the center of the eloud, botiom four curves, e strength of the shock
wave produced i &ic clond, and the blast wave cotside the chond, dépends on e burning rate 3, (buming
Tans normazlizad with the spaed of soumd in the frosh gas), A typical speed of sound is shout 350 :m/ds, sa the
range in hurning velocity is 11 9 mfs (M, = 0.034) to 76 3 m/s (M, = . 218}, The laminar burzing velocity
£ maost hndnocarbeon-2ir mintures ie below .3 mis, so the four curves in Figure 4 comespond to very lugh
buning rates. The curve labeled “S™ corresponds to the blast pressure generabed by a burstmg sphere nhers

£
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the initial sphere pressure correspands to the constant wolime econbustion pressure for the mixturs, This (s
essentinlly the vpper lomt for the defizgration carves since it cormesponds to m infinfte burning iste. The
curve labeled “I¥* corresponids 1o the calculated blast overpressure ke o detenmtion wave m the cloud Mote
the instinl scaled sphere radiug for the “S™ and “D” curves are identical, in the case of the bursting sphers all
the gas ik burned instantanecashy 30 the cloud radius doas st grow and Sor the supersonic detonation wave
the adpe af the clovd does not have vy commumiration with the combostion front, The vertizal dashed line
repregenls the final rading of the cloud when the coergy is added 5o siowly that thare is no peestie s The
Jast coxrve i Figure 4, comesponds Lo the blast overpressure gensrated by ihe detonation of high sxplosives
with the: saas soergy Gengity. For (hid chiz-one x dealmg with & point sowrce £ the initial scaled radios ic
zero and the bocel pressures are very high compared @ all the other solutions, It 23 importe o nota that far
(ie., dimengicnal distance) fiom the clond cemiss, the slope of all the curves can be approxiniaisd by an
imvesse scale law (aee sloping dashed line), a5 peedict=d by scoumtic theary.

The above discosion serves the purpost to show that even for s given cloud size and misture composilion
one can peedict a spectrum of blust wave prossures depending on the assumed burning rabss and mods of
combustion, In many cases the simplistic, yet lsax: realistic approach is simply 1o uss the TNT cquivalency
method (Factory Muiusl, 1594) to predict far feld blast pressres. That 1a, the blast presaure is predicted
wing stendand lagh cxplosive blast wave deczy corves for 2 TNT charge weight cquivalent to the stored -
chemical enargy available in the gas cloud. Curve “I™ m Figure 4 shows that this approach leade {0 very
high pregiares, cspecially near the sowrcs. D most cases, the essumpticn of 2 point sourte eplesion, Tnplicit
in the TNT aquivzience approach, can not be justified Howiever, this sppeaach i3 often taler sinee it can
easily be appited $o any sccidant soenaric so lemg as the wnoont of exergy involved is known.

50 Desizm Basis Accident

This sectiom deacribas the anabhygis of two soonarios which encompass the worst cars credible rocidenes for
PHENIX, and sre s considered the Design Basis Accidents {DBA) which el be mitigaied by the full
complement of PHENLX safety svetems and procedures.

The first DBA consists of burning the sthane equivalent of the entire gas mventory of FHEMIX, te. 100,
The probability of achieving such starting condibiony for combustion are extremely remete, requiring muitiple




failures of flamemabie gas detsstion, detection of txygen within the detector volumes, sfety imterlocks of
ignition ecarrczs, and hall ventilation systems_ in addition the imes required to achieve such a mixtore ae
suficieztly long that iack of intervention by trained operators is slso extremely remote. Th rosults of the
amalysis inicate Gust the offocts of this DBA wodd be corpletsly coxined to the IR, and that the biodk:
shitdd wall is & stable and effctive safety barrier betwoen the fire sud (he cutside world.

The eccnd DEA enalysis explores the effiects of the ignitisa of an explosive mixkurs of isobutans within the
confinement: of the Mien magnets. This DBA preuzsss the Joss of the full inventory of iscbtanc, its
coataitmeit withn the magnets, tae failore of all sysiems to detoct the koss mnd to shmt down ignition sournes.
The acalysis shows that the ssgncts are sulficintly robst t withstand the overpreasarcs indaced by such an
exeplogion, and thus the affects of the DBA are imited to the Mian sysiem itself

51 Dergn Busis Accident I: B in the IR

In this accideot scenario the full PHENIX investory of combustibles is releasad into the TR. Since the norma
HVAL air exthange rate in e TR is vory high, ooe IR volume per 4 minules (15000 CFM), and the release
rete: of ts ethane from the RICH is assumad wo be slow, the rleascd gas is quickly diluted with the air nuxing
to form 2 homogeneous mixture in the IR, Under this assumption, the global TR cthane concentration statts at
2230, before the start of the release, and then slowly increnses with tine. During this release time the global
cthane concenrration s beiow 3% in iz snd therefovs global burning is not possibls. Only afior the full
sthane imveriory is released docs the: global ethene conceatration reach the flaremability et However,
amall sizsd highor cthans concentrating clouds can focr i the dinect vicimity of the wcleass point both
zumediztely afier the sinrt of ethane relemse {initil “paff™) md doring steady-stae relesss. and in anens
wheze the IR HVAC sir flowis biocked. It is assomed ihat ignition of these smaller Tocal pockets will not
impact the block shiekd wall but oould ¢aose local damags to the detecior. For the purpose of the anelysis, no
credit is talen for the 1500 CFM of IR smosphers which is exduusted outside Building #1008 by the HYAC.
This “well mixed™ IR_assumption does not apph when;

1} The nexenal HYAC air exchange is not operational such that miving of the gryes ooomrs solehy

through gas diffusion which would take days to achisve 2 hamogenoons mixare. I igrition was to

ocour during the diffusich process etiane conccotrations near the release point would be elevated.

2) Some hypothetical estastroplic evem: 0coers whereby the ethane is ejected very quickly, c.g., less

then one mimate, producing a locat high ethane coassntration clowd mixture and {gnition occurs of
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the kame time-scale.

Ignition of the combustible mixturs is assumed to oocur producing a pressure boad on the block shicld wall in
the IR. The objective of this analywis is to determine the combuetion pressure Joadimg within the IR and the
responrse-of the block shisld wall to this loading

T crider 10 determine the stability of the hlock shicld wall 102 burn in the TP: onc must predics the resulting

overpressure Hme-histiy give: a) the volume of the [R, b) the gag mxture composition, &) the availabde
frocd and variahle vent arcy,

5.1.1 ¥Yolumes and Vemt Area of the IR Buildiap
Fox the: poepoge of this analysis, the interzal dimenrions of the TR ars taken as

HNonth-Socth Length ~ 18 6 m (6] 1)

Eeg1-West Length = 15,8 m (52 fi)

Heaght = 14.3 m (47 )
These dimensiong yickd 4 4200 m” total internal vobume for the IR building, of which 850 2 (vahs provided
by PHENIX personnel) consists of PHENIX detector hardware volome, Tharefore, ihe dntal free vohame of
3350 m", The total intermal sorface aren of the TR s 1572 m2

The main gas vent path fromm the IR is Ganough the 9,1z (30 ) x 4.5 m {16 £) openings in the Nerth and
Southt IR building walls, as shown in Figiro 5. Thess openings are grossly bstruciad by the Nosth snd South
Muon ID plaes and Magncts. The Moon plates ave ¢ach 13,1 m (43 fi) wide by 10,7 x (35 R) high with 2
. 1.t m {3.33 {i) aquare ceniral cuf out. These plate cut outs are partiatly blocked by the DX magnets which
provide a blockage, of dinncier of 1.2 m (4 £1). There are five plates on each side of the IR, whews the 0,28 m
(11m}mhumﬂmmﬂummmmmwmmmmmmmm
curlacy, As shown in Figure 5, pogsibls vent paths fom the IR s ¢he RHIC Tuzpel include, A) betwesn
the Muon magnet hack plete mad the first Muon plate, B) betwoon oach of the plate gaps, and €} betwoen the
last Mucn plate and the [R wall. The A and B flow paths merpe through the Muon plaic ceaal cut cuts, 50
the imobgtructed cut out 2rza represcuts the mexinum vent arca for these two eombinad vent peths. The flow
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pith between the plates is very narrow and long (5,75 m), and severely chsmited by the detector pancls. The
pressire drop asotisted with these two Factors will timit the fow through this path. There are no detector
pmels between the last Muon: platc and the IR wall, smd therefore ihere is no corresponding pressors drop,
The cnly souns: of peesure drop is due to viscous Jow thecugh the 2 m kng chinmal producad by the overlap
betwen the IR, well xnd the Last Muce plste. The Bow path between the ond of the Muon magncs wnd the
first Mucn plate is clear. On the north side, the gap is very tight (0.28 m) whereas on the south side the gap
is 1.%2 m, due to the shoater Muoon magnet. '

An acamss: modeling of the ven: flow iz beyond the scape of this knalysis, therefors anginsering
approximations will be made conterning € “affective” vent area. The sonitivity of this parameter will be
determined latér. Oa the north side, the veot ares will be taleen as the mininmim gap area between the last
Muon platz end the wall, There are rwo areas 10 consider: 1) the aree. at the outer Muem plate edge which is
028 (13.1 + 2x10.7) = 9.62 or*, and 7) the erea o the edge of the Mezzanine wall which is 0,28 (229,1+
2x4,¥) = 7.83 m?. The smaller of the two arcas is taken, ¢.g., 7.83 . It is assumed that the Josses through
the veat path C is balanced by the limitsd venting theough A and B, On the South side, the vent area is talcen
as 753 no? comresponding to the vont path C, phig fhe uhobsimucted plate cut out area {2.64 - 1.17 = 1.47 77)
since tae vt flow path A is completaly unohstructed. This vickds » wind ficed TR vemtarea of 17102,
These: i alen 4 variabies vent arex asgociatod with the gap which opens up with any movemnecnt of the wall, -
The gap forms at the top edgs of the block wall and the ceiling concreis besm of ihe IR building, The
instantansous vent ares is equal 1o the drtance baweled by the top sdge of the block wall multiplicd by the
18,6 (61 ) wall span.

S12 _Gas Misure Compasition

For this analysis we will assumc that wll of the combustible gas present in the IR participates in the burn. Az
tabulaicd in Tabls 2, the total volums of combustiblc gns is 91 3 m® of which 30 m’ is ethame. For the
analysis we will base the combustibls gas imventory which participabes o Ee explosion on an sffective
volume of ethane which iz cqual to the toial enerpy 2vailable within the IR, No credit 19 taken for Getector
exerbustible gas mixhres which arg offectively inerted by either argon or carbon doside. The effective
ethune volute i5 calculated based on 8 hew of combustion weighied average of the three different
cormbustible: gasey present in the IR, as follows
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i Eey, Eetn
Fﬂ:’ﬁ = Fﬂ:’!‘u + qu‘ o, * [T}FE‘H“
(2)
‘ (2.8+0.56+80) » [1‘22]{1 15 + { }(1 46+531)
- 966 m’

The veiue of 96.6 m* is ropoded up to HH 1 o takes mbo accont corabmetible g3 in the varions detector
fend Lines. Mmmmh,hm&nmmafmmm&gmssug{ For
equivalent athane vilume of 160 m”, the noiinal dthond concentration 1 1003450 or 2.9%. This is just
bl the bower lemmability limat of 3% cthenc for ethane-2ir mixtures & standard temperature snd
Pressue.

513 Fxed Vent Area Explosion Pressure

In the cheenical indnetry it iz very common to install safety veniz on vanioos containments. rangring in size
fromn small reactors to builEngs, which bouse flemmablc geses. The purpose of these vents i3 to limit the
peak overpressure produced doring an aceidental snlosion 1o a level which can be popported by the
contawnuent stuciwt.  Typacelly the volums of the containment and quentity of fammable gaz is known and
the vent arsa required to limit the peak overpeessune is sought. The dstenmination of Bas required vent wres is
mavie hasad on empirical covrelations developed fiom data obiraimsd from sxparimentsl veoted coaplosions in
vegsels of various gize, The Wational Fire Protection Associgtion {NFPA) has published 2 guide for venting -
of deflzprations (NFPA 68, 199¢) which is based Largaly on daix from the work by e U.S. Burem of Mines
tndwu‘icinﬁrﬂtﬂritﬁumdﬁnmw. Other notable conimbutions (o the predichion of vented explosions
arc by Bradley and Mitcheson (1978). Their wock included the conxpanison of predictions of pressure-time
histories for vented sxplosiong vgimg fheir theoretical mode]l with experimental remlts from many
investipwiora. In this work they also give an upper Limit. curve for the scaled maxirum explosicn
overpressure versus a sealed venting paremeter. According to Baker of al {1953) the use of the NFPA 6B
puides can Jead to ghosE overestimates of the vant ares requirsd for limiting the maxdmt ventad vessal
overnressure and recommends the uss of the Bradley and Mitrhaomn comrelation

In this saction we will calculate the peak IR overpressure using the Bradlay snd Mitcheson (127E) comezlation,
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congidering ondy the fixed vent ares. Shown in Figare 7 is the Bradley and Mitcheson curve which denntes
the maririnm scaled ovezprosae, AP versus the scaled vent parameter, A/S,, which s given by

A

o T A" "
T 5, )

s Gl

Pll "‘.g

where A, is the vent area, A, i the vessel imvemal srface area, C, is the vest oponing discharpe cosffivignt, s,
hthmhnhglwylqulhwﬂnmdhﬂugu&ﬂddﬂheﬂm For overpresaures
below I atmoaphare, Bradley snd Mitcheson recommend the use of the following expression foe the

B s
A Ay
ap..=n.7{f] .4, j‘::”‘_i @
. Lo,

meimum overpressure, Since a burnimg velocity can onby be defined for a flarmable mixture, we considar
the misture iy he 3% ethume i a7, As calrulaed by STANIAN, the speed of soumd and the deasity ratio
acroas the: flase for a mixtore of 3% ethane in air, is 336.4 m/s sd 5.221, respectively. A discharge:
coeffcicot of 0.6, which is the snatlest vake: pogsite for a sharp odge orifice, will be used for the
caloulations ‘The Inminar bucning velocity is & parameter which i messured sxperimenially. Shown in
Figere 6 is & plot of laminar baming velecitizs messured for o 7ange of cthane-air mivtures in vaoons size
vessels. The data used in tae plot was teken from Kunz (1998), which also inchaded dats from Kuchea
{1983). Bummg velocitiez at 3% cthans in zir wre not measured, 2 simple Bnear extrapolation of the: data
yields 2 borning velotity range of 915 cm's. A vahe of 15 con's will be wsed in the aalysis. Taking thess
valneg for the vanicus parameters, squation & gives & pesk overpressure of

' z
(511-11_.3“;54
AP =0 5T | * 0038 aimospheres &
ﬁ-{ﬂ.ﬁj
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The miminsn presture requred to mve the wall agungt fnction 13 sonply

AP, = "f"g = wip_fg = 27714 Pascals (0273 ammospheres) )

» -

where i is the cosfficient of friction (0.7 for concrete on concrete), p, is the wall concrele density (2408
kg/o®, 150 ThAI®), Lis the wall thickness (1676 m), and g is gravitatisnsl acoekrasion (3,81 mis®), The
minTmEm pressure reqeired to Gk the wall, assuming the wall acts as » single stoctore and pivots sbout the
berticem front edgs, iy

APy = ﬂ =(%}{gﬂg _(%'33_3_]3 0351 = 0043 aimospheres | el

where W is the wall half thiciknaes (/2) and H is the wall halfheight, From fhis analysis ope can soc that the

predcted macmun et pressure 13 Lo bow to diag the wall forwand bt 15 large enough to tilt the well, if the
pressuns was applied statically (4.g., indefinitaly).

514 Transieat burnfvent moded with variable went area

In s actual burn, the pressure-time history within the cootainment woald be sxponcotial in nature and if the
wall tilts fiorward the Iop adge separates From the IR building penerating meee verr area A born/fvent madel
iz developed hers in order to take into aceount the transicat nature of the prrsse: wod the cfioct of the
variahle vent arca prodused by the naotion of the wall The burn/vent model is benchmarked with the fixed
veut arca defiagration venting correlabon of Bradley and Mirlcheson

veated encliwure, The mods is n extension of the ene wsed by Chan et al. {1983) to model flame
propagaton in & vented rectangular chancel, In the currsat mode] 1pabon ooours af the canler, and the fresh
unhumad gas is convertad into high-temperature combustion prodocts with & fixed burning ratz. The
webumgd ges ahcad of the flame is allowed to cscape the volume (hrough a vent apening which can he either
foeed or variable area For the one-dimensional 2ssamption it implhics that the flame surface 13 smocth md
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the vent area is unilormly distribubed. The gages an: freated as beng ideal and iseotropic processes are
assumsd tooughwat. A detailsd descripbon of the moedsl i2 provided in Appendix A

Predhction of the: contamenent pregsme-tons histosy ragiines the intzgration of the following twe coupled
differemial equations describing the time rate of changs of the presaure and flame sphere: rading

aF 1 Pa_ _
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Eﬂwchmmmmmhmdmmﬂimmmgwkmmmmumml
all the paz parameters remzin constaot over ime.  The varions gas parametsrs are cbtained using the chemieat
equilibrium code STANJAN. The dengity of the turmed gas is caleulstad fior 2 ocngturt pressors bam at one
atmesphers and 273K The movin approramation iz the medel =3 that the baning velocity 5 eonstant
throughout the bum. Beczuse of this approximation, the buening velocity is traatsd as a free parataetar which
is fined based on bench nrking with the Badloy and Mitcheson (1978) deflagrstion venting conrclation,
This is doae by using the correlation to calcalate the peak overpreasune for the mixture end the fived vent
area, i.c., assume that the wall does not move for the bench morking caleulstions.  The constart. buximing
velocily wsed in the mode] ¢ thén adiusted to give the sume peak ovarpressare ms predicied by the conrelabon.
Notg, the Bradicy and Micheson comelation is based oo # survey of tests dons in wessel of various size, the
Largmh&ngahunﬁﬂm! Therefore, amy scale effects on fiame instshilities, which can enhance the effective
burning reie, beyond this zize are not accounted fir in the eoorelation, and fha in the current modkd,

A moded fot the totatianal motion of e wall, under the pressure loading from the IR, is developed in

1.




o

Appendix B, The wall is treated as a urt siructore whoch pivots about the frent lower edge. The angular
acceleration of the waill is predicied by the following expression

49 _ PARPAI-M Z(F-EB)
a’ S

{10}

where B is the til wagle of the wall. In the nurmarator, the firgt oo pressurs terms are offest by the restoring
third gravity tem. For angles sbove the eritical argle, Bt =W/H =0.838/7.3 =0.115 radisne = 656
degreas, the restoring gravity term charges sign rosulting in further motation of the wall Jeading o collapss.
The critical angle correaponds 1o the: situation wheee the center of siass of the wall is ducctly above the pivot
pant, To solve for the wall dymanyics, equarion 10 is polved siomitmecusty with the bum/vent modal
equations, 9 and 10.

- Wail Response 1o the DBA

In order to sohve for the wall response we nust firgt deterinine the affective burning velocity for the 3%
mixturs by bench merking the bum/vent model with the Bradicy nd Mitchason corrslation which predicts a
peak tvexpressm of 0,058 stmospheres (see squation 5). The two differential equations § and 9 arc
wbegrated waing the coommercially avidlable Mathead (MathSoft, 1997} suftwzre. Since the mods| is one-
dimensional, the vohine of the TR is wed to define ne equivalane containment radius

1 t
3 ) 3 =
P R A ¥ .
R, [M m] [;;(3-350}] 228 m | (11}
The initial conditions for the calcnletion are | stmosphecs pressure and an initial fame cadios of 0.01 m (Hus
ik recquired to avoid e singolerity which exirrx for n N radine of 0). The follirering list provides the
b properties, pertinent dimensions and constarts nged in the calenlation,

For 3% ethans m mir mixturs: (obtaimed from STANJAN):
Unbramed ges ratio of specific heatz = 1 .4
Burned gas ratio of specific heai = |28
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Unbumed gae dencity = 1 183 ke/m®
Puroed gas density = 0.3262 kgn?
Unbumed gas speed of sound = 336.4 m/s
Buinicd g speed of soand » 756.9 11/
Bodedary conditions:
IR open vohume = 3350
Fixed vent ama = 17.] m?
Wall kngth = 15.5m
Wall height = 14.5m
Wall wdth = 1.7
Wall mess = 1098000 kg
Cematants:
Gravitationsl acceleration = 231 m/g?
Veni dischage coefhcant = 0.6

The froc parameter 1y the bonming velocity, which iz varied to give 3 system pressare of 1,058 stmospherss
when the flame hzs propagsizd s distance of 9.282 m. The Mathesd woekeheet (PHENL1a) for tus
calculation is provided in Appeadix C. Shown in Figurc § is the caloulsted fame radins and systsm presaure- e
time lustory For a burning velocity of 022 mfs which vislds 2 pressure of 1.038 stmosphorey when wil the ges
is consumed. This buming volocity is relatively closs to the refierenced 0.1 5 m/s laminar buming velocity
wed in the comelation, praviding credibility 1o the model  The time required bo burn the entine inventory of
525 is roughly B scconds. xnd the flmme velocily is almost constand the entire bme.  The Swme velocity nelstive
mawm,hmmwmdmmdmmeummmﬂm
velocity, which yields 2 valoe of 117 mfs, Thevefare the time required to-raverse a distance of 9.28 mis 7.9
sceaads, which also sgreea with the maoded prediction, which is expected sinoe the change in gas properties
associated the increase I pressmrs during the burn ic pmall  Conmidering the exponcotial natare of the
peessure-time history, caleulating the wall motion based on a constent pressure with 2 magnitode cqual 10 the
peak preusure, is not sceunte.

]

Using the banch macked buming volocity of (2.2 ms the coupled burnfvent mode] equaticns and the wall
dynammice caquation are integrared to determine the motion of the wall resulting frem soch 2 bum.  For dus
calculation the varisbic vent aren prodoced by the mation of the top of the wall 1s mehaded. This calculation



P

i8 broken up into two parts, 1) calrulation carried out woril the flame: consomes all the: gas, 2) no further
buming, cnly venting of the burned pas. The Mathead worksheet {(FHENTX 1b) for this two part caleulation
is dlsoprovided m Appendix C. As shown = Figurs 9, during the first phase the wall does not move until
the sysiem prasszume reaches the critical pressace of 1.045 st as determoed by cquation 7. The peak
predsue al the end of the burn is 1.057 atm which i just slightly under the 1.05¢ am calculmed for the fixed
veut arce. During thi first phase the fmal wall ikt angle. 8, is only §.082 dep and it achieves an anguriar
velacity, d8/dr, of 0 437 deg/s. During the second phass, the pressure drops to abmospheric pressar in sboot
0.1 zecondy, see Figurs 10. Ax a rezult the wall does not acquire maech more Ionetic energy, as cheerved in
the ngular velocity time hiztory whach pealor at » value just over the 0437 deg's achigved in the fost phase,
Once the syste pressude dnops to amaospheric cooditions the wall inectia continues to it the wall v a
mexkmim angle of 0,127 deg. which accurs when the wall angulae velocity i1 @, After that point, the:
angular velecity becomes negative, which corresponds 1o gravity pulling the wall back w its mitial pasition of
z==u degree tlt

This caloulstion demonstrates that for the DBA. conditions modeled thers is virnally no motion of the wail
oxpovizi. This is becauss tho peak: prossure of 1,058 atm is only slightly Larger than the 1,045 atm mrinimum
required to st the wall in motion. From Figure %, the wall onfy scarts to move after 7.7 5 into the burn, when
flwe pregsure reaches 1,045 atm, The brarn is complets by 8.2 5, The combustion produst gas vz
atnicspheric pressure in sbout 0.1 s, see Figure 10. Therefore, czly during the last 0.6 s, of the full 8.2 5 that
the IR & présdurized, doss the wall acquire kitwic snecey.

By the: trme the criticel presswe of 1,045 atm ig achizved in the IR the flams has propageied » distance of
3.751 m; a complets bum requires § 282 m of propagation, which corresponds (o 2 volume of 2807 o',
Brged om this we can eglimabe the minon anwxt of ethane required 10 be released ino the [R for the wal
W start moving. ‘The minimum vobume: of sthane which aeeds to be releasid and romeed with mr to formn a
cominietite spherical elond of efhane.air (note: flammability limit is 3% ethane), of radius 8.750 m_ iz 86.8
nr. Therefore, in order b0 even set the wall in mokion one gt releage o least 87% of the full gax inventory
of PHENLX without ignition and tren igmite the mictors. As moobicned m Sechon 3, 0o mechansm sasts by
which such & Iags amount of pag is refeased. Equally improbable is that onc can release & toval of £6.8 m of
cthane, at the low roleass rates sxpocted, without 1gniton dormg: the release.
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515 Sensitivity Analysis of the Burn/Vent Model

The two key parameters of tae model are the burning rate snd the fixed veot area, I this section the
sezwiirvaty of the model solution to these two paramecicrs will be explored. “This will be done by cgleulsting
the crilical values for thest two parmnetors required to topple the wall. The same Mathead warkehests are
ussd with conditions as Listed above, excapt:

lieraie Burning Velovity

Fora fixed vent ersa of 17.1 %, the burzing velocily is incrementally increased unéil the brmiting condition is
met where s wall mbles aver. For & buraing velovity of 0.32 o/s the peak system pressums is 1078 stm
anc tha ik argle and angaiar velocity at the and of the bum phase is 1.8 deg and 435 deg/s. During the
second phase the well achicves a maxizmum il anghe of 5.8 deg and then swings back 1o its initial position,

For a burnizg velocity of 0,33 ms, the peak system pressure at the cod of tho burn phass is 1.080 sm. As
shown in Figure 11, the pressure paaks and then drops before all the gaz iz burned. This is becanse a5 the
wall searrs fo tilt, the vent area incresscs to the point where the mass of fesh mixture vented is grester than
the veshme consumed by the flame and ths the pressore drops. The final tilt anghe and sgular velocity &t
the end of the burn phass is 1.94 deg. und 4.7 degs, respectively. In the socond phase, as shown in Figure
12, agsin e pressvre drops to atmospheric in about 0.1 5. Almost immedinvely afier the burn the wall's
anguler velocrty drops. However, it never drops (o zero simes the wall surpasses the critical i angle of 6.5,
At the paint where the critizal angle i achicvod, the angular velocity increases Tagidiy as the wall collapses.
Hote the sobution is only good for small ikt angles, 80 bevond the critical male the valses ait inacourats.
Using a burning velocity 0.33 m/g, the peak prossure achieved with only the fived 17,1 m? vear ares s 1,125
atme Using the Bradley and Mitcheson commelation, equation 4, this posk presaure corresponds 16 a laminar
burning vebosity of 0.22 m/s.

Teerate ihe Fixed Vernr Area

For ¢ar burning velocity of 0.22 mvs, obtained o bench marking with the correlation, the vent ares is
incrementally decrensed until the limiting condition is met where the wall hoebles over. For 2 veet ares of 12
1’ the peak gystem pressure is 1 065 arm and the tilt angle and anguiar velocity during the bum phesc are 2.5
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deg and 3.79 degis. Durmg the second phase the wall achieves a maximos Hlt angle of 5.6 degrees and then
swings back 10 its initial position. For a veot s ol 11.5 m? the penk system prosswe 1 1066 aim and the
till angle and angular velocity during the bum phass are 2 94 dap and 3.77 deg/s. During the second phase

the wall mirpasses the critical tilt angle of 5 5 and ropples over.

5.1.6 Efiect of Higher Concentration Clond

The bagic assumpticn used for the DBA, is that as the combustible gap iy kealoed #t mines with the IR o form a
uniftrmn mixture. The analyzis has shown that st the ond of the release, ignitico of the mizrare doss not rslt
in the toppling of the wall, Also part of the DBA is that there could ba small packets of sarmbustiblc gas that
form which arz not lage enough {c impect the regslis of the DBA soalysis, This scction Jooks at the
hypotheticat scenario niste the ethane is rdessed sulficicutly et that e nonmal HVAC recirculation of the
IR does not eompletshr mix the sir and 66 cthanz. Using the bumn/vent model the volutie of a rrixture which
soust e borned to topple € wall i caleulsted  This is don by teking 2 imifisrm eomcentration of ethaae in
uir, lerger than 3% ethane, in the eatire IR and allow the flsne to progresa ta the point where the acquind
kitwetic: exexgy of the wall is sufTheisut 1o topple the wall if burning ceases. The rapid release of ethane worid
produce & cloud with varying ethane concentration. In tenig of participation i 2 burn, the lowar Fmit for the
clond eonczniration ig get by the Aammebilicy limit (gneaer than 3% ethans) and the upper limit it the mbst
Teactive concemtration which is 5.7 ethane. Mote, misnires with concentrations above: 5. 7% are legs resstive
than a sioichicmetric 5.7% cthane mixtwre, For s mixtwre of 3,5% cthanc in xir, using an effective burninp
valagity of 0,38 nv's cormeponding to 2 fixed vent overpressare af 0.21 atm, the flame muct e b0 » radits
of at Jcast 3.5 m (recall the effective IR radius is 9.3 m) for the wall bo toppls. For A stoichiometric ethanc-air
mbmnge{j-ﬂﬁmhm).uﬁngm efective buming velocity of 0053 ms comesponding to & fixed vent
ovezpressure of §.0.711 atm, the flame mnst bum to a radins of st Jeast 7.1 m_

517  Conclosions

A modet iz developed to predict the pressure-time istory within the TR building rogulting from the
combuetion of the full mventory of combusttbls gascs uscd in the PHENTY detector. The initial condition for
the calcubption i§ takzn to be 8 homogeaeoes mixtere inchuding all the IX combustibles and air. | iz ssuomed
that such a mixture can develop and that an ignition soarce is available. The calculations show that the IR hey
sufficient natursl venting that such a bhurn does not result m the toppling of the biock shisld wall. A
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sengitivity enalysis of the two key parameters in the model indicares thar the prodictions are not highly
yonsitve bo these parameters. Hypothetically, if 2 clond of the cormeet size and concentration is fonmed and
the ighiticn: time it tmed perfectly, the bur/ver model predicts that it is pozsibile that the wall could topple.
The ignition time 9 oritical sincs, if it is premature 2 Buon itvobving a limited oot of ges would result, and
i it i’ delayed, the cloud 1s averly difuted by mixing with the smbicnt sir. The requicements fox thsg 4o gocur
i that the thane must be released very quickly on a time-acale of tens of seeonds, o secnarios by which
thig cam ocear in reality has been idemtified.

43 Design Basis Accident IT: Explosion in the Muon Magnets

The DBA cxplosion analysis ondinad in Section 5.1 uses the full inventory of combustibla gases in e IR.
In this section we will focus the analysis on the consoquences of an explosion inside of the Muon Tacking
Maguets. The detestors focated within the magnsts contain isobutane which if relcased could mix with air
within the magnet Sorming a potentially expiosive mixtare, The cbjoctive of this analysis is 1o deberming if
such zn explogion could fail the caver shed] of the magoet cerasophically, produting lape mossiles which
el i urn damage the rest of PHENIX and the biock shicld wall,

52.1 Mupon Fracker Magnet

Theze soe two Mauon Tracking mapnets Iacated on cither side of the interaction point. As described in Section
3.0, tho outer shell of the Muoe: Tracking magaet is shaped like 2 lampehade with an imer core, Teferrsd 1o 25
apiston. The lampshade Las six equal sine sides consirusted from § em thick stecl plate. A cross-sectional
vicw of the lanupshade is shwwn it Fignre 13s. The lampshade plates and the pistan see fasiened 1o a
backplats, pot showm in Figare 13a. The “large” spghade oo the novth side is 4.3 m long, and the ™

oxie on the south side: i 2.k m long. For both magnots, the distance berween plates st the front ¢d opering of
the lampghade is 3.01¢ m, and the inclination angle of the plars relative to the comerling of the megmet is 37
degives, For the north maapnet, the plaks separation distancs at the backplate is 3494 m and for the south
roagniat the separstion is 7,234 m. The lampshade is constructsd such that sach of the three top plates {10,
12, and 2 o"¢hock positions) arz macde up of two plate gectious, one which i3 fixed md the other retraciable.
The fixed plate is located st the apen end of the lumpshade, The transition berwesn the bwo plate sections for
the north and south magnets ere at sn axial distance of 1.4 m and 0.9 m_ respectively. The retractable plates
are balted i the fixed plates and to the baciplate using 24 wen dismctor bolts. ‘The piston iz shaped lke a
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an off cone, with a lnldngraemﬁ.mfimlhuiunrclaﬁv@mdummﬂmhﬂe. For both magoets the
cone diameter ai the opening is 0.704 m,

The internal lampshade volume is a quantity whech 2 required o calculate the average detestor gy
concentrations within the magret, The Inmpshade internal vohime can be estimated by treating it as 1
truseatsd cone,  The volums of 8 cone is given by 1/31R2L, where R is the bage radiva mod L is the ocope
lengih. ‘The volume of a tnmeated come is given by 13(R2LrT), whens R and {, is the hase radins and
lesigth of the total cone, 1 1 the radins of the opening of the trncaied cone and L1 is the Jength of the
truncated cone. For the parpose of cakoulating averags detoctor gas oonceztration, a conservative egtimate of
the Innpshade vohune iy mads by taking the cons dizmeter to be the distince between opposite plaie inberat
surfaces. A similar calcalation is perfrmed 1o ealoulsts the volume occapied by the piston For the lacge
Mison Magnet, the intsrmal lampshads volwne, Vs, and piston volume, ¥, is

Viu = 13'{4:51{&.31-1&’(2.1:}: « 1M1 m?

Vep o %{1_112{&3}43511(1&)] =79 m?
yichkling a net imvicrrval fro volume of 136.2 11", Few the small Muon Magnet, the internal Ianchade volume,
Vs &nd piston volums, Vg is

e " g{a.ﬁzlm.z]-ul!p.m} = §L.1 m?

Vg = 1;{13.846‘{4.3} -0352°2.0) = 3.3 w®

Zivilte a ned inteynai Hres volume of 57.8 m®,

An iscbutans-setraflucromethane mihire is uped in the Muon Tracking detactors which are locaved within the
magnest lampshades. There ert three detoctor stations per magne:_ each filling the mtamal cross-scctional erca
bebween the lampshads moer surface and the piston. There 19 ooe detector at the lampshade opening (120
Iter 2as vohue), coe up against the back plate {710 liter gac volume), and the third one roughly midspan
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(530 liter gns voheame), The botal detector gas vohune is thus 1460 iters, or 1.46 m® 1f we assume thze all
e detector £as mives with air in the magset Inpshade, this yields for the small magnet 8 mixters of 2.46%
by voiume debector gas in air, and for the large magnet & mixhure of 1.06% detector gas in amr.

$312" Lamgpshade Explosion Fresare

For this DIBA analysis it is asgtmed that all dezcir gas sverary is neeased within the msgnet lampehace.
It i3 further aysmad that all the detecior gae mixes hoowpensously with the: svatlable ar and then ignites.
The peak presours produced dirng combusticn witisn the nwagnet is assumed so be the constamt volwm:
pressume for the mixture, This ssswsiption i§ very conservative beemec it implies a camplete and iseatropic
burn, and e inpoctantly, does not conside the veating of the zas during combustion trough the magnst
Cpenmy.

As shown in Tabile 2, the detectors use 3 50750 mix by volume of isobutans (C H,,) end tetraflucsomethane
{CF,). Texafluoromethane whez mined with sir is nooflammable. Howecver, when biurned in air with a
combrastible gas swmh &3 isctatane, CF, breaks down to form HF exothermically The STANJAN spexics
Jata files do not inchade CF, or HF a0 it i ot possibie 10 calculars the constant volume pressure for the
imes o questios. Using STANJAN the constant volame poessuns fior ischutane in air was calculated Sor o
range of mixtures, soe Figare 3. For the small miagnet, the detector gas muxture wobuie is 2.46% of the total
Tampszade volune, therefors the reaction equation 3

1CJT 4 *1CF,+ 79300 210,40 19N,) + 500, 3H,0+4RF+10.20,+52.6N, a4

For o adiabatic constant voluroe reactics, e intens ensrgy, Y, of the products and the resctants is
equal, where o wnd 1, are The number of molcs and malar specific imemal enargy for compound constitoeat §.

Suml-r':lnﬁ. 10 i e 1'IZI'.2|:‘r,_,J=I -ﬁ!.ﬁuw= = gy Hiap 4 Iﬁ.‘?uﬂsﬁl_ﬁuﬁj (15)

In terms of molar spesific enthalpy, b, and using the idead grs squalion of staie, i.e, a=h-Pv =h-8T
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Shep, *My o Shype 10 20, +62 60y B4R, = hoy vhe +16.Thy +626h, ~BL3RT, 1)

- where: 3t is the Universal gas constant, T, and T, ave the tomporatarcs of the reactants and products,

respectivaly. Theenthalpy of » coxmponnd 4t » state other than the standsrd state of 295K and | atm is found
by sdding the specific enthalpy change, Ah, hetween the standard stan: wnd the sitc of intecest to the
compounds enthalpy of formation, by, ie, b{T,Fy=k + h Substitating inte equanion 16 yields

S(dh)g, +3UA B o AR g+ 102k > BR), +62.6(F 2 2R, ~34 BRT, =
oy, Hhdcr, 416 Th),, +62.6h),, 81 3RT, (7

Nogz, the heat of Socnation For stable clomenis soch as O, and ¥, is zero. Rearranging vields

W, iy o -4k e, e,
- S8R}, ~ M)y o~ AR) g~ 10.2{A),, ~62.6(AN),, +84 SRT,-81 IRT, a8}

where the expression on the loft hand sids of squation 13 is refarred to ag the reactant mixiwe"s heat of
combustion, H, The constant volhme combustion teraporwurs is obtained by iterating the product gas
emperaiure until equation 1B ig aafishied. Using the oquation of state, the product gas temperstins con. then
be: nsed to determine the constant volnme precgure. Llsmg the TANAF thevmochemical tables (Chese et al |
1985) for the individhwl hents of formation, s beat of combrastion for the reaction given in squatics 14 is

Al = 5(-394)+3(-242)+4(273) (- 1320 {-933) « -2TIKS per mole CH (19)

If wo now ignore the CF4 in the detector g, teating it ag air, wnd ool consider the isobutane we get the
following reaction for the eame 2 46% demotor gas mitwre ( 1.23% isobutane mixture),

1CH g *79.3(0.210,+0.79N,) = ACT+5H,0+10.20,+62.6N, an




The corresponding heat of combustion for the reactant mixture i equation 20 is

AR, = H-394)+5(-242) (- 132) - -2654KF per mole C M, 1)

The heat of combustion for the mbsturc with both C,H, , and CF, (equation 19) is only 2.6% higher than the
Ild:ufuunhumfwthemmn with onty C_H,, {oquation 20). Thia 1 because the enerpy relensod from
Mhﬁmdmhwhhwwmm&CFﬂhﬁﬁhﬁnmh@hﬂﬂf
forzation. Fortherasn, the major componesis of the product gas, &.8., O, sod M, remain the sume.
Theredore, the oonstant ¥oluries presesrc for the ictunl sixtor, ss ghven in equation 14, will be afmost
idexical to that for the isobutanc-air mixtuwe gives m cguation 20. As a resuk, the peak pressure expocted in
thc lampshade ean be obtained from Figune 3 by treating the CF, s air.

For the smalf Muon Magnet, the isobutane coccontration in air is 1.23% () <., haif the 2 46% detectar gas).
From Figure 3, this cormesponds (0 & constant volume pressere of 5.5 atm. For the large Muon Magnet, the
isohutans concentration in air iz 0,53% (.6, half the 1,06% detecior gas). From Figure 3, this conresponds to
& comstant volume pressure of 3.1 am

523 Stroctaral Response of the Moo Magnet Lampshads

In iz section, the responge of the § mm thick retractable lampshade plates 4 the caloulated sonstant volume
pressre i analyzed. The shapa and dimensions of the lampabade plates are shown in Figure 13b, notc the
dimensigns not in brackets arc for the larse magnet and those in brackets are for the small magned. Each
plnteis fastend at both cads using 24 e diameser steel balts. For ths Iarge magned, there are 8 bolts
nmning the: Icngth of the “long” plats cdge, and 5 bolts tn the “short™ plats edge, soc Figure 130, Fer the
smaller magnet, there: ane 6 bolts nmning the kength of both edpzs. The bolted plate adpes will be treated 25
ficed boundary conditicns for the purpose of the analysis. The ivkomal combustion preseure apphies 2
unifortis Jond across the entire plate. This Joad is transfexred through the balts into the megnet back plate and
the-fixed lampshade plates. In the analysis the stress o the bokts and plates ar determinad and sompansd
with allowahis stresses fos the materials used,

Stnwdard sohutions for uniformly lozded trapeanidal plates a0 s available in the lilestore, Therefors, the
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plate is enalyzed 25 2 beam of constant orosz section with » uniformly inereasing Icad, 35 shown in Figoe 14.
Where 1 ig the it load (Newtons per Linear meter) and is given by the product of the pressnre and beam
width, w, '

F
E-EI:HP m]

As showm in Figure 13, the end of the beam dosignated as 1™ corresgonds to the sbert edge of the Inmpehade
plats, und the long adge is designatad by 1 *2" Sings the plawe is boked in. place, the bea i trestod as baing
fixed ai both ends, which results i3 reaction force, R, and reaction bending moment, M, at eachend. The
Rollowing are cxpressicns {Roark and 'Warcren, 1973) £ the maction forces

1 3
B= ool v 2 e @3
1
R, - 5 (. +g) - R, (24)
and the eaction bending moments are

M= -l gd? - gt (25

1 ThL 30 9 }

| _ .1 : _ 1 2
M, = Ry + M, - 3 g - r3 (g~ M (269

The reection forces and bending maments ane: different for the two plates since the presome Ioading, P, is
different end the cngth of the plate, L, is differsar Table 4 sorenarizes the reaction forces end beading
moments calculated usmg equatiens 23-286,
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Table 4: Summary of the reactice forees mnd bending moments

Muen Length, | L & B, M, Ra M,

Magoct {m) (}/'m) (N/m) () (Mm} {N} {Nm)
Largs 3631 | 2I2P, | 3932P, | 483tF, | -3.26P, | 6153F, | -3.524p,
Strall 2379 | L81OP, | 29%6R, | 257¢F, | 10437 | 3141F, | -1156P,

whers T i3 i units of Pascals (N/m®) and the snbacripts | and s correspond to the large and small rapnsts.
respectively. By convention a negative vahis for tho bending moments places the top Ebers of the beam m
tengicst

Boft Stress

The load per bolt is obrained by using the cxpressions for R, and R, it Table 4 to detexmine the total cdge
reacticn force for each of the plates using the raspective magnet ponstant vohune pressures, outlined in
Soction 5.2.3. The bolt oad is obistued by dividing the total reaction force by the mmber of boltg on the
platz edgs. For exampic, fix the large magnet the aversge isobutans comgenbration 15 0.53% whick vields a
cnstant volume ovarpressure of 2,13 atm, or 215.7 KN/m®. Using equation 23, or Table 4, this vislds a total
reaction force alemg the short odge of the plate (R, of 1044 KN, Since there are 5 bolta along this cdgs, the
lond per bolt is 209 KN, The results for all the boks sre summarized iz Table 5.

Table 5. Sumanary of the bolt loads

Load per Bolt (KN)
%CHo | Overpressure Large Muon Magnst Small Muon Magnt
(KN#n?) Back Froot Back Front
| (RfSboks) | (R/Sbeis) | (RSSDeiis) | (R/6 balts)
123 4559 239 196
0.53 215.7 165 209

The tensile strengih of the 24 mmm bolts used is 441 KN This gives 4 safisty facter of renaghly 2 for the
lughest loaded bolt corresponding to the back edge: of the small Moon Magnet
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Plare Siress

For the boumdary and loading conditions, the maxirum bending monyent in the aatize beam is M.
Therelime, e maxinnmm fiber stress in B¢ plate at sy Grosd-soction i3 given by

-

.M N
T et @)

where ¢ iz half the plate thiclowesr, w is the lng edge plate width, 15 the section momeat of Detia (1=
w(2cy/12 Sines the maxiomom bendieg sircss oocors at the edges, the maximum stress will alsa be incated at

one of the two odges . A summary of the caloulated sivess finr the two plates is given in Tabke 6,

Table £: Summary of plate siresses

‘ Laege Muon Magnet Small Muon Magnet
"WCH. | Ovorpressars | Plaic Edge iy S . S
KN/
(KNm) (MPa) (KNm) (MPa)
1.23 4559 Short 4715 246
Long 327 165
0.5 2157 B Shezt 674 297
Long 760 131

Alhough the mnammiv bending on the: plate 13 located on the Jong edge, the maarmum stress is on the short
edge because of the:- gmalier moemont of inertie. The tensile strength of the steel olate aaberial used for the
lampshades is 413 MPa (60 ksi). This ghves a safety Factor for plats faikure of 1.4 Gor the lnrge magnet and
1.?ﬁm:ﬂws|nnﬂmm

3.24 Conclosions

The: malysis hea shonn thet all the balts wnd the two retractable lampshade plates would mureive an explosion
withm eher Mucn Magoet. For ihe analysis it was assuned that the explosion pressure commespezds io the
constant woluthe pressune for the mixturs. As discsed i Section 4, the constant velume pressure represcats
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the thearetics] maximumn pressurs which can be achitved by & dedlagration in a elcsed voleme. Far the Muon
Mngneﬁﬂ:isjswﬂm@:ﬂmﬂvmﬁgoﬂhﬂm&hﬂe.ﬂﬁuﬁmﬂdhﬂu&ésmmwn
not incorpecated mio the anelysie.

- 4

62  Theoretical Worst-Case Explosions

I this section, analyses are perfonmed bo determine the response of the thres diffiseat shiskding walls to
“Oheoretical” werst-cass explosions. These wonst-caso mxptosions ane considorad theocetical ginee tae
underlying sasumptions misde an ton-plrysical and s can not ke considered the coascquence of any
credibl accident scenario. Th: repults from the anslyses should not be wsad dircotly 1o pet rgulations
concaming hazard classifications o OocupauCy Testrictions b siy-of the arvas within Buibding 4 1008,

The first analysis deals with an explosion im the IR involving the fall combustible gas inventory of FHENIX.
Several nonphyvice] conservative assumptions are made: # 1y asnamed that the combugtibly gas mixes wis:
Just encough air 1o produce: a spherical gas cloud with 3 midture compasition which yield the highsst possible
mmmhmwmmmnummmmﬁmmm
mﬁﬂsmﬂmﬂaxﬁﬂu:&&dﬂn@uﬁmmﬁﬁmﬂhmﬂmvﬂmm. This
high-pregmar, high-temperaiure gas cioud then expends produzing a shack wave which intecsets with the IR
block shield wall and the closest Muon ID plate. 1t is shown it dus to the very short duration of the shock
wave loading the block wall does not move by 6 approvisble ameoumt bt is sufFicieat to tip the Mk plaic
ovex towards the back wall. This indicates that cven under this theorctice] worst case soenarin the block wall
Secves its purpose to shield persormel outsidz the TR fiom not only neutrons but also missilss which could be
gencrated from an IR explosica. The analysts also shows that the duration of the combustion product gas
depressuriration fromm the IR foliowing the shock loading is sufficicily long that the bogk wall does
callapse.

The second anelyzis icoks at the consequences of a theorcticel worst case explosion oocurs in the nerth and
south mezzanines. For this analysis if is ssqumed that the full gas inventory i3 released in the IR and mixes to
form a homepencons 7% ethans in-air spherical cloud. It is then sssumed that the hura ooours at codstant
pressare displacing the maxinmm amour of ethans-air info the mezzanines. The nenphysical assumption is
mwmwswmmmmmmmmmmammw
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“glzz"” of ges. Mmslmﬁmmhﬂmnﬂm@ghﬂmm@nmwmh_
progreasively lowering the preseurs in the slug startimg st the Goeend, The most sevem pressure time
history, cormesponding to the locarion in the mezzanines on the other side of the IR wal! is applied to the
entife wall without taking credit for wmey niditiona] venting generaied by the moticon of the top of tho wall.
The results mxbcate that even under these teoretcal worsi-case cxplosoons, movement of the block shield
walls In the north and south nvezzanines e lisnitad to Jass thie 15 om.

62  Eaplosion in the IR

In thix analysic it is asenmed, 24 in the DEA case 1, the total invenicry of combustibles in the IR {equivaiency
of 100 o of edbimnc) ace velensed and participate in the combmstion process. Oue of the main differences
between this analvsis and that of the DBA is that for chis analysis it is assumes] that the ethane mives with air
to form the moat reactive mixeors poesible. In order t achieve a mixtnre concentration of higher than 2.9%
edhame: ity i, e ethame rowest o wth ess s, A further conservative assomption iz that the mixture takes
the form of a spherical hoemogenous combustible pas cload  Clearly thers is no physical mechavizm by which
this can oceur, norssally gas diffusion and comveztion would prevent this from ocoutring. It is te iguition wid
subgequent eplosicn of s gy toud which geosrates the pressure loading on the: biock shickd wall,

The peechetion of shock cverpreenes generuied by o gas cloud explosion typically reqrires detmled
mumcrical smrdabon of compressibic turbulent reactve fows (Hpatager, 1922). A common very simple
appeodich used 1o caioulate the shock overpressune time-history resulcing from an outdoor gas cloud explogion
19 the po-called “TNT cquivedent method * This spproach is very cemmon sinos the aaly inpot roquined is the
total mnergy stored in the gea cloud. In this method the total encrgy evailable in the g3 cloud is caloulated
based on the mags and heat of combustinn of the fited. Using the heat of combustion of TNT, this clowd
encrgy 15 coaverted mio an equvalent TNT weight, and using standand biasl decay graphs for TNT
ucphmﬂnhhumumis'dummulﬁmﬁmufﬁmﬁumﬂmdmdm. This
approach is gatisfaciory for large distances, e g, energy.soaled distance (defined Iater) preater than abor one,
however, at short distances this method cver predicts g loads from a gas cloud explosion. This is doc to
fact that the energy density in a2 TNT charge is very large compared to 2 gas clowd explosion, and thus, the
pressu cloge bo the soure: 15 moch logher. In Gug anabysis e use 3 melbodology to predicl near fisld blast
QVETDIESENRS RSing an approsch ay siople as the THT equivelent method but much mare tliable,
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The: secomd significant difference: fhom the DBA amalysis is that m this snalysis, it is assumed that the mixhrs
burns at a nempivysically achievablc high rate, yiekding the maximum pogsibis combustion pressuns, 1.5,
conytunt volumc pressure. For a spherics] pas clorad this could enly be achicved if, 1) the cloud is risidly
sonfined 1 & volume cqual to the cloud volume doring the hum, ar 2) the irning st is so great that
affictively the entire cloud ignites 25 a whols {ses Figure 4), Both these rssumptions are nonphyica since
et IR, buildisg wolome is mrach larger then the asnumed spherical doud volume and ther it no meams to
accelerate the: flame: 40 such spoeds through the entire clovd.  The peessure penerated cun be calculatzd from
{he mixtwre"s composition id the cloud’s thermodynamic initial sonditions. Ongz the cloud is complemly
consuned, at constant volame, the cominstion prodocts cxpand, prodecing » sphevical hiast wave which
propagates into the suromding air, The dacay of the blxst wave, as it moves mdkally out frexn the sphar, is
governed by several parameters, including the speed of round of the gas products and the inttial energy
cobtamed within the pressunoad gas. The shock decay produced by such an explosion can be simmlated by
the preszure field genarated bry the: burgting of 2 pressoriped fangible glass sphere. This so-called “tursting
sphere™ probilem bas been studied cxtenxively both experimensaily and nemerieally (Boyer et ol., 1958;
Strelow et al., 1976).

The shock wave grnerated by the gas clond explision reflects off of the IR brlding walls and reverberates
within the butlding 1wl nonigentropic offccts dampen the sirength of the shock wave. Since the TR buildmg
has netoral vent openings, whereby the combustion product gassq tan socape, the TR preasure drops vy
quickly. The chjective of s smlysia is to determine e movement in the block shield wall resuiting from
the shook koadung wnd the degressurization of the IR Alsa, the response of the closest Muon plate to the
showk londing will be investigated.

Thmﬁmgknwﬂhnnfﬂnvmmhdm“ﬁuhnpaﬁnmdinﬂ:mﬂ}ﬂ

1) Petorrune the ges cloud diametar hased on the mixtire concentration sosresprndmg to the highest
COLSTANE VOlumé présyun:

2} Calculatz the swrength of the shock wave produced at the spherss radins,

3} Calculats the dacay of the shock pressure with distanes,

4) Detarmine the shield wall responss to the gshock werve.

5) Detormme the IR building pressure tinwe history resmlting from the ventmg of the product gas

6 Dietermine tha shield wall msponse to this depressuizaton

)




These steps are described in the following seetioms.
611 Spherical (ras Cloud Comipogition and Sioe

For this analysis it is assumed that the full 106 m® of ethane is reicasad inpo the IR and mixes with gir to
prodocs 8 bomogeneows spherical gra dowd, The size of the spherical clond, o comverschy the amount of air
i1 the clerod, is chomcn such that the resulting ethane-akr mixhire composition corresponds to the highest
constant vohume prassure. As plofted in Figure 3, the nieximm constant volune pressure is 2.43
atmospherss which corresponds to & mitors of 7% othane in air. This & slightly “richer™ ro etizne than 2
stoichicenstric mixture of 5.7% othane in air. For & mixture of 7% ethans by vohame (or by mole) in air, the
100 " of sthane iz mixed with 1328 m® of sir. Theefore, the total vohme occupied by the sthanc-wir cloud
is 1428 w’. Fer ¢ pleaical cloud this volame ceomsponds to a rading of 7.0 m

Ik is exsumed that the choud bims with »o change: in vohame regulting in a spherical volune of gas composed
of commbustion products at 9.43 strcepharss. Using STANJAN the zas temperanme and speed of sound are
2583 K and 990 my, respectively, Azsmming an idzal pas thie yields w mixtas specific heat rvioof 1.21

6.1.2 Shock Pressmre at the Sphere Surface

To calculate the strength of the shock wave which is produced ar the stan of the spangion of the combustion
products, we assume thet the high-pressure and temperature gag iy contained in a aphare. The sphese
peogressively lowering its preasure aad producing a shock wave in the surmounding air which propagates
mdially curwards. Asmuming that the shock wave 35 locally onc-dimmsional at the spbere’s sorface, whick is
& good assumption fbr a largs radius, the following expression (Lispman and Roshlca, 1967) implicity gives
the shock overpressare, P, uafmmhmafthemhﬂsphﬂmewthﬂmonfﬂuspmﬁnmm
the ratio of the sound speeds. ¢,

—_ 12, '
%-' '; 1- e R | (24}
21 00, 0P
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The pubseript “o” refers to conditions i the sumounding air and Plisthnl:lim:mimlﬁﬂhmkw:rpmm
which is given by (B/F, - 1), The initzal midinee consists mainly of sir 50 v, = 1.4. The spoed of sound in aic
2t 298K a7 1 atmosphere is taken to be 340 mis. Inserting these valucs, along with the vahus for the sphere
gas'given in Fie Last gection, into equatios 23 and iberfing for the dimensionlisss shock averpressrs yields 4
vaiue of 4.2, mwsMWMnmm’smfthlenﬂj
abmnospheres.

615 Shotk Pressure and Impulse Decay With Distance

The shock wave's streagth is maximmum at e point whene it i generated at the sphere radivy, Once the
memmm&mhrﬁuﬂ@hmmdummﬁgmhmm
within the shock sphere. Unlike in the problem of a point-source explogion, which lends itself to an analytic
sohution, the bursting-sphare problem docs pot have a cloesd form solution. Numerical studics have been
made o determine the shock attoruation az a finction of distance for spheres of various initizl pressores,
temperatures nd specific-heat ratios (Boyer et ol., 195¢; Baker et al, 1983). kn these calculations the sphers
1§ treatzsd somply as an interfacs betwemn the sphere gar and the suroumding gas, i.e. the caleuiations do not
mﬂurﬂuht#mﬁmﬂﬂmwﬂwﬂhmﬁaﬂmﬁmm-mmmmw
sgresmont with experimental resulis obtained nsing actual burstng pressurized plass spherss.

Belecy ot al. (1983) have » graph, reproduced in Figuee 15, summazizing the resulis of their caicolations. The
graph plots the dirmengionicss shock overpresaus versug the dimensionless-sceled distance, that iz defined as

Fl
- o3 19
R r (29)

where 1 is dimensional distance meamured from the: center of the sphare, and E ig the initinl sphere energy. To
use the graph, ene locates the peint thet defincs the initial shock-wave conditions, which is given by the initia!
dimenseonless shock overpregsore and the scaled initisl sphwre radius. The decay in the shack ovarpressure is
obtamed from the graph by followina parallel the warest corve.




mm’sﬂﬁﬂmyhmmhhwmwwhmEMgu cloud, The
numnber o moles of ethane in a 7000 m’ vohame of gas at 1 stmosphers and 298K is

. F¥ _ (101300000.0) _
.. ARG 4071 moles

(30)

where & is the: Universel Gas constant (8,314 Jimol K). The melar heat of combustion fir sthane is
dstermined in a fashion similar to cquation 18, i,

AH, = Z(h;m"-r-:i{h)@ ooy, = 2-3MBI(-242)~(-85) = -1599 KJ per mole CH, {31)

whers the heat of formation of ethate i vaken Froem Weast (1980). Therefors the initial sphere enargy ic
4077x1599= §519 MJ, ot 1442 kg of TNT, Taking an inifial spbere adius of 7.0 m, and energy of K519 b,
equstion 29 yields a scaled distanoc of 0.17. Taicing the dimensionless initial shock overprossune of 4.2, as
caiculated in Section 6, 1.2, one can now identify the initial condition pedtt in Figure 15, Table 3 pivey same
sample points takien froe Figure 15 for a lne starting af the initial condition ard ranning peralle] 1o the
nearest curve. Alyo shown in Table 7 is the nondimesicnal impulee which is plotied as & fimetion of the
scaled distance iz Figure 16 (Baker et al,, 1983), The nondimensional imgualse is given by

- (32}

from wiych the dimensionsl impulse can be obtained




Table 7: Decey in the shock overpressors and impulse with distanee

Shock Radius - _ Dimensionlezs | Shock Impulse
) R P Stock pmgutes | qust)
70 Q17 42 39 4654
il 18 410 s 4179
75 020 i85 27 3124
o0 0.2 34 25 2985
9.5 0.4 il 23 246
1.3 .29 15 17 2030
122 330 24 16 1910
14.0 G35 21 14 1672

The: shack londing that » ngid il will cxpeience depends on the orientation of the shock wave nelative to il
If the shock wave propagates parafiel o the wall, it will experience the static pressure behing the wave, also
referred 1o as (be sideom peesnme. I ihe shock waves is reflected off the wall, 1t will experience a dynamic
pressure, which iz aszociated not only with the =hock wave bid 2lso with the deRection of the flow behind the
shock wave. The tmaopurn shock loading on & wall pocars when ihe shock wave is refiected normatly. ‘In
this case, 2l the flow behind the shock wave is stopped, and the presaure is considarably hisher than the sids-
on pressure. At the acoustic limit, associaled with very weal: shack wavey, the riflectsd shock overpressurs is
twice the side-on shock overpresgare; fior very strong shock wives, the amplificstion can be cight times as
hugh The dunensnicnless, normally reilccizd shock overpressure, 1 related {0 the dimensicnbess side-cn shoclk
overpressure by the following exprassion (Baker et al, 1983)

.
AP P i L (33)
A-DF * 2y

For oblique shock reflections, the ratio of the reflacted and incident shock ovespressores is also a fncton af
the: wogle of incidence, which iz defined as e angle between the incident shock and the reflecting wall, e.g.,

for a normal seflections the iscident angle is zern, For incident angles prester than 40 degrees a complex
shock reflection phenomencn, referred to us Mach reflection, ocors. For meident angles less than 40 degnecs
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one can use aquatioa 33 1o predict the refleetod shock overpressure (Baker et al., 1983), Tabie § gives the
reflected shock overpreasure calculated using equatinn 33 for the inpident shook overpressure given i Table
7 ut various distances. Also given i Tabls B iis the reflestod shock impulse winch is txken to be proportional
o the satio of the reflectod and incident shock pressurs,

u T

Tahle §: Decay in the reBected shock overpressure snd impulse with distance

(m) tmprols
 (Kam?)
7.0 42 17.9 16,9
71 4.0 16.7 143
T4 36 14.5 10.9
9.9 14 115 94
a5 i1 11.9 3a
118 15 90 58
122 | 24 £ES 53
14.0 21 71 4.4

The nondimenxicnal incident and reflocied shock overpressure from Table § 29 plotied and carve fit as a
function of distanse in Figure 1 7. The curve fit for the reflexted sverpressure is

L)
P - 4127411197 4@ {(34)

whers R 15 donensionsl distance from the sphare comter.
.14 Wall Averaged Shock Wave Pressure
The shock wave produced by the explozion of the spherical cloud is 2lso spherical in grametry, g, shock

spherz. Thersfove, the koading on a planar surface, i.e., the Muon plate and block shicld wall, is not uniform.
The mcident angle and strength of the shock wave that reflocts from each point on the surface with a Fifferent

17




distance fraem the center of the sphere i different. The shock wave is Siroozest at the closest point on the
plamar surface to the sphere contey, The:ditmee from the sphere somt te the closest points on the block
wall and the Muon plate are 7.9 m and 7.1 m, respectively. Nese, the sphere iz nnt contered vertically with
gither the hlock wall cr the Muooe plats,

Calculating the sverage pressurs an 2 plansr ractmpnlsr sudface such a6 the biock wall o Muon plute is
difficult sincs the pressure: drops off radially fom the point of maximwum pressure on the plate (i.c., shortest
distance to sphere center) zmd this point of maximumn does net carrespand o the canter of the plats. The

'appmﬂuukmhei:mdeﬁu anqu'ﬂlhltdl_wln' nte send dedernine the sverage pressune usng the

shock wave decay data from Figure 17 1o get a pressure plate-radine profile. The average pressure on the
plate is oblamed by integrating the prassude over the piie arsd and dividing by the plate area, 1o,

A
2n 1 Pr) rdr
o . {H as)
< ﬂﬂﬂ

where ¢ is the radial distance from the center of the circular plars, R is the radius of ¢he ciroular plate, and P(r}
is the pragsume-radius profils on the plate. The Rmetion P{r) iz cbtained by obminmg the reflectad shock
ovepressure ot several radii cn the circular plate, usmyz the distance from the cloud center to the radhus r on
the circutar plate and aquation 34,

Biock Wail

The area of the block wak exposad bo the blast wave ig 14x18.6= 26{.4 o which vields an equivalen:
sarculer area with radius 2.1 m wluch 33 n distance of 7.9 m Som the ceaiter of the coud. Therefore, the
distance from the clotd ceaner to the edpe of the circolar plat iz 12.1 m. The reflacted shock overpressare 2s &

Ffunction of plate radiug is given in Figone 18 (pote: 1 is ot the disiance from the sphere center). The data was
curve it to ghe

Py = 15.244-00313r-0,1537r2 40 00847, (36)
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Prerfonmung the wbegratvon shown o equation 33 vields i avérage pressure of 11.2 atin. The corresponding
zverage impuise is obtained by interpolation in Tables § 1o give 7.9 Kis/m’,

Muom Plase

The area of the Mooo plate is 10.7x13.1+ 1402 m? which yields g equivalent circular arex wilh eadics 6.7 m
which is & distancs of 7.1 m from the: conter of the clowd. Therciore, the distsnce from the clond conter to thy
sipe of the gircolar plat is 98 m. The reflecied shock overpressure as a fiunction of place radins iz alse piven
in Pipwre 18 The dath wraz curve fit oo give

Biry » 17,3206 +0.0134r-0.2271r%+0.0}45r2 {37}

Pﬂmkﬂmﬁmmtmﬁméiyﬂsmmmﬂltﬂm The corresponcting
rvorage mpulse, obtemed by interpolation, is 104 KNs/m®,

615  Quasi-static Pressure Decay

Ag described m the previous seoticns, the cxpangion of the hiph presimee spheical gxe cloud prodoess 2
thock wave which propagates radially oatwards and reflects off the firet Muon plates and the block shicid
wall. The refiected shiock wave then peopagates across the IR and reflacts off the opposite wall. During this
trangit the shock weres: weakens du 10 noteseniropic offscts assoristed with shock compression. These
reverherations coatinue until the shock wave energy is dissipated into the IR, gas. While the shock wave
Teverbarations arc ocourring the spherical gas ckoud cxpands quch that the extent of the cloud increases s
ihe averags cloud pressure decreases. As the cloud valume incresses it prossurizes the air in the IR wiuch
wa cutzide the bounday of the mitie! gus cloud. Under nexmal conditions, as the air outside the gas cloud is
compressad it starts 1o vent oot of the IR For this snalysis 1t is sssumed, conpervatrvely, that venting does

~ not start unril the gas clowd sxpansion is compiete. An estimate of the IR average pressars at that point can

be obtaized yimply by adding the initial siored chemical energy in the sthane imte- the full ges volume of the
IR, which mcludes ell the cthans wod ar, Thii is poasible becmmse the ensrey carried away by the shock wave
from the gaa cloud is retumod oo the: gas as a Tesuit of the nonisentpopie shoek Teverberatioms. One cen
asamr: that ll the chock encrgy i retmed to the gak oha time scale which is comparable with the expansion
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of the cloud to the full volume of che IR If the energy 2 reléased istntopically, the maximum IR pressors is
equal to the constant volune presaure for the cthanc-air mixwre comesponding 1o the dispersicn of the full
ethene mventory mbo the IR, ic., 2.9% othane. From Figure 3, 3. 2.9% ethanc in air mixture vields a pressure
of 6.2 gim. The IR (ien depressurizes with the vonting of the gas through the natural Faced and variable vent,
areds Gutlmed n Seviion 5.1.1,

Fized IR Vere Area and Voiume

The IR pressure decays enponeniially starting from s initinf predsuoe of 6.2 amm.  The: blowdoum duration,
which 2 the e requed for the IR prossme to drop to atmospheric pressurs, is a function of the IR volume
surfsce area and tha speed of 2ound of the gas being veuted. The scaled blewdown duration, <,

= o

i5 plotted a8 a funcoion of the normalized ivitial pressae m Figare £9, which is given in Baker et ol (1983}
few & fixed vent wre. For a scalod indtial pressure of 6.2, Figure 19 yiekks a value of 0.85 for the scaled
blowdown durarion. Using the vwolum and fixcd wnt greas determined in Sectios: 5.1, e, V=3350m®
and A, = 17.] m®, and n speed of sound of 521 as caleulstad From STANTAN for » constant volume
combustion process for a 2.9% edhane in air et yickds 2 blowdown duration of 0 203 .

A model was developed to predict the presanre time history for 8 veated volutee with fixad volurse and vent
area bo roampare with Baleer's prediction.  The madel is oatlined in detsil in Appendix D whar the final
expreasion for the pressore trme history is given by

A et . <L 5
£oafe z*llrf";‘}*f-“]ﬁ (39)

where P, is the initial votume pressure, Ooc can see that equation 39 has the same pargmetsr grooping used
in Baker’y exprospion given in cquation 38 For a fixed vent wea of 17,1 m® and 3 specific best ration of
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126, as calculated using STANJAN fiar the prodiet gas condition aftcr » constant volume burn of a 2.9%
ethane mixiure, equation 39 reduces ig

o .-'t (L7 IME2T e ws| ME _ . 5T
! [1 UTXEE | = 11 v 03200 (40)

)

Usmg equabion 40, the tme for the IR pressure to drop from an initial pressors of 6.2 ot to a pressare of |
miﬂ.ﬂ?gmhﬂmsﬁmmmmmmBM'mm

Variable IR Vent Area and Foluma

In reality, durmg the IR blow:dosn the pressure induees mation in the block shickd wall whick creatas a
varishie veat atéa Datwesn the top edgs of the wall end the IR buikiing, Furthersuore, as the wail moves, e
efficetivg volome of the [R inceases. Both these parameaters sohancess e presswee drop micin the IR, A
second hlowdown model, given in Appendin E wag developed &0 inclode these effects. The modal requines
the intgration of the following cquation

' 3 ’
@ l{'!r-li Fav {41)
ol '|r+1 ¥l

where the Jast term i aitritrabed divectly to the change in volume of the IR as the wall moves foewerd. The
wesit ares A, meludes the fixed vent area in addition to the variskle vent area and the volums Y i3 egoal to the
initint IR wolucve phus additional vobhume crasted by G motion of the well. These two varishle ccmponents
of the vent arca and the: IR, vohune are obtained from the wall displacement.

614 'Wall Response to Shock Loading and Blowdown

In this section the response of th: block well to the prassure loading associated with the blast wave caloulatod
in Section &.1.4 and the blowdown calculatad in sectiom 6, 1.5 will be imvestigated, Thess two loadings cocr,
1o & cerixin exieri, simultansonsly. In this analvsia they will be troated sequemtially. Racsl] from equation 6,
the minimm: IR everpressure roquired to translaie the wall is 0.273 atm. In this scenario the TR pressmre is
almost atways well above this value so the wall docs translatc. Notz, that since there is also a refational
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toequs on the wall, se cquation: 10, the wall will also rotate, For simmplicity ooy the ranslational mation is
moxdzled here. The translational moticn of the wakl, which is eated az a single unit, is cyloulated using
Nawtons Law, applied in the dircetion of motion, 1o ive

o 4, -
=% - (-ﬂ—l AP -u g M2

whet: the two extemal forves scting an the swail are the presswre forve and friction forca which ix taken to be
propoctional (o the weight Of e wall. The wall coefficient of friction is takes ko be 0,7, Inbegration of
sqqation. 42, with p incarly docaymg pressure, ie., P =P, - ki, yields the wall velocity

A 2
¥, = GNP - i @3)

and intzgration of equation 43 vickia the wall digplacement

Wy

r

A P’ g7 p, gt
£ lM_,H 7§ 3 &)

Wall Motion Due 1o Biast Loading

The wall mobon dus to the blast loading can be cxlerlated weng squation 42 with a specified prezsure-time
profile. From Section 6.1.4 the peak svirags wall prossure is 11,2 atmospheres md the impulee is 7,9
KNs/n¥' For simnplicity we will assuming 2 livear decaving pressure, ie., P = P, - kt, whers P, i the peak
wall sversged shock pressore, and the constent L iy given by

P F
k= _=
- F | 7 i} {45)

where T is the time for the praspure bo drop bo | amosphers and 1 is the impulse. Substinmion of the peak
will presgure and the impalss into equation 45 yields 2 value of 31470025 fork and D.0139 3 for +. Taking
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this walue of k, cquations 43 mlMyinldnwﬂlwhcit}'mddisplmﬁl,iﬁmfum'lﬂ.ﬂl’?m. T there
Wmmmdﬁm&mwmwﬁwﬂmﬂdhmmﬁmwk
apainst fiction. The tofal displacczoent of the wall would be 0.232 m.

Welli Afotion Due to Blowdown Laading

n oedet to dovermine the wall motion, pquations 41 md 42 are integrated simwiltanecusly using MathCad, sos
Appendix F for the MathCad worksiseet (PHENTX 2). The physical dimensions wsed in the calcultions sre
the £ame s thosc sed in Section 5.1.4, The flloving list providas the indtial gas blowdown condition
cbiained om STANJAN by caloulating the product gas condition For 2 cotstamt valume combustion of a
2.9% othans in xr mixture: '

Trabal Pressime = §.7 abm
Initiz) gpeed of sound =321 4 mis
Ratio of specific hests = 1.26 (treaied 2= constand}

ﬂmmﬂiﬂwnﬂwhdwnd&ispmmtmthumﬂmnfﬂuﬂmm,muﬁwsmdﬂ.ﬁl?
m, respoctively, Figureiﬂgimplnlsc-fthspmﬂimdﬁmhimiaofthamprﬁmbhckmlhdudﬁr
and &splacerpent. Iscluded in the pressure plot is the Baker predichon (se¢ PB curyc) and the prediction
bag=d o fixed vent ansa and IR voluros from equation 40 (st¢ PP curve). From the presswre piots it is cleer
that inchading the variable vent ares and volum has a grent ¢ffect on the blowdowm rate. For the variabic
m,hmmdmps&mihﬁiﬁﬂvﬂmmmmphﬂpmmhmu.zﬂs. By this time the wall
hﬂ;hpldrmwﬂ.ﬂmmdﬂquhdn:bdtjmfliim& From this tere of, there is no net preszrs
acting cn (e wall ad 1t comes to vegt e to i retanding frictionsl focoe. The finsl displacement of the wall
is roughly 20 £ Realistically, by a cozbination of the torque on the wall and the limived sifl width o which
the wall stands, the wall weuld collapae bafore achieving such 8 displacemens,

6.1.7 Muon Plate Respoust to Shock Loading

In this section the response of the poarest Mnon plate t the blast lowding given in Sexticn 6.1.4 will be
discumsed Thﬁmmqﬁtﬁhqﬁﬁh#ﬂupmmmaﬁﬂﬂdanfﬂuhﬁmph&ﬁgﬁmmgh}yhy
thn_ml_m:ltripliu:nﬁurasumdmemwﬁmwdﬁufﬂuplmwﬂmﬁtumﬂbﬂmﬂwdp
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ol the plaie,  This ransit time is about 0,031 g which is longer than the blast duration. Therefors, the
presauwre differencs: acoss the hMuon plate can be taken to be the blast overpressure. The Mura plate is
anchored at the bottom and caly lighthy beld in place ai the top. For the anabysis, it is wyaumed that the
congitraint ou the top s rdicved wstantancously and the plaic pivets wboat the front bottom edge. An
wdmiﬁmﬁrﬂﬁnmlrmudnﬁmufmﬁaplmfmm:ﬂmﬂgﬂg&mhﬁppuﬁkﬂmm
10. Simplifying for a slender plate md considering & Lineardy decrying pressurs, vickda the following
expresson for the plate tilt aogle

A= m"' "P"’ri - .ﬂ_!]
1 2z & {46)

3 8t

whcre H is the plat balf bright, P, is the peck average blast pressure calculatsd to e 14 st in Soction
6.1.4, k is ufined in equation 48, From Section 6.1.4 the impulee is 10,4 KNs/m?, which yickls a vakae of
96696604 for k and © is 0.0147 5. Taking valuts of 140.2 2 for the plate arca and 109059 kg for the plate
maag, equation 46 yickds & tilt angle of 0,073 radians (4.2 degrees) at the end of the blast Joading. The plats
suahility tikt angle iz omly 0.5 degrees, $o the nists topphs over.

615 Conclurians

The: respanss oof the block ghicld wal! and the closest Moon plate to a theoretical worst cass accident is
presentzd.  The socident scenario considered is considered thenretical zince noaphysical spnmmiplions are
made concesning the mixing of the ethane with the air to form a uniform mixture with the moxt reactive

compusition. Furthermore, the combustioa of this usconfined mixture is 2asumned progress st an infinite rat.

The analyss demxnetrates that wunda these assumplions, the block well collapses and the Muon plats topples
over creating & domino effiect wherety all the plates would topple over sd ond up agumst the IR wall. Both
thess autnomes are confmed to Buildmg #1003, The snalysis also shows that the block wall is infleanced
mare bry the longer doration TR blowdown than the blast wave loading and rherefore the wall acts as 4 blnst
shichd 2z well az a missike shicld for the inhabited sections of Building # 1008.




62  Explosion in the North and Soath Merzanines

h&hmahwismmmmmthuﬁhﬂafmamlmimmﬂublmksﬂddwﬂhhmmﬂwh
Mezzanines As in the last zection, many conservative annphysical ssemmplices sre made classifying thig
advident soenario as 2 theovetical worst case for the block walls 7 the Mezzanines, Since the analysis shows
ibat cven with these extrmme assumpions, the effect on the walls is minimal, ons can conchude that under
moee nealigtic accident conditices the affect on the walls wocld be miniimad.

6.1 Description of Phenomesan

saurces are an integral part of the deiactor. Any involvement of the Merzanines is through the venting of
edfiver bamted or weibumned gan from the TR theough the ficed ventg, i e, gap betwoen the last Muon plate and
the IR wall. In the case of the theortical accident soeneric of Saction 5, caly combustion product gas wnuld
be vented inte the Merzaning and REIC teemels singe the combustion of the cthene is assumed mstantancous.
Uzder thiz sosnario the only pressurization of the Mezzanines woald be due Lo the pressure drop associsted
with the: flore of the oonibustion products through (e Mezzanmnes and down: the e, aod there would be no
secondary explosion in the Mezzenings, Under the DBA described in Section 4, the venting of the [R takes
place in two steps; 1) inkumed combuostible gax ix ventad due to preszurizarion of the IR and gas
Sisplacement caused by the fiame ball, and 2) bomed gas is vonted dre 1o pressurizasion of the IR, Unbumed
p3s venicd mio the Mezzenme vould then be ignited by the flame witch precedes the venting of the burned
285 If opa considers the DBA inbumad p2s is vented inb the Mezzanines at relativaly low flow rates since
the prosqurization of the IR 13 very low, asc Appendie A oquasion 7. The flow welogty theugh cach vent arsa
stants 2t practically zam ncroasing proportionally to the IR pressme. For example, for the DBA with the R,
wniformly mixed with 3% ethans, st fis pealr, when the flams resches the walls end the pressure i 1.057 atm,
Ut Berey velogaty I8 sbout 10 i, I the waorst case, where the butniing inwolves a stoichivmoettic suxtute, the
flow velocity at cach vent arce is about 30 mfs,

As the unburned gas is vented, it mixes with air in the Merzanines dus to turbulence senerated by the vent
flow. The degree of mig depends on thic veut arce flow veloaily, For » vory low Sow velocily the mixmg
is very small and essentially a “shis™ of vented pas forms in the Mezzanines. For a highar flow velocity, the
degresof miving is higher and the vented gas is diluted with air. Sinoe the higher vent ares flow velocity is
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ssociaved with the venting of 4 moce reactive mixhers, Le., higher sthane concentration, this process is self
limiting since thess are the mixtares which would remlt in the most sir divtion,

Onca the flame reaches the vent area, if the clond formed m the Mezzawine is within the flammability lmits,
i is fpuied. The reaction rabe Gepende ou the compositos of the cloud and the level of turbulencs withic the
cloud, This reaction rc detcrmines the peak pressurs which is generated in the Mezzanines. Tl inpulse
delivered ta the Mezzanine block walls depends tm the voluns of fise mixture that bums. For example, if 3
rd] cloud of very reactive mixture bums the peal presxure may be high bit the impulse will be: Lyw_ This
vohune depends on the composition of the combustible prixture in two ways: 1} the higher the cthans
concentrwhion., the smaller the cloud sizz iz o the IR {zince there ix Jess air mixed with the 10C »r® of ethare),
and 2) the higher the cthane coocentration, the higher the hurnina rate, the higher the pressurization i e [R
anid thas mors gas is burned in the IR and less is vented into the hMezsanines,

For the snalysis, all the assumptions made are very conservative and ofien noaphysical. The ahove
Giscustion of the plenomenon mekes 1 cear that the conservabive chonce of the mixiure compesition is not
straightforerard since there ans many cotipating effects. For this anetvsis it will be ononcd tat o
nonpityysical spherical clond mixture cootaining 736 ethane forms m twe IR, Racall, this is the ethae-air
mixture with the highaet constent volume peesere. This shoud then bums at a nocphysically show tats, ic,
oo IR preszurization, s as oo maximize the amownt of the g cloud which i displaced imto the Mezzanines.
Ths displaced go9 cloud docs oot o with the ait in the Mezzanine and then bume at infinite rai= produeine
the constant vohame pressure for the miture. This last assumption is bon phyviical suce the constant vohome
prezsure itifery & bum with very bigh twbulenre which contradicts the sssumption of no mixing of the
displacad cloud and the Mezzanine air  The combugtion of the disnlaced, undiluted clond produees wm equal
volume of high presqute and temperatars gas in the Mczzaning which then expands imto the RHIC tunne!,
Dhrng duz expansion the Miczzanine block walls are exposad to the high pressure of the clond and ars free 1o
mave,

5.2.% Pressorization in the Mezanines

Funmmnfmeﬂ:miuair.lhupimﬂdmdwlmhth:misl423mim5uutiun5.l.4. Fora
constant pregsurs burn, for this mixture the ratio of the spacific volumes across the Hame is 7.82. That is bor
cvery L m® of mbeture bumed 782 m* is produced  Therefire, in order to fill the TR volume of 3350 m® with
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burned gas 428 m? of the: cloud must be burned. This keaves 1000 =* of the clowd 10 be displaced ingo the
tors Merzazines. The cross-sactions! anca of both Mezzanines are 52,4 m®, The vent aress on the south and
novih: sids zre 9.3 and 7.8 o7, respectively. Therefire, wssmming a slop fhow ito the Mezzanines whers fhe
back of the clood 13 confined by the Last Muon plate, the cloud length on the south and north sides e 10,4
and'$.7 m, respectively, As calculsisd naing STANJAN, the constent vohume gas condition for a 7% sthase
im mir misctes; iy 9.4 atm prassure, 990 0% speed of sound, and 1.21 for the mtio of specific beats. Ag in the
cascof a bursting sphere, 3 shock wave is formed moving awey from the clond. Expagion waves, traveling
zt the Jocal spe=d of soumd, propagate intes the: high pressure region. In this wey the pressure in the dond is
priogreasively lowered starting at the free cnd (Lo, nmnel 6ide), The expansion waves eventoally reach the
closad off end of the cloud. At that point they reflect and propagats back b the froc eod all the time
contivanng to Jowsr the pressure. Typacally the expansion of a regicon requires a ronnd teip ko & wise
propagating at the speed of smund. This time for & 10 @ kg cloud is roughiy 0.010 ¢,

AD exact derecmiration of the pressure tine-histary can be chtained by mmcrical snalysis sing the method
of charascwristics. A sample 1-D expavsion problom nsing this techmique for a retracting constaet velogity
peaton (Mach mamber of (5} ingide of 4 pipe is given n Thompscn (1972). The retracking piston problem is
similsr to the problem of the sudden 2xpansion of a 1-D high pressae gus region. The expansion of such a
lngh pressure gas regicn produccs shock wave followed by & oontact surface which propagates at a velocily
cqual to the gas velogity behind the shock wave. This contact surface prapagates at a constant velocity until
the firet refleciod expansion wive catdaes up to it In effect, (he contnct surface acts like a piston pushina the
shock wave firward and increases the vohnte of the high pressors gas behind. The: velocity of the contact
surface, or cquivalendy the gas velacity bebind ¢ shock wave, can be defermined by caleulating fhr shock

sirength prodhuoes by the cxpansion of the high pressure gas region. Using equation 28, the shock wave

overgregaec 9 3.8 stm. Using standand 1-D normal shack jumg rdations (Thompsot, 1972) this

- eorTeaponds to- an absoluis gas velocity of 440 mis, or Mach mumber of 0.45, directly bshind the shock wave.

This value is close enough to the Mach 0.5 value ased in the sample problem to fut we can wse the results
froen thix problem directly. Using tha resuits froem the sample problets, the presswee time history st theee
axidl poivis within the clowd were detersined, Taking the clond lenpth to be 10 m (reprosentative of the
north and sourth Me2zammes), the pressure time hisiory at the closed snd of the eloud, Free end and at the
midpoint zre given in Figure 21, The pressune st the froc snd immediately drops from 9.4 am to 4.5
aimogpheres and the pressure at the elossd end Termaing at 9.4 st until the first expansion wave from the free
< wives &t roughly 0.010 5. The pressure time hisiaries are integrated to give the impulse, which is given
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in fhe Figune 20. The simum impulse oocurs at the chosed end which eommesponds to the pertion of the wall
bardered by the last Muro plate. For the analysis we will sssums: the: entire wall is exposed to this prassure
koading. As shown in Figuic 21, the preasurs time hisiory at this peint hag two parts, in the Gret 0,010 5 the
Pragsurs remaing oohstan] of e valod of 9.4 stm, afler 0010 3 the pressee drops cxpooenbially, Thiz second
part bf the: curve is curve I in Fiaure 22 10 give the following compowsd pressure-tims higtory 5o the block
wall

pad P43 0<Lie<0010 5 “n
1.582+7.714 ¢ %23/ GOL0<L/c<0.030 3 :

where L. is fhe glug length, ¢ is the speed of 3oumd (990 m/s), and P is iz units of atm. Note the sample
probicm sohrtioe: cads at roughly 6.020 5, bot is extendad here for lenger vmes. Notz the sqemetinl corve
fit asympiotes to 1.582, so the pressune never drops to stmospixric. In order to overcoms this, the pressore is
assumed {0 drop 6o | stmosphere at 0.030s,

613 Wall Response

The wall ntion iz modeled using equation 43 with the precyore time history piven In cqration 43, No credit
15 bl oo vanable veohing whnch oceurs unes the top of the well moves

North Mezzanine

The lengsh of the eloud in the North Mezzarine is taken to be E.7 o fong. The wallin this ares coosists of
two sepataie walls which are plated foe 10 fa¢ (wodeled rs ¢ singls wiif). The imoer wall is constructsd
from concrese blooks which bave a thick sceel surtacs fayer. The average density for this wall is taksa a5
5666 kgim’ compared 16 2408 g/ for the stsndard blocks which re veed on the outer wall and als in the
IR. The MathCad warkshest for this calculation is given in Appendix G (PHENIX3b). The peedicted wall
displacement and velocity is given in Figure 23, At the end of the Girst 0.00% s, during which the presgurs is

0.4 aton, the wall moves 2 ven and aitams & vlocdy of 0.54 mA, By the end of the presswre loading, &t 0.030

s, the wall velocity reaches 2 maximmwn of ahoit 07 e and then stans to slow down dus to frichon, The
wzll comes to a sinp after traveling o distance of 5.2 cm-

&



Souih Megzarine

The langth of the clond in the South Mezaaniue ix taken tobe 10.4 m long. The wall is construcied from a
single row of hlocks with an outside sieel layer, sixmilar to that found in the North Meczanioe wall, The wall
motion is modeled uxing squation 43 with the pressure time hisiory given in eguation 48, The MathCad
workshast for this ealoulation i also given in Appendix G (PHENIX34). The predicied wall displacement
snd velocity 3 given in Figors 24. At the end of the first 0,011 5, dring which the prossvre is 9.4 atm, the
wall moves 5 mm snd attaing 2 velocity of 0.91 mis. By ¢he end of the presmure icading, at 0.030 3, the wall
velocity reaches & mecinmm of sbout 5.2 s mnd $hen stants to slow dommn due b fricticn. The wall omes to
» stop afler traveling a distance of 13.2 cm. '

624 Conclusions
{huiduingrh:m:mufﬂumdyﬁs,wﬂdimlmﬂs and 13 cm can be constdered to be

accentzble In the case of the North Mezzenine wall, the stroctural elemenis of the adjacent eheetronics and
counting hogese Praldmg would alpo mopedk: sy motsom of the wall,
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70  Summary and Recommendgtions

The Teport considers. accident scenzrics where the PHENIX detsctor inventery of vombustible gas ia releasad
imto e TR mmanmmhmmmpmmmm«mmp
mixird is assumed to ewist, m.mwmmnum@mﬂmmﬁmrﬂﬁrﬂm
s}-m,whuhmdn@udmmnﬂurfrmmmmg.fnl

ThnmdmmmmmumndmﬁdﬂbmpﬁulsAM{DBA]demCm
Theaeetical Accident (WCTA)

F«hmamﬁmmmmmmmmmmwmmmm
only be wsed 6o provide a perspective for the DBA. For mo IR explosion, the block shisld wall collapses
within the kmits of the Assembly Hall exchading amy off-gits damage, Also, the results indicats dut on the
tme-scale of the: explosion the wall nensins standing and thereby acts ax a blagt shisld 35 well ns 3 missils
shield for the inhahited parts of Building #1008, For the warst cxsc caplosion, in either Mezzanine, the weli
&mwmmﬂlm@mmmwwﬂlmﬂmimwnﬁﬂzMimhﬂm
Mezzenmnes. The enalysis tadicotes chat the blast wave Londing is sulficient o tepple over the classst Muoo
Plats. Liks a dovsuno sffect, this plate woald most Biehy topple over the fest of the plaes whercty the last
phate el come 00 rest up against the IR wall.

For the DBA, the analysis assumptions are reabistic, and as a result the predictions can be ysed 1o malke
Judgmmenis concerning safiety system requiremests and occupsoey limitations. The mnatysis shows that if the
e coankustible gas inventory is relaasad slowly, on a time-scals of houws, such that the IR natoral
circulation geerzted by the HYAC system globelly mixes the relexscd gas with the existing air to form a
utiiforyn mixture, the resulting buen weould oot topple the bioek well over. This ia because the nataral venting
- afthe IR is sufficicnt to overcome the low burning rates associated with the Jow sthane concentration mikmm
which rasults, Hypothetically, if a cloud of the correct size: and concentration is formed and the ignition time
nmmﬂmwuﬁ.mﬁmmmmsmmehmwlmmpph Toe
requirement fir thip 0 ocrar bs that the cthane must be relsased into the IR, mixed with gir and {gnited all cn
& time-seale of tons of ezconds, No plausibk socident scenarios by which this can ocewr have beon jdentifisd

30




."I-’_H"

Based on the analysis described in this reperd, the negnlis of the DBA anabysis indicats (hat the wall will noc
topple over, bowever, the PHENLX group should excrcizo caution end ot the occupancy of the AH. The
justificaticn for iy is that theee is some depras of inherent uncartainty in e model consetting scaling of the
combustion phenonenon. There is also some uncertainty linked 10 the possibility of producma a higher
ethine’ oomoemtration clovd via pome nonidentified accadent soonario. The possibility of the North Mezzaning
béock wall collapsing dus to my credible accident scenario involving the release and igniticn of the PHENTX
mhmhﬂuhﬁ:lﬂhmrﬂamumlhnqu&emyﬁmhﬂimmﬂumﬁqufﬂuﬂmﬁnﬂu
mud counting bouss.
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Figurc §: Fixced vent. paths through the norlh Muon plates and IR wall
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APPENDIX A
Burn and Vet Model

In thiz section, the mod:] used to dezeribe flame propagatinn and gas vendng in e IR will be sutlped, The
mﬁdmﬂvﬂmﬁb&ﬂmumﬁdﬁmmﬂyﬂswm&ﬂzgﬂm{:g pressurs and
dezsity} wre taken to be uniform A schematic showing fie relevant iknndary conditions and fiame stroctes
is given in Figre A 1. A pont igviton source is assumed resulting in a spherienlly opanding flame. The
oovclnastion product gases mre comfined to 2 rading R which definsg the positon of the flame front. Al
pmMm&MMWMMHWMth&MMmEaMM
mnbormed ges have 2 subscript o

* First we analyze the contral woheme which encompasses the combustion products, i.¢., vontol volume
boundary is taken to be the fame nrfss. menfmﬂumnfwmﬂnmuf
hmmmlsmmmtbmmnmmwumm

Py oy = pos 4 o
& a4 e v

where V,, is the total volume ocoupisd by the umt gns, A, ig the: flame surfacs aree, and 3 is the buminy
welocity, For a given mixture, the baming rate ¢ is 2 fuestion of the mixtm: (erperatars and prassure. For
thiz analysis, the: burming retz will be: taken 23 2 constant over the full time of the bem sike the pressure rise
15 very small The pas density, p,:susunndtuhupmaﬂyunfmmmhnd:thnhmnﬂnﬂmhqmdgas
vohene,

a¥, dp,
Pa?'F.f"lf‘Fq.? 2

This 16 & good asmaenption since the burnits rates are low. Sinoe the tme-scale for compresston is short
relative to the heat transfer time-scale, the gas compreszion is assumed he isentrapic, guch that

[ o
Ef;;l 0
a0,  Pyo dP 2
o o ¢Pon dP
= T

where P is pressure and ¥y is the ratio of spacific heats. Asmuming a sphenice) flame where V, = 43R and
A;= 41R? the flame velocity is given by,
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w(dys -f 3 |
- p,” [Tﬂﬁ’}ﬂf @)

A smiilar control volume analysis can be pecformed fir the umburned pas, where the cotbol volume is
beunded by the flame and the containewsnt  From the conservation of mas, the rate: of changs in the mass of
mhulmdgﬂs,hcqualh&emﬁﬂ;vdﬁnhunhumdmiammmdhythuﬂmmdmhnmdmhmﬂd
outside the contral volume

dm

&

d dm,
“ ':d._[pnrp il T "j’ * pr : . L5}

where dm,/dt is the rate at which unbumed gas is veried. Asm;ﬂlatﬂﬁpsdunityiupaﬁdlgmifﬂm
e S vt e s shove, o g lloing Cpresin
or veleaity,

_— f +

(@

) % ()%
—_— ] — ] —_—
YAL) a pA] dt
it venl. mass flow rats, based on the flow through an orifice, deponds on whether fie flow is choked st the

rifice. If the comtainment presswre, P, is larger tham = critical preesare, P, the flay is choked, The foliowing
ar: cxpressions for the venr mass fiow rata for both conditions

2 1M
ol FET e o
or
1
dm, 2y
P E"':A'CDL*;]“F £ 5 ®

. where P, 13 atmospheric pressure, ¢ is the speed of sound in the verting gas, A, is the veat ares, and C, is the

discharge coefficient whick is taken to be 0.7, The critica] pressure, ®_ is given by

F.-P, [ "'TIJ v ®

which for y= 1.4 vields & critical pressurs off 1.9 times atmospheric pressure.
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W now have twg equations which can be sotved for the two unkoowms, ic., R and P, By rearranging the mwo
equations one can oblain the following two cxpressions which give the time rate of change of the tovo
ummomms

P} d_p l _ _
= - 7, l(— 1)sPd, FA,:-CDA’] oy
Vv -I{,_}— + 2
Te
dR | Y, (?} ¥
— W —_ -‘1'\—-—-—-——q-lﬁ -»
% g A = {" i (1)
(-5} F,
P +1 ’
VP‘FE

where V_ it the tofal volpme such that V_= V.-V, For the condition P < B K is given by

S «

E =

30

g
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Figure A.1: Schematic showing spherical flame within a vented containment
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APPENDIX B
Dynamics af 2 Tikting Wall

In this section, 2 mode] is developed to describe the tilting of & wall wnder 8 unifoom back pressure. The
apgoach taleon is 10 develop a free body diagram for the wall, as shows in Figure B 1, indicating a]] the
forces acting om the body and then applying Mewion's Socond Law to detevrame its dynamic response, It is”
sssumed that the wall pivots about the botiom comer oppotte the pressure loading £acs. This will oocur if
the pressure koad is not sufficient to avercome the frictional fores at the botbomn of the wall, or if the wall s
somehow physically restrained from: bansiating. The: wall balf-height iz H, wall kali~wideh is ‘W, and the wall
length is 1. The fiovess include: pravitationsd force which acts vertwally down through the cevier of mass of
ﬂmwﬂLﬁ#mmMMmmﬂmmmlmﬁm,ﬂm&mmfmmeMRy
applied o e pivot point. Az the wall pivots gas is introduced below the wall which prioduees 2 sccond
preasure force o the botbom swiace of the wall The: minxzmom emount of pressure, P, requied (o pivot
the wall can be determined by simply cquating the tovqus generated by the pressuce Goroe on the back vall
st the torque genermtod by the gravitational foree undzr static condifions. Taking the tocquas about the
pivoc point this yiskis ‘

Mg F .
o= St g

Asgsuming the pressure on the wall is greaier than ¥, we can apply Newton's Law for translation in (e -
fived x snd y directions, and taking the sum of toegues abwt e center of mass in the Z dircction for rotation.
o give

"MX* = -PA£os® - PAsinG + Rx ()
MY" = -PAgsinB + PAgosh « Ry - Mg {3
18" = Rx (Hcos6+Wsid®) - Ry (WeasO-HsinB) ()

where X and Y are the displacensent of the wall center of mass in the fxed x and v direction and 6 is the wall
rotation in the: z dircction The symhol * is uscd to denote the second derivative with respect to rime, and Tis
the wall moment of inertia about its center of mass. A, and A, denots the front wall load amea ang the botiom
wall losd arce, respectively. A relationship berween the livear acoeleraticn of the well center of mass and the
will angulsr scesleration can be obtained by deriving the expressions for the acceleration of the wall cexter of
mmass with Tespect ta a rotating mundliary coordinate system (x-3~z) fined to the rotating wall. This viclds
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X% = 0%Reos(6+0) + BRein6+0 ) {5)
¥4 = -8°Rsin(B+8) + "Reos(8+8) &

where 6 is the wall angular velocity, R is the distance from the pivot peint and the center of mags {i.c.,
AEW), e B, shovwn i Figue B.1, 18 ogual to tan™ (HW). Expanding the triponometric funciions

X" e ﬂﬂmﬁm&;ﬂmmm.+ V' RismOc0s0_scuslsmt) ) )

# = -B”R(sinBoo0sB, +cosBsing,} + 8"R(cosBoosB, sinBsind, ) ®

Thexe is a critical angle B, sbeve which the wall bocomes unstable and topples over. This correzponds 1o
sndition where the pravitaticaal faoe vector goes taough the pivol point (¢, wall cenber of mass dirzctly
1ogve the pivet point). For any angle @ below thiz valus gravity restares the wall o its original position, for -
nry anple shove the critical gravity acts o topple the wall. The critical angle conesponds to {w/2-0.), or tan
‘(W/H). Inserting actual vahoes fior the wall §_=6.5°=0.114 radians In this analysic we are omly interestad
n values of 8 < O, since anything greatey and the wall topples. Sincs this angle is very small, we can use
smail anpils approximations, i, sinf = € and cosB = 1. Using this approximation and substinsting for f¢,
e gets for squabon &

XY ap® ]—FGH] #EL—H_] (%)

Y= ONW-0H) « DOWH) {10}

Perfmmiﬁgﬂiesmopummaqﬁaﬂm B, one pete

" = BYBWE) + B-0m) an

Substlutmg for Rx and Ry i equatigns 4, nging equaticns 2 and 3 one geic
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B = {Pd 0058 +PA 5in-MX " Hoos0+ F2in9)
(12)
- (PA ,ii'nﬂ'-ﬂ-{*msﬂ MY A7 WeosO ~Hsmb)

Using the small angle approsimation for 8 and sdbstituting for X and ¥ in squation 12 front equetions 10

and 11,
1B = (PAPAD-METW -0+ §OF ) (H-RE)
(5
~ [PAS -PA M -80 F+H (W -0H)) | - BH) Mg FF-E10)
BT ARER T (W -] = PAM() +F) 1S4, 511 +0%) -Mz(W-HB) {14)

Substitutimg for the moment of inertia about G center of mass, the srgular accaleration of the will is given
by .

PAF| +6%) 4 PAJR1 +8%) -Mg(W-19)

HI‘F -
S AW MBI Y 7B (15}
Neglecting secnnd order terms, Le., 6%<<1, yiclds,
gt - PAFEAIF-My(W-HE)
) (16}

§MH*+W’J

k4
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Figure: B.1: Fres body diagram of & wall filling duc to a uniform face pressors
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APRENDIX C
Mathead Worksheety for BurnVent Model
PHENIX]1a' Fixed Ven! Area

FHENIX1b. Variable Vent Arca
PHENIX1¢: Post Combustion Blawdown
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BURNNYENT MUDEL WITH FIXED WENT AREA {PHENIX1a}

Wall charactanstics:

Mixturé properties:
H: s 241200254 L :=261.12-0.0254 pa=118] qi=ld
Wi=275.1200254 AwF =2.HL pbi=02262 ybi=128
M ;= I9EXHID Awh:z2 W1, c1=1364 =270
=M 2 MW
= = Pa:= (3-Vir)
® - TTE  Rois [ —
y= (054 2 e 1429 ;
3 Per = 4.537+14)
vl :=_._..1 ) ..._..lh"l_"-__..._lJI Ro=9252
-1 n _pw
B
Im$ 2 = 0246 b = 5221
Av-g-Cd

A £,x) =
o .3
[ e’ E"w}w (%)
1
o

£ =tkhxedix, 0, 3.1567, 140, D)

2
Rmax ;= max R) Katax = 9,232
Pmax :=max( P Pmax = 1.0%5%

le "w [Mﬂ '«’Rﬂ - )][
Ito] — iy

Foy- fﬁ\;

.[,.

[\:—1151!{41{% ]-i hv:Cd{]'l IE

IR, characteristics: Consgants
Vir :=33540 Po = HII30D0
Avi=17T1 Cd =04

g =23l
11
\3)
] nitial conditans:
- 1] xo is radius
vo | *1 1 pressure
I I'FH‘| :I‘z

X
I.‘JI.

it

T

Y

- eom]

Pe b 19
= -Lx,:l’n}

o ]

3




BURNAENT MODEL WITH FIXED AND VARIABLE VENT AREA

{PHENIX1D)
Wl characeristics: Midwe properfies; IR charactanistics: Consamts

H=24. 1200254 L>=61.13-00254 Fu=ilEl wisld Wit = 3350 B o= ({300
W22 75102-0.0254 Awf =2-HL pb =022 =134 Avwi=[21 Cd :=d.6
M=1080000" ° Awb=2WL ¢ =364 =220 2:=%.E1

¥ :=1Et- = % . For :=%§ Ro - [{3 Vlr}] Ini:j:l Imndiﬂumt

71094 y2= 1420 e Po e mmr?ed
L :=i = {Tu" 1} o Ro e 5282 R gnglﬁur

-1 v - UL
fl=5 73 » D286 o g=321

(o) ‘Av+ILHE,N6CE [ ppyi2 . “
: r— {5547 1';ﬂ] 3'5+"v+ "i,“’ 'T]'IFE:I 1'- JEE" x> Pt
m[ (x4 J =) “wixg) L RO R
| ]
R~ 1
1
K]= )
' mo
E
.
X3
[[xl - Fuj {AwiH+ Awh-W) - M-g-i‘l"l-"-— H-xz:]]-[{x] - Pﬂ"'}Pﬂr]
F) :
[I]-M-{I-I:-n-w:}

Z r=rkfaed(x, 0, 3165, 1000, D)

)
(= gz P:=r: a.__z“?‘ m::i‘.”.-f“’

P Za 2-n
Kmex = max{ R}
Prnax = max(P} Ronax « 9,282
émax = max(#) Pmax = 1.057
dixttmax 2=mex( d82t} fmax = 0.082 critical angie is 5.54 deg

ditmax = 0487




EURMMENT MODEL FOST COMEBUSTION MOCEL (PHEMIK 1c)

Wiall characteristics: Mixture properties: IR charactaristics: Constanis
Hi=24-12-00258 L :=61-12-00254 pr=1181 =14 Vir := 3350 Fo 2101300
W122.75.12:0.0254 Awf =2-H-L pb =0.2062 phi=1.78 Av:=171 Cd:=0.5
M = 1099004 Awb =1 WL c.=756.5 5:={ g =98]

™ Z M-g-W g} Indtial conditions:
pe_fls il = BT itions:
PEs P’ POl Roe[ B0
I 2 - 1420 4.x 282
' = = ’:1
e 1) R L . g a] 197100 ”F'mm
3 i ¥ s tin ' ' 0601434 &3 weal anp val
o 0.0035
T " ¢:=22 6:2522
=4 13 = .86 pb

- {(Ro)™ - ™
]
- fAvq-I LHHE "FD'.TE Pﬁllra
XTx): 148} x,< Cdﬁ-—} [rl |x,,. {1-.:;—1} {1 Po)
3 xj
[|: P«u':,{ﬂwl'H+ﬁ.wa}[xlkl’n‘| Mgn‘w Hayt 'x::-r}]
"” 1 M-{8 « 97)
Z = rkficedi{x, 0,2, 1000, £F)
e 360 360
p:=2 gzt Pz frm TR g = 20 AR
Po Za Zx
Fomgx :=mex{£.)
Penax 1= max( P Rmax = 0417
Bmax (=i ) Pmax = 1057

critical angte is 8,54 degy
Bpax = 0,127 '

¥ in flame mad

511
fAv-rILHx vag-Cd b '
- 2 {1t I.'P.u. E] -ia= P
4. 'rxq‘l xl, ":I, . . }




APPENDIX Db
IR Blowdown With Fixed YVent Area and Volume

In this zechon a model i: developed to predici the pressure time-hiztory of an mitialty pregsusized
containent with a fiaed volume and vemt area, The moded is developed baved on a control volume analyss
where all the gas preperties (e.g., preseure amd density) within the containment are taken o be wriform,
Applying the congervation of mass to the controf volumie which encemipasses the gas within the cominment
yrclkds :

ﬂ"-] = -Lipad) {n

where 0, u,, and A, is the gas desity, flow velocty, and crozs sectional area cvaluated at cach vent opening,
Eguation 1 smoply states thar the rate of change of the mass i the volume, M, is #qual b the mass flow ratc
oul of the control volume, dm'dt. Equation 1 i paners] and sppdies te muitiple vent openinps. For sur
analysis we will consider only ane opening. T we agsvme that the flow is choked, (e mass fow mats through
the venl 15

LN 1
CRPRET AN .

whers pand ¢ are the 2as density and spesd of scund of the bulkc gas within the conrsinmeni. Using the ideal
gag deliniticem for the: spesd of sownd and reorginizing vields

dm ,M,[v_ﬁ]%

2\
e [2)F (2]

v+l

where P 15 the bulk gas presswre. Substitution equation 3 intn equaticm 1 and applying the restriction of
constanr confainment vohme, YV, viclds

L =1 .
d M. P)3{ 2 )55
dr YV 1p ¢+] ' ®

For an isentropic expansion process (see equation 3 in Appendi: A)

» . p &
& WP & (4




substrtuting into equation 4 yields

& _ YA (PR 2 Vi
] ¥ 4 v+l

For an iseniropic process, Pp? = P; p;, whare the subscript § refers to initial volume conditions, gives

1;';"1 1 1
dp . YP M4, TP.'E[E];;L_—“
o s P, T-rl

Applying the ideal gas definition for the speed of sound yields

at g i
Ez_mph j:r‘?'r{ 2]1\'-1}

dt ¥ 11

iniegrating both sides where time goes from O to t &nd the pressure goss Som P, to P yields

(77 505 (¥

which vields
L

A () (2l
v L2 )1y

Gk

b

(€}

{7

{&)

(9]

{10}



APPENDIX E

IR Blowdown With Variable Vent Area and Volume

In this section, the model developed in Appendix D is extended for variable volume and vent area. From
Appendix D we have

1 +1
at _ dm _ 4 (YP)2( 2 30D (1)
dt dt Lp y+1

where P is the bulk gas pressure. Expanding the left hand side and re-organizing yields

1 “1
dp _ P4 (yP\3( 2 3 _ pdV )
y+1 V dt

The last term on the right hand side takes into account the change in volume. For an isentropic expansion
process (see equation 3 in Appendix A)

dp _ p dP
at YP dt G)
substituting into equation 2 yields
d_P - YPAV ;Yf % ___2__ ?(Y‘—ll) _ E_g_l_/ (4)
at vV p y+1 vV drt

For an isentropic process, Pp¥ = P, p,”, where the subscript i refers to initial volume conditions, gives

3y-1

5 _ 1 +
dP _ YPA(YPTN3( 2 \55g  yPav )
dat vV p; y+1 V dr

Applying the ideal gas definition for the speed of sound yields
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Fel Ly
i LTI i ]ltr-tl- i {6)
p ¥ (R R Vo

For the box enclozure shown in Fipem: E-1, mmmﬁeﬁaﬁxdmmmdumabicwmmubwe
the: wall, the equetioe ¢ becomes

dar | -._TM'__‘k_k‘ P%‘;—l £ (i)%}lﬁ L. {7}

: P
oV AW ex) T+l {W+x) i

Another approach is o defne a fixed control vohnne whoge boumdanics comeids with the fixed box sides and
the initial w=all posttion, applying the energy equation 1o this comteol wohutne yields

i dr,
g @

where U iz the internal encrgy stored in the canrol veluwmne, the first term on the right hand side 19 the
enthalpy wioch gosi out the fixed vent arca aad the seccod tam i3 the enthalpy wich passes the conirol
volume boundary locstzd at the initial wall position Again gssuming choked flow through the vent areas,
squatica § becomes

R G TR

mmmﬁmiﬁﬁmmkmmhemu& Apphing the ideal gas equation of state and substtuting
/5, with ¥, yickds

: 1 i
2PV - -ypRIA, ["Tf'] i [?—21] W ypRTA, (10)

Noting Wat the cmbrol volume i constant end again applying the ideal ges cquation of state prves

P ‘fPA -,rp ALz *rPdF an
ar ‘f-'-l

which is tha same as aquation 4

K| :




Figure E. 1- Schematic shoving the box enclosurs with one wall free to mone
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APFENDIX F

Mathcad Worksheets for IR Depressurization Mode! (FHENIX2)

a3




VARIABLE VENT AREA & IR VOLUME BLOWDOWN MODEL

g =9.81
Po := 101360 G+1)
Pi := 628060 =( 2 )2‘*-‘
ci=8214 Y+l
Gr=1] 0=y '
o) SR e

' Aw-tw-r X, ) ‘Y'CE']C'(KO)
Xy
Aw

1w (o= Po){ (5o~ Po)>0] - pe (s>0)

Z = rkfixed(x,0,3,1000,D)

(PHENIX2)
1:=126 1:=18.6
Av =171 wi=12.6
Mw =1G9800¢ h:=143
§ =07 Aw :=1.h

Pi
x:=|0.017 '
$,X):=
1.86 Dt.x)
t:=7°%>

Vw :=Z<3>

Z<1>
P::m

Xw =25

PP,

m:=0. 1000

m

:=6.2-(l +0.32.

PB_ := 6.2-exp(— 7.96-

xVisP
x1is Xw
x2 is Vw

m \ -9.69

1000

3

m
O,

&
Hid




APPENDIX G
Mathcad Worksheets for Burn/Vent Model

PHENIX3a: North Mezzanine
. PHENIX3b: South Mezzanine
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Depressurization of the North Mezzanine

PHENIX3a
) . | L:=8.7
Ap :=49.5.22.5-0.0929 Pa:=101300 b:=1.582-Pa :
Vw:249.5-2555.0.0283  p:=0.7 ¢:=7.714-Pa . c0:=990
M = Vw-(2408 + 5666) g:29.81 1:=0.00381 4Po 3:'8—4'1’3
to =
co
Ap -5
w* 7.175=10)
.o Ap = Ap 2
voiSygpiPoto  x0:=ygaPoto vo = 0.537 x0 = 2.35710°3
Xy
| X0 D(t,x) = -t . Ap
X = . _pat AP v
[vo] _ (b+c exp(?) Pa; 57 8 {({(t+10)<0.03)~p g (x1>0)
Z :=rkfixed(x,0,0.5, 1000, D) m:=0, 100
-m
£:=27°9 4 6o x =Z%1? vi=Z% 2000

maximum displacement max{x) = 0.052




Depressurization of the South Mezzanine

PHENIX3b -
Ap:=495.225.00920  Pa:=101300  b:=1582-Pa L:=104
Vw :=49.5.25.5-5-0.0283 " p =07 ¢:=7.714-Pa o0 =330
M 5= Vi (5666) g :=9.31 ¢ :20.00381 #Poi=84Pa
10 15—
[+1]
Ap _ -4
= 102210
. Ap I P :
voTgr APt xoEpmptPote” v0=0914  xo= 480107
Xy
.| X0 IXt,x) = -ty 1\ Ap
x:= expl - pa O, 03) — y-g-
[vo] (b-p—cexp(T} Pa}ﬂ((t+t°)<003) pg(x,>0)
o
Dy Z :=rkfixed(x, 0, 0.5, 1000, D) m:=0. 100
-m
1:22? 4o x =21 v =z L - 2000
: Pm .-P-E-t-ﬁ—exp ———

maximum displacement max({x) = 0,132




