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Importance of wind speed for fire spread prediction

« For a given fuel and ground inclination the wind wind speed is the most
important factor affecting the fire spread rate

« Complex topography modifies flow, and generates eddies (turbulence)
« Generated turbulence:

Enhances oxygen
transport from the
atmosphere to the fuel by
reducing the depth of the
laminar boundary layer
formed during the flow
around fuel elements

Intensifies heat
transfer from the
hot air to the fuel

(pre-heating)

Increases the rate of mass (moisture) transfer from
the fuel to the atmosphere (drying out of fuels)

« Therefore, correct prediction of the flow properties including wind
speed, wind direction and turbulence intensity is required for
realistic modeling of the fire spread
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Motivation — importance of the wind speed

* For a given fuel and ground inclination the wind wind speed is the
most important factor affecting the fire spread rate

R=|R ¢(1+ CDW + cDS) / pr]EQig (Rothermel 1985)

Ir ~ U3 Fuel Type and Wind Effects
on Rate of Spread

R = rate of spread of the flaming front 00.0
U = wind speed £ s000 2
|z = reaction intensity 2 /
[

¢ = propagating flux ratio s 0 /
®,, = effect of wind on the heat transfer § 3000

to adjacent fuels _m"_' 500.0 /
®4 = effect of slope on the heat % e / e

transfer to adjacent fuels = hﬁ/fuﬂﬁl

D.U T T T

P, = fuel load
¢ = effective heating number
Q,, = heat of pre-ignition
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Graph from http://www.forestencyclopedia.net
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can not resolve local flow
features crucial for the fire
propagation, the very high
resolution wind simulations
must be performed first, in
order to provide initial and
boundary conditions for atmospheric components of coupled fire models.

Simulating the wind speed for fire models

Combustion processes have characteristic scales of centimeters
Most of current fire models work with resolution of meters

Numerical Weather Prediction models, provide forecasts with the
resolution of kilometers...

Since the NWP models

Graph from http://www.windows.ucar.edu

UTHE UNIVERSITY OF UTAH=

r



Simulating the wind speed for fire models

* |In order to get the high-resolution forecast for our area of interest we
can perform a nested simulation, providing local meteorological

conditions |
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Practical example of the nested setup

« Practical implementation of the nested setup 12km/4km/1.3km/444m

horizontal resolution
Domain 1, res. 12 km Domain 2, res. 4 km
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Evaluation of the high-resolution nested forecast

Comparison of the simulated 10m wind speed and 2m air temperature
with the surface observations from Grantsville Reservoir Station (RES)

WRF vs. RES Mesowest September 13 127 -September 20 97 WRF vs. RES Mesowest September 13 127 -September 20 97

301

RES Station
WRF 28Br

RES Station

Wind Speed (m/s)
Temperature (C)
N
o

1 1
100 120

Simulation time [hr = I SimuEIi;tion t:ré?e [hr}éo R
R=0.67 ; R=0.71
RMSE=3.04 m/s RMSE=3.09 °C

Graphs and statistics prepared by Morgan Farley-Chrust
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Critical questions

« Let's assume that we have a perfect high resolution forecast from the
numerical weather prediction model that we can use for initialization of
a very high resolution Large Eddy Simulation (LES) model

 How good are the current wind forecasting models (components) used
for fire modeling and prediction?

« Can we accurately resolve flows in a complex terrain?

« \What are the limitations?
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High-resolution simulation of the hill flow

Topography of the analyzed area (Askevein Hill, Scotland)

4960 m (N-S) e e
5300 m (E-W) L : | ‘ ‘
Max height 126 m

Mean vvipd direct@on‘ -
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Simulation details - WRF and UU LES

WRF-LES:

Analyzed domain:

Grid: 256x256x200 (13,107,200 grid points)
Covered area: 5300 x 4960 x 600 m

Spatial resolution 20.7 x 19.3 x 3 m
Simulation length 1800s (30 min)

Time step 0.1 s, number of time steps 18,000
1.5 TKE sub-grid scale parameterization
Terrain-followingcoordinate system

Open boundary conditions

Wall clock simulation time on 8 CPU*: 206 h

*restart files written each second

UU-LES:

Analyzed domain:

Grid: 256x256x200 (13,107,200 grid points)
Covered area: 5300 x 4960 x 600 m

Spatial resolution 20.7 x 19.3 x 3 m
Simulation length 1800s (30 min)

Time step 0.2 s, number of time steps 9,000
1.5 TKE sub-grid scale parameterization
Cartesian coordinate system

Cyclic boundary conditions

Wall clock simulation time on 8 CPU: 76h
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Simulation details — WindNinja and FDS

FDS:

Analyzed domain:

Grid: 128x128x100 (1,638,400 grid points)
Covered area: 2650 x 2480 x 500 m
Spatial resolution 20 x 20 x 5 m
Simulation length 3600s (1 hr)
Smagorinsky (dynamical) sub-grid scale
parameterization

Cartesian coordinate system

Cyclic horizontal boundary conditions
No flux top boundary conditions

Wall clock simulation time on 8 CPU: 12h
Expected 30 min simulation for WRF domain 48h

Wind Ninja 2.0.1 (mass-consistent model)

Analyzed domain:

Grid: 261x 261 2D (68,121 grid points)
Covered area: 5220 x 5220
Spatial resolution: 20 m g
Simulation time: <1 minute

20
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0 BE—— N
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-0 x|
File Options Tools Help
File Options Tools Help |
windNinja = o7 Input
=« Input & Surface Input
/. Surface Input @ Diurnal Input
@ Diurnal Input o Wind Input
ind £ 3¢ Output
< Wind Input @ Google Earth
= ¢ Output - @ Fire Behavior
@ Google Earth ‘o @ Shape Files
@ Fire Behavior L 3 Solve
@ Shape Files
K Solve
Input Wind Height
(G =] [0 = € reer &
—Elevation Input File ’( ] 1000 = e Meters
| wind_ninja_askervein.asc =
Speed Direction Time Date Cloud Cover Air Temp. j
~Vegetaton——————————————| mis | IF =
[aress =] [o30 = [210 = [ivzz = [iznsoes =] o = [rz =
Jooo = o = [ivzr o [iznses o o = [z =
- Mesh Resolution Jooo = o = [ivzr o [iznses o o = [z =
[custom v| [2000 = & fooo = [o = [izr H [zseoe o o [z =
Jooo = [o = itz o [iznses o o = [z =
Jooo =HJo = [ivzr o [iznses = o = [z = |
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Simulation details

Topography of the analyzed area (Askevein Hill, Scotland)
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Both the WRF and UU LES were initialized using the

The FDS was initialized using:

WindNinjawas initialized using:

WRF and UU LES initialization

measurement data collected during the Askervein '83
experiment (Taylor and Tunissen 1983) on the third of
October 1983:

Kite wind profiles up to 600 m

Rawisond data (temperature humidity)

Tower wind profile data (up to 30 m)

Tower wind profile data (up to 30 m)
Kite wind profiles up to 600 m
Constant lapse rate -0.01°C/m, and constant RH=95%

The wind speed at the reference station (10 m AGL)
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Models validation (cross-hill)

« Comparison between the wind speed simulated by the
WREF-LES, WindNinja, UU LES, FDS and measured during
Askervein ‘83 experiment along the short hill axis ‘A’.
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Models validation (WRF and UU LES)

Scatter plots of measured and simulated wind speeds across
the hill (along ‘A’ axis), for the WRF-LES and UU LES.

WRF-LES UU LES
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Correlation coefficient: R=0.88
Mean Absolute Error: MAE=1.34 m/s

Correlation coefficient: R=0.85
Mean Absolute Error: MAE=1.62 m/s
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Models validation (FDS and WindNinja)

« Scatter plots of measured and simulated wind speeds across
the hill (along ‘A’ axis), for the WindNinja and the FDS
FDS WindNinja
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* Mean wind vectors at 10 m above the ground level with color coded

wind speed [m/s], and topography contour for WRF-LES and UU LES

UU LES

WRF-LES

12.5

© = e "
T T
N N 0

e e T L N RN ENE SN SIS S

Y
T
[ e e R e T T e e T e Y Y Y e Y Y e Y Y Y Y T % T % v
e
e
B v T v e T e e T T T T T e T e e T e Y T Y e T Y Y Y v
e e L R T e T Y e Y T Y e Y Y e T T Y T %
I e
e v T Y e T T e T T T T e e e e Y e Y
R R N N
[ e e R L R e T T T e T e e Y Y e T T Y L
e
B v e B T e T T e T T T e e e e e e e e e e e e e Y Y Y Y Y Y e v
T R LT R Y
[ e e A Y e e e e e B e e Tt
RN PR - R AE N S S
. Al e
e
e e ]

A N o e
A R N S R
e e e Y e
) A R T T S S e

Ernsm s S s S o e -
Iff!/!/!/!/!/ff!fffdrdiJT J/J)/f/f!/fff!f
i b S SE SRR AMJVII/JfIIJIJIJ
B
[ e e Y Y & _HX&»I}/IIIIIIIIIX
VK{PIJIII!I!/IIIII

i R S

e e e L

et SIS R S R T S S S

e e e e e o e ]
N L |
R S R
I..Il...ll..l'l../l.l.dt,ff”,ﬂ -
R e

H?Kr!l!!l!l!liii}l)l
e e
N

S T
B e R N N N T T e Y T Y Y T Y T
e e e T T T e T T Y Y e e Y T T e )
e
P e Yo T e T e T R R R R T T T e e e e Y Y T Y Y Y e v
B e T T e T T Y Y e Y Y e T e T e
e e e e e e e e e )
T T e
P v T T T e T e T T T T e T e T T e Y e Y Y Ve Y e Y e Y Y Y Y Y Y Y Ve Y Y Y Y e v v
B I o b 4

(=] (=] (=]
(=] (=] (=]
(=] b (=]
] N N

[w] souBSIP S-N

= (=]
=1
Yo

4500 I
4000
3500 ¢
1500
1000

T T T T T T T T T
e e e e M R v

Vo W o T Ve e Ve e e L L LR W
I T e N
O e e T T
T N T N N N
e L L L L L L L L L L R R L L L L L T L LR R W w o w
Vo Ve Ve Ve Y T T M e L LR L R R W W
L L L L L L L L L L T T R T B T e e T e e R LM R
R L N
B e e e T e N S S NS
e T T
B e e i T T S
L N N
B e T U N

e e e e LN N

R e e e e b e N N

B N A N O NN
e ———————— e ST S T ST C L
X RV A
R L R R e e

&

R e e LR A S

s

R AR S T
inc e /!f/JV\!!!!!!!I:

R i DS - o Sy

B Sy gt ‘+4/J7lllllllrlfl

B S A L N 3 .JHJV//}!!}!!!!I:
IITITTTLIISN N
/l;/::f!f!/:/;:prN:%P 4

SITITITTIENE A

AP S
. - R e e e e
AP NN

LR o m e m

R T
R R R ;S S ]
U AR Y.

B e T =
TRnEnaaie KNV
III!IIFI!I!III/}/{J}mm

LA N NN
B N R
7 2 R S NG|
AR N AR
B T e e . o o g
o e 1]
e o o o o o e e S R e
o 5 5 5 5 e B e o o e o o o o o o e S )
o o o o o 2 2 o o S o o o o R O 0 o o o o o o 5 5 € 0
o o o o o o o G G B B B B o o o o o o o 2 2 o ]
o o 0 8y e o o0 0 o S S 0 8 o o o o )
o o o o 2 o o o oy o o 2 o 2 2 o 2 o 5 S oy Sy S o om0 )
O O O e O o O E C L o o T 0 5 0 0 o 0 5 0 o o e T e )
S b e Y . o

[e=} (=] o

(==l
D

PO NESE |

(=1 =]
(==l =
' [=]
N N

[w] souelSIp S-N

1500 F

5000
4500 I
4000
3500 ¢
3000
100

1000 2000 3000 4000 5000

0

3000 4000 5000
E-W distance [m]

2000

1000

0

E-W distance [m]

© UTAHgH

RSITY OF

- UNIVE

THI




)
0 N =) 0 A
— — — I~ oy N (=]
T T

AR AA AR S LR LU RN
O T T T T I B B T T I I T T R R R I B I
O T T T T T B B B B B B I B B B B B B B B 0
O R T T T T T B I I I T B B 0 A I B I
O R T T I T T B I I I I I I T P R R R T P R B I I
O T T T T T T B I B T A B T P R R R R I I I I
O T T T T B B B B B B B I I R B B B B B I I

Inja

6000
SITY OF UTAH=S

P
A
A
2
2
P
A
2
A
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7~
7
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
7z
A
5000

N Y
O T T T T T B A R B e R S I B R K R R TR I I R R
A N .Y
////////;///f///f/f/?/;////JNXIﬁf///f///f//
N Y
N A N
////////////////ffur///// N .y
R Ry

A A A Y
A 1NVJA Y
A SN AR .
I R I I R R I T SR ...
BRI R R I R R R I S N YR I I R I R
Y

A
3 ey

///////////////44.51,:/ e
1 e e e e AR R R R R R R R R
B ERRR R RN SRR //&MN} AR AR R R R R R R R R R R R RN
T NN R R R R R R R R R R R RN NN
e e e e e e
T T e e
e e e e e
T e e e e e
T e e e e e
T T e e e
T e e
B e A A A A R R R R R R R R R R R R R R N
T e e e e e e
T T e e e
T e e e e e
B e A A A R R R R R R R R R R R R R R R R R R NN
T e e e e e
T T e e e e
T e

(=l o

a

4000

a
inj
2
ol
Pl
/
ol
ol
ol
/
ol
ol
e
e
7
/
ol
/
~
ol

dN

in
7
7
/
7
7
7
/
7
7
7
7
7
7
”
2

3000
E-W distance [m]

W

UTHE UNIVER

2000

1000

0

6000

5000
0

2000

(=]
o o
-+ 5ed

[w] aouelsIp S-N

100

1
]
'
1
t
r
1
Ptrrry
2500

2000

1500

E-W distance [m]

1000

e

500

R N S Y
D R e R N S
i N N e e T e N e Tt e e Tt NI N N

A A A N L S N N N

Mean wind vectors at 10 m above the ground level

with color-coded wind speed [m/s]

S A O N N N N N

e e S Sy . l.l'blllllllll,tllllllo
o o o o (@]
o o o o

O 5 O 5

2

~ ~

[W] 82uBlISIp S-N

Simulated mean surface flow for the FDS and WindN

[ J
2500




Wind speed fluctuations across the hill

« Standard deviation of the LES-simulated wind speed for
measurement points located on the short hill axis ‘A’.
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Simulated wind speed variability

Standard deviation of the LES-simulated wind sp[e?il at 10 m AGL
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Analysis of the vertical wind profiles

« Simulated vs. observed wind profiles for the tower located 60 m
ahead of the hill top (ASW60) and the hill top (HT)
40
35 Xmeasured HT A‘ <° -
30 | WWRFHT . 44 ° 4
©UU LESHT 4 OO
25 +measured ASW60 PS N * o* o
% 20 -~ S WRFASWe0 +a M
15 - AUULESASW60 o 4 : %
10 At °
F\¢ e >'.<
5 * -
A . X
0 ‘ X
0 2.5 5 7.5 10 125 15 17.5
ws[m/s]
Quite a good agreement for the Evident discrepancies at the hill top
windward side (ASW60) where the speed is maximal
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Simulated fireline intensity

Fireline intensity [kW/m] computed from the UU LES mean wind field at 10m
x1U
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Summary

All the CFD-based models (WRF-LES, UU LES, FDS) showed characteristic wind speed up
on the windward slope and deceleration on the leeward side of the hill

The WRF-LES overestimated the wind speed on the leeward side, while the UU LES and
FDS underestimated it, as a consequence the ensemble average of WRF-LES and UU LES
gives the best wind speed prediction with R=0.93 and MAE=1.09 m/s

The deceleration on the leeward side of the hill is more rapid for the UU LES and FDS, than
for the WRF-LES. One of possible reasons for that may be the Cartesian coordinate
system used in UU LES and FDS vs. smooth, terrain following coordinate system
implemented in WRF.

Different lateral boundary conditions used by the WRF-LES and the UU LES and FDS, may
also affect the simulation. Open boundary conditions used by the WRF-LES evidently
reduces the turbulence in vicinity of inflow boundaries (south and west).

We are on a good track, tested CFD-based models performs well in complex terrain,
however simulation of the fully-developed turbulent flow downstream of the hill top is still
a challenge.

More field studies as well as direct numerical simulations are required to fully understand
deficiencies of the currently used LES models in case of fully developed turbulen flows in
complex terrain.
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Questions?

Thank you!
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