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Abstract

The occurrence of a fire, no matter how small, often exposes objects to significant levels of contamination from the products of combustion
The production and dispersal of these contaminants has been an issue of relevance in the field of fire science for many years, though little wol
has been done to examine the contamination levels accumulated within an enclosure some time after an incident. This phenomenon is of gre
importance when considering the consequences associated with even low level contamination of sensitive materials, such as food, pharmaceutic:
clothing, electrical equipment, etc. Not only does such exposure present a localized hazard, but also the shipment of contaminated goods plac
distant recipients at risk.

It is the intent of this paper to use a well-founded computational fluid dynamic (CFD) program, the Fire Dynamics Simulator (FDS), a large
eddy simulation (LES) code developed by National Institute of Standards and Technology (NIST), to model smoke dispersion in order to asses
the subject of air contamination and post fire surface contamination in a warehouse facility. Measured results are then compared with the resul
from the FDS model. Two components are examined: the production rate of contaminates and the trajectory of contaminates caused by the forc
ventilation conditions. Each plays an important role in determining the extent to which the products of combustion are dispersed and the level
to which products are exposed to the contaminants throughout the enclosure. The model results indicate a good first-order approximation |
the measured surface contamination levels. The proper application of the FDS model can provide a cost and time efficient means of evaluatir
contamination levels within a defined volume.
© 2005 Elsevier B.V. All rights reserved.
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1. Objectives research and development at the National Institute of Standards
and Technology (NIST), Building and Fire Research Laboratory.
This paper examines a case study in which toxic by-productEDS utilizes a large eddy simulation (LES) technique to model
of smoldering combustion are dispersed throughout a large warédrbulence within the fluid dynamics model. The methodology
house by numerous forced ventilation systems and air handlingrovides a computationally efficient method of calculating fluid
equipment. A computational fluid dynamics model was con{low and temperatures in a fire environment.
structed and run to determine the extent of smoke contamination FDS is a public domain software program and is available
within the enclosure. The model allows for the migration of thefree of charge from NIST. A review of the available scientific
contaminants to be examined at all areas within the enclosuléerature directly related to the development, use, and validation
as a function of time. The results of the model are compared tof FDS demonstrates acceptance of the code for both research
actual surface contamination samples from the case study. and practical application. In addition, the theory behind the FDS
code has been described in peer-reviewed documents, along with
2. Overview of the FDS model validation studies and examples of practical applications.
An FDS model requires several inputs by the user: (1) the

The Fire Dynamics Simulator (FDS) was used to perform thegeometr_y of the area of f_ire_origin a_nd all adjacen_t spaces,
computational analysis. FDS is a program, which is the result of2) passive and active ventilation locations and magnitudes, (3)
material properties for the compartment boundaries, and (4) the

fire specification (e.g. location, energy release, and smoke pro-

* Corresponding author. Tel.: +1 443 545 2002. duction as a function of time). These inputs and the underlying
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physical calculations of the code allow for a fire and the products 3 0.003 0.03
of combustion to be mathematically modeled.

In this case, the fluid flows, which transport the contaminants
through the space, are the issue of importance. The dominan
mode of transfer, which would affect the dispersion of contam-
inates, is the active and passive ventilation contained within the
enclosure and the air handling equipment. The ventilation in the
enclosure is composed of two components: the active ventila-
tion located on the roof and passive ventilation located along the 0 0
wall and the roof. The air handling equipment consists of fans o0 s e fiome(m,] 120 1060 e
suspended from the ceiling and mounted to the building support
columns as well as the process equipment, which has a positive
or negative draw. Each of these items plays a crucial role in the
distribution of the contaminants throughout the space.
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Fig. 1. Source production and mass loss rate as a function of time.

The smoke is introduced into the volume of the enclosure
using the velocity ramp feature of FDS. A velocity ramp allows
the user to specify the rate at which a fluid, in this case smoke,
is being emitted from a source as a function of time. The mass

Itis first n v to describe the manner in which th r]production rate of smoke is converted into a velocity using the
IS Tirstnecessary 1o describe the manne N Ihe CONg;7 6 of the smoldering source prescribed in the model and the
taminates are introduced into the system. In the current stud

Yensity of air, Eq(1
literature values are used to describe the smoldering source term. y - Ba()

Specifically, typical smolder propagation rates of pinewood an% _ ﬂ (1)
the smoke yield under smoldering conditions were researched. — pA

Typical smolder propagation rates within the literature varied . L . .
between 0.001 and 0.01 cni/F. The smoke yield, which is Where.V Is the velocityn the mass fluxp the density O.f ar,
defined as the mass of smoke produced per unit mass of fu@PdA is the area of the smoldering sourééis the velocity at

amoke iod b 3% and 17% f i q | which the smoke is released from the smoldering source and
< Stuel ) varied between 3% an o Tor pyrolysIS and SMOl-enters the enclosure. The smoke density is assumed to be that of

dering condition§?]. An average of the range of literature values ajr. This methodology allows the distribution of contaminates to
for smoke yield, 10%, and a conservative smolder velocity ohe examined based solely on the environmental conditions. It is
0.001 cm/s were chosen to describe the smoke production terggsumed thatthe air movementinduced by the ventilation system

3. Literature review of input parameters

that is utilized in the FDS model. plays the dominant role in dispersion and the buoyant forces
brought forth by any temperature differences can be neglected.
4. Smoldering source in FDS The small amount of smoke produced and the weak buoyant

forces associated with smoldering combustion further support

The production of smoke is computed as a function of timethe use of this assumption for the case study.
based on the propagation rate of the smolder front and the
burning objects geometric configuration. The constant smoldes. Analysis
velocity extracted from existing literature is used to define this
process. Initially, the smolder propagation is computed based on The FDS model was used to examine the dispersive nature
a radial spread in all directions, i.e. a growing sphere. Once thef the smoke as a result of the enclosures forced ventilation sys-
smoldering front reaches the external bounds of the object, them. Particular attention was placed on specific locations within
propagation computation is reduced to represent spread solellye enclosure consistent with the measured data. Point measure-
along the length of the object. Using the results from the sprearhents are extracted from the FDS model based on the average
model and the material properties of the object, an equivalenhass fraction within a particular volumetric grid cell. The cell
mass loss is computed for a given time interval. size utilized within the model is 0.478 m0.983 mx 0.813 m

The equivalent mass loss is divided by the running time atorresponding to th&, ¥, andZ dimensions, respectively. In
each interval, converting it into a transient mass loss rate ofrder to compare the FDS results with the measured results it is
fuel. The average value for the smoke yield, 10%, is then usedecessary to convert the predicted mass fraction of smoke into
in conjunction with the mass loss rate of fuel to give a mass density of smoke within the volume using the dimensions of

production rate of smoke such that the grid cell and the properties of air. Next, the mass of smoke
_ mi. — ms. ' . per unit volume is converted into a mass of smoke per unit area
mi = ——-+ and mgs= 0.10ms by dividing it by the height of the grid cell{dimension).

fi The experimental samples taken in the case study examined

wherey; is the time elapsedss, the original mass of the fuel, eight specific polycyclic aromatic hydrocarbons (PAHs) and
ms; the mass of the fuel at timg andms is the mass of smoke reported a total PAH value for each location in units of pgflcm
producedFig. lillustrates the mass-burning rate of smoke as a'he mass of smoke per unit area computed from output of the
function of time. FDS model is further converted into a PAH value by incorporat-
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Table 1 all locations within the enclosure. Contamination levels increase
Summary of literature values of PAH emission rates for burning pinewood slightly with time but the Change is assumed negligible for the
Polycyclic aromatic Emission rate per purpose of this study.

hydrocarbons (PAH) mass fuel (mg/kg) To further examine this converging phenomenon an addi-
Phenanthrene 0.47 tional calculation is performed which treats the entire enclosure
Anthracene 0.051 as a simple bulk-mixing problem. The equations used for the
Fluoranthene 124 bulk-mixing analysis are defined as follows:

Pyrene 1.59

Benzacenaphthylene 0.57 dy Y(t

Benzoﬂuoré_)ne g 0.056 o = Qin — Qout, Where Qqut = Q% 2)
Chrysene/triphenylene 0.98

Benzopyrene 0.62 andQ is defined as the flow into and out of the enclosutthe

Total 5577 mass of the air and smoke within the enclosure at a given time,

andV is the enclosure volume. By algebraic manipulation and
integration Eq(2) can be rewritten as:

= 1.0E-08 ¢ 3
& 9.0E-09 4 " At T3 . VQin —1q)V
3 80E-09 § S - Y@ = T(l —e ) 3)
= 7.0E-09 § f—a w2}
v 6.0E-09 £ b o 3 [ cZoncB . . . .
A < or00 | s 3 8 ol i | +zonep Solving the equation using the following valués: 96,300 nd;
B i DL et ]|, Oin, the production rate of smoke =0.0078 g/min;the vent
‘s 30E-09 4 ol E flow rate in/out of the enclosure = 23,808tmin. This yields
§ 20B08 F———tg-- ] Eqg.(4), which is plotted over time ifrig. 3.
Z 1.0E-09 £ :
- 2.7 : ; ; ; _ —0.247
0.0 000 5 10 15 20 25 30 Y(r) = 0.0316(1- € ) (4)

Ti inu
e (minues) The results from the bulk-mixing calculation indicate the con-

Fig. 2. Convergence of PAH level to steady value for various zones. centration is approaching steady-state conditions approximately
20 min after initiation Fig. 3). This bulk-mixing calculation

ing literature values for emission rates of organic compounds if€rves as a check on the model predictions to attain steady-state
burning pinewood Table 3 with the mass loss rate of the fuel conditions.
and the smoke yield.

Prior to comparing the model results with the sampled value$. Results
for surface contamination, an overall assessment of the dynamic
mixing process is conducted. The PAH values extracted from A quantitative analysis has been conducted between the mea-
the model are monitored for the duration of the experiment. Theured and modeled results. The analysis consisted of breaking
results from the model indicate that within 20—25 min of initia- the large enclosure into nine zones. Average values from each
tion, the distribution of contaminates remains relatively steadyzone were computed. The measured results consisted of eight
The relatively steady-state contamination level is directly relatedPAHs representative of surface contamination levels. FDS was
to the samples geometric positioning within the enclosure. Arused to model the smoke production and dispersion throughout
example of is provided ifig. 2, with the presentation limited to the enclosure. Literature values were used to present the mod-
four zones for clarity. This initial ramp up period is observed ateled results in the same form as the measured results.
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Fig. 3. Environmental contamination level using bulk-mixing calculation.
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Fig. 4. FDS steady smoke concentration distribution and zone layout (spatiatig. 6. Contamination level for zones located in the vicinity of the source.
dimensions are in meters).

Model results were extracted from EDS at locations similar?led surface contamination levels for these zones are compared

to those measured. The evolution, concentration, and relative Fig. 6 Similar trends are observed in the near source zones

values of contamination were examined as a function of timgetwe_en the experlm_ent_al and predicted results. T he re!atlve
magnitude of contamination levels between zones is consistent

within the FDS model for each zone. The gquantitative image, ‘ v, M d tamination level hi h
shown inFig. 4, is representative of the steady spatial distri- nernaty. di e?sttjjrs tﬁonF%"S"na '3n| evels are much farger then
bution of the smoke/contaminates throughout the enclosure égose predicated by the mode.

predicted by the FDS model and depicts the location of the nine Lh?trre] ?r? seve'ral _;‘_actotrs tlh"?‘t tire no]E accc;)untef:_ for |.r;ht.he
zones examined in this study. This figure also shows that theiﬁo clthal piay a significant rolein the surtace deposition within

is variation in contamination levels throughout the warehous el zgngs_ CL?]SE to ;hel sc:]yrﬁet. ﬁ‘ de_tatlled depoil;[;]onlmmliel IIS not
due to the turbulent nature of the ventilation system. Included in the mode! which takes into account the focal veloc-

A comparison of the nine zones examined in this study prolty ian(_jt thef ma?s OT thf contam|nants|.tA?d|t|ona|Zy, Fhough the
vides insight into the models ability to predict surface and fluigM&orty of contaminates were a resuft of a Smoldering Source,

contamination levels. A side-by-side presentation of the mea® combus.tlon did transition to fIammg. Once flaming occurred
everal sprinklers actuated in the vicinity of the source. The

sured and modeled surface contamination levels for this stud i I . .
troduction of water can play a significant role in the dynamics

i i inFig. 5. Th fth | vari
Is provided inFig. 5 The accuracy of the model varies based on ssociated with surface deposition. The dispersion of smoke that

the geometric location of the zone with respect to the sourcé® i ; o
was previously dominated by the enclosures ventilation system

However, the overall model results serve as a good qualita- Id b tv affected b i | df th ikl
tive indicator of contamination distribution IevelsthroughouttheWou € greally afiected by waler released from the Sprinkiers

enclosure. It is evident that the modeled surface contaminatio?loming in direct contact with airborne particulate. Contaminates

levels differ significantly from those sampled in the enclosurethat are being forcibly setiled ou_t_of the ar WOUId deposit on
near the source location. The results of the model in areas aw rfaces near the source. In addition, the interaction of the fire

from the source provide a more accurate depiction of the actu epartment near the source may have interfered with the natu-

contamination levels. The zones are separated into two grouﬂgl depozltzjon of .?.molre. ?u::hh Fheno?enondV\./Ol:Ld explalnttkée
representative of the near and far field, to better examine thgicreased deposition fevels that are observed In the case study.

observed differences in contamination levels. The six remaining zones (A, B, C, D, E, and H) are grouped

Three zones (F, G, and I are grouped together to represent tﬁ%gether to examine the far field contamination levels. The mea-

contamination levels near the source. The measured and mo%iL-mad and modglgd surface contamination levels for these zones
are compared irFig. 7. Far from the source, the model pre-

dictions are consistently higher then those actually measured
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Fig. 5. Modeled and measured surface contamination levels for the nine zones. Fig. 7. Contamination level for zones located far from source.
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within the enclosure and remain relatively constant from zone téhe exact accumulated values, such as particle agglomeration,
zone. The measured deposition levels vary considerably betwesettling, and sprinkler interaction. However, the model accu-
zones. There does not appear to be a linear relationship betwerately depicts the presence of contaminates and the relative
the measured results and the predicted results when solely exasentamination levels throughout the enclosure. A more detailed
ining concentration, though they are on the same order of magexamination of dynamic surface deposition may be useful in

nitude. determining a correction factor that will allow for a more precise
modeling tool. The results of this case study allow for a first-
7. Conclusion order approximation to be made and provide a good foundation

for future work regarding the modeling of surface contamina-
The level of contaminates predicted by the FDS model indition.

cates a good first-order approximation of the measured accu-
mulated surface contamination levels. The near steady exposuReferences
conditions within the enclosure further suggest that the disper-
sion model serves as a useful tool in examining the distributiofit] J.G. Quintiere, The SFPE Handbook of Fire Protection Engineering, third
of surface contaminates. The discrepancy between the results gf €d-» National Fire Protection Association, Quincy, MA, 2003, pp. 2-12.
model and the measured values imply that several factors thgﬂ C.P. Bankston, B.T. Zinn, RF. Browner, E.A. Powell, Aspects of the

. L . mechanism of smoke generation by burning materials, Combust. Flame
are not accounted for in the model make it difficult to determine 41 (1981) 273.
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