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Fig. 1 Schematic model of liquid-storage tank system.
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Table 1 Data of sloshing of liquid in the cylindrical oil storage tanks at Tomakomai.

No D (m) H (m) CONTENTS H1 (m) Wh (m) Ts (sec) DIRECTION
1 60.4 24.4 CRUDE OIL 6.0 0.5 13.7 NE-SW
2 60.4 24.4 CRUDE OIL 21.9 1.5 8.7 NE-SW
3 60.4 24.4 CRUDE OIL 13.0 1.7 10.0 NE-SW
4 60.4 24.4 CRUDE OIL 21.8 1.1 8.7 NE-SW
S 42.7 244 CRUDE OIL 4.4 0.4 11.4 E-w
6 60.4 24.4 CRUDE OIL 3.0 0.4 19.0 E-wW
7 60.4 244 CRUDE OIL 2.7 0.1 20.3 ?

8 60.4 244 CRUDE OIL 17.9 1.1 9.1 NE-SW
9 27.8 18.0 SLOP 5.7 0.3 6.9 E-W

10 27.8 18.0 SLOP 11.3 0.3 5.8 ?

11 49.4 22.9 CRUDE OIL 20.7 0.2 7.7 ?

12 494 22.9 KEROSINE 3.8 0.3 13.9 E-W

13 42.7 24.4 CRUDE OIL 3.6 0.4 12.5 N-S

14 494 24.4 CRUDE OIL 3.1 0.3 15.5 N-§

15 78.2 24.5 CRUDE OIL 2.2 0.2 29.1 E-wW

16 78.2 24.5 CRUDE OIL 2.6 0.3 26.5 ?

17 78.2 24.5 CRUDE OIL 8.0 0.5 15.5 E-W

18 78.2 24.5 CRUDE OIL 22.0 2.0 10.5 NE-SW

19 82.0 24.5 CRUDE OIL 21.3 1.2 11.0 NE-SW

20 82.0 24.5 CRUDE OIL 21.1 1.2 11.0 NE-SW

21 82.0 24.5 CRUDE OIL 20.7 1.2 11.1 NE-SW

22 82.0 24.5 CRUDE OIL 20.1 1.5 11.2 NE-SW

23 82.0 24.5 CRUDE OIL 21.2 1.5 11.0 NE-SW

24 82.0 24.5 CRUDE OIL 20.8 1.4 111 NE-SW

25 82.0 24.5 CRUDE OIL 20.5 1.4 11.1 NE-SW

26 82.0 24.5 CRUDE OIL 21.2 1.5 11.0 NE-SW

27 82.0 24.5 CRUDE OIL 2.5 0.1 28.3 NE-SW

28 82.0 24.5 CRUDE OIL 12.1 0.5 13.4 NE-SW

29 82.0 24.5 CRUDE OIL 12.1 0.6 13.5 NE-SW

30 82.0 24.5 CRUDE OIL 21.2 1.3 11.0 NE-SW

31 82.0 245 CRUDE OIL 21.2 1.2 11.0 NE-SW
32 82.0 24.5 CRUDE OIL 21.1 1.1 11.0 NE-SW

33 82.0 24.5 CRUDE OIL 21.2 1.1 11.0 NE-SW

34 82.0 24.5 CRUDE OIL 8.6 0.4 15.7 NE-SW

35 82.0 24.5 WATER 11.0 0.7 14.0 ?

36 82.0 42.5 WATER 17.6 1.5 11.7 ?
37 82.0 24.5 WATER 19.9 11.2 ?
38 82.0 24.5 WATER 22.1 10.9 ?
39 82.0 24.5 WATER 22.1 10.9 ?
40 82.0 24.5 WATER 22.1 10.9 ?

D: Diameter, H: Height of side wall, H!: Height of liquid, Wh: Wave height of sloshing,
Ts: Natural period of sloshing
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Fig. 2 Relation between maximum wave height and
natural period of sloshing at Tomakomai.
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predominant direction of sloshing.
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TOMAKOMAI

Fig.3 JMA strong motion displacement records of the
1983 Japan Sea Earthquake at Tomakomai.
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Fig.4 Ground motions after the removal of the instru-
mental response.
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Fig. 8 Example of sloshing waveforms of the oil storage
tank (D = 82.0 m, HIl = 21.3 m, Wh = 1.2 m) calcu-
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Fig. 9 Behavior of the liquid surface.
a: 60-70 sec b: 110-120 sec c: 160-170 sec
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Report of Fire Research Institute of Japan No. 60(1985)

Sloshing of Liquid in Qil Storage Tanks at Tomakomai in Hokkaido,

due to the 1983 Japan Sea Earthquake

{Abstract)
Shinsaku Zama

(Received May 29, 1985)

The 1983 Japan Sea Earthquake provided us with a good chance to work out the problem
whether the current theories associated with the liquid sloshing were useful to the huge oil
storage tanks, or not. As far as the author knows, this earthquake was the first one which
provided a lot of data of sloshing wave height of huge oil tanks.

In this paper, a method for the dynamic response analysis of oil storage tank under two-
dimensional excitations is presented and applied to the real one to compare with the sloshing
data obtained at Tomakomai. As for the input motion, we utilized the JMA strong motion
record which is pertinent to estimate the long-period ground motion.

The numerical results are in good agreement with ‘the observations in respect to the
maximum wave height and the predominant direction of sloshing. This proves that the exact
estimation for long-period ground motion is very important, and that the extended method for
the two-dimensional dynamic response analysis is useful in understanding the liquid sloshing
in the cylindrical oil storage tanks. Furthermore, it is necessary to clarify the regionality of the
long-period ground motion, mainly due to the deep soil structure at the site, in order to enhance
the safety of oil storage tanks to the future earthquakes.
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Fig. 1 Schematic illustration of specimen (the width
B = 47 mm). § is the amplitude of displacement of
annular plate at the loading point. 6 is the amplitude
of bending angle.

Table 1 Chemical Composition

Wt %
[ Si Mn P S Cu Ni Cr Mo v
0.14 | 031 [ 1.26 | 0.021 | 0.006 | 0.02 | 0.10 | 0.03 | 0.067 | 0.041

Table 2 Mechanical Properties

thickness ay op E.L.

(mm) | (kgffmm?®) | (kgf/mm?*) %)

Annular Plate 9 64 70 29
Shell Plate 20 58 67 25
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Fig. 2 Schematic illustration of crack at the toe of

welding. w is the crack opening displacement. a is the
crack depth. M is the bending moment.
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Fig. 5 Schematic illustration of cross section of welding
joint with crack and plastic zone.
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Behavior of Low Cycle Fatigue Crack along the Toe

of Fillet Welding Joint in Oil Storage Tanks

(Abstract)
Asamichi Kamei and Minoru Yamada

(Received May 31, 1985)

It is well known that the toe of fillet welded joint between shell plate and annular plate
may be the weakest portion in oil storage tanks. Many studies on the strength of this portion
have been reported up to the present and it is shown that one of the important phenomena
which must be prevented is the fracture due to low cycle fatigue.

In this report, crack propagation behavior under cyclic bending load has been investigated
on the specimens with fillet welded joint. Some remarkable results on the size of crack emanat-
ing from the toe of weld and the fatigue life are obtained.
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Fig. 1 Schematic illustration of the experimental ap-
paratus
R: Storage flask for ambient gas
PG: Pressure gauge
m, : Manometer
m,: Marcury exhaust valve
RC: Combustion chamber
S: Shutter
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Fig. 2 Detail of combustion chamber
A: Inilet of IR radiation B: Window
C: Thermocouple port D: Sample holder
E: Adjustment device of sample position
F: Ambient gas port
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Fig. 3 Detail of sample holder
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Fig. 4 Relation between IR-lamp current and final sur-
face temperature of calcium silicate plate (No CaF,

window)
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(a) O sec. (b) 3 sec. (c) 8 sec.

(d) 12 sec. (e) 15 sec. (f) diffusion flame under
(just before ignition) IR radiation (dry air)

(g) diffusion flame without (h) diffusion flame under (i) diffusion flame without
IR radiation (dry air) IR radiation (5% CCI4-dry air) IR radiation (5% CCI4-dry air)

Fig. 6 Direct photographs of filter paper ignition by IR
radiation
(a) — (g): in dry air, IR-lamp current = 8A
(h) — (i): in 5% CC), -containing dry air,
IR-lamp current = 9A
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Fig. 9 Ignition delay of sample without
thermocouple
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Table 1 Ignition delay under various conditions
(IR-lamp current is 9A.)

Ambient Thermocouple Tig(s)

. No 10.3 0.4
Dry air

Yes 9.8+ 0.5

5%CCl, ~containing No 104 £0.3
dry air Yes 9.1:0.2
5%CF, Br-containing No 10.5: 0.3
dry air Yes 9.2
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Effect of Halomethanes for Radiative Ignition of Cellulose

(Abstract)
Naoshi Saito

(Received May 29, 1985)

The effect of halomethanes for the radiative ignition of polymers was investigated with an
IRlamp and filter paper in dry air containing 5% carbonatetrachloride or halon 1301 (CF;Br).

These halomethanes did not affect apparently the ignition delay of filter paper in the case
where a CA-thermocouple was not installed, but they suppressed the gas-phase combustion
after ignition.

Then, it was concluded that the existence of halomethanes in ambient gas was desirable
for the prevention of radiative fire spread.
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Fig. 2 Relation between weight loss rate and air supply
rate for various polymeric materials.
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Fig. 3 Relation between weight loss rate and air supply
rate for wood cribs.
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W2z, BQREACT, FEBROBREIL, CoORE
DE|ET A— 9 —ICHET L ET 2 & Table 1
D& it s, Table 1t %25 L0, RERT
DEREML, BHEHOEIIZENNE BN THR
AEMFICHETEZ L 2RL T3,

Table 1 Ventilation parameters under three
different air supply rates.

Air supply rate Ventilation parameter
(m®/min.) (Apv H)
1.92 0.079
2.88 0.119
3.84 0.158

ZHEEYT L RAENEES Fig. 4icRY. 2o
RBGEEL, $eU 2PN 02, COz COBEZEEL,
BRENEED» SRS L0 THL, Fig. 4285 &,
1.92m%/min. 7* & 3.84m%/ min. DR KB O EF Tl
BEEz B2 EGHEIBLNZ, Thbb, BEEN
RENL, WHCLILTRBEES—FONCHRE 2 2
EERLTED, ARICL-TELEIND,

Q=50F (F=192~384m%min) (4)
ZZi3, @ RHEE W), F A2 (m¥/min)

Table 23, M EE, RAB R UL Mg

(CO2/(CO2+CO)) » b 3Ked 72 BeBh ik BF » R KIS BIE

300
w: PP
| : PMMA
X : PE
240 F @ : Wood
A PAN
O : PUR(F)
= A PUR(R)
x 180 O: PA £°4
5]
hd
@ 2
® 120 |
b3
3 .
T /
60 ‘
0 1 1 1 1
0 1 2 3 4 5

Air flow (m3/min)

Fig.4 Relation between heat release rate by oxygen
consumption method and air supply rate for various
polymeric materials.

PLEROLFEBEREF LB L 2L 0THE, ALEAR
ETHEL 254, HBENOENHFRENMEL ) KE
(, WARBEMAEIEE &, BENVEIFZOMEI T
TOTWL ZEXGh b, Ui, BEORBEEL,
RBROEFHHINTBEORBEITEIN T
RHEEZLNE, 22T, PeHAHNCO, CO2 D5
i &, BBEREICEE L kB nsassEL T
A5 ETable3 72, 2% R2 L, Table 2 » ks

Table 2 Heat release rates of various polymeric materials under three different air supply rates.

onthe | PE | Pp | Pvma | pax PUR (R) | PUR (F) | PA
floor: 20 kg)

o 2220 | 8910 | 11400 | 4400 | 2710 | 3610 | 2340 | 3400

(i faaimy | Qo 1390 | 1370 | 1340 | 1430 | 1250 | 1250 | 1370 | 1460
Q/0y| 063 | 015 | 012 | 032 | 046 | 035 | 059 | 043

o 2310 | 9870 | 6420 | 4980 | 3600 | 4490 | 3330 | 3760

(o | Qo 2080 | 2200 | 1970 | 2090 | 1940 | 1820 | 2220 | 2180
Q/0y| 090 | 022 | 031 | 042 | o0s4 | o041 067 | 058

o 2950 | 6530 | 7570 | 6910 | 4960 | 4890 | 3890 | 7240

(o oy | Qo 2560 | 2650 | 2550 | 2820 | 2950 | 2710 | 2700 | 2930
00/0y 0.97 0.41 0.34 0.41 0.59 0.55 0.70 0.41

Qv: Heat release rate calculated on the basis of weight loss rate, CO, /(CO, + CO) and heat of combustion.
Qo Heat 1elease rate determined using the oxygen consumption method.
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121 EANEL, B ARES FWENBEICERD D5 HFE%E BT, PE, PP, PMMA, PAIZ DWW T#H
3 IPHEINBEHOEEF S EERL T 5, NTA, FOiEE Y Table 41277, #AEH1.92
TN L EFENIDLIOIC, BEARFOCI~Cs F T m/min. TRENENESF0.5~0.6512 AL, 2.88

Table 3 Carbon consumption rates of various polymeric materials under three different air supply rates.

Wood
(on the PE PP PMMA PAN PUR (R) | PUR (F) PA
floor: 20 kg)

R, 0.30 0.78 1.04 0.53 0.29 0.42 0.26 0.31

1.92
(m® jmin) Rg 0.21 0.18 0.15 0.25 0.15 0.22 0.21 0.13
Rg/Rc 0.71 0.23 0.14 0.47 0.52 0.53 0.78 0.42
R, 0.30 0.82 0.65 0.61 0.38 0.52 0.34 0.36

2.88
(m® /min) Rg 0.29 0.25 0.27 0.34 0.24 0.32 0.28 0.24
Rg/Rc 0.97 0.31 0.41 0.56 0.64 0.61 0.82 0.65
R, 0.37 0.63 0.76 0.87 0.51 0.56 0.53 0.71

3.84
(m?® Jmin) Rg 0.37 0.31 0.32 0.50 0.31 0.42 0.42 0.35
Rg/Rc 0.99 0.49 0.42 0.57 0.59 0.75 0.80 0.50

R,: Carbon consumption rate calculated on the basis of weight loss rate of fuel.
Rg: Carbon consumption rate calculated on the basis of CO, and CO concentration in effluent gas.

Table 4 The concentrations of N,, O,, CO,, CO, HCN and C, ~ C, hydrocarbons in effluent gas, and carbon consumption
rates for PE, PP, PMMA and PA under three different air supply rates.

Materiat| “ ot | N, @] 0, ® |co, | com | e @ | @ | ¢, |Henew| e Re | R.IR.
(m® /min) (kg/min) | (kg/min) | ¥

192 | 665 | 275 | 804 | s90 | 313 | 400 | 257 | - 0.45 078 | 058

PE 288 | 682 | 1.80 | 971 | 456 | 279 | 401 | 246 | - 0.1 082 | 086

384 | 692 | 325 | 800 | 690 | 302 | 272 | 123 | - 066 | 063 | 105

192 | 676 | 348 | 913 | 435 | 370 | 241 | 374 | - 0.49 104 | 047

PP 288 | 674 | 305 | 741 826 | 363 | 200 | 182 | - 052 | o065 | 081

384 | 687 | 368 | 690 | 765 | 380 | 201 | 1610 | - 0.65 0.76 | 0.86

192 | 715 | 184 | 138 | 622 | 161 | 104 | 111 | - 0.35 052 | 065

PMMA | 288 | 708 | 218 | 132 | 630 | 186 | 115 | 121 | - 049 061 | 081

384 | 684 | 160 | 131 | 271 | 226 | 128 | 138 | - 0.74 087 | 085

192 | 17| 514 | 100 | 18 | 095 | 1s4 | 023 | os1 | o021 031 | 067

PA 288 | 720 | 200 | 114 | 364 | 135 | 206 | 043 | 070 | 037 | 036 | 1.02

384 | 723 | 186 | 115 | 412 | 160 | 248 | 064 | 078 | o059 | 071 | 084

" Rg: Carbon consumption rate calculated on the basis of weight loss rate of fuel.
Ryg: Carbon consumption rate calculated on the basis of the concentrations of CO,, CO, HCN and C, ~ C, hydrocarbons in
effluent gas.
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Fig. 5 Relation between average temperature in the semi-
full scale model room and air supply rate for various
polymeric materials.
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Fig. 6 Average temperature in the semi-
full scale model room vs. time curves
for wood cribs (on the floor: 20 kg)
in air flow (1.92 m?® /min.).
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Fig. 7 Average temperature in the semi-
full scale model room vs. time curves
for wood cribs (on the floor: 20 kg)
in air flow (3.84 m?/min.).

—— : Experimental temperature vs.
time curve

--- - : Calculated temperature vs. time
curve with the assumption that
the heat loss through air inlet
is due to radiation only.

—-—: Calculated temperature vs. time
curve with the assumption that
the heat loss through air inlet
is negligibie.
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Fig. 8 CO0,/(CO, + CO) vs. excess air coefficient plots.
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Report of Fire Research Institute of Japan No. 60(1985)

Burning Behavior of Polymeric Materials in a Semi-Full Scale Room

Model under Forced Air Supply Conditions

(Abstract)
Eiji Yanai

(Received May 31, 1985)

Polymeric materials were combusted in the semi-full scale model room under forced air
supply conditions to study their fire behavior.

The burning conditions were found to reflect those in fire situation of a building compart-
ment with small window opening.

It was found that a large amount of unburned fuel was contained in the effluent gas,
especially in the case that the synthetic polymers such as PP and PE were combusted under low

air supply rate.
1t was also found that the rate of heat release by oxygen consumption method was given
experimentally by the following equation:

Q=50xF (F=192~3.84m?/min)

where Q is the rate of heat release (kW) and F the air supply rate (m>/min.).
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Fig. 1 Apparatus for measuring flow characteristics of Flon 12
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Table 1 Thermodynamic properties of saturated Flon-12

Temp. [°C] Pressure Specific volume [m® /kg] Enthalpy [kcal/kg] | Entropy [kcal/kg K]
t p [kg/cm?, A] Liquid v’ Vaporv” | Liquid#' | Vapori” | Liquids’ | Vapors”

30 7.59 7.75x 107% | 2.45x 1072 15.41 48.53 |5.71x107? 0.166

20 5.78 7.54 x 10™* | 3.28x107? 13.03 47.57 |4.92x 107 0.167

10 431 7.34x 107* | 4,28x107? 10.71 46.55 [4.13x107? 0.168

0 3.14 7.16 x 107% | 5.65x107? 8.45 4546 [3.32x107? 0.169

-10 2.24 7.00x10™* | 7.74x 107? 6.25 44.33 2.51x 1072 0.170

-20 1.54 6.85x 107 | 1.11x 107! 4.11 43.18 1.68x 1072 0.171

-30.7 1.00 6.73x 10™* | 1.65x 107! 1.90 4194 |7.89x 107? 0.173
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MW E LA, 72, CABREMICLD, 57
NEAEES, WA AN FNOBEELBEL 2, Ex. 3D
BlEEFEO—B % Fig. 22T, 70> R2FHHEY
728, U JATENREEESNENIZIIT—EE
HTHBL, 7 7 NERIITIZERNICED L2,
72720 Ex. 2, 3034, MBDIcRLEVANENIZ
LEH L S EFC AN L WAL H 72, 2D
BEOILEBRENEE Lo ET—2 &L

THREBL 7,

3. EBRERCEER

3.1 SroEASLHEL EBEDME
Z v 7 EETREFEL 25a2 B2 LT, Ml
HNOES3.9, 6.7, 11.1lme/ XRS5, 10mno)

Table 2 Experimental conditions

Ex. No. Experimental conditions

3.9 mmLD.*! x 3.5 cm L.*2 Nozzle
6.7 mm I.D. x 3.5 cm L. Nozzle

11.1 mm L.D. x 3.5 cm L. Nozzle
5.0 mm L.D. Orifice

10.0 mm L.D. Orifice

12.9 mm L.D. x 10 m L. Steel pipe
12.9 mm I.D. x 8 m L. Steel pipe
12.9 mm I.D. x 6 m L. Steel pipe
12.9 mm 1.D. x 4 m L. Steel pipe
12.9 mm L.D. x 2 m L. Steel pipe
12.9 mm I.D. x 1 m L. Steel pipe

6.6 mm L.D. x 10 m L. Steel pipe
9.4 mm L.D. x 10 m L. Steel pipe
12.9 mm I.D. x 10 m L. Steel pipe
16.1 mm I.D. x 10 m L. Steel pipe
21.7 mm I.D. x 10 m L. Steel pipe

4*3 2.0 mm LD. Orifice
5.0 mm L.D. Orifice
10.0 mm L.D. Orifice
15.0 mm L.D. Orifice

20.0 mm [.D. Orifice

NP W[ B WRN N R W B W N R

:1 1.D. means Inside Diameter
2 L. means Length

*3  Orifice is attached to the end of 10 m length
27.6 mm L.D. steel pipe



HEBW RIS $605

19854 9 A

Lol

’SE Tank pressure

B @

g'g Pressure at the Xn point of the pipe

=

Q.

o B Pange

o a “lghy

il

=

S

-

b« PTE[SS‘.]I‘E at the 8m point

P of the pipe

©

>
4 —_—
Ball valve Time (sec ) Ball valve
opered closed

Fig. 2 A typical pattern of variations of pressure and
weight loss

FNT7 4 REABICED T C, FREFICOCTHR
LA 2% FEH R, (Ex. 1) ZHF > 7REN &
BOER*Fig. 3IcR"7, B TEL LT HD
12, MER 1AL, REER 1ol ) DEEIC
BELTHL, (LT, BokErn),) OFHKES
NECICE ZFEROEZIFICEOHLNL L VD, 7oy
FERLET—FICIERNE ) Ak —EDERFALNS,

WEDEROAED SIHRET 2BOREIIRAITR
EhTwaY

Q:Cm .............................. (1

ZZC, Q IE (BT, BIHEIESZY) 0%
B) (g/cm?-s), C:hBHLK, g @ BHOMEE
(980cm/s?), v : 7 a2 BihiEEE (g/cm®),
P 2> 7RFHBOENES (g/cm?) THD,

(X & 251 &% Fig. 3iIc s TRy, ZOERT
Huw2A ) 7 4 ARV ANAZ DT K TEBNDEER
FA-7 2 ARERBECIZETOTUETH ST,
U7 4 A DCTUEKE REL WD, /S ZZ DWW
TIFC=03RETHN, kKELEH»H, Lids-T
F )7 4 ADBEE, KERBROIFEFHEREO TR L
REFTRToRIL, /AR BETLL) %
FEHEMAL AT A B RAL L e 28 & B § 2 D32
1% (I
3.2 REDESAZT(LIE/-BEDTE
HEHT2. 9mmDEEIC O>WTFNEE %10, 8,6, 4,
2, 1meESECMMERE T2, (Ex. 2)#ilH
KR, EEOBE» HBCABVCTFERICEn OB
THEHHTIRETH 72, BREOREOENLICHT S
REOBIEFREER * Fig. 41073, WL, BEH» 8V
BEIREL, RALBZEBL LS H D —FEHEIC
EDCTWE, FRINLNRENFREI DY >
TERDLDORMD ) LEORHLREBEN / X ¢11.1
mOPE LB E, T VEED LOFIEERE
(o> TCwd, EROZ D LRkNDEIIZEZ LMD,
(1) Z¥ 78EEH»LFRET 5354, BRI 2D
13 A EHBRAAHETL 2 VRIS IEVIREE TR
Y5,
(2) BEEWNY RN DHE, BRI 23N 58d
TEBEHDIZOEAPETL, ZhZREe-7%
ELEN THBRIL R ) SHCEE I b b,

O Orifice O &
@® ; Orifice J /0
O : Nozzle 339
A Nozzle 47 .- -
2500| X * Nozzle & //. / 7 pp—o—a
— /”’ ""’
0 Gé’ 200 .-
& 2000} Q- o= I
o Q/'/l ,,’/ C:O-?,_—”/
= < -7 o) - .
AL R ot i T g x* Fig. 3 Relation between
% /" /,/” g//"/ c=03 _913—_%__,_ tank pressure and flow
o 1oooT S e B ______ o St ;ﬁa rate (Ex. 1)
z S BT
3 e %’__,—
it 500/ .7 x.--77
T
.-
i’
0 10 20 30 %0 50 60

Tank pressure(kg/cm?)
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600- Pipe ¢12.9 mm

» o

R N

S 001

T 4001 \g/%e

o X\ \o

: 300 X 8

o 77 N

b 209,  X— _ X
200'1 : Okg/CrnZ X
100

012 4 6 & 10
Length of pipe (m)

Fig.4 Relation between flow rate and length of pipe
(Ex.2)

Bilolinr»#iconT, mhodEnEk, £
BEROBERE EDICHBRLIZILVETT S, 20
ROBEENE L AR, BEREZLTHTHEHIKAE
THREE LD L REOEEH EL LY, BRI
15,

L 72h% > TEBROBEE NBERENR I By TR,
WONKEZHAREL TH - THFOUIBEFHRHTTS
I LEDEBICAE»ICL T, REEEI2 L
NRELINDEEZ LN, FOHEEIEVEREL],
EEEis,

3.3 EEOARSELSIELHEDORE

BREOEWHE %S, KE s Z20EEENER
EFRANL LS, BIH10m, NEHIFZFILLENG6.6, 9.4,
12.9, 16.1, 21.7mmo> 5 BENEEIC DV TR IHNER
FiT-72, (Ex. 3) MHKREEZ, Ex. 2 B TH 59,
WELS KL BRREELBFELEL T, BEEES
B AENRUVRENBEZER % Table 31277,
INICL D EREDOARNOKEZDEVICL>TER
e Tkl ERIIR N, Fig. 5i249.4
mDEEFIC B VT 7 0 R2FEHEOE T ol
EEBRTRT,

/7, ARICBWTA#KIEL, RLEE2HTKT
FEHENEBREZITAENETE2RELLLNTHE, =
UC L B ERTIIEBINICENET 2L T2 0icxt
LT, 7eri2CTiiicMieiRe e ->TBY, BE
Yy IR TIREIMT ORE (—dP/dd) iz
B, HOwilE oK 2R THARLTwa, ZDEN
2, BB R E—ROHBKE DECWTH-T, L
BLAE I ICBBRILEZEI L 405 R K EMENE

Table 3 Measured pressure and flow rate (Ex. 3)

LD. of Pressure at the tank and pipe (kg/cm?) Measured Calcu(lg/t;?}{l c‘;‘)y Tate
pipe flow rate
@ Tank | om | 2m | 4m | 6m | 8m | 10m | F0 [ o002 [ g2t
6.6 560 | 545 | 5.24 | 4.71 | 4.28 | 3.25 *1 241 517 183
230 | 236 | 223 | 204 194 | 1.58 *1 195 324 111
¢9.4 597 | 567 | 540 | 498 | 431 | 3.30 | 1.68 294 744 264
224 ) 229 | 216 | 2,07 | 194 | 1.59 *1 235 448 154
¢12.9 | 5.68 | 5.23 | 4.87 | 440 | 390 | 2.74 | 1.51 312 843 298
212 | 211 | 2.04 | 194 | 1.88 | 1.53 *1 243 525 183
$16.1 | 5.56 | 493 | 454 | 411 | 3.63 | 2.87 | 146 313 932 329
¢21.7 | 5.85 | 5.17 | 491 | 444 | 3.87 | 3.15 *1 379 1140 403

*1  Not measured
*2  Calculated from Eq. (3) which is assumed that Flon 12 flows in 2 all liquid state at storage condition.

*3  Calculated from Eq. (3) which is assumed that Flon 12 flows in a state of two phase mixture of liquid
and vapor. In this case x (vapor fraction by weight to two phase) is used as decreasing to the half of the
final desired amount.
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Fig. 5 Pressure of measuring point in two cases dis-
charged by high and low tank pressure (Pipe 9.4 mm
I.D. x 10 m)
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Dtk (cm/s) TH 5,

FEQ=yuThHd» b ERXNEHALE L,

P R R TR R (2)

@RI BCT, MEPKTHIUTH DEEICOWT
A, DpHEBIC S > TIRIBTE 4, Ap D BL 728
BANQIZFTETE S, Ui, ERB{brAnii®s
KOBIR TS LT LD S, Tihbh, B
BEARND I TREK L BEDRER ) HORE
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WYT 50, 20y B BEHICRKHLNLL W, E
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T Table 312 fH5EL 72, QE-1NELZBIEED 2 ~ 3
BTHBD, THIZHENTQE-20EIZH S REHIE
BISEL > T d, WTRICL TLR)RANERIZD
W3, EHMTORE, BEEEEEOFEFRHS
THVEDEDOT, 5HBRHEAT L LEIIDH DL,
372, EHRBEILY R OBEREIHSRVEEYB
STRAERICHEHET 2546, HrLEExEF-12
AR E LCHET 5 & 2 CRIEMICKD &
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Q:ﬁLﬁEj@tg' .................... )
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2T, D= xare, ve=vd +xe(v’— 1), T2=
(s —52) To/ 72 B2EI3, gc @ B3R E 1R85 (9.8kgm/
kgs?), J ! BOHELE (427kgm/keal), i1 1> S
N — (kcal/kg), s: x> F v — (kcal/kgK), 7 :
R (kcal/kg), T #HEE(K), v lLEE
(m¥/kg), x: BROHEE, T3, 1 BEKE,
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IR EZBEONEICHTIREDIL(Y/d) EL, #
A mEE L CEx2, 3OEBRER 7o ML, &
NI E B & 4/ d DRI - THREIZ S 5B S TR
LTBY, WRADEICEITERRL TS, Lids
TOEICEL THaRVESEL DVHHL2%E (7o
Y1220 T 4/d=1000~2000 & 1) K7 5354) i1,
WRZRERENEFLEL T EEZLNS,
3.4 BEEOERICHY 74 2RV ITLBEDOTE
AEO—MICHEL I TE 2 HBAE2BEL, 2080

DREZDRFBICRIZTHEZR T 5720, EEI10
m, WET7.6mmOEEDEMICHEL2NOENS ) 7 4

ZEBRD)MITTEREIT-72, (Ex. 4)BEELSICEIT
LEFOHEERERVTTENEF % Table 4 (27R7,

Fig. Tiz##ic s> 7 ATTEN %, #EickEL e,
(1), WRDFHEERVEX 3, 4DKEERLIZLDT
H5, DVADFTEMBIZERMTURIIERTRL TS,
Fig. TEDEx. 4DX )74 2 (AH) ZOFEDE W
S THESRELEL S TWEY, FAOEIIDONWT

Table 4 Measured pressure and flow rate (Ex. 4)

LD. of Pressure at the tank and pipe (kg/cm?) Measured
orifice flow rate
(mm) | Tank | 2m 4m 6m 8m 10m | (g/cm®+s)
@2 5.62 5.60 5.58 5.52 5.67 5.67 2188
2.20 2.21 2.20 2.21 2.28 2.14 1649
®5 5.44 5.45 545 542 5.46 5.48 1808
2.12 2.12 2.09 2.13 2.09 1.97 1103
¢10 5.66 5.50 5.55 5.50 5.41 5.36 1474
2.00 1.96 1.90 1.94 1.88 1.72 800
¢15 5.39 5.09 4.94 4.86 4,78 4.64 957
2.00 1.85 1.73 1.68 1.62 1.46 520
20 2.22 1.90 1.79 1.65 1.43 1.24 465
— 2500" //// -
n({) ) g 6 /,/”A‘Z
E 20004 o QO JEUP
~ Q//// - _QB - AS
9 // N2 B ,«AZ Q)_:,—f’ B -
o 15004 Ky ok - AT
..5 7 ,’, B ’,—AS (’)”___
.’ .7 =7 N7 T
—_ ; - - - :0 3 -
z 1000 A L WeEPs -
o) J - -7 T T s -
& | e A
5004,//27- == NSpgym A2 12.9
e T q.(4) %9.4
- e '~ 0.
0 T 1 29, 9'[. 6.6 T T T T 68
1.0 2.0 3.0 4.0 5.0 6.0

Tank pressure(kg/cm?®)

Fig. 7 Relation between tank pressure and flow rate (Ex. 3,4)
o: Nozzle, 2: Orifice (A numeral indicates 1.D.)
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Flow Characteristics of Compressed Liquefied Gas Discharged from

High Pressure Tank System

(Abstract)
Isao Yamamoto and Kimio Sato

(Received May 30, 1985)

It is important for the disaster prevention to know the flow characteristics of compressed
liquefied gas discharged from a high pressure tank. As compressed liquefied gas, Flon 12 was
discharged through various sizes of pipe, orifice or nozzle. Flow rate and pressure drop were
measured.

The results of the experiment are summarized as follows.

(1) The rate of outflow is closely related with pressure drop of Flon 12. When pressure drop
is little, Flon 12 flows out in a state of almost liquid. In this case, outflow rate takes large
value, and can be calculated using the following equation:

0=C+2g~P

Where Q: mass flow rate per unit area (g/cm?s), C: coefficient of discharge, g: gravitational
acceleration (980 cm/s?), v: specific weight of liquid at storage condition (g/cm?), P: tank
pressure (g/cm?, relative)

(2) When Flon 12 flows out through the long pipe, pressure drop increases as flow proceeds
the pipe. In consequence, flash evaporation occurs acceleratedly, and the flow becomes
two phase mixture of liquid and vapor. The measured two phase flow rate approximately
agrees with the value calculated thermodynamically using the following equation:

0=1/(10w)\/ 2 g, J Ai

Where Q: mass flow rate per unit area (g/cm?s), v: specific mixture volume of liquid and
vapor (m>/kg), ge: conversion factor (9.8 kgm/kgs®), J: conversion factor (427 kgm/
kcal), Ai: change in enthalpy (kcal/kg)
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REBIC, BRENBUTHE LTER 2m (&hE THE
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Fig. 1 Cross sectjon of stainless steel model
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Fig. 2 Position of thermocouple installation for speci-
men and environment on furnace test
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Fig. 3 Position of thermocouple installation for speci-
men and environment on open fire test

DL EREEREL 2,
2.3 EBREM
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EMERL, [SO BB - 72355 R 4F I #4
ARE, 0FBDA—7> 7 7 A YERBORBRH EH,H
EINTD, TNHLNORBRENHSEH RS ANER
Fftiz #n #h Tablel, Table2 & ) TH 5,

Table I Furnace Test

No. | Heating Temp. °C) Heating Time (min)

(1) 500 120
(2) 600 60
(3) 700 40
(4) 800 30
(5) 900 30
(6) ISO Curve (R834) 35

Table 2 Open Fire Test

No. | Heating Time (min) Pan Size

(7) 5.5 900 mm x 700 mm x 200 mm (H)

(8) 9.5 900 mm x 700 mm x 200 mm (H)

(9) 17.0 900 mm x 700 mm x 200 mm (H)

(10) 44.0 900 mm x 700 mm x 200 mm (H)

(11) 5.5 1300 mm x 1500 mm x 200 mm (H)
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Comparison of Thermal Influences on Packages for Radioactive
Materials in Furnace Test and Open Fire Test,

using Cylindrical Stainless Steel Model

(Abstract)
Sanae Miyazaki and Hirohisa Shimada

(Received May 31, 1985)

To compare the thermal influences (i.e. heat input, temperature raising rate, heat transfer
coefficient) in furnace test and open fire test, both types of tests were carried out on the condi-
tion that the temperature and test period were changed. From the test results it can be con-
cluded that,

(1) When the model was heated in the furnace of 700°C during 35 minutes, the rise of tem-
perature in the center of the model was larger than the temperature rise when was heated in
furnace according to ISO heating curve during 35 minutes. So from the viewpoint of heat
input, heating condition of 700°C constant temperature was severer than ISO heating condition.

It is necessary, however, to assess the effect of thermal stress due to ununiform heating, in
order to evaluate the severity of thermal test like ISO heating curve. This problem was left to
further study.

(2) In case of furnace test, the average of heat transfer coefficient obtained at each furnace
temperature increased from 40 keal/m?h-K to 120 kcal/m*h-K in proposition to the furnace
temperature.

In case of open fire test, however, even for the same test, the heat transfer coefficient
differed with direction and average value was not obtained. (For example, the value was 90
~ 330 kcal/m*h-K with upward direction, 60 ~ 110 kcal/m?h+K with sideward direction and
about 90 kcal/m?h+K with downward direction.)

(3) On the furnace test calculated emissivity was 0.55 ~ 0.70 when the environment temper-
ature were used, and emissivity 0.55 ~ 0.85 was calculated from the value of wall temperature.
In the case of open fire test the value calculated was about 0.70.
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Three-dimensional Field Model Analysis of Fire-induced Flow in an

Enclosure with a Doorway Opening

— Comparison with NBS Fire Tests —

Kohyu Satoh

(Received May 31, 1985)

In the previous report3), it was described that fire-induced flow in an enclosure calculated by

a three-dimensional field model had some discrepancies vis-a-vis the results of NBS Fire Tests. But

the author’s preliminary study showed that heat source area considerably affects mass flow rates,

whereas the previous study employed a much larger heat source area than the gas burner used in

the experiments. By taking a heat source area nearly equal to the burner diameter, the present

numerical calculations could give flows quite similar to the experimental ones. As well as relation-

ships of mass flow rate as a function of heat input rate and doorway geometry, a relationship

between mass flow rate and distance from heat source to doorway center was investigated. Mass

flow rates in both experiments and calculations depended upon approximately the -1/10th power

of the distance.

1. Introduction

The author!+2:3) has been investigating fire-
induced flow in an enclosure using field model
analysis and also comparing with experimental
data. Wakamatsu et al.®) pointed out the im-
portance of reasonable estimation of the rates of
in- and out-flow through compartment openings,
driven by fire-induced buoyancy. The present
study focuses on this estimation of air flow rate.
The air flow rate is related to the burning of
materials and also smoke generation.

In a previous report3), fire-induced flows in
an enclosure with a doorway used in the experi-
ments by Steckler et al. (NBS)3) were numerically
investigated by differential field model analysis.

First, the comparison between experiments

and calculations indicated that relationships be-

tween mass flow rate and heat input or geometrical
factor of the enclosure were qualitatively reason-
able, but quantitatively there existed considerable
discrepancies. Differences in thermal boundary
conditions and net heat release rate of the gas
flame were considered as a reason for the dis-
crepancies. But the author’s investigations (after
the previous study) indicated that heat source
dimensions had quite a large effect upon the mass
flow rate. The heat source area in the previous
calculations was 0.6 x 0.4 m for a centrally located
heat source, whereas the burner diameter in ex-
periments was 0.3 m. This had been due to the
stability in computations. Thus, the effect of heat
source area upon the mass flow rate was investi-
gated by modifying the computer program in a
way that increased computing stability.

Second, the heat source location must have
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affected the discrepancy between experiments
and calculations in the previous study when the
heat source positioned at the back corner of
enclosure. The heat source was 0.2 m distant from
corner walls in calculations, whereas the gas burner
was 0.06 m distant from walls in experiments, The
gap between wall and heat source affects air en-
trainment (the wall effect). The distance between
doorway center and heat source affects the air
blowing into the enclosure (the door jet effect).
So, the effect of heat source location upon the
mass flow rate was investigated.

Third, the discrepancy between calculations
and experiments in the previous study was due
also to the difference in doorway geometry. There-
fore, two numerical schemes with 16 x 13 x 21
and with 18 x 14 x 23 cells were prepared in order
to investigate the effects of doorway geometry.

2. Numerical Method

Steckler et al.5) measured mass flow rates due
to a diffusion flame of methane gas burner in an
enclosure with a doorway. The enclosure arrange-
ment is shown in Fig. 1. Calculation of flows in
the enclosure of Fig. 1 was conducted using a
field model. The detailed

procedures are as follows:

three-dimensional

Fig. 1 Experimental arrangement used by Steckler
et al4). “L” is the horizontal distance between gas
burner center and vertical center line of doorway.

2.1 Numerical Domain and Cells consisting of

Enclosure and Doorway

In a three-dimensional field model analysis,
the enclosure shown in Fig. 1 was divided into
cells. Here, the unit cell was cubic and all uniform
in size. In the previous study3), the number of
cells in the numerical domain including wall
boundaries and outside of the enclosure was
16 x 13 x 23. This cell system was also used in the
present calculation and named ‘“‘scheme A”. In
addition to this scheme, another cell system
consisting of 18 x 14 x 23 cells was employed and
named ‘‘scheme B”. Figure 2 represents a cross
sectional view of ‘“‘scheme B’’. Details of enclosure
and doorway dimensions in these two schemes and
also the experimental scheme are summarized in
Table 1. Accuracy of calculations depended on
the number of cells in the numerical domain. But
there exists a limit in the allowable number of cells
due to the restriction of the so-called Courant
Number®) relating to computational stability and
also due to computer resources. The program size
of “load module” was about 0.7 MB. Markatos
et al.11) reported that the number of cells in the

numerical domain was not always a critical issue.

[A] {c]
0

0 0 O
1 20 30 0 O

s pihatt I

Il (i Ilﬂilmml i i i\\\ 100t
0.0 000 900 0 e . 0 fKO

18 x 14 x 23 cells
(scheme B)

[A] : y-z plane
i [e]
[c] : x-y plane

: x-z plane

Fig. 2 Cross sectional view of the 3-D numerical domain.
“i”, “ and “k” are the cell number in the direction
of x, y and z, respectively.
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Table I Comparison between experimental and numerical schemes

3-D calculations

Experiments
[Scheme-A] [Scheme-B]
. . 28x28m 28x28m 2.93x293m
Enclosure dimensions x 2.18 m (Hy) x 2.2'm (Hp) x 2.196 m (H,)
Hp=1.83m Ap=180m Hp=183m
i i i Wp = 0.24,0.36,0.49, | Wp= 0.40, 0.60, 0.80 Wp=0.732m
Opening dimensions D 062,074 0.6 and 1.00 m
and 0.99 m
. square square
Heat source dimensions circular 0.40 x 0.40 m 0.366 x 0.366 m
o 0.305 m in diameter x 0.60 m (height) x 0.549 m (height)
Qo =62.9 kW Qo =60 kW -
Heat release rate %r variable %r variable Qo = 62.9 kW
Wall boundary ceramic fiber board adiabatic adiabatic
condition insulation
Heat source mf;g?ant?ogrfls flame with no radiation no radiation

2.2 Cells consisting of Heat Source

Quintiere et al.}2) reported that the diffusion
flame of a methane gas burner had been oscillat-
ing and blown over by door jet, using the same
experimental setup as Steckler et al.5), Therefore,
a definite flame shape was not given. In the
previous study, the heat source height (Hf) was
estimated to be 0.6 m. The author observed that
the height of natural gas diffusion flame was
roughly 0.5 to 1.0 m for the heat release rate of
60 kW. An equation”) describing flame height as a
function of heat release rate (Qo ), Hr = 0.2 Q02/5,
substantiated this. Thus, the value of the flame
height (0.6 m) employed in the previous study is
reasonable. But the heat source area (0.6 x 0.4 m)
for the centrally located heat source in the
previous calculation must have been too large for
the circular burner diameter of 0.3 m. In order to
investigate the effect of heat source area upon
mass flow rate, five kinds of bottom surface area
were prepared: 0.2 x 0.2 m, 04 x 0.4 m, 04 x
0.6 m and 1.2 x 1.2 m in “scheme A” and 0.366
x 0.366 m in “scheme B”. The height of heat
source is 0.6 m for “scheme A” and 0.55 m for

“scheme B”’.

2.3 Mass Flow Rate
The mass flow rate through doorway opening
was calculated by the following equation:

j i
Moye= T % PULE) w( k) AS
in  j=1 i=i,

(moys: forw (i, j, k) > 0)

(mj, :forw(i j k)<0)

where mg,, is the mass outflow rate, m;, the mass
inflow rate, i; and i, the left and right cell number
of doorway, jo the upper cell number of doorway
and AS the unit cell surface area. The doorway
was located at the k = 15-th and k = 17-th cell for
“scheme A and “scheme B>, respectively. p (i, j,
k) is the density of air and w (i, j, k) the velocity in
the i-th, j-th and k-th cell at the doorway. Mass
flow rates calculated by the present field model
were fluctuating with time as seen in Fig. 3. Hence
mass flow rates were averaged with time after the
heat outflow rate (Q) approached the heat input
rate (Qo). The time-average mass outflow rate was
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1.5 Case A (Heat source location : ®)
‘ scheme A
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<4 Hy=1.8 m Q/Qo‘] 0 , 7 A
o

0.5t wD=O.8 m
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Fig. 3 Variation of heat outflow rate and mass flow rates

with time.

quite close to the time-average mass inflow rate.
This was used as a criterion for the law of mass
continuity. At the same time, the time-average
heat outflow rate was almost equal to the heat
input rate. This shows that the law of energy

conservation was satisfied in calculations.

2.4 Governing Equations and Boundary
Conditions
The partial differential equations and ad-
ditional governing equations for the present three-

dimensional numerical calculations are as follows:

[ Continuity equation]

dp 3 (pu) | 3 (pv) . 3 (pw) _

............ 1

8t ox ay oz (0
[Momentum equation]
(x direction)

3 (pu) 3 (pu®) . 3 (puy) 0 (puw)

ot dx oy oz
_ 00 Tx  Oay 02 o (2)
ox  Ox ay oz

(y direction-gravitational direction)

d (pv) 0 (pvu) 3 (pv?) , 3 (pyw)
ot ox oy oz
=—g—5—pg+ i’x+ ;y+a§’z ............ 3)
(z direction)
3 (pw) . 3 (pwu) 3 (pwv) A 0 (ow?)
at ox oy oz
-2, %o 9;—;2 T )
[Energy equation]
3 (ph) . 9 (phu) 3 (ph) 0 (phw)
ot ox oy az
= —aa;q; —%qu _f;_zz T Yo rrererererenenienienns (5)
[Equation of state]
D= PRT ettt esnnsensseeasaees (6)
[Enthalpy equation}
B= CpT ovvecevvvecseevemsssssssssssassssssssssnans (7
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also
qx=—kgxl, qy'=-k?)—§, ..................... (8)
qz=—kg7T
'rxx=2ug—z, ............................................ 9)
Tyy:zﬂgl»
Txz = Tzx u(%+27w
TZz—zlJSTW,

where (x, y, z) are the coordinates (see Fig. 1),
(u, v, w) the components of velocity, ¢ the time,
T the temperature of air, p the density of air, p the
pressure, 7 the stress (tensor), u the viscosity of
air, h the enthalpy, ¢ the heat flux, v the con-
vective heat generation, g the gravitational accele-
ration, k the conductivity, Cp the specific heat and
R the universal gas constant. Additional detailed
equations are found in References 7 and 8.

All walls shown in Fig. 2 were assumed to be
heat insulating and radiation from the heat source
was neglected in the present calculation. Tem-
perature and velocity gradients at the free
boundary were normal zero. The pressure at the
outside of the free boundary was prescribed. The
ambient temperature was 15°C,

A two-dimensional fire simulation computer
code UNDSAFE!?) in which the governing equa-

tions and boundary conditions mentioned above

were incorporated, is available. The code is
modified and extended into a three-dimensional
scheme. An algebraic turbulence model for the
calculation of local turbulent viscosity p (see
equation (9)) was also extended into the third
dimension as reported in the previous study3).
Present calculation was conducted with the
aid of a computer TOSBAC DS600/60. The
computing time required was quite long, for
example 15 hours (cpu time) for 5000 time-step

increments (shown in Fig. 3).

3. Results and Discussions

3.1 Mass Flow Rate as a Function of Heat Source

Location

Steckler et al. measured mass flow rates as a
function of heat source location. A circular gas
burner was located at eight separate positions. The
burner was either raised 0.3 m above the floor or
set flush with the floor. Figure 4 represents the
variation of mass flow rate (kg/sec) with heat
source location. Figure 4-a shows mass flow rates
for the raised burner and, Fig. 4-b, for the flush

burner.

[Experiment]

{a) Raised burner (b) Flush burner

b.475(23°C}

0.439(30°C)
0.442(21°C)
0.449
(20°C)

WD=0.74 m WD=O.74 m

HD=].83 m

TO=6.5 c

T0=12 to
HD=1 .83 m 31°C

Fig. 4 Variation of mass flow rate with location of a
methane gas burner with diameter of 0.3 m. Experi-
ments by Steckler et al.s),

Raised burner: 0.3 m above the floor. Mass flow rate:
fkg/sec], Qp = 62.9 kW
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Numerical calculation using the present three-
dimensional field model was conducted for a
square heat source whose bottom surface was
either raised 0.4 m above the floor (“‘scheme A”’)
or flush with the floor. Figure 5 indicates the mass
flow rates corresponding to the experiments
shown in Fig. 4. Calculation was made by ‘“‘scheme
A”. Figure 5-a is for the raised heat source and,
Fig. 5-b, for the flush heat source. Figure 6 shows
the mass flow rates calculated by ‘‘scheme B”,
The bottom surface of the heat source was
0.366 m above the floor for the raised heat source.
Between ‘‘scheme A’ and ‘“‘scheme B’’, there are
some differences in opening geometry and heat
input (see Table 1). Mass flow rates shown in
Fig. 4-a, Fig. 5-b and Fig. 6-b are plotted in
Fig. 7 as a function of horizontal distance (L)
— see Fig. 1 — from the center of heat source to
the vertical center line of the doorway. Mass flow
rates in experiments travel almost on a straight
line. Mass flow rates depend on the -1/10th power
of the distance. Those by calculations run almost
on a straight line, except for these cases: © (cen-
ter back heat source), @ (corner front heat

[Numerical calculation by scheme A]

(a) Raised heat source (b) Flush heat source

wD=Q.8 m
HD=I.8 m

T0=1 5°C WD=O.8 m TO=1 5°C
HD=1 8m

Fig. 5 Variation of mass flow rate with heat source
location, calculated by “scheme A™.
Raised heat source: 0.4 m above the floor.
Mass flow rate: [kg/sec], Qp = 60 kW.

(AD):1.2x 1.2 m, (AM): 0.6 x 0.4 m

A): 0.4 x0.4m, (S):0.2x0.2m

[Numerical calculation by scheme B]

(a) Raised heat source {b) Flush heat source

®
0.471

©
0.495

iy
0.450  0.438

)

®
0.625 0.631

T0='15 C

Fig. 6 Variation of mass flow rate with heat source
location, calculated by scheme B. Raised burner:
0.4 m above the floor. Mass flow rate: [kg/sec],
0p =629 kW
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Fig. 7 Relationship between mass flow rate and hori-
zontal distance from heat source to doorway.
Experiments: raised burner, Qp = 62.9 kW, Wp =
0.74m,Hp =183 m
Calculations: flush heat source (“scheme A”), Q,
=60kW, Wp=08m,Hp=18m

source) and (corner back heat source). The
reason for this discrepancy must be due to the
shape of the heat source employed in the present
calculation, The shape of heat source was square
and no gap existed for cases ©, @ and ,
differently from the circular gas burner used in
experiments. So, the gap between heat source and
wall must greatly affect the mass flow rate (the
wall effect).

In Fig, 8, four examples of velocity vector
distribution are illustrated. Figures 8-a, b, ¢ and
d are the flow patterns due to the heat source
positioned (a) in the center, (b) near the dobrway,
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Fig. 8 Velocity vector distributions. (By “scheme A”)
(a) to (c): flush heat source, (d): raised heat source.

(c) at the back center and (d) in the center.
Figure 8-b clearly shows the strong door jet due to
the heat source located close to the doorway. As
seen in Figs. 8-a and d, the raised heat source was
mildly affected by the door jet when compared to
the flush heat source. The flow due to a back
center heat source was quite stable and showed

little fluctuation.

3.2 Mass Flow Rate as a Function of Heat Source

Strength

Figure 9 represents the relationship between
mass flow rate and heat input. As mentioned
earlier, mass flow rates are significantly affected
by heat source dimensions. Mass flow rates due to
a heat source with the following various dimen-
sions are shown in Fig. 9. Mass flow rates due to

a heat source of 0.2 x 0.2 m are most similar to

1.5 , : —
CENTER HEAT SOURCE
= 1.0[ FLUSH WITH FLOOR _ (1)
2 e ;g:(z (3)
g e e
C 05F A AT 1
(4) 2o
. (5) 6
3 .
e (1)-(5): Calculations
E (2)-(5):By scheme "A"
: (6): Experiments
g 1 i 1
0.1 *
10 50 100 200
Heat input rate : QO (kW)

Fig. 9 Relationship between mass flow rate and heat

input rate for the central flush heat source.

(1): calculated by 16 x 13 x 16 cells without outside
region, heat source area = 0.4 x 0.4 m, location
AYWp=0.8m,Hp=18m

(2): heat source area = 1.2 x 1.2 m, location ,
Wp=08m,Hp=18m

(3): heat source area = 0.6 x 0.4 m, location @,

Wp=08m,Hp=18m

heat source area = 0.4 x 0.4 m, location @,

Wp=08m,Hp=18m o

heat source area = 0.2 x 0.2 m, location @,

Wp=08m,Hp=18m

burner diameter = 0.3 m, location A , Wp =

0.74m,Hp=1.83m

(4):

(5):
(6).
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Fig. 10 Relationship between mass flow rate and heat
input rate for the back corner heat source flush with
floor. (By “scheme A”).

Calculations: heat source bottom surface area = 0.4
x04m, Wp=08m,Ap=18m

Experiments: burner diameter = 0.3 m, Wp = 0.74 m,
Hp=183m

the experimental results shown in line (5). The
diameter of gas burner was 0.3 m. The discrepancy
between mass flow rates due to a heat source of
0.4 x 0.4 m and those by gas burner was about
10% when the heat source was positioned in the
center of enclosure. In contrast, a heat source
with dimensions of 0.4 x 0.4 m and positioned at
the back corner showed about 10% discrepancy
(Fig. 10). A heat source located at the back corner
and with 0.2 m gap between wall and heat source,
(location @ in Fig. 5) shows a much larger dis-
crepancy than that located at . The dis-
crepancy of 10% is not serious for the following
reasons: (1) The flame shape is not definitely
given due to its oscillation. (2) The net heat
reléase rate should be much smaller than the values
described in the report of Steckler et al.5) and the
diffusion gas flame emitts considerable radiation.

In both experiments and calculations, the
mass flow rates are proportional to approximately
the 0.3th power of heat input rate as seen in
Figs. 9 and 10.

Here, line (1) in Fig. 9 shows the mass flow

rate calculated by a numerical scheme excluding
the outside area of enclosure (consisting of 16 x
13 x 16 cells). Numerical results by this scheme
show quite larger values than those by a scheme
including the outside region of enclosure. When
the free boundary is set at an opening itself, the
pressure between the inside and outside of the
opening is quite discontinuous. This affects the
discrepancy of mass flow rate.

The difference between lines (2) and (4) is

not always so large as the ratio of the heat source

area between and @

3.3 Mass Flow Rate as a Function of Doorway

Width

Figures 11 and 12 represent the relationship
between mass flow rate (m) and doorway width
(Wp) for a heat source located both centrally and
at the back corner of an enclosure, The discrepancy
between experiments and calculations is about 5
to 10%. In both experiments and calculations, the
relationships shown in Figs. 11 and 12 are ex-

pressed approximately as m & Wp?/3. In Figs. 11

1.5 T T

CENTER HEAT SOURCE
FLUSH WITH FLOOR

o
a
2 1.0
o
~
=

(1),{2): Calculations (,”(,2)
. -0 3)

e (3): Experiments 8%
0.5¢ / b
3 Y 25
e _*~ Heat source
= e location and
2 “o bottom surface
b area
v
=

(I):,0.6x0.4m
(2): ®),0.4x0.4m
(3): A, diameter
Oxf 0.3 m

0.1 .
0.1 0.5 1.0 2.0
Doorway width: wD (m)

Fig. 11 Relationship between mass flow rate and door-
way width for the central flush heat source. (By
scheme “A”).

Experiments: Q, = 62.9 kW, Hp =183 m
Calculations: Q, = 60.0 kW, Hp=18m
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Fig. 12 Relationship between mass flow rate and door-
way width for the back corner heat source flush with
floor. (By “scheme A™).

Experiments: Q, = 62.9 kW, burner diameter = 0.3 m,
Hp=1.83m

Calculations: Q, = 60.0 kW, bottom heat source area
=04x04mHp=18m

and 12, the heat input was different between ex-
periments and calculations (62.9 kW and 60 kW).
However, the mass flow rate depends on the 0.3th
power of the heat input (see above). Thus, the
ratio of 62.9%-3 to 60.00-3 is about 1.005. So, the
difference of heat input is barely affected — only
0.5%. Neither
geometry serious (see the results of schemes “A”
and “B”).

In the present calculations, the effect of door-

is the difference of doorway

way width upon mass flow rate was investigated
in a range less than half of the full doorway width.

The author is investigating it in its full range.

4. Conclusions

In the present study, a comparison between
by Steckler et al. and
numerical results by a three-dimensional field

experimental results

model was made and the following was found:

(1) The discrepancy between experimental data
and numerical results was approximately 5 to

10% in spite of the differences among door-

way geometry, enclosure geometry and heat
source dimensions as well as the difference of
heat input, as shown in Table 1.

(2) Mass flow rates depend on the 0.3th power of
heat input rate in both experiments and
calculations.

(3) Mass flow rates are a function of the 2/3rd
power of doorway width in both experiments
and calculations.

(4) Mass flow rates depend upon the horizontal
distance between the heat source center and
the vertical center line of doorway and ex-
pressed as m & X~01 The flow is greatly
affected by door jet when a heat source is
positioned closely to doorway.

(5) Heat source dimensions significantly affect
the mass flow rate. For a gas burner with
0.3 m diameter, heat source dimensions of
0.4 x 0.4 m or 0.2 x 0.2 m are reasonable in
calculations.

(6) The gap between wall and heat source located
in a corner of an enclosure has a significant
effect upon the mass flow rate. The gap
between wall and square heat source (em-
ployed in the present calculation) was

considerably different from the gap between

a circular gas burner and wall. This is only

due to the basic cell geometry.

5. Acknowledgments

The author is grateful to Mr. G.E. Papach for
his kind English editorial service.

References

1) Satoh, K., Yang, K.T. and Lloyd, J.R.:
“Ventilation and Smoke Layer Thickness
through a Doorway of a Cubic Enclosure with
a Central Volumetric Heat Source”, Chemical
and Physical Processes in Combustion, Eastern

Section of Combustion Institute, Princeton,



Report of Fire Research Institute of Japan

No. 60(1985)

2)

3)

4)

5)

6)

7)

Paper No. 25 (1980)

Satoh, K.: “Experimental and Finite-Differ-
ence Study of Dynamic Fire Behavior in a
Cubic Enclosure with a Doorway”, Report of
Fire Research Institute of Japan, No. 55, 17
(1983)
Satoh, K.:
Study of Fire-induced Ventilation in En-
closures”, ibid., No. 58,45 (1985)
Wakamatsu, T. and Tanaka, T.:
Progress in Fire Growth Modeling in Japan™,
7th Joint Panel Meeting of the UINR Panel
on Fire Research and Safety, NBSIR 85-3118,
p. 112 (1985)

Steckler, K.D., Quintiere, J.G. and Rinkinnen,
W.J.: “Flow Induced by Fire in a Compart-

““Three-dimensional Numerical

“Recent

ment”, Nineteenth Symposium (Internation-
al) on Combustion, The Combustion Institute,
p. 913 (1982) '
Satoh, K., Lloyd, J.R., Yang, K.T. and
Kanuary, AM.: “A Numerical Finite-Differ-
ence Study of the Oscillatory Behavior of
Vertically Vented Compartments”, Numerical
Properties and Methodologies in Heat Transfer
(edited by T.M. Shih), Hemisphere Publishing
Corporation, p. 517 (1983)

Cox, G. and Chitty, R.: “A Study of the

Deterministic Properties of Unbounded Fire
Plume>, Combustion and Flame, Vol. 39, 191
(1980)

8) Ku, A.C., Doria, M.L. and Lloyd, J.R.:

“Numerical Modeling of Unsteady Buoyant
Flows Generated by Fire in a Corridor”,
Sixteenth Symposium (International) on
Combustion, The Combustion

p. 1373 (1977)

Institute,

9) Patankar, S.W.: “Numerical Heat Transfer

and Fluid Flow”, McGraw-Hill Book Com-
pany (1980)

10) Liu, V.K. and Yang, K.T.: “UNDSAFE-IIL

A computer Code for Buoyant Turbulent
Flow in an Enclosure with Thermal Radi-
ation”, Technical Report of the Department
of Aerospace and Mechanical Engineering of
University of Notre Dame, TR-79002-78-3
(1978)

11) Markatos, N.C. and Cox, G.: “Hydrodynamics

and Heat Transfer in Enclosures Containing
a Fire Source”, Physicochemical Hydro-
dynamics, Vol. 5, No. 1, 53 (1984)

12) Quintiere, J.G., Rinkinnen, W.J. and Jones,

W.W.: “The Effect of Room Openings on Fire
Plume Entrainment”, Combustion Science
and Technology, Vol. 26, 193 (1981)



WG EFAT e 5560%

19854 9 A

HERAZEAOAKRRRICEATI=XRT 74 —-LFEFL

(2 & 38847
—NBSK K EERIER & DEEs—
(B =)
ik S

(BBAI604 5 A31 5 4T)

NBS kK KER ot % Higs L2 EE0gED
BECBWTL, 3REHEAEHERIRES -2
ZODNEDHLZ EHREN, TOERE LTI,
FRS, BRABOKREZINOBEZ L2 L2 AKX\,
FEBHETCRRBEOKE Z2RERTOL 2 —F
—DEZEISE IR EZ S, FEROEIL S ~ 10%E
WAL, Bio, AEEFEICBCTUTOZ &
#/ons,

(1) 0.3mAERNA R N—F— %L T 0.4X0.4m

Xi30.2m X0.2m DRBBFIS KT T 2 HIETHERIL,

IITERBEICHIET 28R4 525,

(2) MAZTEIZERME, FHMEX LEREOH0.3
RICIHIL, FALEHZRICHE L THmT 2,

(3) BBEI&FEODIEICHIEL, FT Yy bar
BB I ENERICBOYTREN TV B,
FBMEFRIC BT ULIRIFEROBEI RS 1,
B, EBiE, FEMEE LRAZLABIZEONEOH
L & BRIR & DKCFREBED# 0.1 Felz I L TR
%,



Report of Fire Research Institute of Japan No. 60(1985)

Three-dimensional Numerical Study of Buoyant Convective

Flow in a Tunnel-shaped Enclosure

Kohyu Satoh

(Received May 31, 1985)

The present study focuses on the mutual interaction between buoyant upward flow and hori-
zontal fire-induced air flow in a tunnel-shaped enclosure. In relation to the author’s experiments,
numerical calculation was conducted using field model analysis based on partial differential equations.
Numerical values calculated here were considerably larger than experimental ones. One reason is due
to the different wall boundary and heat source conditions between both schemes. Another reason is
because the outside region of the tunnel was excluded in the present numerical domain. But some
relationships of mass flow rates to geometrical factors of the testing scheme were similar. Thus, the
present calculations could give qualitatively reasonable relationships. By including the outside region

of the enclosure and by taking conditions of wall boundary and heat source into account, quanti-

tative relationships should be given,

1. Introduction

In relation to the experiments, by Parker!), of
ASTM (American Society for
Materials) E-84 Tunnel Test, Huang et al2)
studied a fire environment numerically, in partic-

Testing and

ular, mutual interaction between buoyant upward
flow from a gas burner and horizontal forced air
flow from a tunnel inlet. As shown in Fig. 1, a
gas burner used in the Tunnel Test had relatively
small nozzles in relation to the tunnel width. But
the numerical results by Huang et al. (who em-
ployed a “two-dimensional” scheme) had some
discrepancy on the flow from experiments. This
suggests the necessity of ‘‘three-dimensional”
analysis for the mutual interaction between
buoyant upward flow and horizontal air flow
when the heat source is not a line-type. In a three-
dimensional scheme, widths in a direction per-

pendicular to the two-dimensional plane, consist-

Lo 4._9as burper

opening for air supply

;
: sl

! gas burner
RS

T
[
U]

d

Fig. 1 ASTM E-84 Tunnel Test Apparatus.
[A]: side view, [B]: cross sectional view

ing of tunnel length and height, can be taken into
account.

But the present study does not focus on the
Tunnel Test mentioned above, because the Tunnel

Test did not always provide sufficient information
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of concern to the author. Instead of the forced air
flow in the Tunnel Test, natural ventilation in-
duced by a buoyant upward flow is dealt with
here. Induced horizontal air flow also affects up-
ward flow. Steckler et al.®) and Wakamatsu
et al.9) pointed up the importance of mass flow
rate in an enclosure fire for reasonable fire
modeling.

The author3) experimentally investigated the
flow in a tunnel-shaped enclosure shown in Fig. 2.
Dimensions of the enclosure were 0.8 x 0.8 x
3.6 m (length). Both ends were partly closed and
had the same opening dimensions; same width
(W) and same height (H). But the openings were
positioned differently (as seen in Fig. 2); that is,
one end was like a doorway and, the other, like a

window.

Fig. 2 Schematic illustration of tunnel-shaped enclosure
used in the experiments.
(a) and (b): heat source location
Heater: natural gas burner

Here, some physical parameters such as vent
geometry, heat source width, heat input and heat
source location affecting mass flow rate were
Additionally, the relationship be-
tween the angle of tilted enclosure and mass

investigated.

flow rate was also studied, because air flow greatly
increases with angle of tilt. Thus, materials in a
tilted tunnel should be more highly combustible
due to the horizontal jet.

2. Numerical Method

2.1 Governing Equations and Computer Code
Present numerical calculations are based on
partial differential equations and additional equa-

tions as follows:

[Continuity equation]

ap 3w 3w 3w _o

............ i
ot * 0x ay oz M
[Momentum equation]
(x direction)
d (pu) , 8 (pu®) 3 (puv) 3 (puw)
ot * Ox * oy * oz
__%, xx My 4 Mz o 2)
0x  Ox oy oz
(y direction-gravitational direction)
3 (pv) . 0 (pvu) . 3 (pv*) , 3 (pvw)
ot T Tox * 3% * oz
__9p _ Tyx ATyy afzz
=% pg+ e +—ay—+ PR 3)
(z direction)
3 (ow) _ 3 (pwu) (pwy) 3 (pw?)
ot * ox * oy * oz
___a_p aTZX @ 825
= az+ax+ay+az .................... 4)
[Energy equation}
9 (ph) + 0 (phu) + 9 (phv) + 9 (phw)
ot ox oy 0z
__%x 3y daz
= x ay az +7e ........................ (5)
[Equation of state]
D EPRT ettt esenecsteanes (6)
[Enthalpy equation]
o R @)
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also
x = kg:,4y=‘kg—;, ..................... 8)
qz =—kg—zz
Txx =2ug—;‘, ............................................ €))
du  dy

7xy=7yx=l-1(ay+ax

ov
Tyy =2 a_y >
du 0
e = Tex H(G 50
ow
Tzz = 2U 3z °

dv  dw
Tyz=sz=#('a—z+$)

where (x, y, z) are the coordinates (see Fig. 3),
(u, v, w) the components of velocity, ¢ the time, T
the temperature of air, p the density of air, p the
pressure, T the stress (tensor), u the viscosity of
air, h the enthalpy, ¢ the heat flux, v the heat
generation, k the conductivity, g the gravitational
acceleration, Cp the specific heat and R the
universal gas constant.

As for boundary conditions, all walls are
considered adiabatic and radiation in the enclosure
is neglected. However, the walls were made of
wood board with a thickness of 13 mm in ex-
periments. And the heat loss through walls was
considerable. The temperature and velocity
gradients were taken as normal zero at the free
boundaries — that is, at both ends of tunnel-
shaped enclosure. The pressures at the outside of
the free boundaries were prescribed. This condi-

tion overestimates the pressure difference and too

the mass flow rate. These effects are discussed
below.,

A computer code was made by modifying a
UNDSAFE?)
into a three-dimensional (3-D) scheme since the

fire simulation computer code
original code was based on a two-dimensional
(2-D) scheme. An algebraic turbulence model)
was also extended into 3-D.

2.2 Cell Scheme in the Numerical Domain

In the present numerical scheme, the tunnel
is divided into uniform 10 x 10 x 20 cells includ-
ing wall boundaries [scheme A]. Each cell is
rectangular, that is, Ax = Ay = Az/2 where Ax,
Ay and Az are lengths of a unit cell in directions
of x, y and z (shown in Fig. 3-a). When the cell is
cubic, i.e., Ax = Ay = Az, and the number of cells
is taken as 10 x 10 x 38 [scheme B], the flow pat-
tern in the enclosure is very similar to that of
scheme [A], as seen in Fig. 3-b. Here, scheme [A]
is employed in order to save computing time,
although scheme [A] gives fewer values than
scheme [B]. And too, the present numerical
scheme excludes the outside region of the en-
closure from the numerical domain, due also to
saving calculation time. When the outside region
was excluded, (vis a vis included), larger mass flow

[scheme A]: 10x10x20
cells

[scheme B]: 10x10x38
cells

ERBER
012355678

— X

Fig. 3-a Cell system in the numerical domain.
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Fig. 3-b Velocity vector distributions in the 4th vertical
plane. Qp = 10 kW in 0.2 x 0.2 x 0.1 m heat source.
[A]: scheme A of 10 x 10 x 20 cells
[B]: scheme B of 10 x 10 x 38 cells

rates were calculated. This was due to discon-
tinuous prescribed pressures at the free boundary.
One example is represented in Fig. 4. Figure 4
shows the mass flow rates in an enclosure with
one opening (details are found in Reference 6) as
a function of heat input. The numerical scheme
excluding the outside region gives considerably
large values. However, the dependence of the mass
flow rate upon the heat input is the same in both
schemes (including and excluding the outside

region).

1.5 T T T T

D

L10f (1) .
2 L /o/o/

X o(/o 2) -
v L - O e

b O .

£0.51 o (3) -
z | -

o

-
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k1e]
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710 50 100 200

Heat input rate : Qg (kW)
Fig.4 Relationship between mass flow rate and heat
input rate in an enclosure with one opening.
(1): Calculation by a numerical model excluding the
outside region of an enclosure.
(2): Calculation by a numerical model including the
outside region of an enclosure.
(3): Experiment by Steckler et al.®)
Details are shown in Reference 6.

2.3 Heat Source Dimensions

Dimensions of the heat source in the present
calculations are taken as 2Ax x Az x Ay (0.2 x
0.2 x 0.1 m), 4Ax x Az x Ay (0.4 x 0.2 x 0.1 m)
or 6Ax x Az x Ay (0.6 x 0.2 x 0.1 m) in calcula-
tion, while in experiments the gas burner was
0.18 x 0.18 m or 0.36 (x direction) x 0.18 (z
direction). And the height of blue natural gas
flame was 0.02 to 0.08 m. Heat input in the
present calculation is in the range of 5 to 15 kW,
while 7 to 27 kW in experiments. Table 1 shows
the summary of the heat source dimensions.

Table 1 Summary of the heat source dimensions

Experiment Calculation
0.18x0.18fo(m) 0.2 x 0.2 x0.1 (m)
[E-1] [C-1]
0.36x0.18fo(m) 0.4x0.2x0.1{(m)
[E-2] [C-2]
Hf: flame height 0.6 x 0.2 x 0.1 (m)
(0.02 to 0.08 m) [C-3]

3. Results and Discussion

3.1 Mass Flow Rate and Opening Geometry

Figure 5 shows the relationship between mass
flow rate and opening width. As seen in the Figure,
slope of lines (1), (2) and (3) by experiment, (the
power of mass flow rate to opening width)
depends upon opening height. But lines (4) and (5)
by calculation indicate almost the same slope as
the experimental one — the line (3), that is, ap-
proximately m o Wo-7.

Figure 6 shows the relationship between the
mass flow rate and the opening height at a
constant opening width of 0.8 m. In this case, the
dependence of the mass flow rate upon the
opening height is not similar (experiments vs.
calculations). But, a broken point in the line does
occur at the same height — at the midpoint of the
tunnel height (Ho). This broken relationship

occurs due to the following reason: When the
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Fig. 5 Relationship between mass flow rate and opening
width.
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Fig. 6 Relationship between mass flow rate and opening

height.

Opening width = 0.8 m,

Heat source location: (a)

(1): Calculation, Q, = 10 kW, heat source dimension
[C-1]

(2): Experiment, Q, = 13 kW, heat source dimension
[E-1]

opening height (H) at the both ends is low, cool air
enters the tunnel only through the doorway-type
opening and hot air goes out only through the
window-type opening. This is truly effective vent-
ing. On the contrary, when the opening height (&)

exceeds the midpoint of the tunnel height, the
outflowing hot air and inflowing cool air coexist
and mingle at both end openings. (see Fig. 7). This
is truly inefficient venting. The phenomenon is
quite similar in both calculations and experiments,
When inflow and outflow coexist at an opening,
the mass flow rate is proportional to approximate-
ly the 0.35th power of the opening height. In the
case of one-way flow at an opening, the power
is around the 0.45 (experimentally) to 0.65th

(numerically).
—
[A] -
heat source I
~
N (-
| 3
Jr D)
heat source mingle ST
—s O in part

Fig. 7 One-way flow and counter flow.
[Al: H<H,[2, [B]: H>H,/2

3.2 Mass Flow Rate vs. Heat Input and Heat
Source Location
Figure 8 shows the relationship between the
mass flow rate and heat input with variation of

EO'A (1)-(3):Calculations T
© (4)-(6):Experiments (1)
20.3
i
©
~0.2
=
le)
-
(%)
w
T
=
0.1

5 10 15 20
Heat input rate : Q (kW)

Fig. 8 Relationship between mass flow rate and heat
input rate.
(1), (2), (4) and (5): heat source location (a)
(3) and (6): heat source location (b)
Heat source dimension (1): {C-2], (2): [C-1], (3);
[C-11, (4): [E-2], (5): {E-1] and (6) [E-1]
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heat source location. The dependence of the mass
flow rate upon the heat input is approximately the
0.3th power. Comparing line (5) with line (6)
and line (2) with line (3), both experiments and
numerical calculations show that the mass flow
rate increases greatly when the heat source is
positioned closely to a doorway. Here, the author
shows another numerical example of this “door
jet effect” in a two dimensional enclosure with
vertical ventilation. Especially when the heat
source is comparatively small, the door jet of
induced air varies greatly with the location of heat
source as shown in Fig. 9. The largest jet occurs

at near the inlet of cool air.

e 06— — 0.6 m
Q.15 m 0.15m
Mg
g 0.165 kg/3 (4) 0.285 kg/s
(2)a
0.61m 0.440 kg/d
0.356 [ka/s
(3) (4595 K95 (5) 9/
0.18"m 0.15m

Fig. 9 Two-dimensjonal vertical ventilation as a function
of heat source location with variation of heat source
dimensions. Heat input rate Qp = 6 kW.

3.3 Mass Flow Rate and Heat Source Width
Figure 10 shows the relationship between the
mass flow rate and the heat source width. The
mass flow rate (m) is dependent upon approx-
imately the 0.2th power of the heat source width
(Wp) in both experiments and calculations. Figure
11 shows the distributions of wind velocity.
Figure 11-A is for Wy = 0.2 m and, Fig. 11-B, for
0.4 m. The buoyant upward flow inclines more
with an increase of heat source width. And wind
velocities also increase with an increase in heat
source width, As mentioned earlier, the two-
dimensional scheme has a line-type heat source.

Thus, the buoyant upward flow in a two-dimen-

o
=

(ka/sec)
(o]
w

(=4
~N
T

Mass flow rate

heater

@
P’—'

0.2 0.4 0.6 0.8
Heat source width:\nlh (m)

Fig. 10 Relationship between mass flow rate and heat
source width. H=0.3m, W=08m
(1): Calculation, @, = 10 kW
(2): Experiment, Qp = 10 kW

AN NN

s
l}

(B

Fig. 11 Velocity vectors in the 4th vertical plane. Oy =
10 kW. [A]: Wp=0.2m, [B]: Wy =0.4m

sional scheme inclines more than in a three-dimen-
sional one, only when the heat source width (Wp)
is smaller than the full tunnel width (Wo).

3.4 Mass Flow Rate and Angle of Tilted Tunnel
The experimental study by the author3)
shows that the mass flow rate increases almost
linearly with the angle () of the inclined tunnel.
For example, the mass flow rate at a 20° angle is
about double compared with that of angle 0°. In
calculation, momentum equations (3) and (4)
(from among the governing equations shown

earlier) were modified:

(a). equation (3) . .... —pg+sinf was added.
(b).equation (4) ... .. —pg was changed to
—pg-cosb.
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Numerical calculations gave reasonable relation-
ships as shown in Fig. 12. But numerical values
. Thus,
materials in a tilted tunnel should be highly com-

were greater than experimental ones.
bustible due to the strongly induced wind.

The physical relationships of the present
calculations are qualitatively similar to the ex-
periments. Both numerical calculations and ex-
periments could predict the door jet effect. By
including the outside region of enclosure in the
domain and by taking thermal boundary condi-
tions into account, numerical calculations should

certainly give quantitative relationships.

0.5 T T T T
_ (1),(2): calculations
o .
& (3): Experiments
go.a - ),
g T (2y%
e - S
o 03 o e (3)
-
S b -~
go 2 }//
e o
W
w)
Rit]
=0.1 1
Og 10 20

Angle of tilted tunnel : ¢ (deg)

Fig. 12 Relationship between mass flow rate and angle
of tilted tunnel.
(1): @p = 13 kW, heat source dimension [C-1]
(2): Qp = 10 kW, heat source dimension [C-11
(3): @y =13 kW, heat source dimension [E-1]
Heat source location: (a)

4. Conclusions

In this study, numerical calculations by the
scheme excluding the outside region of the en-
closure gave considerably large values versus the
But,
flow rates and certain physical parameters (such

experiments. relationships between mass

as opening and heat source geometry or heat
input and location) are quite similar in both ex-

periments and calculations. By taking the outside

domain and boundary conditions into account, the

calculations must give quantitative relationships.

(1) The mass flow rate depends upon approxi-
mately the 0.3th power of the heat input, and
the 0.7th power of the opening width.

(2) There exists a broken point in the graphed
relationship between the mass flow rate and
opening height. At larger opening heights,
inflow and outflow coexist. In contrast,
either one-way inflow or single (one-way)
outflow exist at each opening with smaller
heights. Venting efficiency becomes worse
when the inflow and outflow coexist and
mingle in part. The dependence of the mass
flow rate upon the height changes from about
the 0.55th power to 0.35th power at the
midpoint of enclosure height.

(3) When the heat source width increases, the
buoyant upward flow inclines and the wind
velocity increases. The mass flow rate depends
upon the 0.2th power of the heat source
width,

(4) When the heat source is positioned closely to
a doorway-type opening, the door jet in-
creases greatly.

(5) When the tunnel is tilted, the mass flow rate
greatly increases in proportion to the approx-
imate angle of the tilted tunnel.
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Report of Fire Research Institute of Japan No. 60(1985)

Probabilistic Fire Spread Model based on the Concept of Fire Spread Time

— Mortar-plastered Wooden Building —

(Abstract)
Minoru Inagaki

(Received May 31, 1985)

A probabilistic fire spread model for mortar-plastered wooden buildings has been
developed using the method that is effective to develop the fire spread model for wooden
buildings. The irradiance-time curves of the building fire are introduced in calculating the tem-
perature of the walls adjacent to burning buildings. From the temperature of the wall, the
critical distance of fire spreading, the time required to spread fire and the relation between the
fire spread probability and time are determined.
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Report of Fire Research Institute of Japan No. 60(1985)

Fire Resistibility and Radiant Heat Flux Transmittance of Window Pane

(Abstract)
Minoru Inagaki and Kunihiro Yamashita

(Received May 28, 1985)
(Revised June 26, 1985)

A fire experiment was conducted in a fire resistive building. The wired glass panes of the
fire room endured more than 6 minutes without being broken after the break of plain
sheet glass pane. The wired glass pane of adjacent building received max. heat flux of
25,000 kcal/m?h and the temperature reached 250°C, but it was not broken.

The overall transmittance of pane to radiant heat flux from fire is below 0.35, assuming
that the pane transmit 90% of heat flux of wave length 0.4 um through 2.7 um.
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Fig. 1 Flow chart for the allocation of fire stations
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Fig. 3 Calculated allocation of fire stations weighted

with population. Arabian numerals are order of fire .

stations to be established to the calculated 6 alloca-
tion, and roman numerals are order of fire stations to
be established to the existing allocation.

O Calculated location

o  Existing and established location
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Fig.4 Calculated allocation of fire stations weighted
with density of population. Symbols and numerals
are the same as Fig. 3.

Fig. 5 Calculated allocation of ambulance stations
O  Allocations weighted with density of population
©  Allocations weighted with population
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A Method for Allocation of Fire Stations and its Application

(Abstract)
Kohei Sagae

(Received May 29, 1985)

A new method for the allocation problem of fire stations that the travel distances were
weighted with population or density of population was proposed in this paper and this method
was applied for the allocation of fire stations within the jurisdiction of Kumagaya district in
Saitama Prefecture, Japan.

The method has some assumptions, such that a fire station is located at the geometrical
centre of gravity of a subarea, a fire station has only one fire engine or an ambulance and the
travel distance is that from a center of gravity to another center.

The applied result showed that the calculated allocation of fire station weighted with the
density of population coincided with the existing allocation better than the allocation weighted
with population.

Furthermore, it is concluded that this method could be applied to any area.
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Table 1 Chemical species detected in combustion gas
of polyethylene and methanol

CO 1-Butene-3in
Co, Cyclopentadiene
H,0 Isoprene or Cyclopentene
NOy Indene

Methane Benzene

Ethane Toluene
Ethylene Xylene
Acetylene Styrene

Propane Phenyl acetylene
Propylene Methanol

Allene or Methyl acetylene Formaldehyde
Butene Acetaldehyde
Butadiene Acetone
Diacetylene

Table 2 Chemical species detected in combustion gas
of polyacrylonitrile and methanol

CO Propane

CO, Propylene

H,O Allene or Methylacetylene
NOy Butene

HCN Butadiene

Methane Benzene

Ethane Toluene

Ethylene Acrylonitrile

Acetylene Vinylacetonitrile
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Fig. 2 Gas concentrations, exhaust gas temperature and
air supply rate/burning rate during combined com-
bustion of PAN and wood
Initial mass: PAN 10 kg, wood 20 kg
Air supply rate: 1.92 m?®/min
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(b) Air supply rate/Burning rate (l/g)

Fig. 3 Yields of acrolein and CO vs. air supply rate/
burning rate during combustion of nitrogen-free
polymers in combination with methanol

O PE, @ PMMA,

® PP, (O wood

Initial mass: 10 kg (20 kg for wood)
Methanol: 220 g/min (Supply rate)
Air supply rate: 1.92 ~ 3.84 m®/min
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Fig.4 Acrolein vs. CO in concentration during com-
bustion of nitrogen-free polymers in combination with
methanol

O PE, @ PMMA, ® PP, O wood
Lethal concentration for 5 ~ 10 min. exposure:
Acrolein 30 ppm, CO 5000 ppm
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Fig. § Acrolein and CO vs. CO,/CO ratio in concentra-
tion during combustion of nitrogen-free polymers in
combination with methanol

O PE, @ PMMA, ® PP, (O wood
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Fig. 6 Yields of HCN and CO vs. air supply rate/burning

rate  during

combustion

of nitrogen-containing

polymers in combination with methanol
O Nylon-6, @ PAN, QRigid PUF, ®Flexible PUF

Initial mass:
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220 g/min (Supply rate)

Air supply rate: 1.92 ~ 7.68 m*® /min
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Fig. 7 HCN vs. CO in concentration
during combustion of nitrogen-con-
taining polymers in combination with
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Fig. 8 HCN vs. CO,/CO ratio in concentration during
combustion of nitrogen-containing polymers in
combination with methanol
O Nylon-6, @PAN, ORigid PUF, ®Flexible PUF
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Fig. 9 Effect of location of wooden cribs as fuel on
yields of acrolein and CO
@ 40 kg on the floor
O 20 kg on the floor and the other 20 kg 1 m above
the floor
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Fig. 10 NOy vs. CO, in concentration during combus-
tion of various polymers with or without methanol
O PE (10 kg) + methanol (220 g/min)
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Table 3 A comparison of Acrolein and CO evolution in vertical tube furnace- and semi-full scale

room model-experiments

Acrolein CO
Concentration Yield Concentration Yield
max. max. max. max.

Vertical tube Smoldering 400 ppm 20 mg/g sample 1% 250 mg/g sample
furnace e iments
Hmace expert Flaming 4000 13 8 80
Semi-full scale room model
experiments 400 2 11 600

The details of the results for vertical furnace experiments are reported elsewhere8).
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(Abstract)
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(Revised July 15, 1985)

Various synthetic polymers and wood, mostly in combination with methanol, were com-
busted in a semi-full scale room model under different forced air supply conditions in order to
investigate the generation characteristics of such toxicants as carbon monoxide (CO), hydrogen
cyanide (HCN), acrolein, formaldehyde and nitrogen oxides (NOy).

The results obtained are as follows.

(1) The production of acrolein, CO or HCN mainly occurs when the air supply rate/burning

rate is below 10 &/g and CO,/CO ratio is below 10.

(2) The toxic hazard due to acrolein is smaller than that due to CO whereas the toxic hazard
due to HCN is larger than that due to CO in the case of polyacrilonitrile and nylon-6.

(3) The NOx concentration is considerably high in the combustion of nitrogen-containing
polymers,
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