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Abstract: The heat release rate of a subway car on fire @sored for various positions of an ignition sousod simulated
materials differing in combustibility by using adreced-scale model. Although the maximum HRR vasueeiarly independent
of the position of the ignition source, the timguiged to reach this value varies greatly for déf@ ignition positions. The open
area of a subway car is a key factor that detersrtime maximum HRR value, although material combilii also has an effect.
Finally, the HRR curve is compared with that ofra fest in a real-scale subway car.
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and fire propagation, they allow researchers tcedast
guantitatively characteristics including the HRR dan

Various fire accidents including the Daegu subviay i~ (€MPerature more easily.
2003 and the Austria mountain tunnel fire in 20Cdven [N this study, fire propagation phenomena were yaeal

shown that fire accidents in underground tunnets mpre PY measuring the HRR, mass loss rate, and temperatu
dangerous than those above ground. Many studies theen 2ccording to  the location of ignition source and

conducted to anticipate and analyze tunnel firenpheena. cOmbustibility of interior materials by using a @/gcale
However, research on railcar fires as fire sourtest MOdel of an actual subway car. In addition, the HR&S

determine the type and characteristics of a traime! fire compared with that measured in an actual firedestlucted

remains insufficient. In particular, the charactéics of a With @ subway car.

passenger railcar fire vary depending on the sirastand

interior materials of the railcar. Previous stud@srailcar 2. Tests Using Reduced-Scale M odel
fires include Amtrak’s full-scale passenger railfie test [1] _

by the NBS (National Bureau of Standards) in 198 21 FroudeScaling

EUREKA 499 test [2] program in 1991, and the
reduced-scale and full-scale fire research by Réaet al.
[3] in 1994. Ingason [4] has studied the changéhi heat
release rate (HRR) according to the conditionseitilation
by using a reduced-scale model railcar. Recenti{:stale
fire tests for subway and inter-city railcars habeen Q:=0Q, (LR/LM )5/2' (1)
conducted [5] and analyzed [6]. Although full-scale

experiments are ideal for collecting and analyzawgurate \yhere Q is the HRR, L is the character length, &l

data, they incur considerable amounts of expendes#iort. subscripts R and M denote real and model, respegtivime
Therefore, reduced-scale tests have been actiegigucted. 55 measured in the reduced-scale model is revisatding
Although these tests have limitations such as tertme ij he following equation:

intensity, thermal inertia of materials, radiatibeat effects,

1. Introduction

In this research, Froude scaling [7] was usedhferglation
between a reduced-scale and an actual-scale sutaxayhe
HRR measured in the reduced-scale model is corivesimg
the following equation:
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t, =ty (LR/LM )1/2 ,

where t is time. The actual total energy emittedaulated
with the following equation by using the energy ged from
the reduced-scale model:

Ex =Ey (Le/Ly ) (BHy /BH g )

where E is the total heat content anHic is the heat of
combustion.

)

®3)

2.2. Reduced-Scale Subway Car

(b) Outside of the reduced-scale model.
Figure 1. Reduced-scale model.

The model in this study was a 1/10-scale model rof a
actual subway car operated in Seoul (Figure 1). The

dimensions of the reduced-scale model are 1.9 farigth,
0.29 m in width, and 0.235 m in height. The lengththe
actual train is 19.7 m. LR/LM, the reciprocal ofetlscale
ratio in egs. (1)—(3), is 10.37. Generally, whefira breaks
out in a subway car and the train is stopped aptagorm,
all four doors at the sidewall near the platfornii wpen for
passenger evacuation. Therefore, in the reducdd-suadel,
all four doors at the sidewall were open. Each deas 0.13
m in width, 0.185 m in height, and 0.02405 m2 iaaarThe
total ventilation area when the four doors wereop&as

0.0962 m2. The plaster board, which was used as the

structural material for the reduced-scale car, heig28 kg
and had a density of 860 kg/m3, a thickness of®m1and
a thermal conductivity of 0.069 W/mK. The interioaterials
were manufactured based on the size of the ceifliogy, and
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ends of an actual subway car, and then attacht#tetplaster
boards. As shown in Figure 1(a), interior materiaigh
dimensions of 0.045 m x 1.9 m and 0.09 m x 1.9 mewe
attached to the sidewalls with and without open rgoo
respectively. The ceiling and floor were completetywered
by interior materials. At both ends, small seatsewnastalled
as in an actual subway car. Long seats were iadtait the
sidewall sections between doors. For the long fleatsize of
the seating area was 0.055 m x 0.312 m; the batheofeat
and support measured 0.04 m x 0.312 m. For thel seat,
the size of the seating area was 0.055 m x 0.13dnohthat
of the back of the seat and support measured 0.840rh34
m. All interior materials were attached using bokighout
adhesive bond. The total surface area of the ontenaterials
used for the ceiling and floor was 0.551 m2, that foth
ends was 0.06815 m2, and that for the sidewall$ wit
without open doors was 0.0855 or 0.171 m2, respsyti
The total cross-sectional areas of the four sneatssand six
large seats were 0.07236 m2 and 0.25434 m2, resglgct

2.3. Materials of Model Car

Corrugated cardboard 7 mm thick and plywood 3 omd
thick were used as the interior materials. To deiee the
combustibility of each interior material, the comban
behaviors of the 7-mm corrugated cardboard and3ther
5-mm thick plywood under incident heat fluxes of, 2D,
and 30 kW/m2 were measured using a 1SO5660-contplian
cone calorimeter [8]. The oxygen consumption caleters
employed in this study, such as the cone calorinstd the
large-scale calorimeter of ISO9705 [9], were usethéasure
the HRR from the reduced-scale model. The HRR is
calculated by measuring the amount of emitted fiand
concentration of oxygen in the combustion gas tantjéy
the consumption of oxygen by combustion. The HRRQp
from the fire is calculated as [10],

R o (1 0 a-1 1—X02/1—XCOZ

Q=Emey~a X”z")/ XE X Ko 0 X)) Koo,

(4)

Here, E [kJ/kg] is the amount of energy per consiinngt

of oxygen, M[kg/s] is the mass flow in the exhaust duct, M
IS the molecular weight, X is the mole fractiondanis the
ratio between the number of moles of combustiordpcts
including nitrogen and the number of moles of raats
including nitrogen. The superscript 0 denotes thtues in
ambient air.

Test results for the cardboard and plywood specinzen
shown in Table 1. The combustion behavior undeersam
incident heat flux was measured three times undeh &eat
flux; the averages are summarized in Table 1. Qhby
corrugated cardboard was ignited under a heat ¢fud0
k\W/m2; in contrast, neither plywood was ignited.higher
incident heat flux caused specimens to ignite feetel show
higher maximum HRR values. The effective heat of
combustion for the cardboard and the plywood of two
thicknesses were 8.01, 7.90, and 6.56 kJ/g, raspBctThe
cardboard gave the largest heat of combustion antbag
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tested specimens in a fire.

66

Table 1. Cone calorimeter results for materials of the model car

Cardboard Plywood
Thickness (mm)

7 (caseA) 3 (case B) 5 (case C)
Heat flux (kW/m2) 10 20 30 10 20 30 10 20 30
Max. HRR (kW/m2) 106 110 144 - 242 274 - 175 190
Time to ignition (s) 253 36 13 - 112 39 - 188 61
Effective heat of combustion (kJ/g) 8.01 7.90 6.56

2.4. Ignition Source

The fire source was placed at 1 of the 3 posit&svn in
Figure 2. The first location (case 1) was betwdenléft end
of the subway car and the seat, and the second @awsas
between the second seat on the left and the sedomidon
the left. The third location (case 3) was at theteeof the

subway car. The test conditions are summarizedaller?2.
The fire source in this test was a square pool(fadd m x
0.04 m) 0.02 m in height with n-heptane as the.fldle
HRR of the fire source used for the reduced-scaldahwas
measured 6 times by using a cone calorimeter. Tkeage
HRR during 300 s was 1 kW, and the HRR of the $alide
model as calculated by eq. (1) was 350 kW.

| 0.228m [ 0.240 m J 0.240m | 0.240m ! 0.240m I 0.240m I 0.240m | 0.228m I
1 T 1 i i 1 1
T 9701 7102 703 7104 o705 106 7107
0715 0.13 mx 0.85m (L x H) TIEQ
0.235m /
l- ; Tos TO9 ' Tio “T11" Ti2 “T13= Ti4
. o— o —— o —o— o st
_! 19m
‘ n-—— Fire location
029 m +To1 . T02 2 T03 EFoa 2705 - T06 -T07
l } 0.055m
A fr = T -
A34m 0.173m 0.312m
Figure 2. Positions of ignition sources and thermocouples.
Table 2. Test conditions for various materials and fire source locations
Corrugated cardboard Plywood (3 mm) Plywood (5 mm)
at1in Fig. 2 case Al case Bl case C1
at 2 in Fig. 2 case A2 case B2 case C2
at 3in Fig. 2 case A3 case B3 case C3
Table 3. Maximum HRR and its time of occurrence for all casesin the reduced-scale model
A B C
Case
1 2 3 1 2 3* 1 2 3*
Peak HRR 71.43 83.78 82.37 49.82 51.32 9.06 70.81 64.30 12.43
Time to reach peak HRR 123 204 258 426 564 351 501 1023 351
Ratio of max. peak HRR for each case to peak HRR 0.85 1 0.98 0.97 1 0.19* 1 0.91 0.18

*Fire spread out only near the source
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2.5. Measurementsin Model

Figure 3. Hood of the fire test room and the model.

Heat Release Rate in a Reduced{8odiel of a Subway Car on Fire

the fire test room, in compliance with ISO 9705. [Bgure 3
shows the exhaust hood (with a 3-m square area)ttzand
model placed under it. The combustion gas fromighé&ed
model and the entrainment air, which are colledigdthe
exhaust hood, are mixed along the duct. Therefte,
mixture takes time to reach the sensors in the. diis time
lag in measurement is made up for by comparing weigilts
of the standard propane burner. With the heat oftegstion
for the plywoods and cardboard from the cone caletér
tests, the HRR can be obtained by measuring the oas
rate, which in turn is measured by an electronialesc
(QABOFEG-S of Sartorius) with a resolution of 1.gi®
investigate flame propagation, 16 k-type thermotesipvere
installed in the model (Figure 2) to measure tmaperature
in the fire tests.

To measure the HRR of the reduced-scale model subwa

3. Results of Model Test

car on fire, the model was placed under the exhamstl in

440s

370s

200s 300s

T80s

Figure 4. Fire development on the subway car for case B1.

Figure 4 presents photographs of the time courséref
propagation for case B1, in which 3-mm plywood wasd
as the interior material. Unless otherwise mentiorigne is
represented in the reduced scale. The small seattime fire
source caught fire owing to radiative heat fluxeafabout
100 s. The fire started growing after 120 s andvgrapidly
after 280 s. The flames propagated beneath thegeif the
model subway car, after which the floor was ignibedtause
of the incident radiative heat flux. The differende
propagation time between the ceiling and floorhet same
vertical position was about 70 to 90 s, where thme$ were
determined from both video clips and measured teatpess.
Flames and smoke were subsequently emitted thrologh
first three doors and the last door, respectivatier 300 s.
Table 3 shows the maximum HRR and the time to résion
each case. For cases in which corrugated cardbesesdised,
the fire reached its peak after 123, 204, and 2f8 source

respectively. Interior materials burned more quiakkar the

fire source (case Al); hence, less time was reduoeeach

the maximum HRR than in other cases (cases A2 @8)d A
Plywood materials showed the same location-depénden
characteristics for the peak HRR. The fire spreastefst
when the fire source was at the end wall. This destrates
that the most vulnerable location during a subwayfire is

at the end, because it is easily exposed to theséiurce. For
cases B3 and C3, in which a fire source of the ssiseewas
used, the fire burned only a portion of the intericaterials
around the fire source and died naturally. The @@ not
grow; it was confined to the vicinity of the fireowce
because only the interior material of the ceilingsvexposed
directly to the source. Therefore, the nozzlestfar water
mist and sprinkler, which are installed to suppredie in a
subway car, should ideally be installed toward Heats,
sidewall, and end wall, rather than the centethefftoor, to

locations 1 (case Al), 2 (case A2), and 3 (case, A3prevent flashover or fire propagation. Except fases B3
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and C3, wherein the fire did not spread to thererdiea, the
peak HRR did not vary greatly with the location fue
source (Table 3). For case A, the ratio of the kiwmeak
HRR (case Al) to the highest peak HRR (case A2) was
relatively small at 0.85; the ratio was 0.97 foseaB and
0.91 for case C. Except for cases wherein the dicenot
spread to the entire area, the difference in peRR ldmong

all interior materials was only 15%. In short, fbeation of
the fire in a subway car did not affect its siz¢HRR) greatly
but considerably influenced the time to reach thakpHRR.
Figures 5—7 show the HRRs for all cases. The diffee in
the time to reach the peak HRR increased accoridirntye
combustibility of interior materials (Table 3). Hwation of
combustibility by using the cone calorimeter reeeathat
among the interior materials, corrugated cardbdeagde A)
had the lowest combustibility, followed successivddy
3-mm plywood (case B) and 5-mm Plywood (case C).
Similar to the result of the specimen test, inrdmtuced-scale
model, the time to reach the peak HRR was shoirtesase
Al, followed successively by cases B1 and C1. la th
reduced-scale model test, the peak HRR was highastse

A, followed successively by cases C and B. Thidedng
was the reverse of that for the maximum HRR mealsure
the specimen test; presumably, case A had the $tighieR

in the reduced-scale model test because of rap@hdmg of
the flame. Figure 8 shows the average temperaturthe
reduced-scale model. The filled gray plots represhe
average temperature of the thermocouples on thieg;eand

the open black plots show the average temperattiral o
thermocouples installed in the model. Case C (5-mm
plywood) had a higher peak HRR than case B (3-mm
plywood) because many interior materials burned
simultaneously owing to the greater increase inptature
(Figure 8).
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Figure 5. Heat release rates for case A.
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Figure 6. Heat release rates for case B.
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Figure 7. Heat release rates for case C.
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Figure 8. Average temperatures of all positions and ceiling.
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4. Comparison with Full-Scale Test

60

full-scale
—£3— reduced-scale

3 3

Heat release rate (full-scale, MW)
2

Time [s]

Figure 9. Heat release rate in the full- and reduced-scal e tests.

In the full-scale test [5], the fire source wagafisd in the
corner, in the same place as in cases Al, B1, andfGhis
study. In each reduced-scale test, the time tohréae peak

HRR converted using eq. (2) was 396, 1372, and 1614

respectively. The time to reach the peak HRR irftilescale
test was 430 s, similar to the result of case Aénd¢, we

selected case Al as the reference. The HRRs of thé

reduced-scale and full-scale subway cars are cadpar
Figure 9. The peak HRR of the reduced-scale mods|24.7

MW, or 50% that of the full-scale model (52.5 MW).[2]

Although there are many reasons for the discrepbatyeen
the reduced- and real-scale tests, the amount tefiaon
materials used in the reduced-scale model is kie¢ylreason
for this large difference. The total fire load bkttrailer car
used in the full-scale test was 21.4 GJ [5]. THec#iize heat
of combustion of a subway car with similar materialas

19.1 MJ/kg [11], and that of the reduced-scale rhodgy

")

the peak HRR of the

measured in the specimen test was 8.01 MJ/kg. dthéfire
load of the real-scale subway car,
reduced-scale by using eq. (3), was 45.5 MJ. Taligevwas
much larger than that of the actually used reduszade
model (17.0 MJ). Therefore,
reduced-scale model was measured to be smallethhaiof

the real-scale subway car. Measuring the peak HRIRe m

accurately will require consideration of the simitla of the
fire load when installing combustibles in the reediscale
model fire test.

5. Conclusions

In sum, we used a 1/10-scale model of an actuaVvayilcar
in a fire test and obtained the following results.

For a subway car, the peak HRR did not signifigantl

differ according to the location of the fire, bbettime of fire
growth varied greatly.

The HRR changed rapidly in regions where the mass |

rate of the interior materials in the reduced-scatelel trailer
car changed rapidly. Measuring a more accurate pHaR

will require installing interior materials of theduced-scale

converted to t
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model by considering the similarity of the fire dba

The most vulnerable location during the fire waes ¢imd of
the subway car, followed successively by the sidleglase
to the seats and the center of the car.

When a subway car with many doors stops in an
emergency at a nearby platform or tunnel, the opera
becomes much wider than that for normal railcafsis Tis
because the doors on one or both sides are op@assenger
evacuation, and hence air (oxygen) is sufficieme (ailcar is
well ventilated). Therefore, the fire size of thype of railcar
(having many open doors or windows) can be detaxthlyy
the amount of interior materials (fire load) andeith
combustibility.
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