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Conputational study of Backdraft dynamics in the compartment

Ji-Woong Park

Department of Safety Engineering, Graduate School,

Pukyong National University

Abstract

The backdraft is one of the hazardous fire- phenomena occurring in a
compartment, which has threatened the life of fire fighters and ‘residents. Due
to the difficulties  of the repeated experiments and its potential hazard,
computational approaches ‘can be an important role to understand the initial
condition and dynamicsof backdraft. Fire dynamics simulator (FDS) developed
by NIST was used. with message passing. interface -parallel computation.
Model-free simulation, which uses—direct numerical simulation and a finite
chemistry model, was considered to remove any uncertainty caused by
turbulence modeling. Two finite chemistry combustion models, 1-step reaction
mechanism (1-STEP) and 3-step global reaction (3-STEP), and two radiation
models, a gray gas radiation model (GRAY) and adiabatic model (ADIA),

were considered to figure out each effect on the dynamics of backdraft
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simulation. The reduced-scale compartment was considered with horizontal
opening window.

A gravity currents that fresh air entered into the compartment and hot fuel
flowed out of the compartment were found after opening window opened. The
explosive fuel vapor cloud and fire ball behaviors were reasonably simulated
compared to previous experimental studies. In addition, two peak pressures
near the window opening, which is very important-factor during the process of
the backdraft development, were validated compared . qualitatively and
quantitatively to the previous: experimental studies.

ADIA predicted shorter deflagration travelling time (ty,y) and higher
temperature near ceiling in the compartment than GRAY. In addition, ADIA
did not predict local ignition in the lower side of compartment. Also, 1-STEP
predicted shorter ty,,~and*larger- flame- ball _size than 3-STEP. Computational
results of critical fuel mass fraction, which indicate the occurrence of the
backdraft, were found and 1-STEP quantitatively over-predicted but
qualitatively predicted well. Quantitative and qualitative correlation between

simulation and experimental results was found when using 3-STEP.
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Table 3.1

Table 3.2

Table 4.1

Table 4.2

#4H

Mixture composition and temperature in the compartment for

backdraft simulation measured by Weng and Fan(2003)

Mixture composition and temperature in the compartment for
preliminary backdraft simulation: Species mass fraction
measured by Weng and Fan(2003), and flame temperature
measured by Chen et al.(2011)

Gravity current time, density,-.and density difference with the
different fuel mass fraction in the compartment
Traveling time and size of fire ball with different chemical

reaction models
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Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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1.2
2.1
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3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

1HAaTE

Photos of the backdraft experiment (Gojkovic, 2000).
Development process of a backdraft (Gottuk et al., 1999).
Sketch of the reduced-scale compartment with (a) full-geometry
and (b) locations of thermocouple and pressure sensor.

Sketch of the reduced-scale compartment with symmetric
boundary condition.

Schematic diagram of cylindrical tube.

Temporal evolution-of temperature-distribution in the tube using
different .combustion models; (a) Mixture ~fraction (MF) and
(b) Finite 1-step combustion model (FC).

Temporal evolution.-of temperature and species mass fraction
with different ‘combustion models,. Mixture fraction, (MF) and
Finite Chemistry (FC); (a) MFemp. (b) FCiemp, (¢) FCycns, and
(d) FCyon.

Different opening geometries considered = for preliminary
backdraft “simulation for qualitative comparison.

Temporal ‘evolution of temperature ~with different opening
geometries;  (a) Door (b) Vertical  Window, (c) Horizontal
Window, and (d). Center Window.

Temporal evolution of velocity profile with different opening
geometries; (a) Door (b) Vertical Window, (c) Horizontal
Window, and (d) Center Window.

Temporal evolution of temperature and pressure rise measured

at the thermocouple (TC) and pressure rise sensor.

Numerical two-dimensional relative concentration field for
different grid sizes. The white rectangle in the top right hand
corner represents a solid obstruction. Black represents saltwater
and white represents freshwater (McBryde, 2008).
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4.1

4.2

4.3

4.4

4.5

4.6

Temporal evolution of pressure rise at the pressure rise sensor
using 1-STEP for Y: = 0.1224.

Compartment pressure (solid line) and total mass inflow(dotted
line) histories for the 70 kW fire source backdraft. Arrow 1
indicates ignition of backdraft and arrow 2 indicates flame out

the opening (Fleischmann, 1994).

Temporal evolution of fuel mass fraction for Y¢ = 0.1224 in

the compartment with horizontal window.

Effects of the ignitien times on-temporal evolution of pressure
rise with differently imposed ignition source in the compartment
with horizontal window using (a) 1-STEP and(b) 3-STEP for
Ye= 0.1224.

Temporal evolution of temperature at selected ignition time(tig)
after breaking (t = 0 s) opening window (a) ti, = 3 s and (b)
te = 5 s using 1-STEP.

Temporal evolution of fuel mass fraction using 3-STEP for Yr
=,0:1224,

Photegraph -of  the gravity current approximately 3L/into the
compartment for..a ‘eenter- horizontal slot opening (Fleischmann
and McGrattan, 1999).

Temporal evolution of fuel mass fraction using I-STEP for (a)
Yr = 0.0573, (b) Yr = 0.1224, and (c) Yr = 0.3000.

Temporal evolution of fuel mass fraction using 1-STEP and
GRAY for Yr = 0.1224.

Temporal evolution of temperature using 1-STEP and GRAY
for Yr = 0.1224.

Temporal evolution of pressure rise with the distribution of
temperature and mass fraction using 1-STEP with GRAY for Yr
= 0.1224.
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Temporal evolution of fuel mass fraction using 3-STEP and
GRAY for Y¢ = 0.1224.

Temporal evolution of temperature using 3-STEP and GRAY
for Yr = 0.1224.

Temporal evolution of temperature using 3-STEP and ADIA for

Yr = 0.1224.
Temporal evolution of fuel mass fraction using 3-STEP and

ADIA for Yy = 0.1224.
Temporal evolution of temperature using 3-STEP with GRAY

and ADIA for Y¢ = 0.1224.
Distribution.-of ~  fuel mass fraction and temperature using

1-STEP at (a) t =39 s and (b) t = 4.12 s.
Local 'flame  structure of inner compartment and outer

compartment during the backdraft simulation at (a) t = 3.9 s

and (b) t = 4.12 s.
Temporal evolution of temperature using 1-STEP and GRAY

for (a) Yr = 0.0573, (b) Yr = 0.0729, and (c) Yr = 0.1224.
Temporal evolution of temperature using 3-STEP and GRAY

for (a) Y¢ = 0.0672, (b) Y = 0.0729, and (c¢) Yr = 0.1224.
Peak pressure. for occurrence conditions of backdraft with the

different. fuel: mass, fractions in-thescompartment using 1-STEP
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Fig. 1.1 Photos of the backdraft experiment (Gojkovic, 2000).
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Fig. 1.2 Development process of a backdraft (Gottuk et al., 1999).
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2.1 A A4

& Aol dfgo) datdl el o LB UA BE PHAL )
e

-2 2 (Conservation of mass equation):

op

A2 3 WA e Al e dwel WaE vehi, F o 3

o
f

o AR Ao FELS etk a3 S FE WA
7 RAAY AT AR o g,

ststE ¢ 9] 3}skE HE HPA 2 (Conservation of species equation):
6 .
pY,)+V  pYu=V - pDVY, +u, (2.2)

gl

A7NM, WS pou, T, Y, 0 247 WE, $2WH, &8 88F i

Al )

17



AFEE 9 A ol s
2dd" ®1E ¥ A (Conservation of momentum equation):

—(pu)+V « puutVp =pg +f+V o Tij (2.3)

1714, p= &E, fi= 9¥es UEL, 7,5 &9 ®A (stress tensor)

T =255 §5i.7(v ~u)) 24)
1 0w oy el

o U x] BE WA A (Conservation of energy equation):

0 . -Dp W 4
= (phy)+V - phu= o YV - ¢ e (2.6)

¢ =—kvT—Yh, pD,V T, +q, (2.7)

o] W, k= 9A=%(Thermal conductivity)o]t}.
ol 714 WA 2 (Ideal gas state equation):

pRT

— (2.8)
w

p:
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2 vpgcH(McGrattan et al., 2010b).

A2 d (Combustion model)

221 4

ol
=

& (Mixture Fraction) ¢ 4R

6‘1:]1-

e
T

)

1

HF-8- 2= % ([nfinite reaction

.

0|
il

m_a

i =G

A7

Shal

= 7H4

rates)

s

3k
=

(Chemical reaction rate)”}

(Mixed is burnt)¥t}.

w2 o}

Hje o5

%5 (Flow) 9

)
=

(Diffusion), € % & (Heat conduction)

‘mo

Tor

ol

o7
N

ToR

o

il

)

7}

6‘1:]1-

o =
A =

F 2wk -3 3} A4 (Under-ventilated fire) 2]

)

7P o2 ®elt

fite)
o
B

R oo 2o

9]

hES Ay

(2.9)

CH, + v, Oy=v 0 CO, vy oy O+ 1o CO
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(2.10)

Yco

WCO

Veo =

el
o

il

o
3&

/Kg}\

= CO9Y

o7 AAY

3|
A

Eiasg

2 o)

(Yield rate)

2]

/1\1,

=9}

d

w3 2ol

= o

2Z+eH(Conserved scalar) Z

il

(2.11)

2

VOZW

)

2

Y, — ¥,

SYF—(

4
~X

]
B

|
A

=K

=3
a

d

-
1

2

H] (Stoichiometry coefficient) ©]il, Y.<} Y,

X

X

—

i

=K

ol

B
4

0

T
il
il

g%

of Bt %

=
Rl

A ZrA7] (Time scale)oll Al doj}7] o

K

: FC)

4 942 9 (Finite Chemistry combustion model

o
vk

Tor
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i3 7] (Global reaction Mechanism: GM)o]2Fal &t}
& B, Bt Ade A9 iAo ¥hEo] T o] o] F
=drle] dedARHgor whFgrha e g,
C,H, 40,0500, CO, 03, 0H, 0 (2,12
ojm, ojufo] WE&HEE thg ZTh

dlC,H,]
= BOFIC,H ]°[0,]'e F/HT (2.13)

o] wl, BOF & Al A4 <lx}(Pre-exponential factor), A<= a¢} b, 18

Aol e 5 3

i

a1 &A43} oA E(Activation energy)s < 3

rlo

a8

t}(Bui-pham, 1992; Dryer and Glassman, 1973). th7] A Yol &

ARl vk Al2Fle] AeS & Ao s Wi, 2 5] CFD °f

ANe AL ds5d "HaAe F=E  AAsES 7] (Detailed

chemical reaction mechanism)7} o}l F &R 71HGM)S ©] &3t

B Aol A= Bui-pham(1992)e] AQkgk1 Al F&kS-7]- (<] 3t
1-STEPo|2tar A553tth)e} Dryer ©F Glassman(1972)¢] A|¢tst 3 &
ZHANE 7T (0]8} 3-STEPol2tal Awdth)E o] &3tqith ¥hgol 3o
s #eEe CH, CO, COp IO, Oy, % No 2 F 6719 #efso] 3

H A} o]8% 3}pshuk-S-2A) 3} Hk-3-4: - (Reaction rate)™= ofzj ¢ Zt}.
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CH, +20,~C0,+2H,0

— 123,980

RR, =5.2%exp( T

)[CH4]1'O [02]1.0

CH, +1.50,—~C0, +2H,0

CO+0:50,~C0,
CO,—~CO+0.50,
RRy =10 exp( =222 )Gy [0,
RR, =10 (— 001 7,01 [0,
RR, = 1014'75exp( e 1;9%740 ){CO]LO [H2 010.5 [02]0.25

ol Eolde &AstellvyA e @9l= kJ/kmol, =5 FAlSh=

gletE] Brw i W E kmol/m’o)th

2.2.2 E-AFE 9 (Radiation model)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

ouyx  HELS  HAX(Conduction), wWF(Convection), L3 EA}
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i

(Radiation)2 FA®ETH 283 olu, gFId AT AugAdaLs Aas)=
Ao Al A, AEe} HAE S AHAY EdEHE A=
oA Ag2el & F%  wWE(Heat flux vector)e] Tho]H A~
(Divergence),V « ¢’,2 7|9t} olu, 4 &% Wy uyeo Halsg q,%

37t~ (Gray  gas)ol  tid EHAF % w4 2A(Radiative  Transport

Equation : RTE)S ¥t #A4S &3 =g x3H
0'9(,%,)\) ’ ’
S VI/\(x,S)Z— [ﬁ(:c,)\)+as(:v,A)]IA(x,s)+B(x,)\)+ l47r &(s,s")ds
47
(2.22)
o, I (xs)e dF(NoIA S BALZEeH, s+ 7% (Intensity) o] HaF

wE o)t k(z,\)eb o, (rA)S 242 & FF 9D AaAFH, B\
WE A2 3 (Source term)ol . Wl AR U E Wgoz HE 9l-
2718 g (In-scattering) & 7] Z&dtt} Abeko] 9l 7hxd| gt RTE: o}

w3 2o
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A B} gEo] oF FolA £sge thet o] e & 4 9l

JEAom, Bae @ d 4% ¢ & thet 2o gelan

(McGrattan et al.; 2000b)

2.3 AXEE B AN=A

weEdgzeo 44 8 BN AES FEHI] Ase wAy

(Unsteady) 3790 A4Fa] 412 ¢l sho} o1 F2 = ahsheich. A4S NISTe

= 2 oHEddy)ell theid = AHsAAT S sl oF A A (Subgrid) &

1

o Astal SAL A A4 AN AT XA TEH ue} 2

o] FDS®| &xzi=g FAF st & AdTol WA= o=l



Atk mEpA] E AFoAE dRAFEA disiA dze mddy 29 glo]
4% 8 44 (Model-free Simulation : MFS)3l= 3% 2 4= %] B AN Direct
Numerical Simulation : DNS) 7| #-&35to] e dFEde] A9
o 5] A4 4 & B34 A (Uncertainty)< A A s} 31 T

oA 4 AYATEA, MEgzE XA AT I HE
£ T Fig. 2.1 9 718te4 @4 zte 7E4E fde R skl
ow AgPA o]Fo E-dfo Az Fig. 2.20014 HiE A o] AAkA

el ARE 9lFel YH 032 m olNe] xz WME ddoz uAw

AR, AA F9e] xol= 122 mollM 092 m S4AAH AtS F388k3d

WAHS AEst] ARG gE roer S Eateta ofds] wdg
ARPAIZEO 2 Q19 ol w2 iR B¥E A HmAA A IE
o] ~(Message Passing Interface : MPD<9} 73 7 ¥ (Supercomputing)
Nes ARE Ad ALEst 71 e o]&sto] sjAskslth Aol ARE R
AAks A 292 Intel(R) Core(TM)2 Q8400 3.0GHzel™, s+ =1 o 1571

9] Cores& AF&3dlo] oF 24~48 Algko] AQ H T, ot A 21L&
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(b) Sketch of the inner compartment

Fig. 2.1 Sketch of the reduced-scale compartment with (a) full-geometry

and (b) locations of thermocouple and pressure sensor.
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Table 3.1 Mixture composition and temperature in the compartment for

backdraft simulation measured by Weng and Fan (2003a)

Compartment temperature[K]

Species Massfraction
and layer height [m]

Ycns Yoz Y coz Yco Tu To Hp
0.0573 0.1460 0.0050 0.0032 375 326 0.28
0.0672 0.1350 0.0020  0.00040 388 344 0.27
0.0729 0.1360 0.0100 0.0038 378 352 0.27
0.0886 0.1430 0.0070 0.0023 389 349 0.30
0.1224 0.1460 0.0210 0.0012 376 340 0.28
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Fig. 3.1 Schematic diagram of cylindrical tube.
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Fig. 3.2 Temporal evolution of temperature distribution in the tube using
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different combustion models; (a) Mixture fraction (MF) and
(b) Finite 1-step combustion model (FC).
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Table 3.2

Mixture composition and temperature in the compartment for
preliminary backdraft simulation: Species mass fraction
measured by Weng and Fan (2003), and flame temperature
measured by Chen et al. (2011).

Fig. 3.3

Compartment
Species massfraction
temperature [K]
Ycns Yoz Ycoz Yco T
0.0994 0.1450 0.0020 0.0030 573
Temp [C] Temp [C] Yo Yoz
| a—| [ — E_—= =

0 300 600" %00 12000 1500 0 300 600 900 1200 1500 0 0.0% ol 0 007 014 021 025

(a) (b) (c) (d)

Temporal evolution of temperature and species mass fraction
with different combustion models, Mixture fraction (MF) and
1-step Finite Chemistry (FC); (a) MFemp. (b) FCimp, (¢) FCycua,
and (d) FCyoo.
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Fig. 3.4 Different. “opening- _geometries ...considered” for preliminary

backdraft simulation for ‘qualitative comparison.
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Fig. 3.5 Temporal evolution of temperature with different opening
geometries (a) Door (b) Vertical Window, (c) Horizontal
Window, and (d) Center Window.
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Fig. 3.6  Temporal evolution of velocity profile with different opening
geometries (a) Door (b) Vertical Window, (c) Horizontal
Window, and (d) Center Window.

41



o, Door®} Vertical window® eje] 730l

o] &

= Aot

=

Horizontal windowZ7d 3} Center windowZ 71 -&
—

ol FA

N
Mo

™
B

w

o

Al

[e]
L

Fig. 3.6

w

)

—_
fite)

A
el
&

A4
oF

mJ

AN AAejH o w

=,

=

=

35 m/s)7t 9

=

o
=

525

=

Door® Ejj ol A

Bl

R

™

-
file)

g

Horizontal Window

o] 2717}k Fol7h v

Ex
==

oF

o

i
)

nSs

o
o
il

wy

£
A% Aol

hyA

= o)
ol

°

nheo 2

o el

35 g

42

LIS

SR E SR PSP

g

Gl

ol /\1

Aol Ao fel 27



3.3 AAzAY AR

fvze)

o}
B/

\_ﬂo

o
oF

1

Nt
X

&

3.3.1 ARIAIZE

4R

o Fx2E HAH

R

2

-

° 33

/2)1—

st

7] ol 7EAem 33

\_ﬂo

%

0

3171 $181A

2 A%

] o

Tor

H

A gl

A

, V=22 032 m

3

)

b1 9

o

1

Sed A4

[e)

PN
=

0

W

el

_ZTI

Azrel AR e T

S
T

Fig. 3.7

UEb ™ SymmetricS oY

[e)

Ao}, 3D_Full th

a3 g

ki3

Al
ki3

o

)
il
o
el
o)
el
ol
=K
)
ol
il

43



3000

Fig. 3.7

I I £ I I
3D Full i i
------- Symmetric i
2 2000 i
: ) | -
® - (0.06,0.32,0.525) i
8.
=
& 1000
O 1 L 1 1 1 1 1 L
0 04 0.8 12 1.6 2
Time after opening the window [s]
(a)
60 | T T u
3D Full ¢ ]
40 | -4~ Symmetric ,"
‘@
o 4
™) Pressure sensor
520 £40.9. 0.02. 0.0)
2
o
0
_20 1 i 1 L L i 1 L
0 0.4 0.8 12 1.6 2
Time after opening the window [s]
(b)

Temporal evolution of temperature and pressure rise measured
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(a) grid cell width = 0.083H

(b) grid cell width = 0.040H

(c) grid cell width = 0.020H

(d) grid cell width = 0.013H

(e) grid-cell width=0.010H

Fig. 3.8 Numerical two-dimensional relative concentration field for
different grid sizes. The white rectangle in the top right hand
corner represents a solid obstruction. Black represents saltwater
and white represents freshwater (J.D. McBryde, 2008)

47



B3 % =% % =
Uniform Grid
g0 | 8,525,824 ( Smm) g
-------- 1,065,725 ( 10mm)
[ ———— 133,216 ( 20mm)
‘s 60|
i
=
2 40t |
&
[a )
20 +
0 o ity E =0 V\-\'/“Wf\
; 1 : , ; : '
3:5 3.8 4.0 43 4.5

Time [s]

Fig. 3.9 Temporal evolution of pressure rise at the.pressure rise sensor

using 1-step /mechanism for Y¢ = 0.1224.

40 s
30 :
E 10 1 &
o
£ 0 Y '
3 T —— | T AT
BB P ipringte
= i
10 1T
1 2 ]
20 i L i
780 785 e G =
Time (s)

Fig. 3.10 Compartment pressure(solid line) and total mass inflow(dotted
line) histories for the 70 kW fire source backdraft. Arrow 1
indicates ignition of backdraft and arrow 2 indicates flame out

the opening (Fleischmann, 1994).
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Fig. 4.2 Photograph of the gravity current approximately 3L/into the
compartment for a center horizontal slot opening (Fleischmann
and McGrattan, 1999).
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Gravity current time, density, and density difference with the

Table 4.1
different fuel mass fraction in the compartment.

v Gravity current time, ty,, Density Density Difference

. [s] [kg/m’| Ap = puirp
0.0573 3.549 0.8895 0.2819
0.1224 2.616 0.8513 0.3201
0.3000 2.407 0.7556 0.4159

Y 0 0.03 0.06 0.09 0.12 0.15

CHy

L T

(b)

(a) (©

Fig. 4.3 Temporal evolution of fuel mass fraction using 1-STEP for
(@) Y¢ = 0.0573, (b) Yr = 0.1224, and (c) Yr = 0.3000.
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Fig. 44 Temporal evolution of fuel mass fraction using 1-STEP and
GRAY for Y = 0.1224.
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Fig. 4.5 Temporal evolution—of temperature using 1-STEP and GRAY
for Yy = 0.1224.
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Fig. 4.7 Temporal evolution of fuel mass fraction using 3-STEP and
GRAY for Yr = 0.1224.
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Fig. 4.8 Temporal evolution of temperature using 3-STEP and GRAY
for Yr = 0.1224.

70



R, olul, 1-STEP ¢ 4%

rlr
I
M
2
|o
fru
Mo
g
A
rr
)
Ry
-
1o,
N
fr
1)
o,

7F 24mE dol A9y & 7kA WL gt Wil 3-STEP ¢ 7459

A= bR Hol= 4 1.8m o=,

ot
Y
Y
Lo
oy
b
N
<
;%
o]
=0
f
v}
rlr
12

@ o RAw ojm 2AE T FENEgI|Fe FHL YR A

Moz G B gl tolale s e SRS Fay5

(Local ignition)7} ¥Ay &= AJZFolth Fig. 45 ¢ 1-STEP XM= t
= 42 ol $HE FF4 aF F9 w4 HIE #HT F JAN Fig. 4.8

pirol 2wl sllstel sel st e EF/1R dol A

ol

st

71



Table 4.2 Traveling time and size of fire ball with different chemical

reaction models

Traveling time, teay Fire ball [m]
Chemistry
[s] Length Height
1-step 0.925 4.0 0.9
3-step 1.037 ~ 1.8 097
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Fig. 4.9 Temporal evolution of temperature using 3-STEP and ADIA for
Yr = 0.1224.
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Fig. 410 Temporal evolution of fuel mass fraction using 3-STEP and
ADIA for Yr = 0.1224.
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Fig. 412 Distribution of  fuel mass fraction and temperature using
1-STEP at (a) t = 3.9 s and (b) t = 4.12 s.
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Fig. 413 Local flame structure of inner compartment and outer
compartment during the backdraft simulation at (a) t = 3.9 s
and (b) t = 4.12 s,
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(a) (b) (c)
Fig. 5.1 Temporal evolution of temperature using 1-STEP and GRAY for (a) Y¢ = 0.0573, (b) Yr = 0.0729,
and (c) Yr = 0.1224.
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a
Fig. 5.2 Tempor 1 ( )1 . (b) (C)
F al evolution of' temperature usin
g 3-STEP and GRAY _ |
(c) Yr = 0.1224. for (a) Yr = 0.067
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7 Estimated Critical Condition
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Fig. 5.3 Peak pressure. for occurrence conditions of backdraft with the
different fuel mass fractions in the compartment using 1-STEP
and 3-STEP with experimental results conducted by Weng and
Fan(2003).
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