$42% FE5H Fo Y N Vol. 42 No. 5
2026 £ 9 A FOREST ENGINEERING Sep.,2026

-2 #% B3 5% Construction and Protection of Forest Resources -

R EN AR LR A R % L Sid)Z R T
ek J2 B ek KK P 52 5 R

LT, WREK, IR, TR, TR, 04T, BER
(FAbtk b X F REFR, &5 % 150040)

W OE: WEXRBIAERBIOARRKR, EEESBREMNTHSENHEAEH. AL, LUISKERIRATHIAH
RUR, EEABRXNRET, BEARTENNEEHBARERGE, BTKFEESEEEZENNEENB X EETH
SRR ERBEIRENH, NBABACKRERMNBNERERMAECKE. TRU2MBENEESERE/IKFE
EARLEE, WREITHE. ERABBRIMNARTELZNEBTEASMNERER. RREERXIEREEIARE,
FIELRIOHITENESE, HREMRNEESEAXEE, HRERRKH, 1) BEEAETEE (BXEEEEM) B
ELENESNG, HRRAOIRERE40%~46%; 2) REFEBHBZTINEER, KESIET2ME IR R/ EH IR
EHEEREHONEER; 3) EZABTEMNSIREE—IBERBNEBEESE (250 °C), BEAKREJEAE R
MNELR; 4) F— T BENAREENRAEGANTHEGRLURUER, FERERILSBHHOIHIGRE, B
IR RERFFSS; 5) EE—ITBELWT, RIMHNBE-_IEE-RRMEEEBS0%IMEXEEBHREASENREL
R (S#BH 10563 °C), LHMMEMERERA. XXBUBXZZEFZMPNERYE, FOSERBEMNAREELLAE
REERERRE(FRIYIRLIENH.

RigiE: WK KITH; KENEERE,;, IMMEE,; BHERR, DAL

hESES: S762.1 XERIREG: A DOI: 10.7525/j.issn.1006-8023.2026.05.002

Horizontal Spread of Crown Fires in a Dual-Layer Pinus koraiensis
Canopy : Effects of Bulk Density and Canopy Gap Width Revealed
through Controlled Ignition Experiments

GAO Jiangxue, HU Tongxin", SUN Long, DU Yimin, QI Zhenbo, CHEN Boxuan, FAN Jiale
(School of Forestry, Northeast Forestry University, Harbin 150040, China)

Abstract: Crown fires are among the most destructive forest forms of wildland fire, however, their spread mechanisms
within multi-layer canopy structures remain insufficiently understood. Therefore, this work focused on Pinus koraiensis
plantation, characterized by high crow fire susceptibility. Through a series of controlled laboratory experiments, we in-
vestigated the coupled regulatory effects of horizontal canopy spacing and canopy bulk density on crown fire spread behav-
ior and burning intensity in a dual-layer canopy system, with the aim of providing a theoretical basis for refined fire mod-
eling and prevention strategies. Experiments were conducted in a wind-free indoor environment, and the research was
carried out through controlled dual-layer canopy crown fire burning experiments. The primary variables were the bulk
density loads of two canopies and the horizontal spacing between canopy elements, each examined at three gradient lev-
els. A thermocouple array and heat flux sensors were deployed to simultaneously measure internal temperature fields, ra-
diant heat flux density, and flame front arrival times. All experimental conditions were fully replicated, with surface fire
spread and adiabatic configurations included as control groups for comparison. Under calm wind and laboratory small-
scale conditions, the research results indicated that: (1) radiant heat transfer was the dominant mechanism for energy
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transfer between canopies (without direct flame contact) , and the proportion of heat flow remained stable at 40%~46%.
(2) There was a clear control mechanism transition in the system. As the spacing decreased, the fire spread processed
transitions from fuel control to heat transfer control mechanism. (3) There was a clear temperature threshold for the igni-
tion of the second canopy (250 °C), and the front edge temperature can serve as an effective real-time prediction indica-
tor. (4) The heat flux density of the first canopy had a nonlinear reinforcing effect on the overall fire behavior of the sys-
tem. There was an optimal ratio and a clear overload critical value, and it weakened after exceeding the critical value.
(5) Under the influence of the first canopy, the reignited second canopy showed a 50% probability of its temperature sig-
nificantly exceeding the intensity ceiling of natural spread (up to 105. 63 °C higher) , achieving enhanced combustion
performance. This illustrates hte complexity of crown fire as a multi factor systyem, indicating that any model aimed at
precise prediction must take into account the nonlinear mechanisms of the interactions among the canopy structures.

Keywords: Crown fire; fire behavior; horizontally arranged dual-layer canopy; bulk density; radiant heat flux; Pinus

koraiensis plantation
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Tab. 1 Basic information survey of sample plots

S M /m 1% /cm AR MR AT/ (kg m™) R IKEE /%
sample plot number tree height diameter at breast height canopy density surface fuel bulk density fuel moisture content

1 16.1+2.4 21.7+19 0.7 09+0.1 13.9+0.4

2 183+12 22131 0.8 09+0.1 17.7+0.9

3 233+15 26.4+2.6 0.9 1.001 20.8+0.6
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Tab. 2 Experimental result statistics table

i d/mm TR B R/ % ¢/ (kg m™) ¢ /(kg-m™) C25| M4
experiment number canopy moisture content ! 2 C2 ignition result
1~4 450 49.86 + 0.68 2.50 2.50 -
5~6 450 49.14 £ 1.06 5.00 2.50 -
7~8 450 50.78 + 0.94 7.50 2.50 Do
9~10 450 4892 +1.64 2.50 5.00 +,
11~13 450 51.57 + 0.22 5.00 5.00 +, 0+
14~15 450 50.25 = 1.70 7.50 5.00 +k
16~17 450 49.61 £ 0.12 2.50 7.50 S
18~21 450 51.80 +1.24 5.00 7.50 -
A3 450 48.35 £ 0.54 7.50 7.50 Sp=
24~26 300 50.94 +1.88 2.50 2.50 +k
27~28 300 49.29 £ 0.36 5.00 2.50 S
29~32 300 51.08 £1.14 7.50 2.50 o,
33~34 300 48.60 + 0.78 2.50 5.00 ++
35~36 300 49.75 +1.44 5.00 5.00 -
37~38 300 50.12 £ 0.96 7.50 5.00 -,-
39~40 300 48.88 +1.62 2.50 7.50 -,
41~42 300 52.00 + 0.20 5.00 7.50 Sp=
43~44 300 49.47 +1.38 7.50 7.50 -
45~46 150 51.66 + 0.66 2.50 2.50 -
47~50 150 4821+ 1.74 5.00 2.50 --,t
Bl 150 50.58 £1.08 7.50 2.50 ++
53~56 150 49.03 £ 0.08 2.50 5.00 +k
57~60 150 51.95 +1.90 5.00 5.00 ==
61~64 150 48.74 +0.42 7.50 5.00 o,
65~68 150 51.27 £ 1.56 2.50 7.50 =i,
69~70 150 49.86 + 0.84 5.00 7.50 +k
71~72 150 50.39 £1.26 7.50 7.50 EP

o+ B - KRB,
Note: +. Ignited; —. Unignited

C,=5.0 kg/m*; C,=7. 5 kg/m*.C,=7. 5 kg/m*4}) , C2 A&
WG IR AE CL N E 7. 5 kg/m* I, 2.5 kg/m’ ) C, 1
SRS AR I SRS o 72150 mm [AIFE &R,
AR EH b C B R, C2 B S IR L (H C =
2.5 kg/m’\C,=5. 0 kg/m* Z—4H¢f; K& TH T, R
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Fig. 2 Characteristic zone's temperature curve in typical experiments
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Fig. 3 When the spacing is 450mm temperature curve in typical experiments inside C2
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Fig. 4 When the spacing is 300 mm temperature curve in typical experiments inside C2
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Fig. 5 When the spacing is 150 mm temperature curve in typical experiments inside C2
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