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Report of Fire Research Institute of Japan No. 53(1982)

Effect of Water Vapor on
CO Evolution in Fire Conditions

(Abstract)

Tokio Morikawa

(Received November 13, 1981)

Polymer materials and low molecular weight liquid fuels, which are structurally close to
thermal decomposition products of the polymers, were subjected to combustion or pyrolysis
in the presence of water vapor in a horizontal tube furnace. The evolution of carbon monoxide
was determied with respect to the air and water supply rates to evaluate the effect of water
vapor on CO evolution. Results are summarized as follows.

1) Inmost cases, an increased evolution of CO is recognized in the presence of water vapor.

2) The evolution of CO through a chemical reaction directly involving water vapor is
negligibly small compared with that resulting from the dilution of oxygen with waper
vapor.

3) The evolutions of CO and CO, are functions of oxygen concentration and mass as well as
fuel mass and temperature.
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Fig. 5 Change of water level in the vessel with time
after the start of discharge.
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Fig. 6 Change of water level with time (non-dimen-
sional expression of the data of Fig. 5)
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Fig. 7 Spreading of discharged water on the floor.
(a) Orifice: 120 mmep;
Hy=235m; §=2.5m;
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(b) Orifice: 150 mmg;

H,=25m; §$=3.5m;

Direction of discharge: downward.
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-~ (a) Orifice: 120mm¢ (downward discharge);
H, =2.5m;S-2.5 m; 1.45 s after start of
discharge.

(c) Orifice: 80 mmg (horizontal discharge);
H, =235m: S=2.5m;1.53 s after
start of discharge.

(b) Orifice: 150 X 75mm (horizontal dis-
charge); H, =2.35m;S=2.5m;15.06 s
after start of discharge.

03-01 15018

) (d) Orifice: 80 mme¢ (horizontal discharge);
H, =235m;8=2.5m;17.53 s after
start of discharge.

Fig. 8 Water flow pattern in the vicinity of the barrier.
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Fig. 9 Change of pressure distribution on the surface of the barrier with time (horizontal discharge).
y and z are the horizontal distance from the center of the barrier and the upward distance from the
floor respectively.

Orifice dia.: 120 mm; H, =2.35m; $=2.5m.

Scour hale {model) _ 2
s (m) outlet width {(cm) l n E
1.5 20
_ - 25 20 L .
- 25§ 40 13
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100

1
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Yy mm

Fig. 10 Initial pressure distribution (at time 0 s) on the surface of the barrier. Notation is the same as
in Fig. 9.
Orifice dia.: 120 mm; H, = 2.5 m; direction of discharge: downward.
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Fig. 11  Initial maximum pressure on the barrier vs.
initial water level.
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Fig. 12 Change of initial maximum pressure on the
barrier with time.

FE ORI BT 5 AR _E o s KT 71 Prax? #E65
TP EIN TR TEL L z0H Fig. 12TH 5, 911K
£ Ho {2 #EBE1212 (Pmax/Pomax)? & t OBERIZ 1 A
M Ecnd, Praxh HIZWHIT 5 -9 5 &, Fig. 6
5B & 91, (Pmax/Pomax)V? & DRI S
DB TELENDIEIT TH S, (Pmaxr/Pomax)\2NE

WDt DANECEETHERT L bbb (H/H)ET
Waoid, BEETHE S KIZ & - CHEEECM 9 KiKD
B b b2HTHY, 1=1.60 AT LT
DL AN, BEETOHOBIRY KEBEHKKE D
B0 N Ao TTELZTFRMIBECRDOBIZ LSBT
NIzHTHALI EEZLND,

Pomaz & S ¥ R % Fig. BIoRd, Mgt 7 4
2 DKFEH BB OEE, Fig. BHNERH L J 12
<0.62m TlZPomax=2350mmAgN EEL 5 b KT
ER), BREIENFZZFZTHEEL TSI E %TL
$>0.62m Tl Pomax DIRMEIZ A 1) 7 4 AOEICE
BfRic, WEY -1 THLIERLIZNDG, #1742
OEDNEGEIE, SHLINNEnE I ATERL S
AT Pomax i3 B8z / & 4 A ETRL T 5

ifi isch. H
4000 Orifice Discharge {m)
Slo 150 mn Horizontal — 2.35
120 mom " n
o
< 2000—HN 85 mm " B
E f \ 150 mm Downward 2.50
120 mm » n
N \ ,
1000 4" Elbow Horizontal 2.35
X 8001 %, 150 x 150 mm Downward 2.50
N N
€ 6000 N
Qe \7%, >
L0051 %

3 'e
AN
200 U, B < 2

o - J\“/}
AR N2 \%
4304;0\ N o\%"% N
100 S I
80 a °"‘/\ <
ot NN T
04 06081 2 4 6 810 20
S {m)

Fig. 13  Initial maximum pressure on the barrier vs.
horizontal distance from the orifice to the barrier.
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Report of Fire Research Institute of Japan No. 53(1982)

P

Flow Properties of Water Discharged
from a Vessel Opening

(Abstract)

Atsushi Nakakuki and Asamichi Kamei
(Received November 26, 1981)

Properties of water flow from the opening at the base plate or the lower part of the shell
of the vessel 900 X 900 X 2700 mm were measured. The effects of the shape and size of the
vessel opening, the initial distance from the center of the opening to the liquid surface H,,
the horizontal distance from the opening to the vertical barrier perpendicular to the direction
of water flow S, the direction of discharge, etc. on the flow properties, i.e. the spreading of
water flow on the floor at the initial stage of discharge, the flow pattern in the vicinity of the
barrier, the hydiodynamic pressure on the barrier, etc. were investigated. .

The pressure on the barrier was the maximum at some distance (3 ~ 5 cm) above the floor
on the flow axis. The initial maximum pressure exerted on the barrier were found to be propor-
tional to Hy /S in the range of comparatively small S.
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Fig. 1 Flame configuration
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Fig. 2(a) Variation of flame configuration
D=0.6m,U=0.87m/s
Fr=099

Fig. 2(b) Variation of flame configuration.
D=22m,U=0.93m/s
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Fig. 3(a)  Flame configuration under the different
wind velocity.
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Fig. 3(b) Flame configuration under the different
wind velocity.
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Fig. 4 Length of flame floor-attaching.
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Relation between flame bending and Froude number.
: supplementary angle
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Table 1 Flame bending under the different conditions

D (m) U (m/s) tan ¢ D (m) U (m/s) tan 8

0.2 0.40 2.14 1.0 1.40 0.42

0.63 1.66 2.26 0.36

0.70 5.54 0.75 1.11

0.93 0.33 0.83 0.60

1.07 0.45 0.68 2.08

0.59 0.93 1.70 0.40

0.63 2.05 0.97 0.47

1.07 0.36 0.97 0.55

1.33 0.23 1.6 0.79 3.27

0.4 2.48 0.34 0.97 1.24

0.93 0.97 1.25 0.73

1.10 0.51 1.53 0.67

1.03 0.81 1.68 0.53

0.79 2.75 2.38 0.34

0.93 1.15 0.97 1.33

1.97 0.31 1.12 1.19

1.72 0.47 1.25 0.75

1.20 0.60 0.53 5.14

1.03 0.90 1.53 0.58

0.6 1.28 0.70 1.68 0.63

0.93 0.87 2.38 0.33

0.87 1.33 0.97 1.96

1.39 0.75 0.69 1.11

1.55 0.60 2.2 0.79 2.14

1.96 0.51 0.79 1.73

1.28 0.75 0.93 1.15

0.10 1.07 1.31 0.93

2.70 0.21 1.47 0.70

1.70 0.33 1.04 0.90

1.39 0.47 2.13 0.47

1.0 0.65 4.10 0.78
0.79 0.70
0.97 0.49
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Fig. 7 Relation between flame bending and Froude
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Experimental Investigation on the Bending
of Wooden Crib Flames

Kunihiro Yamashita

(Received December 2, 1981)

Experimental study is performed to examine the dependence of flame bending on the wind
velocity and fire width.

Many wooden cribs were burnt in a cross flow and the configurations of steady-state flames
were recorded by using the 8 mm cine movie camera from the side of wind direction. Some-
times, the plate barrier was placed on the floor in front of the crib or at the rear side of crib to
examine the effect of barrier on the flame. .

Experimental result was compared with two relations which were suggested by Hamada or
J.R. Welker et al. In the followings, new method is presented to express the flame bending in
terms of effective velocity ratio.

As results of this study, it is clarified that Welker’s relation is superior to the Hamada’s
relation when experimental conditions are complex and Froude number varies in the wide

range.
Also, flame bending (tan ) is approximated in terms of effective velocity ratio (J) as
follows.
tan @ =aJ (aJ is smaller than+/ 2)
tan g =% J? (aJ is greater than~/ 2 )
where J= Uﬂ | Pf 02:‘%
=V P G- Q)

P flame density

p, : air density

W :upward velocity at the flame tip
U.. : air flow velocity

L : flame length

D : fuel width

G

. drag coefficient

The latter approximation is shown to be same as the Hamada’s relation.
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Table 1 Flame length (wooden crib, D = 1.35 m)
Timin] | L [m] o [m] ﬁ# %L
1 1.476 0.264 1.093 0.179
2 1.881 0.258 1.393 0.137
3 2.133 0.280 1.580 0.131
4 2.520 0.354 1.867 0.140
6 2.543 0.344 1.884 0.135
7 2.648 0.364 1.988 0.137
8 2.441 0.316 1.808 0.129
9 2.211 0.289 1.638 0.131
10 1.758 0.227 1.302 0.127
11 1.839 0.263 1.362 0.143
12 1.767 0.268 1.309 0.152
13 1.664 0.237 1.232 0.142
14 1.619 0.228 1.199 0.141
15 1.590 0.212 1.178 0.133
. )i = e e
P{a} ZZSOOR( 7)e 2Tt (5) V)E’J “ Flgo' L (@)~ Uj—:_(i)’;,(b) ‘i%m’?fﬁ:ﬂ
0 LT 227 b v, (o) 13 #hBEsr), (d) (28

237 = Ay L HERE (0L) DORISIZRDE
RABALT b,

ot = S:P( n)dn (6)
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Fig. 1 Spectra of wooden crib flame (D = 1.35 m)
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Table 2 Flame length of wooden cribs and heptane
_ L g
D [m] Lim] | oplml | — = =
0.2 0.331 0.047 1.65 0.141
0.2 0.358 0.045 1.78 0.127
0.3 0.668 0.093 2.23 0.139
0.3 0.741 0.089 247 0.120
0.4 0.843 0.098 2.32 0.116
0.4 0.931 0.105 2.33 0.112
crib
0.6 1.217 0.170 2.02 0.140 _
0.6 1.497 0.169 2.49 0.113 -~
0.9 1.791 0.337 1.99 0.188
0.9 1.950 0.339 2.17 0.174
1.35% 2.543% 0.344* 1.88* 0.135*
1.35% 2.648% 0.364* 1.99* 0.137*
0.09 0.273 0.062 3.07 0.223
0.09 0.277 0.060 3.12 0.217
0.2 0.571 0.108 2.85 0.189
0.2 0.591 0.118 2.96 0.200
0.3 0.816 0.145 2.72 0.178
0.3 0.775 0.159 2.58 0.205
heptane
0.4 1.530 0.259 3.06 0.169
0.4 1.481 0.267 2.96 0.180
0.7 1.887 0.325 2.70 0.172
0.7 2.123 0.352 3.03 0.166 e §
1.0 2.572 0.417 2.57 0.162
1.0 2.975 0.618 2.97 0.207

* Data are same as in Table 1.

SEDEGETF—F 5L LI L THER(n)E &AL
KRR (A bo— ) oo THET S, AL
o —  LVEIZ R B FEW) 2 HCTBRTELS
i, AEoOfRBIZEL S e MO ERE F K

HLEEFELNLIBETH S,
~nD
s =2k ®

ZOfEIE AT BOBAIZIE, 0.2002% B I & AV
énfwé KBEEGOA b a— WEERDHLD
ROKRIHRE L L CALEHOBEEH B, kR

S % E (L, P.H. ThomasAKed72 & 51 i
W (Tr) & BBHERE (T=) mzmiﬁ(T/me) ?ff]
kB (L) 2> TORTEHLENLY

w=0.36x /211 Ta) XL —(9)

ZOWRHEE HBBEE(n )PS5 A e — ¥ %
L 2iozFELC Table 3 i2RY, 7)) 7k%D
Z b= VEUE0.55TH N, ~NT 8 Y KRDBEI
120.3BETHE, ZOMIIBEICL > TRT LAY,
BEOKREZPEZTLINT—ETH L,
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Fig. 2 Spectra of flames.
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Table 3 Frequencies of pulsating flame
-D
S, Zn—W’:O. 2
w=036 x T 5 5 xT -~
n-D nelL
D [m] L [m] n W [m/s] W W
1.0 2.7 1.3 4.27 0.30 0.82
0.7 2.0 1.7 3.68 0.32 0.92
0.4 1.5 2.0 3.18 0.25 0.94
heptane
0.3 0.8 2.7 2.32 0.35 0.93
0.2 0.58 3.0 1.98 0.30 0.88
0.09 0.27 4.0 1.35 0.26 0.80
1.35 2.4 1.5 4.02 0.50 0.89
0.9 1.85 2.0 3.54 0.50 1.04
i 0.6 1.30 2.7 2.96 0.56 1.18
wooden crib
0.4 0.9 2.9 2.47 0.47 1.05
0.3 0.7 3.5 2.18 0.48 1.18
0.2 0.34 5.0 1.52 0.66 1.18
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Fig. 5 Relation between pulsating frequency and
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Fig. 6 Relation between pulsating frequency and
flame length.

Fig. 7
tion.

Simplified ring vortex model for flame pulsa-
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Spectral Analysis of the
Fluctuations of Flame Lengths

Kunihiro Yamashita

(Received December 15, 1981)

Spectral analysis of the fluctuations of flame lengths were performed to study the
turblent characteristics of air flow above and around the fires. Rectangular wooden cribs and
heptane in the circular vessel were burnt in the quiescent air. Characteristic length of wooden
cribs and fuel vessels were changed in the range from 0.09 to 1.35 m. The fluctuations of flame
configuration were recorded by the use of a 8 mm cine movie camera, and flame lengths were
measured in every frame of the 8 mm cine movie films by using the coordinate-reading
apparatus.

The time-sequence-data were analyzed with respect to frequency spectrum,

It is shown that the spectral curves have a predominant peak, indicating that the flame
lengths tend to vary in a periodic manner. The strouhal number obtained appears to be constant
which leads to the conclusion that the pulsating frequency of flame is inversely proportional to
the root of the characteristic length of fire.
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ARIZPBA BB O 2 RRAEEH & H B0 REIKE
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etz A - L &L ENLENE HHMNK
(JIS G 3115 SPV50Q) TH 5, #/FE(320mm & 9
m T, KEHCEANS X D ICRTE MRS LT, %E
¥ 7 =27 —#ELCHALZ, {b¥i5s % Table 1
i=, HmEniE Y % Table 20779,

BEFFCRBRER
HE k& Fig. 1I2RT, SFIRIEHT — 7 6%

2.

3.

Table 1 Chemical Composition

Wt. %
C Si Mn P S Cu Ni Cr Mo v
0.14 0.31 1.26 0.021 0.006 0.02 0.10 0.03 0.067 0.041
Table 2 Mechanical Properties
thickness ay oR E.L.
(mm) kgf/mm?) (kgf/mm?) (%)
Annular Plate 9 64 70 29
Shell Plate 20 58 67 25
Table 3 Welding Condition
dia. of
; Current Voltage Speed Heat Input
path No. welding rod (A) V) (cm/min) (JJcm)
(mm)
1,4 4 170-180 24-30 9.9-12.4 | 20,300-31,200
2,3,5,6 S 225-250 30-31.5 12.4-18.9 | 25,000-37,700

« fFEE (B ATERY)
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Fig. 1 Configuration of specimens
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Fig. 3 Cross section of the fillet welding joint
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Fig. 4 Configurations of the fracture
(a) coarse grinding surface
(b) grinded surface with 240 grit
(c) polished surface
LT %5 Fig. 5 (QIci~T 28D Rizdn ,
FLREREHES L10mT, 4% v, Fig. 5(0)iz®
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% Fig. 6127 ¥, Fig. 613@0 R IC 211 94 7

¥

N=too L= 10.0mm

TPNO':‘I"”(S

g T

Fig. 5 Cracking along the toe of bead

(a) coarse grinding surface

(b) grinded surface with 240 grit

(c) polished surface
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Fig. 6 Fatigue cracks on the final fracture surface
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Fig. 7  Specimen with a pit made by anodic dissolu-
tion (dia. = 3 mm, depth = 1 mm)
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P™%ig. 8 Fatigue crack emanating from a pit made by
drilling (dia. = § mm, depth =5 mm)
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Fig. 9  Microscopic fatigue cracks at the corner of a
pit (plastic replica)
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Fig. 10 Specimen with two pits (dia. =4 mm, depth
=4 mm)
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Fig. 11 Fatigue crack starting from two pits
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Table 4 Position of Cracking
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Surface Proce

Pit
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bits

(mm)

Diameter | Depth
(mm) | (mm) ﬁ?g;gfe

Distance Initiation | Failure
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anodic
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tion

Toe Toe
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Toe Toe
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B I

Pit Pit

Pit -
.
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Pit Toe
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A TpNo =1-7

~
(=]
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300
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Fig. 12 Relation between the maximum crack length
and the loading cycles. Two specimens were tested

under the same condition.

Table 5 Crack Initiation and Cycles to Failure

DEANRETCHBZEERLTVS, RitEn 2T
o THROERIBEREBIIZDFHTDER»EKRL T
UL THSB, Fig. 1212513 CT.P.No.1 —6 &
1—7¢ T3, ERRARLEMAMBESEREY
A TNEEL » T D55, ERTRRH»L ) BLHEHZ
F2L T3, ZHIEBRICHERT L1, SRHOTKDS
HMIIIThNLNTIE LI HICERL TV 3,
Table 52 SWFEEENF AL 7V BEESHER, b
SUBEIY A 7 LVBICBT 2 EBER 2 EHTEL,
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NEIZ PRI Eh b b HEREO 5 3TFig 1312
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Fig. 13 A crack occurred along the scratches due to
coarse grinding.

NTH-T , FEHI EZnEHE2OMIcI3Table 5

DT — 21T SR D MBS S ke,
5.4 HEFENDEIHUDEA

Crack Initiation
T.P. No.| Roughness ngﬁ;;o
Cycles | length
1-3 final 101 6 mm 381
1-4 polishing 60 4 mm 346
1-6 240 erit 45 5 mm 294
-7 el 63 | 8mm | 348
1-9 coarse 38 3 mm 335
2-1 | grinding 30 4 mm 258
1-8 with pit 37 8 mm 276

Fig. 60k 5 2 MR & BEMICBE T 5 & BiTmEIc
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Fig. 14  Micro-crack starting from a main crack tip

toward a inclusion.
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Fig. 18 Distribution of hardness on the inside surface
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Experimental Study on the Crack
Initiation along the Toe of
the Fillet Welded

Joint of Oil Storage Tanks
Subjected to Cyclic Loading

(Abstract)

Asamichi Kamei and Shinji Akiyama*

(Received December 15, 1981)

It is well known that local high stress and/or strain is concentrated along the toe of the
fillet welded joint of oil storage tanks when they are subjected to cyclic loadings.

In this report, the crack initiation behaviors are investigated in relation to the roughness
of the toe and an estimation method of crack initiation resistance is proposed. As the results of
experiments, the following remarks are concluded.

(1) The fatigue life of the specimen with rough surface is shorter than that of the specimen
with polished surface. In the specimens machined by coarse grinding, cracks are initiated
along the scratches.

(2) At the early stage of the crack initiation due to the scratch, the flaw is extended very little
in the direction of plate thickness compared with the length on of it appeared on the plate
surface.

(3) The shallow flaw has the tendency to extend toward the plate thickness.

(4) Many cracks are initiated along the toe of the welded joint and macroscopic crack is
formed as the result of their connection.

* Student of Nippon Institute of Technology
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An Approach to Modeling of Aircraft
Cabin Fire Phenomena

— The Ventilation Effect of
Location and Geometry of
the Heat Source and Opening in
an Aircraft Passenger Cabin —

Kohyu Satoh
(Received December 15, 1981)

In a comparison between theoretical and experimental results of an aircraft passenger
cabin fire, the behavior of fire gas, such as the air velocity field and ventilation at cabin
openings, has not been fully investigated due to a lack of experimental data. (Gas tempera-
ture fields have been mainly investigated.) The present study specifically addresses the ex-
perimental ventilation problem of an aircraft passenger cabin fire. The comparison between

theoretical and experimental results is also partly conducted.

1. Introduction
In an accidental crash, the body of an aircraft is easily damaged and there are many

possibilities of resultant fire caused by an accident since an airplane carries an enormous volume
of combustible fuel. In addition, seats and baggage obstruct the rapid evacuation of passengers,
for whom the space available in the cabin is relatively small. Therefore, there is a great need to
understand the flow behavior of hot smoke and toxic gases in the passenger cabin.

Gas dynamics of an aircraft passenger cabin fire have been investigated by MacArthur
et al.1»?) whose third version computer code (known as DACFIR. 3) adopts a method called
the three zone quasi-distributed model shown in Fig. 1. However, this approach is substantially
based on two dimensional analysis and does not take into account the effects of location and
geometry of the heat source and openings on gas flow in the cabin.

Turning Zone

=
_ ceilimgjet __% horizontal flow (...
PR S R SR S R S |
~ slow downward flow

A

-
- Kecirculation Zone entrainment
-

-~ Fire

11\’>

vent flows /flame
111

fast upward flow

Fig. 1  Three Zone, Quasi-distributed Model of the
Cabin Gas Motion for DACFIR Version 3.
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Another numerical analysis for aircraft passenger cabin gas dynamics has been investigated
by the Fire Research Group, including the author, of the University of Notre Dame®). How-
ever, their analysis as shown in Fig. 2 is, at present, based on a “two dimensional” differential
field model (known as UNDSAFE®), although a “three dimensional” code for this problem is

Fig. 2 Gas dynamics study of “two-dimensiona.l”
aircraft cabin fire by UNDSAFE2), a differential
field model computer code.

also under preparation and eventually will be available. Therefore, the geometry of fire source
and the opening width in a direction perpendicular to the two dimensional plane are not taken
into account in the two dimensional code mentioned above. In addition, the numerical results
by UNDSAFE code, as well as by DACFIR. 3, are compared with experimental data of the
Federal Aviation Administration (F.A.A.) et al. However, those data are not always fully pre-
pared so as to be compared with the calculated results. Consequently, more detailed experi-
mental data, especially data of wind velocities, are needed for the modeling of aircraft passenger
cabin fire phenomena. The present study specifically addresses the experimental venting
problem of an aircraft cabin fire.

The air mass flow rate at an opening (or openings) of a small model cabin was measured as
functions of the opening geometry, fire source geometry, fire source location and fire source
strength. In this study, the heat source strength was relatively small compared with the cabin
volume, judging from the temperature rise in the cabin. The heat source dimension was also
small compared with the whole area of the floor. The effect of the angle of an inclined cabin on
the gas flow was also investigated under a scenario, that is, the fuselage of the aircraft has
crashed down into the ground at some angle 8. Finally, some of these experimental results were
compared with the numerical results calculated by the three dimensional code, which is a
refined and extended version of UNDSAFE. In this code, three dimensional geometry for
seats and the angle of the aircraft body inclined from the ground can be taken into account,
although the calculational results of these two factors, are the subject of another paper.

2. Experimental Apparatus

A rectangular “Model Cabin”, built of plywood with a thickness of 13 mm had a cross
section of 0.8 m by 0.8 m and a length of 3.6 m; therefore a volume of 2.3 m®, as shown in
Fig. 3. The ceiling was partly, above the fire source, lined with a thin (0.5 mm in thickness)
steel plate with a dimension of 0.8 m by 0.8 m. A “natural gas” burner with a burning area of
0.18 minlength (L;) and 0.18 m or 0.36 m in width (W},), was placed at one of three locations,
i.e., (A). (B) and (C) in Fig. 3, on the “Cabin” floor. The heat source strength of the gas burner
was estimated from the gas flow rate in a gas tube and the heat release rate of “natural gas” —



Report of Fire Research Institute of Japan No. 53(1982)

/

1
T
t
K
1

|-

T
!
t
1
1
1
i
1
1
]
t

(2>J
~
1

~

N
< N “leeo=, ~
g %m RER N () (O ISl
%. h gas burner T~ I :?_\__3 \‘sl'" “a R
—l. —

-y N

t
]
]
t
t
]
]
]
1
]
)
[}
I
1
il
b
1
1
]
]
'/I
[}
]
)
]
[
]
1
]
]
]
1
[}
]
]
)
1
'-
=
U4

Fig. 3 Schematic illustration of scale model “Cabin”

11,000 kcal/Nm® — although it was not always certain whether the gas burnt completely. How-
ever, in most cases the color of the gas flame was blue and carbonmonoxide was negligible,
except when the opening area was very small. The experiment was carried out in a laboratory
with a-dimension of 15 m X 15 m X 4 m (in height).

The “Cabin” had one opening or two openings. Opening (1), on the left wall in Fig. 3, was
a doorway type vent, the lower sill of which was flush with the floor, with a height H and a
width W. Opening (2), on the right wall, was a window type vent, the upper sill of which was
flush with the ceiling. Opening (1) and opening (2) had the same dimensions. The ventilation of
the “Cabin” with either of these two openings, or with both openings was measured using a
hot-wire anemometer and thermocouples. The air mass flow rate (mg,,) in this study was the
steady state inward cool air (almost 30°C in temperature) flow rate, which was almost same
as the outward hot air (almost 100°C ~ 250°C) flow rate since the natural gas flow rate of the
burner was less than 1% of the outward hot gas flow.

3. Experimental Results and Considerations
(1) Air Mass Flow Rate of a 1-Opening Cabin

The ventilation of a ““Cabin” with one vent of either opening (1) or opening (2) on the end
wall as shown in Fig. 3 was investigated as a function of the opening geometry. A heat source
with a dimension of 0.18 m by 0.18 m was located in the center of the floor (burner (B) in
Fig. 3). The heat source strength was kept constant at Q = 13 kW, except in the case of a com-
paratively small vent — then a yellow flame was mixed in with the usual blue flame. Figure 4
shows the air mass flow rate at the opening as a function of ventilation factor defined by
W H3? This figure indicates that the air mass flow rate is not always the same even when the
ventilation factor is the same, since curves (1) and (2) correspond to the ventilations of a
window type vent and a doorway type vent respectively. In both curves, the opening width is
fixed at W = 0.8 m and the height varies. Curves (3), (4) and (5) are obtained when the opening
height is kept constant at H = 0.8 m, 0.6 m and 0.4 m respectively, while the opening width
varies. In addition, the mass flow rate at the opening is not always linearly proportional to the
ventilation factor at this energy level of heat source. Thomas et al.>) gave straight lines (A) and
(B), as shown in Fig. 4, for a small opening and for a large opening respectively, based on the
following equation (1).

My =2/3CapoN 28 Flp) WHPR Lo (1)
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where Cy : orifice coefficient (usually Cy = 0.7)
g : gravitational accerelation
Po  : ambient air density
pg  :hot gas density
flpg) : function of gas density (This function is taken to be constant in the case of the
line (A) in Fig. 4).
0.15F
1-OPENING VENTILATION
v o.10F
n
~
o
o
L
Ed
@
=
g
I
@ 0.05
£
I
A
(1) to (5) : present study
Q=13kw
(A),(B) : by Thomas et al.s)
6
<) : by Quintiere (mv=5g/s) )
0 0.2 0.4 0.6
Ventilation factor WH3/2 (m5/2)

Fig.4  Air flow rate as a function of the ventilation
factor WH3/2. (A), (B): by Thomas et al.5), (C):
by Quintiere6), m, = 5 g/sec. (my: fuel mass

generation rate)

Contrary to this, Harmathy®’ proposed the following equation as a function of gas density.

Fpg) = X' (1= pglpo)' ™ (1 4+ (ColC)* (po/pg)'/? (1 + Rjmgy,)3)32

where x : factor expressing the effect of fire plume

C, : flow coefficient for the cool air stream

Cg - flow coefficient for the stream of fire gases

R : Mass loss rate of fuel

According to this, the relationship between the air mass flow rate and ventilation parameter
does not show a linearity. Especially, the air mass flow rate for comparatively small openings
becomes much bigger compared with those of Thomas et al.>), ie., almost twice of the latter.
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He also reported that the ventilation is not affected by the location and geometry of an opening
when the ventilation parameter of the opening is kept constant, while Rockett”) suggested that
the ventilation is a function of the location of an opening, similar to the present study. It is
considered that the discrepancy between these is caused by the fire source dimension.
Harmathy(’) used a fully developed fire source on the whole floor, while the present study and
Rockett”) used a small fire source partly spread on the floor. Therefore, it is considered that
the ventilation is a function of the location and geometry of an opening when a fire is not fully
developed.

Another relationship between the air mass flow rate and the ventilation parameter is the
following equation used by Quintiere et al.®)

Mair = 213 Capo N/ 28 ((0g/po) (1= (pg/po) V' PP W (H-NY? ..., ©)
where N: neutral plane height at the doorway

This relationship is a function of fuel mass loss rate, i.e., heat source strength in the enclosure,
but it is always less than the line (A) of Thomas et al.5), differently from the results of
Harmathy®) mentioned above, as shown in curve (C) in Fig. 4. Consequently, in the zone model
analysis, the orifice coefficient of the doorway has a big role and may be a function of the vent
area and the gas temperature, while in the field model analysis the orifice coefficient is not
used.

The author et al.>) obtained numerically, based on a differential field model, a sharp
change-over from a curve close to line (A), for a small vent, to another curve close to line (B),
for a large vent. Takeda et al.!®) reported a curve, similar to this, of a maximum fuel mass loss
rate at an intermediate ventilation parameter concerning an enclosure fire. He also reported that
this phenomena do not always take place, but the enclosure size and the fire source dimension
play an important role for this phenomena. Therefore, it is considered that the relationship
between the air mass flow rate and the ventilation parameter also depends on the compartment
size, fire source dimension and fire source strength. Curves (5) to (8) in Fig. S show the
relationship between the air mass flow rate at an opening (W = 0.8 m and # = 0.3 m) and the
heat source strength in a cabin with one vent. (Curves (1) to (4) for a two-vent cabin will be
referred later.) This indicates that the ventilation depends on the fire source strength, vent
location and burner dimension. This also shows that the difference between the doorway type
ventilation and the window type ventilation becomes small when the burner width becomes
large. This tendency agrees with the results mentioned above, i.e., the results of a fully
developed fire and a small fire. However, this occurred at the low energy level, 0 = 5 kW to

31 kW, where temperatures inside the cabin were almost 100°C to 250°C. Therefore, additional
experiments for higher energy levels are needed. However, even at this low energy level, point
(b) for O = 31 kW in Fig. 4 is far greater than curves (A) and (C) and therefore, the ventilation
curve should be greater than curves (A) and (C), which agrees with the results of Harmathy®) as

mentioned above.
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Fig. 5  Air flow rate as a function of heat source
strength Q.

(2) Air Mass Flow Rate of a 2-Opening Cabin

The ventilation efficiency of a cabin depends not only on the vent geometry, but also on
the number of openings. Figure 6 shows the ventilation efficiency of a one-opening cabin and a
two-opening cabin at a constant heat source strength O = 13 kW. The opening width was kept
at W = 0.8 m and the heat source dimension was 0.18 m by 0.18 m. The heat source was
located at (A) and (B), shown in Fig. 3, for the two-opening cabin and one-opening cabin
respectively. Curve (1) corresponds to a two-opening cabin and curves (2) and (3) correspond to
a window type vent and to a doorway type vent respectively. Curve (4) (almost a straight line)
shows the sum of curve (2) and curve (3). Curve (5) shows the ratio of curve (1) to curve (4),
which indicates the ratio of ventilation efficiency of a two-opening cabin to a one-opening
cabin. When the opening is relatively small, a two-vent cabin is far more effective in ventilation
compared with the sum of a single window cabin and a single doorway cabin. Contrary to this,
the ventilation efficiency of a two-vent cabin becomes worse as the openings become large. This
can be explained as follows. When the vent height A is small, the doorway type vent and the
window type vent of a two-opening cabin does not have a counter flow, which increases a flow
resistance at the opening, and therefore the flow is very smooth. However, the opening height

No. 53(1982)
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Fig.6  Air flow rate as a function of the opening
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becomes large, a counter flow occurs. The flow resistance grows large due to this counter flow
at the opening.

Curves (1) to (4) in Fig. 5 shows the ventilation of a two-vent cabin as a function of heat
source strength. Curves (1) and (3) correspond to the burner width W), = 0.36 m and curves
(2) and (4) correspond to Wy, = 0.18 m. Curves (1) and (2) correspond to the burner location
(A) and curves (3) and (4) correspond to the location (C). This indicates that the ventilation of
a two-vent cabin is highly affected by the heat source dimension and the heat source location.
The discrepancy between these curves are maintained even at @ = 31 kW and the ventilation
depends on the almost 1/3 power of the heat source strength. The number of air changes (air
mass flow rate/volume of the cabin) in these cases was several times per minute as shown in
Fig. 5. When the burner width becomes large, the discrepancy between curves (1) and (3), or
(2) and (4) will increase, as reported in the numerical study®) of air entrainment by a fire
plume under a ceiling.

The air mass flow rate of a two-vent cabin as a function of the conventional opening factor
W H3?  under a constant heat source strength @ = 13 kW or @ = 31 kW, does not indicate
linearity. Contrary to this, plots of the air mass flow rate against factor W3S 310 show a
straight line as shown in Fig. 7. Therefore, factor W H3? is not an appropriate parameter when
the heat source strength in a two-vent cabin is comparatively small. In these cases, temperatures
inside the cabin were almost 100°C to 200°C.

(3) Air Mass Flow Rate of an Inclined Cabin

The body of a “Cabin™ with two openings inclines from the horizontal ground at angle 8.
This corresponds to an aircraft which has crashed “nose or tail first” into a field. It is well-
known that the burning rate of fuel on a rising slope is extremely large compared with that on
flat ground. Figure 8 shows the air mass flow rate as a function of the angle of an aircraft body
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to the horizontal ground at a constant heat source strength Q = 13 kW. The opening width was
kept constant at W = 0.8 m. The burner dimension was 0.18 m by 0.18 m. When the opening
height was 0.8 m and 0.6 m, the ventilation depends linearly on the angle 9 itself, rather than
the sin or cosine of the angle. The ventilation increases extremely with the angle, for instance
the ventilation at 23° is 2.5 times of that at 0°. When the opening height is 0.4 m and 0.2 m,
the linearity of the relationship is lost. In these cases when the opening area was comparatively

small, the wind velocity at the opening was large and therefore the gas flame was blown in the
direction of the outlet, i.e., opening (2). This indicates that the heat source strength might not
be kept constant. An electric heater may be a better heat source for this purpose. However, the
linearity of the relationship should be lost at some angle 6. In addition, the linearity of the

relationship may be lost when the vent size of the cabin is small.
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3. Comparison of Experimental and Numerical Results
The gas flow field of the two-vent cabin with an opening of # =0.3 m and W = 0.8 m was
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investigated experimentally and numerically. The calculation was conducted using a three
dimensional code, based on a differential field model and refined from UNDSAFE, with the aid
of a computer FACOM M-160-AD. The precise calculational procedures can be known in Refer-
ence 4, although it is based on a two dimensional flow. The computational grid system consists
of 36 (Lo) X 8 (Wy) X 8 (Hp) cells. All walls were assumed to be isolated and radiation was
neglected. The heat source strength was 13 kW, which was uniform in the cellsof 0.2 m X 0.2 m
X 0.1 m, although the gas burner in the experiment was 0.18 m by 0.18 m. The heat source was
located at (A) shown in Fig.3. The opening dimension was 0.8m(W)by 0.3m{(#). Figure 9 shows
temperatures, at heights 0.7 m and 0.4 m above the floor as a function of distance in the direc-
tion of length Lo. Both curves are not far from each other, although at both ends of the cabin
they differ. The temperature of the outward gas in the experiment was higher than the
numerical one. The velocity distribution at opening (1), inward flow, was almost uniform in the
experiment, but the numerical velocity distribution at opening (1) had a gradient as shown in
Fig. 10. At opening (2), outward flow, the air velocity distribution had a gradient both in the
experiment and the calculation, and those values are almost same. The air mass flow rate at

opening hejght=0.3m
opening widith =0.8m

burner width=0.18m volumetric heat source
Q=13kn

Fig. 10 Theoretical velocity distribution in the “Cabin”

opening (1) in the experiment was 0.19 kg/sec and the numerical one was 0.23 kg/sec. This is
because the average air velocity at opening (1) in the experiment was smaller than the numerical
one. The air mass flow rate for the two-dimensional calculation should differ from the three-
dimensional one because the heat source strength per unit volume for the two-dimensional one
is smaller than the three dimensional one and opening width has a considerable effect in ventila-
tion when the fire is not fully developed. The energy loss from the wooden walls in the experi-
ment was estimated 28% since the outward heat flow was almost 72% of the input heat source
strength, while in the calculation all walls were assumed to be isolated.

4. Conclusions

When the heat source strength is comparatively small, the ventilation of a cabin, is not
always a linear function of factor W H3/?_ In addition, the ventilation of a one-vent cabin is not
always the same when the heat source strength is comparatively small and the fire is not fully
developed, even if factor W H>/? is same. The ventilation of two-vent cabin depends on factor
W35 H3/'® rather than W H3?  when the heat release rate of fire is comparatively small. When
the opening is small, the ventilation of two-opening cabin is far more effective compared with
the sum of the ventilation of one-window-opening cabin and one-doorway-opening cabin, but
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for a large vent this trend is reversed because of the increase of the flow resistance of two vent
cabin due to counter flow. The location and width of the heat source highly affected the venti-
lation, especially in the case of a two-opening cabin. The width of the opening also affects the
ventilation. Therefore, the two dimensional numerical results should differ from the three
dimensional ones when the fire is not fully developed. The ventilation in an inclined cabin with
two vents was linearly proportional to the angle of the body to the horizontal ground. The out-
ward gas temperatures in the calculation were lower compared with the experimental ones in
the case of two-vent cabin, although all walls were isolated in the calculation and heat loss from
walls was 28% (estimated) in the experiment.
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