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Semi-numerical Study on the Flame Tilt Equation due to Wind
on the Surface Fire in Forest Fire
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ABSTRACT

The wind is very important factor in forest fire spread. Flame spread has a change through wind
pattern change in forest fire. In order to analyze the forest fire flame spread rate, change of flame tilt
depending on wind may be considering first. This is be cause the flame spread rate varies by the
flame tilt changed due to transfer of heat. Especially, as wind speed grow, flame gets closer to surface,
heat transfer ratio increase, virgin fuel bed reaches ignition temperature more rapidly, and flame
moves faster. This study deduces, through experiment and physical figure analysis, relations on the
change behavior of flame tilt due to wind. The value of flame tilt angle calculated from the equation
and the experiment value showed average error angle of 3.3° which is relatively smaller than results
of previous studies that used other coefficient. Froude number coefficient 4 can be calculated in the
method provided in this research for estimation of flame tilt angle of virgin fuel bed with varying
thermal properties. The research finding is expected to be applied to future studies on flame spread
through numerical analysis of heat transfer.
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Figure 1. Change of flame tilt depending on flame width.
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Table 1. Fuel Characteristics for Combustion Test in Wind
Condition

Fuel Type Fuel Density | FMC | Fuel Depth
(kg/m’) (%) (m)
P. densiflora 20 1342 01

Wind Direction [

3.0m/s

1.0m/s

Figure 3. Experiment on wind-driven change of flame tilt
at no-slope condition in a wind tunnel.
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Figure 2. Wind tunnel device to measure flame tilt and flame spread rate changed due to wind and the flame spread rate.

Bl SFE] =] A23H A5 E, 2009 H



AHE A|3gslollre] vl o3 s1Az sl A =] dd A AT 93

90 4 T
80 Nt E___é_:w=@==é;—_e::_@_
Nt A
L 60 - Teeeerees et e e [ ]
Qg [l S LA R e e L
2 : : ! !
& 40 7 BN i Rl S Hi s T
§ 30 1 me B il b rali My o
20 fofBendennn S e
10 fffonedendones N
0 d ' ; ; ;
0 2 3 4 5

Wind speed (m/s)

Figure 4. Experimental the flame tilt (¢y) and the angle
between flame and surface (0,).

4, & o}

4.1 spdzt MEHAn

Z&o) e A wst Ad A, Figure 491 72o]
F&o] F/HETE szl AA s AFHIE
Aol zto] Folus AL I & Ut} Ed, 39
7t st AEH Aol Zho] 45°2 FU3| A& A
AL F50] & 1.05m/sA wolH F50] 3m/s ]/l
A= st 7ol oF 80° oo 2 sldo] X W] AL

HellA e & 7 ok

4.2 =E)SxI51A (Semi-numerical)2 S8 5132t
A}g
12 Froude

Sol me sz wslel o 334
HE @2 A

numberoﬂ 3t sldz #AA
g 4

2

tan@,sing,, = 1. 85U— @)
gLy

o371A, tang,,ocFr = Uy =LO]E}.

JeH; JgLicoso,

Ag Aol digh zke] 342 Albini(1981), Putnam
(1965)2} 7ol Ao ZHE )43 (algebraically
solved)o|u A4S 3l
A B ATFoM e AF 4S8 B3

[e]

Z} W33k Froude Numbers}e] 33aA4 £45 &
AFoz Aglst] AT A 1.855 T8 210l 3

85k @)} 2ol »}E}a % 9ok
371, BAEY Az WEe gL 2
o 1 step: T AR LB]— Fr number Z}t3¢] 3}

7t 2APE(y ) A3
o 2 step: AR} A (d;=y;-¥)
4714, ,z (v-5)=0
e 3 step: 2
ekl A AE 48

A data 7N

e 4 step:
o714 c/JN, N

5. 1 g
2 Ago|x ) 37t Ws) 2ol glo] 31 AFo)
AR L Holt kgl Aue e A =
Aoxe] F&o olg 197t wslol disl AF Az

W A@), 3) 2L FAEHE S TR e
AT A=1.855 &8 240l thet vlaAd 3= Figure
591 . o714 A Aot ZF AAE A s3] H
+ Q27 Albini(A = 1.22) -8 2](2)= 8.3°, Putham
(A=14) Hg A(3)e 57 283 A=1.85 AAB 2]

= 33°Z YeH 54 2794 Froude numbers
7]_:—§ atod AATE 2 HE3(Q), (3), @)F 23k
o] gk stdZzHe )l ek #A 2= Figure 63
Ao o714 FAgtEel 92 A} 2 ABvin
Aol 2 Holg AL 7tzke] A dataZFE] Bh5a
(algebraically solved) == TAEAS S8 4 B2F
AT AE A&307] wEoltt wakx 7] 24
/\E’]o] E}.% OﬂEE'- ?G,g_tﬂ- 7310 H =7 Oﬂ}\i 7] §‘l- ]-
We 3 7 A5 23 741T WS Agskd At
&4 (computational solving)*] Xt} & HILE 7}
s ‘El‘:‘r 4714 3td71&7] owoll tiE tangko] 4
@] F<A F2)9lA Froude numberdll H]&|3}7] wi&
o] Figure 69] tang,= 3% BT

_11m

920

T T H T T H
H 1 | 1 1 ]
VY MRS SO IR SUIR -g-ﬁ--%--
i 1 H 1
70 "_-E'__L__E__E_'El-g-ﬁ_ —-i---l-_-
2 o Lo g - S N S B
S 60 +--b--b-G-b---
- 50 H _é g .e- 1| © @Exp. flame tilt(9,, )
= E i : : X @AlbiniA=1.22
9 40 +--F-B--b-—-----o H
£ : 1 i 1 1| A®@PutnamA4=1.4
= 30 +- il bl pl H
= :_ H : 1o @proposed 4=1.85
20 - A Y T ] | 1
O N R A NN N
og—— I : : :
0 1 2 3 4 5

Wind speed (m/s)

Figure 5. Experimental data vs. results of related equations
for wind-driven change of flame tilt.

J. of Korean Institute of Fire Sci. & Eng., Vol. 23, No. 5, 2009



94
10 T H
9 | O D Exp. tan( P.) i ___ R I
X @AlbiniA=1.22 ! S
8 A ®Putnam 4=1.4 TTETTTTT T ------- :-/O’_l -----
7 |- @proposed 4=1.85 [~~~ ~-—~ M S i
=6 i '
S
~ 5
=
S 4
3
2
1
(1]

Figure 6. Comparison of predictions from tang,, in flame
tilt equations (eq. (2), (3), (4)) based on Froude number (Fr)
in wind.

6. & =
Sl wE sk wistel tig A3} Froude
numberel] 7|22 3§ F-FA A A, sA7t ¥}

A& S8l 2@)et ol AASIAT. AAE 2
oF 337 U
md 2o v A@a AR A3E YERL
wehr] B AFA JayE sdd Hge A% &
FH o] §9A8E8 7= Aoz AFEY. Froude
Numberg 7122 3 X xALEZ] 3197

ze dmel 94 540

AFollx AAE WS E3) Froude number Al
AE AANET F 3L FF, o] AFE Tl g &
AsME B AT &8 F dg e
2 Algdnh
o o

Hy, : &7l =0l(m)

Ly 3lg4dol(m)

Hy : 3l9=ol(m)

D 3¢9 F(m)

0 3 A ZFEHEA Aol ZHO)

o 3 71710

A EESE gl A

U, :3%(m/s)

g FEHEE(S?)

i Ak

y oo oA

d EF

c AR

SFf Sl A £ B 8S] =it R] A23H A5E, 2009

=M

e

10.

12.

13.

AR, 84,

CAEA, ol R, AEE, oMY, “AEEE H3H

. RM. Nelson,

TnEx

W, oW R, A, A%}
B iAol w3 Aoy o7, A=kl a

8H8]=5-7], Vol.22, No.3, pp.258-264(2008).

o 2

i

e B3 w9 A, SRl s skl
18] =53, pp.379-384(2006).

ulgl, 2164, A48, A, BALL o] g8 &
Uael FRUE Qele] A4 B, faba
1}8}8) =%4], Vol.21, No.3, pp.33-41(2007).

:

LA, b, olHu, 199, 495 Sl

Ao HAEAE? 200995 7| S =R R3] =

4, e=rshA ek, pp.365-371(2009).

. D.H. Kim, “Forest Fire Risk Assessment through

Analyzing Ignition Characteristics of Forest Fuel
Bed”, V International Conference on Forest Fire
Research, pp.30-31(2006).

. F.A. Albini, “A Model for the Wind-blown Flame

from a Line Fire”, Combust. Flame, Vol.43, pp.155-
174(1981).

. F.A. Albini, “A Model for Fire Spread in Wildland

Fuels by Radiation”, Combustion Sci. Technology.
Vol.42, pp.229-58(1985).

Jr. and C.A. Adkins, “Flame
Characteristics 0 Wind-driven Surface Fires”, Can.
J. For. Res., Vol.16, pp.1293-1300(1986).

. A/A. Putnam, “A Model Study Win-blown Free

Burning Fires”, Proceedings of the 14th Symposium
(Int)  Combustion, pp.1039-1107(1965). (The
combustion Institute: Pittsburgh).

F. Morandini, P.A. Santono and J.H. Balbi, “The
Contribution of Radiant Heat Transfer to Laboratory-
scale Fire Spread under the Influences of Wind and
Slope”, Fire Safety Journal, Vol.36, pp.519-543
(2001).

. P.A. Santoni and J.H. Balbi, “Modelling of Two-

dimensional Flame Spread Across a Sloping Fuel
Bed”, Fire Safety Journal, Vol.31, pp.201-225
(1998).

J.B. Fang, “An Investigation of the Effect of
Controlled Wind on the Rate of Fire Spread”, Ph.D.
dissertation, Department of \Chemical Engineering,
Univ. of New Brunswick, Fredericton(1969).

R.C. Rothermel and H.E. Anderson, “Fire Spread
Characteristics Determined in the Raboratory”,
USDA For. Serv. Intermountain Forest Rnge Exp.
Res. Pap. INT-30(1966).

. RM. Nelson, Jr., “Flame Characteristics for Fires in

Southern Fuels”, USDA Forest Service. Southeast.
For. Exp. Stn. Res. Pap. SE-205(1980).



AHE Aagsjolre] wigel o7k sjH7t WSk Ay sl B3 A8 AT 95

15. Wendy Anderson, Elsa Pastor, Bret Butler, Edward Laboratory and Field Data”, Forest Ecology and
Catchpole, Jean-Luc Dupuy, Paulo Fernandes, Management. 234S, S77(2006).
Mercedes Guijarro, Jose-Miguel Mendes-Lopes and 16. David R. Weise and Gregory S. Biging, “Effects of
Joao Ventura, “Evaluating Models to Estimate Wind Velocity and Slope on Flame Properties”,
Flame Characteristics for Free-burning Fires using Can. J. For. Res., Vol.26, pp.1849-1858(1996).

J. of Korean Institute of Fire Sci. & Eng., Vol. 23, No. 5, 2009




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


