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EXECUTIVE SUMMARY

Uncontainedengne failuresin commercial aircraft produce Megspeed, hot fragents that can
impact and penetrate fuel tanksThis report addresses two everst can be potentially

produced bysuch anmpact Theyare gnition of he fuelvapors whera hot fragmententrs the

ullage (spaceabovethe liquid fuel level in the tank) and dyodyhamic ram when a fragent

enters the liquid fuel with sufficient kinetic engrg Either of these eventsan produce
overpressureinside the tank with a potential for tank ruptureand an immadiate loss of the
aircraft.

Prior to this projet, the possibility of afire insideafue tank was mostly discounted because the
fuel temperature under normal operataunditions is below the flash point ddt-A fuel, i.e., the
ullage composition is outsidethe stdic flammability envdope of Jet-A fuel. Furthemore
hydrodynamc ramwasnot recoguizedasa potenia hazrd in commercia aircraft, asevidencedoy
the lack of its studin the open literature (egpt for militaryaircraft under combat conditions).

This reportpresentsan exploratoryassessmerdf thesetwo hazrds. It coversa brief review of
accident data, a review of the pertinent literature on miligargraft where theseeventshave
long been recogized, an analgs of ignition by hot fragnents, anduseof an existing computer
codeon hydrodynamic ram. The andytica and compute calculations algpted the military daa
to commercial aircraft conditionsThe results suggst that theseventscan happen,althoud
with avery low probdility. A summay of evidence for these two events follows.

First, tests in theliterature show tha dynamic proesses @an broalen significantly the ullage
flammability envedope for Jet-A over the stdic case. A mist of fuel droplds can be formed
inside thetank due b fuel sloshing because of araft motion and viboraion in norna flight and
fragment motion throuly the fuel after tank penetratiohVhen these droplets are vapexdzbya
hot fragment, thefue vapor pressureis rased lodly, thusmaking the ullage flammable and
increasing the possibility of ignition insidethe tank.

Second, the risk of fire and gwsion in aircraftfuel tanks in the ConcordeSST due to

uncontainedailure of the Olympus 593 enigne was initiallyrecogiized in a Bitish Aerospace
report byWallin (1976). The probabilityof ignition for Jt-A was estimated, based prdgment,

to varyfrom 0.05 to 0.8 dependiran fragnent trajectoryand fueltemperaturéstartingat-50°C,

well bdow the flash point). In a postscipt to this reort, therisk of ignition was dismissé

because no such evdrad been observed 21 hstorical cases of uncoained engne falure.

Third, we conducted an analg of fuel iguition by a moving hot fragnent. The analgis
accounts for heat transfer from the framt to a surroundinfuel vapor film as dunction of
time. We compaed the film tempeaturetime history to tha required for fuel ignition as
measured in fundamental studiéghis comparison delineated the conditions of fueitign and
guenchingand their dependence on fuel properties andrfeag siz, temperature, andelocity.
For typical conditionswith Jet-A and ablade fragment from theturbine section impacting the
ullage, we predictignition for a blade temperature @edingabout 1000K, which is above the
opeaating tempeaature of titanium but wdl below tha of Incond blades. Also, the predicted
thresholdtemperaturdor ignition increases with altitudeFor the same conditions, but with a

Xi



fragment impacting the liquid fuel, we predict quenchingAll of these predictions appear
plausible.

Fourth, we used an &ting computer code for lyodynamic ram(ERAM) to assessthe
potentialdamag@ to a fuel tank. This code is considered to be the state of the art, thdug
contains manysimplifications and appraxations that can be improvedit accountsfor the
forces acting on thefragment, the transfer of energy to thefluid, the pressurerise the resulting
stress ad stran in thetank wadls, and afracture criteria for wal failure. Paametric calculations
were performedfor a typical fan bladeand a 120 dege LP turbine disk sement (potential
fragments with the largestkinetic energ) at typical velocities impactingn aluminum tank.For
these two fragents, sixcases were considered to model variotsntationsof the fragments
along their trajeciries. In al cases ecept one, ank wal failure s predcted, evenwhen
allowing for a wide marop of error. These results sggst that hydrodynamic ram canrupture
the tank, causintarge amounts of fuel to @the tank andaiccentuatinghefire hazrd. Lossof
fuel may aso lead to somdoss of enter of gravity control. Thus thehydrodynamic ram hazard
should not be dismissed.

Our review of historical aircraft accidents involvifrggmentsfrom uncontainedengne failures

was limited in scope,and some of the identified accident reports could not be obtained.
Neverthelessye did find several reports of fragents penetratinduel tanks with sigificant
damag to the tank, accompanied yss of fuel. There were two reports af-tank fires which

also produced eglosions. Detailed examnaion of hese acdens showsthat the tank ullage

vapor can igite, althoud not necessarilgue to fragient penetration. Hydrodynamicram was

not mentioned. Also, the data show that fuel tank penetrations produce scenarios outside the
scope of this project; for exple, fuel leakag into dry bays and engne nacellesand the
potenial for fire theren and fueleakag ouside he arcraft and ether is ingeston byan engne

or its puddlingon the gound producing pool fire.

In summay, our studyindicates tha fragment-initiated in-tank fire and hydrodynamic ram did
not occur in the past but can occur, thodhe conditions required for thesccurrencenavea
very low probdility. To estimate a rough orde of magnitude for this probadility, we usel
historical data from vaious soures. The daa suggest tha the failure probaility of an
uncontained erige on commercial aircraft is on the order of 4.4 events/enige hour.
Since fragnent-induced in-tank fire and dgodynamic ram have not been reported @siry any
of the 621 uncontained eimg failures in the period 1962-1989, an upper boundumh an
occurrence would be 1 in 622 (i.e., assumingere the nexaccidento occur),or about0.0016.
The correspondingpper bound on theoveal probability of these two events is thus on the
order of 7 x10'°events/enimpe hour, a veryow number.

Finally, protection methods for militargircraft, particularlyfor in-tank fires, arereviewed.
These systams inaur waght, volume and/or aixiliary powe pendties and reguire the addition of
complex systems with thdr own rdiability and mantenance issus. Ther suitaility to
commercial aircraft would require cost benefit asady

Xii



1. INTRODUCTION.

1.1 BACKGROUND.

Uncontainedengne failure can produce Higspeed fragents varing in weight from the order

of grains to pounds. These fragients mayimpact and damagsurroundingstructuresand
equpment Of partcular concern arempact © fuel tanks and lhe poental for either fire or
hydrodynamic ram inside the fuel tank. Either of these two events can produce overpressure
inside the tank, tank rupture, fuel release from the tank, loss of center ravity control,
secondaryfires, and aircraft loss. Accordindy, the Federal Aviation Administration (KA)
initiated an investigation of these two haard mechanisms.

Before this study the possibility of a fire inside the fuel tank has been mostly discounted by
industrybecausehefuel temperatureinder normal operatingonditions is below the flash point of
Jet-A, i.e., the fud/air mixture inside the tank is bdow the flammable range. Furthemore
hydrodynamic ram has not been studied as a potemdizd in commercialaircraft, while it has
been studied in militargircraft under combat conditions.

Accordingly, the objective of this studywas to investigate the potential for fragment-initiated fire
and hydrodynamic ram insidea fue tank on @mmaercial aircraft to degermine wheher sud events
can be caused lncontained enge failures.

1.2 SCOPE AND APPROACH.

The smopeof this studycovers mmmaearcial airliners with turbineengines using &-A fue. Genegal
aviationandrotorcraftareexcluded. It is assumed that an uncontainedieadailure has occurred
and bat sone fragnens have mpaced te fuel tank with a suffcienty large kineic enery to
puncture and penetrate the tamipacts aginst fuel and hyraulic linesareexcluded. Underthese
conditions,the studyfocuseson subsequent events; namelye and hygrodynamic ram. These
sequences of events have low and unknown probabiitiescurrence. Still, they are examined
because the potential consequence besa catastrophic loss of the aircraft.

The approach used relies principally a studyf the fundamental processes involvedhesetwo
mechanisms to establish wha can hgopen and wha ae the governing paameers. This wa
supportedy informationobtainedrom the literature on militargircraft, includingiest data on fire
and eylosion, and a computer model ofdngdynamic ram. This information was adapted to
commaeacial arcraft conditionsas mud as possibleusing typica fragment sizes, vdocities, ad
temperatures and the properties@fAl. The analgs was also supplemented &yorief reviewof
historical aircraft accidents to place the above scenarios in the perspective of actual events.

Section2 presents a preliminameview of historical accidents involvingncontained enge
failures. Thefocuswas b charaatrize the sequence of evextriggered byunconained engne
debristhatimpactsa fuel tank. Section 3 presents pertinent information from the literature on
the flammabilityof the vapor space (ullaginside an aircraft fuel tank, and on in-tdires and
explosions under @n fire test conditions.Section 4 presents a theoretiealalysis of ignition
inside a fuel tank byypical debris penetratinthe tank. The focus is on a blade from the Img



pressure turbine (higest initial blade temperature) impactitig fuel tank aboveandbelow the
liquid level. Section 5 applies an isting computer code on kdyodynamic ram to aypical fuel
tank impacted byigh-energ fragments, nameha fan bladeor a 120 degee segnent of a low-
pressurdurbinedisk. Section6 summarizes brieflyhe mitigation methods used lize military
aircraft to protect fuel tanks amst fire and hgrodynamic ram.Section 7present& summaryof
the major findings in this report and the kegonclusions. Supportinginformation and anasgs
are presented in appendices A and B

2. REVIEW OF UNCONTANED ENGINE FAILURES

This secton presersta bref review of arcraft accdentdat on uncordinedengnefailures. The

literature contans mud informaion on thecauses of unontaned engine failures but not on the
sequence of events followirge failure. In-tank fires or hgrodynamic ram caused byagments

from uncontained enge failures were not reportedHowever, in-tank fires an@éxplosions

caused byther means have been observed, althaagyrarely.

The scenads of nterest in this study cover asequenceof key evens that may lead to
catastrophic aircraft lossThese events include uncontained iargfailure, penetrationof the
fuel tank, ignition of the fuel inside the tank or dgodynamic ram, pressure rise inside the tank,
and tank ruptureMany of these events have been reported as occlettingr aloner in various
combinations, but not in this precise sequend&e main finding from the datareview are
presentd bebw. Detailed information on setcied acailens is presergd in appendi A.

2.1 SOURCESOF DATA.

Data from previous accidents involvingpncontained enge failures were compiledfrom many
sources ncluding the Natonal Transpordtion Safety Board (NTSB) accdent repors, NTSB
special reports, the Air Accidentsiviestigation Branch, computered databasesand three
Society of Automotive Engneers (8E) reports. We concentrated oaccidentsnvolving large
commercial aircraft documented in Title 14 CPart 121 of the NTSEB\nnual Reviewof
Aircraft Accident Data. Part 121 focuses on the certification and operations of domestic, flag
and supplemental air carriers and commercial operatdesgefaircraft. Oncethe accidentsof
interestwere dentfied, the ndividual aircraft accdentrepors from the NTSB wereobtainedand
reviewed. Some of the requested reports were not available from the NV$8alsouseda
number of other sourcesof accidentdata which are outlined in appendiR, including the
locations of the sources and the relevant dates.

2.2 FREQUENCY OF UNCONTANED ENGINE FAILURES

The nost conprehensie conpilations of acalens on uncordined engne falure are he hree
SAE Aircraft IncidentReport (AR) reports on aircraft emge containment. SAE AIR 1537
(1977) covers theears 1962-1975, SAE RI4003 (1987) covers thears1976-1983andSAE
AIR 4770 (1994) covers theears 1984-1989.These reports focused on the location of the
failure (fan, comressor, a@t), the flight stage at failure (bkeoff, climb, etc.), and when
determinable, thecauseof thefailure (fatigue, maerial defect, €c.).



The SAE AR reports provide enougdata to estimate the probabildy failure of uncontained
erngines uang fault tree amlysis (FTA). FTA is astandard method to relate the failure probability
of a system to that of its constitutive elemenidiese elements could be components or stdrag
dependingon the desired level of details and the available dafdne method describes the
interactions between the elements mpdical form usindogical decisionsor gates (AND and
OR). Thus,Boolean agebracan be usal to combinethe failure rates of thedements to etimate
that of the overall sgtem. An alternate method is failure modes and effect aag]yiMEA.
However, HA was more suitable in this project.

Thedatain SAE AIR 4770, the most recent report, are presented in this section as fault trees in
figures 1 and 2. All failure probaility numbes inthese figures are based soldy on the historica

datain the SAE report. The top event in both trees is the uncontainednentpilure with a
probability (U) of about 4.4 xXL0” events/enime hour. The second level in both trees consists of
three engine stages: fan, compressor, ad turbine Elements with insignificant failure rates are

not shown in these figes.

The second level in fige 1 shows that the most frequent causanmontainedengne failure
was a turbine part failure with 2.1207 events/enipe hour. Compressor part failures were the
least frequent cause (3.718° events/angine) and ma be dueto theheavy shidding usel for the
high pressuresThe third level in figure 1 shows subsjems to each of he tiree entne sages:
blade, dsk, or spacer.Blade falures are mre frequenthan te falure ofthe other subsgtems
parts.

Thethird levelin figure 2 shows the nine different flilg modes:takeoff, climb, cruise, descent,
landing reverse, approachraund run, or unknownTakeoff is the flignt modewith the highest
probaility of failure for al three engne stages: fan, compressor, ad turbine During takeoff,
the fan part failure has the Higst probabilityamongthe three stags (1.2 x10” events/engine
hour).

2.3 SEQUENCE OF EVENTAFTER UNCONTANED FAILURE.

There was no compilation of event sequences afteontainedengne failure in the open
literature compaable to theSAE AIR reports. Clearly, sud sauences are very case speific and
diffi cult to estblish. Theywere analzed and docuenied by accdentinvestgators onl for the
mostimportant historical accdens.

The two seenarios of interest in this studyare fire and hydrodynamic ram in fud tanks initiated
by fragments from uncontained eimg failures. We found no reportsdescribingtheseparticular
scenams n our search of comercial aircraft accdens. However, nformaton rekvantto the
major events within these scenarios was found for

. fuel tank penetration,
. in-tank fire or eplosion, and
. hydrodynamic ram.
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2.3.1 Fuel Tank Penetration

The data on aircraft accidents involviivgel tank puncturindy debris from uncontaineengne
failures are sumarized in table 1. The Bble gves he daé and bcaton of he acailent the
aircraft model, the uncontained enge event, the syem damagd by the debris and a brief
desaiption of the conseuence. Thetable illustrates tha engine fragments do ecape theengne
and its nacelle and penetrate fuel tanks.

Stdistical daa for fud tank pendration dter engine failure were reported by the NTSB Specia

Studyof Turbine Engne Rotor Disk Bilures (1974). The studycovered 41 cases of eng disk

failures in public transport aircraft from 1962 to 1973; over 15 percent of these cases had fuel tank
penetratiorandsubsequerfuel leakage. There was no mention of a fuel tank penetration without a
leak. We assumehat 15 percent of uncontained eng failures lead to fuel tank penetration, with

or without subsequent leak3his can be gxressed as a probabiliti? = 0.15) for he uncontained

debrsto reach and perate the ank.

The NTSBdata are limited and older than those of & AIR reportusedin section2.2, but
were usal sinee no newver studywas available. Usingthe probaility of unmntaned engine failure
(V) from section 2.2, the probabilitf fuel tank penetration by a fragmert from anengine failure
is of the order

UxP =44 x10" uncontained eginefailure/ engine hour
x 0.15 tankpendration /uncontained engine failure
= 6.6 x 10° tank pen@ation /engine hou

2.3.2 In-Tank Fre or Explosion

Of the accidentdatapresented in table 1, two cases involved fires within the tanks, which were
also suspected of beirdgw-order (i.e., subsonic) plosions. We were able to obtain detailed
accdent repors on thesetwo caseswhich are sumarized bebw with more desil given n
appendixA.

Thefirst caseis the August 22, 1985, accident in Manchester, UK Boeing 737 with Ratt and
Whitney JT-8D engines suffeed an unontaned falure of theleft engine initiated by a failure of
the No. 9 combustioncan, which had been repaired. The forward section of the No. 9
combustioncan was gected throudh the left engine combustion esing which was split opae,
causingsubstantial secondadamag to the enge and nacelleA fuel tankaccesgpanelon the
lower surfaceof the left wing immediatelyoutboard of the emge was punctured, produciragy
large hole in the baseof the main fuel tank.Accordingto the accident report, the left éng
nacelle and adjacent wirageas were damed by fire and thewing sufferedadditionaldamag
caused byan eylosive overpressure within the fuel tank when the fuel vapor in thewask
ignited by someunexplained means.



TABLE 1. DESCRIPTION OF FERTINENT ACCIDENTSINVOLVING PUNCTURE OF THE FUELTANK

A/C
Date Location Model Event Damage Result
1/19/95 | Brazavile, B747 first-stage &k d high-pressue » debris punctured fuel tank
Congo turbine ruptured during flight
8/22/85 | Mancheger, B737236 uncantainedfailure of the lef « conbustor canstruck ard « fire ignitedandwas drectedinto the
England engine, initiatecby a failure of the |  fractured anunder-wing fuel tark fusdage by enginereverse buckets
No. 9 conbustor access pash » fuel tark experierced a rapid oer-
pressure de toignition of the el
vapor in the tank
8/30/84 | Douala, B737200 right enginefailed and fragments | « debrisimpaced right wing fuel lealed orto the gound ard
Cameroon of disc no. 7 from high-presure betweenthe fuselage ard ergine, ignited
compressor escapedétergine perforating thewing tank fire desroyed the aircraf
3/22/84 | Cagary B737200 13th stage copressa disk failed | « fragments of the disk punctured fire desroyed the aircrat
the fuel tarks
3/17/82 | Sanaa, N. A300B stage 1 dsk of high-presure « fuel tank pundured fire desroyed aircraf
Yemen turbine ruyptured fom low cycle
fatigue
2/15/75 | Hong Kong B707 front portion of No. 3 emine up e debrs from No. 3 emine ertered sewere fuel leakfrom the wing tark
to the secod-stage fan blades No. 4 engine causing damage to whenthe aircraf landed
completely seratedfrom the fan blades and punduring the no fire occured
engine wing tark at two places
113/73 | Albuguerque, | DC10-10 first-stage fan of the No. 3 (ving- | « debrs peretrated fuel tank, one pssenger as killed after being
NM mounted) enginedisintegrated enterednto the dher engines, and sucked ou of the window
blew ou a window
9/18/70 | San B747121 No. 1 enginehad an uncontained | « debris pestrated tle HPT case, intense ifre
Frarcisco, failure in the secod-stage turline ergine cowling, adjacen aircrat
CA disk rim structure, two fuel tark access
turbine blades ahrim fragments plates, ad sewred fuel lines
ejected fom ergine
6/28/65 | San B707- No. 4 emjine separaed from the * approxmately 25 feetof the right fire and pundure damage aroundthe
Frartisco, 321B wing outboard wng torn from the wing sefration line an the renaining
CA aircrat wing setion

explosve owerpresure of reerve tank




Although the possibilityis unlikelythat the igition of the fuel vapor in the tank and subsequent
explosion in this accdent were causedby a fragnent, the factthat the ulage vapors can be
ignited is an important finding

The second case involved a low-ordeplegion of a fuel tank on adging707in SanFrancisco,
Calif., on dine 28, 1965. A disk failure in the No. 4 emge resulted inan explosion that
segaated the engne from the wing. The lower skin s@arated from thearcraft, taking the
attachingflanges of both spars with it. The reserve tank was danedgby the overpressure.
Accordingto the NTSB the damagwas the result of a low-order@wsion. While the source of
ignition could not be determinedjt was attributed to either autorigion, burn-throu, or hot-
point ignition from a localied hot spot.

Thus, the data presented in table 1 and in this sectthoatethat uncontainedengne failures
may lead to (1the penetration of the fuel tank, (@hition of the fuel inside the tank, and
(3) tank rupture, with events (1) and (2) not necessiagiated.

In-tank exylosions have been reported in accidents not involumgpntained enge failures,
such as the explosions of the centerfuel tank in a Being 737 on the gund in Manila,
Philippines,on 5/11/90,andin a Boeing 747 flying off the coast of bnglsland, New York, on
7/17/96. The causes of these accidents have not been determined as of theokvtliingeport.
Still, these accidents show that a fuel tank caiagle, even thodyit is a veryrare event.

2.3.3 Hydrodyhamic Ram

Hydrodynamicram refers to the overpressure producedhleymotion of a fragent inside a fuel
tank. Hydrodynamic ram was not mentioned in anyf the accident data that were reviewed.
However, there are numerous reports on dataghe fuel tanks and, occasionalfgportson
fuel tank ruptures and the outpouriafjfuel from the tank.Tank rupturemay be causedoy the
development of pressure forces inside the fuel taakheud one doesnot know whetherthey
are due to combustion, @igodynamic ram, or severe dgmic forces.The lack ofspecificreports

on hydrodynamic ram is not surprisingn view of the @nerally poor recogition of this
phenomena (compaed to @mbustion). Still, one can not condude from the examined daa
whether it has never occurred or was simyer recogized.

2.3.4 Probaility Estimdes for theOveaall Hazad.

From our brief review of historical data on commercial aircraft,fovgnd no accidentwhere
engne fragments triggered the events of inteest directly. Still, our review of test daa and our
theoretical andyses indicate tha these events can hgpen as will be presented in setions 3 to 5.
We can estimate the probabiliby in-tank fire, eplosion, or hgrodynamic rameventproduced
by a fragnent from an uncontained ang failure as

probability = U x [F + E; + R] (1)



whereU was discussed in section 2.3.1 & theprobaility of afire, Er is theprobaility of
an eylosion, andR is theprobaility tha there is no igrition but tha hydrodynamic ram ruptures
thetank.

Now wenead aprobaility for F, Er, and R Development of aquantitative estimate for F can be
illustrated as follows:

a. Estimde the distribution of frgment size vdocity, and trgectory for an unontaned
engne event

b. For eachfragment condition, determine whether the framt reaches and penetrates a
fuel tank.
C. For eachtank penetration in b, estimate whetheniigon would occur based on the

analysis of section 4 for aigen flight condition (i.e., the fuelemperatureliquid level,
and arcraft altitude).

d. Combine the above over the rangf fragnent conditions and fligt profilesto determine
the fracton (F) that produces gtion.

Similar vaues can bedeveloped for Eg andR. We use acdentdatato devebp these vales.

According to the FAA/SAE Committee on Un®ontaned Turbine Engne Rotor Events, there
were a total of 621 uncontained rotor events betweamuary 1962 and December 198%See
table 2.)

TABLE 2. SUMMARY OF UNCONTAINED TURBINE ENGINE ROTOR
EVENTS FROM THE FAA/SAE REPORT (1994)

Report Period All Categories
SAE AIR 1537 1962- 1975 275
SAE AIR 4003 1976-1983 203
SAE AIR 4770 1984-1989 143

TOTALS 1962-1989 621

Since the scenario of concern has not occurred irohtinese621 accidentsye canestimatean
upper bound on thecombined probdility of (Ex+F+R) by assumingthat it will happen as the
next accidentin table2. The upperbound on the probabilithecomes 1 event in 622 accidents,
i.e., on the order of 0.0016.



Then, our atimate of an upper bound on the probaility of a fire, explosion or ran event
produced by fragnent from an uncontained ang failure is

probabiity = 4.4 x 107 uncontained eginefailure/ engine hour
x 0.0016 eventuncontained engine failure

=7 x 10 event / engine hour

Thisis merelya roudn estimate based ontexpolation of eisting data. There are other methods
of reachingan estimate suchasa detailed risk assessmenthis would require more data and
detailed calculations of firg explosions, ad hydrodynamic ram within the fuel tank as outlined
above.

We concludethat fuel tank fire, explosion, and hgrodynamic ram have a verpw, but not
impossble, chance of occurrence.

2.4 OTHER HAZARDS FROM UNCONTANED ENGNE FAILURE.

Most of the accidents reviewed above resulted in fuel lealamgm damagd fuel tanks.
Uncontained erige failurehasresultedn the severingof fuel andhydrauliclinesassummarized

in table3. Fuel (or other flammable fluids) can leak into drgtys and engie nacelles, pour onto
the gound (for a stationargircraft), or be ingsted bya nearbyengne. The fires resultingfrom
such eaka@ can pose argatthreatto an aicraft Such scenadswereoutside the scopeof this
study However, theyhave happened in the past (suchtresManchesterand the Sioux City
accidents) and should also be considered.

Sinee historic@a evidence was fragmented and limited, we gave paticular attention in this project
to whatmight happen based on considerations of the fundamental processes involved in fuel tank
ignition and hgrodynamic ram.

3. LITERATUREREVIEW ON IMPACT-INDUCED FIRE AND EXAH.OSON INSIDE FUEL
TANKS.

This setion presents petinent informdion from theliterature on fire and explosion hazards
inside an aircraft fuel tank containidet-A fuel. It is well knownthat Jet-A hasa low volatility
and a flash point higer than ambient temperaturéhus, the fuel vapor/air concentration inside a
vented aircraft tank & typical ambient tempeaatures is not flanmable a sea level nor & dtitude.

First, we discuss the flammabilignvelope for &-A and theconditionsreportedin theliterature
tha could enrich theullage with vapors, redeing it flammable. Next, we present military test
dataon P-5 and -8, fués thd are compaable in volatility to Jet-A. Thedaa showthat fragment
impact (from gin fire) can produce a fuel sprayythe ullag that effectivelyincreases the vapor
pressure ofhte fuel making it flanmable. These ¢ésts produced gnificant overpressurethat
would have destr@ygl the tank.Finally, we summarie the results of a risk assessment stioiy
fuel tank iqnition in the Concorde SST l@ngne debris.
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TABLE 3. PERTINENT ACCIDENTSRESJLTING IN SEVERED FUELLINES

Aircratt
Date Location Model Event Damage Result
6/8/95 | Atlanta, GA | DC-9 e unoontained enginefailure  debris ryptured a tiel line betveen | » fire desroyed aircrat onground
the aiter fuselage skin anthvatay
7/4/92 | Brishare, B727- « shatly after liftoff, first-stage debris severedhe main fuel line as | = fireignited and was extinguishel by
Australia 200 low-pressue compressa of No. it se@ratedfrom the aircraff airport fire serices afer tre aircrat
2 enginefailed conpleted a circit
5/3/91 | Windsor B727- « 9th staye high-pressue debris pestrated tke ergine nacelle | ¢ fuel ignitedandburnedinto the
Locks, CT 100 compressa disk failed severing the @in fuel line fuselage, igniting the 12,6001b. carg
(US Mail)
2/17/82 | Miam, FL B727- * at takeoff, front compressa of debrs severed nain fuel supply line | « fireignited in enginebay
200 front hubin No. 2 enginefailed to No. 2 engine
2/17/76 | Derver/ B727- * No. 2 stag conpressor blade debris pierced agine case ad the « fuel escapig into ergine conpartment
Stapeton 200 separaed from rotor adjacer fuel line ignited
12/28/75 | Gotherburg, | DC9-40 | - at taleoff, fan blade cara loose blade pestrated tle conpressor « enginefire ignited and extinguishes
Sweden case ad sewred a tiel line had no effect
e during spn down a rattling n@se cane
from the thrdtles
6/28/65 | San B707- « at takedf, transient Iss d debrs from 3rd gage urbine disk « fuel fromfuel line ignited casing
Frarcisco, 321B operatig clearace betveen3rd sewred fuel lines explosve gparaton of portion of
CA stage tubine diskard inner lower wing skin

sadling ring




3.1 FUEL TANK ULLAGE FLAMMABI LITY.

Many tests and anadgs have been conducted on the flammabditythe ullage spacein an
aircraft tank (Nestor, 1967; Pedriani, 1970; Kosvic et &071). Flight conditions were
simulaed by decreasing or inaeasing the tank pressureto simulde an aircraft climb or descent,
withdrawing fud to simulde fue consumption byengine sh&ing the fuel tank to simulae
aircraft vibration, and heatintpe fuel to simulate ambient or aeradynic heating The ullage
spacewas instrumented to measure temperature, pressure, and compoRitetest conditions
and results of these studies are sumredriz table 4 and discussed below.

3.1.1 FlammabilityEnvelopes under Static (Equilibrium) Conditions

Under static or equilibrium conditions in an aircraft fuel tank, the fuel vaparedure is
manly determined by the fud tempeature (which establishes thefud patial pressurg and the
atitude (which fixes the totd pressur@. Compaison of thefud/air mixture with tha required
for combustiondefines a flammabilityenvelope on a fuel temperature-altitudeapdy, as
illustratedin figure3. This envelope is bounded on the lower sideablgan limit and on the
upper side bya rich limit (solid and dashed curves, respectivelyFigure3 shows this
equilibrium (someimes rderred to & stdic) flammability envdope for Jet-A (or JP-8) and XEt-B
(or JP-4). For both tyes of fud, the envdope narows with increasing dtitude or decreasing
pressure until a pressure limit of flammabilgyreached at approrately 65,000 ft altitude.

Figure3 dso indudes ar tempeaature as a funaion of atitude for a tropical, standad, and
subarcticatmospherelf these temperature profiles are encountered inifligyis evident that the
formaion of flammable vapor/ar concentraion is essantialy limited to avery smal portion of a
tropical atmosphere foet3A and to a somewhat lagg portion ofa standarcatmospherdor Jet-
B. Thus, thestaic or equilibrium flammability envdope in figure3 sugeststha Jet-A can be
considered nonflammable for practical purposé#mder actual conditions,however,the fuel
temperature mayag the air temperature (because of thermal inemia the flammability
envelope can be broadeneddypamic and nonequilibrium effects as presented below.

3.1.2 FlammabilityEnvelopes Under Dhamic Conditions

Dynamic conditionsin an aircraft fuel tank can produce important variances from the static
(or equilibrium) flammability envelopes discussed abovelhese variances are a result of
dynamic processes such as tank vibration slodhing(and consequensprayformation), tank
breathingair dissolution, outassing and stratification or nonuniformiiy vapor concentrations.
For exanple

a. Vibraion can produce a spraffine dropéts or msts suspendedni the ulage space).
Formaion of aspray has no dfect on therich limit of the flammability envdope while it
can lower the lean limit if the mgtion source occurs within the spreggon. Underthese
conditions,heatfrom the iquition source evaporates some of the droplets and thus makes
an initially-lean regon flammable (Nestor, 1967).
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TABLE 4. SUMMARY OF KEY STUDIES ON REAMMAB ILITY OF AIRCRAFT TANK ULLAGE SYSTEMS

Test Conditions Negor (1967) Pedrian (1970) Kosvic et al. (1971)
Apparats Static tets in 48"-long glass tubes 23"x 27" x 30" tank 24" dia x60" L cylinder
Dynamic testsin 9" dia x 15" L cylinder
Fuel Usd Jet-A, -B, P-4 JP-4 Jet-A, P-4, 7
Descrigiion of Main Tests Deternine canditions where ignition Map fuel vapor Measue trarsiert fuel

canbe prodeed bya spark
- Monitor visible flame in static tests
- Monitor AP, AT in dynarric tests

concentratio profiles
with IR sensors

vapor corcertrationat 3
locations with GC/FID

Main Results

Nedor (1967)

Pedrani (1970)

Kosvic etal. (1971)

Flammability Envelges (FE)

Most important paraneters are ligid tenperature andillage pessur

e

Nonuniformity in Vapor
Concentration Within
Ullage

Not measired

- 1% to 2% indatic tes
- Up to 12% indynamic teds

Gererally small except rear
vents during descent

Dynamics

- Rocking prodiwcesdosh ard foam
that have little éect o0 FE

- Vibraton prodwcesspray which
lowers lean ignitio limit, if
ignition saurce is vithin spgray

Effect ofvibrationis small
conpared to liqud tenperatue
andaltitude

Vibration increasesate of
air off gassing

Aircraft Ascert

Upward shift of bothleanard rich limits

Lower fuel/air ratio
(equivalent toupward shitt of
lean/rich linit)

Other Results

- Fuel canditioning has sme effect
onFE
- Blinding fuels shif FE signifcantly

Complex conputer nodels
(stratified ullage and
evaporatie lag are rot very
depemable
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b. The aforementional loweing of thelean flammability limit is illustrated in figure4 by
dash-dottel curves for JP-4 (or Jt-B) and -8 (or Ft-A) (CRC Report No. 530, 1983).
The conventional flammabilityimits are also shown in fige4 for reference(solid
lines). Notetha thelowering of thelean limit is compaable for both fués.

C. Vibration increases the offagsingrate of anyair dissolvedn the fuel (Kosvic, 1971).
The effect of ar release on the flammability limits (CRC Reort No. 530, 1983) is
illustrated in figure4 by dashel lines. Note tha the rich flammeability limit is raised,
which is understandable, and the lean limit ishéliglowered. (This latter effectis so
slight tha it can be neglected.) Furthe@more notetha the raising of the rich limit is
about the same for botletdA and &t-B.

d. Nonuniformity of the fuel/air concentration can be produced inside theeullég one
study (Pedriani, 1970), the JP-4 vapor concentration profiles within the ukagaried
from 1 to 2 percent(volumevaporin air) in static tests and up to 12 percent in tests with
vibration. These are lagy variations since the flammable rang 1.3 t08.0 percent.

In another study(Kosvic, 1971), the nonuniformities in vapor concentratiovese
negligible during ascent and level flight but wee significant during desaent, paticularly
near verd where aieners the ulage.

In summay, while the staic flammability envdope of Jet-A suggests thatheullage of an aircraft
tank is not flammable, dymic considerations indicate sificant broadeningf the envelope,
makingthe ullage flammable over a wider raegf conditions.

In addition to the dyamic conditions discussed above, the impattnomenonitself can
producea spraythatenrichesthe ullage with vapors. For exanple, congiler a fragnent pah that
enters thetank bdow the liquid level and eits theliquid into theullage. The fragment will
entran asprg or mist of fué. This dfect will be disaussel in thenext section.

3.2 IGNITION AND OVERARRESSURE IN GUNFIRE IMPACT TESTS.

Sinee there is no dé&a in theliterature on fragment impact of fud tank from uncontaned engne
failure, we searched for related results in militay literature In-tank fires and explosion from gin
fire impact have been of cnaern in military arcraft. While the energetics of fragmentsfrom gun
fire are not directlycomparable to the case at hand, the results cagestughat sequence of
evens to expect

Pertinent gn fire tests are summaeik as follows (Btteri, 1966; Kosvic,1971). A 90-gallon
cylindrical, stanless-stel fud tank was use with provisions for ontrolling the fud vapor/ar
mixture in the ullag and for higp-speed photogphy Testswere performedwith a 4-inch fuel
depth, 0.125-inch-thick 2024 T-3 aluminum plate, and standard veldtyaliber armor
piercing incendary (API) projeced ata 60-degee ptch up and at 90-degee impact ande.
A minimum of five testswereperformedwith JP-5 and-8 atatmospheri@pressureandat various
fuel temperatures from 10 to 130°Because of the complix of such tests antthe potentialfor
uncontrolledvariability in test conditions, such as theaeklocation of gnfire impact, sufficient
repeat tests were conducted to obtain statistigalig results.
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The combustionoverpressureresults are presented in figure5 a a fundion of initia fuel
temperatirefor eachof thefuels separa#ly. Three overpressure wads are iyen: peak, averag
of reactingtests only(where fuel igited), and averagof all tests (igition and nonigition).
Comparison of these two aveemgprovides a measure of the frequenéyignition. The
frequencyis high when theyare proxmate and is low when thegiverge. For referencethe
overpressure from the ARlone, i.e., with no fuel in thiank, waslessthan0.8 psi. With fuel,
the overpressure for the figion) tests egkeeded 20 psi (in less than 10 millise@venwhenthe
fuel temperature was below the flash poinupyto 100°Ror both J-5 and -8.

For JP-5 and -8, analsis of high-speed films (7000 frames per second) cleartlicates the
formaion of fud mists ad sprgs dueto theimpacting projectile which would lower the lean
temperaturelimit. Note that in this regn the likelihood of igition depends on the fuel
temperature and increases as the flash point is approacGeen igiition, however, the
overpressure is fairlijndependent of fuel temperatur€his canbe attributedto a larger massof
fuel in spra than in vgoor phaeand thedegpendence of the spray manly on the projectile impact
conditions (which were constant in the tests, Manheim, 1973).

In summaryfor the test conditions usednigon and overpressure under thendsnicconditions
of fragment impact simulaed by gun fire are possibleeven with afud tha is orignally bdow its
flash point, i.e, outsidethe staic flammability envdope of thefud.

3.3 RISK ASSESSMENT OF IGNITION FOR THE CONCORDE

Wallin (1976) of Bitish Aerospace developed a methodgldg assess catastrophic risks
resultingfrom uncontained failures of turbine eng rotors. This work wasundertakeraspartof
the Concorde SST certification prag, usingan engne failure modefor the Olympus 593.
Itis summaried in this section because it is the ordyudy we found that recaouzed the
potential haards of in-tank fire and gtosion from uncontainedngne failuresin commercial
aircraft. Wallin began by establishinga hazrd tree, evaluatingebris sie for each enigne stag,
and de¢rmining potenia risk items for each sige. A statistical analsis of earler tests and
actual failures provided data for the distribution of risk throudh each fight stage. A mean
catastrophiaisk acrossa typical flight mission was established lsymmingthe overlapping
risks usingsuccess theory

Wallin then established a hazard tree for engine rotor falure tha incdludeal theeffects of danage
to structure and essential ssgyms, loss of thrust, disturbance of operatiang fires and
explosions. The risk assessantincluded he effecs of 18 disk pieces and dkrim piecesof 1/2
radius. Sud afailure modé was algpted from theBritish Civil Airworthiness Rguirements and
Olympus 593 failure models that are based opeerental test data and statisticBy
examining the strudure of the Conmorde Walin determined the fragment fly-off zonein plan
view and esblished he rsk andge assoated wih each enigie sage. In this manner te at-risk
items were dentfied and an overhtisk was oldined for each fght phase.
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Wallin (1976) calculated the mean probabibfycatastrophic aircraft loss using
probabiity = (T, x 14 x Hg x L)+ Eg )

whereTg is the proportion of fligt phase where fuel is present in the penetrated tamk the
ignition probdility, Hr is the probabilityof the fire situation becomingatastrophicly is the
probability of not landing safely with a catastrophic fireand Er is the probaility of a
catastrophicexplosion at the instant of penetrationThe first term (in parentheses) is the
probaility of loss of &craft dueto fire causal by fud tank penetration.

Walin established an ignition probdoility for both fires and explosions,which had a significant
impact on the ovedl risk assessmat. Wallin notes tha the vaues usal wee derived from the
original Civil Aviation Authority (CAA) guideline but stressed that thslyouldbe treatedwith
someresave, sine they were derived from military experience with missiles.

Wallin’s probabilities of ignition dueto peneration of fud tanks by hot engine debris ae
summarizd in table 5. For the case of fragents that enter the ullagibove the fuel level, he
assigned (based on judgnent) an 80 pecent probdility of an explosion whe the fud
tempeaature is within theflammability limits. For the case of fragments that passthrough the
liquid prior to entering the ullage, a 70 pe&cent probdility is assighed when the fuel tempeature
is within flammability limits. For the mist regpn, Wallin approkmated the risk byassuming
arbitrarily a5 pecent probaility of ignition at -50°C, which rises linearly to 70 pecent & the
lean limit.

TABLE 5. THE IGNITION RISK FACTORS RROM WALLIN (1976)

Ignition Probaility

Temperatue (T)
Fuel Canditions Mist by Fragnent Within Flanmability
in Ullage Space (T < Tiea) Limits *

Penetration
Scenario
Fragment erters
ullage alove liquid N/A 80%
_—7

/

Fragment erters 5% @ T=-50°C rising
ullage through liquid| linearly to 70% at Tean 70%

1

*deperdert uponthe flight profile

It is ironic theefore tha a postscipt to Wdlin's report recommended tha the ignition risk
factor be eliminated, adrastic stgp which would diminate an entire branch of the hazard tree.
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Our work in section 4 indicates that, in fact, theandof fire or explosionis possible,which
corroborates Wallin’s report.

4. POTENTIAL FUEL TANK IGNITION BY ENGINE DEBRIS.

This setion investigates two s@narios thd may lead to ignition of the fuel as illustrated in
figure 6. Thefirst scenam occurswhena fragment engers the tank andtravek throudh the air
spaceabovethe free surfaceof the liquid fuel, referred to as the ullag An analsis of the
convective heat transfe from the fragment to the ullage gases permits us to determine the
temperature of the fragent and its surroundingapor film as afunction of time. Thenwe
compae thetempeaature-time historyof this film to tha required for fud ignition as measured in
fundamental studies [§padaccini and TeVelde (1982).

Fuel Tank
Fuel/ Air Mixture
|~
Puncture ’ —p>
T 1. Ullage Scenario: Convection
(@)
©So
o .
o°~ Rising Bubbles
| oo
Puncture > @ —>
N
2. Liquid Scenario: Boiling and Radiation

FIGURE 6. TWO SCENARIOS OF FRAGMENT ENTERNG FUEL TANK

In the second scenario, the fuel is heated as the hotdragentersandtravelsthroug the fuel
tank within theliquid portion only An andysis simila to tha of the ullage is carried out with

the addition of boiling and raiative heat transfa from the fragment. We dso onside the
motion of the vaporizd fuel asbubblesrise to the free surface of the fuel tank, where it may
ignite the vapor in the ullag Ignition maytake place within the bubble agigesor whenit hits

the free surface depemdion the rae of heattransfer.

A combination of thesetwo scenars occurs whenhe fragnent eners the quid and taverses
throudh it to the ullag space or vice versale will considerthis combinationby examining the
results of thetwo sgarate senarios.

Thefragmentusedin theanalsis of this secton is a typical blade fromthe urbine sedbn where
the temperature is hig and consequentlythe potential for igition is hich. In addition,the
friction forces of impact can further heat up a fragnent This effect is examined n an
explorabry way in appendt B. Our resuls sugest that friction canincreasethe temperaure of

either cold or hot fragents sigificantly. Because these results are preliminavg havenot
taken this increase into account in this section.
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The heat transfer analg will indicate whether theemperaturef the vaporfilm reachesgnition
conditions. In addition, for the fuel to igte, the surroundinduel/air mixure must be in the
flammable range. We will calculate the concentraion of fud in the wake of the fragment in
order to refine our assessment of the likelihood witiign. For the case dfire in the ullage, we
account for the evaporation of droplets producedaftation of the tank that increasdise
concentration of fuel. For the liquid case, we calculate the amount of fuel vapdrand
consider the amount of air entrained within thernagt's wake.

This setion first desaibes the tempeaaturetime history required for ignition of a fuel/air
mixture, then the anadig of each scenario ofmgion is presented separatelgscribingthe heat
transfe modes, tempeature profile, and examining thefud/air mixture

4.1 TEMPERATURETIME REQUREMENTS FOR IGNITION.

The conditions favorable for igtion of a combustion process hyhot fragnent depend on the
fuel/air mixture, tempeaature of the fragment, theflow velocity, and theexposuredurdion to the
hot fragnent. Johnson et al. (1988) studied the effect of a hot surface onrth®mgof aircraft
fuels. Ignition occurs when the ewsure duration eeeds an igition delaytime (also called
ignition time) characteristic of the fuelheyused a one-step secomdierreactionto modelthe
kinetic portion of theignition dday time (t.) an Arrhenius equation\gen by

t =f [eXp(E/II){ p" 3)

wheref is the pre-eponentialfactor, E; is the activation enegy, p is thepressure [id the
universal gs constant,T is the absolute tempeature, and n is the order of the reaction.
SpadacciniandTeVelde(1982) fit this equation to data from a continuous flowesknent using
various aircraft-tpe fuels injected as a sprayheyfoundthatthe datafit this relationfor JP-8

with an activation eneygof 37.78 kcal/mole and a prefnential factor ofl.68x 10® ms/am?

andn = 2. Their experimentwas performed at pressures between 10 and 30 &tfa.are
interestedn ignition at atmospheric and subatmospheric pressures and therefore need to verify
this rdation and fitting paameters for therange of pressure of inteest.

Spadaccini (1977) studied the effect of elevated pressure on rhi@rigcharacteristicsof
hydrocarbon fuels.By extrapolatinghis data to the resultt atmospherigoressureof Mullins
(1953), Spadaccini determined that the pressure dependence can be accounted &or by
pre-eponential factor that is inversabyoportional tgp?, consistent with equation 3.

The procedure for performingontinuous flow egerimentsrequiresincreasingthe temperature
of the free stream until igition occurs at the end of the test sectidine igition delaytime is
equated to the residence time within the test section, which is the ratio of teit tterigw
velocity. By varying the st length and fbw velocity at various pressures,p&dacani and
TeVelde (1982) obtained a full ram@f ignition delaytimes. Whenmakingthesemeasurements
for shorttestsectionshowever the flow velocity had to be reducedAs a result, the hot stream
and injected fud did not hae the sane mixing characteristics @& expeiments with larger
velocities or test sectionsThe resultingnonuniformities tended tocreasethe likelihood of
ignition for the conditions of poor mixg.
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The data of Badaccini and TeVeldd982) showed that this mng effect is important fohigh
temperatires and e bwer end of teir pressure rargg We are interesed in appling ther
results for temperatures below 850 ISpadaccini and TeVelde showed that, for temperatures
below 825 K, data (obtained under different imgx conditions) collapsen one curve when
plotted astsp? versus IT. Furthermorewe expectto have a hily degee of mi¥ng due to the
high velocityand exernal flow around the movingnd turningurbine fragnents. Becausef the

low temperatire andthe high mixing, we can appl the resuis of Spadacani and TeVelle b the
condition of atmospheric pressure for temperatures below 825 K withatftcgigt error.

4.2 FRAGMENT MOTION.

Fragmentsresultingfrom catastrophiengne failure varyin size and shapefFragnents maybe
sections of fan and compressor blades hiamjless than 1/3 kghovingat 350 m/s oaslarge as
disk andrim sectionswveighing morethan80 kg movingat 50 m/s. Small fragnents can have a
wide range of geometriesdependingon the manner of the break upThe geometry of the
fragment varies fromthin blades ¢ circular seobrs of nmore conplex shape. For subsequent
calculationdn this section,we will focus on a tgical blade from the higpressure turbineThe
blade is assumed to operate at 7200 RPM, have a mass of 0,Gbekgh of 0.17m, anda
fragment velocity of 237 m/s (Mattinty et al., 1987, and emge specifications fronCFM
International, 1996).

For our andysis, the fragment geomery was simplified to enable the useof standad corrdations
for heat transfe and dray codficients from theliterature We assume tha the fragment was a
cylinder in cross-flow. Our inteest in determining theregime for ignition justifies this geomeric
simplification since we are estimatiogly the regme boundanpetween igition andno ignition
for a represeative fragnent

Thefluid drag forces will slow down thefragment as it passes throudy the stagnant fluid in the
tank. The sum of the forces on the fragnt equals:

dv _ ~ V2
ma__FD__AfCDp7 (4)

wherem is the mass of thefragment, V is its vdocity, F, is the dragforce, C; is the drag
coefficient p is the fluid densityandA is the area oftte fragnent perpendiular to the flow.
For Reyolds numbers (RepVD/y, wherep is the viscosityof the fluid) geater than about 400,
the dragcoefficient is approxnately unity for a smooth dynder (ncropera andeWitt, 1985).
We areinterestedn thefirst few moments after the fragent enters the tank, when the Relgds
nunber s very large. For a cyinder, he areas nDL, whereD is the cylinderdiameter andL is
its length. Integrating equaion 4, asumingtha the drag codficient is @nstant, yields an
expression for the velocity
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v(t) - Yo (5)

Where \} = theinitial fragment veocity. Figures 7 and 8 show thevelocity and travel distance
for the typical blade frament defined above modeled as énder travelingin theullage andin
theliquid fud, respectively. Eeach figure plots thechange in veocity and time as the fragment
travels one meter, apfical fuel tank siz. The fragnent does not slow down appreciakile
traversng the ullage, while it slows down very quickly in the Iquid because ofhe iquid’'s
higher density Accordingto equation 5 the time constant for veloagcayis

2m

"7 DLC, AV,

= 0.5 msec for the liquid.

4.3 FRAGMENT ENTERNG ULLAGE.

As mentional, ignition requires both asufficient tempeature and fud/air mixture First, we
examinewhether the fragent is hot enougto heat the vapor to the temperature required for
ignition and maintain it at tha tempeature for the duraion of theignition dday time. Next, we
examine whether thefud/air mixtureis within theflammability range. Examinaion of these two
requirements for igtion is done separatelp make theproblemtractable. All the properties
used for the calculations in this section areeg in tables 6 and 7.

4.3.1 HeatTransfer

Constder a fragmentthat penetatesthe fueltank and tavek throudh the ulage of the fueltank.
The flux of enery, g” (in W/m?, Watts per square meter), transferred to the vapdviendy

q"=h(T-T,) (6)

whereT is the emperatire of he surface,T_is the emperatire of he free seam andh is the
heattransfer coefiient (W/m? K) due b convedive heattransfer. For the case of convege
heat transfer,ncropera and DeWitt (1988)wg the followingrelationshipfor the heattransfer
coefficient for cyinders in cross-flow:

0 O]
h ko, 0&Re?Pr [ CRe, ﬁ(gg 0 -
O By B P B

= Pr/ O |
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TABLE 6. PROPERTES OF ET-A FUEL

Liquid Properties (from Moussa, 1980 unless otherwise indicated)

viscosity 0.0013 k¢(m s) | Saturation 459 K
Temperatire atl amn,
Tsat

density 800 kgm® thermal conductivity ~ 0.145 W(m K)
Perry(1950)

surface tension 0.028 N/m Prandtl Number 17

heat of vaporiation 291 kJkg molar mass 167 dgmole

Johnson et al. (1988)

Vapor Properties

characerization facor 11.79 thermal conductivity 8.1x10° T - 0.014
Perry(1950) Maxwell (1950) W/(m K)
specfic heat 3.01xT+729 J(kg | viscosity 1.18x10° T
Maxwell (1950) K) Maxwell (1950) +1.28x10° kg/(m s)

TABLE 7. PROPERTES OF DEK FRAGMENT MATERIALS FROM
INCROPERA AND DE WTT (1985)

Property Titanium Inconel X-750
density(kg/ m°) 4500 8510

heat capacityJkg) 166.127°1%87 81.405 T29%
thermal conductivitfW/(m K)) | 1x10°T?-0.0171T +26.417 | 0.5728T°°%4°

wherek is the thermal conductivitgf air, Pr is thePrandtinumber,and the Reynolds number
(Rep) is evaluaed at the fragment vdocity and thefilm tempeaature This @rrdation is vdid for
ReyPr>0.2;Pr=0.707for air. Usingthe velocitygiven byequatiorb, we calculate Reand thus
the heat transfer due to convectiondayations 6 and 7.

We calculatethe temperaturef the fragmentby notingfirst that the hig thermal conductivityf
the fragment pemits us to nglect any tempeaature gradients within the fragment. The
temperature of the fragent is obtained bysingequation 6 with

mc dT
9"= "5 dt (8)

wherec is the spedic heatof the fragnent The resuk are preseet in the nex secton.
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4.3.2 Film Tempeaature-Time History Versus bnition Reguirements.

In this section we calculate the vapor film tempeaturetime history in the wake of the hot
fragmentandcompardt with that required for igition as discussed in section 4\Xery close to

the fragnent surface, the film temperature is nedHg same athe fragment. Moving away
from the surface, it decayo the ambient temperaturBor thiscalculationthe film temperature

is assume equd to the fragment tempeaature This assumptionis justified, sinee in a
nonuniformtemperaturgegon, it is the hidnest temperature that causesitign, as shown by
Spadacciniand TeVelde (1982). The ignition time should be less than the transit time of the
fragmentinsidetheullage. Ignition mayfail because the vapor film is not heated to a sufficiently
high tempeaature or for asufficiently longtime.

Figure 9 shows thdilm tempeature next to thehot fragment as a function of time for a fragment

of 59 g with aninitial velocity of 237 m/s. The temperature historyf two types of fragnents,
titanium and Incond, are shown. These two maderials have different initial tempeatures and
cool down rates, the latter difference causedlifferences in specific heand density The
required time for igition, equation 3, as a function of temperature is also shiattingly etal.
(1987) indicates that titanium is used up to operatoogditions near 70K, while Inconel is
used up to 1400 K(In an uncontained emg failure, the initial blade temperatu@nbe higher
than normal operatingemperatures, but we did not account for this effe®uy analgis shows
that under normal conditions turbine blades of titanium are not hot lerfoygroduceagnition.

The Inconel fragments, however,show a greater likelihood for igiting the fuel. (The most
advanced engines useRene 80 da even higher opeaating tempeaatures.) For an initial velocity of

237 m/s, the fragent travels In in the ullag within 4 msec (see fige 7). We assumedhat 1

m is a characteristic letig of the tank, and therefore use 4 msec as a cutoff to indicate that the
fragment will no longer be in the tank.This cutoff showsthat for initial temperaturegreater
than 986 K, the fragent will raise the film temperature ignoud for ignition asshownby the
three curves for an Incond fragment & different initial tempeatures in figure 9. The shaled
wedge regon in figure9 is where igition occurs because both temperature and time
requirements are satisfied.

We have anabBed the effect of pressure omigion. For an aircrafttraveling at an altitude of
10,000 m, where the pressure is 0.26 atm, thaiog delaytime is longr. In addition, the
ambient tempeature and fud density are less tha thosea se level. The tempeaaturetime
characteristicat the lower pressureat 10,000 m are shown in fige 10. Under these ambient
conditions,an hconel fragnent will reach the In characteristic lert in 0.2 msec.As a result,
ignition will only occurfor initial fragment temperaturesgater 1370 K, which is still within the
normd opeaating tempeatures of the turbing but maginally. Thus, theshaled wedge region
denotingignition is mut smdler at dtitude than a sealevel.
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4.3.3 Fud/Air Mix ture

We have evauaed the themd conditions th& determine fud ignition by a hot fragment. In
order for the fuel to igite, it must not onlybe hot enougy, but there must also be a required
mixture of fuel and air to permit combustion. This section presents an arsdyof the
conaentration of thefud near thefragment to deermineif the mixture can ignite.

Consider a fragent that enters the ulla@f the tank. The concentratiorof vaporis low, butdue
to sloshingof the liquid fuel, small droplets of liquid are present in the ellags the hot
fragment traverses the tank, it will vaporize adrgplets that it encounter3.he vapor willenter
the wake oftie fragnentwhere t increaseshie ar/fuel mixture andmay leadto the appropréate
conditions for igition. In the followingdiscussion, thevakerefersto theregon directly behind
the projectile, which is on theorde of several diameters of the fragment. This region moves
with the fragment.

Assume a uniform distribution of droplets of diametkr,in front of the fragnent spaced a
distanceS apart. The number densitpf droplets, therefore, i$/S, and the number adrops
intercepted bythefragment is

xDL
83

N = 9

wherex is the fragnent travel distance (integ) of the velocitygiven by equation 4). If the
fragmentvaporizsall thedropsit contacts, the mass and densifythe vapor in the wake can be
estimated from amass b#ance, indudingthevapor dready present in equilibrium.

[z d® M
mvap = I’ndrops; + mv = pl E 6 @I + p\i—_-EVI(SS N) (10)

where p, is the fuel vapor pressuret\?lV is thefuel molecular weight, [19 the universal @
constant,and the densityof the liquid fuel (droplets) is evaluated at atmospheric conditions.

We can define the void fractiorg,, of theinitial distribution of droplés by
< _ nd3

e=— 6 =1-THH GEN

As aresult, themass (map) and concentrationy, of the fuel far downstream dhe wake
depends onlyon theinitial droplet distribution

My Dg, (1-¢) %(DL (12)
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m%,, op (1-¢) '}ZM +p,

. rn/ap n +pairVO|air ~ ) b (1_ E) I?" + P, + Pa
M, M, M,

Theinfinity in the subscriptdenoteshe concentration of fuel vapor far downstream of the wake
where the fuel is not beingulled alongwith the fragnent.

X (13)

In equation13,the term involvinghe void fraction p,(1- €) % ) resembles a relation for an

ideal ggs with the exeption that the densitg for liquid weidited bya fraction,(1-€). This tem
is an effective vapor pressure of the suspended drops due to slashfogl in the tank,
assunng that they evaporag¢ conpletely due o heattransferfrom the fragment Thesedrops
will have a paticular size and distribution dpending on the naure of the agitation and the
physical sizeof thetank and ullage. We can estimate this dfective vapor pressure(which wecall
Purops) DY €xamining test dda from thestudyof theeffects of tank dynamics on theflammability

limits of aviation fuds.

The flammable concentration rangf Et-A is 0.6% to4.7% (Moussa,1990). In otherwords,at
the lower flammabilityimit, the fuel mole fraction at igtion, X, IS 0.6%. Usingthe above

definition of p,,.., equaion 13 @n berewritten & ignition as

pv + pdrops
Xi nition — =0.6% (14)
ot pv + pdrops + pair
Therefore,
pdrops = 0'006pair - pv (15)

Dynanic condiions wihin a fueltank decreaseht emperatre requied for gnition atthe lean
end of theflammability envdope (as presented in figure 4). This dfect can berelated to the
effective vapor pressureof the dropsas illustrated in teble 8. The calculation assume thd the
minimum fuel concentration required fomigon of Jt-A is 0.6%independenof pressure.Note
that under static conditions,.,s = O as epected. On the othehand,underdynamicconditions
Parops IS SiQNificantly larger than p, indicating that mostof the fuel in the ullage is in theform of
droplets. For emperatires hgher han hose isted, the mixture hasa compostion greaer than
thelean flammability limit.

Near hefragmentthe concentation of thefuel is higherdueto the evaporaion of the droplets by
thefragment. Theboundarylayer has a venhigh concentration of fuel, because it is the location
of droplet vaporiation. Far behind the wake, the concentration &&high enoudy to promote
ignition. In the wake itself, the concentration varies due toingiof the hot air near the
fragment and he quescentfluid. The concemttion nmust decreaseni sorme manner fromthe
boundarylayer to the downstream valueBecause the downstream value is lean, there will be
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regons for which the concentrationis high enoudy for ignition during the entire time the

fragment traverses theullage.

In conclusion, igition in ullage can occur for fuel tanks involvinggtation andfor a range of

flight atitudes.

TABLE 8. EFFECT OF TANK DYNAMICS ON FLAMMABI LITY LIMITS

Minimum Tempeaature | Vapor Pressurg Effective pyrops,
Altitude Condition | Required for gnition, K p., Pa Pa
m.s.l. static 315 607.9 -
P=1 atm dynamic 278 61.4 546.5
10,000 m static 288 158.1 -
P=0.26 atm dynamic 268 38.4 119.6

4.4 FRAGMENT ENTERNG LIQUID FUEL.

4.4.1 HeatTransfer FronFragnent.

We will examine heat transfer ree modesforced convectionboiling, andradiationacross
the vapor film near the fragent surface.For convection, the heat transfer coefficientiieg by
equation7, wherewe use the liquid properties of the fuklis the thermal conductivitgf the
liquid fuel, and the Reylds number is evaluated at the fragt velocity and the film
tempeature This orrdation is vdid for RePr>0.2; Pr=17 for keroseneUsing the velocity
given byequation 5, we calculat®e; and thus the heat transfer due to convectioeduations
6 and 7.

The pool boiling curve describes the mode of heat transfer that occurs from a hot body
submergd in a liquid at saturated conditionsx¢topera andeWitt, 1988). When the body
temperatire s greaer than he satiraied vapor temperatire (T-Tsz>30 K), film boiling
predomindes the heat transfe (othewise nudeate boiling predomindes). For our @se, this
temperatire diference srts at T-Tsz>241K. Under film boiling conditions, the heat transfer
coefficient is gven below (hcropera and DeWitt, 1988).

r 3|__1[|4
h _062kv (pl—pv)hng O 16
film ~ EDVK(T—T )I:I (16)
EVV sat E

wherek is the thermal conductivitgf vapor, vthe kinematic visoosity, p is the density and
hiy =hg + O'4Cp,v(T —th), wherec, isthespecfic heat andh is the heat of vaporaion. The

subscipt v denotesa propertyof the vaporied fuel evaluated at the arithmetic mean of the
surface émperatre, T, and the saturated vaptemperatureTsz. The subscripl denotes a
propertyof the liquid.
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At elevatedtemperaturesthe radiationacrossthe film from the hot surface to the liquid fuel
must be consdered. When the heattransfer coefftient for radaton is less han hat due b
boiling, a simplified correction to equation 16 accounts for radiadimossthe film (Incropera
and DeWitt, 1985)

3 _ IﬂT; ~ ngt)

hrear = hfiIm + Zhrad where hrad - Ts _ Tsat (17)

where [19 theemissivity (gpproximately [=10.3 for non-shinymetals, hcropera and DeWitt,
1985) ando is the Stephen-®tzmann constant, andsTis the surface emperatire of he
fragment.

4.4.2 Tenperatire Rofile.

As the fragnent enters the fuel tank, tfimgment coolsat a spot(T,) on he kadng edg of the
fragment (seeinset of figurell). The Rewolds number is dxemely high, producingrapid
convective cooling of the leading edge. In therecirculation zonebehind thefragment, boiling
will occur.

We can model the fragent as an infinite two-dimensional lieder with idealizd boundary
conditions. We considerthat the front of the dyder is coolingby convection to a stream at
velocity V, and the back surface cools fiyn boiling. We canuseequationl6 to estimatethe
heattransfer coefficient byassumingthat pool boilingconditions eist; i.e., there is no forced
convection in the vapor pocket trailitige fragment. We expect anyforced convection or mirg
will increase the heat transfa and raduce the fragment tempeaature morequickly.

We can divide this idealed fragnent into a number of regns and use &nite-difference
approachd sole for he emperatire profie acrosshte cyinder. For this problem therearetwo
Biot nunbers desching the rae of heattransfer atthe frontand rear surfacesf the cylinder,
normalizd byheat conduction inside thelicyder

. hconvAX . hrearAX
Bi, = Tk Bi, = Tk (18)
The Fourier numbe (normdized heating time) is
o= A (19)
pc(4X)

whereAx andAt are spatial and time steps in int&gpn, respectively

We assune thattheenire leadng haff of the crcumference (fronface of ourdealzed fragneny
cools byconvection and the rear half (back face)dmjling with radiation. Steppingthroudgh
time to satisfythe convergnce criteriaFo(1+ Bi)S <, yields a emperatrre profie acrossthe
fragment for each time stepFigure 11 illustrates the temperature at three points athess
cylindrical fragment for the case of a 0.7 cm diametdinder with amassof 59 g andaninitial
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velocity of 237 m/s; typical values for a fragent of a turbine blade. This ansiyyassumes an
Inconel turbine part with an initial temperature of 1343ehtering the tank with a fuel
temperature at 300 K.

The profile shows that, indeed, the fna@nt will cool rapidlyat the leadingurface T;) and less
quickly a the traling side (Ts) where the heat transfe coefficient dueto boiling is smédler.
Because of the draigrce on the fragent, it slows veryquickly, and the heat transfer walso
redue. The fragment, however, is still hot & its center, (T,), which causes réhesating of the
leadng edge as he fragnentrapidly slowsdown (decreasigtherate of convecive cooling). We
are interestad in ignition conditions, ad theefore the tralling edge is the point to eamine in
orderto determinewhetherignition occurs. It is the coolingof this point and the heatiraf the
vapor adjacentto it that we will compareto the igition delaytime in order to assess the
likelihood of ignition.
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FIGURE 11. TEMPERATURE PROHRE OFINCONEL FRAGMENT
TRAVELING THROUGH UQUID KEROENE

4.4.3 Film Tempeaature-Time History Versus bnition Regquirements.

In the liquid fud, the fragment slows down sigificantly and its residence time in the tank
increases (to the order of one secon8ge figire8. Ignition is then predicatedmainly on the
film tempeaature

Figure 12 showsthe film tempeaature next to thetraling edge of the fragment as a fundion of
time. Thefilm temperatures approxmated byhalf the sum of the surface temperature and the
liquid temperature. Also shown in figire 12 is thecurve for therequired tempeature for ignition
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obtaned from equdion 3. As bdore, figure 12 indudes theresults for two initid fragment
tempeaatures, onerepresentative of atitanium frgment and onefor an Incond fragment, with a
mass of 59 @nd a lenth of 17 cm.

10.

Film Required
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uel Ignition
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FIGURE 12. TEMPERATURE-TME HISTORY OFVAPOR AT BOILING
SURFACE AND TEMHERATURE-TIME REQURED FOR GNITION IN
LIQUID FUEL

The resultsindicatethat for a turbine blade of titanium mifion should not occur in the vapor
being produced bythe hot fraghent because titanium bladase not subjectedto high enoudn
operaing temperatires. For Inconelpars that operaé at higher emperatires, here s a geater
possibility of ignition, and there is little effect of chang velocity. A temperature-time curve
correspondindo initial velocityl m/s is also shown in fige 12. It is seenthatignition is more
likely to occur for theimpact fragment with smdl initial velocity.

4.4.4 Fud/Air Mix ture

We have evaluated the thermal conditions that determinkk&ignood of a fuel tankfire dueto
a hot fragnent. In order for the fuel to igte, it mustnot only be hot enoudn but theremustalso
be a required mivre of fuel and air to permit combustioithis sectionpresentsan analysis of
thefud/air concentraion nexr thefragment to deermineif the mixture can ignite.

Considera fragmentthat enters the liquid fuel section of the tankiter piercingthe tank, the
fragmentwill pull ambientair into the liquid fuel. The amount of air thus entrained will depend
upon the frontal areaof the fragnent, the distance it travels into the tank prior to the liquid
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readjoining at the point of paetration and thefragment vdocity. For acylindrica fragment, the
volume of air,Vol,, , entrained is

Vol,, = xDL (20)
wherex is theintegral of vdocity with respect to timeas given by equaion 4.

The rate of vapor production is equal to the heat transferretbdhadling divided by the enery
required for the phase chamglrhe energ balance \elds

Mol %@S - Too) = r'r\/ap[cv\, (Tsat - Too) + hfg] (21)

whereTs is the surface temperature of the fregt at the point of boilingFor an ideal miture,
the mole fraction of the vapor equals the volume fraction

m\/am/
Xu = My (22)
Mvap,/ | PairVolair /.
My Ma

wherethe mass of the vapor isiven byequation 20, and the density air is at atmospheric
conditions.

At a paticular distance, the liquid will close across theopening, and thear entranment will
cease. After this point, the fragnent coninues © vaporie the fuel, which causesthe
concentration to ingease. Fgure 13 illustraes the concentraion of the vaporized fuel as a
function of distance within the tankzor this calculation, a distancé threetimesthe fragment
diameter was chosen as the cav@pgh. This is justified for hip Reyolds number flow.
Fragments with two masses are studiebhis process occurs vergpidly and the data in fige
13 ae vdid for times less thm 1 mse. The fud concentraion is nerly constant while air is
being entrained, because both the distance traveled and the vapor h@mioduced are
proportional to time. Over this time, all materigbroperties,surfacetemperaturesand heat
transfa codficients ae gpproximately constant, theeforetheinitial concentraions corrdate with
the initial conditions. The concentration of fuel durinthe entrainmenprocessis a strong
function of the initial velocity of the fragment. The Incond fragment, having a higher initial
tempeaature, produes a higher concentraion dueto thegreater heat transfe by boiling. For even
high initial tempeatures and low initid velocity, the initial concentraion is lower than the
minimum 0.6% that is required forngion (lower flammabilitylimit).

Furthermorejt is possible that the entrained air will not maintain alsiegntigious bubble.If

theair breaks up into smaller bubbles, then the concentration of vapor in these bubbles will vary
The first bubbles will have a mixre of air and vaporized fuel at the initial conditions, whe&ch
below the lean flammability limit. Subsequent bubbles willrgw richer in fuel vapor as the
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FIGURE 13. MASS FRACTIONS OFVAPOR IN THE WAKE OF A
FRAGMENT IN LIQUID FUEL

air-ladenbubblesrisefrom the movingfragment but because of convection their temperature will
be too low for igition to occur.

4.4.5 Bubble Rise

As the fragment entersthe tank, it entrains a certain amount of air from outside the tank in its
wake. If the entrypoint is below the liquid level andndion occurs as described in the previous
section,the fire is limited to a bubble inside the liquid.This fire could ekinguish quickly
because of lack of air suppty rise to the liquidurfaceandignite the vaporin the ullage. This
section eamines whether a bubble of hot vaporaorignited fuel/air mixture formed in the
liquid phase bya hot fragnent can igite the vapor in the ullay Dependingon thebubble
number,size, and temperature, the hot vapor nzaymaynot have enougenerg to ignite the
air/fuel mixture above the free surface of the liquid fu&€he bubble magxst long enoud to
ignite on its own, brinigng very hot combustion products to the free surface of the fuel tank.

Fluid bubbles eist in a number of shapes from small spheres, or ellipstadspherical-cap
bubbleswith avariety of wake formations.Clift et al. (1978) provide a method for determining
the eyected shape of a fluid bubblérlhe Bond and Morton numbers for @articularbubble
determine its shape. Becauselte dameter fixes the vebcity, the expeced Reynolds nunmber of
the flow is determined bthe Bond and Morton numbers.

d(p - p,)D?

Bo=————"—— and Mo= 9p-p) o -p.)

e (23)
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We can nodelthe vaporzed fuelas andealgas:

6m,
R, = pyRT, wherep, = D (24)

3

whereD is the diameter of a volume-equivalent sphexgs the mass of vapor insidlee bubble,
andP, andT, arethe temperature and pressure of the vapdriimiel within the bubblelf the
bubble forms at a distand&,, bebw the free surfacets pressures

R, = Po+p|g(ho—Vt)+% (25)

whereV is the rise velocityf the bubbleo is its surface tensiomnd p, is the liquid density
We can netect the surface tension of a bubble from 1@@m in diameter pecausehe pressure
difference due to the surface tension will be less thafd.0 Examining this range for the
volume-equivalensphereand a flame temperature of 2000 Kigids a rang of Bond number
from 25 to 2500. For kerosene, the Morton number is 1L6X. For this rang of Bond and
Morton numbers, the @ected bubble shape is a spherical-cap bubblee Reyolds number,
based on the liquid properties and the diametethefvolume-equivalentsphere,should be
between 1dand 16 (Clift et al., 1978).Such a bubble shape is depicted in the inset ofdig4.

The terminal velocity of a fluid bubble in liquids is related directtp their observed shape.
Spherical-cap bubbles have a terminal velogitgn by

-py)D
v o711/ 901~ Pv)D
P
for vapor bubble in liquid V =0.711/gD (26)

We cannow estimate the bubble velociyd diameterigen its temperature and depth below the
free surface bgquations 24, 25, and 26.

As the bubble rises, it will lose engrtp the cooler liquid fuel An enery balanceon the bubble
yields

" -m)= 5

—m) o at (27)

whereg, is the specific heat capaciiyr the @s within the bubble of mass,. In order to assess
the tempeature change as a fundtion of time, we need to ddéermine the average heat transfe

coefficient hA (in the units of VIK). For spherical-cap bubbles, which are breeu flat, the
heat transfer isigen bythe followingcorrelation (Clift et al., 1978):

hA=2195/pck D" (28)
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whereD is the diameter of theolume-equivalensphere o is thedensity, ¢ is the heatcapadiy,
andk; is the thermal conductivitgf the liquid fuel, all in MKS units.Clift et al. (1978)give a
mass transfer correlation of an anaog form. The derivation of thiexpressionassumeshat
the heat transfer is independent of the vapor properties, mahairttpe vapor within the bubble
is well mixed. As a result, there is no temperaturadient within the bubble.

We can now determine the bubble diameter, velocisg distance, and temperature as a function
of time by peforming iterative caculations. Figure 14 shows thaliameter of a spheical-cap
bubble composed of @ of vapor for initial temperatures of 780and 120K. The choiceof

this mass of vapor is based on an initial bubble diameter of abeut,Whichis on the orderof

the lengh of the fragnent. The results indicate that the bubble diameter reduces quaskiy
rises,indicatingthatwe expect the bubble to coolAlso shown is the diameter of an air bubble
starting at 2000 K to account for the situation where the vapor andgaite to produce
combustion products at tigemperature.

0.24 A .
Spherical-Cap Bubble
0.22 A
0.2 @ 2 g of Vapor
Eo0.18
I3
£ 01 Air bubble
B0.14
Vaporized Fuel | ... 700 K
0124 Bubble 1200 K
014" 2000 K
0.08 R : .
0 0.1 0.2 0.3 0.4 0.5

Time, sec

FIGURE 14. DIAMETER OF A BUBBLE RISING THROUGH UQUID FUEL
TO THE FREE SURFACE OF THE FUEL

An examination of the gverningequations reveals that the omisopertyof the bubblegas that

enters the problem is the specific heat in equationF#.a mixure of vaporied fuel andair,

the speific heat will be smdler than tha of purefud vapor; thetime constant for the cooling

will be decreased. We expect tha a mixture of fud and ar will cool mud more quicly,

producingarapiddecrease in diameter as shown iufgg14. Even if the fuel igites, producing
products of combustion at 2000 K, the bubble will cool rapidly

Figure 15 shows the results of the temperature calculatissusdistanceraveledby the bubble.
Because the spherical-cap bubble has such a broad area and amvakéyihe heattransfer
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from the bubble is quite hig The temperature, thereforgpidly decreasesthe bubblerises
only severalcentimeters before it cools considerablyhis is equallylikely for a bubble which
has iguited prior to surfacing
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o 1000 +
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~ 800+
9 [~y
2 600+
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Rise Distance, m

FIGURE 15. TEMPERATURE OF A BJBBLE RISING THROUGH UQUID
FUEL TO THE FREE SURFACE

The bubbles, therefore, can not b@&sted to produce mifion because athe rapid convection
of enery to the Iquid fuel Only if the fragnent travek veryclose b the free surface,do we
expect favorable conditions forngion. Under such aondition, thereis a greaterlikelihood
that the fragnent would directlyignite the vapor above the free surface.

Eventhoudh ignition in the liquid phase mayccur (as shown in the previous section), the effect
of ignition in the bubbles is isolated to the liquid phagke fire in these bubbles (if anwill go

out without igniting the vapor in the ullagg Tank igiition, therefore, bympact within thdiquid

fuel can be ndgcied.

4.5 PASSAGE FROM UQUID FUEL TO ULLAGE.

When a fragment entersthe fuel tank in the liquid section of the tank, it will baegto cool
rapidly. The velocity, however, is so hidy tha the fragment may pass ompldely throudh the
tank in the Iquid phase (seedure 14). The fragnent may also enér the ullage spaceafter
having traveled throudh the liquid (s& on adiagond path). The fragment may not have time to
cool substntially before t eners the ulage space, becausgsivelocity is so hgh, bringing it
quickly into the vapor.

We have discussed the effect ofitagon on the fuel/air miture within the tank.The fragment
itsdf may dso ceate amist & it leaves theliquid by pulling up theliquid with it.

38



This second mode of mist creation will add to likelihood of a flammablefuel/air mixture.
Consideringour resultsof the temperature-time necesséoyignition, there is a higrisk of fire
or explosion of the fuel tank because of the additional mechanism for vapor production.

4.6 ANALYSIS LIMITATIONS

The present andysis made a numbe of simplifications axd assumptionsn ordea to make the

problemsof the variation in fragent siz2 and velocitytractable. For example, first, we
simplified thefragment shge to acylinder in aoss-flow @nditions. In fact, fragments ae often

multiple-blade sections and as sud resemble plates with openings or gps. We would epect

thatthe larger areawould exposemorefluid to hot surfaces in the trailingrea of the fragent.

The exended wake and flat plate-like convection conditions could @waungresults.

Second, we used an order of migde estimate for the wake size insteadaltulatingit based
on considerations of wake rigmics, heat transfer, and combustiofheseprocessesan alter
the siz, composition, and temperature within the wake and downstream of theefragilso, a
larger wake may ental a tempeaature gradient across it, whit we did not conside explicitly.
Neglecting these effects is in keping with our asumptions on figment geomery and motion.

Third, we usedthe ignition delaytime as a means to establish if the conditions foiti@n are
sdisfied. The andysis can only deermine if the conditions &ist, but ay investigation of the
temperatire or pressureafter ignition has nobeen addressed’ here are conderabé avenues of
investigation still to be examined, paticularly when combindions of theaforementional dfects,
such as #t fragmentshapes, fragenttumbling, andreactng wakesoccur. Only amoredetiled
analysis will permit anyconclusions to be drawn under such conditions.

4.7 COMPARISON OF RRESENT STUDY WITH WALLIN.

As presentedh section3.4,Wallin (1976) evaluated anngion risk factor for penetration of fuel
tanks by hot engne debris. The conditions exmined in his work (which were previously
summarized in table 5) are now copared wih our resuk in table 9. For the case of fragent
tha enter the ullage directly, Wallin assighed (based on judgnent) an 80% probhility of an
explosionwhen thefuel tempeaatureis within theflammability limits. For thecase of fragments
tha passthroudh theliquid prior to entering the ullage, a 70% probaility is assighed for afue
tempeaature within flammability limits. These probaility factors ae consistat with ourwork in
section 4 whee we dagermined thd the fud/air mixture in the ullage and thetempeature of the
debris meet the criteria forngion (summaried in table9). Furthermorewe discussedhatonly

a slight decrease in the likelihood ofniggon wouldoccurfor fragmentsthatentertheliquid prior
to enteringthe ullage space.Wadllin (1976) does not assess a probabiiitydebris that enters the
liquid fuel and does not reach the ubaglt is not clear whetheWallin did not considerthis
ignition modeor thda he assighed it a ngyligible probaility. In either case, it is consistat with
our andysis, which showel tha ignition is unlikdy when the fragment enters theliquid phae
and does nateach he ulage.
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TABLE 9. COMPARISON OF IGNITION RISK FACTORSFROM
WALLIN (1976) WTH PRESENT STUDY

Will Ig nition Occur?

Wallin (1976) Present Study
Temperatue Temperatue
Mist Region (T < Tiean) (T) Within Mist Regidn (T < Tean) | (T) Within
Fuel Canditions Mist by Mist by Flammability | Mist by Mist by Flammability
in Ullage S@ce | Agitation Fragment Limits* Agitation|  Fragment Limits*
Penetration
Scenario
Fragment erters not N/A 80% possible N/A Yes
ullage alove corsidered
liquid =
Fragment erters not 5% @ T=-50°C
L_Jllagethrough corsidered rising linearlyto 70% possible possible Yes
liquid — 70% at Tiean
Fragment erters
only in liquid No No
e

*deperert uponthe flight profile
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The flammability limits, & ddined in setion 3, dgend on both the flight profile and the fuel
type and conditions. The flight profile determines the ambient temperatared pressure
conditions. For Jt-A fuels, the static flammabilitiimits lie outside theatmosphericonditions
of interest. The mist regn, however, becomes veimnportant since it coincides witthe
pressure-temperature relation for standard and tropical atmospheric condfionshe mist
regon, Wallin (1976) apprarmated the risk byassuming arbitrarily 5% probability of ignition
at -50°C, which rises linearly to 70% & thelean limit. He included this onlyfor the case where
the fragnent first enters the liquid fuelAs aresult, his assessmerdccountsonly for the mist
producedby the fragmentasit passe®ut of the liquid, i.e., mist due to @gtion, vibration, and
sloshingis not taken into account.

As disassel in setions 3 ad 4, theagitation effectively lowers the lean flammeability limit by
producingdroplets which, when heated, effectivehcrease the concentration thfe fuel/air
mixture. For themistregonin table9, we indicate onlyhat ignition is possible since it depends
on thecomplex issue which govern thedegree of agitation or themanne in which thefragment
travels throudp theliquid. The qudity of themist formel and its @se of vaporizaion by the hot
fragment govern thepossibilityof ignition.




5. HYDRODYNAMIC RAM CALCULATIONS

Projectiles (enme breakup debris) penetratitite fuel tank magenerateintensepressuravaves
capableof rupturing the tank walls. This phenomenon, termed draulic ram, can lead to
catastrophic loss of the aircrafilassive fuel loss;esultingfrom fuel tankfailure, canalsolead
to aircraft loss bynboard fires and biyiel starvation.

Whena projectiletravels throug the fuel, the drafprces actingo decelerate the projectile are
the sourceof pressuravavesthat propagte towards tank wallsPressure loadinmcident upon a
fuel tank wall may produ@ damage to thewal. The mechanism h& been recognized in military

but not commercial aircraft application®dajor work in this area haseencarriedout by the
military over thelast 25 years, allminaing in various @mpute progams. This setion goplies a
computerprogam availableto us called ERAM (undstrom, 1988), to assess the potential
damege if a fragnentfrom either a fan kdde or aurbine dsk peneatates he fueltank.

5.1 BRIEF DECRIPTION OF ERAM

The formulation of the analgs in ERAM can be summaett as follows:

. A force bdance on theprojectile deermines the slow down of theprojectile dueto drag
forces bythe liquid. The analgis uses a constanirag coefficient that dependsonly on
whether or not theprojectile tumbles. This dray coefficient is deermined by maching the
modé with test dda

. The kinetic energlost bya projectile is computed and converted iwtal energy of the
fluid (internal plus kinetic).

. Disturbances in the fluid are assumed to ottey linear acoustic wave equatioihe
pressuras thencalculatedby addingup the contributions of a series of spherical pressure
waves entered dongthe projectile pah.

. Beforethe fluid closes m on he hok, an ebngated cawviy is formed behnd the fragnent
due to the entrainment of air (thrduthe puncture in the tank) in the wake of therfragt.

The analysesin ERAM is based on a number of assumptions and appatons which may
needimprovement. While we do not agee with manyof these assumptions, the code is the best
avaiable so far.

To applyERAM, the inputs needed includéhe shapeweight, impactvelocity, orientation,and
tumbling of the fragnent; the gometryand siz of the tank; and the density the fuel.

5.2 DESCRIPTION OF TYRCAL FRAGMENT CHARACTERSTICS

The detachedfragments can be from a blde as wélas froma dsk. Table 10 showshe
characteristics of various possible fir@@nts of interest from famigh pressuréHP) compressor,
HP turbine and low pressure(LP) turbine Theinformaion onthe HP turbinebladesis identical
to that used in the previous section.
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TABLE 10. TYPICAL CHARACTERISTICS OFFRAGMENTS FROM
BLADES AND 120 DEGREE 3K SEGMENTS FOR COMMERG@IL
AIRCRAFT ENGINES

Blade Length| Velocity | KE Max Mass | Radius| Center| Velocity | KE
Component |RPM| Mass (Ibs) | (in) (ft/s) | (ft-Ibf) [ for Disk (Ibs) (in) (in) (ft/s) (ft-Ibf)
Fan 5400 0.84 24 848 9390 25 6 3.31 156 3150
HP Compressor| 7200 0.10 45 833 940 80 11 6.06 381 60200
HP Turbine 7200 0.13 6.7 776 1220 70 9 4.96 312 35300
LP Turbine 5400 0.22 11 872 2520 172 13 7.17 338 102000

Sincethe information on any particular aircraft is proprietargnd we are interested irergeric
information, table 10 was compiled based datafrom various sourcesincluding Mattingly
(1987) and aircraft specification and design the open literature.

The secondcolumnin table 10 is the rotation speed of the blades and disks in revolutions per
minute. The mass, lertp, velocity and translational kinetic engrgf a bladeareprovided. The

size of the disk fragnent is assumed to be one-third of the whole diskical mass,radius,
center of mass, velocitand kinetic energof the 120 degge disk are also presented.

Sincethe fragnent with the largst kinetic enerngcauses mamum damag to the fuel tank, we
sekcedthefan blade and P turbine dsk seabr for the catulations. We model the fragnentas
alongcylinder,athin cylinder,andas a sphere, wth are he geometrical shapes accegt bythe
ERAM progam. We calculate below the volume-equivalent dimensions for thaseshapes.
Theyare denoted as Modeld BB2, and B for the blade and D1, D2, and D3 for the disk.

5.2.1 Blade Fagment Models

We assumethe mderial of the fan blade is titanium. For a commecial aircraft fan blade the
volume is

084 Ib _ 5 i

Volume= —
0.1685 I/ in

For ModelB1 (longcylinder), he bhade fragnentimpacs the fueltank with the snallest contact
area:

L=24in

-3
Dz,/fo'—n_ = 0.52in
T 24in

For ModelB2 (thin cylinder), he fragnentimpacs the fueltank with largestcontactarea. The
width of the blade is assumed to be 1.2 in.
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D= \/i x 1.2inx 24in= 6.11in
Tl

5in3

L=——— =0.174in
1.2Inx 24 1in

For Model B3 (sphere), the fragent is modeled as a sphere.

. 3
D = 23,/“4&:2.12 in
T

5.2.2 Disk Sector Fagnent Models

We assumethe LP turbinedisk maerial is Rene 80; many othe commonlyusel disk maerials
have similar propertiesThe volume of the 120 dege sector is

Volume= 120 X 172 lbs =194 i

0.2960 I/ in3

For Model D1 (longeylinder), small impact area

L=13v3in=225in

D= ,/fx 194 'r,F =3.31in
m 225in

For Model D2 (thin clinder), large impact area

D—\/ixl—zoxnxmz = 15in
“\n 360 -

L=2Y —11in

nD2

For Model D3 (sphere), the fragent is modeled as a sphere

3 .
D=2 M:?_]_Sin
V 4
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5.3 DESCRIPTION OF A TYRCAL FUEL CELL.

There are several cells in an aircraft fuel take choose the one witne following dimensions
in our calculation:

80in x21.5in x17 in
which corresponds to a segnt of a Being737 wingbetween two stiffeners.

5.4 ERAM DATA INPUT.

The followingassumptions are used in runnthg ERAM code:
a. No reflection of pressure waves from the tank walls.

b. Fragment pendrates from the center of the bottom wdl of the fud tank to thecenter of
thetop wdl. Thefragment does not tumblan thefud tank.

C. The fuel densitys the same as kerosene, 0.02962 Ipfound speed = 4330 ft/sec.

d. The tank wall is made of 0.06-in.-thick aluminumhere is no foanattachedo thetank
wall. The critical stress intensifgactor at room temperature for aluminatoy 7075-T6
is Kic = 28.6 MN n#2/m2 = 26 kpsi i/2, from Avallone and Bumeister (1986).

e Theblade and thedisk ae made of titanium and Rane 80 respectively.
f. Ambient pressure is 12.24 psi, for an aircraft at 1500 m altitude.
g. Failure crteria is when he phte stress,o,,, exceeds te naximum allowed stess,Oma,

before he fractre.

= KIC = KIC

o Jor d, " Jom d,

where Kc is the critical stressintensity factor Q is a ggometric facor thatincludes he effectof
wall thickness,oma is the makmum stress the plate can endureisdheinitial hole sizeon the
entry plate after the pendration of the projectile, and d.; is thecritica initial hole size (flaw
diameter in ERAM).Thus, the wall fails when, & d..

5.5 RESULTS OF CALCULATION.

Threecasesf each model, as described above, are invasiigin modelinghe hylrodynamic
ram effect of both blade and diskigure 16 shows the peak pressure distribution actmtpe
entry wal as afundion of time Thewadl pressureis thesummaion of the dynamic pressureand
the static pressure actiman the entrywall. As the fragnent travelsthrough the fuel tank, its
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velocity drops, dependingon the massand cross-flow sectionalareaof the fragment. A fast
projectile velocitydrop corresponds to a lagpressure pulse amplitude.

Thepeakstresshistoryof thewall is shown in figire 17. A larger wall pressure pulse results in a
large wdl stress and mnse@uently a large stran. The critical initial hole size (dg) is shown in
figure 18. We assume that the initial hole sizg igdthe width of the perforation hole produced
by impact: 1.2 in. for the blade and 13 in. for thesk radius,both plottedashorizontal linesin
figure 18. If the initial hole sie exceeds the critical hole €4d, > d.;), the wallfurtherfractures
and fals. This falure criterion is wdl satisfied for dl cases, except for modéB1 wheeit is only
marginally sdisfied. Modd B1 is theleast severe case sinee the blade impects thefud tank with
the snallest contactarea.

In summaryfor the conditions investaded in this studythe ERAM calculations shothata fuel
tank canfail if it is impactd byfragment such as a bBde or dsk segnent The occurrence of
failure depends on a number of parameters inclufiagnent siz, shape, velocityand impact
ande. Thus, the hgirodynamic ram haard should not be discounted.

Peak Wall Pressure, KPSI

Time, msec

FIGURE 16. PEAK WALL PRESSURE EVOUTION AFTER FRAGMENT
IMPACTS THE FUELTANK
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6. POSSIBLE MITIGATION MEASURES

Shielding and cordiinment of engne fragnents has receied sgnificantatention over he years.
If sudh protection fails and tank penetration occurs, it is still possibldo protet against afud
tank fire and hydrodynamic ram. This setion presents aquditative disaission ofthe types of
protection measures that rhigoe consideredThe adoption ofiny preventivemeasuredepends
on detailed cost-benefit anafs which are bend the scope of this report.

6.1 MITIGATION OF FRE AND EXH.OSON.

Protection of fud tanks in militay arcraft is provided by making the vapor in theullage space
inert and by using foams and etinguishing agents. These sgtems are described briefyelow
for referenceonly. We make no judgment on the cost/benefitof any of these systemsto
commercial aircratft.

6.1.1 Ullage Ineting.

The vapor in the ullagspace can be made inert loyiting the ox/gen to levelsthat will not
supportcombustion. Stewart and Starkman (1955) determined that sustained combustion cannot
occur within the fud tanks if the volumeric oxygen concentreion is 9 pecent or less. This
concentrations obtainedby injecting nitrogen from a source éarnal to the fuel tank.Such
sources include

. Storaye bottles of liquid nitrogen (LN, dewars) as used ohe Air ForceC-5 fleet This
systemhasthe disadvantag of requiringa supplyof cryogenic nitrogen nearlyeverytime
the airplane is refuekd—an unaccemble logstcs probem in todays arports. We
understand that the current C-5 fleet leaveshtsdystem unchared!

. Onboardinert gas generator sgtems (OBGEGS. Such a sgtem is placed onboard the
F-18, C-17, and 22 aircraft. It processes emge bleed aiinto a nitrogen-rich (inert)
gas. The OBIGGS eliminatesthe logstics problems of liquid nitran resupplyand
produces oygen as a byroduct, which can be used on the aircralft, therefore,is
preferred over the liquid nitreg sytem.

A basic limitation of both sgtems is therdease of fud-dissolvel oxygen. In an airport fuel
storag tank, the fuel contains sigificant amounts of dissolved air (ggen and nitrogn) in
thermodynamic equilibrium a ambient pressure The air-saurated fud is loaded onto theplane
Uponairplaneclimb, naturalevolutionof dissolved oygen could quicklycause an initiallynert
ullage to becomeflammable.

The dissolved opgen can be scrubbed out bybblingan inertgas throuch the fuel. The high
contactareabetweerthe gases in the bubbles and the dissolveggex in the fuel tend to cause
the composition of theages in the bubbles to equilibratgth dissolvedgasesin the fuel.
Dissolved oygen outgsses more readilthan dissolved nitran. Thus, the bubblesremove
oxygen from the fud and transport then into theullage from which they can beexpdled throudn
the fuel tank vent sgem.
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All of the above systemscontribute to weibt, volume, and aulkary power requirements.
Furthemore the complexity of these measures and ther assocated impact on reliability and
maintenance increase both initid and opeating costs.

6.1.2 Foans.

Stewartand Starkman (1955) showed that foam, placed within a fuel tank, suppressen ig
and damag due to overpressureThe foam used was a 30/kg open cell, polyrethane foam,
filling 65 percentof thetank. Thelimited stabilityof this foam (at fuel temperatures of 80°C and
in the presence of water) poses a contirdadger of disintegation and potentialblockage of
filters, coolers, sensor lines, etc. pigces of the foamAlso, the limited life of the foam (only
some hundred fipg hours) required several chasgduringthe life of the aircraft, increasing
maintenance cost$-oam sgtems have been installed on the C-130, A-10, and-flte F

Modern foams do not suffer from staility problems. For example, polyamide foams (neéworks)
arestable for an unlimited period at temperatures of 100°C, with shoutr&®ns up to 130°C.
Testshaveshownthatan 80 percent foam fill (with a densiof 8.5 kgm®) leads ¢ accepdble
overpressures duriren in-tank eglosion (Wordehoff, 1989).

Thus, foams can provide effectivepdasion protection for théuel tanks,and havethe added
advantag of beinga passive stem (no movingparts). However, theycontribute to weigt and
volumepenaltiessufferfrom the potential for premature disintagjon, are prone to electrostatic
problems, and mcrease r@ntenance cost

6.1.3 Extinquishing Agents

Active systans have been developed to inject extinguishing agents into the ullage when a
hazardous condition is detected usfagt optical detectorsThe most commomand effective
agent is halon. It is used on the F-16, but, it has been barfr@d productionbecauseof its
adverseimpact on theozonelayer. The conflicting issue of paformance, practicality, and @st,
posedby potentialreplacement®f halon, are a subject of exsive research and development
(R&D) which has g to be resolved.

6.2 MITIGATION OF HYDRODYNAMIC RAM.

There is one commerciallgvailable technologfor hydrodynamic ram mitigation in military
aircraft. It consistsof foam backed strudurd pands and is usd on militay hdicoptas (CH-47
and UH-60). Hydrodyhamic ram is attenuated bgam compressioalthoudh the protectionis
generallynot enoudy. This technoloy is in a geat state of fluxas new foams are beiriged.
Each foam has advanegyand disadvantag.

Also, hydrodynamic ram mitigtion is a subject of snficant R&D. Various technologs are
beingtried, one of the most advanced of which is a Nearedperted Badder byBoeing(NIBB).
In this system, porous khdders are pked on each ohé ank wals. Nitrogen s punped nto the
bladdes, inflating them, then oozes out throudp the pores of the bladde's and fills the ullage,
inertingit. Accordingto Boeingthe sygtem provides protection aigst both
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e hydrodynamic ram since the bladder cushions the shock impact near the wall and
» fire/explosion sine thenitrogen inats theullage.

However, the sstem has limitations.At the edg of each wall where the bladder is attached,
inflaion is necessaly zero. Thus here & no proecion atthe corners wherevb edgs meet
Also, nitrogen s is needed as anmandable.

Note tha before full commercial development of any sud system from military applications, its
suitability would have to bedamonstraed. A cost badfit andysis is dso rejuired.

7. SUMMARY AND CONCLUSIONS

7.1 SUMMARY.

The report presents anmaratoryassessment of the potential for in-tank fire andrbgynamic
ram causedby unconained engne falures. The effortcovers a reww of accientdat and of
pertinent literature, the development of andysis speifically for this project, and the useof an
existing computer code.

The two accdentscenars of interestcover a sequence of evenhamnely, unconained engne
failure, penetrationof the fuel tank byengne debris, igition of the fuel inside the tank or
hydrodynamic ram (pressurerise inside the tank), and tank rupture. Section 2 presentsa
preliminary review of historical accidents involvingncontained enge failures. The purpose
was to characterie the sequenceof eventsthat maylead to catastrophic loss of the aircraft
triggered by uncontainedengne debris. While the above sequence of events has not been
repored in anyparicular accdent sone of these evesthave been repad singy or in various
combindions.

For example, there are mangeports of historical accidents involvinlgagments from an
unontaned engine failure pendrating fud tanks with sigificant danage to the tanks.
Occasionallythere are reports on fuel tank ruptures and the outpoofifigel from the tank, as
well as fuel tank fires and pbosions. Fuel tank ruptures clearlydicatethat pressureforces
were developed inside the fuel tank — altHoug is not known whether they are due to
combustion or hgrodynamic ram effects.In a few cases, fgtion and fire inside théank are
reported, while no report of dyodynamic ram has been foun@espite the lack of evidender
the aforerenioned sequence of everccurrng in their enirety, taken separaty, the everd of
interest appear to hgppen and posea threat to thefue tanks. Clearly, a ddinitive resolution of
this issue cannotbe achievedfrom our quick review of accident dataHowever, even the
fragmented evidence found suepts the need for furthestudy of the scenariosunder
consideration.In appendixA, we present a summaoy these pertinent accidents.

Our review dso identified tha damage to thefud tank can produe fue leakage resulting in
other adverseimpacs to the arcraft For exanple, fuel can kak nto dry bays and enge
nacellespe ingsted byan engne, or pool onto thergund (for a stationargircraft). The fires
resulting from sud leakage can posegreat danger to an arcraft strudure These seenaios have
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occurredin the past(suchasthe Manchester accident in 1985) and nieeymore important than
those eamined in this studyTheyshould be considered in future work.

Since historial evidence was fragmented and limited, we gave particular attention in this project
to whatmight happen based on considerations of the fundamental processes involved in fuel tank
ignition and hgrodynamic ram.

7.1.1 In-Tank Riel lgnition by Engne Debris

The first question was to determine whether the fuel tank contains a flanmmatles underthe
conditions of this study Section 3 presents petinent informaion from the literature on the
flammability of the ullag of an aircraft fuel tank containinigt-A fuel. It is well known thathe
fuel vaporéir concentation inside a vergd arcraft tank at typical ambient temperatiresis not
flammable at sea level nor & dtitude. In othe words, theullage is outsidethe stdic
(or equilibrium) flammability envdope However, it is dso wél documented in theliterature
tha dynamic proaesse @an broalen significantly the flammability envdope ove the stdic case.
The most important of these processes is the formation of a niigtlafropletsinside the tank
due to fuel sloshingunder normal aircraft vibration and motionWhen such droplets are
vaporized by a hot fragment, they effectively raise thefud vapor pressurein the ullage making it
flammable.

A fuel mist can also be produced twe motion of a fragent throudp the fuel. Thisis supported
by test data on JP-5 and -8—two military fuds thda are compaable in voldility to Jt-A fuel.

The tests involve gn fire impact aginst a “static” tank with the projectile enteribglow the
liquid level and eiting into theullage. Ignition occurred at fuel tempeaatures well bdow ther

flash points and was interpreted the test engeer as resultindgom a mist producedby the
projectile motion.

In this project,both mechanism®f sprayformation, due to motion of aircraft and fragnt, are
of interest. They enrich the vapor @mneentraion in the ullage and broaen the flammability
envelope thus increasinige likelihood of igition inside the tank.

The risk of fire and eyplosion in aircraft fuel tanks in the Concorde SST due to uncontained
failure of the Olynpus 593 enige was studied bBritish Aerospace (\&llin, 1976). Forthe case

of fragments entering a flammable ullage directly, Wdlin assighed, based on judgnent, an

80 percent probdility of fire. For the case of fragments tha pass throud the liquid prior to
entering the ullage, he assighed a probaility tha increased linearly with fud tempeature from

5 percentat-50°C (well belowthe flashpoint) to 70 percent at the temperature correspontting
thelean limit. These probaility vaues are consistat quditatively with our work in setion 4,
whee we degermined tha ignition can occur sine the fud/air mixture in the ullage, the
tempaature of the deoris, and the fragment transit time meet ignition criteria taken from the
literature

In summay, our literature review in section 3 indicates tha the ullage insidea fuel tank with Jet-
A canbe flammableunderoperatingconditions. Because the mgtion potencyof projectiles in
military tests is vey different from tha of deoris from an unoontaned engine failure, the next
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guestion becomes whether the debris provides énotig heat sourc® ignite the fuel. This
question is addressed in section 4.

We focus on debrs originaing from the hgh-pressureurbine becausehey have he hghest
initial temperature, and consequentlye geatest potential fagnition. While impacting afuel
tank, the temperature of the debris ncagng due to secondamffects such as heptoducedoy
friction (as illustrated in appendix B) or hedt transfared to intevening strudures. Sud efects
are verydifficult to quantify, and are thus not armined in this study

We focus on the occurrenceof ignition and its dependence on fragnt siz, temperature, and
velocity, as well as fuelproperies. By examining the effectof heattransferandvaporformaton
in the fragment wake, we deermined wheahe a hot fragment can ignite the fud bedore it cools
down significantly.

Section 4 investigates two s@naios: first, a fragment enters thetank and travels throudp the
ullage. Consideation of mnvective heat transfa from thefragment to the ullage gases permits
usto determinethe temperaturesf the fragnent and its surroundingapor film as a function of
time. We compae thetempeature-time historyof this film with tha required for fud ignition as
measured in fundamental studiep#8accini and TeVeldd,982). This comparisondelineates
regmes of iguition and no igition. The latter occurs because eitlibe fragment is not hot
enoudp or it exts the tank too quickly

The second scenario involves the heatofighe fuelas the hot fragment entersand travels
throudh the liquid portion of the tankAn analysis similar to that of thellage is carriedout with
the addition of boiling and raiative heat transfa from the fragment. We dso onside the
motion of the vaporid fuel as a bubble that rises to the free surbddke fuel tank, whereit
may ignite the vapor in the ull&g Ignition maytake place within the bubble as it rises or when
hits the free surface depemdion the rae of heattransfer.

The heat transfer analyg indicates whether the temperature-timstory of the film supports
ignition conditions. In addition, the fuel/air mbare must be in the flammable ranfpr the fuel
to ignite. We estimate in aprdiminary way the concentration of fud in the wake of the fragment
in order to refine our assessment of the likelihoodgoition. For the caseof the ullage, we
approxmate the increase in the concentration of fuel in the misbmed-or theliquid case we
calculate the amount of fuel vapad and considethe amountof air entrainedwithin the
fragment’s wake.

Theforegoing analysesprovide a simplified evaluation of the conditions under which a fuel tank
fire mayignite by hot engne parts from a catastrophic failure of a turbik@r a fragnent that
enters theullage, both thecomposition of theud/air mixture and thetempeaatures are sufficient

to ignite a fire within the fud tank in thepresence of mechanical agitation (dther by aircraft or
fragment motion).

For a fragnent travelingthroudh the liquid fuel, we found that whilthere exists a sufficient
fragment temperaturg¢o promote iguition, the fuel/air concentrations necesstoy ignition do
not eist, even with ar entranment in thewake of the fragment. Thus, iqition is not likdy.
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Even if it were to occur in a bubble inside the liquid, it will not persist due tufisgnt
guenchingasthebubblerisesthrough the liquid fuel. We expect anyignition within the liquid to
be containedwithin the liquid phase. Tank igition, therefore, bympact within the liquid is
unlikely.

For fragmentsthat enter the liquid phase and cross into the ellsigace, igition of the vapor
dependson the temperature of the fragnt as it makes the transitio®@ur results indicate that
because the velocities of the fragnts are so hig a fragnent still within the tankhatcrossedo
the ullag will have a sufficient temperature tonige the vapor.On the other hand, a fragnt
that enters the tank in the ullagpace will guench upon enteritige liquid fuel.

Upon ignition, explosive pressures may maynot be produced, depending the amount ahe
fuel/air readyfor immediate combustion uponnigion as well asthe penetrationhole size
produced bythe fragnent. As such, manyf theissuesaddresseth the analysis of ignition (fuel
temperature, altitude, mist formation, etc.) are also important to thesiaralgxplosion. Also,
the effect of hole size would have to be accounted for in the amssly-the lar@r the hole the
smaller the pressurerise. In view of the uncertainties involved in quaniify these issues,
focusingon ignition (the primaryevent) seemed more reasonable tbgsliosion (a secondary
event). Also, one can conservativessume that uponndion, thefuel tankis at-risk because
combustion pressures are muchhaigthan the desigpressureof the tank. Calculatingthe
overpressure,igen igition, can be done usirthe type of analges presented in this report.

7.1.2 Hydrodyhamic Ram byEngne Debris

Whenafragmentpenetrates a tank, it slows down as it travels thrdbg fuel due to liquid drag
forces. Part of the frament kinetic enerngis convertednto fluid mechanicaknery — an effect
called hydrodynamic ram. Theram pressureloads thetank wdls and foraes them to bulge and
tear, geatly increasingthe siz of the puncture hole produced the fragnent. A large amount
of fuel canthenflow out of thetankand find its wayto an iguition source (such as a hot surface
or torn ekctical wires). Loss of fuelcan aso kead b loss of cerdr of gravity contol and
potential loss of theaircraft.

This mehanism ha ben recognized in military but not in ommecial aircraft applications.
Major work is this area was carried day Eric Lundstrom(1988), culminatingin a computer
progam caled ERAM. This codewas developed for the case of a projectile impacting a fud

tank. The code uses inputs describiagprojectile (shape, weitj impact velocity orientation,
and tumbling, fluid properties (densityand speed of sound) andrectanglar tank (size and
pand materials) to @mputepressureas a fundion of timeat various coordinde locations. The
formulation of ERAM is based on a number of assumptions and ap@tions with which welo
not ayree and which may need improvements. Still, the codewas available to us,and the predicted

trends were plausible.

Section 5 presents the results of parametric calculations with this ode for the case of a typical
fan blade and adw-pressureurbine dsk segnent (engne break-up fragent with the largest
kinetic energy). The results of ERAM indicate that the tank can faihus, the hgirodynamic
ram haard should not be gpred.
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Protection methods amst hylrodynamic ram are limited and still under developmentthoy
military. Protection methods amst in-tank fire and gtosion have been developed and used by
the military for over two decadesThese sgtems will incur weibt, volume, or aukary power
pendties, and requirethe addition of mmplex systams with thér own rdiability and mantenance
issues (as bridly reviewed in setion 6). Studies are needed to optimize these systans to
paricular appicaionsandto tradeoff their costand mpacton arplane perfornance wih safey
improvement. In addition,detailedcost benefit anabes are required to determine whether such
systerms are desable in conmercia aircraft fuel tanks.

7.2 CONCLUSIONS

Based on our reiew of literature daa and on atheoretical study of heat transfa from a hot
fragment to the fuel, we have determined that under the conditions of this study

. Ignition is possible for a fragent impactinghe ullag, even thouly the fuelis belowthe
flash point. The presence of fuel droplets in the udlaand their heatingnd evaporation
by the hot fragment raisesthe vapor pressure of the fuel locallignition requires hig
temperatire bhde naterials such asnconel

. Ignition is improba&le for afragment traveling throudh theliquid fud.

By applying an existing computercode on hgrodyhamic ram to tgical fuel tank fraghent
impact conditions,we have determined that fragments with thehighest kinetic energy (sud & a
typical fan blade or anR turbine 120 dege disk segent) canfail the tank wall by the ram
effect

Thus,while there have been no historical accidents involvfing or hydrodynamic ram inside
fuel tanksinitiated directly by uncontaned engne debris, our tehnical andyses of these events
indicate that they can happen. Our exrapolation of limited accident data gegts that their
probaility is vey low (less tha 7 x 10™° event/enime hour). Nevertheless, in-tank fires have
occurred duringuincontained enge failure, producingatastrophic aircraft losses, althbugot
directly dueto fragment impact. The possibility of these and othe fire and explosionscenaios
should be eamined in future work usintihhe approach presented in this report.
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