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Abstract .

This report documents a study undertaken to estimate the thermal environment of- them :
Howard Street Tunnel in Baltimore, Maryland, following the derailment in July 2001 of a
freight train and the burning of spilled tripropylene and the contents of surrounding 1 ranl cars A
numerical fire model developed by the National Institute of Standards and Technology (N"IST)
has been used to simulate the fire’s growth and spread in the tunnel. The fire !ff]?odc] has b‘écn%
validated for this application using temperature data collected during a seges of fire e;?p'efx-
ments conducted at a decommissioned highway tunnel in West Virgini Thc Cross- -sectional
area of the tunnel and the fire sizes used in the West Virginia expcnments Wre ssimilar to the
Howard Street Tunnel.

For the Howard Street Tunnel fire, the peak calculated tcmperatures thhm the tunnel were
approximately 1,000 °C (1,800 °F) within the flaming reglons and approx1mately 500 °C
(900 °F) over a length of the tunnel equal to three to fO}Jr’f;all car ]engths Beca of the insu-
lation provided by the thick brick walls of the tunnel,«he calc_ulated tempcratures within a few
car lengths of the fire were relatively uniform, consistent with Whaf one «\ﬁ%u]d expect to find in
an oven or furnace. The peak wall surface temperature reached about SQO °C (1,500 °F) where
the flames were directly impinging, and 400 °C (750 °F) over the Iength%of}hree to four rail
cars. The steel temperature of the rail cars would be expected to be similar o the surroundmg

gas temperature because of the long e{p"“‘ time and the high thermal conducuvny of steel.
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1 Background

On July 18, 2001, at approximately 3:00 pm, a 60 car CSX freight train powered by 3 locom €s
travelling north through the Howard Street Tunnel in Baltimore, Maryland, derailed ‘cars. The
tunnel is 2,650 m (8,700 ft, 1.65 mi) long with a 0.8 % upgrade in the section of, tl;e‘tgnnel where
the fire occurred. There is a single track within the tunnel. Its lower entrance i$* near@tio]es Park
at Camden Yards; its upper entrance at Mount Royal Station. For almost its ‘érftlre length thé tunnel
runs beneath Howard Street. A fire erupted under the intersection of Howgr ‘ ‘% e
where a ruptured tank car (52nd out of 60 cars) spilled tripropylene onto| the ﬂoor of the tunnel
liquid fuel sustained a fire that lasted several hours. It is beheved that Gther miaterials burned slowly
for several days within closed box cars. The other cars on the tram were transporting a variety of -
bulk materials including pulp board, brick, steel, soy oil, paper “and a variety pf corrosive acids.
At the request of the US Nuclear Regulatory Com;mssan"(NRC), the Butldmg and Fire Re-
search Laboratory of the National Institute of Standards and Technology (NTST) has undertaken a
study of the incident to assess the thermal environment within" th‘% y‘nnel“durmg the fire. The Na-
tional Transportation Safety Board (NTSB) has conducted an mvestlgatlon of the tunnel fire and
provided NIST with information about the tunnel, the damage to the }”zhkcars and various other de-
tails [1]. Using information collected at the scene by the NTSB, a series‘of «numenca] simulations
has been performed to predict the temperature ofﬁ hot gases and the heat ﬂ 0 various objects
within the tunnel. This information can be*us ' at are commonly
transported by rail.




2 Technical Approach

In cooperation with the fire protection engineering community, a numerical fire model;; F1re Dyb
namics Simulator (FDS), is being developed at NIST to study fire behavior and }o evaluate the
performance of fire protection systems in buildings. Version 2 of FDS was pubhcly released in
December 2001 [2, 3]. The model is based on the low Mach number form of the Navxer—StoLes
equations and uses a large eddy simulation (LES) technique to represent: inresolved
scale motion. The fire is modeled by solving a transport equation for the co served scalar uz
known as the mixture fraction, a linear combination of the fuel and oxygen that indicates the" mass
fraction of the gas originating as fuel. The advantage of the mixture. fraction approach is that all o
the species transport equations are combined into one, reducmo the computatlona] cost. Thermal®
radiation is modeled by solving the radiative transport equatlon for a non- scattermg gray gas using
what is known as the Finite Volume Method [4]. o

Improvements have been made to FDS version 2 to €xtend its range of app]ication to include the
long tunnel geometry and the under-ventilated fire conditions. N_{bei}nos’i important improvement
for this problem is the addition of a multiblock meshing scheme U rrgm__a]ly, the FDS algorithm

A

numerical grid. The rest of the tunnel need nbthave such al Ij ¢ gnd The use gf multiple numerical
grids of various spatial sizes allows the comp%tatronal domaﬁrt ended to accommodate the
entire length of the tunnel, but still retain hlghgaccuracfg near the ﬁr % -

The calculations to be discussed solve the mass;momentum and’é energy conservation equations
ona computatronal gnd_whose cells on the order gf 15 cm to 30 cm (6 in to 1 ft) near the fire source.
A coarse mesh is¢ used ‘fa"rtherrfrom the fire where} it is not as important to capture the detailed
mixing of fuelz-and oxygen. The ob_]ectlve of the ca]cu ons is to estimate the temperatures wrthm
the tunnel, 41

several ﬁr‘é"’




3 Model Validation Studies

Two sets of calculations are included in this section to demonstrate the capabllmes of the FDS
model. The first set of calculations was performed to validate the model’s ability,t to- predlct the
movement of smoke and hot gases from a fire in a relatively large, open building. {They a e included
here as an example of how the model is often used in practice by fire protectlon engmeers The
FDS model is used by hundreds of engineers around the world, who const tly validate, it for use

in a wide variety of problems. These validation exercises raise the level of cor fidence m\?"appl ing

the model to fire scenarios that are different than those common]y seen in remdenttal or mdustnalh

settings.

cantly different than those experienced during the Howard Stree v
check on the simulations to be performed for the current study.

‘f e
formed in a large fire test hall. In each, a poolgof heptane was bumed for about 5 minutes, during
which time gas temperatures were measured 1nithree vertlcal arra)/g and at two pomts within the

Figure 17
in the sumila The finest&rid surroundmg the ﬁre is 4 m by 4 m by 10 m high, with grid cells
B e SN Y4
"0 ther 'sep gndg used to cover the rest of the space at a resolution of

oy, PR R A0

40 cm. Wlthm eae gn‘d_ the ce Is are’ uni orm in size. In all 216 OOO grid cells are used in the

these approx1m3t1§ns did not 1mpact the final results. Otherwise, everything else is as specrﬁed in
the problem descr_t tion. Heptane (C7Hj¢) is used as a fuel. Temperature and velocity predictions
are recorded at all’ f the speCIﬁed locations.

The results of ghe calculations agree well with the measurements. An example of the results is
hown in Fig. 2. The predicted temperatures at the 5 upper thermocouple locations in each array
,Mre within 10 °C of the measured temperatures. The lower 5 temperature locations show good
agreerrtent asmrell with the greatest difference being for the lowest two thermocouples, Wthh
upper layer: it is not surprising to see slightly lower temperatures somewhere else since the model
consegves energy. The model assumes that there is no air movement in the hall except for that
induced by the fire or the ventilation system, thus one would expect for the level of mixing to be
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slightly under-predicted. o

The results of this exercise are very favorable. The numerical model works very well insitu-
ations where the heat release rate is known, and the fire has an adequate supply of oxygen a8 1n
these tests. When the heat release rate is not known, and when the fire is not free‘to burn at its
peak rate because of oxygen limitations, the results are subject to greater uncertamty, as in the next

example.

3.2 Memorial Tunnel Fire Ventilation Test Program

The second validation exercise of the model involves one of a senes of tunnel fire experiments
conducted in a decommissioned highway tunnel in West Virgmla from 1993 to 1995 [6]. The
tunnel is 853 m (2,800 ft) long with a 7.9 m (26 ft) ceiling’ hexght a32% upgrade and a semi-
circular ceiling (see Fig. 3). A series of fire tests was condudted by Parsons Brmckerhoff in which ¢
various fire sizes and ventilation schemes were used® Of i m Ae]evanc‘é} fo the Howard Street

Tunnel fire were tests with fire sizes of 20 MW and 50 MW and onl natural ventilation. The fuel

for the tests was No. 2 fuel oil poured on top of water in large pans.,g
0.6 m (2 ft) off the floor of the tunnel. The burnmg rate of fuel was n\gt m

and 50 MW tests are considerably different. ‘F,r the 20 MW te ‘sg"the gas Lemperature over the fire
reached approximately 300 °C (600 °F), whereas for he"50-MW ¢
approx:mately 800 °C (1, 500 °F) during the%IS min‘burn peno

which'réstricts the fuel from burning close to the ceiling. The peak temperatures are captured to
w1th1n‘350 °C. At the uphill end of the tunnel, the simulation under-estimates the extent of the lower
temperature contours. For example, in Fig. 7, the 200 °F contour extends to the Fan Room over the

5
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In comparison, the Howard Street Tunnel in Baltimore is approximately 6.7 m (22 ft) high,
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left opening of the tunnel, whereas in the numerical simulation, this same temperature contour only
extends about two-thirds of the way. The reason for this difference is that the simulation e“rﬁploys
coarser numerical grids at the ends of the tunnel since the objective of the calculations j ﬂxs 'to'predict
with as much accuracy as possible the thermal enviroment within 100 m of the fire

10
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4 Howard Street Tunnel Fire Simulation Parameters

The comparison of the Memorial Tunnel Fire Test results with those of FDS validates the UseC f the
model for the Howard Street Tunnel fire. In thls section, we will discuss the vanous model inputs,

shaped roofs, both are relatively small in cross-sectional area. The hei ght of&z the Memorlal Tunne

7.9 m (26 ft); its width is 8.8 m (29 ft). In comparison, the Howard’ Street Tdnnel is approxrmatel
6.7 m (22 ft) high, 8.2 m (27 ft) wide, although these dlmensrons{ary over the length of the tunnel.
In the vicinity of the fire, the Howard Street Tunnel is 6.4 m (21'.0 ft) high and,9 9m (32.5 1) w1de
The Memorial Tunnel is 850 m (2,800 ft, 0.53 mi) long, rd

Y vard St
2,650 m (8,700 ft, 1.65 mi) long. The Memorial Tunriél has ;a % upgrade the Howard Street
Tunnel has a 0.8 % upgrade in the section of the tunnel where the. ﬁre occmred The 0.8 % upgrade
persists untll the north (Mount Royal) exit (see Fig. 9)

periments'show that th‘ elds of soot and CO are on the order of 0.2, although no data is available
qu tnpropylene/nonene [7] The conversmn of the carbon in the fuel into soot and CO,

The po%l*of tnpropylene w ssumed to evaporate with a heat of vaporization of 300 kJ/kg
and a boiling temp pture of 185 °C [8]. The calculations were relatively insensitive to the exact
value of these parameters becfuse the fire was oxygen-limited. In other words, the fuel evaporated
readily in the hot tpnnel there was more fuel vapor than there was oxygen to burn it. Changing the
‘heat of vaponzatron and boiling temperature had little effect on the final results. More discussion
f/these types off parameter sensitivities can be found in the Analysis and Discussion (Section 6).

he tunne] was assumed to be lined with a meter-thick layer of brick. The number of courses

(la %rs *"of brlck varied between 8 (36 in, 0.9 m) in the vicinity of the fire, and 5 (22.5 in, 0.6 m)

'Thé’se etches may be difficult to read in printed form. The electronic version of the report contains the original
images that can be enlarged to show detail.
2The yield of a combustion product is the mass of the product produced per unit mass of fuel burned

13
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north of the fire area. The properties of the brick were assumed as follows: thermal conducnv-
ity 0.7 W/m/K, specific heat 835 J/kg/K, density 1,920 kg/m3 [9]. There is a range of»thermal
properties for brick. The values cited here are in the middle of the range. The effects of varying
the properties will be discussed in Section 6. Because of the long burn time of the Howard Street
Tunnel fire, the simulations were carried out for as long as it was necessary to achlé ea relatively
constant wall surface temperature. Once all of the solid surfaces within the tunnefl (tunnel wall,

remain steady. , %

There is a fair amount of uncertainty as to how large a spill area was created following ,t
rupture of the tank car carrying the tripropylene. It was reported by ‘the NTSB that the trlpropylen
spilled from a 3 inch (7.6 cm) hole near the bottom of the cylmdncal tank [1] _The initial flow rate "
from the hole was estimated via the relation 7 ‘

V=CA (2)

from the fire could have slowed the rate at*whlcb ihe p stre;decreased ‘by heating up the air
within the tank. In any event, we can conservatlvely bracket thelum rec”i’ﬁﬁed for the car to empty
its contents from 1 to 3 hours. 3

The heat of combustion of tripropylene is about 44, 300 kW/kg:its density is 0.74 kg/L. If the
spilling fuel were ;o, ave b};rw}ed immediately upon its release without forming a pool, the heat
release rate of the. fire“would‘have been about 1 ;000 MW. Rough calculations were performed
initially that indicated that 5,‘, ﬁre Of this size could noitL haye been sustained in the tunnel due to the
lack of sufﬁélent oxygen to consume the fuel. Thus}i W "as assumed that the spilling tripropylene
soaked inito'thé 10 v (3 ) layer of ballast *(fist-sized rocks) between and below the ties

of the rmlroad\}

approximately 110 000 L (28, 700 gal). The time requxred to burn this much fuel is proportional
to the burn area. &Based on measurements of similar liquid hydrocarbon fuels burning in deep
. pools under fully Ventllated conditions [8], the peak burning rate of the tripropylene (nonene) per
unit area was estlmated to have been 0.06 kg/m?/s or 0.08 L/m?/s (7 gal/ft’/h). Although the
propy]ene dld‘not necessarily form a deep pool, the estimate was applied to the burning rate of
¢ ked ballast To simplify the analysis, rather than varying the area of the fuel bed and the
Tatep per unit area, the burning rate was assumed constant and the area varied.
Jifficult to estimate how long the fire in the tunnel would have lasted for a number of
reasoﬂngfolrst, some of the fuel could have drained through grates in the floor of the tunnel. Second,
a considerable fraction of the fuel would have evaporated but not burned due to the high heat flux

16



to the fuel bed but low oxygen level in the tunnel. A tunnel fire is an example of a very mefﬁc1ent
combustion system. Unlike in an efficient commercial furnace, the large amount of fuel and sma]l
amount of oxygen lead to a substantial increase in the production of soot (black smoke) Carbon
monoxide, unburned fuel, and various other products of incomplete combustion.
Complicating the estimate of the burn time is the fact that at 6:19 pm, 3 hours ;after the fire
started, a water main crossing just below the tunnel ceiling and running pcrpendxcular to the tunnel
at Lombard Street, ruptured, and water poured into the tunnel. Estlmates 0 tite amoun -of ;
spilled vary, but it was substantial. It was observed that water filled the 1htersectlon of Howard
and Lombard Streets to a depth of about 1 ft (30 cm). The waterh 4 “alsigr 1 ¢h
fire below because at 6:58 pm, 39 min after the pipe ruptured, Baltlmore County Fire Department;
officials commented that there was a noticable change in the color of the smoke pouring from the
Mount Royal portal, from “opaque black to steam white.” Pr ”hmmary ca]culatlons showed that the

=

velocity of the smoke and hot gases near the cerlmg of the tun 1 flowing towards the Mount Royal

30 min for the smoke to have traversed the 1 900 m (6,300 ft) bet‘y‘v{
Royal. Because some time would have been required for the water tc

of water into the tunnel near the fire.

It is not known to what extent the water. reduced the Size of the fire. NTSB interviews indicate
that when fire fighters were able to approach 'the trlpropyl :12 hours after the fire started, it
was not burning. It can thus be assumed that the fire burned at fullnstrength for 3 hours, potentially
burned for several more hours but at a reduced r§te gye to the 1ntrod}1ctlon of water, and exhausted
itself either due to a lack of fuel or extmgmshment by water after'12 hours. Smouldering fires
continued in the closed ‘box cars for several days durmg which time emergency responders pulled

17




5 Calculation Results

Shown in Fig. 11 are vertical centerline temperature contours at two stages during the’ srmulated
fire in the Howard Street Tunnel. Initially, the fire would have been adequately ventilated that
is, it would see a supply of oxygen comparable to burning outside of an enclosure“ However,
as the tunnel filled with smoke and other combustron products, the fire becarffe oky en’ limited,

figures), and the fire became anchored to the upwind side of the fuel pool S\uch an effect was als
observed in the Memorial Tunnel experiment, where the air flo *”g

how far from the fire the car was. Photos of g’ome tank Cars shov\i’sdarrrage roughly two-thirds of
the way up the height of the car, while some box ( ars Show damage’starting about one-third of the

The extent of the" damage ‘to objects within the, tunnel is a function of the gas temperature
surrounding theéol object and\“fh radxatlve heat ﬂux%to the*object from nearby hot objects or fire.
Typically, obfects closer to the. ground are subjected tx o less direct heating from hot gases, but they
do absorb’ radlaf energy fr%n{' h_otter gas layer above For the simulations of the Howard Street

e OS

fluxiwa predxcted at the tunnel ceiling and floor to bracket

g "“ﬁ 3

lrange from 100’ AkW/m to 150 kW/m2 These surfaces would 1nclude the tunnel ceil-

fw,

sﬁq‘:lt%s i d'cate that surfaces:that were exposed to direct flame impingement were subjected to heat

Natlonal Laboratories in fire expenments involving large ob-
jects suspended 1;;1‘ large open; Eydrocarbon pool fires [10]. Surfaces that were exposed to the hot,
smoke-laden gases; ﬂowmg near the tunnel ceiling, like the tops of the rail cars, saw heat fluxes in
the range of 40 kW/m to 80 kW/m2, depending on the proximity to the fire. Ultimately, the steel
ail cars heated up to a temperature very near the gas temperature. After the tripropylene had been
nsumed, the closed rail cars containing smouldering paper products probably maintained a tem-
perature on the’ order of 300 °C (570 °F), consistent with the temperature at which paper undergoes
ther "egradatlon into pyrolyzates. The basis of this speculation is the fact that several cars burst
into flames when they were opened up in the course of extinguishing the smouldering materials
mmdef The introduction of oxygen to the closed cars caused the transition from smouldering to
ﬂammg combustion.

18
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Fresh Air

~—s

does this energy go?

6.1 Burning Rate

oxygen that is in short supply, thus the name aglven S these types of fires is oxygen-hmlted "
The srze of the Howard Street Tunnel fire was: lumted to about*50 MW based on the various

X wGrven thattthe tumnel is approximately 2.7 km (1.7 mi) in length, much of the
fresh air that entered the tunnel‘durmo the fire was mixed with the exiting smoke and never reached
the fire. Given that most hydrocarbon fires (including tripropylene) consume oxygen at a rate of
13,000 kJ/kg, a 50 000 kW fire would consume oxygen at a rate of about 4 kg/s. The volume of
ir required to prg 1de this amount of oxygen is about 14 m3/s (30,000 cfm). Because the tunnel
acked a ventllatlon' system, the fire could not burn fuel at a greater rate than it did because of

layer of fresh air.
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Transportation Safety Board.
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portation Safety Board.




6.2 Parameter Study

£,

]

Throughout the course of the investigation into the thermal environment of the Howard Street*Tun-
nel fire, several dozen simulations were performed based on descriptions of the tramfthe tunnel
and the fuel spill. An examination of photographs taken by the NTSB during and after the inci-
dent helped to narrow down the range of potential fire scenarios. The calculationis ho(ved small
variations in results, but nothing that would significantly affect the overall co’gclusmns,

The most 1mportant quannty in any fire analysis is the heat re]ease*rate of the fire:

oxygen-limited, that is, the heat release rate of the fire was c%nstralned by the supply of oxygen“«&
not fuel, Wthh Is usually the case with large fires in enc]osures In the caiculatlons the snze of %

fire was about S0 MW or less. The unburned fuel gases were nu
vented out the tunnel exits without having burned.
Given that the peak heat release rate of the fire was about 50

ambient, based on the results of the ca]culatlons Since the tunne walls were absorbmg the heat, the
thermal properties of the brick was an 1mportant consider Et ion; 10us sources in the heat transfer
and fire literature [9, 11] report the thermal cénductmty of brn?fk ‘to range between 0.5 W/m/K to
1.0 W/m/K, the density 1,500 kg/m3 to 3,000 kg/ 3"vthe specific heat 0.8 kJ/kg/K to 1.0 kJ/kg/K.
Because the brick used-in-the Howard Street Tun el is difficult to charactenze calculations were
performed using a*fﬁonge of_ ermal properties for the brick walls to determine what effect this
would have onethe final tem étures within the finnel. ,IThe baseline calculation was run with
a thermal conductmty of O 7 /m/K Ca]culatlons‘;‘wnh values of 0.45 W/m/K and 1 0 Wim/K

ff to the ;ng ést hundred degrees Celsms to indicate that the location of the
unnel cellgng shifts with the fire. These temperatures were predicted where
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are being roun&e
hottest point on:t
flames were simuh ed to have impinged on the ceiling. The intent of this study is to gauge the
sensitivity of the 51 ation results to the input parameters.

One additional ensmv1ty study was performed simply as a result of varying the geometry
* the tunnel and frain cars contained within the tunnel as more detailed information was made
Jailable The oﬁ;; ginal simulations of the fire were performed under the assumption that the tunnel
\{?zis nommally ‘6.1m (20 ft) high and 9.1 m (30 ft) wide. The cars were assumed to be solid blocks
3.0 m (10, t) wide and 4.0 m (13 ft) high with 1.0 m (3 ft) of void space beneath to represent the
undercamaoe Most of the cars were centered in the tunnel, but several of the derailed cars were
offsef based on the diagram of the accident scene provided by the NTSB. The cars in the simulation
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served as targets of thermal radiation and obstructions limiting the airflow to the fire. Specnﬁc
damage to the cars was not included in the simulations. Throughout the study, the car dgﬁmensmns
remained the same, but the tunnel dimensions were varied based on information prowded by the
NTSB. In the vicinity of the fire, the actual dimensions of the tunnel are 9.9 m (3 ft) wide by
6.4 m (21.0 ft) high. The section of the tunnel north of the accident is approx1mately 8.2 m (27 ft)
wide by 6.7 m (22 ft) high. Because of resolution limits of the numerical gnd The w1dth of 82m
(27 ft) and a height of 7.3 m (24 ft) was used for most of the smulatnons ‘ It was found that the
variations in tunnel width and height had no measurable effect on the results of the study.
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7 Conclusion

The Howard Street Tunnel fire in Baltimore in July, 2001, has been modeled using the Fire Dy-
namics Simulator, a computational fluid dynamics fire model developed by the Natl’ nal Institute
of Standards and Technology. The objective of the calculations has been to quantlfy -the peak gas
and surface temperatures that were hke]y reached during a several hour penod n wh;(ch a-pool of

The simulations of the Howard Street Tunnel fire address the: ehavior of the fire from
ignition until the rupture of a water main 3 hours later. The 51mulat10ns suggest that during this®
time period the fire was oxygen-limited, that is, the heat re‘,lease rate of the ﬁre was limited to

P

the flaming combustion of the liquid fuel
The peak calculated ternperatures within

half of the length of a rail car, and approx1mately 500 °C (900 °F) \}er a length of the tunnel
equal to the length of three to four rail cars. BecauSe of the insulation provided by the thick brick
walls of the tunnel, th : eratures within a few car lengths of the fire were relatively uniform,
consistent with ghat one* ould expect to find in anxoyen or furnace. According to the calculations,
the peak calcu]ated wall surface ‘temperature reache bout 800 °C (1,500 °F) where the flames
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A Numerical Method

The Fire Dynamics Simulator (FDS) is publicly available software maintained by the: 3
Institute of Standards and Technology (NIST). It can be downloaded from the web sife”

http://fire.nist.gov/£fds

available in the next release of FDS.

A.1 Conservation Equations

An approximate form of the Navier-Stokes equations appro ate-for low! Mach number applica-
tions is used in the model. The approximation involves the ﬁltegn"‘ ut- of acoustic waves while
allowing for large variations in temperature and density [12]. Thi & ¢s.the equations an elliptic
character, consistent with low speed, thermal convective processes. To hand]e sub-grid scale con-
vective motion, a large eddy simulation {LES) technique is used in whxch"h“ large-scale eddies
are computed directly and the sub-grid scale 1551patlve processes are modeled

b, N d
Con51der the conservatlon equations of § mass, mqmentum and energy for a thermally-expandable,

namléqua%tltles density, pressure and enthalpy; p, p and h. The pressure is decomposed into three
components

P = P0—P=gZ+p N
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The first term on the right hand side is the “background” pressure, the second is the hydrostatrc
contribution, and the third is the flow-induced perturbation pressure. For most apphcatlons <P0
is constant. However, if the enclosure is tightly sealed, po is allowed to increase (or decrease)
w1th tlme as the pressure w1thm the enclosure nses due to thermal expansron or falls diie to forced

the number of dependent vanables in the system of equations by oné. The energy equation (6) is
never explicitly solved, but its source terms are included in the expressron for. the flow divergence,
an important quantity in the analysis to follow «f*

A.2 Combustion

; at large-scale convective
and radiative transport phenomena can be srmulated drrectly, but physrcal processes occurring at
small length and time scales @ust be represented in an approximate manner. The nature of the

5 B

approximations emp'loy Lare r}ecessarlly a functlpn of the spatial and temporal resolution limits
of the computatro‘r; as well as our current (often hmrted) understandmg of the phenomena involved.

The actua «E}hemrcal rate ocesses that control’ ith&’Combustion energy release are often un-
known m*’ﬁ}e cenarlos Even if they were known,” ‘the spatial and temporal resolution limits
1mposed by both pr nt and forese“ ble ¢ mputer resources places a detailed description of com-

d rea?:li!zT S, 10d del adopted here is based on the assumptlon that the

mass fraction pro 1des the 1nfonnatron needed to calculate the local oxygen mass consumption
rate. The form of ezstate relation that emerges from classical laminar diffusion flame theory is a
piecewise linear fu 'tron This leads to a “flame sheet” model, where the flame is a two dimen-
ional surface embedded in a three dimensional space. The local heat release rate is computed
from the local oxygen consumption rate at the flame surface, assuming that the heat release rate
‘1'A_d'1rectly proportlonal to the oxygen consumption rate, independent of the fuel involved. This
relatlo ongmally proposed by Huggett [14], is the basis of oxygen calorimetry.

tart with the most general form of the combustion reaction

vr Fuel +vp Oy — ZVPa ; Products ¢S)]

!
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The numbers v, are the stoichiometric coefficients for the overall combustion process that reacts
fuel “F” with oxygen “O” to produce a number of products “P”. The stoichiometric equatlon ©®)

implies that the mass consumption rates for fuel and oxidizer are related as follows: ey

iy iy

VEME — VoMo

The mixture fraction Z is defined as:

=sYF—(Yo—Y5’) _
sY’-l—Yg’ ’

stream. The quantities Mr and Mo are the fuel and oxyge
mixture fraction satisfies the conservation law

DZ

(12)

nis. The assumption
that the chemistry i is “fast” means that the reactlons that consume fuel and oxndlzer’occur sorapidly

B Xk A

vanish defines a flame surface as:

Z(X,t):Zf (13)

The assumption that fue] oxidizer cannot c éggist leads to the “state relation” between the
oxygen mass fraét tion Yo and'Z : 2,

(14)

nin(1,1) (v/2) H;o + max(O n—1) (x+y/4) Oz+n(x+y/4)3 76 N{15)

Herenisa parameter rangmg’from 0 (all fuel with no oxygen) to infinity (all oxygen with no fuel).
A correspondence, etween 7 and Z is obtained by applying the definition of Z (Eq. 11) to the
eft hand side of E #(15). Mass fractions of the products of the infinitely fast reaction (including
exgess fuel or oxygen) can be obtained from the right hand side of Eq. (15). State relations for the
‘xldeal reaction gf nonene and air is shown in Fig. 18.

ne xpression for the local heat release rate can be derived from the conservation equations
“state relation for oxygen. The starting point is Huggett’s [14] relationship for the heat
release rate as a function of the oxygen consumption

g" = AHpm{ (16)
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MASS FRACTION

2X0 V. pDYYo il
M

V2P (18)

Nelther of ’thes expresswn og ‘the4Gcal oxygen consumption rate is particularly convenient to

e 5

apply numencally because of: the dlSCOHtanIty of the derivative of Yp(Z) at Z = Z;. However,
an expression for the oxygen consumptlon rate per unit area of flame sheet can be derived from

over the -width of a grid cell, consistent with all other gas phase quantities.
£
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A.3 Thermal Radiation
The Radiative Transport Equation (RTE) for a non-scattering gas is
S-le(x,S) =x(x,4) [Ip(x) —I(x,s)]

term can be written as a fraction of the blackbody radiation

Ib=GT4/1t

medium. The spectral dependence is lumped into one absorpnon coefﬁment ’For the calculation of
the gray gas absorption coefﬁc1ent K, a narrow-band mode] RADCAL U 5] has been 1mp]cmented

;In each grid cell a alscretlzed equatlon is derived by integrating
control angle 50!, to obtain

In words, the net radiant energy gained by a grid cell is the difference between that which is
absorbed and that which is emitted.
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A.4 Convective Heat Transfer to Walls

where AT is the difference between the wall and the gas teg&lpcrature (take% at the center of the
grld cell abutting the wall), C is the coefﬁc1ent for natural convectlon (1.43 for a horizontal surface

equation for the material temperature, 7}(
interface (x =0)

=k, 27)

T} is the boiling tcmperature of the fuel [18].
t‘*”he 11qu1d fuel 1tself is treated llke a thermally-thlck solid for the purpose of
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