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The Fire Triangle new paradigm — R. Paugam

Introduction:

Fire
Behaviour

Topography
constant
FI =H w ROS
ey
Fl:  Fire Intensity ) TOpO. .
H:  Low Heat of Combustion Ambient Wind

W: Fuel Load o

. Fuel Class [Scott and Burgan]
ROS: Rate of Spread

Vegetation

regrowth = f(X,T)

Atmospheric
composition = f(X,T)

s

Cirm

moIs (x.1) Behaviour

Topography

FI = H w ROS(vegetation,plume)

most of the variability

X,t: global, ecological time scale
x,t: fire behavior scales (meter, second)



UNIVERSITAT POLITECNICA DE CATALUNYA
m BARCELONATECH
Centre for Technological Risk Studies

FRE:Fire Radiative Energy
FRP: Fire Radiative Power
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Fire observation Scales:

FuelMass —— 368 FRE

Consumption

[ke] [MJ]

2

MIR Brightness

Wooster et al 2005

n
FRPrpug = €0 Z T

Biomass combusted (kg) — 0.368. FRE(M) ©
k=1 1 ©—0.98 n—29, p<0.0001, RMSE — 0.24 kg ’ -
51
Ly sir = eraraT?
5
\ :'.F.Ef i
FRPyr = | — | Ly Mir ]
a.Ef MIR &
* | Lambertian source
e gray body I
* Retrieve radiative flux from one wave length
e Absorption from atmospheric water vapor A
[ )

BaCkgrOU nd Firc Radiative Encrgy (M)
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Introduction:

Landscape Scale «

FRE:Fire Radiative Energy

Fire observation Scales: FRP: Fire Radiative Power

FuelMass - 0,368 FRE

Consumption

2

MIR Brightness

Fire Field Scale

Objectives:
1. Setting up a robust methodology for estimating fire behavior (FB)
metrics at high spatial and temporal resolution [1m, 1Hz]
(a) orthorectification
(b) segmentation
(c) computation of FB metrics

2. Using local FB [flaming + smoldering] to simulate wind flow

Can we used airborne IR fire observation
The Fire Burner methodology: convert FB to Heat release Rate Map

and atmospheric modeling to compute

local Fire behavior [FB] metrics and wind Fire behavior metrics:

field. * ROS (m/s) * Burning time (s) * FRP (kW)
* Flame Depth (m) ¢ Flaming Residence time (s) ¢ FRE (kJ)
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i . FRE:Fire Radiative Energy
Introduction: FRP: Fire Radiative Power

Fire Field Scale

Centre for Technological Risk Studies

March 2010, UK Northumberland

ignition.corner
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Fieldwork Campaign

4 burns conducted in 2014 in Kruger Natioanl| Park.
Operated from the helicopter:

MARIE CURI

A iddle Infra Red (MIR) Camera
ING'S = MIR Camera (FLIR Agema 550, 3Hz, T>470K) ~ FLIR - Agema 550 (3Hz)

Coll
LON%S q " LWIR Camera (Optris 400, 1Hz, 270-900K)

= visible GoPro with IR filter removed
University of London

*Pause of the came npredictable

visible (3840x2880 px) LWIR (382x288 px)

5-
5

1y

t=922s
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Georeferencing LWIR

=

T(K)

80
60
40
20
0

140
120
100

Shabenil:

*No Corner Fire
*|ntense fire

No fix Ground Control Point (Corner Fire)
Flat terrain
Use Ground Control Points only on the first image
Compute homography matrix to warp image with
the combination of

* afeature-based method (Lucas—Kanade of n

last processed images as a template
e a multi-resolution area-based (Enhanced

m) 2n step: Georeferencing + Optimization to
correct for parallax effects using feature in
the cooling vegetation

200 -

175 A

150 -

125 A

100 4

75

50 1

25 1

m) 3" step: Filtering
on SSIM time
series. 20% of
the original
images are
removed

Correlation Coefficient, ECC) method using 0 0 100 150
one reference image as a template.

15t step: 530 images warped in 2.5h

warped img000001 - t=264.5s raw img000001 img000000 with gcp from 1 frames

200

600

500

400

300

200

100

0 100 200 300 400 500 600
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Georeferencing LWIR Comparison with existing algorithm

mA

MARIE CURI

5Hz frame rate
showing in real
time

Valero et al 2021

https://github.com/3dfirelab/OrtholrCam

( ’ Search or jump to Pull requests Issues Codespaces Marketplace Explore a +-~ "

Original Stabilized

Video speed: x6

3dfirelab / OrtholrCam Unwatch 2 Fork O Star 0
m Code Issues Pull requests Actions Projects Security Insights Settings
frame id
100 200 300 400 500 600 700
.
- 1 0 Go to fil Add file ~ Code ~ About
Valero et al 2021 OrtholRCam - Paugam et al 2021 mas F © Gl ile <> Code
README.md
OrtholrCam Packages
Funding
Languages
@ This code was developped within the 3DFireLab project, a project
funded by the European Union's Horizon 2020 research and innovation program AL

under the Marie Sklodowska-Curie agreement, grant H2020-MSCA-
IF-2019-892463.
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Fire Front Perimeter Segmentation

A Deep Learning approach: | C. Lapeyre & N. Cazard

Constraint: Fire Front segmentation using only one image

Challenge: training a neural network with a small data set
counting initially 10 manually annotated front

CNNv0

CNNv1

! 7 CNNvO + arrivalTime Map
r (\ — 50 tagged images
CCN inputs channels are
now radiance + plot

CNNuv2

: 3 CNNv1
r (\ — 100 tagged images
CCN input are Brightness
temp. + plot

*10 images with high
representation of active

front _ o Deep Learning  —
time after ignition
*1 layers

*CCN input is radiance

Series of
CNN
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Georeferencing + Segmentation

B0 T Ty (K)

330350 400 500 600 =700
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Rate Of Spread (ROS) calculation Fire Front ROS: [ fire front at time t

/ & = grid luti
ROS(, j) = dl/ At n(i, j) 4| =eridresolution

Centre for Technological Risk Studies

Fill Up the Gaps: Arrival Time Map

B'TI,\\ IR (

104 (K), t=943.54 s
8 =
— (.8 g
£ =
2 061 z
Arrival Time (s) E
" v:- 0.4
I i& 0.2
0.0 4

00 25 50 75 100
ROS (m/s) RSN N L0N S LN,

* linear Interp. along i
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Georeferencing MIR &

FRP Calculation

FLIR Agema 550 (12-bit imager).
To assure radiometric precision
in fire range temperature,
camera is set on high gain,
hence not detecting
background. (T>470K)

2014-14-22 13:08:06.245
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Warping MIR on LWIR using gradient

time
integration

—

Iwir gradient - framelLWIR id =000449

warped mir gradient - frameMIR id = 001591

0.20 .

—— FRP S

400 FRP error 015 ;’
=y B sat. px. cover =14 =
£ 300 1 - 3
= VIIRS =
3 FRP=43.3 + 1.7MW 0.10 %
£ 200 { [va=39.0° &,
2 az=—101.8° 2
F0.05 =

100 -\/\/\M =

0

400 600 800 1000
time (s)
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[Paugam et al 2021 — mdpi/remote sensing]

Fuel Consumption Estimation

g 604 unity

o ‘.."-lA.
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The Fix Burner Method &

MesoNH-ForeFire

MesoNH:

* Non-hydropstatic (solve vertical wind)

* Anelastic (filter sound wave)

* LES Scheme (subgrid turb. based on TKE)
* Microphysic (water phase change)

* Nested model (large scale effect)

* Chemistry (O,, Nox, )

Fire Flux Experiment simulation [Filippi et al

2013]
ForeFire (dx ~ 1 m): [Filippi et al 2009]

» Semi-physical fire spread model (fire=tilted
radiant panel), [Balbi et al 2009]

* Flux Coupling Scheme which ensures energy
conservation between Forefire and host
meshes

*Output Water Vapour, Scalar, & Sensible Heat
Fluxes

Brightness Temp. {K}

o
2
B
=
7]
g
=

new Flux Model in ForeFire:

800 -

750

700 -

650 -

600 |

5350

* force Sensible Heat directly from
Observation.

* Assume a radiative fraction of 10%.

e Scalar Flux control with Emission
Factor

* Water Vapor emitted ahead of the

front

--- Brightness Temp. (K)
t —— Sensible Heat FLux (kW/m2)
r —— Wapor Flux (kg/m2) 40.008
D — {200
i
i ~
g 1 4 t E
T i =
T : b |50 = {0.006
] 't ! o x
: : ; 3
H - ! . =
: n4 , Flaming H, 2
H 1 4100 T 4 0.004
: ; @
i 4 f
5 T Smoul. H_ o
; T - A 1s0 H0.002
b e i
:l 1 LY "N e, “i
L ) + ) ) Y ) 0 lo.000
660 680 700 720 740

time since ignition (s)

Water Vapor Flux (kg/m2)
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Re5|dence Tlme T & Flame Depth Fd Residence Time -
600 -
35
Compute 7 from time series of BT and BT derivative. 500 | -
High frame rate is crucial £
20 8
300 b
b,
15 &
200 -
10
100 - s
1000 4 bt interp ----- bt |_nter;_3 derivative | 150
« btraw — arrival time 0 o
residence time 0 100 200 300 400 500 600
900 A
-100 o
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m 5
o =
= ] = 600 -
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S 600 E 500 -
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2
500 - o 3 400 - L3
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400 - 300 3
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r—50
300 ~ | | | | | : : 200
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The Fix Burner Method: Input data MIR

1m resolution

fre flaming (MJ) residence time (s) arrival time (s)
[ [ aee— B ] ta
0.5 1.0 L5 2.0 0 10 20 30 10 100 600 800 1000

400 m
dx=1m

FRP (kW)

fre smoldermg (M.J) burning time (s)

BT
1 2 3 0 50 100 130 200 250 tb
I : I - BrightnesslTemp. (K
800 | ‘._ T —— Sensible Heat FLux (kW/m2)
' —— Wapor Flux (kg/m2) 40.008
G > {200
i

750 b b = —
o : 4 t E g
= 'y : = =
- 3 ?‘:5. I b= li50 2 {0006 2
E 700 ] i ! x x
e : - 1 . T z
9 H *4 ; Flaming H, - -
4] v | B @ s
£ 650} : : 1100 T 10004 g
2 : oy = 5
5 ; 4 : g
5 A Smoul. H, 2 =

600 - : i S - A 1s0 {0.002

! ' Ve, 1
H 1 T ‘.i
. 550 fuveeedennsnd :
MIR - FRE_f, FRE_s - temporal map of Sensible Heat Flux . ¥ Ly 7, 1 0.000

660 680 700 720 740
time since ignition (s)
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The Fix Burner Method: ambient condition

] time = 00:00
Reanalysis
Era-Interim wind + topography sﬂs surface theta
22-08-2014
\\
\\\
\\\ shabenil 22-08-2014 11:00:00
\\ wind speed (m/s)
\‘ (I) lll) 2|D 3? 4|0 5Il)
relative humidity (%)
20 40 60 80 100
o . . . ‘
>- l : lb 3 T — m 5 4
0 250 500 750 1000 3\250 1500 1750 2000 294 296 298 300 302 304
topography\(m) theta (K)
< ‘ > =]
375 km, dx=2.5km \ _ £+
\‘ N time = 00:00 %
‘\ wind + topography S_"”é\ surface theta é
Y A =
\ %3
\‘ £
\ =
' o
. . o o ‘\ s
Downscaling simulation using \ £ 29
o \!
MesoNH Real Case capability
1_
30 km ————
dx=500 m 0 : : : : a
v 290 300 310 320 330 340
I | potential temperature (K)

700 800 900 299 300 301 02
topography (m) theta (K)
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The Fix Burner Method

Main assumptions:
S+ We have the ambient wind correct, (eg no wind shift)
* fix radiative fraction of 10%

Time10.0s

=
. I 0.04
= 0.02

— 1.0e-05

3.5e+02

[300 camera
20 here *

— 200

heatFlux

— 150

— 100

— 50

— 0.0e+00

Isocontour is a passive scalar

*No Microphysics

*Constant fuel Moisture

*3 nested model: dx,dy,dz=32, 8, 2 m
*Sensible Heat Flux at ground level is directly estimated from the MIR camera

*Water vapour is released ahead of the fire front
*Arbitrary passive scalar emitted with emission factor adapted to flaming and smoldering regime
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camera

2m resolution inner model
here *

MesoNH Animation is showing Isocontour of

simualtions are lambda-2 criteria (min of pressure)
run at CERFACS

— 3.5e+02
— 300
— 250
— 200
— 150
— 100

0.0e+00

heatFlux

— 1.2e+01
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The Fix Burner Method

MesoNH
simualtions are
run at CERFACS

heatFlux (kW/m?2)

]
o

—:22e+01

Animation is ™
showing
Isocontour of
lambda-2 criteria
(min of pressure)

tke (M2/s2)

fime: 0.0 s

e Counter rotating vortex pair oscillate and form vortex ring camera
* Formation of tornado structure downwind name fire whirls here
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The Fix Burner Method

0.0e+00 0.0e+00
0.02 0.02
2 004 — -0.04

— -0.06

lambda?2
lambda?2

— -0.06

—-0.08 (el W/ —-0.08

—-1.0e-01 —-1.0e-01
— 5.0e+00

— 6.5e+02

= 500
400
300
200

heatFlux (kW/m2)

= 100
— 0.0e+00

time: 7450 s

Heat Flux
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The Fix Burner Method

— 5.0e+02

— 8.0e+00

Animation is
showing
Isocontour of
lambda-2 criteria
(min of pressure)

— 400
6
— 300

— 200

[ 100
0.0e+00

heatFlux (kW/m2)
tke (M2/s2)

RS *
— e e camera
©Chris Helzer/The Nature Conservanc here

* Vortex ring
e fire whirls

still exist at larger scale (model 2, dx=34 m, L=2km)



UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Centre for Technological Risk Studies

MACTIENS

0
C
bl

The Fix Burner Method

— 8.0e+00

~
N
Lz
S~
N
E
@
e
-

time: 370.0 s

pink contour = vertical velocity w =5m/s
*

camera
here
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The Fix Burner Method: Input data
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fre flaming (MJ) residence time (s) arrival time (s)
[ . T I ) ta
0.2 04 06 08 10 10 20 30 200 300 400 500 600

200 m, dx=1m

fre smoldering {I\-‘i.] burning time {s)

t | Skukuza 4
b

[ [
0.5 1.0 1.5 2.0 50 100 150 200
: -- Brightness Temp. (K}
r 1_ T —— Sensible Heat FLux (kW/m2)
" —— Vapor Flux (kg/m2) 10,
< ) 1200 0.008
i
L . ~ —_
£ Y 4 t g £
& %, ! b’ {150 i 10:0086 g‘
- : i ! g x x
: W 1 2 3
" Y i .
: W Flaming H, s .
: ! l100 T 40004 &
L : ! T g
’E ;-4}_ 5 g
4 i = '“
I 3 "+ Smoul. H, 2 =
H [ ™ - 4 150 -4 0.002
% i
; I Haialt o I
. 550 heuneduneent : Mot e
MIR - FRE_f, FRE_s - temporal map of Sensible Heat Flux . . Y, Ly 7, 1 0.000
- - 660 680 700 720 740

time since ignition (s)
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3

2m resolution inner model
Y Cdmera

start from

MesoNH Animation is showing Isocontour of " here

simualtions are lambda-2 criteria (min of pressure)
run at CERFACS

— 3.5e+02
— 300

Time: 110.0s

— 200

[100

heatfFlux




Fire Field Exp. Monitoring & Plume Simulation — R. Paugam o TG L Te—
e e

Role of the cooling area

Obs:
Previous g
simulation
| o | | time=350.0s uObs _ yMod
20 m
4 "o £ %
Mod:
Fix nominal heat flux
. ) ) Same total heat release
Fix residence time
/4 /2 5 x2 x4 -7 —m/2 0 /2 0§

norm ratio (-) diff angle (radian)

surface wind difference between Obs and Mod simulation
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Synthetic IR image simulation
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biomass

L_' consumption

1. Fire behaviour Image Processing | | ¢, /1-te IR img. w/o
2. Energy Budget |[GAEINNInIEP * Fire spread model

Residence Time, * MIR Radiance Obs.
i'ame depth (only geometry)

Plume Modelling: ForeFire-MesoNH Flame & Vegetation Modelling

SN Sensible Heat Flux <:> Fire Intensity

Ambient condition Empirical Relationship (flame length,

LES Atmospheric Model (dx=10m) |:> temperature,) soot density, fuel
= consumption

aerosol |
3D Radiative Transfer density ::> 3D distribution
Modelling: DART of Soot & fuel
No aerosol density yet
MIR band YY (tem!:). and
. density)
No scattering <

:> Simulated MIR images & FRP product
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DART

Centre for Technological Risk Studies

g 1530l
TA T2~ <1 ey
\‘\‘ '\{}-}}S‘,\(m,,) Lf,f:;',{"(:,'.\)\\ f’%e\(“‘f-) “,“ \\"\ lfm (“n)
) Y \R [ ] )\
\ 7\ ] |
A &\ |/ o | |
[\ \ ||/ [
[ \‘ l [
L8 (m,,) L (w,.) | .
) et GO I Y B N 72
2o AN 7y p-
Chsa 1% g% =\ / a A
AR Y Y
a@a 4B 4 4@& aRa a4l a
Step 1 Step 2 Step 3 Step 4 Step 5

1. Sun illumination followed by atmosphere
scattering and thermal emission. forest of the RAMI IV experiment

2. Earth surface RT.

3. Earth-atmosphere radiative coupling.

4. Earth surface RT of atmosphere backscattered
radiation.

5. Transfer of BOA upward radiation to TOA.

Hot spot is a feature of the
reflectance distribution of vegetation
canopy

DART-FT: discrete ordinates method that iteratively tracks rays along finite discrete direction
DART-Lux: Monte Carlo sampling of paths between the light source and the detector and
evaluates the contribution of these path samples. It is based on the luxCore engine ray
tracing.

DAO tools: python application to import complex scene.
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3DFireScene: absorption coefficient

Statistical Narrow Band model
Gas absorption coefficient from EM2C
Beer-Lambert 7 = ¢ + fix distance d )
4 Dimensional lookup table that depends of parameter d W
O-d (XCOZ ’ xCO ! xHZO ! T) [m ] transmittance for CO
Al
"
Soot absorption coefficient k, Ve soot volume fraction / B
[Bordbar et al 2020] 1 wave number ' - ;:::gﬁ%
! = e

Ks = 0ty Vst (] ) ! ' M)

transmittance for CO,

complex index of
refraction o soot

ns = 1.811 + 0.1263I[n(%) + 0.027In%(X) + 0.0417In3 (%) (2) J

ks = 0.5821 + 0.1213In()1) + 0.2309In* (1) — 0.01In? (1) (3)

36 ngk;
(n? — k% + 2)2 + 4 n2k?

an:

=2

EERREER
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. . DART Lux: 1 band 1 sensor
Medium Scale Fire - FDS Degraded resolution x2

At 50s:

29300 plots with char.
0 plots with ash.

0 plots in the plume.

1 scene: 15 min 4GB Mem

Low moisture (6%)

21.cm height

0.25x0.125 cm resolution

2 layers of different density

=86s : e
-. ® ~ MC =B, FRE
r L]
N % HMC = /HBe
ime: 86 s
—o— FRP - DART — MLR " f °
. Rad—.14xHRR ' .
120 -
Case (064 s e
100
13 w
E 80 Lg -ih‘.h _
;§ 60 % E EXS
s 2 10 2 =]
S owf - 3 b=
= 20t ,.// -
_,;&"ﬂ Q ] , N
I — MLR=g,FRP
0 20 e
3 ® MLR(FRPpanr)
04 Lo MLR(RADg ps)

T T T T T T T T T T T T T
0 20 ] G0 80 8 10 12 14 16 18 20 22
time (s) FRP (MW)

1 ha plOt of grass 29207 plots with vegetation.

2458 plots with gas or soot.

pinhole camera 200 m above the plot center

t=45.00 s

— 1000

=900

- 800

& 700

(§180)

500

100

t=50.01 s

— 1000

900

- 800

- 700

OO0

H00

100

K)

MIR B1

(K)

MIR B1
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mA

Medium Scale Fire — flame geometry effect

800
t=50.01 s

1000

700

900

600

800

MIR BT (K)

700

600

MIR BT (K)

400

500

300

100

1100

1200 1000
900

1000
300

(K)

300 700

MIR BT (K)

MIR BT

FDS simulation - .
600 green: grass ]

orange: Heat Release Rate per Volume 2N
400 grey: soot volume fraction 100

black point: camera location 300
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Medium Scale Fire — flame geometry effect
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Conclusion

Map Fire Behavior metrics at high resolution

Model high resolution wind field induced by observed fire behavior
Strong impact of the cooling area on the wind field

Model FRP from FDS scene using DART (still in progress)

Potential impact of flame geometry on FRP

Next:

More detailed analysis of the wind field and ROS field
Data set of ROS, wind and fuel load (here from FRE)
Collecting more data using UAV and an optris P640 piloted with a raspberry ( 30Hz frame rate).
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Thanks

You can see more on t
the 3DFirelab pro

o

3dfirelab.eu
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