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ABSTRACT 

One of the Department of Energy's programs for assuring the safety and security of 
nuclear weapons, nuclear power plants and hazardous material containers is discussed. A 
Fire Science and Technology program has been established at Sandia National Laborato
ries to integrate those technologies needed for creating validated numerical simulations of 
real fires and the response by real objects exposed to fire. This paper describes Sandia's 
program for integrating fire science and technology into predictive capabilities which pro
vide engineering solutions to high-consequence fire-related problems. The integration of 
solid materials and fire issues will be emphasized. 
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1. INTRODUCTION 

The U. S. Department of Energy is responsible for engineering and maintaining the coun
try's nuclear weapon stockpile, for developing nuclear and conventional energy sources, 
and for conducting research in the technologies needed to assure successful completion of 
DOE's nuclear weapon and energy missions. An important implementation task stem
ming from these responsibilities has been to design for and demonstrate the survivability 
of nuclear weapons, power plants and hazardous material containers in both normal and 
abnormal environments. Carrying out this design and demonstration assignment has 
always been a formidable challenge because of (1) the complexity of the systems, and (2) 
the complexity of the highly nonlinear physical processes that characterize the environ
ments to which the systems might be exposed. Declining budgets have recently added to 
the challenge by forcing assessments of the safety and security of these systems to be 
made with reduced access to expensive full-scale testing capabilities. In addition to the 
high cost of testing, environmental restrictions and impact analyses responses can severely 
impact test schedules and further discourage a heavy reliance on testing as the primary 
source of weapon system behavior in abnormal environments. 

1. This work was performed by Sandia National Laboratories under United States Department of Energy 
contract DE AC04-94 AL85000. 
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Sandia National Laboratories has the primary responsibility for DOE for characterization 
of weapon system response to abnormal environments. Abnormal environments for 
weapon systems include crash, blast and fire scenarios, both separately and sequentially. 
Sandia has elected to apply a technology-based approach to this characterization task. 
Within this approach, the physical environment to which the weapon system is exposed 
must be modeled to obtain predictions of the thermal and mechanical response of the 
weapon system and its materials. Both the phenomenological models of the environmen
tal inputs to the system and the models of system material response must be made with 
sufficient accuracy to yield defendable system risk (vulnerability) assessments. Princi
pally because of budget constraints, our approach emphasizes the development and appli
cation of validated computational models to determine system material response and 
assess risk. 

In order to determine the thermal input to an object in or near a fire, the fire has tradition
ally been treated as a simple radiative boundary condition using a single fire temperature 
emitting to the object. However, recent experiments have demonstrated that this simple 
treatment does not adequately predict either the response of the object/materials to the 
fire or the response of the fire to the object. We realized that we needed to improve our 
phenomenological modeling of fires in order to achieve believable predictions of weapon 
system response and risk. Sandia initiated a fire research program to provide an inte
grated research and development effort in phenomenological understanding, advanced 
experimental diagnostic development and acquisition of validation data, and high-perfor
mance computational software development on leading-edge computer hardware. The 
next section of this paper reviews the physics of fires and identifies those aspects of fire 
physics which must be included in an engineering prediction representation of fires. 
Then Sandia's fire research program is described in greater detail. We believe that 
research is the linchpin for developing predictive capabilities which will provide engi
neering solutions to high-consequence fire-related problems. 

2. FIRE PHYSICS: WHAT MUST BE MODELED 

Fire is a highly transient, natural balance between fuel evaporation, turbulent mixing 
with air, and energy production from combustion resulting in thermal transport. Each of 
these phenomena are nonlinear and coupled. It is distinct from controlled, work-produc
ing combustion processes such as those in internal combustion engines in that the fuel 
and air composition, injection timing and location, and the thermal environment are not 
tightly controlled, well defined or controlled. For large fires, momentum transport is 
characterized by the evolution of large, turbulent, rotational fluid "structures." We postu
late that these rotational structures are the result of baroclinic vorticity production and 
amalgamation of smaller rotational structures into larger scale structures. Figure 1 
shows the generation of baroclinic vorticity (rotational torque on a fluid element) that 
occurs due to a misalignment of pressure and density (i.e., temperature) gradients. 

Fluid length scales throughout the turbulent cascade are important to scalar mixing and 
combustion. Fires contain critical length scales spanning five orders-of-magnitude. The 



Figure 1. Generation of baroclinic 
vorticity in fires 

largest-scale structures affect the gross entrainment of air into the fire. Intermediate-to-
small-scale structures affect the topography of the fuel and air interfaces, and hence the 
flame area. The production and transport of soot and its associated thermal energy (tem
perature distribution) dominate thermal radiation to objects in real-scale fires. Radiation 
also reaches the fuel surface and causes it to evaporate. 

The coupling of objects/materials and the fire environment have significant influence on 
local heat flux due to the effect of object-induced turbulence. Figure 2 shows the case 
where the geometry of the flame zone is altered under quiescent conditions due to the 
presence of the large flat plate adjacent to a fuel pool. The plate restricts the flow of 
entrained air and produces a recirculation zone which mixes entrainment air with fuel 
from the primary flame zone. Two large, standing, counter-rotating, combusting vortices 
are formed at the edges of the plate surface. This "flame-holder" effect results in at least a 
factor of two increase in heat flux to the plate. Computational models have successfully 
predicted the formation of this secondary flame zone and the resulting heat fluxes. Under 
windy conditions, very high heat fluxes (a factor of two larger than standard guidelines) 
have been observed in the region of the wake produced by an object such as a cylinder in 
cross flow. 

3. SANDIA'S FIRE SCIENCE & TECHNOLOGY PROGRAM 

The prediction of fire, its interaction with (and response of) both flammable and 
nonflammable objects, and the suppression of fire are each "grand challenges" in 
computational fluid mechanics, participating media radiation and combustion. Advances 
to the state-of-the-art in fire physics modeling will be necessary to achieve the ambitious 
goal of developing validated numerical simulations of real fires and their threat to real 
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Figure 2. Coupling of fire environment with objects in the fire 

objects exposed to the fires. To this end, a Fire Science and Technology program was 
established at Sandia National Laboratories. The program establishes an integrated 
research and development effort in (1) advanced experimental diagnostic development 
and acquisition of validation data, (2) improved phenomenological understanding, and 
(3) high-performance computational software development on massively parallel 
computer hardware. The research in each of these three areas must be closely 
coordinated and integrated in order to develop numerical tools that can be trusted to 
solve complex fire problems. Current and proposed activities in each research area are 
described below. 

3.1 Advanced Computational Algorithms and Hardware Platforms Sandia is build
ing a suite of simulation capabilities for fire, computational fluid dynamics, combustion/ 
chemistry, and participating media radiation. There are three primary horizons for fire 
simulation tools that are currently being developed. This evolution of simulation capabil
ity is intended to track and exploit the most modern numerical algorithms and the most 
current generation of supercomputer platform. 

The simulation of fire poses numerous computational challenges. Large-scale computa
tional fluid dynamics, combustion, and participating media radiation must be modeled 
with high spatial and temporal resolution in order to capture turbulent mixing, combus
tion, fine geometric scales, and the effect of nonlinear radiative heat loads on tempera
ture-sensitive materials. It is estimated that a TeraFLOP computing rate (10 9 floating 
point operations per second) combined with O(10'°) words of storage will be required to 
produce adequate numerical simulations of fire in moderately complex geometries. This 
level of calculational capability will permit the treatment of a spectrum of fire-related 
problems ranging from high-fidelity simulation of coupled fire-environment scenarios to 
design optimization and assessment to enhanced emergency response information. 



Sandia is currently developing a state-of-the-art fire field model, VULCAN, jointly with 
SINTEF/NTH in Norway. VULCAN provides a 3-D, transient simulation capability that 
includes the Eddy Dissipation Concept (EDC) combustion model, Magnussen's soot 
model, and a Discrete Transfer Model for participating media radiation. VULCAN also 
includes the option to perform fire simulations with either a two-equation Reynolds-Aver
aged turbulence model, or a Large Eddy Simulation model to resolve the large-scale tur
bulent structures that dominate air entrainment. Figure 3 shows VULCAN's ability to 
predict the transient fire puffing frequency for a variety of fuels. VULCAN has been 
used to simulate large, open pool fires, jet fires and 3-dimensional enclosure fires. 

a-d. Numerical prediction of flow 
structures 

Figure 3. Prediction of large-scale 
flow field structures 

e. Comparison of puffing frequency 
data with prediction 
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An effort under the Accelerated Scientific Computing Initiative (ASCI) is focused upon 
the implementation of a scalable, massively parallel version of VULCAN based upon a 
Domain-Decomposition Message-Passing paradigm. We will apply to VULCAN state-of-
the-art computational technologies and will be executing these advanced codes on the 
teraFLOP architecture to solve the fire component of a loosely-coupled "crash and burn" 
demonstration problem. Some effort will also be devoted to ensuring that the object/mate
rial thermal response and fire environment models are capable of being "loosely-coupled" 
(i.e., a data hand-off). We also will address the computational issues associated with the 
development of our next generation simulation tool and initiate the computational aspects 
of next generation code development that both meets the technical requirements and is 
fully compatible with the remaining fire prediction tools at Sandia. These advanced com
putational technologies are critical to our ability to credibly address the "crash and burn" 
problem as part of Sandia's role of stockpile stewardship and also serve as a differentiat
ing capability of our Fire Science and Technology Program. We foresee that, in the future, 
we must able to perform simulations with greater than one million grid points in order to 
provide realistic solutions of actual fire environments. In the long term, we expect to 



apply a validated next-generation fire code to solve the "fully-coupled," highly resolved 
crash and burn scenario. 

The next-generation fire simulation tool is being developed with the ability to treat com
plex geometry with unstructured grid technology. This effort leverages Sandia's exper
tise in developing massively parallel unstructured grid CFD solvers. The integration of 
parallel participating media radiation, developed under ASCI, with leading edge parallel 
CFD capabilities and robust combustion models will yield a fire simulation tool capable 
of treating complex geometry fire scenarios with direct coupling to system/material and 
structural response simulations. Currently, ALE (Arbitrary Lagrangian-Eulerian) meth
ods, grid adaptivity and local grid refinement are being considered for this simulation 
tool. 

Because gridless methods promise reduced computational requirements, but are far less 
mature than grid-based solution algorithms, they constitute the third horizon for fire sim
ulation. For example, vortex methods reduce the requirement for grid generation, and 
offer enhanced accuracy near flame zones and regions of high vortex stretching in turbu
lent flows. Currently, a Lagrangian method of participating media radiation is being 
explored for integration with existing Sandia-developed vortex methods for CFD. 

3.2 Phenomenological Understanding of Fires The diversity and complexity of the 
technologies associated with fires makes it difficult to know what phenomenological 
research programs should be pursued. Sandia's approach is to capitalize on research 
developed from around the world, and then perform research in those areas that underlie 
DOE's weapons mission. Our work is focussed on several specific fire phenomena and 
materials summarized in this section. 

3.2.1 Fire Material research For flame spread over solid materials, there has tradition
ally been a large technology gap between fundamental combustion research and the some
what simplistic approaches used for practical, real-world applications. Recent advances in 
computational hardware and computational fluid dynamics (CFD)-based software have 
led to the development of fire field models. These models, when used in conjunction with 
material burning models, have the potential to bridge die gap between research and appli
cation by implementing physics-based engineering models in a transient, multi-dimen
sional tool. 

Nicolette, et al [1] discuss the coupling that is necessary between fire field models and 
burning material models for the simulation of solid material fires. Fire field models are 
capable of providing detailed information about the local fire environment. This informa
tion serves as an input to the solid material combustion submodel, which subsequently 
calculates the impact of the fire environment on the material. The response of the solid 
material (in terms of thermal response, decomposition, charring, and off-gassing) is then 
fed back into the field model as a source of mass, momentum and energy. The critical 
parameters which must be passed between the field model and the material burning model 
have been identified. Many computational issues must be addressed when developing 
such an interface. Some examples include the ability to track multiple fuels and species, 



local ignition criteria, and the need to use local grid refinement over the burning material 
of interest. 

3.2.2 Multiple Major Species Transport The ability to treat multiple fuels will allow 
combustion of species other than the primary fuels to be simulated. Additional fuel spe
cies from flammable gases emitted from solid and liquid materials can have a dominant 
influence on the thermal threat posed to a fire-survivable system. This development effort 
represents a logical progression from the simulation of pool fires with non-combustible 
systems (which rarely is the case) to actual fire environments where combustion of the pri
mary fuel results in conditions where additional, secondary fuels ignite. Such scenarios 
typically occur when a weapon system is exposed to a fire during storage or as a result of a 
transportation accident. 

3.2.3 Engineering Tools for Suppression In order to answer key DOE questions regard
ing the use of suppressants and the costs of replacing Halon 1301, Sandia must develop 
the capability to simulate suppression effects, including thermal, chemical, or hydrody-
namic. Suppression technology developed as part of this effort will support both VUL
CAN and the next generation tool. 

3.2.4 Improved Liquid Regression Submodel The ability to predict the rate of fuel addi
tion is critical to correctly simulating the environment in any chemically-reacting flow. 
For liquid fuels, the fuel gasification rate as a function of incident heat flux must be cor
rectly predicted. Based on comparisons of global (i.e., large scale, time-averaged) experi
mental data from DNA tests at NAWC and model predictions, our current computational 
submodel overpredicts the fuel gasification rate. We therefore are constructing an 
improved fuel gasification rate model which will be supported by detailed intermediate 
scale experiments performed as part of Sandia's model validation experiments. 

3.2.5 Other Improved Physical Models The evolution of other physical models in 
VULCAN will continue on several fronts. Examples include the development of fixe 
models compatible with probabilistic risk assessments, to include fast-solve algorithms for 
radiative transfer, a version for propellant fires, incorporation of effective parameters from 
experimental data, wind effects, and a simplified combustion model. Improvements to 
existing turbulence and combustion models will also be pursued. 

3.3 Advanced Diagnostic and Benchmark Data 

The validation and further development of models to numerically simulate multi-scale, 
multi-mode chemically-reacting systems requires highly-resolved (time and space), low-
uncertainty experimental data. These data are used to help: 1) understand the physical 
phenomena present in the system, 2) define the important or dominant physical mecha
nisms, 3) assist in the development or improvement of physically based submodels, and 4) 
validate the model to instill confidence in its use. In addition to heat flux measurements 
which have already been acquired, we must obtain a more detailed quantification of the 
relevant variables, including soot absorption coefficient, soot volume fraction, soot emis
sion temperature, fuel gasification rate, gaseous fuel species from decomposing solid 



materials, and fire flow structures that are known to significantly influence the character of 
these systems. 

Resolving the phenomena in fires that result from credible accident scenarios (i.e., those 
in the fully turbulent regime) with sufficient detail for the development and validation of 
numerical simulation tools poses unique and challenging requirements for the develop
ment and implementation of advanced diagnostics. Due to the physical size, optical 
thicknesses and high heat fluxes of turbulent fires, laboratory-scale techniques common 
in the study of small laminar flames must be modified and enhanced to allow unique phe
nomena to be resolved. Innovative particle image velocimetry (PIV) techniques for fully 
turbulent buoyant and reacting plumes are being developed to characterize the transient 
flow patterns that are critical to the combustion and transport processes (Figure 4). 

Buoyant Plumes resolved velocity field 

Figure 4. Particle Image Velocimetry (PIV) measurements in fires 

The development and validation of numerical tools that resolve the temporally- and spa
tially- varying coherent structures requires unprecedented temporal and spatial resolution 
in experimental techniques to quantify the flow dynamics and structure evolution pro
cesses. For example, the new solvers will predict transient eddy growth in fires, includ
ing the quasi-steady puffing motion observed in fires. In order to determine which 
length scales need to be resolved to model this flow, it is necessary to have data to deter
mine which scales contribute to the formation of these structures. In order to validate 
that the model predicts the growth rate correctly, it is necessary to have both the tempo
ral and spatial resolution in the data for the structure growth phase for several cycles. 

Soot generation, soot temperature and soot transport, which have a dominant effect on 
the radiative transport in fire, are being investigated through the development and imple
mentation of several multi-wavelength emission/absorption probes that provide highly 
transient measurements of soot volume fraction and emission temperature within turbu-



lent, engulfing fires. The contribution of combustible materials to the fire environment, 
which has traditionally been characterized solely on the basis of scenario- and material-
specific evaluation of heat release rates from small-scale samples, is being investigated 
in a series of experiments that include the characterization of pyrolysis zone growth, 
mass loss rates, and off-gassed species from decomposing organic materials. Large-scale 
oxygen consumption calorimetry is being developed to enable the characterization of 
burning materials under realistic full-scale conditions. 

4. SUMMARY 

Department of Energy responsibilities for nuclear weapon system safety and security 
require the development and validation of believable numerical models of fire. The high 
costs and environmental restrictions associated with full scale testing have made it 
necessary to rely more heavily on computationally-based tools for predicting the 
response of systems and materials to fire hazards. Sandia National Laboratories has 
established a Fire Science and Technology Program to conduct research in the science 
and technology of fire and to extend that research base into predictive capabilities which 
provide engineering solutions to high-consequence fire-related problems. The key to 
Sandia's Fire Science and Technology Program is the close coupling of improved 
physical models of fire phenomena, high-performance computational software 
development on massively parallel computer hardware, and advanced experimental 
diagnostic development and acquisition of validation data, improved phenomenological 
understanding. 

The numerical modeling of fire requires a level of research investment which is 
unaffordable for any single government agency to bear alone. Sandia has relied upon the 
research results and data generated from around the world, and we will continue to do so 
in the future. We see significant advantages in teaming with other government 
laboratories and universities to develop technology-based fire prediction tools 
collaboratively. 
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