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1. I

EOTE GUREIEREHNDL & &, BEEIERA
#AT % (drag reduction) HEA19484, Toms, B.
AV IZE DV RERINUTESE, 1960F K0 58 45 T, #1
213, Virk, P. S 2 Litlle, R.C.¥, Lumley, T LY % %
CDOBREIC ZDOBRIZ DOV TOERWIFR &
FOFERIZO \Tﬂﬁﬁﬁﬁﬂ‘ﬂﬁ*fﬂﬁﬁﬂ’( &7z BRI Virk,
P.S5 (3 drag reduction LR IZ DV TOEBRERS L
ERERNIESTHERDELEEFHIIOEN3

segments : (1) viscous sublayer (=2— } > iftiZ
3 584, (2) interactive zone (drag reduction
2R E%), (3) outer region (=z—F vk

D—FENHEEH % L > "Newtonian plug” (2 B#
LEa) #MET LA THL L, BHiC

segment (2) |3 drag reduction D FEE % #Ha f?)%)
& LT, “elastic sublayer model” # %L 72, 72,
BT RBENEKIZ L 5 drag reduction® BRI IEH
LEFMEAH 5 & # 2, maximum drag reduction
asymptote ¥ 2% L 7z, Berman, N.S.% (3 Fikon %<
NEBRREFBEDFRBERICDOVCTHRZIIEWT
SGRUBMETNEELECHBEIH B2 2BRAT S
EELIL, RVEELGERELT, 2EN3 A%
T3 (1)BRILBFYRLERNOLZREDE
EoROEEDBERKES S, Virkic L D EEI AR
maximum drag reduction asymptoteld 77 L 2\

(2) % DEE S5 viscous sublayer Tl =2—} »
R E  5NTHEIZ 2V, (3) turbulence intensity
MDY — 7 {13 drag reduction 7T SO Ty,
(BLifix A X —I2 B3R T B typical Reynolds number)
DKREVHEICFHEF L, drag reduction 2°H B KN NE

F7 5103 buffer layer TEO T 5,

—7, BT, 19684, = 2 — 3 — 7 HiHEED
T, Polyox coagulate (Union Carbide ##, %3
& 5 X10°% Polyethylene Oxide) # Bk —2AD
KFICHERML T, ZNEHUBE LR 2 RBEHT
NTLE, EERU AT ZOEPHEHETL Z0E
Rtpe % Bl 2 o nERMITNL, FHIL, BEF
A E? Thorne, P.F.SIC L DTk —2 (&
£19~89mm, HF— AF{=57~1097m) ¥R L /-drag
reduction |2 B8¥ %5 EE T — #*0 L EHE VL N
hFTOMRRE " EAFLLZ, ZOREHSELEFE
ELBRZHWAET 5 728, Polyethylene Oxide (LT
PEQ L %4 3 ) KIBRNDENIKENI- DT, FEHIL
— OO BLNRE 72 T THETL, Thorne H NEER
TFT—F R EAL R, ZORBENIORRERN
HND—DDFHN 2525 LELLNDTHRET 5,

2. Thorneb DEERFEEKERF—7ND—F

# 513PEO & L T “Rapid Water”(Slurry, PAfR&)
#M AL /-, Rapid Water (3 Polyox WSR301 (PEO
DFTFE=4 X109)2KIZERLRT VLI, Hoh
CHPEOMEN 5 BIHEHIZT Y — (25CHL &,
B =1.23g/cm?, &5 ORIE=6000cP) T, =N %
Bendix EAEEIZ L D, 0.191/min? 1%L 21&T,
Ry 7OTRELZIIR 7RICEAL, KEES Lf o
I HIZTEMRICELE L 2B R — 2 & 4 BT, MLE
RUEABXZHEL 72, 57— 2AERI0mOBHENE
LOHET =75 f VRS V2-Re(Reliv 4/ XL
TG, fIIBEBRE2HEL, V2L /2 Re
DER % Fig. LIZmw$, ZORD 5 EHR— 20,
EFDNEEDN DL L EBERL LHETH S Z
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ERUA-—ZREEDE, ERENL I b EELERYE
G L s, PEOERNOEE DOKOBEAIZIT
% DEBRFEFRIL Prandtl- Karman X2 £ THEBE LD L
WICTHICKDI EEZ 1S,

Experimental data iPEO 2511 ppm} L=2744

M obtained by &) X ; 5012
L Thorne, P.F. el al. o 32 ;*3
f= coeficient o  9i v 4 g 15 } L =549
15F friction A . ,00_-;/0
| Re=Reynolds number .. | 5o+5 L =1079
((\ _____ =
- 6€QQ o L=274.4
a O o FL=549e11097
& 'ﬁ%{% )
1 Va g
2 PP
70‘& ‘/

[ 22744 _}Plainwafer

- L{mJ)=Total length of hose
5 1 1 1 M | 1 M " n i
10° 2 4 68 10° 2 4 6 8 108
1
f2 Re

Fig. 1 Relationship between f % and f %.Re at vari-
ous concentrations of PEQ in case of hose diameter
70 mm

3. ZOBZRBIBOLHORGEERD

drag reduction HEIZ DWW THZ L F THOWNRIEER
DX, EREITLONEL 2T THEELIT O

= TiE H?Z@MW@P‘S‘L(AJ&GMJ{L *+ L, viscous
sublayer DE ] & Fhh - OIS REN LB E2 2,
ZORBE N BEEIC *‘JLL/CV‘] &AM T, R
NFEMCBLEHE L 22—} v ifé=a—}
CHEN LB EEZ DL, Thbh, ZTOEEEFENI
ZOB L) NEDEDFRES (core
region & 1-35) (3= —} vt #EZ 5 (Fig. 2%
),

Z 2T, GFELTIOA—FDHFREY LD
PEO@&%%K 5, PEOIZIEA 4 > R REFEMRIT
H Y, KEBDOKETIZ, Fig. 3107 T L 912, %%zk
EDI—TNBEDBERBETIZKTFHO L { #DE
NHHKELLY, ZZT#2Twa PEO “C‘iEﬁt’l‘
meander!? PEO 3 /1'% (micelle) #S8E L Tv 3 &

=a—} 2k,

I %.LT.-,_EE.-_.-..__ =Y Lo yiscos sublayer

B + 0<y <40¥/Ur
P\
1T core
D — ~———.——._p. ————:a presumed layer upon
_— K <
{(;Z/ng region which a shearing stress( slip

force ) acts to decrease a
Pressure loss.

P o R

AT SSNY

Fig. 2 The illustration of the rheological hypothesis
on the turbulent pipe flow of PEQ water solution
Ty = shearing stress acting upon pipe wall,

7, =shearing stress acting upon the presumed
layer,

D = inner diameter of a pipe,

D, = a cross-sectional diameter of core region sur-
rounded with the presumed layer,

y = typical turbulent length scale,

U, = frictional velocity = </ \/p ,

p = fluid density and » = kinematic viscosity of
fluid.

a) zigzag type( in state of water-free)

Cé O C Ho CH2
b) meander type ( in state of water solution)

>
o

2CH2CH2CJ-/2 C
\,Hz 2/ 2

H ) H20

\

Hzo

Fig. 3 Shapes of a PEO molecule in state of water-free
and water solution

ZzZ b5, L7zHDT, core regionTid, PEOEE
ABO TEGIHAUMIFE=2 -} v HEERTPEO:
nnaad FREDHKNHVERL TWEEEZ 5,
WE, B TERNOEFRIRENETEENOFRENEFH 2
%, BRI DEEEIZIZ/2 5  shearing stress % 7,,,
AR g (WENEE=D,) BOEMLRSIELS
%, E /1484 % i) 2 ¢ B shearing stress(slip force)
Fr. rT5h, 12, BEOBHERIICODTHENIER
%, BOTEHROEE R A, KOBEEAp LT D,
FERENOHD DY Huep s (1) XA,

#(Dry— Do) =nAp( D'+ D2 /4 (1)
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(1) ROAEWDE 2 HIZ slip force (z.) 12 L BHEND
FHITHEREMS &L T3, X|Z, core region
DI & DIENBEDWPBAp, #METHE, (2)R
%135,

rD,z,= nApch/4 (2)
FETOENAKE Ap, & $5 &, ERC (3) AHIK
AN

xDr,= nprD2/4 (3)

REENBEEENEII=2—} HEEILLDNT,
(4) RHOWILD,

Ap, =P, )
g 517,
Ap=Ap,—Ap, (5)

HEALD, (N~G)Rck D, (6)X%2HB5,
D.=DJ/T—Ap/Ap, (6)

(6)RX & Thorne b NEBRT — 9 # BT, [E—RelD
WTHOD/DRUD Y HET S &, Table1%% 5,

4 B B

Table 1% & D /D& PEQ#E MR % Fig. 41277,

0 D=70mm
%, p=69

® = critical
concentraion

N\ }{ \\\ :
N S
1 4 1 3 1 PR 1
0 20 40 60 80 100 120 140
Concentration of PEO. ppm

Fig. 4 Relationship between D./D and concentration
of PEO in cases of hose diameter 70 and 89 mm

Fig. 47 &, m— 2ABEZE=T0K U89mm" 32, DC/D=
0o 5L 2OPEOBE2MELTKHB Z & TE
5, TOBEDE B, EHERBIIREIET, EA
DRIWIBRICL D EZEZLND, L2 >T, D
B BEEICOWTIPEODTRME 2 AT
Ex, By LBRICELIBREBETCHLLEZILN
35, %7, D/D=1"x &, PEOBE=0XIZ0(Z
EWBAT, KDAD= 22— VEROHELFE LIS
LhHEEZLNE,
Thornel2 [ EF1IBEIZDWTHERT— FNfBIc, E

Table 1 Numerical values of DC/D and D, obtained from the equ. (6)

and the experimental data by Thorne, P. F. et al.

8)

Pipe Reynolds Concentration

diameter number of PEO ap* Aps* D./D D¢
D (mm) (Rey* (ppm)* (bar/m) (bar/m) (mm)
19 4.5 x 10* 400 0.068 0.071 0.21 4.0
445 1.9 x 10° 65 0.046 0.061 0.50 22.3
1.3x 10° 80 0.030 0.031 0.18 8.0

2.9 % 10° 30 0.015 0.034 0.75 52.5

2.1x10°% 40 0.008 0.016 0.71 49.7

70 1.7 X 10° 50 0.007 0.013 0.68 47.6
2.0X 10° 70 0.013 0.015 0.37 25.9

1.2x 10° 100 0.0065 0.0070 0.27 18.9

2.5x 10° 30 0.014 0.020 0.55 50.0

89 1.8 % 10° 40 0.008 0.011 0.53 47.2
2.5%10° 50 0.018 0.020 0.32 28.5

* 1 the experimental data
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B/ Zntr b nKBREBN 7T v 2 BHEICLHE
22X PEOME AN & % degradation(drag reduction
DIET) ICRIFTHEC O CEELERERLBET
Wb, Thbb, #Hi/ XNEL2. 5K ER /
kB, B—0/ ZVELT, BEDKE0ppmD
PEOZBML 72k # il 34, ity s /) XEn
-1"320 FEOKFERE COWMBEEEFBRE L2, £

&5 &, BOEETIZPEOZHML 72 KEHD
ﬁ@ THEEDRKDEFNE 5N, ARG M LOERS
LU d LKA >TbIEFRBL 2,
L72h%» T, drag reduction DEELHMEIZ, EKED
ILENEHFIILDIREL 2y —ADELNEHIL S
BLDOTIRL L, NI BEATr—NLDENEFHL IS
LOThHBENVZD,

% »13 % 72, degradation I DWW THRET 5 728,
K 7DTHNDFR—ZIZPEOR EKTHHAE R T
MICEFEAT 2HEI D20 TT O A, WENE
BITHACHEYGBD LN L -2, Bvk— A3k
BOEPIsFRE S 72 FE B L 7235413 degradation
PROLNL L IR EL, 2O i3k —
BRIZ A B BT E TIZPEO I R E 72+ 5 Tl v
TiE, degradation I3FRA ¥EEL T, BHRANTI &L
BESBIZ F2Ic BRI N T2 8T, FilksEs 7
RTEHED I A BEOITH L HENI L Z Lo &
2rEzZLNB,

5 LIV

EEZHE L F2drag reductioniZ ¥ 5 K% @tcéu
PIZ2nWTE, ZOHRICERT 2ESFOME
W@ﬁﬂ@*f@%@mvmﬂﬁﬁ%ﬁamﬁﬁem

SHomEICF R ent, ZOEBERERNS
O?m%m%wé.
(1) Virkiz & 9% & f7zmaximum drag reduction

asymptote DHFEX*EBET S Berman & 2 7 L &H
DENUI—ETE . G55 TBRBENHMKDEREL bdrag
reduction DR RMEORIEIZ £ NE ST IBE T, &LifkH
LB & TR EN L RNOBRBI T 205 T
HBEEZBHELENDAENTHS,

(2) drag reduction L&A L 3 ELREIZEL 4
IV KEDGEIZ, BEHO core region IC BT 5/ &
T A —NLDENDEANL, £ DR, core region?
HRCTENEREZ DL BRI~ slip force

WELLZ2HTHE, GLEENES, B FREI K

& B2 oN T, drag reductionic BI{E T 5 core
regionl3/ 2L b, |ETHIL, BT TREIKE
(e B &, BHMHHEORERHIEWE D Z ML ER5

DWEIZ HRTKREL R Y, BROFBESFHIED
(I EETHEEL TV
(3) drag reduction xﬂ%f]‘&( B ESFIRMOB R

BElX, Thorneid Lo %< DD E DEBRLE R
b, BEINILIIEREL LB EHERNS,
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A Consideration on. Drag Reduction
by Polyethylene Oxide

(Abstract)

Rokuro Nii
(Received May 26, 1981)

The experimental studies and the theoretical explanations on drag reduction phenomenon,
that pressure loss in turbulent pipe flow containing a polymer reduces, have been performed
since 1948 by many investigators as Toms, B. A.l), Virk, P. S_z),s)’ Little, R. C.3), Lumley,
T.L®, Berman, N. $.9. In order to test the practical capability of a drag reduction additive,
Polyethylene Oxide (PEO) which is added into water stream in fire hose, some tests and experi-

ments were carried out by the fire service and research organisations in U.S.A.”), UK 8)-9):10)

and Canada'V

respectively.

In order to elucidate the essence of drag reduction phenomenon by PEO, a simple rheologi-
cal hypothesis was proposed and a theoretical equation was introduced by the author. The
experimental data obtained by Thorne, P. F. et al. were applied to the equation.

It is concluded, that the basis by which the phenomenon is caused in turbulent pipe flow,
is to decrease not large scale, but small scale turbulences in a core region of a liquid flow, there-
fore to make form a slip force (a shearing stress) on the boundary layer of the core region to
decrease a pressure loss. A “Critical Concentration” at which the effect of drag reduction is
lost, can be defined as a concentration at which in a pipe of a definite diameter the liquid flow
indicates a clear transition from turbulent to laminar flow. It can be also suggested, that the
critical concentration increases with decrease of pipe diameter.
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1. #

B Y 2 TO—EAOK - DEBEEXEREBL T,
BEC IR E 72 3B R I - ER A0 KiE ik
BB AR (LUTBHEAR ZIER) 1220nT, 20
KYERE, BREREL N, 2REEHC, 2O A
BB L UOMmBLEIM I DWW T2 L, &
B, FICHEBKRLT EICL 2 KEEREY > 2 kKD
FEHEAEICEEL €, BRERPRITLL THXF
NEBBEOBAOBABFINAZ PNRETIT 72, 2D
R, ELF 7OBAEBEICHERASI T HIEE
WTHEALRE L UCHEBEREOEDEAREN & D
BAFALPIC Lo, ERBE BARBRICELY
WHETLE, BRI LELOMBELIVERY
E 5, KEHARBRTPERT 22 213, BWoHCHEHRS
2% o> T3, 722 512 XK OERER (ISO
BB LBV TL, BARBO/NEULAREI T
5, ZOE)UHKEFEEL, BTHD ORBEE AR
BEVEBELZHEANDL ZLIZE-T, TP B/
BRIHARROTENAEGEB LU FOFEL SI2D
LR ET 72, hB, BELLTT L, 4
VT8 —=nLED, oAV ) L B,

2. EBRFHRCHEEE

2.1 MR

KB X KAIZIZ Fig. 11257770, 7em X 70. 7em
X40em? D BEIMBEM A (0.5me), &V ) > KIKEIC 1L
Fig. 2, Fig. 3 2R ¢ HMATE 1 m X 1 m X0.3minf

RIMBEIB (1m) AW, B, JAL0BED
BOTRLEFR I T H LRI TH B,
2.2 M 3

AIERY 12580 C, BAMEERENREL LT
b, BUKEBREREIRELELTLVY TS, —0
FHEV, TR TRVIISKIBRGTHL, 272
SEEICHECRAY ) lE, N-~X 325 5~10wt
%D TEREEN 7Y ) » (JISK2201—5) Th 5,
2.3 B/Xn

ZOEBRIZH WV AL, RAE Y AREE
FKRE/ ANLLTRRE / Zv) & FnY-TENRIER
(LT BgE 7 Zn), 4 %) 2EHE, (UK.
Defence Standard 42-21/24, LITUK.2 ZAn)& %D
V2 TEnRfes (LUTARUK. , XL) o4 8
Thd, Z20H)bLUK., Xz, ISOBEEEE LT,
BEEZETRIFDOLOTH S, Thbd ) Tiid,
BOKIEFIT . Okg/crr D, AEIB AR Lo / X
ARSI L T, £ 110, 1.25, 5.0, 2.5¢/min
ELBEVBHFAEINTVB, h, BETTRITLS
THRC L B AN, M ABEDKKEH (7. 0ke/cx)
TEXNEF WA MBEAPRIZEAI G454, BRH:
SDBDWEHE FREDIEL L, TNTOMEITEATLE
L nlz, TDRDE ) ANDFEIZ <, 7 % BaHT,
HRER5IPEDHUNEAEHNE TFIFLZ L1z L7,
L TOREE, BRE S XAH120em, UK./ XL & %
DHPNTED, ZNEN40, 0mTH D, F25HE R
BROBERICL), MEERTHARICEVTY, AR
E /S ANz IE, Fig. 3, Fig. 412 RT Bk &
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U.K. Defence Standard Foam Nozzle
(1/\/3 scale)
Straight Pipe (length = 30 ¢cm)

Acetone or Isobutanol

400

707

Japanese Standard Foam Nozzle

Straight Pipe (length = 120 cm)

s

Acetone or Isocbutanol

400

0707
(b)

Fig. 1 Testing apparatus for extmgulshmg acetone and isobutanol fires by plunging application.

Burning area: 0.5 m?

Foam solution:  Premixed type

Application rate: (a) 5.0:0.1 &/min.m? at 7.0£0.1 kg/cm?
(b) 20.0£0.8 2/min-m? at 7.0+0.1 kg/cm?

Back-board

U.K. Defence Standard Foam Nozzle

(1/4/ 2 scale)
Straight Pipe (length = 30 cm)

N

Gasoline

300

g1000

Fig. 2 Testing apparatus for extinguishing gasoline fire by plunging application.
Burning area:

Foam solution: Premlxed type
Application rate: 2.5:0.1 2/min.m? at 7.0+0.1 kg/cm?
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Back-board

C-shape Applicator

U.K. Defence Standard Foam Nozzle

300

Fig. 3 Testing apparatus
Burning area: 1m
Premixed type

(1/3/ 2 scale)

fgr extinguishing gasoline fire by gentle application.

Foam solution:
Application rate: 2.5:0.1 2/min.m? at 7.0£0.1 kg/cm?®

Japanese Standard Foam Nozzle

U.S. Standard Foam Nozzle

Acetone or Isobutanol
(1/3 scale)

400

Fig. 4 Apparatus for foam compatibility tests.
Burning area: .5 m?
Foam solution:  Premixed type
Application rate: 5.0:0.1 &/min.m? at 7.020.1 kg/cm?
HOCEBHANY (7 —L - T7Yr—5—) 28

fHF7,

2.4 RHAKA
HERARBHEAF (UTHRRERE) &, T4

JHDF L aFne7 5 —LHHAERO-WATER-PSL
HRB(UTT7o74—-5—PSL), EFR3IMHERT
4 b7+ — % ~FC-3035(FC-600 R i), 72AIX<HE
AR RFAEE SR 2 ML LWRHATB &
Bz, 26BN ABIZEREEAR A —A—I2
SORHEEN, Ty 7 ALKREL L IRIRK,
BAKTOBERD»TNCARTH S, E2RIE? & TH

Foam Applicator

1) Y THEBLLZAECEBE R
RS TR 72 AL < IBC-& [d—dn

*2)

(Fed. Spec. 0-F-555C)
i —

Inner Side Wall
(red-heated)

-]
(-]
o
Q
-]
4
°
°
°
]
°

an008

— Fuel Surface_ °n3_

Double-sidewall Tank

Fig. 5 Deviated flow of foam after hitting on red-heated
side-wall immediately after the start of the foam appl

size,1.5mX 1.5 mX 145mH

cation.

Tank:

Burning area: 2.25 m?

Fuel: 600 2 of acetone or isobutanol
30 min

Preburn time:

Application rate: 10 2/min.m? at 7.020.1 kg/cm?
HAERICBOWTRHICEN TV EELNEILAT,
TRTCEHLICHEIN-ERANOERTH S,

2.5 MERDOKIBOBE
AV USDBEHC OV T, BEBE RO KT
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BFEELL, BIEFERDL, BERELISSBRERD
TR % 1 WI5emDIEH T E 2 3 L) ICE RS
(T kMR, 20 LBH» 5 8EY > 7L 2EL
72, KGBDBIEICIZI =M TEMH CA-028 7 4
VEINBEKGEEEEEFH 2,
2.6 HARBFE

Table. 1 iZ7 R T HNEFICK» TEBREZIT- 72, &8,
R, MEBEOREL Y, WACHETIBRERELE
LT 208, THRERREENRC LS EICL
2, Thbb, A, 5l kEHES, BEHEEN E
HAEpHHFV Yy, T E5GH, —FIns
DEFCTNLNAZ A YT/ — 2109 HE L7
F KBRS, BEEZ2ILPLD6BDOBEIICS
THEbWBE 7L Iy 7 AHERNTHREL, EHY >
ZRICEFRE L 72,

2.6.1 ABEREEAER (MBREER0.5m)
2.6.1.1 BIREHFRITHH THAUZ L B K

Fig. 1, Fig. 21273 & 512, B—FHHA» LERNDIE
%, BRBEE O B gCBUE L 72 (plunging application),
ZOBICER L2 XL BKE A HEERIE Table 1

ICRTENTH B,
2.6.1.2 REOBEOHAFRICLBHEX

Fig. 4 10T £ ) IAVBBE , AN 2K & —HITHE
BL, #BriE %2083k d s NEEMIZ 2D
THEH 2T & 472 (gentle application), Z NEENIE
A BRI, 5.010. 12/min- m*(7. 0+ 0. 1kg/cw k)
-1z,

2.6.2 HY Y EAEER (REER1 ™)

ANBUK. , A& FHEL, Fig. 2, Fig. 3IR7 £ 9
T s CEABRRTOMAERIC L » THAZ
Tt ZOBRDEKBRERTIL, T372.510.1
¢ /min.m (7.0 £0. lkg/omB¥) 0% o 72, &8B, T
NOBKER L EAKBERIZEAT S T THRELEDT,
HABRLBOBERE TN 2o, BOBRKIEIERIT R,
IS AEROBERICEIE, REERE, WKEREE,
HOBIER L 25% 1L A R, iEAHHA1E E154 (T
KRB ISR, BEHEE, BEhoXsEOH
EET-72,

2.1 BRHEHRERR
FID2IC BV, BEOAT /=N, Trb¥, 7

Table 1 Details of fire test conditions

Avplicati Fuel *2| Number *3 .
pplication Fuel used depth Pan of foam | Type and numrber | Length of | Application | Fig. to be
method (amount) (cm X ¢cm X cmH) | agents of nozzles straight pipe rate referred
used (inside dia.) | (2/min-m?)
U.K. Defence 30
Standged 42-21)24 en
1/\/2 scale),
(L2 scale) (16.0 mm) | 5.0:0.1 | Fig.1 ()
15 em 70.7 X 70.7 X 40 U.K. Defence 40 cm
Standard 42-21/42,
Plunging Ac;tone (759) (0.5 m?) 1 1 nozzle (21.6 mm) 10.0:0.2 | Fig. 1 (a)
e 2 an
application | 3¢5y ytanol Japanese Standard 120 cm
for protein foam,
1 nozzle (41.6 mm) 20.0+0.8 | Fig. 1 (b)
10cm | 100X 100 X 30 U.K. Defence 30 cm
G *1 Standard 42-21/24
i 1/3/2 scale),
asoine | (1009 (1.0m?) (U2 scale) (16.0mm) | 2.5:0.1 | Fig.2
Gentl " " " " " - 2.5:0.1 Fig. 3
entle
application | 4 o4 one 15em | 70.7 X 70.7 X 40 Japanese Standard
and 1(”(1)7 3protlem foam
isobutanol|  (75¢) ©.5m?) y | §L3 scale), - 5.0:01 | Fig. 4

Preburn time: 5 min (10 min for isobutanol)

Concentration of foam solution: 6 vol% The foam solution was premixed with fresh water and synthetic sea water containing
1.1 wt% MgCl, -6H, 0, 0.16 wt% CaCl, -2H, O, 0.4 wt% Na, SO, and 2.5 wt% NaCl.
*1 Lead-free cleaning solvent of less than 10 wt percent n-heptane (JIS K 2201-5)

+2 Single side-wall square pan

+3 The straight pipe connected to the nozzle served to decrease the plunging pressure of the foam.

*4 Discharge pressure: 7.0£0.1 kg/cm?

*3) Tetb,
x4)

AVTE - NOBHEITENENSS.TC, 107.2CTH B,
Trby, 4AVTE /=0, 7Y D5k E (closed cupit) 2 FNEF N -17.8C, 27.8C, -40£5C TH 5,
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g /= (n, iso) IHT % FEEOHFRIERLZ AL S
2Lz, 4L, FioHV ) rBLREEDBEOHA
o SREBAHC T 2 BB N, WARO®
fgrigeiig, B E UOKBERIKIE25H, 7V ) >~
F1aME L, 2770, BRREBIBICDWTIENY
KBEOBERBERLEZ, BRECNT 2BNOESLE
LAR &AL,
2.7.1 BHURR (P —F&HBR)
HABOUTBHERETIIHTT S 2@@%}‘%1@.‘*%%'\*6
e, BEEsELE 2, 0SECKEEL ZBBOR
< £HIChZ- T, ﬁkﬁ 7YY EBLT
BALLRZHDTC, BEAORELFNC,
2.7.2 TWhAHRER
2.7.1@@%@"]&%&%%3?0f’?&%é@kﬁéé:éﬁ%f
EARERT2ICEB-> Ty BBAICE, 35618
;w%ﬁm%ﬂmﬁté%ﬂﬁim@mﬁiﬁ(%ﬁ
) 2N, ZOHEE, mERE LS EIC, B
BT REBO BT 2 158 15emDEFF &% b &
IEESE, $THEELAEROEL KRR HIE
L, &5 oHEBEI L #0BEHBEEMEOLY
DEEEL 7,

3. RRCEER

3.1 MEEBRITEHTHRAICLBHER
3.1.1 BIERDE KM

Tables 2~6iC ZFEKEHI T 2 MBEEHRITH H T
FRICEBHEAEREREZRT, U I USEIEA
B, okl AKEORK, EBAR)EKEREBRELED
HEICL - T, WABMIC» L) DEIRDH LN,
—fl & L CHED»EARDBAICIE, FAKERRIC I
TRTCHBHE KRB KIZE L & - 72 (18183.7), ki
FRBEHC T B ERE R R T, KA AED
5, 10£ /min.m OB, 7+ b 3L TITRK, #B
KOFTHNOFEABL L7 o7y —F —PSLAHRLIEA

®<, MBOBEKE &I —EBOBEIBH LN,
Z DB EE O THRAKERBEICIE, 74 F 74— 2 —FC-
3035, KR AIFC BB, ADIEIC, #EXKEEEICIZ
HRIAECHEB, 74 74— —FC-3035DNEIZ K
KIZES -T2, B, HBZAECBIE, HeFE:
208 /min . mi2 BT % & BEL I ADTRRIC A - 72,
HLAAEES5, 104 /min - mDEE, £V 78 /) —ilHt
LK, @RCTHoFEHIELEXTRETH - 2 0ig,
1T7a7A—7—PSLE 74 P74 —F—FC-30357

ATHoT2, WREZAF I, WRKEROIFELR
FHHLET L, ZofBETIARKDIY Fo—
NHTET, MATEEE 72, UL, HEFE%20
L /min.m & KIBICRMT 2 Z 210 L » THIHTH A
WHeE 772, —F, HEEH2.5L /min - mDOEY
AV AT L TR, HEARE R R L T kA E
SPDFWBERAEBTH 12, 74 b7 F—5F—
FC-303513 K E I L -~ TH AR B D, HOKIT I~
WAKEHEBOWEEIZE L (ERTLL, SEERL
PRI REIF, AV DIk ‘W%ﬁ?ﬁ%?tf
3x7oA 9 —PSLTH-7, BHRICL B L, &
DEAHY V) kKNI P o 3EL, EAREE
#®l1~249Ta>ra—n3khE ok, LAL, O
BEESG - TRAED, ZOREBIZBEIHREE IO
PH&HLNHD F Tz, vl BEILOE
LHBEICIE - Tk REH - ZEHPET LIED DT,
VR 1Y BIMAPAL SRNL T R L B AR (047 L
WHICEENT AV ) D BEFETT I L2
S>THREALLZ, 2ok jiczT7a7+—%—PSL
K EB7V ) DEXPRGINTZDE, Zo@EDITY
NN L BEEVBICEL 2> EHERTH S &
Bbnd, ok, 7V rUdokKEghEakicegds
RO AKERIL, MWAEHIEZELLEULE2E
Bbhal5mB2EESY Y 7AR2ICBCTELN
RERELCEL T, —H, V) izonT
i3, FRHLZE XALo@BRIT RS, B, #4
# OEOERFEL EMMOEESSENEREF—T

B ZHIERS ORER» S, SEBVRERRZAFCE

3, BIERS CERL HBERAZAECE (BLzA
Lf( WHLEC) CHFOWKEREZETLILNEED
nod, FLERL, 74 P74 —7—FC-30354 B>
THAL-ABERTA P A—-5—FC-303Lic 1t~, &
DU Lok EREE2BEL (w20 Bbnb,
3.1.2 BEAOEMMELE

Tables 2~6i2 FREBE T TERBE T RIT b H T
FREDOFRMEEES RS, Table 2, Table 4z L i
T AT s2 7oA -9 —PSLETA P A
— % —FC-30350 B MM R#I3, EitsEL2 9%
DFE—BD F —FRBRTBED DLHERICH LA D
ZETHE,ZOBEITTERICEBNTL LITLITEE
HHLNTw3, L, $REO/NREN KERTIIE

B Z'EJ;%, WEHEED B G CThh o f2lzed, b—
S HEOMBEIZ MR Y, BRI EEhzT L

*5)  BOKIFAGEK, BKEBITENARRME(BEESENS)IC

framiEkEERALZ,

—11—
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Table 2 Comparative performance of polar solvent type foam agents applied by plunging application method to

Properties of the foam | Temperature of fuel
Tempera- Room E ni
h tineuishi
Foam agent Water 25% Before | After foua;ii%; tempera- | u;lg}l:: n
type | Expansion| drainage | burning | extin- | gsofution ture
ratio time guishing
(min-sec) | (°C) o) cO) (o)) (min-sec)
Modified
National igan raQ”
Aero-Water- Fresh 9.0 20°43 25.6 30.3 24.2 28.0 1’39
PSL
" Synthetic| 45 1624” | 300 | 400 25.9 28.7 12'20"
Licht W 13'30" foam
ight Water P _ application
FC-3035 Fresh 9.0 717 25.5 23.7 25.6 stopped, not
extinguished
" " 9.3 811" 23.2 51.1 21.8 20.0 18'56"
" Synthetic| 75 648" | 21.1 | 46.8 21.9 20.0 27'51"
New type s faan
protein-A Fresh 8.4 9'27 27.8 56.6 25.0 28.0 21'43
" Synthetic) g1 1042" | 224 | 523 21.1 23.7 23'17"
New type [ 1y
protein-B Fresh 8.7 8'26 27.7 54.8 23.6 28.1 2222
" Synthetic| g 10327 | 213 | 452 20.5 21.9 13'11”

Light Water FC-3035: modified FC-600

The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of Fire

Research Institute of Japan No. 50 (1980)

Concentration of foam solution: 6 vol%  Foam solution: premixed

Pan: 70.7 cm square and 40 cm high  Fuel: depth 15 cm, amount 75¢

Preburn time: 10 min ~ Application rate: 5.0+0.12/min-m?

Discharge pressure: 7.0:0.1 kg/cm?

Foam nozzle: 1/3/2 scale nozzle of the U.K. defence standard 42-21/24
CHERBESETTAICONBEREALLZ, 25122 BRHCTNTEmAKITRITL 2, fih, chssER
kR B L1100 N E 2 Mo P —FREBR TIE, BRI EFHIC, TR REHTIERZAECED
FTRTCHEFA L o lz, 27220 F—FREBICH | BB ILEETE, FRHBEXETRLEBATEY, &
FEAMRABIC BT, K, BRkeTRoEERT K, HAKEREIZBWT, F—FBLUTAEOTER
LEOREEF RV T oA — 9 —PSLix, BEE BRI T NTARL Tvr7z, Table 3, Table 5 I2 L #id,
DFBHHHRT, TRTHEKFTAREE 4 - 72, —F, AV TE =N R T BB RERIBHERIERE,
BIFEICHNEDHEMEY»E S T4 b7 A —5—FC-3035 X FERED T A+ 74— —FC-3035LL%4%, 5 1 [nf
1, WEH6 ~12cm & Eh - 2 lzdh iRk, BAEHE D —FRBRTRIEF LT, ZOHETRT R I
BOBBEHOBHRIITNTCHAFETH -2, LL, H WL RT>Tw, L, BKICHEN, &
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acetone fires in a small pan (0.5 m?)

Fuel vapor sealability and burnback resistance W
ater content
ap:l?ca;:lion Sealability test *1 Burnback test *2 | of fuel at the
i X end of foam
period 2 min after 10 min after I:{) Eﬁk&?;;skg Bugg: ck application
(min-sec) foam application | foam application (cm) (cm X cm) (wt/vol %)
3'39" No ieniti No ieniti 7.5 Foam surged, not 7.7
o ignition o ignition . ignited .
Ignition all along . g
g the wall — self .. oam surged, not
14°20 extinguishing No ignition 8.0 ignited 32.2
after 10"
13'30" foam
application — — — — —
stopped
Ignition all along Fuel surface im-
20°56" g)l(iixgatllli;irsgf No ignition 6.0 mediately exposed, 49.8
after 10" no further test
Ignition all along Full
PR the wall — self s e ull fire after
2801 extinguishing No ignition 12.0 about 45" 57.9
after 15”
23'43" No ignition No ignition 10.0 17 x 18 54.5
25'17" No ignition No ignition 9.0 17 x 17 54.1
24'22" No ignition No ignition 11.5 18x 19 54.4
15'11" No ignition No ignition 13.0 19 x 19 36.4

*1 Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.
*2 15 min after the foam application period, a foam blanket of 15 cm X 15 cm was cut off, the thickness of
foam blanket was measured, continuously, the cut area was ignited. 5 min after the cut area was ignited, the

burn area was measured.

KEARFOFBREERISERKICEr 72, 124V 77
S ATHY DI KRN B o o BB 72 AT I,
RHCBBRIERIC B TR EN, P —F 8L it s
RBEOCTIIZLABL Tz, Uk B@Ekinitg
RIZXT 21 X B K BOBEBR BRI, 3% 20
K- ABEEAERIC B THEL MR ST —%
LTw27z, Table 6iC k13, MBEETRITLHTH
KEED, 7V ) 3T 5 R RERIBO BEBRIERE,
F—HAFXED, Tl ot 2BRR0RED
TRELCHBL T, Z0BHAE L TE, »Y
V>, TebrrowFhicdL Ty, 1, 2HEB»

F—FHBIIBNT, BBICKIIEDD, Z0%EK
HALTWBZE, TRANMAERBTE, =70
A —Z—PSLi%, 7V EOERFEET, B
Talfg s 0, —h, 54 b7+ —5—FC-303513 %
NATRETH 722 EThd, BB, 74+ 74—4
—FC-3035 D4 ) > o i F B it kMERERIC BT,
PO ERRI LT A SITTEITL 22725, EkEREE,
I (1lem) 5 IE 0 » 72 720, BERSRIEOSHT
HBECDOLKBEENERIR LN, ZOBEDLH F
—FEHEADTTILIBAL Do, TRAV
23T B AMREN BN C B AE R, B
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Table 3 Comparative performance of polar solvent type foam agents applied by plunging application method to

Properties of the foam | Temperature of fuel
Tempera- | Room Extinguish
Water ture of xtinguishing
Foam agent 25% After < tempera- 5
& type Expar}sion d:a_inage b?xerioi;eg eg(tin— ggﬁ?::gﬁ ture time
ratio time guishing
(min-sec) | (CC) &) (o) () (min-sec)
Modified Na-
tional Aero- Fresh 9.0 18'12" 28.4 - 25.0 29.6 1'38”
Water-PSL
" " 9.0 18'32" 27.9 35.5 25.5 27.9 1'48"
" Synthetic | 47 20'04" | 25.7 - 2.1 25.8 619"
Light Water Iy Y
FC-3035 Fresh 9.9 6'24 29.0 37.8 24.8 29.2 3'10
" Synthetic | g s4s” | 253 - 24.9 25.2 1'06"
" " 7.7 6'24" 24.0 31.3 23.9 21.8 1'00”
No cont,rol R
New Ry | Fresh 8.3 951" | 250 | - 24.1 252 | after 3032
application
No cont'roln
N;r‘gttégf’B " 8.7 753" | 25.1 - 24.8 256 | after 1851
application
No control
" Synthetic s after 34'28"
sea 8.3 10'28 26.6 - 25.9 27.8 foam
application

Light Water FC-3035: modified FC-600

The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of Fire
Research Institute of Japan No. 50 (1980)

Concentration of foam solution: 6 vol%  Foam solution: premixed

Pan: 70.7 cm square and 40 cm high  Fuel: depth 15 cm, amount 75%

Preburn time: S min  Application rate: 5.020.1¢/min-m?

Discharge pressure: 7.0+0.1 kg/cm?

Foam nozzle: 1/4/2 scale nozzle of the U.K. defence standard 42-21/24

BIERICLEN TR, Thbh, F1, 2EBNE L AFERPEL, ZOBREFOTY ) VIRENED
—F B2 LS D HEL, KBEREHI AT 5 HF DTEL h»eizdEBbNE, &8, Tk )%
EEIC RN -2, Ll P—FEHEBRLIE i3, B TIT-RUBRERPRIT L HTHRIS
LIEBAL, ZORBEHREATIRSEIECR N, t2AaBmEARLZAFCRIZLRLALZ, L,
B, 2O —FREFLITLIEERT SRR FERAIECHETERN G 572, 2O LFHRE
i3, KAMBREEHBEOWRLAECEIEBVWTIR RIRMBO e FED, LA EOBREREETAEL
Ll oz, Tk ) ICKEEBREII A, AV TwaIZr®RLTwh, 4 ERTHRY DEBEERD
KL CIERBOBR I AE B EBEALRT W S, VYT AAERVICRBRRAECENE
DI, KIZET V) BT, BBk ke, VY CERROBEECEL CXAMER
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isobutanol fires in a small pan (0.5 m?)

Fuel vapor sealability and burnback resistance
F " - Water content
oam Sealability test 1 Burnback test 2 | of fuel at the
apphc_atéon - = end of foam
perio 2 min after 10 min after 1{};:‘ kéllzsnsk%f( Bu;:rx;):ck application
(min-sec) foam application | foam application (cm) (cm X cm) (wt/vol %)
Ignition ~ full
3'38” No ignition fire after about - - -
Y
648" No igniti L Foam surged, not
o ignition No ignition 12.0 ignited 3.8
11'19" No ignition | gnition ~ full - - -
510" No ignition No ignition 8.5 40 x 40 3.6
Ignition all along
306" the wall — self | Ignition — full _ _ B
06 extinguishing fire
after 1’
Ignition partially
6'00" (immediately No ignition 8.0 Pl fire after 2.3
extinguishing) a
30'32" foam
application - - — - -
stopped
18'51" foam
application - - - - —
stopped
34'28" foam
application — — — — —
stopped

*1 Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.
*2 15 min after the foam application period, a foam blanket of 15 ¢cm X 15 c¢m was cut off, the thickness of
foam blanket was measured, continuously, the cut area was ignited. 5 min after the cut area was ignited, the

burn area was measured.

RAFECHEEN S LD, FABLLAECHEERST

HBEEZLND, FREAECEL TE, GHMES
ZAECEMLZAZCRESL) EEASTHL 2 2
Zbihb,
3.2 QIEERTHRCLIZHVY LDEK
3.2.1 BIEHDE KM

A .11 DBEEFRATEHH THR & D7
&, AR ZOFRICLEFY ) > DB AERLIT-
72, Table 7iZ % DY AKER %R T, BTHS.1.1 T,

WK, BAREARBICENT, V) cqH L &L
KISEDP - T2 DIFRBRZAECETH 72, K,
AR T FRICBWTIE, BEZRERETH-,
ZOEEFWRIZANTCHEDEFN & HATHLF, ik
IKEERRRIZA 3 ~ 4 18, #EREREHIY 2 ~ 3 5@y
S, EREBHEARTLERTAKEICL T
KEEFRLY, SAFERLZBOTNTUC DN,
MERBEFIREIC B, ORI O D K2 D 5 72,
ZOBRBIIRBI N NCBCTLRABTH -2, ZDE
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Table 4 Comparative performance of polar solvent type foam agents applied by

Properties of Temperature
the foam of fuel Temper-
Wate Preb ature‘of
Foam agent t;p er Fuel used fm‘;m E 259% After foaming
XPan- | grainage Before extin- solution
sion : burning Pt
) time guishing
(min) ratio | (minssec) COo o) c0)
Mo@iﬁed A
Rational | Fresh | Acetone | 88 | 2327 24.9 31.0 23.2
PSL
" Synthetic " , 43 26'00" 22.6 28.2 21.9
Light Water 1yAn
FC.3035 Fresh " " 9.0 8'12 24.0 38.9 22.5
" Synthetic " . 73 351" 23.1 39.2 22.9
sea
New type teen
protein-A Fresh " " 8.6 9'55 22.6 45.2 22.1
" Synthetic ; " 8.4 10'46" 22.9 46.9 22.8
New type PP
protein-B Fresh ” " 8.6 920 22.8 40.2 21.4
" Synthetic v " 8.5 11'01" 21.1 41.0 20.1
sea
grf)"tveg?: Fresh | Isobutanol | 10’ 8.6 9'20" 24.3 - 23.1
New type ' aQn
oS " " . 8.8 848 24.1 - 23.8

Light Water FC-3035: modified FC-600
The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of Fire
Research Institute of Japan No. 50 (1980)

Concentration of foam solution: 6 vol % Foam solution:  premixed

Pan: 70.7 cm square and 40 cm high Fuel: depth 15 cm, amount 75 2
Application rate: 10.0£0.2 2/min.m?

Discharge pressure:  7.0£0.1 kg/cm?

Foam nozzle: U.K. defence standard 42-21/24

HE LT3, At 2 mEkR BRSNS X CHEBL T, T4 b b, Table T LA, i
T, BLOHALZUK ALofEich®ky s #sE L%, 10950 —FRHBRTINTORIRE
AERENVWENET % 82 b b (#%143.7,3.8), &AL, LaL, £EAKCEELY, BRHEAL
3.2.2 RERDOEMMEE 72, FOHT, BERESBIEIZ, RENLOFEKIIIG-> T

BEEER T AREDO S Y ) P ICKT 5 KEEOBER MRS - 2h, RRIZAE G, BOADREC
PERBIZ, BRI 20 MSE P RIT LA THRBNZN  BE -7z, KROMAERBIC BT, #K, K

— 16—
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plunging application method to acetone and isobutanol fires in a small pan (0.5 m?)
Fuel vapor sealability and burnback resistance
o > Wztitert cc;n—
Room oo Foam Sealability test Burnback test ent o
temper- E;(;;ntgi;lzh- application - fuel at
ature period 2 min 10 min Thtgcfkness Burnback (t)}i}ef::g
after foam after foam | Of10am area iy
application application blanket application
(o) {min-sec) (min-sec) P (cm) (cmXcm) | (wt/vol %)
Ignition all along Foam
focn roan the wall — self s ae surged,
251 0’55 2'55 extinguishing No ignition 13.5 not 9.5
after 5” ignited
Ignition all along Foam
1t reQh the wall — self L surged,
22.2 608 6’58 extinguishing No ignition 20.0 not 23.7
after 20" ignited
Ignition all along Full fire
1t Y the wall — self s after
234 6'22 742 extinguishing No ignition 12.0 about 38.1
after 25" 310"
Ignition all along Full fire
1aqn ey the wall — self e . after
25.6 11'32 1142 extinguishing | NO ignition | 10.0 | Zp 0, 48.2
after 3" 20"
24.1 9'54” 1024”7 No ignition No ignition 12.0 20%20 45.8
233 13'15” 13'45” No ignition No ignition 10.0 18x18 53.6
214 11'23” 11'43" No ignition No ignition 12.0 21X21 48.2
21.2 8'51" 901" No ignition No ignition 12.0 25X25 40.6
No control Q"
T iqr| 26'49" foam
25.9 ?g:;; 26'49 application - - — - -
U stopped
application
No control e
Teqn| 26'58" foam
24.4 ?g;i; 26'58 application - - - — -
application | StoPpPed

*1 Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.
*2 15 min after the foam application period, a foam blanket of 15 cm X 15 cm was cut off,

the thickness of foam blanket was measured, continuously, the cut area was ignited.

5 min after the cut area was ignited, the burn area was measured.

TNOBERBTLENORHEAIR LT a7 F—5—
PSLIZ, 77/ ) > HOEEITET, TNTHEART
&L o7z, —H, 74 b7A—5—FC-30351%, i
KEREF I A RICRAT L2, kAR,
KU 7215emB 04 ) IS, B> LS & UKEK
BAMLEE, BREALL, FLBBRAEC BT,

RK, EREREOCTNLEAERBRIIEIAEL 2,
3.3 EEBGBIEOHE AL Bkt

Fig. 412RT &) 2 IBEK T AR AT, &Ko
NRERL D 2EBEDEH KA EBORECERE 125
B XDOWKE L CBBRIERED TS AFIC 2
DEERILL 2 28~ 2ok JICEEOBEN X
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Table 5 Comparative performance of new polar solvent type protein-based foam agents applied

Properties Temperature
of the foam of fuel
Preb Tfmpert:
eburn
Foam agent Fuel used fime Expansion . 2:5% Before Afger ?0;111’: ix?g
ratio rglrrxl;ge burning gsi(sﬁ:lr;g solution
(min) (min.sec) o) cO cO
New type ' 11
protein-A Acetone S 11.4 710 26.1 349 25.6
New type YoAn
protein-B " ” 12.1 6'04 29.0 35.0 26.8
3ﬁ¥é§5§ Isobutanol 10° 11.0 824" 22.6 33.9 22.1
New type 1t
protein-B " ” 11.5 739 23.3 350 21.5

The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of Fire

Research Institute of Japan No. 50 (1980)
Concentration of foam solution: 6 vol%
Pan:

Application rate:
Discharge pressure:
Foam nozzle:

20.0:0.8 ¢/min.m?
7.0+0.1 kg/cm?

FOFRMFBIC L » TERINEE, Hob Lo
B KBHEORETREEN T LETHBEITE
Y, MESIRESICREYELE, LaLl, &%
CELMELDELETIZFEN A -T2 LDEEDbR
%, ZO#ER(2 Tables 8~9 I R&3NTW5,
3.3.1 T7EY*—4—PSL&31 o4 —%—FC-3035
IORMOBERARBRENHEATIE, T2,
4T 7 — KT B F O KIS & T BREERE
YRR, F—REEHRTHFRTHEL N ZTEDEME
FEE (E—EKERERE)OE 2 3T -2l T
Wiz, LaL, BEEIC LY, BoOREMES RY 5 28T
ZOBREITIEENFNISEC L), BEEOBH LA
KDEERIZ T o 72, TOFER, HAERBRICIECT,
ok, EREREOWTREY, Tl Tidse
WA ERY), 4V 787 —NMIF L TLEKERR
BEmAKRE L -T2,
3.3.2 HBLEAF(CBETZ7aUF—%—PSL
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70.7 cm square and 40 cm high

Foam solution: premixed with fresh water
Fuel: depth 15 cm, amount 75 2

Japanese standard for protein foam
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by plunging application method to acetone and isobutanol fires in a small pan (0.5 m?)

Fuel vapor sealability and burnback resistance
Room Extinguish- Foam Sealability test ™! Burnback test *2 theéfcg?e]
temper- ing application t the end
ature time eriod 2 min 10 min Thickness at the en
P after foam | after foam | of foam Bu;x;::ck oflit'oam
application | application | blanket application
cO (min-sec) | (min-sec) (cm) (cmXcm) | (wtfvol %)
26.5 1'49" 2'19" No ignition | No ignition 14.0 34x34 24.9
29.3 1'37” 2'07" " " 15.0 30x30 24.1
21.7 3'32" 4'02" " ” 12.0 19x19 10.5
22.7 5'03” 528" " " 10.0 21X22 13.4

*1 Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.
*2 15 min after the foam application period, a foam blanket of 15 cm X 15 cm was cut off, the thickness
of foam blanket was measured, continuously, the cut area was ignited. 5 min after the cut area was

ignited, the burn area was measured.
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DN DHFEUME D LN S Z L »3# - 72, Table
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Table 6 Comparative performance of polar solvent type foam agents applied by plunging application method to

Properties of the foam | Temperature of fuel
Tempera- | poom s
Foam agent | 'Vater 25% After | fouming | tempera- | PXIREEINE
type | Expansion| drainage | Before | extin- | solution ture
ratio time burning | guishing
(minesec) | (°C) s 0 “C) (min-sec)
Modified 930" foam
National rapn application
Aero-Water- Fresh 9.0 18’30 19.0 — 20.5 22.9 stopped, not
PSL extinguished
., ) rag 15'48" self
8.8 26'38 15.9 30.0 18.2 19.1 extinguishing
” Synthetic P 17'37" self
sea 6.1 21'57 20.0 30.0 20.1 19.8 extinguishing
Light Water inqn hQt
FC.3035 Fresh 9.3 8'24 18.5 34.9 19.9 20.6 2'08
" Synthetic| g6 708" | 13.8 | 24.0 15.0 15.7 10'46"
New type '1Qn nan
protein-A Fresh 8.2 8'18 20.1 39.0 20.1 22.0 2'08
" Synthetic| g 1049" | 137 | 350 17.2 17.6 3'35"
New type regn 1y
protein-B Fresh 8.7 7'56 16.0 40.0 21.9 27.8 2'27
" f‘eya“theﬁc 7.8 1525" | 120 | 309 11.2 13.4 604"

zhE

Light Water FC-3035: modified FC-600
The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of Fire
Research Institute of Japan No. 50 (1980)
Concentration of foam solution: 6 vol%  Foam solution: premixed
Pan: 1 m square and 30 cm high
Fuel: gasoline (lead-free cleaning solvent of less than 10 wt percent n-heptane (JIS K 2201-5),
depth 10 cm, amount 1008
Preburn time: S min  Application rate: 2.5+0.12/min-m?
Discharge pressure: 7.0+0.1 kg/cm?
Foam nozzle: 1 /\/2 scale nozzle of the U.K. defence standard 42-21/24

ClnTvnie, ZOFER, KEHAERAILS Nd, ZOEPBEDOHEEL FTHIZEL - 28E LT,
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gasoline fires in a small pan (1 m?)

Fuel vapor sealability and burnback resistance
Foam Sealability test *1 Burnback test *2
application
period . . Thickness of Burnback
2 min after 10 min after foam blanket area
(min-sec) foam application | foam application (cm) (cm X cm)
9'30” foam
application - — - -
stopped
Ignition all along | Ignition all along
12'00" foam the wall — self the wall — self 18.0 Foam surged, not
application extinguishing extinguishing . ignited
stopped after 47" after 10"
12 Ignition all along | Ignition all along
16 ?i?:atfizim the wall — self the wall — self 14.0 Foam surged, not
?&p ed extinguishing extinguishing : ignited
PP after 1’ after 30"
Ignition all along
408" the wall — self _ 70 Full fire after
extinguishing : about §'
after 11°11"
Ignition all along | Ignition all along
. the wall - self |  the wall > self Aqueous film
11'46 Ves valn 11.0 formed, not
extinguishing extinguishing jenited
after 1'40" after 1'38" g
Ignition
et partially s
308 (immediately No ignition 5.5 27 X 29
extinguishing)
4'35" No ignition No ignition 7.5 35x 33
Ignition — self Ignition
327" extinguishing (immediately 8.0 30 x 30
after 2'06” extinguishing)
704" No ignition No ignition 14.0 24 X 26

*1 Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.

*2 15 min after the foam application period, a foam blanket of 15 cm X 15 cm was cut off, the thickness of

foam blanket was measured, continuously,

the cut area was ignited. 5 min after the cut area was ignited, the

burn area was measured.

B KFIDEKEENOHEFEL BRI L 28RE511 2%
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Table 7 Comparative performance of polar solvent type foam agents applied

Properties of Temperature
Water Fuel Pan Application the foam of fuel
Foam agent type depth rate
Expan- d 2.5% Before Af‘ger
: rainage . extin-
sion time burning guishing
(amount)|{{(cmX cmX cmH)| (2/min.m?) 1ato | (minsec) | CC) O

Modified
National 15cm A4
Aero-Water- Fresh (75 2) 70.7X70.7X40 5.0 9.1 19'44 22.8 31.0
PSL

" . (ﬁgggs 100X 100X 30 2.5 86 | 25'16" | 204 | 34.0

" Synthetic| " y 47 | 3257 | 181 | 330
Light Watel | Fresh " " ; 9.3 852" | 191 | 36.0

. Synthetic| . , 8.5 618" | 19.1 | 36.1
New type sy Y
protein-A Fresh " " " 8.5 10°20 18.2 36.7

, Synthetic| ; . 8.3 949" | 187 | 36.8
New type Fresh 86 | 1044” | 181 | 370
protein.B M " ,, . . .

" Synste};etic " ” ” 8.3 12'30" 17.5 33.1

Light Water FC-3035: modified FC-600

The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of Fire

Research Institute of Japan No. 50 (1980)
Concentration of foam solution: 6 vol%

Foam solution: premixed

Fuel: gasoline (lead-free cleaning solvent of less than 10 wt percent n-heptane (JIS K 2201-5))

Preburn time: S min
Discharge pressure: 7.010.1 kg/cm?

Foam nozzle: 1//2 scale nozzle of the U.K. defence standard 42-21/24

~NEITTRHOLERFELT, ETEIIREE
FRITLESTHREZRETS 2L, FLEHBHEELE
CL, FTHmEMZEC L OHIHRE, WEBEEL
BT 522, BEINEAERMEE(L /min . m )i,
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TRETHBEEZD,
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HED L S ICENT 5 H» % F~72, Tables 2~3, 6~
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by gentle application method to gasoline fires in small pans (1 m? and 0.5 m?)
Fuel vapor sealability and burnback resistance
Temper-| poom | Extin- | Foam ¥ *
?ture. of | temper- | guishing | 2PPlce" Sealability test ! Burnback test ~ 2
oaming . tion
: ature time : -
solution period 2 min after 10 min after Tglflcflézgis Burnback
foam foam blanket area
o) | €O |min-sec)|(min-seq)] ~ 2PPlication application (cm) (cmXcm)
Ignition all along | Ignition all along 4
Py Iyt the wall — self the wall — self Foam surged,
239 263 0'ss 1725 extinguishing extinguishing 5.0 not ignited
after 30" after 1'20”
Ignition all along | Ignition all along
1t 1aqn the wall — self the wall - selt 6.0 Foam surged,
20.5 209 1'38 238 extinguishing extinguishing not ignite%i
after 50" after 1'30"
Ignition all along | Ignition all along
1t 1y the wall — self the wall - self Foam surged,
19.7 21.0 323 523 extinguishing extinguishing 6.0 not ignite%l
after 1'25" after 45"
Ignition all along | Ignition all along Foam surged,
rycn e the wall — self the wall — self self extin:
19.2 18.3 1'25 225 extinguishing extinguishing 7.0 guishing after
after 1'10" after 2'25" 1'57"
Ignition all along | Ignition all along Full fire
Iy e the wall — self the wall — self 7.0 after
2Ll 23.1 227 427 extinguishing extinguishing about 30"
after 1'06” after 1'22”
Ignition partially | Ignition partially
20.5 21.7 532" 632" | — self extinguish- | — self extinguish- 10.0 23%23
ing after 30" ing after 40"
Ignition partially | Ignition partially
21.0 21.0 6'10" 7'10" | - self extinguish- | — self extinguish- 10.0 34X 33
ing after 7'04" ing after 2'38"
Ignition — self Ignition — self
20.3 22.8 413" 513" extinguishing extinguishing 8.5 28X 29
after 1'40” after 130"
Ignition partially | Ignition partially
g rqqn | — self extinguish- | — self extinguish- 15.0 17.5X19.5
19.7 20.3 8'47 8'47 ing after 703" ing after 43%

*1  Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.
*2 15 min after the foam application period, a foam blanket of 15 cm X 15 cm was cut off, the thickness
of foam blanket was measured, continuously, the cut area was ignited. 5 min after the cut area was

ignited, the burn area was measured.
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Table 8 Details of the compatibility of two polar solvent type

Properties of the foam| Temperature of fuel

Temper-
o Water atureof | (oot
type Expan- 25% Before After solution ature
sion drainage burni n’ extin-
ratio time . g guighing R R
(min-sec) 0 0 0 )

Modified National
Aero-Water-PSL Fresh 5.1 13'24" 21.0 28.1 20.0 239
+ Light Water FC-3035

" Synthetic

sea 5.3 10'04” 15.9 25.7 16.2 16.0

Modified National
Aero-Water-PSL Fresh 5.2 8'26" 20.4 27.8 19.7 20.9
+ New type protein-A

" Synthetic| 4 4 4'16" 16.3 - 16.1 18.5
sea
Modified National
Aero-Water-PSL Fresh 46 8'38" 19.3 28.5 19.0 20.0
+ New type protein-B
" Sy“ste};et‘c 5.1 7'10" 16.1 25.1 16.2 174
Light Water FC-3035 aQr
ENew type proteinA | Freh 5.2 4'49 17.8 387 18.6 18.2
" Sy"s"e};em 47 346" 15.5 38.0 15.1 16.4
Light Water FC-3035 At
S New type proteins | Freh 53 4'45 18.0 37.1 18.2 17.5
" svathetie] 48 415" | 170 400 16.7 18.9
New type protein-A ren
N tyme proteinB | Fresh 5.1 3'52 214 40.3 20.0 21.9
! Syr;te};etlc 49 6'35" 17.1 259 15.5 17.9

Light Water FC-3035: modified FC-600

The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of
Fire Research Institute of Japan No. 50 (1980)

Concentration of foam solution: 6 vol%  Foam solution: premixed

Pan: 70.7 cm square and 40 cm high Fuel: depth 15 cm, amount 752

Preburn time: 5§ min Application rate: 5.0+0.1 2/min-m?
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foams applied gently to acetone fires in a small pan (0.5 m?)
Fuel vapor sealability and burnback resistance Water
*1 Foam o content
Extin- applica- Sealability test *2 Burnback test  *3 of fuel at
guishing tion Thick the end of
time period 2 min after 10 min after ‘GonesS | Burnback foam
e G of foam licati
foam application | foam application | pianiet area application
(min-sec) | (min-sec) (cm) {cmXcm) (wt/vol %)
... Full fire aft
204" 4'04” | No ignition No ignition 5.0 al;loutu;,a e -
L 1 diatel
2°'49" 4'49" No ignition No ignition 6.0 fg:?}?r;a ey 9.5
2'46" 4'46" | No ignition No ignition 6.0 36X36 -
Ignition partially
- ot . (subsequently Full fire after
3'35 5'35 No ignition small edge fire 4.0 about 4’ -
continued)
213" 4'13" | No ignition No ignition 5.5 32x32 -
2'49" 4'49” | No ignition No ignition 5.5 32x32 9.5
' Inat L. L Full fi
12°03° 14’03 No ignition No ignition 4.5 a;é]utule:;g.er -
Ignition partially | Ignition partially fire o
12'42" | 14'42" | — self extinguish- |~ self extinguish- 5.0 Full fire after 36.4
. 7 . " about 130
ing after 15 ing after 3
923" | 11'23" | No ignition No ignition 6.0 12;,““ fire after -
Ignition partially | Ignition partially .
11'42" | 13'42" | — self extinguish- | self extinguish- 1.5 }L’H"gﬁ‘ately 36.4
after 3" ing after 2'35"
Ignition partially
10'47” 12’47" | — self extinguish- |No ignition 6.0 30x33 -
ing after 5"
321" 521" | No ignition No ignition 7.5 26X27 14.1

*1 Two small scale foam nozzles used together, each capable of a solution rate of 1.25 ¢pm at a discharge
pressure of 7.0+0.1 kg/cm?.

*2 Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.

*3 15 min after the foam application period, a foam blanket of 15 ¢cm X 15 cm was cut off, the thickness
of foam blanket was measured, continuously, the cut area was ignited. 5 min after the cut area was
ignited, the burn area was measured.
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Table 9 Details of the compatibility of two polar solvent type

Properties of the foam| Temperature of fuel | Temper.

Room
Foam VtVateér ?;:rrrfix?gf temper-
yP Expan- 25% Before After solution | 2ture
sion drainage burning extin-
ratio time . guloshlng R R
(min-sec) e (W) cC) O

Modified National
Aero-Water-PSL Fresh 4.9 15'13” 18.2 29.8 18.1 16.8
+ Light Water FC-3035

" Synthetic

sea 4.6 7'55" 12.8 30.1 12.0 134

Modified National
Aero-Water-PSL Fresh 4.7 1017 19.3 33.0 18.5 18.3
+ New type protein-A

" Svathetic] 47 5317 | 149 304 13.7 15.0
Modified National
Aero-Water-PSL Fresh 4.8 10°21" 18.5 31.0 18.4 18.6
+ New type protein-B
" Synthetic| ¢ s'a46” | 16.1 29.2 13.1 15.9
sea
Light Water FC-3035 1an
P New type protein A Fresh 5.1 4'32 17.6 33.2 18.0 184
" Synthetic| 4 4'04" 14.8 32.0 13.8 17.1
sea
Light Water FC-3035 reqn
ENew type protein B Fresh 5.2 3'54 21.8 32.0 19.1 19.9
. Synthetic 4.5 4'34" 16.1 31.0 14.1 17.6
sea
New type protein-A Fresh 5.1 4'34" 19.7 39.2 19.0 20.7
+ New type protein-B
' Syns?;etlc 4.5 8'01" 223 40.0 14.9 20.1

Light Water FC-3035: modified FC-600

The new type proteins A and B correspond to the proteins B and C respectively reported in the Report of
Fire Research Institute of Japan No. 50 (1980)

Concentration of foam solution: 6 vol%  Foam solution: premixed

Pan: 70.7 cm square and 40 cm high Fuel: depth 15 cm, amount 752

Preburn time: 10 min Application rate: 5.0£0.1 ¢/min-m?
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foams applied gently to isobutanol fires in a small pan (0.5 m?)

Fuel vapor sealability and burnback resistance
1 Foam co‘r):{(zt:tr of
gsﬁ\l{;{g applica- Sealability test *1 Burnback test ~ *3 | g
time tion Thick end of
period 2 min after 10 min after of! ; ogfﬁs Burnback foam

foam application | foam application blanket area application

{min.sec) | {(min-sec) (cm) (cmXcm) (wt/vol%)
0's57" 2'57" No ignition No ignition 4.0 27%X26 1.8

K Full fire aft
104" 304" .\ . 3.0 atl:outn;f'a er 15
114" 3'14" ” " 4.0 25%28 1.9
e g N " Full fire after

1'47 3'47 3.5 about 430" 1.6
132" 3'32" " " 4.0 27X217 24
211" 411" " ” 5.0 30x31 1.3
126" 326" " " 4.0 40x37 2.1
123" 323" ” " 3.0 43x45 1.5
126" 326" " ” 2.5 30%35 2.0
137" 337 " " 4.0 27x28 1.6
10'40" 12'40” " " 3.0 30x27 6.6
10'16” 12'16” " " 5.0 25x27 3.5

*] Two small scale foam nozzles used together, each capable of a solution rate of 1.25 2pm at a discharge
pressure of 7.0:0.1 kg/cm?®.

*2 Lighted torch was applied over the foam blanket 2, or 10 min after the foam application period.

*3 15 min after the foam application period, a foam blanket of 15 cm X 15 cm was cut off, the thickness
of foam blanket was measured, continuously, the cut area was ignited. S min after the cut area was
ignited, the burn area was measured.
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Table 10 Comparative performance of polar solvent type foam agents tested on acetone

for protein foam

*1 *2
. L. Application | Extinguishing
Foam agent Fuel used B‘f;;gllg Type of nozzle A%’éltﬁgéon rate time
(2/min-m?) (min-sec)
Modified
National Acetone L U.S. Standard Gentle 10.0 422"
Aero-Water-PSL

” " S U.K. Standard Plunging M 0'55"

" " " (17 scale) " 5.0 1'39
Light Water " L U.S. Standard Gentle 10.0 16'24"

" " S U.K. Standard Plunging " 622"

" " " ANZ e 23 " 5.0 1856
New type 23'52" self
protein-B " L U.S. Standard Gentle 10.0 extinguishing

" " S U.K. Standard Plunging " 1123

" " " (l/ﬁscale) ” 5.0 2222

Japanese Standard P

" " " for protein foam " 20.0 1'37
Modified
National Isobutanol L U.S. Standard Gentle 10.0 15'52"
Aero-Water-PSL

U.K. Standard . gan
" " S (1/</2 scale) Plunging 5.0 148
Light Water . L U.S. Standard Gentle 10.0 13'18"
U.K. Standard . (4
" " S (1//2 scale) Plunging 5.0 3'10
No control after
g‘fofeg?g " L U.S. Standard Gentle 10.0 | 21'40" foam
application
No control after
" " S U.S. Standard Plunging " 26'58" foam
application
” No control after

" " " " 5.0 18'51” foam

af \/i scale) application

R Y Y Japanese Standard ” 20.0 503"

The above data on double side-wall tank tests were cited from the Report of Fire Research Institute

of Japan No. 50 (1980)

The new type protein B corresponds to the protein C reported in the Report of Fire Research Institute

of Japan No. 50 (1980)

*1 L: Double side-wall tank, 1.5 m square and 1.45 m high.
S: Small scale pan, 70.7 cm square and 40 cm high.
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and isobutanol fires in a double side-wall tank (2.25 m?) and a small pan (0.5 m?)
Foam Fuel vapor sealability Thickness Water*
application of foam | content
period 2 min after 10 min after 15 min after blanket | of fuel
(min-sec) foam application foam application foam application (cm)  [(wt/vol %)
Flash at ignition over
o whole surface — self s s
1500 extinguishing No ignition No ignition 69.0 13.7
after 20"
Ignition all along the
2'55" wall — self extin- No ignition - 13.5 9.5
guishing after 5”
3'39” No ignition No ignition - 1.5 7.7
18'00" Ignition — self extin- | Ignition — self extin- | Ignition — self extin- 29.0 51.3
guishing after 2'40" guishing after 50" guishing after 2'25" . :
Ignition all along the
742" wall — self extinguish- No ignition - 12.0 38.1
ing after 25"
Ignition all along the
20'56" wall — self extinguish- No ignition - 6.0 49.8
ing after 10"
210 foam | tonition - self extin- | Ignition — self extin- | Ignition - self extin- 2.0 519
Stpof’ppp H guishing after 1'50” | guishing after 205" | guishing after 2'25" . :
11'43" No ignition No ignition - 12.0 48.2
24'22" No ignition No ignition - 115 54.4
2'07" No ignition No ignition - 15.0 24.1
Flash at ignition over | Fuel surface imm-
17'52" whole surface — self | ediately exposed, - — 13.3
extinguishing no further test
6'48" No ignition No ignition - 12.0 3.8
15'18” Ignition — self extin- | Ignition — self extin- Igrilgli.o n :f:gf extin- 21.0 11.6
guishing after 4'15" guishing after 30" guishing a ’ :
about 13
510" No ignition No ignition - 8.5 3.6
21'40" foam
application - - — - —
stopped
26'58" foam
application - — — — —
stopped
18'51" foam
application - - - - -
stopped
528" No ignition No ignition - 10.0 13.4

*2 U.S. Standard: Fed. Spec. 0-F-555C.
U.K. Standard: U.K. Defence Standard 42-21/24.
*3 The water content was measured at the time of extinguishment for the double side-wall tank fire
and at the end of foam application for the small pan fire.
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Evaluation of Abilities of Fire-Fighting
Foam Agents to Extinguish Polar-Type
Flammable Liquids (III)

—Performance of Single and Two Different Foams
by Respective Plunging
and Gentle Application Methods —

(Abstract)

Makoto Hoshino and Koji Hayashi
(Received May 28, 1981)

As an approach toward fire fighting of bulk storage tank fires by fire brigades, various
foams were tested on flammable liquid fires in a small scale single side-wall pan, especially
water-miscible solvent fires, by means of plunging application. As there is a possibility that in
actual fire situations two different foams will be applied to the tank fire simultaneously by a
fire brigade, the compatibility of two differt foams was also tested.

The test results are described as follows.

It was found that when polar-type foams were applied on the watermiscible solvent fire,
there were similar trends in their fire extinguishing ability between the tests with a single side
wall pan (square shaped, 0.5 m?) and those with a double side-wall tank (square shaped, 2.25
m?), the latter of which were conducted previously (described in the Reports of Fire Research
Institute of Japan No. 48 and 50). The tests with the single side-wall pan were conducted using
5 or 10 minutes preburn and plunging application, as against 30 minutes preburn and gentle
application for the tests with the double side-wall tank. The similar trends are presumably
attributed to the fact that there was little difference in fuel pickup and foam breakdown
between the two series of tests, although foam application methods and preburn times were
different according to the series.

Of the test conditions used in the tests, the following ones were found to produce a similar
extinguishing performance to that in the previous tests with the double side-wall tank. The
conditions were: pan 70.7 cm X 70.7 cm X 40 cmH, fuel depth 15 cm, preburn time 5~ 10
min, application method plunging application, foam solution premixed type, rate of appli-
cation 5 ¢/ min*m?® at 7.0+0.1 kg/ cm?, solution temperature 20+2°C, and fuel temperature
25+5°C. It is recommended that these conditions be adopted as screening test conditions.

The modified national aero-water PSL and an alcohol type light water FC-3035 (modified
FC-600) were found most suitable for extinguishing acetone and isobutanol fires, but had poor
resistance to re-ignition. However, the former foam was not suitable for extinguishing a gasoline
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fire because of the high fuel pickup. The new alcohol type protein-based foams containing fluo-
ro-chemicals had excellent vapor seal ability and burn-back resistance for watermiscible solvent
and gasoline, and also had a rapid extinguishment for gasoline fire, but, their extinguishment
ability for water miscible solvent fire, especially the isobutanol fire, was much lower than that
of modified national aero-water PSL or light water FC-3035.

For the compatibility tests conducted in the single side-wall pan, the gentle application
method was adopted instead of the plunging application method. There were some differences
in the extinguishing time and burn-back resistance on acetone and isobutanol fires, when the
two foams were used together. For example, the combination of the new alcohol type protein-
based and the modified national aero-water PSL gave superior fire control and burnback resist-
ance compared with a single foam alone. However, it does not seem to be sufficient to warrant
a strict avoidance of usuing any two different foams together in practice.
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Fig. 1 Static apparatus for the study of combustion
S: storage vessel of mixture, R: reservoir of gas
sample, DPG: differential pressure gauge, DP:
diffusion pump, RP: rotary pump, VE1l, VE2:
electromagnetic valves
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Fig. 2 Schematic diagram of observing system for the
emission duration of combustion
A: DC-amplifiers, TC: temperature controller,
F: electric furnace, DV: digital voltmeter, D:
differential circuit, CP: comparator, UC: electronic
counter, PA: pre-amplifier, PM: photomultiplier,
HV: high voltage supply, L1, L2: condenser lenses,
M: monochrometer, VEC: electromagnetic valve
controller
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Fig. 3 Pressure limits of propane-oxygen mixtures
1: C,H, + 2.920,, 2: C;H, + 3.50,, 3: C;H,
+ 50,, 4: C,H, + 70,, 5: C,H; + 120, (solid
lines: limits of normal flames, dashed lines: limits
of weak explosions)
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Fig. 4 Typical variation of the emission intensity of
CH radical with time (107.1 mmHg of C,H,; +50,
mixture at 590°C)
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myasebRLE ERILAZCE2FMT 5 &, CHsCl
DB ERNOBESR EIMT R L ZENRR 2
4, 03¢, CH2Clz, CCly, CHCls mIEIC EHBRANET
PREL T b RELA T DA, CHsBr,
CH:Bra MBI & T Ak % { % 4%, CHsBrizCCls &,
CH:Br2 (3CHCl: ¢ BREEICEARREZET S5,
WERMC LY EFENRR»ET L2 ERIZDTH
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Fig, 7 Pressure limits of the mixtures
1: C,H, +3.50, +0.5CH,Cl, 2 ----+0.5CH, Cl,,
3: ----+0.5CCl,, 4: ----+0.5CHCI,, dashed line:
C,H,; +3.50,
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Fig. 8 Pressure limits of the mixtures
1: C,H, + 3.50, + 0.5CH,, 2: ----+ 0.5N,, 3:
----+ 0.5CH, Br, 4: ----+ 0.5 CH, Br,, dashed line:
C,H; +3.50,
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Table 1 Relative values of the reciprocals of emission durations, 1/'(1 /4, o of various mixtures
(the values in the brackets of C,H, + 3.50, are the reciprocals of emission durations)

Mixture
dditive 590°C 615°C 640°C
0.5 Moles
CsH, +3.50, - (L4%g%“) (Lskgi*) (LG%g%”)

N, 0.99 0.99 0.95
CH, 0.85 0.88 0.88
CH,Cl 0.81 0.81 0.81
CH,Cl, 0.77 0.81 0.83
CHC, — - _
cal, 0.75 0.75 0.76
CH,Br 0.78 0.77 0.75
CH, Br, 0.74 0.71 0.74

Table 2 Relative values of the reciprocals of emission durations of C,Hy +2.920, mixture

(normarized by the values of C,H, + 3.50, mixture)

Mixture 590°C

615°C 640°C

C,H, +2.920, 0.90

0.88 0.92

BIEARDFIUZIZE L o2, £ 7 > OB,
ol BhFERERZ BRI, ZORARD1
/tisa,-DE%, FL&wRIEE LD CsHs +2.920: i
R4 (Table 2) S HET 2 &, 1UTF Lo 12,
L7zh»T, 2 R & 5 BUEERBOBAIR,
BAER[OBERLCBEERBCEE L 2720 TH D &
HHaEns,

CHCl: #B<EHRILA 7> 2mMLIZBERNL/
tisg, o DIEIE, WTHEL X7 HFEMBERLNANEL,
INLDEFEI A Z I3, MERIBRESI0~640°C DEIE
TioBWThH, 7o —BREAXDBKEORE
FEMGIL T3, BBERIDHEIIRIE, CCl L - &%
K&, CHsCl & CH2Cl: 1RIEETH -T2, —H,
CHCL Zi@mL 723410k, EdoBEmic L), R
B s PBRT 2L TCEAREN 2B CER
THZEDTELD 5720, tia DUWEMEIL, SIS
AT CEMBRDZENINAZ L L 2 HA%TRL,
MAERIL A F > DL ) L BRBINFREEDH B 2 &
WTELHh -7z,

RBRESED, HiR, KRETICH 2 —F —iEic

L BRETIE, BELA S DFhEREF
KB L, BENHMESIKEC LD VI
RPBLEN T2 REBTEL N EBo#ERIZ,
NW—F—FIL L AHREEL > T B, ZHIE, S—
F—RICERENETFRAKEDFEEIZIZ, LEHYE
BEORGEET, BRENHKE Lo gy e s
>H, HETFERGLEEINIY ~osrfbxr s
FOBGRIIGDEE R b A, EHREA,
RUENBENE I ICEEIZL B E, FOBRYEEE
BRESCLD, ZOBENBERTEL, otttz
Bbhs,

CHsBr 2L 7ZIBERD 1 /tise OEE, CCl
RIMEAREEREDLDE L), BRI L 5 MEN
HlzhRA, ZZ CRIEL -SEBICBV-TL, BXL
NEdPIcKREWZ Eab» 5, LaL, CH:Br: %
BIML7ZBARD 1 /tiae OEIZ, CHsBr mimgE4s
ROENEDDLTPICNEL Lol DBETHoT2, &
ERTHWIRHRIL A7 0B BRINE, EEL2
FoDEFIHEREL LTI LW, vyt
2D OBMBEIIFINRIL, BMBESFKELDL L,
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RIGEENEFRHEEN TR L2, bbT,
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NDEZIVRBTZ I TE L7z, LD T,
I TRV BREBENER OB RN B EEKTFIE, B
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Combustion Inhibition Effect of Halogenated

Methanes at High Temperature
—Fuel Rich Mixture —

(Abstract)

Naoshi SAITO
(Received June 2, 1981)

A static apparatus for the study of combustion has been employed to observe the combus-
tion inhibition effect of halogenated methanes in the initial temperature range 590 to 640°C.
The emission durations of CH and C, radicals for five propane-oxygen mixtures having differ-
ent equivalence ratios have been meseured when the mixtures exploded in the region of normal
flames. These emission durations have depended on the temperature but have been ii.dependent
of the pressure except the region near to the pressure limits. From this result, it has been con-
cluded that the reciprocals of constant emission durations, ty /4, = Were able to be used as an
index of the average burning velocity or reaction rate of the mixtures in this static system.
Using this result, the emission durations of CH and C, radicals of C3Hg +3.50, mixture with
six sorts of halogenated methanes, methane and nitrogen have been mesured and the reciprocals
of their values have been compared with each other. Consequently, except chloroform, all the
halogenated methanes used here have inhibited the combustion of rich propane mixture at high
temperature, but chloroform has been ineffective in the temperature region 590 to 640°C.
Carbontetrachloride has been the most effective inhibitor among chlorinated methanes, and
monobromomethane has been as effective as carbontetrachloride in this temperature range.
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BIRD T3 v BT =72, (DAP) TRHEL
HhLzelrao—2ilonT, RAELLo—2 &5
ML CEERPERE EBE 720 L) EREORE %
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’)730
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2.1 SHoOBRR
2.1.1 THPC-Amidefr I+ o0 — X

THPC(TF7XA A FaXs AFNKRAKR=T
LT7a 74 F) 80%KERISWt%, P AFo—I R
7 3~ (Sumitex Resin M3)10wt%, +F 1) x¥%/—i
T3 3wt%, REIOWtD 2 aLiRAKBETZFHEL,
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4~557FBREE, M0CT4~50BXT) 0 7%
Th S5, 20%, 2%H 0 KBEBR THBILKEL, kT
gl 7214, #950C CURMEBRI L LNET LY
—F—PIRFL TR, U>DEFER ) 5+
FED 7T UBBECL > THM LR, 1.67%TH
-2 7:0
2.1.2 THPOH-NH:#LE+t)a—X

80% THPCKiERIZ 25% NaOHKIER 22 TR pH
7R (THPOH B 2#R/BL, ZoEKIceLD
—AMEREBREL 28, 80~90C T3 ~100HEREE
¥, NHs YR CS5 @7 ) > 7%17% 5, DIk,

2%H: 0, KiZHKIC 2 FFE L TEBIEBRL, KTHkE
L 721, #950°C T24RFVERE CHB I L nE T
PHr—g—RICBEBELTHY 2, I ngh R, 3.31
%TH -1z,

2.2 RKEFZE

EFRVOBEIZACCEE, HEhEstuag
BB ZDSHIRIZEERD Y ICB~NL LD EFELTH B,

3. BRCER

3.1 REBZRICL TG

THPC-Amide$ & U'THPOH-NH:LE &)L 0—X0)
HERMRE RKUEB L0 — 25 L0°1 mol DAPLEE
o —xDEN s EHRICFig. LicRL 7z, &5,
INLNRBNE 1B BOSEEGIERE, S@EaTE
B, HIBEICBHRIER, Broideift 12k - Tko
ERPTOEEII AN X - AE L HERTF A% Table

[10)0] e—
- 80r
©
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Wo40F
x Heating Rate:10 (°C/min.) \\
T S
o Lol Environment: Air \\\
S (Flow rate:50mi/min.) NN
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Fig. 1 Thermogravimetric curves in air flow.
1. THPC-Amide treated cellulose
2. THPOH-NH, treated cellulose
3.1 mol DAP treated cellulose
4. Untreated cellulose
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Table 1 Temperatures and weight remainings at the decomposition start and end points,
and overall kinetic parameters of untreated cellulose and fire retardant celluloses
from the first stage decomposition in thermogravimetric analysis in air flow.

AE: Activation energy A: Frequency factor

First Stage
Decomp. start point | Decomp. end point AF A
Material T(%%g. Weigl(ll;o )Rem. T(%rgg. Weig?%) )Rem. (Kcal/mol) | (1/sec.)

Untreated Cellulose 295 96.5 327 22.0 70 7.0 X 10%5

1 mol DAP treated Cellulose 204 96.3 236 56.5 38 5.7 X 10'

THPC-Amide treated Cellulose | 272 96.7 304 56.0 69 3.7 X 102¢

THPOH-NH, treated Cellulose 263 95.4 279 59.0 90 1.9 x 103¢
1127w L7z, THPC-Amide & &* THPOH-NH; #LE 50
ero—2OVTRLRABE L L —2 L) S 1EE 300%¢
DG IRBAMHIBE AR, DAPALE cLe— 2N E N &
NEV, LT, BlLBEOFHEST S THORERI E 3250¢
FAKH L DAPRE Lo — 2 LB L (602 TH Y, = | 37T 350°C
D%, BEOMBEHC00CLILE THC, 600CTH  § JSoeC425°C 400°C
%iEEIZ, THPCAmide¥r Lo —2 TlE#H10%, %
THPOH-NH: LB 19— XA TIZ 1% TH - 12,
THORFLDAPAE Lo —2 - B 1 5Bk T
PREHITEALFAL TH Y, FHUHE  REO B % 700 706 300
DETLHEUL T3, Tz &k, @k, DAP TIME (sec¢ )

MErL o —2 rEEEAEEZETLZ L ERL T
%5, L2 L, DAPRIEBIZ LGP RIEHE RU B Z 113,
#EBHEL L CER»ToEEL AL F—, HER
FDECHLBELLTH S, THPC-AmidellH Lo
— 2 ¢ THPOH-NH:; LB Lo — A5G RREHE %
N3 &, BIHERIECEBICOT > T DICHL,
BEIR, 2512, EREVEEITEICEESR
AHREG, ZOERZX 2T 70ECICE>TAELD
mynEBbns,
3.2 SERGRBICLIERRLOEE

21% B FHA T THOTHPC-Amide LB /L2 —2
NHEEHSEME Y, SEIEEHFN300~450C, 25C
%A TFig. 212, & 512, THPOH-NH:L# £ )L 0 —
ZADFNR, DIRIEEEF275~450C, 25°C %A TFig.
R, TR LBEED LR L HICH@EHIE
Bz 7% - T (A, THPOH-NH:LE /Lo — 2T,
THPC-AmidefLE /Lo — 2|2 & 512 28 5
FREL 72, 2, MRABOBRETEEDENTHY,
FIZX2T ) IOHENENICLELNDERLNLS,

Fig. 2 Weight remaining curves of THPC-Amide
treated cellulose pyrolized in air flow in the tem-
perature range 300 ~ 450°C.

50
275°C
2
Nt 300°C
= 325°C
§25F $555¢350°C
w °
W 450°C 400°C
425°C
0 I 1
0 100 200 300
TIME (sec)

Fig. 3 Weight remaining curves of THPOH-NH,
treated cellulose pyrolized in air flow in the tem-
perature range 275 ~ 450°C.

I b NFRBSEERL LR LRAERERIEE
DEKREHE L, FOROESEEOYR - NEERE,
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Fig. 4 1n(—dX/dt)mayx vs. 1/T plots.
1. THPC-Amide treated cellulose
2. THPOH-NH, treated cellulose

Fig. 4icml 7z, ZoRH 5, ERBOBRKERRKL  (%/s)Th 5,

HEEFBEENEEEZRDD L, KDL I2h B, By RS B VITBIERIGIC BV T, RUBERE{L
THPC-AmideflF ¥+ o — 2 Lawvedhid, EBRVEELEEI—DOBER
<_¢Q(> (_ 18‘5><103) (300~ TEROENZETTHS, LoL, KED KL HIT

At/ max=T.9%X 102 exp T U8C)  monEBIcHGTIE, BEREC L - CERRE
d s 7.3X10% \ (348~ BEADERBEREESRL ), SiBICL 511 88EKE
(‘E =1.1X10° exp (_*T—> 496°C ) ) . i N
max. AP EL o7z, THIIEIBIZL D XA L B4
THPOH-NH:E ¥ Lo — 2 T2 FRERYIIIERBEEMIC AL, FAL5NDHE
d 19 25.6x10% \ (272~ ERYDT BRI SBRE L ST Bt
(-9%)  =2.6x10%xp (—f) 511C) RN T o e :
max. DI, FTRERELEDODRERYOBEISLY, &
d _ 2 2.9%10° \ (311~ KABRELMNZ 20 EBbh 5,
—=7 =3.5X10 —— o
(-%)... exp ) 498°C) KMF 4w —2, 1 mol DAP, THPC-Amide,

L, X=WW.x100, WiisHtics T sBER, THPOH-NH:LE o — 22D T hHEKREREL
Wl EETH S, kb5, RAERELHEEDHAL EE % 300~550°C IR FE&EFH, 50°C %14 T Table 2 i<

Table 2 Maximum weight loss rates of untreated cellulose and fire retardant célluloses
determined by isothermal decomposition.

Maximum Weight Loss Rate (1/min.)
Material
300°C 350°C 400°C 450°C 500°C 550°C ¥
Untreated Cellulose 0.32 1.1 1.8 3.0 4.8
1 mol DAP treated Cellulose 0.01 1.4 1.8 2.3 2.8 3.3
THPC-Amide treated Cellulose 0.045 0.6 14 3.0 5.6 10.2
THPOH-NH, treated Cellulose 0.62 2.1 3.0 4.0 5.1 6.4

% These values were obtained by extrapolating to 550°C using the relation equations between temperature
and maximum weight loss rate.
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DS EDL BREL 2L TL—EBIbRFENH
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Eirpe, —EBILRENOREREFHXICEEN LA
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Ikt s SRRIBEIC L 2 E L% Figs. 6, TITRL 7,
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Fig. 5 Gas chromatograms of pyrolysis products.
Decomposition temperature: 500°C,
Sample weight: 100 mg,
Air supply rate: 220 m@/min.
Gas chromatography column: 2 m, Porapak QS
(80 ~ 100 mesh)
NH: B Lo —20# 3EREREL 2, LfJ’ L,
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2 0¥ 31EF AL, THPOH-NH:LE 2L o — 25 5
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Table 3 Identification resuits of pyrolysis by GC-MS.

Untreated Cellulose THPC-Amide treated Cellulose | THPOH-NH, treated Cellulose
Pﬁg‘f Compound Compound Compound

1 Air Air Air

2 Carbon dioxide Carbon dioxide Carbon dioxide

3 Ethylene + Acetylene Ethylene + Acetylene Ethylene + Acetylene

4 Ethane Ethane Ethane

5 Water Water Water

6 Propylene Propylene Propylene

7 Propane Propane Propane

8 Methylacetylene or Allene Chloromethane Chloromethane

9 Methyl Alcohot Methyl Alcohol Methyi Alcohol
10 Acetaldehyde Acetaldehyde Acetaldehyde
11 Butene + Butadiene Butene + Butadiene Butene + Butadiene
12 Butene Butene
13 Acetonitrile Acetonitrile
14 Acmlfi;r;p}z:;?é‘e;y?i?mne Furan + Acetone (conf:il;la;l l;tﬁ: e/i%?(?lein)
15 Acrylonitrile Acrylonitrile
16 Isoprene C, Hydrocarbon + Allyl Alcohol
17 2, 5-Dihydrofuran Propionitrile Propionitrile

Methy! vinyl ketone +
18 Methyl ethyl ketone + 2, 5-Dihydrofuran 2, 5-Dihydrofuran
2-Methylfuran + [86]*1)
19 Crotonaldehyde %:tt}}l‘))',ll ;’:gﬁ ]lizigg: : Metgy&z"t};“{}l flfﬁ:;\ne +
2-Methylfuran

20 Benzene + Cyclohexane Crotonaldehyde + | ]"’2)
21 | 2, 5-Dimethylfuran + {100] %D Benzene h‘}:{‘;;{‘gy&%fg;ﬁ";e"tz;e
22 Methyfzslc?c}:;?;gsﬁ(etone 2, 5-Dimethylfuran
23 2, 5-Dimethylfuran Phenol
24 Toluene Phenol Methyl+p{09?r;>;l) ketone
25 Furfural Methyl propenyl ketone Toluene
26 Pyridine Furfural
27 Toluene
28 Xylene Furfural
29 Stylene + 2-Acetylfuran Xylene Xylene + Stylene
30 5-Methyl-2-furfural 2-Acetylfuran 2-Acetylfuran
31 5-Methyl-2-furfural 5-Methyl-2-furfural

«1) contains a compound having the molecular weightin [ ].
«2) contains a compound that we could not identify by GC-MS.
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Table 6 Toxicological comparison for pyrolysis products.

Acetaldehyde

Acetonitrile

Acrolein

Acrylonitrile “
“‘—

ST M
e s | mewm
T | swem

% Cris the concentration of the product that is fatal (o1 dangerous) to man in a 30-minutes exposure.
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Table 7 Toxicity index (/) and hazard index (Hmax.) of untreated cellulose,
THPC-Amide treated cellulose and THPOH-NH, treated cellulose.

Decomp. Temp. (°C) 350 400 450 500 550
Oxygen Conc. (%) IS |21 |15 | 21 |15 [ 21 {15 21| 15| 21
(-dX/dt)max. (1 /min.) 0.32 1.06 1.82 3.04 4.80
Ieo 03]062]05([05|06]|06]| 12 15]13] 1.7
2
Untreated Ieo 59 50|79 85198 | 11| 22| 24| 33| 37
Cellulose Lacrotein 39616112 10] 32| 25 | 40 | 39
3I; 6 9 | 15} 15 22| 22 55| 51} 74| 78
H 2 3 |16 | 16 | 40 | 40 | 170 | 160 | 360 | 370
(-dX/dt)max.(1/min.) 2.1 2.96 3.96 5.12 6.4
Ieo 03103[04)05}04|04]| 04| 06] 05|07
THPOH-NH, 2
treated I 75189871 93] 93]|104] 14.1|16.2]20.6| 234
Cellulose
3I; 78 [ 92| 93| 9.8| 9.7 108 14.5|16.8] 21.1| 24.1
H 16 | 19 | 28 | 29 | 38 |43 74 | 86 | 135 154
(-dX/dt)max.(1/min.)  0.60 1.43 3.02 5.62 10.2
THPC-Amide Ieo, 0810910 11]1.0}12]09]|12f11]14
treated
Collulose Ieo 50| 541063 172|737 72} 79| 92]|110]11.4
3I; 58| 63|73 83 83| 84| 88 [104]121]128
H 3 4 110 | 12| 27| 25 | 49 | 58 | 123 131
boavh, 500CHLESR LN, 550CI1I0% 5 ¢, BEHFSEL T30 THEH, Z1IC L b5kl

WTFNORB L RAE LD — 2 L) BRigs) R WTL FERBRE LN T —ZDFH R R E v,
CHWBER -T2, ZHUE, RO o — 22 (358 251, Fig. TO—B{LREREEDSBIEEICL S
RESBIILL>TT 7oL 4 > H ERIEHIC #50% BlbE A2 L, 20 LBEEIIRAEY L0 — 25

| 15%0a | 21%0,
400 |Untreated Cellulose * hd
THPC-Amide treated Cellulose PaN A
THPOH-NHg treated Cellulose Q [)

200

HAZARD INDEX

0

-s
0 350 400 450 500 550
TEMP (°C)

Fig. 8 Relations between temperature and hazard index.
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Toxic Gases from Flame Retardant

Cellulosic Materials
—THPC-Amide treated Cellulose and THPOH-N H;
treated Cellulose —

(Abstract)

Eiji Yanai and Naoshi Saito

(Received June 10, 1981)

The measurement of the weight loss rates and the analysis of the decomposition products
have been carried out to estimate the toxicity of gases generated from THPC-Amide treated
cellulose and THPOH-NH; treated cellulose in fire. These flame retardant celluloses have
decomposed at lower temperature than untreated one. The relations between absolute tem-
perature vs. maximum weight loss rate have been expressed by the following equations,
for THPC-Amide treated Cellulose,

(~dX/d)max.= 7.9 X 10'? exp (-18.5 X 10*/1) (300~348°C)

(-dX/dt)max. = 1.1 X 10° exp (-7.3 X 10%/T) (348~496°C)
for THPOH-NH; treated Cellulose,

(-dX/dt)max, = 2.6 X 10'° exp (-25.6 X 10%/1) (272~-311°C)

(-dX/df)max. = 3.5 X 10% exp (-2.9 X 10%/T) (311~498°C)
where, X = W/W, X 100, W is the residual weight at time 7, and W, is the initial weight.

About thirty of the decomposition products have been identified by means of gas
chromatography — mass spectrometry (GC—MS) and infrared spectroscopy. Carbon monoxide
was found to be the key product in estimating the toxicity of pyrolysis gases from flame
retardant celluloses. The toxic effects of other compounds were neglected because of their
small evolution. From the result of the estimation it was found that flame retardant celluloses
were as hazard as untreated one, but at the higher temperature the former were less hazardous
than the latter.
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Fig. 1 Flow chart of the suppression of fires
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Fig. 3 Real allocation of fire stations
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Table 1 Building coverage, fire spread rate and expected value of fires in each mesh

No | Bidcov. | Fespread | Bewecel | oNo | mia.cov | RS |
1 42.56 0.57 27 18 57.60 0.67 34
2 52.32 0.56 30 19 50.56 0.63 35
3 46.88 0.62 23 20 47.68 0.57 36
4 49.76 0.60 34 21 45.44 0.49 34
5 51.04 0.71 34 22 45.92 0.50 31
6 44.85 0.62 30 23 45.44 0.66 36
7 43.81 0.23 21 24 49.44 0.61 35
8 45.92 0.58 34 25 48.80 0.55 32
9 42.72 0.63 33 26 42.24 0.55 34
10 32 64 0.56 29 27 39.36 0.63 27
11 51.20 0.63 30 28 57.76 0.62 36
12 41.12 0.44 29 29 48.96 0.64 35
13 40.96 0.15 29 30 39.52 0.33 20
14 40.96 0.47 31 31 38.56 0.45 31
15 47.84 0.58 33 32 34.72 0.43 34
16 50.40 0.61 35 33 44.16 0.69 25
17 41.76 0.61 29 34 51.20 0.65 34
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The Optimal Allocation of Fire Stations

in Urban Area
—The Case in Jurisdiction of Nakano Fire Station—

Kohei Sagae
(Received June 15, 1981)

Square meshes method is used for decision of the optimal allocation of four fire stations in
jurisdiction of Nakano fire station:

In this paper the fire spread process as well as the distance between meshes were
considered.

The judgement of the optimal allocation consists of three conditions. The first is the mini-
malization of the total number of fire engines dispatched for the suppression of fires. The
second is the minimalization of the total dispatched number. The third is the minimalization of
the total travel distance from fire houses to all fire points. By these conditions, only one allo-
cation was selected, This allocation is a little different from the real one.
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Air Entrainment by Fire Plume between
Two Parallel Plates

Kohyu Satoh

(Received June 15, 1981)

The air entrainment by fire plume is important to discuss the fire spread in a building.
This entrainment is highly affected by the dimension of fire area, and therefore, a large fire
spreads much smoke compared with a small fire. In this report the relationship between fire
area and air entrainment, and also the effect of ceiling height are discussed.

1. Introduction

It is well-known that the spread of a fire area in a building causes a drastic increase of the
amount of smokel). Tt is also confirmed experimentally that the dimension of a fire source
highly affects the air entrainment. A fully developed fire entrains much air and spreads much
smoke compared with an idealized point heat source. Therefore, for the modeling of fire
phenomena, it is very important to study the air entrainment as functions of fire source dimen-
sion and compartment geometry.

McCaffrey? referred qualitatively to this phenomenon and McCaffrey and Rockett’s
study3) implies a much higher value required for the entrainment coefficients than the results
of flame plume model by Steward® . However, at the present time, the quantitative detailed
analysis is not fully developed.

In this study, a very simple burning-entrainment between two parallel circular plates will be
discussed to study the fire induced flow numerically. Zukoski®) et al. discussed the entrain-
ment rate using a free burning fire scheme and reported at most 1.3 times of the idealized point
heat source plume. Contrary to this, the study by Quintiere6) et al. shows as great as three
times the predicted value for the idealized point heat source. However, they discussed the
entrainment in an enclosure with a doorway. This scheme is not always the best set-up because
in an enclosure fire, it is difficult to study the entrainment effect on fire dimension without
taking into account the effect of an opening factor and the wall effect. According to recent
studies”® ventilation through room openings is highly affected by the opening geometry and
the wall effect. A free burning scheme is not the best, either, because the burning in building
fires is affected by the ceiling. Therefore, the burning scheme between two parallel plates with-
out any side walls is appropriate for the study of entrainment on a fire source dimension.
Figure 1 shows the geometry studied here, which has a constant volumetric heat source
between two parallel circular plates. The words «entrainment”, ““fire induced flow” and “‘venti-
lation” have the same meaning here.
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Figure 1 Geometry for this study.
L : Semidiameter of the ceiling plate
H : Height of the ceiling plate
D : Semidiameter of the heat source.
g : Gravitational accerelation
g : Volumetric heat source strength

In this report, the effect of a fire source dimension will be discussed first under the condi-
tion of a totally constant heat source strength and secondly under a constant heat source
strength per unit volume. Thirdly, the effect of a variable height of a ceiling plate will be dis-
cussed under the condition of constant heat. The effect of the height of ceiling on the burning
rate of liquid fuel has been studied by Takahashi®. Finally, the pressure difference by a
buoyant fire plume just beneath the ceiling plate will be discussed.

2. Calculations

In this study the three dimensional cylindrical coordinate is used for numerical calcula-
tions, but for simplicity the velocity component, temperature and pressure gradients in 6
direction are neglected. Therefore, the calculations were conducted for the two dimensional
plane in which the elemental volume is wedge-shaped with the angle § = 1 as shown in Figure 1.
The cell size in the r direction is not same, although it is uniform in the gravitational direction
(z direction). On the z axis where r = 0, the velocity component in the horizontal direction
(r direction) is zero and, here, no mass or energy flows in that direction.

Calculations are based on a differential field model' D1 Thermal radiation is not taken
into account and the ceiling and floor plates are assumed to be isolated. Boundary conditions at
the free boundary are given as zero velocity, zero temperature gradients, and constant ambient
pressure. The finite difference grid system consists of 28 in the r direction and 8 to 14 in the
z direction. Here, the semidiameter of the ceiling is chosen as the reference length L, because
the height of the ceiling and dimension of heat source are not constant. The height of the
ceiling A varies from L/7 to L/4 and the radius of the heat source D is taken tobe L/28,L/14,
L/7 and 3L/14. Here the height of the heat source is kept constant, i.e. L /28 in every case.

The dimensioniess heat source strength is given by equation (1).
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where ¢ is the volumetric heat source strength, “L” is the reference length, “po”" is the ambient
air density, “T,” is the ambient air temperature, “U,” is the reference velocity and “Cp” is
the specific heat of air. The steady state mass rate of flow 1 is calculated at the boundary, i.e.
the total outward flow (hot air) through the cylindrical surface at the boundary. This is
identical to the total inward flow (cold air) from the ambient air. The dimensionless mass rate
of flow M is defined by equation (2).
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where “A,” is the vent area, ie., Ao = 2nLH, “g” is the gravitational acceleration, and “§”
is the volumetric thermal expansion coefficient. The modified Grashof number is defined by
equation (3).
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where “1o”" is the ambient laminar viscosity.

The validity of computations is confirmed by the following conditions. 1) At the boundary
the outward mass flow rate is equal to the inward mass flow rate. 2) The outward heat flow at
the boundary is equal to the input heat into the heat source area. 3) The equation of mass
continuity is valid within a condition given in advance.

3. Results and Discussions
Calculational results for the variation of dimensionless mass rate of flow, M, with the
modified Grashof number, G,* are shown in Figure 2, where the results for 2 different ceiling
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Figure 2 Dimensionless ventilation as a function of modified Grashof number.
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heights, i.e., L/4 and L/7, and also 2 different heat source diameters, i.e., 3L/14 and L/28 are
shown. This figure also shows the similar bending portions which were reported in Reference 8.
When the heat source strength is small, the buoyancy effect dominates the flow. On the other
hand, the overall flow resistance in the flow field becomes more important with the increase of
heat source strength. Therefore, at small strength levels the ventilation is expected to increase
with the heat source strength, but at higher strength this trend reverses as shown in Figure 2.
According to Takahashi® when the ceiling height is higher than the heat source dimension, the
burning rate of fuel is independent of the ceiling height as in the case of a pool fire. In this
calculation the entrainment depends on the ceiling height, and therefore the excessive entrained
air may not join the burning. However, the increased air entrainment with the ceiling height will

increase the total amount of smoke. In order to predict the complete fire environment, the
numerical model which includes gas phase combustion!?

is presently under preparation by the
author.

The dimensionless mass rate of flow is presented in Figure 3 as a function of the dimen-
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Figure 3 The relationship of mass flow rate versus
dimensionless heat source diameter.

(1) and (.2) are at the dimensionless heat source

strength O = 88.57. (3)isat the dimensionless heat

source strength per volume Q/vol=5.536.
sionless diameter of the heat source. Here, curve 1 is at H = /4 and curve 2 is at H = /7, and
in both curves the total heat input is kept constant, i.e., O = 88.57 (dimensionless). Curve 3 is
at H = L/7 and the heat per unit volume is kept constant, i.e., Q/vol = 5.536 (dimensionless).
When the amount of generated heat is kept totally constant and the burning area increases, the
entrainment will increase as shown in curves 1 and 2. M and M’ in this figure are obtained by
extrapolation of curves 1 and 2 to diameter zero, namely, a fictitious point heat source.
According to this figure the entrainment ratio of the fully developed fire (D = 3L/14) to the
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point heat source is more than three times and still increases with the diameter of the heat
source. However, when the heat per unit volume is kept constant and the fire area spreads, that

is, the total heat input increases, the air entrainment is almost proportional to the heat source
dimension as shown in curve 3, which may be typical of fires in buildings. Therefore, the
amount of smoke will increase rapidly with the diameter of the burning area. This situation is
hazardous for the occupants of a building on fire.

The steady state air entrainment by a fire plume is depicted in Figure 4, which shows the

w: o= Wy
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(b): D «f3L/14;

Figure 4 Velocity distribution at the ceiling height

L/4. O = 88.57 (dimensionless)

velocity vector distribution. Figures 4-(a) and 4-(b) are at (D = L/14, H = L/4 and:Q=88.57)
and (D =3L/14,H = L[4 and () =88.57) respectively. This figure clearly shows that the entrain-

ment becomes more active with the increase of diameter of the fire source.

Figures 5-(a) and 5-(b) show the entrainment variation with the dimensionless radius. At the
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Figure 5 The entrainment variation with the dimensionless distance from the center of the heat

source.
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outside of the fire plume area the entrainment is proportional to the distance from the fire axis,
i.e., the concentric cylindrical surface area. Therefore, it is clear that the entrainment is
determined only by the fire plume.

Finally, relative pressure differences beneath the ceiling are shown in Figure 6. The relative
pressure difference dp(r) is obtained by equation (4).

dp(r) = —AW ...................................... (4)

where Ap(r), Ap(L) and Ap(0) stand for pressure differences from an equilibrium state at a
radius r from the center of heat source, at the boundary (# = L) and at the center of heat source
(r = 0) respectively. The curves 1-a and’1-b belong to D = L/7 and curves 2-aand 2-b are at D
= L/28. The pressure to the ceiling is affected in the wide range by a large fire source compared
with a small fire. However, the effect of the height of a ceiling with respect to pressure differ-
ence is small as shown in curves 1-a and 1-b, and also 2-a and 2-b of Figure 6. Heskestad'® has
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Figure 6 Pressure differences beneath the ceiling.
1-a and 1-b are for D = L/7 and 2-a and 2-b for
D = L/28. “a” denotes values at H = L/7 and
“b”atH=L/4. O=8857

obtained similar pressure difference curves experimentally and has discussed them theoretically,
using a functional relation of Ap/q, = fn(r/b) where Ap is the pressure differential in the im-
pact region, qo is the reference pressure, r is the radius from the fire axis and b is the character-

istic plume radius.

4. Conclusions

The entrainment characteristics obtained are useful for understanding a fire induced flow.
The entrainment by fire plume is highly affected by the diameter of a fire source as shown in
Figure 3. The entrainment ratio of a large fire to the point heat source is more than three times.
It is also clarified that when the increase of heat source strength coincides with the increase of
fire dimension, the amount of smoke is produced almost linearly with the fire spread. The en-
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trainment is determined only around the fire plume and increases with radius at the outside of
the fire source. This situation is also substantiated by the velocity vector distributions of
Figure 4. The dimension of fire source also affects the pressure distribution beneath the ceiling
as shown in Figure 6. Calculations by the numerical model which includes combustion pheno-

mena may be known shortly.
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1, 398EA HASHIRISITICAERE L Lo 72, ZHLIZIR
ThdviEEEHOEERFEHEN3.8mA H7.2m
OHEICh 22 L ETT,

B A KEREEE ) T, RMRILEFED ICET
L7z, 395HA 5 ASEFEADIE R % B L~ IR &
IR 5 &, RHARS L RHLAERR AR (5.4
m) BEROEREL—KT 5, LoL, AKEORM
P EBRBOAERRL £ CHRTERRREHZRE
T3 EABNTULETIZIBm E L), EROFRE
Jox CFBET B, hi, EERFEELERXTEH
B LA AKBORMTE C, NRETHHED
ERCBEL Cv 2 Eo BRI RERA L LCHRET

Table 1 Fire safe separation distance3)

Fire safe separation distance D {m)
Wind direction Time [min] From one-storeyed house | From one-storeyed house
to one-storeyed house to two-storeyed house
Leewards 0~10 D, =5+v/2 1.3 times of given
10 ~ 30 D,=15D, D in the left column
30 ~ 60 D, =3D,
> 60 D, =5D,
Windwards Independent from time D'=5+y/5
Side-windwards 0<t£30 D" =5+uv/4

v : wind velocity [m/s]
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Table 2 Ignition time 3)

med direction Time [min] Ignition time [min]
3+3/8-a+8-d/p,
Leewards 0~10 ty = 1+01s
D T 1, =(3+3/8 a+8-d/D) / (1+0.10+0.007")
10 ~ 30 =t,/1.2
30 ~ 60 t3 =t,/14
> 60 t,=t,/16
. . 3+3/8-a+8-d/D
Windwards LT T 000
. . t"=3+3/8 a+8-d/D"
Side-windwards 1+ 0.0055°

PUENHBLIEETL T B £ HLNb,

Table 2 THEE () %1.8m/ s » KEW(a)%7.2m,
FEMEH(d)24.0m (BB 33, 8m) LT
kaiybl’di%ﬁEL%k'&éif@kaﬁﬁSkH#F‘]’&
Ker 5, Table SOEREXEHII T E 0 1p=7.18
T (EBOERIZ6 %), 1'=8.695 (EB#HRIZL5
) EhB, 3, 405 MU E AL Th & 395482 4E
BET 2 % THBEEXIERIL v =2.0m/s, q =6.3m, d
TA48mELTHEAT D &, 1,=6.415 (EBOERL
1997) %3, =g, SR L TH 5 D FBIEER 5
éwﬁ#t:li%%ﬁ%%tiﬁﬁfﬁb%?i&)i & Jhdghy b
=L Twv oz, RBREMIRE S 2 b EEOE
PREL Loz b TR, o (T AB B & 2
BEER (=M% &) OBE (Fig. 6 I2R9) by

1200
1050
300
750
600
450
300

. Obtained from Hamada’s formula

Area (m2)

Burnt

150

0 10 20 30 40 50
Time (min)

Fig. 6. Relation between burnt area and times after
ignition.

@ : width of house [m]
d : distance between houses [m]
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BNCE (8) £0.5, THEKE 1M, RERE (a)
£6.3m& L TstEy | 72 3 f5% T M ) BRIt (Fig. 6
DFRFR) 3P R L, EBOHBEEIN Liz oy
RRE, WEHIADBEL 722 & 120 THE 2 7 B s
EibNd, EBREREIISVWTaL & HERE R B
k722 8 r RED edge effect (KEBH 77265
WEBREAEILET 22 8) pBbhlr ICHIED H 2,
—F, EHERITKKEBR A5 $1§U@%Tﬁ7b*ﬁ)ﬁ'ﬂ’o
NIERRNTH 2, EEH AKIZOWT I3EB LY
bREVIEBEEEES 5 2 72, ?EEI‘EV);:‘:L:&%@J
T BITIIBIRD o) k S EBR 77 W TRT+4T, 2542
ELDT =S OMABRY LETH S,

TR K R R B o kK BT
BORNEEY & B|ILL T, Bpagc2z L < L Tw3
HEREHBE D K/MT £ N % ST 2 By (FHfi) B flC
FoTRLY, FMEEEIE VIS IFEEBERE Dk
NS AL E L B 72, X DR TR A —
BUZNEL 2B, ERNAKTY, %72, Mok K1z
BwT {)ﬁﬁiﬁl‘ﬁ@%kﬁaﬁf}\ﬁ@i&%ﬁ%ﬁ@ﬁi 0
LRECEACHASERI S 2 - & b LR
@ﬁﬁtﬁ’%’lﬁéﬁ”?é ZEINLETHD, EERENS
RNERBENKE» 75 v 2 A== ET B
DIEBRENEEH2 L1 5,

I BICREL 2 BEBEEP L 22 L7, 2 54,
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3548, 5ABENKREBUEL KD, TOEDH
SRR & OIS O P REEED O HORK
(B REREE)DBERE KD b0 »Fig. TTH 5,

o tire spread among houses

tire spread in a house
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Fig. 7. Relations between maximum flame spread
velocities and average time.
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On the Fire Spread Rates of Real Wooden Houses

(Abstract)

Kunihiro Yamashita

(Received June 15, 1981)

In order to acquire the data of fire spread, some real tenement houses were burnt and
behaviours of fire spread were recorded in detail. One of five houses was ignited and fire spread
rates were controlled by the distance between houses in the first experiment.

Next, one room of a tenement house for three households was ignited in the second
experiment. In this experiment, fire spread rates were controlled by the two earthern walls
which divided the tenement house.

As results of this experiment, the progress of fire spread were obtained graphically, and the
relation between the burnt area and time was compared with Hamada’s formula about the fire
spread rate.

Experimental burnt area at a given time after ignition is smaller than those obtained from
Hamada’s formula. This difference is seemed to be caused by the edge effect which arises from
the absence of houses around fires.
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