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ABSTRACT ‘

As part of & research program in fire scieace and techpology at
Sandia National Laboratorics (SNL), an me and compu-
tational mvestigation of the fire associated with
the preseace of a large (3.66 m diameter), fuselage-sized cylindri-
cal calorimeter engulfed in & faxge (18.9 m diametes) JP-8 pool fire
subjected to high (10.2 m/fs) winds was perfonmed,

The conditions investignted here resulted i 8 twofold f
in the incident beat flux toﬂ:cmrfmofdwquectmkﬁ to heat

fuxes typical of large hydracarbon fires wi objects.
Duc to the enhenced fuel/air mixing, turbulepee, and
larger flame volume, the highest heat fluxesiare o oa the

Iecward side of the calorimeter. Radiative heat fluxes of|150-250
EW/m?® on this side, with the maximum hea flux % neas
the top of the calorimeter, were measured. Ragiative heat fluxes of
60-200 XW/m® were measured on the w‘i.ngwud side, pwith the
highest heat flux near the bottom of the uTmr. M ed and
predicted heat fluxes 10 the pool surface of 2500 kW,
observed. The presence of the calorimeter to
overall fuel consumption rate primarily dueito redi
flame zone away from the pool surface.
model does a reasanable job of representing
of the fire environment but under predicts
fimeter.

These results emphasize the im of ing the
wind.induced interaction of fires and large dbjects when estimat-
ing the incident heat fluxes on an engulfed object. These measure-
ments and analyses are of particular interest since few studies to

features

casenli
heat flux tojthe calo-

date have addressed cases where the fire and object are of compa-
rable size,

MThis work wan eponsored by the Defense N( lear Weapons
System Safety Assessment and Fuel Fire Techbuse Programs was
perfomcd in port ot Sandia National Laboratorics pnder Uni
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INTRODUCTION
ization and simulation is @ primary objec-
and technology research program at SNL.

ictive firc fiell models and simplified,

with a full-scale fuel fire test pro-

tanding of large-fire phenomenclogy.
including the effects pf wind and the influence of large structures

engulfed by, or ad ta, the continuous flame zoae is central to
this effort, This tanding forms the foundation of the ability
to numerically sim large-fire enviconments.

Although many s have been pesformed ot fire phenome-

nology in small-scale pool fires, including contributions by Alger
ot. a] (1979) and Haming et al. (1994), a limited number of large-
phenomeaclopy studies appear in the Literature, Included
in thesejstudiss are works by Johnson et al. (1982) and Gritzo et
al (39958) which focus on the behavior of large fires ‘without
objects. Fewer studies have been performed which con-
sidq effect of objeets where the size of the object is compars-
ble yithithe size of the fuel pool. Previous sindies including work
on fye-{nduced fuselage burnthrough by Sarkos, et al (1990) end
undsr-vgng pool fires by Keltner, et al. (1994) address the sce-
ip where the fire is small compared to the structure of interest.
S quoctsinhrge fires have been investigated experimentally
by and Canfield (1973) and Gregory ¢t al. (1989).
the fire and object are of comparable size die diffi-
mﬂt{oqddmssduetoﬁlultuaﬁonoftheﬂowﬁcldmdﬁwﬂmd
i & on the firc physics due to the presence of the object. The
inﬁgcngeofthcalﬁuedﬂowﬁeldonmaﬁmphysicsmustbc
detcrmine the flame zone geometry and the temperature,
ivg property, and velocity fields within the flame zone, Very
few]detgiled studies within this class of problems appear in the lit-
eraure] A recent contribution is the experimental study of & large,
usface adjacent 0 & Jarge fire by Gritzo, et al. (1995b). These
igs are oftca of interest due to the occurrence of large fires
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which engulf objects containing personnel, weapon systems, or
hnzardous materials. Large avistion fuel fires which engulf an air-
csaft fuselage, posing z significant hazard to the occupants end
cargo, are included in this class. Accordingly, an experimental and
computational investigation of the fire phenomenology associated
with the presence of & large (3.66m diameter), fuselage-sized
cylindrical calorimeter engulfed in a large (189 m diameter) JP-8
pool fire is performed here, i

The test of interest in this work was conducted as part of a
sexies of ongoing full-scale large-fire experiments at the Naval Air
Wesapons Center (NAWC). The objectives of this test program
include supplying data required to: 1) gain 8 befter undecstanding
ofﬁrephnmnmology,Z)mistinconﬁnuingﬁ:cﬁe@modd
code validation and development, and 3) provide unique tempea-
ture and incident heat flux distributions for credible larpe-scals
fire scenarios. Data acquired for these purposes, along with an
analysis of these data, are prasented in this study.

Additional insight into fire phenomenology is provided py sim-
plations from numerical firc fiedd models. These predict

nizations, including a collaborative effort established
Sandia National Laboratorics (SNL) and the Norwegian Institute
of Technology (NTH)/SINTEE. Results and analyses of numerical
simulations axe included here and are compared with obseyvations
of fire phenomena from the experimental data.

DESCRIPTION OF THE EXPERIMENT

The test was conducted at the CT-4 Safety Test Facility of the
Naval Air Warfare Center Weapons Division China Lake, Califor-
nia using 8 18.9 meter diameter fuel fire pool. A. 3.66 meter diam-
efer, 20 m long stec! culvert section was used to form u fr;sdagc-
sized cylindrical calorimeter The calorimeter was pqsiﬁoned
slightly above the fuel surface with the axis of the cylinday normal
to the prevailing wind direction at the facility. The test
located such that the leeward adge of the mock fuselage was tan-
gent with the lseward edge of the pool as shown in Fi 1. The
interior of the calorimeter was covered with a 5 cm thick layer of

Total instrumentation. for the test consisted of 281Lq:1pe-K.
inconel-sheathed, ungrounded-junction thenmocouples 133
hemispherical heat fux gangas (HFGs). HFGs use a large (6 cm)
diameles, thin (0.02 mm) fiat sensor surface with 8 thermocouple
attached to the interior side. The sensor surface is 180-
lated from tha remainder of the gauge and hence rapidly (himited
by the time constant of the thermocouple) comes o ibrium
with the fire environment. A Pyromark™ black wab'ug B applied
to yield a diffuse and gray sensor surface. Whea fion is
negligible, (as is typical for large fires) the emissive power of the
diffuse, gray sensor surface, in equilibrium with the surrqundi
provides a measurement of the incident hest flux. U inty; of
+/- 20%, depending on conditions. is estimated for theseiganges.

The temperature distribution on the calorimeter was uped

by attaching thermocouples to the interior of the test section at 56
locations. Heat flux to the surface of the calorimeter wes measured
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FIGURE 1: POSITION OF TEST FIXTURE, FUEL POOL
AND TEST INSTRUMENTATION

by locating 38 HFGs at 5 axial and 8 radial positions such that the
sensor surface was even with the exterior of the calorimeter. To
characterize the fire in the vicinity of the test section, 120 thermo-
couvples and 75 HRGs were posilioned on arrays that protruded
outward from the calorimeter surface at 3 axial positions and §
radiel locations. To assist in characterizing the entire continuous

flame. zone, thermocouples were positioned at five elevations on
17 pales which were placed within the fuel pool and where flame

coverage was anticipated on the lezward side of the mock fuse-
lage. Spatial and temporal measurements of heat flux to the pool
surface were obtained hy positioning upward facing HFGs at 20
locations in the pool and on the leeward side of the mock fuselage.

Incideat winds characterized with vane-type gauges. Mes-
surements a8 3 elevations .were obizined at two locations 30° on
either side of the facility prevailing wind direction at 8 distance 30
meters from the edge of the pool.

The test of interest in this study was performed by floating
14.78 m® of JP-8 avistion fuel on top of a 15 cm thick layer of
water. Winds were stable during the test. An averape wind speed
of 10.2 m/fs at an average direction 23° from the narmal to the axis
of the cylindrical calorimeter was measured at the 10 m ¢levation,
Several other tasts were performed &s part of this series, However,
this test produced very high temperatures (> 1665 K), melfing
inconel thermocouples and the inconel wires usad to secure insu-
lation to the test fixtures, Although the test fixture had been used
for several previous tests without significant heating of the sup-
post assembly, sufficient thermal insult was experienced during
this test lo cause the test fixture to sag slightly during the experi-
ment.

Approximately 100 s was required for the fiame to spread
across the pool. This number is primarily a qualitative measure of
fame spread since 0.095 m? of gasoline was used as an accelerant,
Temperatures 1epresentative of thermocouples exposed to flame
sheets were observed at elevations of 0.3 m and 0.92 m in ths cen-
ter of the poal 62 s after ignition. The data show that full buming
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{iLe. appropriate temperatures at all clevations) at the poal|center
was not obtained until 125laftﬂlgmtlon.'l'hermacoupl:s‘nmmd
near the pool surfacs on ﬂzelcewardsldeofthcmockﬁ;s
ground indicated full burning 100 s after ignition. Towards the end
of the test, the fuel was carried by the wind to the lesward jend of
the pool. Full burning ended at the center of the poal 6975 after
ignition and there was no evidence of buming at the pool center st
715 5. On the leeward side of the pool, both full burning apd all
burning end approximately 930 s after ignition. These estimates of
bum times, slong with the corresponding average fuel consump-
tion rate estimates, are summarized in Table 1.

TABLE 1: BURN TIME AND AVERAGEFUEL

CONSUMPTION RATE ESTIMATES
Bura Time (3) Consumption Rate* (k&&;’-a
Min. Nom.
0.046 fo.osﬁ

8. 14.78 m? of JP-8 consumed, JP-8 density = 808 kg/m.

EXPERIMENTAL RESULTS

Fuel consumption rate estimates for this test are comparable to
results from previous (Gritzo et al., 1995a) JP-8 fires of the same
diameter, but without objects and for significantly lower (515 m/s)
wind speeds. In general, the fusl consumption rate increasex with
increasing wind speed. This trend is due to two : 1)
cahanced convective mass transfer at the fuel surface,ji
improved mixing close to the fuel surface which results in
impraved combustion and hence increased radiative heating of the
fuel, Data fram this test tend to show that the presence of an object
mdm:sthefuclcmsumpupnrate.

Adenmnlmmglnnmﬂnsrcducuonmfualmnsumpbonmte
is provided by the time-averaged (300-600 s after i o) heat
flux to the fuel surfacs msssurements given in Figure 2. As
expected based on the measurements of fuel consumption rate, a
similar overall range (25-90 kW/m?) of heat fluxes is observed
betweca thie results in Figure 2 and those of the previous (Gritzo et
al,, 1995s) JP-8 fire without objects subjected to 5.5 m/s winds.
The influence of the calorimeter is clearly evident in the contours
shown in Pigure 2, A region of low heat flux near the leading
edge, indicative of thin flame cover, it observed on the windward
side of the fuel pool. An incresse in heat flux occurs towards the
pool center, forming 2 bend of 55-60 kW/m? heat fluxes windward
of the cylinder. This trend is congistent with the redirection of the
plume away from the fucl surface due to the presence on the calo-
rimeter, A small region of hiph heat flux along the pool centerline,
potentially due to enhanced mixing at the leading edge of the pool,
tan be seen on the windward sids of this band. An area of reduced
heat flux is observed within this band immediately wingward of
the cylinder. This arca includes & region of very low (25¥W/m?)
heat flux on the windward side of the wind component parallel to
the cylinder axis (ie. the axial wind componeat). Reduced hest
fluxes in this area are indicative of an oxygen-starved flame inte-
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FIGURE 2: MEASURED INCIDENT HEAT FLUX
TO FUEL SURFACE

rior. The highest heat fluxes are observed immediately below the
cylinder in a region which is skewed slightly to the right of the
pool centerline. High heat fluxes in this region are consistent with
improved mixing, and hence enhanced volumetric heat relesse, in
the accelerated flow betweest the cylinder and the fuel and the for-
mation of largs, well-mixed, columnar vortical siructures on the
leeward side of the object.

Corresponding umc-avatmedmden:radmbvchmﬂm an
the surfacs of the cyli calorimeter are shown in Figure 3.
Similar circumferential variations in heat flux are observed at
three axial positions on the calorimeter. At each position, the min-
imum hest flux was measured at the top of the cylinder. This trend
is consistent with the thin flame cover an the top of the cylinder
observed in the video record. Tncyeased flame cover, and eabanced
mixing in the form of large, columnar vartices, were observed in
the video record on the leeward side of the cylinder. Due to the
enhancad air entrainment and improved mixing produced by these
structures, the lacgest hest fluxes were measured at circumferen-
tial locatinns greater than 225°, Le. on the lecward side of the cal-

Although significantly less variation in incident heat flux is
observed along the axis of the cylinder, the trends evideat in the
data arc consistent with thoas shown in Figure 2, and illustrate the
coupled inferaction of the cylinder and the fire, At radial positions
between 0 to 180°, increasing heat fluxes were measured along the
negative x direction (ie. in the direction of the axial wind compo-
neat). This trend is consistent with the variation in heat ffux to the

pool observed in 2 and emphasizes the inflsence on the
axigl component of the wind in directing the flame cover towards
the side of the ¢yl for which x < 0. On the lecward side of the
cylinder, the highest flux was, in contrast, measored at x =

3.66 m where a large golumnar vortex was abserved. This location
also corresponds to the region of maximum heat flux to the pool
surface given in Figgre 2. The results presented here therefore
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FIGURE 3: MEASURRED INCIDENT HEAT FLUX
TO CALORIMETER SURFACE |
emphasize the influence of the wind, and the influence of large-
scale turbulent structures on the distribution of heat flux to the fuel
surface and to an engulfed object.

Overall, incident heat Auxes fo the surface of the calorimeter
are approximately twice the magnitude of those measured to the
fuel surface. Potential explanations for this rend include: cooling
of the local participating media aear the fuel surface due to the
presence of a cold fuel boundary, “blockags™ of incidentheat fux
to the fuel sinfacs by the fuel vapar (as investigated by|Brosmer
and Tieq, 1987), cooling of the gauge sensor surface by t?m waves
within the fuel, and enhanced combustion due to tur mixing
in the viscous boundary layer adjacent to the surface ofithe calo-
rimeter. Fumre studies arejrequired to resolve these phenpmena.
¥t is important to zote that, in addition to the trends inherent in
these s, the magnitude of the heat fluxes measured kere are
significantly larger then those typical of hydrocarbon fuel fires.
Incident heat Buxes from 100-150 XW/m? are generslly expected
(Russcll and Canfield, 1973, Gregory et al, 1989, and Keltaer, et
al., 1994) in fires where heavy hydrocarbons are the primary fuel.
The unigue nature of this experiment, ie. a larps object in 8 lacge
fire under high winds, and the resulting influence on the'flowfield
and fire physics ams expected to have produced the very high (>

0 kW/m*) heat fluxes observed here.

UMERICAL MODEL
A fire field model (based on Kameleon Fite, Holen et.?L 1990)
yuder joint development at Sandia National Laborstories 1nd SIN-
fEFMHwasuscdtosimuiateﬁxetmsmpnnd itipns. The
erical model uses the standard k-epsilon maodel
ith standard constants) and the Eddy Dissipation Concept com-
Dustion model (Magnussen, et al, 1979). The Discrete Transfer
sadiaﬁnn model (Shah, 1979) is employed to calculate the thermal
#adintion fram soot and combustion gases to the pool and to the

¢
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object. The SIMPLEC technique (Patankar and Spalding, 1982) is
employed. to solve the system of equations.

A spatjally non-uniform Cartesian grid of 42x40x30 (high)
cells was gmployed to model & physical domain of 150 m x 150 m
x 60 m (lgh), with cells clustered near the object and the pool
surface. Pressure boundary conditions were applied slong the top
of the dotnain, and along the two faces of the domain that were
il Along the two upwind boundaries, constant wind
ifed as 9.5 m/z for the plane normal to the
3.84 m/s tangent to the cylinder, both at & vertical
: 10 m aboye the ground. The velocity distribution as a
Function of elevation was thea fitted to a logarithmic atmospheric
boundary layer profile. To investigate the influence of the test fix-
ture “sagging” during fthe test, the botiom of the cylindrical object
was placed at two differeat elevations, z, for tha caleulations: the
low ejevation (z, = 023 m) was besed on measurements of the
cylinder elevation after the test series. The second elevation (z. =
0.6 oy) was based on the nominal location of the cylinder bottom
priorgo the first test. The transient response of the object was
m assuming & 0.0016 m thick wall with the properties of
1010 An emissivity of 0.95 was assigned to the object to
accoynt for oxidation and soot deposition effects. The fuel evapo-
mth%::teﬁomthcpoolwuulwlmdbythemoddasnﬁncﬁm
of tige and location, based on the local absorbed radiative heat
flux_{The thermo-physical propesties of JP-8 fuel (handbook of
Avi Fuel Properties, 1983) were assigned to ths pool, assum-
ing apool thickness of 0.167 m (1o include the effects of the water
mbsl;aw)andafuel absorptivity of 0.85. A 0.1 m high thia non-

ing wall was placed around the pool in the calculations to
repregent the lip around the foel pool.

NUMERICAL RESULTS]
Nugerical results were pbtained and analyzed at a time pedod
panding to the steady wind partion of the fest The effset of
the wgnd is to move the majority of the flame volume towards the
leew‘.rd side, even though the fuel pool lies completely windward
of (q directly undemeath) the calorimeter. The top, windward
qnad‘nntofthccyﬁndcr(xdaﬁvcmthcmmpomofthcwind
nom‘dmﬂlcaxisofﬂmcylinder) has the least flame coverage,
whilg the leeward half of the cylinder has the most fame cover-
agav‘huemults are consistent with observations from ths video
and the measured heat flux distribution which shows a min-
1 in the incident radiative flux at the top of the calorimeter
arison of the results for both elevations illustrates a high
ivity of the solulion to the elevation of the cylinder. The pri-
mary difference is the extent to which the flame cover is shifted to
the leeward side of the object. Based on a preliminary comparison
with experimental data, and the availeble information on the ele-
vation of the test fixture during the majority of the test, results pre-
sented here are limited to thoss from the simulation at the low
elevation (z, = 0.23 m).

A contour plot of]the instantaneous madiative heat flux to the
fuel surface for the galorimeter in the low position is shown in
Figure 4. The mode} predicts the general trend and many of the
essential features of fhe heat flux distribution measurements given
in Figure 2. The m results, in agreement with the cxperimen-
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; FIGURE 4: PREDICTED INCIDENT HEAT FLUX

TO FUEL SURFACE
, exhibit a “band”™ of reduced heat fluxes through the center
fvel pool just windward of the calorimeter. Two regions of
¢ heat flux within this band, one either side of the wind vector,

9evidentinboththcexperimenta1dmandme pre-
. A small region of increased heat flux along the pool cen-
pear the windward edge of the pool and the small area of
{(~10 kW/m?) heat fluxes at the leading edge are ako prc-
dicted by the model in agreement with lhe measurements given in
Fignre 2. The model also predicts 8 region of maximum flux

pndemaaﬂx the cylinder. This region is slightly further to the right
i e. in the windward direction of wind component parallel to the
t fluxes

fylindcr axis) than shown in Figure 2. Comparable
‘~90kWIm’) are given by the model predictions and the measure-
juents within this region. although clsewhere in the in the
megsured heat Suxes tend to be greater than those predicted by the
model.
« The muedcal model allows further investigation uflthe tem-
ferature and velocity field in the neighborhood of the calpri 3
cross section of time-averaged temperatures, with Superim-
osed velocity vectors, normal to the z-axis at an !
pproximately 1.125 m is shown in Figure 5. A large, high ter-
fperature recircnlating region, indieative of & columng
:which extends down to the pool surface, is cleardy
d side of the cylinder at = location corres;
region of maximum heat ﬂuxrothcpool surface. The thaye-
fore predicis the formation ‘of the appropriate stable turbulent
structures. Temperatures greater than 1200 K are predicted by the
model within this region Temperatures of approximately 12005
are predicted over a large arca on the windward side of the calo-
rimeter. The blackbody heat flux at these temperatures is Aspmxi-

r
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FIGURE 5: FREDICTED TEMPERATURE AND
VELOCITY DISTRIBUTION

»

mately 120 kW/m?, which is significantly lower than the
measured heat fuxes on the surface of the calorimeter

Instantancous results of total radiative heat flux given in Figure
6 illustrate the presence of a region of high (5250 kW/m?) heat
flux at the location correspoadiag to the recirculation 2one. The
location and magnitude of this high heat flux region agree well
with, the experimental resylts presented in Fignre 3, Heat Auxes
over remnindetofdm}eewardsideofthauloﬁnwmram,in

! lower than thosetmeasured: during the test. Due to the
ieg inherent in radiative heat transfer, the presence of
heat flux regions;cen nat be identified based on observe-
i -time-averaged tempecatures, Efforts to sppropristely
time'sv ge radiative heat fuxes are undsrway.,

01( the model does 2 reasonable job of cepresenting the
essegﬁqlfutumsofthcﬁramvirmmcntThubilitywptedidme
redri;ulgﬁon zone angd the associated high temperature region are
ing. Given the assumptions inherent in the model, cne
to be able to predict turbulent structures that are stable
ﬁqalnthismsqthcpresenuofa“wake'onﬂxehcwmd

¢ object due to the wind, coupled with the asymmetry in
induced by the presence of the calorimeter sppear
'z;bﬂhyoftheﬂlmezombcmminair

 high heat fluxes within larpe fires. The abil-

HI ; URE 6: FREDICTED INCIDENT HEAT FLUX ON
LEEWARD SYDE OF CALORIMETER
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ity to identify such reglons is & nccessary fivst step in the thorough
simulation of a fire environment,

Calculated pool mass loss rates (instantancous) were generally
0.085+/- 0.010 kg/m?-s. This range is sipnificantly higher than the
maximum average fucl consumption rate inferred from the test
results (0.074 kg/m?-s), The discrepancy may result because the
fest results include the time pericd when the pool is relatively cold
(which can result in lower fuel evaporation rates). Potential
improvements in the fuel thermal response and evaporation rate
submodels are presently being mvestigated. The effect of wind on
mixing within the fusl pool is the principle challenge in this devel-
opment.

CONCLUSIONS :

The experimental measurements. numerical simulation results,
and accompanying analysis presented here emphasizs the/impor-
tance of the interaction between objects and the firs envir
This interaction iy particularly relevant when the object
pool sizes are comparable. As illustrated here, the infl
ind in these cases has a pronounced effect on the
fl . Air entrainment and mixing are significantly

investigated here, this increase in temperature results in approxi-
mately a twofold increase in the incident heat flux to the surface of
the object relative to heat Auxes typical of larpe, hydrocarbon fu]
fires.

The following specific conclusions arc presenied as a result
this study-

+ Temperatures sufficient to melt inconzl (>1665 K) ware
observed on the leeward side of the cylindrical calorimeter
under high (102 m/s) winds. : i

* The presence of a large ohject tends to reduce the fuel con-

{  sumption rate due to the redirection of the flame zone away
! from the fuel surface.

» For these condilions, the minimum heat flux was observed
on the top of the cylinder dus to thin flame cover.

* For these conditions, the maximum heat flux 1o the cylindec
occurs o the leewsrd side where a large columnar vortex
was observed in both the test and the numerical simulation.

* The maximum radiative heat flux to the pool surface occurs
underneath, and slightly on the leewand side, of thecylin-
der.

= The measured heat fluxes to the fuel surface arg 2 i
mately 50% of those mensured on the surface of the calo-
rimeter.

¢ The numerical simulation successfully captures thaj{forma-
tion of the major time-~stable turbulent structures.

= The general frend, and some of the essential features of the
heat flux distribution measurements were predicted by the
numerical simulation.

Additiona] anatytical and experimental work to obtai
detailed understanding of the interaction of large objects i
fires is presently underway. The improved i
phenomens gained from this and other studies is cnm:qﬁ to the
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develppment of prodictive numerical simulation tools with the
ultimgte gosl of achicving improved fire safety.
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