








The experimental apparatus can accommodate a variety of commercial
sprinkler heads to test the spray pattern and compare the flow distribution
to that of the axisymmetric disk. The performance of the commercial heads
are not axisymmetric as can be seen in Figure 1. For the same flow
conditions the axisymmetric disk impingement produces a wider, more even
spray distribution than the pendant-type sprinkler as can be seen in Figure
2.

The sprinkler flow distributions shown in Figures 1 and 2, are
presented in a non-dimensional form which emphasizes the sprinkler’s
ability to uniformly spread the volume flow rate of water over the maximum
possible floor area. The maximum radial extent of the sprinkler system is
represented as U 2y/g, where U is the jet velocity, y, the distance of the
disk from the floor and g, gravity. The non—-dimensional application rate
is the measured ’'rain rate’ from the gutter collection system, normalized
with respect to the ’ideal rain rate’, the total flow rate from the nozzle
divided by the maiximum possible floor area.

By driving the disk at various frequencies and amplitudes, dramatic
differences in flow distribution can result from the nature of the liquid
sheet breakup induced by the choice of driving frequency. If the driving
frequency is near the frequency for largest growth of sinuous waves on the
sheet, large waves appear before sheet breakup occurs and a broad
distribution of droplets results from the flapping sheet. If the sheet is
driven at frequencies away from those for maximum growth of sinuous waves,
the sheet remains quite flat until breakup and it is proposed that the
growth of symmetric waves on the sheet are the dominant mechanism of
breakup. Since the sheet is not flapping, the droplet distribution is far
narrower under these conditions,

Figure 3 illustrates the point that the ratio of the sheet breakup
radius at a given driving frequency to that at zero driving frequency
appears to correlate with the ratio of the driving frequency to the
frequency for maximum growth of sinuous waves, for a given amplitude of
disk oscillation, Figures 4a-b illustrate the apparent correlation of flow
distribution with ratio of driving frequency to frequency of maximum growth
of sinuous waves.

The droplet trajectory model combined with a Rosin-Rammler
distribution function for the droplet diameters gives qualitative agreement
with measured flow distributions. The model is sensitive to the imitial
conditions of the droplets at the point they leave the sheet breakup
location., If the sheet is flapping sinuously with large amplitude, it
causes the flow distribution to be much broader than if the sheet is
relatively flat at the breakup point as can be seen by predicted flow
distributions from the computer model shown in Figures 5a-b.

Reports and Publications:
1. B. Wendt and J. M. Prahl, 'Flow Rate Distribution Performance for an
Axisymmetric Vibrating Impact Fire Sprinkler Head’ Departmeat of

Mechanical and Aerospace Engineering, Case Western Reserve University,
Cleveland, Ohio 44106, Dec. 1983,
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CENTER FOR FIRE RESEARCH
NATIONAL BUREAU OF STANDARDS
FY 85

Institution: Case Western Reserve University
Grant No.: 60NANB4D0013
Grant Title: Flame Spread Limits
Principal Investigator: Professor James S. T'ien
Department of Mechanical and Aerospace Engineering
Case Western Reserve University
Cleveland, Ohio 44106
Telephone: (216) 368-4581

Other Professional Persomnel: Charlie Chen (Graduate Student)
Ait Messaoudene (Graduate Student)

NBS Scientific Officer: Dr. James G. Quintiere

Technical Abstract:

The overall objective of this research program is to develop a basic
understanding on flame spread limits. The two tasks performed to achieve
this goal are described in the following:

Diffusion Flame Stabilization at the Leading Edge of a Fuel Plate (Ref. 2),
A theoretical model of a diffusion flame at the leading edge of a fuel plate’
in a forced convective flow is solved numerically to study the flame
stabilization and blowoff phenomena. The system of governing equations con-
sists of the two-dimensional Navier-Stokes' momentum, energy and species
equations with one-~step overall chemical reaction and second-order, finite
rate Arrhenius kinetics. The computation is performed over a wide range of
Damkohler numbers. For large Damkohler numbers, envelope flames are found
to exist where the computed fuel evaporation rate, the flame stand-off dis-
tance and the velocity profile show certain similitude. As Damkohler num-
ber is lowered, a transition to open-tip flame takes place where the flame
becomes stabilized on the sides of the fuel plate. TFurther decreasing of
the Damkohler number pushes the diffusion flame downstream out of the lead-
ing edge region. In this work, the flame structures of the envelope and
the open-tip flames are presented together with a description of the transi-
tion sequence. The implication of this work to downstream boundary layer
combustion is also discussed.

Determination of the Kinetic Rate Constants for PMMA in a Semi-Global
Reaction Model (Ref. 3). A numerical study of the combustion and extinction
in the stagnation point boundary layer of a condensed fuel (PMMA) has been
performed using a three-step semi-global reactions model. In the first
step considered, fuel is oxidized to form carbon monoxide and water wvapor.
In the second, carbon monoxide is oxidized to form carbon dioxide, and in
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the third reaction, carbon dioxide decomposes into carbon monoxide and oxygen,

which is the reverse of the second reaction. Use has been made of Howard,
et. al., kinetics constants for the forward reaction of CO (second reaction),
and constants calculated from equilibrium considerations for the backward
reaction (third reaction). Comparing the extinction results with experimen-
tal data, good agreement was found for B_=4.43 x 103 m1®/g mole. sec. and
E_=32000 cal/mole, which are respectively the preexponential factor and the
activation energy for the rate of the first reaction.

Reports and Papers:

1. Chen, C.H. and T'ien, J.S., "Fire Plume along Vertical Surfaces: Effect
of Finite-Rate Chemical Reactions,' Journal of Heat Transfer, Vol. 106,
pp. 713-720, November 1984.

2. Chen, C.H., "Diffusion Flame Stabilization at the Leading Edge of a Fuel
Plate," Ph.D. Thesis (expected August, 1985), Case Western Reserve
University, to be submitted as a NBS report.

3. Ait Messaoudene, N. and T'ien, J.S., '"Determination of the Kinetic Rate

Constants for Polymethylmethacrylate in a Semi-Global Reaction Model,"
Submitted to be a NBS report.
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CENTER FOR FIRE RESEARCH
NATIONAL BUREAU OF STANDARDS
FY 85

Center for Fire Research
National Bureau of Standards

FY 85

Institution: Clemson University
Grant No.: 60NANB4DO033

Grant Title: Ternary Reactions Among Polymer Substrate-Organohalogen-
Antimony Oxides in the Condensed Phase Under Pyrolytie,
Oxidative and Flaming Conditions.

Principal Investigator: Dr. M. J. Drews
School of Textiles
Clemson University
Clemson, South Carolina 29634-1307

Other Professional Personnel: Dr. C. W. Jarvis, Co-Principal Investigator
Dr. G. Lickfield, Post-doctoral Research
Associate
Ms. K. McCoy, Graduate Assistant

NBS Scientific Officer: Dr. W. Schaub

Technical Abstract:

The objective of this work is to determine the chemical mechanisms for
the solid phase interactions which occur in antimony oxide/organohalogen/
thermoplastic polymer substrate compositions during combustion. The formation
of intermediate flame retardant decomposition products and the role of the
polymer substrate in the generation of volatile antimony compounds are of
special interest, with respect to the importance of the observed solid state
interactions to the overall chemistry during degradation. Data on the combus-
tion chemistry will be obtained from laboratory scale flaming combustion
experiments conducted at the Center for Fire Research of the National Bureau
of Standards. The combined degradation and combustion experiment data sets
are to be used in an attempt to develop a comprehensive model, integrating
condensed phase chemistry and combustion performance for flame retarded
thermoplastics. One possible important utilization of such a model, in
addition to flame~retardant formulation efficiency optimization, might be in
risk and hazard analysis.

The small scale degradation studies employ isothermal and dynamic
thermal analysis, as well as isothermal tube furnace experiments. Sample
sizes range from the milligram to gram scale depending on the apparatus.
Antimony analysis and bromide ion monitoring are used to develop a temperature
profile of the antimony volatilization and to measure the extent of reactiom.
During the current project vear, the use of capillary gas chromatographic
analysis of the trapped volatiles has been initiated. The basic experimental
sequence consists of a study of the individual components, followed by the
binary mixtures (polymer/organohalogen, polymer/antimony oxide, and organo-
halogen/antimony oxide) followed by the ternary mixture.
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Three polymers and three organobromine compounds of significantly
different thermal stabilities and primary decomposition pathways were

initially chosen as model polymer substrate and halogen sources. The polymer
substrates were polyethylene terephthalate (PET), polypropylene (PP) and
polymethylmethacrylate (PMMA) and the organobromine compounds were decabromo-
diphenyl oxide (DBDPO), tetrabromobisphenol-A (TBBPA) and hexabromocyclodo-
decane (HBCD). During the current project year one additional polymer
substrate, linear high density polyethylene (HDPE), has been included, as well
as several additional halogen sources including an acyclic organochlorine and
the chlorinated analog of DBDPO. Finally, the investigation has been extended
to include other metals and a variety of modified antimony oxides.

In the previous antimony/halogen literature, at least three different
mechanisms have been proposed to account for the antimony volatilization which
has been observed in degradation and combustion studies. These reaction
sequences can generally be separated into two categories according to whether
or not the organohalogen component can undergo intramolecular dehydrohalogena-
tion. For those compounds which can undergo intramolecular dehydrohalogena-
tion, the principal route to the generation of volatile antimony species has
been thought to involve the direct reaction of HX, formed by the thermal
decomposition of the halogen source, with the antimony oxide. For intramole-
cular dehydrohalogenation, alternative reaction sequences involving either the
indirect formation of HX or unspecified intermediates have been proposed.

Even in these alternative schemes, the necessity for HX formation is implied
if not explicitly included.

Based on the results obtained from the small scale degradation experi-
ments, it is now possible to conclude that a previously unreported mechanism
exists for antimony volatilization which does not involve HX formation.
Antimony volatilization, similar to that measured for ternary mixtures, has

‘been observed from compositions which contain no source of hydrogen at

temperatures comparable to those previously reported for pyrolyzing polymers
substrates during combustion (=400°C). Other experiments have indicated that
this reaction is not unique to antimony and may be rather gemeral for certain
organohalogen structures. In addition, the small scale degradation data with
HBCD as the halogen source, strongly suggest that even with halogen sources
which do undergo intramolecular dehydrohalogenation, the reactions leading to
antimony volatilization may include more than the simple reaction of HX with
the antimony oxide.

Based on a comparison of results obtained in the tube furnace to those
from thermogravimetric analysis experiments, it would also appear that the
extent of the organohalogen/antimony oxide/polymer substrate reaction can be
greatly affected by physical factors related to the preparation of the reac-
tion mixture. Consequently, these data may be utilized in the future to
propose a quantitative explanation for observations which have been made in
the literature regarding the efficiency difference between the pentoxide and
the trioxide.
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During the final quarter of this year's project, the laboratory scale
combustion experiments will be carried out. In addition to the burning
parameters which have been measured during the previous combustion experiments
on these samples, the current burns will include a trapping experiment to be
used for volatiles analysis. These data will form the basis for a comparison
of the combustion efficiency of not only the polymer substrate, but also the
organohalogen volatiles generated during the burns. These data are poten-
tially significant for certain organohalogen sources from an overall fire
safety, risk and hazard assessment perspective.

The results of this systematic investigation will contribute new, basic
information with respect to fire retarded and fire resistant thermoplastics;
the mechanisms for the formation of volatile antimony species from the reac-
tions of antimony oxides and other antimony containing compounds in the
presence of organohalogens; and the first systematic study on the controlled
combustion of thermoplastics containing this important class of flame retar-
dants. The systems description which this research seeks to develop should
make it possible to model more accurately the combustion performance of these
materials in a real fire situation, as well as lead to a greater understanding
of the thermal and chemical characteristics necessary for the more efficient
flame retardation of thermoplastics.
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CENTER FOR FIRE RESEARCH
NATIONAL BUREAU OF STANDARDS

FY 85
Institution: Factory Mutual Research Corp., Norwood, MA 02062
Grant No: NB83-NADA-U4014
Title: Calculated Interaction of Water Droplet Sprays
with Fire Plumes in Compartments
Principal Investigator: Dr. Ronald L. Alpert

Basic Research Department
(617) 762-4300, ext. 2776
Other Professional Personnel: Pbr. Mary Delichatsios

Ms., Mary K. Mathews
Pbr. John de Ris
NBS Scientific Officer: Dr. Bernard McCaffrey

Technical Abstract:

The objective of this program, which started in July 1983, is to predict
mathematically, through the use of computer solutions, how a water spray in-
teracts with the buoyant, turbulent gas flow induced by fires in compartments.
Qur goal is to obtain general interaction correlations relating spray penetra-
tion and cooling of the fire environment to controlling spray and fire plume
parameters,

During the last two years of our research effort, two separate tasks have
been proceeding in parallel. The first task involves the study of a simpli-
fied axisymmetric problem that models the behavior of a downward facing drop-
let spray in the presence of an upward flowing plume from a fire. Calcula-
tions of the gas flowfield and of spray penetration and cooling are being
performed using an existing numerical spray code (TEACH-T coupled to the
particle-source in cell technique) now in use at FMRC. The second task in-
volves the development of major improvements in the gas calculation algorithm
of the spray code so that more accurate, transient flow solutions can be
obtained reliably with the minimum usage of computer time. An efficient and
accurate numerical algorithm is essential in order to obtain reliable results
for a broad range of sprinkler, fire and compartment configurations in the
future.

Applied Calculations with the Existing Computer Code

A number of enhancements to the existing spray code have been completed.
The most important of these improvements has been the simulation of a fire
plume through the use of uniformly distributed volumetric heat sources in a
cylindrical region. Both the heat source intensity (800-1200 kW/m3) and the
height to diameter ratio of the heat source cylinder are made consistent with
our previous measurements of pool fires. Peak gas temperatures and velocities
calculated with the simulated fire source are in general agreement with known
properties of turbulent flames. This new fire source replaces the hot-gas jet
used previously as a plume source and allows the attainment of realistic near-
ceiling gas temperatures in the flow solution.

About 20 steady, axisymmetric flow field computer solutions were obtained
initially with a crude, 16 x 16 mesh and a spray directly above either the hot
gas jet or simulated fire plume sources. Correlations were then developed
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linking the efficiency of spray cooling as well as the spray penetration
through the plume to the relative magnitudes of characteristic spray and plume
momenta. A wide range of initial droplet injection velocities and water flow
rates were considered but with only one droplet size and fire heat release
rate. Results of this initial spray interaction study were presented at ASME"
and NBS conferenges, an SFPE seminar’' and haye been published in the Journal
of Heat Transfer“ and in Fire Safety Journal3.

More recently, several hundred flow field solutions have been obtained
using more accurate 22 x 22 and 32 x 32 computational grids. These solutions
(typical streamline plots are shown in Figure 1 for the 32 x 32 grid) involve
variations in plume heat release rates from 1/2 to 4 mW, variations in ceiling
clearance (3 or 6 m) and a range of spray characteristics bracketing those
typical of modern, high performance sprinklers. Analysis of the recent re-
sults with finer computational grids is now in progress.

There have been several other enhancements of the existing spray fire code
during the current project. These include: 1) the addition of a curtain wall
to obstruct the ceiling (or floor) boundary, if desired; 2) an initial im-
provement of the contour-plotting routine for streamlines, isotherms, etc.
(further improvements are planned); 3) refinement of the droplet integration
routine to allow for complete evaporation of small droplets without causing
numerical instability; and 4) inclusion of an improved method for calculation
of water flux distributions to surfaces in the flow field.

Improvement of the Gas Phase Calculation Algorithm

The large amount of computer time required by the present code is due to
the large number of iterations required to converge to the solution of the
flow field. Furthermore, the solution obtained is only first-order accurate
(errors are proportional to the grid spacing, Ax) which may be inadequate for
our problems. This necessitates the use of finer grids, which further slows
down convergence. In many cases, numerical instability, rather than excessive
computer time, prevents the calculation of any flow solution at all. To
remedy these problems, we have undertaken to make fundamental changes to the
current TEACH-T code to improve both its accuracy and efficiency while retain-
ing its full flexibility for treating the wide range of physical phenomena
required for engineering applications.

We have examined several higher order accurate algorithms for transient
flows. We have analyzed the relative importance of the various physical
phenomena involved and have identified a general solution approach based on
operator "splitting". Our proposed approach essentially decouples the differ-
ent physical interactions, such as velocity-pressure-buoyancy interactions,
thus simplifying the solution procedure, while preserving accuracy and stabi-
lity.

A different technique for obtaining the pressure field has also been
examined. The existing TEACH computer code uses a pressure correction equa-
tion, which is derived by satisfying the conservation of mass, This velocity-
pressure coupling is often a major cause of slow convergence in the iterative
technique, We will use a technique suggested by H. Baum of NBS for finding
the pressure field based on solving a Poisson equation, which is derived by
taking the divergency of the momentum equation. The code, a fast elliptic
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solver developed at NBS in 1975, has been transferred to our HP1000 minicompu-
ter and has been run successfully in a sample program.

The stability of the code is essential for practical problems where the
code ruggedness is very important., In practical problems, stability con-
straints can severely impact computational efficiency by requiring many small
time steps which must become ever smaller as one reduces the spatial mesh size
in an attempt to establish the solution accuracy. Our suggested scheme
(Alternating Direction Implicit algorithm) is expected to be unconditionally
stable and satisfies most of our practical needs for accuracy and efficiency
while it avoids constraints on the time step.

Finally, temporal accuracy is important in transient flow problems.
Although complete transient solutions are not needed for this study, a tran-
sient algorithm is necessary to check if periodic flows are obtained in fire
and spray interactions. Otherwise, a physical solution with periodic motions
may be interpreted as nonconvergence of a steady-state numerical scheme.

The proposed algorithm which is implicit in time and unconditionally
stable for large time steps has an accuracy of order (Ax)? at steady-state and
of order (At)?, (At)e(Ax), (Ax)? during the transient flow. Further improve-
ments in the efficiency and/or accuracy of the transient flow calculations can
be made by sacrificing the unconditional stability of the algorithm. The
conditions imposed on the maximum allowable time step in this case are much
less restrictive than they are for explicit algorithms and are expected to be
acceptable for a wide range of our applications.

All of the improvements in stability, spatial accuracy, transient temporal
accuracy and an efficient "splitting" of the pressure, velocity and buoyancy
coupling, are expected to provide the ruggedness and accuracy needed for cost-
efficient fire/spray calculations.

Conclusions and Future Plans:

Sample problems involving interactions of droplet sprays with buoyant
flows have been solved numerically. Calculated properties of the interaction
flow field in many cases appear to depend on a ratio of droplet spray momentum
to that induced by the buoyancy source, It is expected that improved correla-
tions of this type, developed from more extensive calculations, should prove
to be very useful for the optimization of automatic sprinkler water spray
protection against both residential and industrial enclosure fires,

Reports and Papers

1. Alpert, R.L., "Numerical Modeling of the Interaction Between Automatic

' Sprinkler Sprays and Fire Plumes," paper presented at a Symposium on
Computer Applications in Fire Protection, sponsored by the Society of Fire
Protection Engineers, Leesburg, Virginia, March, 1984.

2. Alpert, R.L., "Calculated Interaction of Sprays with Large-Scale Buoyant
Flows," Journal of Heat Transfer, Vol. 106, No. 2, p. 310, May, 1984,

3. Alpert, R.L., "Numerical Modeling of the Interaction Between Automatic
Sprinkler Sprays and Fire Plumes," Fire Safety Journal, Vol. 9, No. 1-2,
pp 157-163, 1985, :
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Figure ta: Spray Conditions: water inflow 4,65 /s, injection velocity 8 m/s.

3 : — 7(CE|TUNG SURFACE~__

-l
- n N

HEIGHT ABOVE FLOOR [m]
(2]

0 1 2 3 4
RADIAL DISTANCE FROM SYMMETRY AXIS [m]

Figure 1b: Spray Conditions: water inflow 7 %/s, injection velocity 8 m/s.
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CENTER FOR FIRE RESEARCH

NATIONAL BUREAU OF STANDARDS
FY85

Institution: Factory Mutual Research Corporation, Norwood, MA 02062

Grant No,: 60NANB4 D004 3

Title: Development of a Model to Provide Comprehensive Fire Property
Data

Principal Investigator: Archibald Tewarson
Factory Mutual Research Corporation
1151 Boston-Providence Turnpike
Norwood, MA 02062
Telephone: (617) 762-4300

Other Professional Personnel: J,A. Steciak
S.D. Ogden

NBS Scientific Officer: v, Babrauskas

Technical Abstract:

The objective of the study is to provide comprehensive fire property data,
which will be used as inputs to fire models for the assessment of fire hazard

- and protection requirements.

In the previous grant studies, the effects of fire ventilation and exter-
nal and flame heat flux have been examined [1-7}. It has also been shown that
the generation efficiencies of heat (Xi) and chemical compounds (f.) are
independent of the fire scale, if the flames are turbulent [4,6,7 ]

In the current grant study, the relationships between X;, f; and the atom
distributions in the fuel vapors and the nature of the chemical bonds are
being examined. A new approach based on the "smoke point height™ (ls) has
been used., Experiments were performed in our 10-kW scale apparatus, using a
250 ml Pyrex glass Erlenmeyer flask, attached to a 120 mm long., 9 mwm ID, Pyrex
glass tube, for the samples. The samples were heated either by radiant
heaters or by a heating mantle. The heating rates of the sample were con-
trolled for the measurement of: 1) £_, where a laminar diffusion flame was
used; and 2) xi and f., where a turbufent diffusion flame was used. The fuels
used were: 1) C-H bohd (aliphatic) - polypropylene (PP), polyethylene (PE),
pentane hexane, cyclo-hexane heptane, and iso-octane: 2) C-H bond (aromatic)
- polystyrene (PS) and toluene; 3) C-H-O bond (aliphatic) - polymethyl meth-
acrylate (PMMA), cellulose, methanol, ethanol, iso-propanol, and acetone; 4)

‘C-H-0-N bond (aliphatic) - nylon 6/6; 5) C-H~O-N bond (aromatic) - rigid

polyisocyanurate foam: and 6) C-H-Cl bond (aliphatic) - polyvinyl chloride
(PVC) and PE with 36% chlorine.
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Results are shown in Figure 1, where Xq» and £, are plotted against ls.
The lines connecting the data points are derived from the regression analy-
ses. Subscripts "conv" and "rad” refer to the convective and the radiative
components of the combustion of efficiency, for which the subscript "chem" has
been used. Subscript "HC” refers to the total gaseous hydrocarbons, expressed
as CH,, Smoke refers to the carbon compounds other than CO, CO2, and HC.

From the relationships, as shown in Figure 1, and the literature data for
over 200 fuels, values of X3, and fj were estimated, for aliphatic and
aromatic fuels, which include hydrocarbons, alcohols, ketones, esters, and
organic nitrogen- and sulfur-containing fuels. An example of the estimated
data is shown in Figure 2 for gaseous and liquid aliphatic fuels, where Xchem®
and £ smoke are plotted against the molecular weight of the fuel vapors. The
nature of the chemical bonds is identified in terms of the generic nature of
the fuels.

Our preliminary findings for the aliphatic fuels are: 1) that the nature
of the chemical bonds and the atom distributions in the fuel vapors do govern
the values of Xi» and f.. The nature of the chemical bonds appear to be more
dominant in affecting Xi» and f; values than the distributions of the atoms in
the fuel vapors; 2) that the vaiues of Xchem® and ¥ conv decrease and the
values of Xrad® fCO’ fHC’ and f o increase as the number of carbon atoms
increase to numbers between 3 ang %, 3) that the values of xy and f. become
approximately constant for the higher molecular weight fuel vapors with number
of carbon atoms greater than 6, except in some cases where the structure is
cyclic or branched. It may thus be possible to neglect the size of the mole-
cules in the fuel vapors, an important finding for the polymers, which
vaporize mostly as oligomers, rather than as monomers; and 4) that the '
presence of nitrogen and sulfur atoms in the fuel vapors does not appear to
influence x; and f. values, for the fuels examined in this study. The pre-
sence of Cl atoms 1n the fuel vapors, however, has a strong effect on x; and
fj values. -

Detailed measurements of major as well as minor chemical compounds,
including soot, generated in the fires of the selected fuels, "smoke point
height"”, and elemental compositions of the fuel vapors of the polymers are
being continued. The following additional fuels are planned to be added to
our study: styrene, methyl methacrylate, an ester, an organic nitrogen, and
an organic sulfur-containing fuel. Analyses for the aromatic and halogenated
fuels and polymers are also being continued.
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Technical Abstract:

The objective of this research program is to investigate spray cooling in
room fires, and to establish empirical correlations which are readily appli-
cable to fire protection engineering. The study has been focused on: 1) the
spray cooling ability in a room, and convective heat flux leaving the room
opening as affected by water discharge rate, drop size distribution, fire
size, room size and opening area; 2) the temperature of the hot gas layer
inside the room; and 3) drop size distribution of sprays of geometrically
similar sprinklers.

Experiments

The program is of experimental nature. A total of 25 room fire tests
were conducted in a 3.66 m x 7.32 m x 2.44 m high test room. A 1.22 m wide x
2.44 m high opening was located at the center of the west wall (see Figure
1). The fire source was a heptane spray fire located close to the east wall
at equal distance from the north and south walls as shown in Figure 1. A
steel plate was used to shield the fire source from direct spray impingment.

In each test only one sprinkler was installed at the ceiling inside the
test room at 1.83 m from the east and north walls. Three geometrically

*Visiting scientist from Tianjin Fire Research Institute, Tianjin, China
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similar sprinklers® were used in this program. The orifice diameters of the
three sprinklers were 11.0 mm, 8.3 mm and 6.9 mm. The water flow to the
nozzle was controlled by a solenoid valve upstream of the nozzle. A simulated
sprinkler link (brass disk) was installed in the vicinity of the sprinkler
nozzle to actuate the solenoid valve through a temperature controller when the
link temperature reached 100°C above its initial temperature. The disk was
constructed from brass shim stock, having a diameter of 25.4 mm and a thick-
ness of 0.4] mm.

A calorimeter (fire products collector) was constructed over the room
opening to collect the combustion gases exiting from the opening and to mea-
sure convective heat flux at the opening. The calorimeter consisted of a 2.44
mm diameter hood, a 0.61 m diameter stack, and other duct work. An electric
blower was installed at the duct outlet. A 0.36 m diameter orifice plate was
installed at the stack inlet to achieve uniform flow inside the stack at about
3 m (fire stack diameter) downstream of the orifice plate. An instrumentation
station was located at 3.05 m downstream of the orifice plate to measure
temperature, velocity, and gas concentrations (CO, 002, 09, HyO and total
hydrocarbon) of the stack gases.

To determine the heat loss rate through the wall and ceiling surface,
surface heat flux gages were installed at the ceiling, east wall and upper
portion of the south wall, and a pair of thermocouples were used to measure
the inside and outside surface temperature of the lower portion of the south
wall. The heat transfer rates through the lower portion of the south wall
were calculated by numerically solving the pertinent transient heat conduction
equation with the inside and outside surface temperatures as boundary condi-
tions. To measure the radiative heat flux through the room opening, a
wide-angle radiometer was placed outside the room, 2.0 m from the opening.

. Test variables included sprinkler discharge rate, W, heptane flow rate,
Mg o and sprinkler nozzle diameter, D, as presented in Table 1.

Results

The period of investigation was limited to 80 s during which a steady-
state condition was reached. Both the heat release rate of the fire and the
convective heat flux through the opening were measured with the calorimeter.
The heat release rate was derived from the CO and CO, and THC measurements of
the combustion gases collected by the calorimeter. The convective heat flux
through the opening was hased on the measurements of gas temperature and
volumetric flow rate through the calorimeter.

The heat losses through the ceiling and wall surface were estimated from
the heat transfer rates through the ceiling, east wall and south wall,

*Kung, H-C., "Cooling of Room Fires by Sprinkler Spray, Journal of Heat
Transfer, Vol. 99, No. 3, pp. 353-359, 1977.
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assuming that heat fluxes are symmetrical with respect to the vertical sym-
metrical plane of the test room shown in Figure 1. It was also assumed that
the heat loss to the floor was mainly due to radiation from the fire source.
In order to estimate the radiative heat flux to the floor, the radiation
source of the fire was considered as a point source at the flame center and
the radiation intensity of the fire was estimated from the radiometer measure-
ment. The total radiation flux to the floor was thus calculated by inte-
grating the directional radiation incidence throughout the floor area. Table
1 provides the heat release rate of the fire, Qa, the convective heat flux
leaving the room opening, Q., and the heat absorption rate of the spray,
Qcool' The last quantity, Qoo1> ¥as obtained by the difference between the
heat release rate of the fire and the sum of 1) the heat loss through the
ceiling and the wall surfaces, 2) the radiative heat loss to the floor, and 3)
the convective and radiative heat losses through the room opening.

Empirical correlations for the heat absorption rate of the spray and the
convective heat flux through the room openings have been established from the
data obtained in this study, in terms of 1) the heat release rate of the fire;
2) the heat loss to the ceiling, walls, and floor; 3) room opening geometry;
4) sprinkler discharge rate; 5) water discharge pressure; and 6) sprinkler
orifice diameter (see Figures 2 and 3). These correlations were applied to
the experimental data of Kung* for a 3.05 m x 3.66 m x 2.44 m high enclosure
and to data of Morgan and Baines** for a 5.60 m x 17.40 m x 3.10 m high en-
closure. It appears that both Kung's and Morgan and Baine's data follow the
same correlations developed in this study, as shown in Figures 2 and 3.

The temperature of the hot gas layer at the room opening was correlated
with the following variables: 1) the heat release rate of the fire; 2) the
heat loss rate to the ceiling, walls and floor; and 3) the heat absorption
rate of the spray. Figure 4 presents the correlation of the excess gas
temperature at the opening with the above wvariables.

Currently the drop size distribution of the sprinkler sprays employed in
this study are being measured using the FMRC drop size measuring instrument.
It is expected that the result of this research program will improve the
understanding of sprinkler spray and spray cooling in room fires, and provide
useful input to fire protection engineering.

#Kung, H-C, "Cooling of Room Fires by Sprinkler Spray"”, Journal of Heat
Transfer, Vol. 99, No. 3, pp. 353-359, 1977.

**Morgan, H.P. and Baines, K., "Heat Transfer From a Buoyant Smoke Layer
Beneath a Ceiling to a Sprinkler Spray, Part 2 - An Experiment,” Fire and
Materials, Vol. 3, No. 1, pp. 34-38, 1979.
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Reports and Papers

Kung, H.C., You, H-Z and Han, Z., "Effects of Water Discharge Rate and
Drop Size on Spray Cooling in Room Fires”, presentation at the Fall Technical
Meeting, the Eastern Section of The combustion Institute, Clearwater Beach,
Florida, Dec. 3-5, 1984,

TABLE 1

Test Variables: Heat Release Rates, Convective Heat
Flux Through Room Opening, and Heat Absorption Rates

of Spray
Test No. Mfuel W D Qa Qc Qcool
(cc/s) (liter/min) (mm) (kW) (kW) (kW)
1 5 45.4 6.9 150 24 103
2 4.9 68.2 6.9 148 5 125
3 10.3 45.4 6.9 314 65 208
4 10.1 68.2 6.9 306 23 253
5 16.2 45.4 6.9 494 122 323
6 16.0 68.9 6.9 486 58 385
7 4.9 40.1 8.3 149 54 69
8 4.7 68.2 8.3 140 15 105
9 10.0 45.4 8.3 304 101 156
10 10.4 68.2 8.3 316 57 220
11 14.8 45.4 8.3 447 163 204
12 15.6 68.2 8.3 472 104 313
13 5.1 0 11 134 91 0
14 5.3 45.4 11 135 73 31
15 4.9 68.2 11 137 40 76
16 4.9 98.4 11 136 16 106
17 10.3 0 11 246 173 0
18 10.4 45.4 11 282 164 58
-19 10.3 68.2 11 282 103 125
20 10.5 98.4 11 285 54 203
21 16.6 0 11 396 228 0
22 16.2 45.4 11 418 220 91
23 16.2 68.2 11 460 158 230
24 16.3 68.2 11 474 157 241
25 16.4 98.4 11 453 96 311
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Technical Abstract:

The objective is to establish a data bank on multiroom fire situations
with particular emphasis on health care facilities. The data will be avail-
able for testing fire modeling and engineering calculations carried out at the
Center for Fire Research and by the fire research community at large. A
number of fire and related life-safety issues were to be addressed in the
program: ceiling jet in burn room, descent of smoke layer in burn room and
buildup of pressure gradients:; escape of smoke through open or closed door to
corridor; propagation of smoke front underneath corridor ceiling and buildup
of smoke layer; penetration of smoke and toxic gases into patient rooms com-
municating with corridor through closed or open doors; passage of smoke
through ventilation ducting; and response of sprinklers and fire detectors.
Both pre-flashover and post-flashover situations were to be included.

The experimental part of the program has now been completed and a report
is under preparation. In addition to the report, a complete data printout (at

one scan per second) has been sent to NBS along with tapes of the reduced
data,

Facility. Figure 1 shows a layout of the basic facility with indications
of instrumentation. There is a "burn room" and two so-called "target rooms”,
each measuring 3.66 m square, attached to a 2.44 m wide x 18.90 m long corri-
dor. Three access doors to the enclosure were provided, but are not shown;
these were sealed tight during the tests. Each of the three rooms was pro-
vided with a vent to the outside near floor level. The vent mass flow was
monitored, both in the case of natural ventilation and forced ventilation
(into the enclosure) with fans; in the case of forced ventilation, air was
returned to the outside via a vent in the right end wall of the corridor.
Gypsum board on wood studs was used throughout. In addition, the walls and
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ceiling of the burn room were overlain with Marinite (Johns Manville) to
harden against repeated fire oxposure. All three doors were braced when in
closed position to prevent warping due to heat; door cracks were characterized
for leakage in special experiments.

Most of the instrumentation indicated in Figure 1 was fairly standard
except the "brass disks™ and “turbidimeters.” The brass disks were 0.5 mm
thick., 25 mm in dia.. and provided with thermocouples to measure thermal
response, simulating heat detectors and also providing some measure of the gas
velocity when coupled with the response of an adjacent thermocouple. The
turbidimeters measured the turbidity (optical density) of the smoke at three
discrete wavelengths., Eight wall pressure taps were provided for measuring
six pressure differentials, including that between the burn room and the
exterior of the facility. Depending on the experiment., between 125 and 130
data channels were monitored.

Experiments. Three types of fire sources were employed: 1) steady propy-
lene fires at approximately 60 and 500 kW using "sandbox" burners; 2) propy-
lene fires programmed under computer control to grow parabolically with time,
reaching and surpassing 1 MW in one, two, four, or eight minutes; and 3) a
naturally growing fire in a configuration of so-called "Standard Plastic Com-
modity " (FM test fuel consisting of corrugated boxes with polystyrene tubs in
compartments).

In the basic experiments, various combinations were investigated of fire
source, open and closed doors, open or closed windows in burn room, and
natural or forced ventilation in all rooms (40 runs). Then followed a series of
fire experiments with a sealed corridor partition and ceiling vents on either
side of the partition, ducted to a common supply or common return plenum;
here, it was the intent to investigate smoke migration in certain ventilation
situations (10 rums). Next. a continuously weighed polyurethane slab was
installed as a target for flashover ignition in the burn room, both in the
horizontal and vertical orientations and with the intent of comparing flashed-
over mass loss rates with previously measured freeburn mass loss rates (9
runs). Finally, a single fire with the "Standard Plastic Commodity” was
conducted to explore generation and dispersion across open and closed doors of
carbon monoxide in a pyrolyzing enclosure fire.

Sample Data. Extracts of the large body of data that may be of immediate
interest are presented in Figures 2, 3, and 4. Figure 2 shows the times the
smoke front under the ceiling crosses the three corridor instrument stations
with photometers (Stations 6. 4. 2; see Figure 1). Runs 1, 2, and 3 were
replicates with a 0.30 m diameter fire source at 60 kW, closed windows in the
burn room, door open from burn room to corridor. and doors to target rooms
closed. Runs 16 and 17 were duplicate runs with a 0.91 m diameter burmer at
500 kW, but otherwise the same conditions as Runs 1, 2, and 3. Figure 3 is
limited to Run 17 and shows values of temperature rise versus time at warinus
levels y/H (where y is the distance beneath the ceiling and H is the ceiling
height) at Station 4. Note that plume fluid arrives simultaneously at eleva-
tions y/H beneath the ceiling of 0.021, 0.042, 0.104, and 0.229, corresponding
to arrival of the forward smoke front. The forward smoke front is reflected
at the end of the corridor to form a return smoke front filling the remaining
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clear space above the floor, as evidenced by visual observations and the
approximate simultaneous rise in Figure 3 of temperatures at y/H levels of
0.395, 0.562, 0.729, and 0.896. Figure 4 is also limited to Run 17 and shows
optical densities (d_1 in (IO/I), where d is beam length, I_ and I are photo-
meter signals without and with smoke) at the level y/H = 0,562 midway in the

ccrridor (Sta. 4), in the closed target room nearest the burn room (Sta. 8),
and in the most distant closed target room (Sta. 1).

..
a
BURN | °§
ROGM" ac
9
< fa) ~
o) L*J
Oa oa o Qa ® o] o
o / |+°T o +°. o '#:T -3
1 2 3 4 6 o 7
o=
TARGET ROOM 1 o
ROOM 2 a0
8

@ Fire Source

O Vertical Thermocouple Array (8 levels)

A Vertical Photometer Array (4 Levels)

4+ Ceiling Thermocouple (Imbedded in Ceil. Surf. Layer)
© Brass Disk Under Ceiling (Simulates Heat Detector)
H Bidirectional Flow Probe Under Ceiling

8 Eye-Level Sampling of 02. COZ’ co

== Jonization-Photoel. Pair of Smoke Detectors
® Ceiling Gas Thermocouple

O Eye-level Sampling of coz. co

T Turbidimeter Under Ceiling

O Wall Pressure Taps (0.39 m From Ceiling)

Figure 1. Facility with instrumentation. Corridor measures 2.44 m

x 18.9 m, and each room measures 3.66 m x 3.66 m. Ceiling height
is 2.44 m.
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Technical Abstract:

The objectives are to improve the scientific understanding of fire and
provide useful inputs to fire safety engineering. The four current tasks are:
develop a computer code for predicting development of a fire in a building;
measure radiant fraction emitted from turbulent buoyant jet flames as func-
tions of vitiation and fuel source temperature; study radiation in turbulent
wall fires and relation to soot-point; and develop a technique for studying
transient pyrolysis and flame radiation of charring fuels.

Task 1. The Prediction of Fire Growth in Bulldings

The objective of this task is to develop the quantitative understanding of
building fire growth phenomena and to incorporate this knowledge into the
Harvard Computer Fire Code.

The year's effort has been focused on the transient ceiling jet. As a
fire starts and grows, the hot gas and flame plume rises to the ceiling of the
room or corridor and gradually moves forward. The time scale of movement is
such that in a small room, 6 m or so, the spread rate can be ignored. In a
larger room or corridor, it cannot since the spread time controls the time of
ignition of ceiling or low fuels so that, for fuels more distant from the fire
origin, the ignition is significantly delayed.

The currently available ceiling jet theories are all on steady ceiling
Jets as are the available experimental results. The only related work on
transient salt water intrusion into fresh water and atmospheric cold fronts
have mostly been on small scale while the theory which shows that the process
must involve dissipative processes makes considerable progress but leaves many
questions unanswered, '

A new treatment, making minimum use of nondissipative flow relations,
shows that, in a corridor, the specification of the hot layer density

R =p/p, , jet flow M = i /p wH/gH , the lower flow M= mD/pawH/gH is
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sufficient to specify the jet depth A = §/H and spread rate C = V//gH of the
transient front. Present steady state ceiling jet theories assume that the
jet depth is controlled by the jet gas source, a fire plume or vent flow
plume. If the source depth is identical to the transient jet depth, given by
R, Mui, MDi, the transient gas moves out in a smoothly changing sheet (depth

variations caused by friction, heat transfer, and entrainment). If the depths

do not agree an adjustment in the form of jet acceleration or a hydraulic jump
is required.

The theory of the jump which involves both the jet and lower fluid has
been developed and connected with the transient front. Depending upon the 4
initial parameters R, Mu-’ MD_, Ai, there are 0, 1, 2, or 3 solutions. The

i i

Jet front always moves away from the hot gas source. The jump which occurs
behind the front will have a velocity away from the source in 0, 1 or 2 cases.
When the jump velocity is toward the source, it moves back swamping the source
or changing it depending upon circumstances. When it is away from the source,
the ceiling jet moves away with a bulbous front which grows in size as it
proceeds. (Literature reports of small scale experiments are contradictory
since it is said that the bulbous front of fixed size follows the leading edge

which moves at a velocity less than that of the supply fluid --an impossibi-
lity.)

In a separate study the theory of jet widening, entrainment, friction,
heat transfer, ceiling pyrolysis, and reaction has been developed and is about
to be coupled with the perfect fluid results described above.

The proposed book on Prediction of Fire Growth in Buildings is being
advanced by preparation of the chapter on vent flows.

Presentations on fire have been given; The Beverly Hills Supper Club Fire
(4 times in China), The Science of Fire--The New Fire Safety Engineering (6
times in China), Fire Modeling for Toxic Gas Control (Meeting of Fire Retar-
dant Chemical Assoc.), Fire Modeling (Akron University), Toxic Gas Standards
(Mass. Legislative Committee, Maine Legislative Committee)

Home Fire Reports have been issued:

#65 Note on the Solvability of Math Models of Fire

#66 The Needed Fire Science

#67 Fire Modeling for Toxic Gas Control

#68 The Science of Fire--The New Fire Safety Engineering
#69 Diffusion Flame Energy Transfers--Craig Beyler
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Task 2. Radiative Properties of Vitiated Flames

One of the most prominent achifv?ments in recent fire research has been
the development of a computer code 1 for the prediction of fire growth in
enclosures, such as rooms and buildings. These computer codes employ 2zone
models which consist of sub-models describing components of the room fire.
One of these components is flame radiation, which strongly influences the
burning rates and fire spread in the enclosure. In the existing codes, the
flame radiative output is calculated as a fixed fraction of the heat release
rate. This technique is based on experimental studies of fires in an open
laboratory. However, the air entrained into fires in an enclosure is vitiated
by products of combustion.

Several experimental studies[2—6] have described some of the major fea-
tures of vitiated burning and fuel dilution: (1) There is a consistent de-
crease in radiative power per unit height measured across the flame length;
(2) The radiative fraction of the total heat release rate decreases as oxygen
depletion increases; (3) However, there appears to be no significant effect on
longitudinal distributions of combustion heat release rates, CO or CO2 flow
rates, and Schmidt radiation temperature; (4) Effects on burning behavior due
to diluted (with N2 or 002) supplied fuel are more pronounced than corres-
ponding vitiation of the air supply. These results strongly suggest that fuel
dilution or ambient oxygen depletion suppresses soot formation, but we have no
direct proof of this assertion.

Previous studies[5’6] presented flame vitiation trends in pool fires,
particularly in terms of effects on the radiative fraction., These relation-
ships need to be generalized for practical materials involved in an enclosure
fire., This task would be difficult to accomplish if an approach starting from
first principles is taken. Fortunately, a significant breakthrough in model-
ing flame radiation has been made during the past two years at FMRC. This
discovery has led to a promising procedure for predicting flame radiation from
a given material burning in a vitiated environment.

It has been established over a broad range of fuel mixtures that the smoke
point length in laminar flames coEre%?tes with the radiant fraction obtained
for corresponding turbulent fires T . We would thus expect to obtain simi-
lar correlations for flames with diluted fuel or vitiated ambient. Similarly,
the effect of fuel temperature on flame radiation could be predicted from
smoke height measurements in laminar flames. [Sgch a correspondence would also
allow the modeling of radiation in wall fires where cooling of the flames
by the wall is equivalent to a corresponding change in the temperature of the
fuel supplied to a turbulent buoyant diffusion flame.

The present study is directed towards determining the effect on radiative
output due to fuel dilution and ambient vitiation with N2, COZ’ and HZO’ and
of fuel preheating, and the correlation of this data with corresponding smoke
point measurements undertaken by Markstein in Task 3. Establishment of these
correlations can thus lead to a significant improvement in our ability to
model the radiative behavior of specified fuels in enclosure fire situations
from small-scale measurements of the smoke point length.
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Turbulent burning behavior is under study in the 1.2 m inner diameter, 2 m

high cy{ingsical double-walled enclosure used in the previous FMRC vitiation
studiest? with modifications insuring a more highly quiescent air supply.

The enclosure configuration is shown in Fig. 1. Two hot-water furnaces deli-

ver combustion products mixed with ambient air to the enclosure via a heat

exchange that maintains the air supply temperature within 0.5 C of the water
circulating between the enclosure walls. This arrangement allows reduction of M
O2 molar concentrations to 15% while suppressing buoyant convection currents
on the inner wall of the enclosure. An independent supply of steam permits
investigation of the respective effects of H,0 and CO, in the vitiated air
supply on flame radiation. The composition of the vitiated air supply is
monitored during the experiment with 02, COZ, CO, and H20 analyzers.

Figure 2 shows the stainless steel burner constructed for this study. The
burner was designed to prevent induction of significant flow disturbances in
the externally supplied air and issuing fuel flow, minimize radiant emission
from the burner surfaces, and to provide a highly isothermal preheated fuel
supply. The burner includes a cartridge heater with feedback temperature
regulation for preheating the fuel up to 300C., Fuel composition changes due
to preheating were prevented by avoiding direct contact between the fuel/
diluent mixture and the hot cartridge. The burner was carefully designed to
deliver a highly isothermal exit flow from the nozzle. Interchangeable
nozzles with exit diameters ranging from 11 to 35 mm can be mounted on the
burner column. This feature allows investigation of nozzle diameter effects
on the radiation from 2-50 kW buoyancy-controlled jet flames. The top 18 mm
of the nozzle is gold-plated to present a low-emissivity surface to the radio-
meters. This part of the nozzle stands clear of the burner superstructure
preventing attachment to adjacent surfaces by weakly buoyant flames. A
streamlined water—-cooled flat black sheath covers the remainder of the burner.

Two slit radiometers view the vertically traversing flames at respectively |
different flame heights. The use of two radiometers permits coverage of the
entire flame length in a single 1 m vertical traverse. Flame radiative output
is obtained by integrating slit radiometers over the flame length. A wide-
angle radiometer provides an alternative measurement of the flame radiation.
These results are verified by extensive cross—checking of data from the re-
spective radiometers aﬁd by comparison of baseline measurements in ambient
air with Markstein'scjo earlier study of buoyant jet flames. Effects of
radiant absorption by HZO and 002 along the radiometers' optical path through
the vitiated ambient are accounted for b agplying the simplified nonspectral
model developed by Groshandler and Modak 1 .

Preliminary measurements are currently in progress, with thorough cross
checking and verification of results. The experimental study will then pro-
ceed to systematic investigation of the effects of ambient vitiation, fuel
dilution, and fuel preheating.

We have recently completed a study of the chemical modeling of pocl fires.
In that study it was shown that major chemical species concentrations from

large fires can be predicted from laminar-type experiments and from a modeling
theory for turbulent mixing and combustion in large fires. These results are
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consistent with chemical species measurements in room fires (A. Tewarson) and
in the hot gas ceiling layers studied by C. Beyler at Harvard.
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Task 3. Wall Fire Flame Radiation

The main objective of this task is the extension of previously established
relationships for fire radiation to fires burning on vertical walls. The
significance of studies of fire radiation rests on the fact that in many fires
energy transfer from the flame to the fuel and to the surroundings occurs
predominantly by thermal radiation. The rate of fire growth and the spread of
fire to new fuel elements depends critically on this energy transfer, and its
quantitative assessment is thus essential for estimating fire losses and
threat to life safety.

Previous work has revealed important quantitative relationships between
radiant emission from both turbulent and laminar diffusion flames and the
sooting tendency of the fuel. The latter is customarily measured by the flame
height of a laminar diffusion flame at which soot just begins to issue from
the flame tip, i.e. the so-called smoke point.

The results of the earlier work may ultimately make it possible to predict
the radiant emission of fairly large turbulent diffusion flames from measure-
ments of the smoke point performed with small laminar flames.

For this reason, although this task is now concerned with radiation from
turbulent wall fires, studies of laminar diffusion flames have until recently
been continued, with emphasis on the relationship between the smoke point and
radiant emission. To generalize previous results, the work was continued with
binary fuel mixtures. By adding nitrogen diluent to the fuel mixture and
either nitrogen or oxygen to the ambient air, the adiabatic flame temperature
and the stoichiometric oxidizer-to-fuel mass ratio were varied independently.
Results obtained with propylene-ethane and acetylene-ethane mixtures showed
that the radiative fraction at the smoke point depended only on the adiabatic
flame temperature but was independent of mixture ratio (i.e. fuel type) and
stoichiometric mass ratio. As an example, Figure 1 shows the results for a
constant adiabatic flame temperature of 2400 K, but varied fuel composition
and stoichiometric mass ratio S. The plot of radiant power vs total rate of
heat release, both at the smoke point, shows that all the data fall on a
straight line, with the slope of 0.292 representing the radiative fraction.
As in earlier work the non-zero intercept of the plot was tentatively inter-
preted as a small correction for heat loss at the burner.

Similar results were obtained for other values of the adiabatic flame
temperature, but with the radiative fraction increasing with increasing tem-
perature., The results are summarized in Figure 2, which also includes earlier
data obtained with olefin (iso-butene, propylene, and ethylene), and with 1,3~
butadiene.

Because heat loss and flame quenching are important aspects of wall fires,
some work on laminar flames was also performed in which the heat transfer at
the flame base was varied by working with different burner diameters and wall
thicknesses but under otherwise identical conditions. Thus far, only a limited
amount of results have been obtained which seem to indicate that the data
cannot be interpreted solely as heat transfer effects. Thus, the "heat-loss"
intercepts of plots analogous to Figure 1 varied only by a factor of about
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three for a change from a 2.4 mm diameter 0.075 mm wall to a 9.5 mm diameter

0.75 mm wall stainless steel tube. A significant change occurred in the
radiative fraction, which increased from 0.24 to 0.26 at an adiabatic flame
temperature of 2200 K when the tube diameter was increased from 2.4 to 9.5 mm,
regardless of wall thickness. The latter result may be a kinetic rather than
a heat transfer effect, caused by lower flow velocity and thus larger resi-
dence time at the flame base for the larger diameter, which may allow forma-
tion of a larger initial amount of soot. This quantitatively small effect has
not been fully explained.

Work on laminar flames will be continued primarily under other sponsor-
ship, but some studies of laminar flames may be performed under this task if
they are pertinent to the understanding of wall-fire radiation.

In the work on wall fires, a previously developed burner consisting of
water-cooled porous sintered-metal vertical panels is being used with gaseous
fuels. The heat transferred to each panel by the flame is measured from the
temperature rise of the cooling water. The transferred heat, combined with
the fuel mass flow, in turn defines an effective mass transfer number (B-
number ), so that solid or liquid fuels of given B-number can be simulated by
adjusting the flow rate of the gaseous fuel. In the present work, the fuel
flow to each panel is set by an electronic flow controller. The control
voltage is in turn determined from the specified B-number and the measured
heat transfer rate through a digital control loop.

In addition to a conventional wide-angle radiometer which measures the
total radiant emission by the wall fire, a newly designed scanning slit radio-
meter is being used in this work. This instrument allows recording of the
vertical distribution of the radiant emission from horizontal slices across
the fire by repetitive rapid scans. The scans are recorded individually and
can be subsequently evaluated in terms of average distribution of radiant
emission, as well as of its turbulent fluctuations and other statistical
characteristics.

Preliminary measurements on ethane wall fires have started. In agreement
with earlier results, it was found that the radiative fractions of wall fires
is appreciably reduced, compared to that of free—-burning turbulent flame jets
of the same fuel. Thus, the radiative fraction of a buoyant ethane jet is
about 0.20, while a wall fire for a B-number of 1.0 had a radiative fraction
of about 0.11. ‘

In the continuing work on wall fires, both the B-number and the fuel-flow
configurations will be varied, the latter by choice of the number and location
of the burner panels that participate in the fuel flow. The results will be
used for comparison with existing experimental studies (Kulkarni) and theore-
tical models (Mitler, Delichatsios) of wall fire combustion and possible -
modification of such models, as well as for extension of earlier correlations
between flame radiation and smoke points to wall fires.
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Task 4. Flame Radiation and Transient Pyrolysis of Charring Fuels

To predict fire growth and assess flammability risks, one needs to know
the "key flammability" properties of the materials that may be involved in a
fire as well as modeling techniques to account for varying geometries, scales
and ambient conditions (e.g. vitiation). Long experience with fire test
methods has demonstrated that it is difficult to decide which are the flamma-
bility properties of materials that are essential in characterizing ignition,
rate of burning and fire spread. It is helpful to mention that the essence of
the fire problem may be summarized into two questions, 1) how fast a material
can burn and release heat, and 2) whether a fire is sustained and can spread.
Future test methods must somehow provide the information for specifying the
material properties needed for answering these two critical questions. Two
key flammability measurements involve 1) the rate of pyrolysis of a material
exposed to a given heat flux, and 2) the flame radiation of the pyrolyzing
gases as they burn with ambient air.

The present task has been designed to develop a test and a methodology for
measuring and characterizing the pyrolysis rates and flame radiation of
practical materials. Emphasis has been given to charring materials because
they have a transient pyrolysis history even when exposed to a constant heat
flux. For noncharring materials (e.g. PMMA), a steady rate of pyrolysis can
be calculated by using a heat of gasification and a pyrolysis temperature,
which can readily be measured. (Effects of oxygen on the pyrolysis of PMMA
are currently being investigated at NBS.)

The transient pyrolysis of a charring material is a rather complicated
process for which our previously developed numerical models (SPYVAP) describe
the heat and mass transfer from an engineering viewpoint. These numerical
models, however, require material property data which are very difficult to
obtain directly from transient pyrolysis histories of practical fuels. The
models are too complicated and depend on too many parameters to deduce reason-
able estimates of individual property values. In order to overcome thi?
problem, we have developed a series of approximate analytical solutions 1) for
transient pyrolysis at various times following the imposition of a constant
applied surface heat flux to a sample. (The approximations involve the as-
sumptions of high pyrolysis activation energy and small char specific¢ heat per
unit volume.) The analytical formulas should allow the use of graphical
procedures for evaluating "equivalent” transient pyrolysis properties from the
pyrolysis history curves for several levels of imposed heat flux. We have
also recently developed an analytical asymptotic solution for the initial
transient pyrolysis of noncharring materials (e.g. PMMA), which may be helpful
in the interpretation of experimental data on pyrolysis rates:

> t—tp
hit 7 A S
AHv m /qo m tp (1)
where 4" is a constant applied net heat flux, AH, 1is the heat of vaporization,
tp is tge time to reach a pyrolysis temperature. Note also that the time

sn
qO

AHv + Cs(Tp— TO)

required to reach the steady state pyrolysis rate (=

)
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Here T_ is the pyrolysis temperature, To is the initial temperature and CS
is the specific heat of the virgin material. The proportionality factor in eq
(2) is of order one. .

These analytical results have been used to systematically test a new
rigorous numerical model of transient pyrolysis. We have developed a new
computer program to calculate transient pyrolysis of charring materials under v
the assumption of a thin pyrolysis zone (which implies an infinitely fast
pyrolysis reaction). Currently available pyrolysis codes (e.g. SPYVAP) are
inaccurate in the 1limit of high activation energies for which we hdve approxi-
mate analytical solutions which need to be verified numerically. Cubic
splines are used to represent the spatial variations and transform the partial
differential equations to FDE by collocation at the nodes. The accuracy of
the scheme is second order in both time and space. The computer program is
cur??§tly being used to validate our analytical model for the charring pyroly-
sis .

The emphasis of this present program is to find techniques for evaluating
in-situ transient pyrolysis properties of practical fuels for use in overall
flammability assessment models. The examination of actual transient pyrolysis
data will inevitably raise more fundamental questions about the pyrolysis of
specific materials; however, our present focus is on providing "equivalent”
property data for use in global fire development models.

Qur recent advances in understanding of flame radiation from fires sug-
gests that flame radiation for various fuels can be correlated by the fuel's
so—called "normal smoke-point". The "normal smoke-point" is defined here as:
the maximum soot-free flame height for a candle-like flame burning in ambient
air with both reactants supplied at normal ambient temperatures, Since it is
impractical to supply pyrolysis vapors from solid fuels at normal ambient
temperatures, we must identify a temperature correction procedure for inter-
preting smoke-point data for solid fuel vapors supplied at their relatively
high pyrolysis temperatures. A postulated procedure has been developed from
our ongoing work with laminar flows and is being tested in Tasks 2 and 3.

We are measuring the radiant fraction of the buoyant turbulent flame
supplied by the fuel jet of hot pyrolysis vapors, rather than measuring smoke-
point directly at this time. From the simpler measurement of radiant frac-
tion, radiant emission in full-scale wall fires (see Task 3) as well as the -
normal smoke point can be inferred. Eventually, we would like to make direct
smoke-point measurements, but for now we plan to first gain experience by
measuring the radiant fraction of charring fuels.

The experiments will be performed in a single test apparatus (see
Figure 1) constructed to measure both the "equivalent" transient pyrolysis
properties as well as the radiant fraction of the burning pyrolysis vapors.
The apparatus consists of a pyrolysis chamber which subjects a 12 cm dia (up
to 18 cm dia can be accommodated) fuel sample to a suddenly imposed constant
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heat flux in a hot inert (N, and/or CO, environment. Two very different
radiant heat sources will be used in this study. One source, a cone shaped,
black body radiator developed at NBS/CFR will be used primarily to determine
piloted ignition and pyrolysis properties of the materials. The effective
heat of gasification of the sample will be inferred from the peak pyrolysis
rate; while the thermal resistance of the growing char layer will be inferred
from the subsequent decrease in the pyrolysis rate. A second radiant source
produces much shorter infrared wavelengths but is of high intensity and iso-
lated from the sample by cooled quartz windows. The second source will be
used primarily to study the radiation properties of the fuel vapors since the
isolating windows prevent reactions such as those that could occur on hot
blackbody elements. The pyrolysis vapors produced by the quartz-isolated
heater will exit through an orifice at the top of the chamber, be ignited by a
pilot, and subsequently burn in a buoyant turbulent jet diffusion flame. It
will also be possible to compare results obtained with both types of radiant
heaters.

The pyrolysis chamber is being placed in an existing water-cooled (4 x 4 x
7 ft) enclosure (see Figure 1) whose exhaust system can measure the instan-
taneous chemical heat release rate of the flames over a range of 0.5 to
700 kW. The enclosure can also be supplied with a vitiated ambient gas. A
wide—-angle radiometer will provide corresponding measurements of the radiant
heat release rate from the flames. The radiant fraction will be inferred from
these radiation and total heat release measurements.

From knowledge of the temperature of the pyrolysis gases exiting the
pyrclysis chamber, we hope to infer their "normal soot-point" using laminar
flame relationships now being developed. Work in progress on measuring the
vertical distribution of wall fire radiation will also allow the radiant
fraction measurements obtained with the pyrolysis gas fuel jet to be applied
directly to the prediction of radiant emission from flames spreading on a
full-scale wall. For scientific completeness, the apparatus includes measure-
ments of the sample weight loss and surface temperature histories., Initially,
we will concentrate our efforts on measuring one, or at most two simple fuels
until the measurement procedures are established.
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Technical Abstract:

In a typical compartment fire, a layer of hot, oxygen-lean gases
exists on the top of a layer of cold, oxygen-rich gases with a relatively
steep vertical gradient of temperature and composition separating them.

The effect of such a stratified atmosphere on a burning vertical surface is
being studied in this project. The natural convection flow of reacting
gases in the wall fire is expected to be significantly affected by the
strong influence of the stratified atmosphere on the buoyancy and the oxi-.
dizer diffusion. The basic approach is to first develop a comprehensive
but laminar mathematical model for the flow situation and obtain numerical
solutions. Influence of various types of stratification (such as a step-
change in temperature, continuous temperature variation, and a combination
of both the thermal and oxidizer concentration stratification) on important
characteristics of the wall fire will be studied and compared with the non-
stratified cases. It will be particularly interesting to check if simple,
linear superposition of results from nonstratified cases can be used to
predict the results for various stratified cases.

A schematic of the proposed model is shown in Figure 1. Fire on a
vertical wall in a stratified atmosphere is simulated by a natural convec-
tion, laminar, boundary layer flow of gases. Effects of stratified ambient
atmosphere, surface radiation, and gas radiation are included in the bound-
ary conditions and governing equations. The height-dependent buoyancy term
is modeled using ideal gas law. The thin flame sheet model is used ini-
tially for combustion; however, finite rate chemistry will be included
later in the model. The model results in a set of coupled, nonlinear, non-
homogeneous, second order, partial differential equations and boundary con-
ditions.

A slightly modified Keller Box numerical algorithm is used to obtain
numerical solutions. It involves a transformation of the original set of
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governing equations to a system of nine first order partial differential
equations; quasilinearization of nonlinear terms; formation of a coeffi-
cient matrix using a finite difference scheme; and its solution using the
block~tridiagonal~-elimination method.

Preliminary results have been obtained assuming no radiation for three
different cases of the ambient temperature distribution as shown in Figure
2. In the stratified case, the temperature, T,, is assumed to be con-
stant up to the first U40% of the total height. Then it linearly increases
to 60% of the height by 175°C, after which it remains constant up to the
top. This stratification model is derived based on available data from a
room fire experiment with certain openings. Results for the other two
cases are presented for comparison, having constant To of 25°C and 200°C
respectively. Properties of polymethylmethacrylate (PMMA) were used for
the vertical surface in the analysis.

Figure 3 shows variation of the mass burning rate, m'', of the wall as
a function of the normalized height (distance from the leading edge), x/L,
for the three cases. Predicted burning rates for cases of constant To
equal to 25°C and 200°C agree very well with previously obtained results in
the literature. For the stratified case, the burning rate is initially
between the burning rates for T, = 25°C and 200°C, but then falls below
that for T, = 200°C as x/L continues to increase. Apparently the influ-
ence of the upstream flow causes the burning rate to drop further in the
upper layer. (In separate calculations, the influence of the lower layer
was found to diminish completely when the upper layer was sufficiently
thick compared to the lower layer.)  Figures 4 and 5 show variation of the
flame temperature and shear stress at the wall. Here the results for the
stratified case remain well within the limits set by the T, = 25°C and
200°C cases. However, from this study it appears so far that the results
of the stratified case cannot be simply obtained by a linear combination of
results for the T, = constant cases. This study is in its early stage
and more numerical solutions are needed to draw any definite conclusions.

Several other cases of thermal and oxidizer concentration stratifica-
tion will be studied using this numerical model. Approximate analytic solu-
tions also will be sought. Simple experiments will be performed in the
next phase for comparison with predicted results. The insight and informa-
tion obtained from this study will be useful, for example, as an input to
larger zone models of the fire spread and extinction in multiroom struc-
tures.

Reports and Papers:

1. A. K. Kulkarni and J. J. Hwang, "Natural Convection Over an Isothermal
Vertical Surface Immersed in a Thermally Stratified Fluid," to be pre-
~sented at the 23rd National Heat Transfer Conference, August 4-7,
1985.

2. A. K. Kulkarni and J. J. Hwang, "Burning of a Vertical Surface in a
Stratified Ambient Atmosphere," extended abstract submitted to the
AIAA 2U4th Aerospace Sciences Meeting, January 5-8, 1986.

98

1 )i | § [ T T e S A NN R RN PN I T s i ; P




66

l . 9 -1
b .
) /
A /
) N / T (%)
Burning )
Vertical ) / Cuw
Surface / Stracified
Atmosphere
N / —
N(n
x / L
N 2
AN y 2 .5—
Figure 1 : Schematic diagram of the boundary layer model -
~
o
-t
»
|
1.0F o -
lT = 25°C
* 1
| =
! &
0.8 | o
g l &
x l 2
- i g2 1.1
& ok | =
g : ! 5
g ) ! g
g 0.4} STRATIFIED l
g |
c
= |
|
0.2t |
I 1 = 200% STRATTFIED
: CONDITION
0 \ L y { 0.7 [ ' l l_ I
0 50 100 150 200 0.0 0.2 0.4 0.6 0.8 Lo

AMBIENT TEMPERATURE, T_, °C

Figure? : Ambient temperature variation for the three cases presenced in NORMALIZED HEIGHT ’ x/L

this report. Stracrified Case--shown by solid line, with AT = 175 C between

the upper and lower layers. Nonstratified Cases--T_ = 25°C and 200°C (o Fi 3.

temperature variation in the vertical direction]. 8. J: Vartation of local burning rate with normalized
height for stratified and nonstratified cases.



00T
DIMENSIONLESS SHEAR STRESS

2600

Te = 200 _°C

3.0

25507

2.077

FLAME SHEET TEMPERATURE (K)
&
]

STRATIFIED STRATIFIED

CONDITIO

1.0

24501

Tw = 25 °C

0.0 ] | ] | ] 240

0.0 0.2 0.4 0.6 0.8 1.0 0 l [ l [ 1
0.0 0.2 0.4 0.6 0.8 1.0

NORMALIZED HEIGHT , x /L
NORMATIZED HEIGHT , x/L

Fig.4 : Variation of dimensionless shear stress at
wall with height.

Fig. 5: Variation ot flame sheet temperature with height.




CENTER FOR FIRE RESEARCH
NATIONAL BUREAU OF STANDARDS
FY 85

Institution: The Pennsylvania State University
Grant No.: 6ONANB4D0032

Grant Title: An Investigation of Turbulent Fires on Vertical and
Inclined Walls

Principal Investigator: Professor Gerard M. Faeth
Department of Mechanical Engineering
The Pennsylvania State University
315 Mechanical Engineering Building
University Park, Pennsylvania 16802
Telephone: (814) 865-3743

Other Professional Personnel: J. P. Gore, Research Assistant
S.-M. Jeng, Research Assistant
M.-C. Lai, Graduate Assistant

NBS Scientific Officer: Dr. Bernard J. McCaffrey

Technical Abstract:

Introduction. The objective of this investigation is to establish
practical methods for.predicting radiant and convective heat transfer of
fires along surfaces. The fundamental problems are to determine the
scalar structure of turbulent diffusion flames and to treat effects of
turbulence/radiation interactions. These problems are being approached
using the conserved-scalar formalism of turbulent reacting flow, seeking
to avoid the difficulties of predicting complex chemistry in a turbulent
environment. Present research is focused on two primary topiecs: (1)
structure and radiation properties of free turbulent buoyant diffusion
flames, and (2) the properties of noncombusting turbulent buoyant flows
along surfaces.

Flame Structure and Radiation. The scalar structure of flames and
their radiation properties are closely coupled; therefore, both aspects
are being studied. The laminar flamelet concept is being tested as a
means of finding scalar properties, without direct analysis of chemical
kKinetics, within the conserved-scalar formalism. This is based on the
observation that scalar properties of laminar flames are primarily a
function of mixture fraction (the fraction of mass at a point which
originated in the fuel). It is then assumed that turbulent flames
exhibit the same property, viewing them as wrinkled laminar flames. We
have tested this concept for hydrogen, carbon monoxide, methane, propane
and ethylene diffusion flames burning in air, finding that it is
satisfied for these flame systems for scalar properties needed for
radiation predictions. Figure 1 is an illustration of a typical result,
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Technical Abstract

Most fires involve the burning of material under diffusion controlled con-
ditions and are accompanied by the production of soot. The release of soot in
confined spaces 1s a serious health hazard as smoke inhalation is a major cause
of casualties in fires. Sooty flames have a radiative emissivity and con-
sequently, preheat unburned combustibles and aid the spread of the conflagra~
tion. Previous work at Princeton has shown that the pyrolysis rate determines a
fuel's tendency to soot. Since fuel pyrolysis is a high activation energy pro-
cess, the sooting tendency in diffusion flames increases strongly with fiame
temperature. Soot formation consists of two distinct processes: particle
inception followed by coagulation and surface growth. The bulk of the soot
formed in any combustion system is now known to be due to surface growth reac—-
tions. Thus, the longer soot particles stay in a high temperature pyrolysis
rich region, the larger will be the soot loading. It is, of course; possible
for the soot loading to decrease as a result of oxidation reactions if the par-
ticles are convected through the flame front by the combustion gases.

Therefore, the amount of particulate matter actually emitted by a combustion
device depends strongly on the flow configuration. The present program was ini-
tiated to evaluate how control of the fluid mechanical situation could affect
the extent and character of the soot process.

In many experimental configurations, such as the Parker-Wolfhard and tubu-
lar burners, the fuel stream entrains oxidizer at the base of the burmer and the
interpretation of soot measurements in these arrangements becomes complicated.
The addition of trace amounts of oxygen has been known to accelerate the pyroly-
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sis process of many aliphatic fuels. Consequently, it is necessary to have a
well-controlled and well-defined flow field in which the interaction of the
fluid flow and chemistry on soot production in a diffusion flame can be clearly
elucidated. For this purpose, the following "opposed jet" diffusion flame was
chosen for the program.

Fuel is ejected uniformly from a porous cylindrical, ceramic burner housed
in a low turbulence wind tunnel supplied with oxygen and nitrogen. A laminar
diffusion flame is stabilized in the forward stagnation zone of the burner.

"Measurements of the flow and temperature fields are obtained along the stagna-

tion streamline with an LDV system and a radiation—corrected thermocouple. A
laser light scattering-extinction measurement yields data on soot particle
number density, particle size and soot volume fraction. Measurements of the
soot characteristics are also made along the stagnation streamline from thelr
region of formation on the fuel side of the flame up to the stagnation point.

- Along the stagnation streamline the flow is one dimensional and the velocity

data permit the interpretation of the light scattering measurements in terms of
time from the flame front, rather than distance alone. Consequently, rates of
formation, surface growth and coagulation in the diffusion flame can be inferred
from the data. More complex two dimensional flow flelds do not readily permit
the interpretation of soot behavior in these terms.

Last year results were reported on the effect of the oxidizer velocity.
This contract year the primary concern was to determine the effect of the addi-
tion of small amounts of oxygen to the fuel stream on the sooting structure of
the counterflow diffusion flame. As before, profiles of temperature, velocity,
number density, soot volume fraction (¢) and mean particle size were obtained.
propane (C3Hg) and ethylene (CyHg) were used as fuels. In both C3Hg and CyHy
flames, the fuel volume flow rate was kept constant while increasing amounts of
oxygen (02) (up to 10%Z of the fuel rate) were added. Whereas the experiments
with CoH; were made using air as the oxidizer, the CiHg experiments required an
enriched air (oxygen index = 0.25) because of experimental constraints. For all
experimental runs the upstream oxidizer velocity was kept at 30 cm/sec. The
measured flame temperatures (uncorrected for radiation losses) varied from
1760-1805K. Thus, the results are thought to truly reflect the catalytic effect
of 02 addition on the particle inception and surface growth processes; the ther-

mal effects are similar in all cases studied.

The main results are presented in Figures 1 and 2, Figure 1 shows a plot
of ¢ vs. time from the flame front. As can be observed, the addition of 02 to
CoH4 has a very strong accelerating effect on the soot formation processes. The
10% case having a soot loading almost twice as large as the pure fuel case., For
C3Hg, a slight reduction in ¢ is measured! This result is quite perplexing
because the pyrolysis reactions of C3Hg are known to produce CoH; and therefore,
02 addition should result in increased soot loadings for both fuels., Future
work will be directed toward resolving this finding and further determining
whether there is an inherent difference in the manner 02 affects the soot pro-
cesses between olefins and parrafins or there is something unique about the
pyrolyses of C3 hydrocarbons. Figure 1 also shows that the time derivative of ¢
also increases with 02 addition for C2H4 runs. This result is attributed to the
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increase in area available for the surface reactions as more and more 02 is
added. Figure 2 contains a log-linear plot of the specific surface growth rate
vs. (1/T). The specific surface growth rate is defined as the time derivative
of ¢ normalized by the total soot surface area. It is interesting to note that
all the data points converge to a narrow region around a straight line. This
trend strongly suggests that the surface growth processes are very similar in
all the flames studied. An activation energy of 35.4 Kcal/mole has been
inferred from these data. The primary conclusion to emerge from the work to
.date 1s that the enhancement of soot formation in CoH, flames is definitely a
chemical rather than a thermal effect and is intimately linked to the chemistry
leading to particle inception and/or the early stages of surface growth,

Reports and Papers

Vandsburger, U., "Soot Formation in Counterflow Diffusion Flames,"” Ph.D. Thesis,
Dept. of Mech. and Aero. Eng., Princeton U., July, 1985,
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Technical Abstract:

The objective of this project is to study, experimentally, the negatively
buoyant and penetrative flows that are generated in enclosure fires, as in the
development of the fire. At the early stages, the flow driven by the fire plume
spreads over the ceiling and turns downward at the corners. At this point, the
wall flow is downward, whereas the buoyancy force acting on the flow is upward.
This results in a negatively buoyant situation. Similarly, following the
establishment of the two layers, or zones, in an enclosure fire, the relatively
cool wall in the upper zone generates a buoyancy-induced downward flow, which is
injected across the interface into the lower zone and penetrates to a finite
distance due to the upward buoyancy force. The nature of such flows, the
penetration into a region in which the flow is negatively buoyant and the
transport due to these flows are of particular interest in the mathematical
modeling of enclosure fires.

This study considers two-dimensional, heated air jets discharged downward
adjacent to a wall, as well as away from it, thus giving rise to a negatively
buoyant situation. Of particular interest were the downward penetration of the
flow, the entrainment of ambient fluid into the flow and the resulting velocity
and temperature fields in the region where the flow is negatively buoyant, see
Fig. 1. ,

An experimental system for the relevant measurements has been fabricated.
Air is sent by a blower through a copper tube, which is heated by means of strip
heaters wrapped around it, see Fig. 2. A diffuser is employed to spread out the
heated air and discharge the resulting two-dimensional flow into a glass tank,
which is 1.5 m high and 0.4 m x 0.3 m in cross section. Measurements of
velocity and temperature are taken by means of a hot-wire anemometer and
thermocouples, respectively. The side walls of the tank may be removed to
simulate an extensive quiescent environment. The flow is visualized by means of
smoke introduced into the flow, ugfgream of the diffuser.
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A substantial amount of data has been taken on the velocity and temperature
distributions in the flow, as discussed in detail in the various papers and
reports based on this project. The penetration distance 8, is quantized by
defining it as the vertical distance from the jet inflow to the location where
the local temperature excess, T-Tw, has dropped to 1% of the inlet value, Ty-T.
Here, T» is the ambient temperature and T, the average jet discharge temperature.
Figure 3 shows the typical dependence of §,/D, where D is the width of the
discharge slot, on the mixed convection parameter Gr/Re? = 98(T-T,)D/Ug. Here,
Uy is the average discharge velocity, g the gravitational acceleration and g the
coefficient of thermal expansion of the fluid. The data is found to be fairly
well correlated by the equation

6,/0 = 4.424 (6r/Re?)~0-389

Figure 4 shows the total mass flow rate, mg,t, emerging from the enclosure at
the level of the jet discharge, normalized by the inlet mass flow rate, mipn,
as a function of Gr/Re2. A very large amount of entrainment into the flow is
observed at large values of Gr/Re2. The data is satisfactorily correlated by
the equation

m
Ut _ 1 074 + 49.03 (Gr/Re?)
Min

Similarly, several other important aspects relevant to these flows have
been studied. The heat transfer at the wall, the transient effects in these
circumstances and the generation of a two-layer system in an enclosure with an
opening are presently under study. Also, the experimental results are being
incorporated into the consideration of wall effects in enclosure fires for zone
modeling studies.

Reports and Papers

1. Jaluria, Y., "Buoyancy-Induced Wall Flow Due to a Fire in a Room,"
NBSIR-84-2841, National Bureau of Standards, Washington, DC, May 1984.

2. Jaluria, Y. and Goldman, D., "An Educed Wall Flow Due to a Fire in a Room,"
NBSIR-84-2841, National Bureau of Standards, Washington, DC, May 1984.

2. Jaluria, Y. and Goldman, D., "An Experimental Study of Negatively Buoyant
Flows Generated by Fire in a Room,” 1984 Tech. Meet., East. Sect. Combust.
Inst., Florida, Dec. 1984, Paper No. 16.

3. Jaluria, Y. and Goldman, D., "An Experimental Study of Negatively Buoyant
Flows Generated in Enclosure Fires," NBS-GCR-85-487, National Bureau of
Standards, Gaithersburg, MD, Feb. 1985.

4., Goldman, D. and Jaluria, Y., "Effect of Opposing Buoyancy on the Flow in
Free and Wall Jets," to be presented at the ASME Winter Annual Meeting,
Miami, Florida, Nov. 1985, and to be published in "Mixed Convection Heat
Transfer," Eds. Armaly, B.F. and Yao, L.S., ASME, Heat Transfer Div.,
Symp. Vol., 1985.

5. Jaluria, Y., "Natural Convection Wall Flows," to appear in "Quantitative
Methods Handbook; Fundamentals Unit," Ed. Beyler, C., Soc. Fire Protection
Engrs., 1985.
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Technical Abstract:

The overall objective of this research program has been to develop
methodology to assess toxicological hazards to human 1ife based on ‘the time
course of analytical data as provided by a fire model. Research work under
this objective was reported in a final report under four major subject areas.

I. INCAPACITATING EFFECTS OF NARCOTIC FIRE GASES
From an extensive review of methodologies for assessment of the
incapacitating effects of the narcotic fire gases, both with rats and with

non-human primates, it was concluded that the rat appears to be sensitive to
approximately the same range of accumulated doses as may be deemed potentially
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hazardous to human subjects. Thus, for both carbon monoxide and hydrogen
cyanide, the rat is expected to be a reasonably appropriate model for the
development of methodology for estimating toxicological effects on humans.

II. MATHEMATICAL MODELING OF INTOXICATION OF RATS BY CARBON
MONOXIDE AND HYDROGEN CYANIDE

A mathematical approach, based on experimental concentration-time data,
was developed for the prediction of both incapacitating (loss of leg flexion
shock-avoidance response) and lethal effects on rats exposed to carbon
monoxide and hydrogen cyanide. The model, illustrated in Figure 1, utilizes
continuous summation of "fractional effective doses" to estimate the time of
greatest probability of the occurrence of a toxicological effect. Examples
were given for computer simulation of the development of toxic hazards in
fires and comparisons made with actual experimental results. These com-
parisions showed that computer-predicted times to toxicological effects were
within the standard deviations of experimental mean values.

" MODELING OF
TOXICOLOGICAL EFFECTS
OF FIRE GASES
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Figure 1

III. QUANTIFICATION OF POST-EXPOSURE LETHALITY OF RATS FROM
EXPOSURE TO HCT ATMOSPHERES

The post-exposure lethality of rats from exposure to hydrogen chloride
atmospheres was quantified. A plot of LC, (post-exposure) values as a func-
tion of exposure time is shown in Figure 2. Experimental L(Ct)5 values for
HC1 varied from about 80,000 ppm-min (5-min exposure to 16,000 ppm) to about
170,000 ppm-min (60-minute exposure to 2,800 ppm). Relevant data involving
non-human primate exposures were cited which suggest comparability of the rat
and the primate for the purpose of assessing lethal doses of HCT.
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Figure 2

IV.  INTOXICATION OF RATS BY CARBON MONOXIDE IN THE PRESENCE
OF AN IRRITANT

A mathematical model was developed for the dintoxication of rats by
carbon monoxide which is a function of carbon monoxide concentration, time of
exposure and respiratory minute volume, the Tatter being dependent upon the
concentration of an irritant, hydrogen chloride. Predictions of the model,
which were verified experimentally, led to the conclusion that the overall
effect of the presence of HCl1 on intoxication of rats by CO is relatively
minor and appears to lie in a "window" of about 400 to 1000 ppm HC1 and with
CO0 concentrations up to about 4000 ppm. The predominant effect is, therefore,
on incapacitating rather than lethal conditions when time frames typical of
fire gas exposures are involved.

Reports and Papers:

1. G. E. Hartzell, A. F. Grand, H. L. Kaplan, D. N. Priest, H. W. Stacy,
W. G. Switzer and S. C. Packham, "Analysis of Hazards to Life Safety in
Fires: A Comprehensive Multi-Dimensional Research Program -- Year 1,"
Final Report No. 01-7606, NBS Grant NB83NADA4015, Southwest Research
Institute, San Antonio, Texas (May 1985).

2. H. L. Kaplan and G. E. Hartzell, "Modeling of Toxicological Effects of
Fire Gases: I. Incapacitating Effects of Narcotic Fire Gases," J. of
Fire Sciences, Vol. 2, No. 4, pp. 286-305 (1984]).
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G. E. Hartzell, D. N. Priest and W. G. Switzter, "Modeling of
Toxicological Effects of Fire Gases: II. Mathematical Modeling of
Intoxication of Rats by Carbon Monoxide and Hydrogen Cyanide," J. Fire

Sciences, Technomic Publishing Company, In Press (1985).

G. E. Hartzell, S. C. Packham, A. F. Grand and W. G. Switzer, "Modeling
of Toxicological Effects of Fire Gases: III. Quantification of Post-
Exposure Lethality of Rats from Exposure to HC1 Atmospheres," J. Fire

Sciences, Technomic Publishing Company, In Press (1985).

G. E. Hartzell, H., W. Stacy, W. G. Switzer, D. N. Priest and
S. C. Packham, "Modeling of Toxicological Effects of Fire Gases: IV.
Intoxication of Rats by Carbon Monoxide in the Presence of an Irritant,”
J. Fire Sciences, Technomic Publishing Company, In Press (1985).

G. E. Hartzell, S. C. Packham and W. G. Switzer, "Toxic Hazards of
Smoke," Interflam '85 Conference Proceedings, University of Surrey,
Guildford, England, pp. 100-105 (March 1985).

G. E. Hartzell, D. N. Priest and W. G. Switzer, "Mathematical Modeling
of Toxicological Effects of Fire Gases," Eighth U.S.-Japan National
Resources Panel on Fire Research and Safety, Tsukuba, Japan (May 1985).

G. E. Hartzell, D. N. Priest and W. G. Switzer, "Mathematical Modeling
of Toxicological Effects of Fire Gases," First International Symposium
on Fire Safety Science, National Bureau of Standards, Gaithersburg,
Maryland (October 1985).
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Technical Abstract:

The major objective of this investigation was to evaluate the behavior of furniture
frames during fire. The problem was attacked along two parallel lines. First, tests were
performed measuring the strengths, deflections, and failure times of loaded wooden and
plastic structural elements (beams, joints, bends) exposed to elevated temperatures. Sec-
ond, analytical techniques were developed for calculating the stresses, strains, strength, and
failure time of wooden and plastic beams and bends during high temperature exposure.

Tests were performed with bends and joints constructed of southern pine and with
beams made of polypropylene and acrylic rods. The southern pine test specimens were
fabricated using 3/4 in (nominal) thick wood. Bends were prepared with different grain
orientations and different bend angles. Joints were made with different types of fasteners.
Each bend and joint was exposed to a constant temperature of 100, 160, or 245°C for a .
predetermined length of time. The deflection of the loaded joint was then measured. These L
measurements provided the load versus deflection, the deflection at failure, and the failure ,
time. . |

The “failure times” of plastic rods exposed to elevated temperatures were also mea-
sured. In these tests each plastic rod, supported at its two ends, was placed into an oven
preheated to 150, 200, 250, 300, or 350°F. Load was applied at the center of the rod.
The time required to reach a certain deflection (corresponding to a preassigned stress level
inside the rod) was measured.
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Three different diameter rods were tested: 3/4, 5/8, and 1/4 in for polypropylene;
and 5/8, 7/16, and 1/4 in for acrylic. Data were generated at six load levels ranging from
10 to 60 percent of the failure load at room temperature.

In addition to testing, analytical models were developed to simulate the response of
bends to elevated temperatures. The models describe the changes in the thermal and
mechanical properties of bends, and predict the time of failure. The model is developed
in four steps, (a) calculation of the temperature distribution and mass loss inside bends,
(b) calculation of the changes in stresses and strains with time, (c) estimation of the
changes in strengths and moduli with time, and (d) prediction of the failure time.

In the first part of the model the temperature distribution inside the wood and the
mass loss are calculated. This part of the model is formulated on the basis of the law of
conservation of energy, with the chemical reactions represented by a single step Arrhenius
bulk reaction.

The second part of the model is used to calculate the stresses and strains in bends.
This model utilizes a two-dimensional finite element method of solution of the governing
equations.

The third part of the model provides a means of estimating the changes in strengths
and moduli during exposure to elevated temperatures. This model is based on the hy-
pothesis that degradation in mechanical properties is related to the mass loss caused by
volatilization of the wood.

The fourth part of the model provides the failure times of bends during high temper-
ature exposure. The model relates the applied stresses to the allowable strength through
an appropriate failure criterion.

On the basis of the models, a computer code was developed which provides the stresses
and strains in the wood as well as the following parameters, (a) temperature distribution
inside the wood, (b) mass loss, (c) strength loss, (d) stiffness loss, and (e) failure time.

Non-dimensional parameters were also established for correlating the data obtained
with plastic rods. With the use of these parameters the data can be extended to materials,
geometries, and temperatures other than those employed in the present tests.

The data generated and the models developed in this investigation provide information
on the behavior of different types of structural elements utilized in the construction of
furniture frames. This information can be used to estimate the failure time during exposure
to elevated temperatures. Thus, the results of the present study will help in establishing
appropriate endurance ratings for furniture, and will lead to more fire resistant furniture
design and construction methods.

Reports and Papers:

1. Springer, G. S. “The Behavior of Furniture Frames During Fire,” Report to the Center
~ for Fire Research, National Bureau of Standards, October 1985.

2. Chang, F. K. “Thermal-Mechanical Loading Effect on Sirength and Failure Time
of Wooden Structures Exposed to Elevated Temperatures,” Journal of Reinforced
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. Chang, F. K. “Stress Analysis of Wooden Bends,” Journal of Remforced Plastics and

Composites (in print).

. Burwasser, J., P. Homer, and F. K. Chang. “Behavior of Wooden Joints and Bends

Exposed to Elevated Temperature,” Journal of Reinforced Plastics and Composstes
(in print).

. Burwasser, J. and Ph. Good. “Deflection of Loaded Plastic Rods at Elevated Tem-

peratures,” Journal of Reinforced Plastics and Composites (in print).
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Technical Abstract:

The overall goal of this project is to develop physical and mathematical
models of the detailed combustion phenomena which control a fire's growth
within a compartment and its subsequent propagation throughout a structure.
OQur effort this grant period was directed primarily at the first area listed
below with some progress also in the second: :

Fire Radiation:

In flame radiation, the most important and least known parameter is fy,
the soot volume fraction, defined as the volume occupied by soot per unit of
flame volume. Previous reports have described a milti-wavelength laser
extinction technique for in situ measurement of the local flame fy in free
and forced boundary layers (2,3,6) as well as in pool fires (8). The full
Mie theory, Lee and Tien optical properties and a two-parameter size distri-
bution are assumed. Alternative simplifying assumptions have been shown to
overestimate fy,

Since we have experimental fy profiles, along with both experimental and
theoretical velocity and temperature profiles, it is possible to calculate
the local radiation from each scoty volume element within the flame.

Applying the emission only approximation permits incorporating radiation as a
simple sink term in the energy equation of strength:

Q' = hKGTh = AF £ .
a’v y

where A = 6.4x10-3 W/m3K and FPg~0.05 are constants and T is the local tem-
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perature, The fifth power comes from the additionel linear temperature depen-

dence of the sbsorption coefficient kx=3fm FafyT/O.b, erl (2,3), The

significance of this approximation is that it allows treating the radistion as a
perturbation on the Emmons problem. We are adding normal and streamwise

buoyancy also as perturbations to that problem. The solutions obtained will

permit us to interpret our existing fy data in mixed boundary layers with the

goel of modeling the soot formation there, as we did last grant period for our .
free flov fy data (2,3). In the future, we will use large activation energy
asymptotics to include finite kinetics, possibly with multiple reactions, in

these diffusion flame analyses.

Concurrently, a student on this project working at NASA Lewis Research
Center, will be comparing scattering and multi-wavelength extinction tech-
nigques for measuring fy in the same sooting flame to determine the advan-
tages of each method and to explore the possibility of a more useful hybrid
experimental system. Shown in the figure below are experimental velocity
profiles she obtained using LDV on free vertical diffusion flames for com-
parison (6) with the previously published theoretical profiles (2,3)

EXPERIMENTAL VELOCITY PROFILES
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Temperature Correlations:

Spurred by the success of the hot layer temperature correlation
published by McCaffrey, Quintiere and Harkleroad for naturally ventilated
fires, we have attempted to uncover similar results for force ventilated com-
partment fires based on experiments at the Lawrence Livermore National
Laboratory (1,7). Two correlations emerged; one following McCaffrey et al.:
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_A‘I‘_T" = 0.63 - Q 0072 f’. A —Oo36 ,
© me T me
b= je
where AT = Ty~T,, Q is the fire strength, m is the forced mass flow rate, A

is the surface area of the hot layer and h is a time dependent coefficient
representing the heat loss as a thermal resistance to AT across the compart-
ment walls. The two parameters on the right, the fire strength and the com-
partment heat loss, may not be independent. Nondimensionalization

suggests Q/hcp as a characteristic temperature. An example of such a correla-
tion is

—— = e (220
(Q/mcp) me

Two parameters were originally introduced as exp(-C(hA/hcp)n], but C=0.99 in

the fit so C was set equal to unity. This correlation goes to the right
limits as h approaches 0 or », The implications of the AT > 500°C criteria
for flashover are currently being compared with more detailed analyses.

Reports and Papers:

1. N.J. Alvares, K.L. Foote and P.J. Pagni, "Forced Ventilation Enclosure
Fires," Combustion Science and Technology, 39, 55-82, 1984.

2. R.A. Beier, P.J. Pagni and C.I. Okch, "Soot and Radiation in Combusting
Boundary Layers," Combustion Science and Technology, 39, 235-262, 198L.

3. P.J. Pagni and C.I. Okoh, "Soot Generation within Radiating Diffusion

Flames," presented at the Twentieth Symposium (International) on
Combustion, Ann Arbor, MI, August 12-17, 198%4.

4., R.S. Levine and P.J. Pagni, Editors, Fire Science for Fire Safety,
Gordon and Breach Science Publishers, New York, NY, 1985,

5. P.J. Pagni, "Materials Fire Properties and Test Methods," presented at
the Eighth Joint Meeting, United States~Japan Natural Resources Panel on
Fire Research and Safety, May 13-21, Tsukuba, Japan.

6. J.A. Ang, P.J. Pagni, V.J. Lyons, J.M. Margle and T.G. Mataga, "Free,
Sooting, Boundary Layer, Diffusion Flame Profiles" to be presented at the
ATAA Annual Meeting, January 6, 1986, Reno, NV.

T K.L. Foote, P.J. Pagni and N.J. Alvares, "Temperature Correlations for
Force-Ventilated Compartment Fires", presented at the First
International Symposium on Fire Safety Science, Oct. T-11, 1985, NBS,
Gaithersburg, MD.

8. S. Bard and P.J. Pagni, "Soot Volume Fractions in Pool Fire Diffusion
Flames" presented at the First International Symposium on Fire Safety
Science, Oct. 7-11, 1985, NBS, Gaithersburg, MD.
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Technical Abstract:

A study is currently underway of the spread of flames over the surface
of a solid combustible in a mixed, forced and free, convective flow.
Research efforts have concentrated primarily on an experimental study of the
flow-assisted spread of flames over thermally thin fuels, and a numerical
analysis of the extinction of flames established over a flat combustible sur-
face. During this reporting period, a series of experiments of the depen-
dence on the velocity and oxygen concentration of the concurrent forced flow
of the rate of flame spread over thin Cellulose sheets have been completed.
The results indicate that this form of fire spread is primarily controlled by
heat transfer from the flame to the unburnt combustible. The flame spread
rate data can be correlated with an expression obtained from a heat transfer
analysis of the flame spread process. The experiments also showed that
extinction of the flames, due to vitiated (low oxygen concentration) or high
velocity conditions, occurs at the upstream leading edge of the flame. A
numerical analysis of the flame extinction process has also been completed.
The steady state elliptic conservation equations, including finite rate
Arrhenius Kinetics describing the reacting flow over a flat plate, are solved
in the analysis. It is predicted that the flame positions itself along the
viscous layer such that the chemical and residence times are of the same
order of magnitude, and that total extinction occurs at oxygen concentrations
of approximately 0.18, in agreement with previous experiments of the limiting
oxygen index for PMMA.

Experimental Study of Flow Assisted Flame Spread Over Thin Pager
Sheets. Measurements have been performed of the flow assisted spread of fla-

mes over the surface of thin paper sheets. The objective of the experiments

is to obtain information about the spread of flames over thermally thin
materials. The experiments are carried out in a small scale combustion tun-
nel. The paper sheets are positioned in the middle of the tunnel test sec-
tion to generate a flat plate flow over both surfaces of the fuel sheet.
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Whatmea 3M filter paper sheets 0.03 cm thick, 7.6 cm wide by 60 cm long are
used in the experiments. The gas flow in the tunnel consists of mixtures of
oxygen and nitrogen of varied concentrations and velocities.

The measured progress of the pyrolysis (xp), burnout (xg) fronts, and of
the flame tip (Xf) are presented in Fig. 1 for several air flow velocities.
The spread rate of each front can be deduced from these results by differen-
tiating the corresponding distances with time. From the results presented in
Fig. 1, it is seen that for air the flame spreading process is accelerative
from ignition to approximately 15 cm downstream, becoming constant after-
wards. This result follows the variation of the pyrolysis length 2p = Xp -
Xy and of the flame length L5 = X5 - Xp with the distance from ignition.

From Fig. 1 it is seen that both the pyrolysis and flame lengths increase
rapidly during the initial period of the flame spread process until burnout
of the fuel starts. After that, the rate of increase of these lengths
decrease as the burnout front progresses until finally they become prac-
tically constant at approximately 15 cm from ignition. The results of Fig. 1
also show that, for low flow velocity (mixed convection),t he pyrolysis and
flame lengths decrease as the flow veloclity increases. Both lengths approxi-
mately become constant for forced flow conditions (u@ > 1 m/s). The flame

srread rate follows the variations of these lengths, increasing with the flow
velocity for mixed flow conditions and becoming practically constant for
forced flow.

In order to explain the experimental results, a simplified model of the
flame spread process over thermally thin fuels was developed. Assuming:
that the primary controlling mechanism of flame spread is heat transfer from
the flame to the non-burning material downstream from the pyrolysis front;
that the heat flux from the flame is constant over the flame length and zero
afterward; that the temperature of the fuel is uniform alcng its thickness
(thermally thin); and that the combustible does not vaporize until its tem-
perature reaches a given value; an energy balance for a control volume in
the solid downstream from the pyrolysis front gives an approximate expression
for the rate of spread of the pyrolysis front of the form.

Vo =g (T - T,) (24/8) / lpet (T, - T)I

The experimental results for the flame spread rate can be explained phenome-
nologically with the help of the above equation and some additional related
measurements ' . A correlation, using the above equation, of
the spread rate data obtained in this work is presented in Fig. 2. It is
seen that the above equation correlates very closely the flame spread data
cbtained for different flow velocities and oxygen concentrations.

Numerical Modeling of the Extinction of a Diffusion Flame. This work is
an analysis of the extinction characteristics of a diffusion flame above a
vertical combustible surface burning steadily in a mixed convective flow. In
the analysis, which includes longitudinal diffusion, the two-dimensional,
elliptic, gas-phase conservation equations are solved numerically using a
finite difference scheme. The primary result of the analysis is the predic-
tion of the distance from the upstream edge of the fuel surface to the point
where the flame leading edge is stabilized (extinction distance) as a func-
tion of the velocity and oxygen concentration of the flow. The results of
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this work not only are relevant for the description of extinction processes

but also for the study of the spread of flames in an opposed flow. This is
because in opposed flame spread the flame leading edge is at near extinction
conditions.

In Fig. 3 the results are presented for the predicted distance from the
upstream edge of the combustible surface to the flame leading edge
(extinction distance) as a function of the flow velocity for several values
of the oxygen mass fraction of the flow. In Fig. 4 the extinction distance
is shown as a function of the oxygen mass fraction for several flow veloci-
ties., From these figures it is seen that the extinction distance increases
as the flow velocity increases or oxygen concentration decreases. These
results are in agreement with a phenomenological view of the extinction pro-
cess in terms of the existence of a critical Damkohler number for extinction,
i.e., the critical ratio of the flow (residence) time to the chemical time
of the reaction. For a fixed oxygen concentration (fixed chemical time) as
the flow velocity increases, the flow time (which is determined by the ratio
of the characteristic length of upstream heat conduction tc the flow veloci-
ty) decreases. Consequently the Damkohler number also decreases with the
flow velocity. In order to maintain the value of the Damkholer number the

" reaction zone must move downstream where the velocity gradients and heat

losses are smaller because of the thickening of the boundary layer and con-
sequently where the flow time is larger. OSimilarly, for a fixed flow velo-
city (fixed residence time), as the oxygen concentration decreases the
chemical time increases which results in a decrease of the Damkholer number.
Therefore, in this case also, the reaction zone must nmove downstream to
regions of larger flow time in order to increase the value of the Damkohler
number of its critical value. Finally, from the results of Fig. 4, it is
also seen that the predicted limiting oxygen mass fraction for extinction is
about Y = 0.18, which is in agreement with the experimental measurements of

Sibulkin, et al. (Combustion and Flame, 44, 187, 1982), obtained with ver-
tical PMMA cylinders burning in a flow of 02/1\12 at low velocity.

Reports and Papers:

1. H.T. Loh and A.C. Fernandez~-Pello, "Flow Assisted Flame Spread Over
Thermally Thin Fuels," Accepted for presentation at the First
International Symposium on Fire Safety Science, National Bureau of
Standards, Gaithersburg, MD, October 9-11, 1985.

2. M. Kodama and A.C. Fernandez-Pello, "Extinction of a Diffusion Flame
Established Over a Flat Combustible Surface," Presented at the 1984 Fall

Technical Meeting, Eastern Section of The Combustion Institute,
Clearwater Beach, Florida, December 3-5, 1984.
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Technical Abstract:

The objective of this project is to establish a simple physical frame-
work for the calculation of radiation from complex fire phenomena. The
research approach aims at developing approximate formulations by systematic
experimentation and analysis of the fundamental aspects of the problem.
During the past year, the thrust of the research was focused on two primary
topics: 1) Experimental and theoretical determination of radiative proper-
ties of gases evolved from burning condensed fuels, principally PMMA, and 2)
Development of simple calculation schemes for the determination of radiation
absorption in a thin non-isothermal layer composed of these gases including
the effects of soot.

Radiation Properties of Gases Evolved from Condensed Fuels. The igni-
tion and continuous combustion of condensed fuels requires a significant
energy input. For moderate to large scale fires, which are of practical
interest, this energy is supplied by radiant transport from the flame zone
to the fuel surface. The radiant energy is attenuated by a thin gas layer
composed of species evolved from the fuel surface., These species are pri-
marily hydrocarbons which are strong absorbers of infrared energy and thus {
greatly influence the ignition and combustion processes. At present,
knowledge of the radiant properties of the hydrocarbon species is quite lim-
ited. A combined analytic and experimental research effort has therefore
been directed at the determination of the radiative characteristics of
several gas species common to combustion systems. The experimental phase
consists of the determination of the spectral and total radiation absorption
properties of several hydrocarbons commonly evolved from petroleum-based
fuels. These gases include methyl methacrylate (CSHSQZ), propane (C3H ),
propylene (C Hg), ethane (C,Hg), ethylene (C,Hy), acetylene (C,H,), and
methane (CH § Infrared absorption data are obtalned for a temperature
range of 300 to 900 K and partial gas pressures of 0.05 to 2.0 atm. The
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spectral absorption data are used to evaluate the spectral mean and total
radiative properties of the various absorption bands of the gases. The
total band properties are used to specify the total gray gas radiative pro-
perties, including the gas emissivity, absorptivity and Planck mean absorp-
tion coefficients. Thus far, the various radiative properties have been
determined for acetylene, methane and propylene [1,2,3], and the Planck mean
absorption (emission) coefficients for these gas species are presented in
Fig. 1. The analytic portion of this project has been directed at the
development of a simple model which will accurately specify the total
absorption characteristies of a gas without characterizing the absorption of
the individual bands. A combined-band model, which is particularly con-
venient for correlating radiation properties of gases and gaseous mixtures
with complex band structures, has been developed and shown to accurately
predict the radiant behavior of H,p, C0,, CO, CHy and SO, [4]. The model is
based on the exponential wide-band model which has been shown to accurately
predict the total radiant absorption of the individual absorption bands. It
therefore retains the fundamental basis of gas band radiation yet simplifies
the prediction of total gas radiation properties, particularly for complex
hydrocarbon gases and mixtures.

Blockage of Thermal Radiation and Radiation Quenching. For moderate and
large scale fires, one of the most important elements in determining the
energy feedback from a flame to the fuel surface is the radiative blockage
by pyrolyzed gaseous and particulate components. Calculations of the fuel
pyrolysis rate have consistently overpredicted the experimental data, which
are believed to be due to both the underestimation of radiation blockage and
the quenching effect of a relatively cold fuel surface. It has been found
that the blockage effect may be significant even in small scale fires for a
sooty polymer fuel such as polystyrene [5]. The information on radiation
blockage was utilized in an investigation of. radiation heat attenuation in
ignition models of various condensed fuels [6]. The predicted ignition
delay time and surface temperature history are in much better agreement with
experimental data compared to previous analyses. The blockage effect on
ignition is more pronounced as the heat flux and soot content of the system
increase. The investigation into cold wall flame-quenching used the singu-
lar perturbation technique to determine the quenching distance as a function
of various physical parameters [7]. A new dimensionless group, a modified
DamkBhler number, emerges from the analysis and characterizes the relative
strength of chemical heat generation to conduction-radiation heat transfer.
It was found that the quenching distance tends to increase as the heat
source intensity and optical thickness of the system decrease, which may be
seen in Fig. 2. Furthermore, it was determined that the fuel surface emis-
sivity is not a major influence in the calculation. The analysis also sug-
gests a potential scheme for the experimental measurement of extinction tem-
peratures in several combustion configurations. These studies have concen-
trated on the contribution of particulates to the radiant transfer, while
neglecting the effects of gaseous absorption/emission., For moderately sooty
fuels, such as PMMA, the contribution of the gases in the quenching layer is
as significant as the soot contributicn to the radiant transfer. The gase-
ous effects are presently being considered for pool fires, where the combus-
tion zone surrounds a fuel-rich core. This core region strongly attenuates
the radiant feedback to the fuel, and limits the combustion rate.

129



Jo gk ey

A

(]

0¢eT

Planck Mean Absorption Coefficient (atm—mf1

100
8of-
60}
- — Acetylene
40 -—-— Methane

I

n
(=)
T

‘Propylene

~° \..
10%:
.|
. -
4 -
41~ T
/ T~
= \\\
i i 1 | | | i | l
5%0 400 600 800 1000
Temperature (KO
Fig. 1.

Planck mean absorption coefficient for
acetylene, methane and propylene.

1200

DIMENSIONLESS QUENCHING DISTANCE Lg'k

2

€wr10, Tg= 01, Tq/Ty=20

10 $ " 1 PR | 1 | :

50 100 200 300 S00
DIMENSIONLESS HEAT SOURCE INTENSITY

Fig. 2.

Effect of heat source intensity on
the quenching distance. ’



Reports and Papers:

1.

M. A. Brosmer and C. L. Tien, "Infrared Radiation Properties of Methane
at Elevated Temperatures," J. Quantitative Spectroscopy and Radiative
Transfer, 33 , 521-532 (1985).

M. A. Brosmer and C. L. Tien, "Thermal Radiation Properties of Ace-
tylene," ASME J. of Heat Transfer (to appear).
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Technical Abstract:

The objective of this work is to develop a working computer model of a
furniture fire which utilizes the bench scale measurements on furniture
samples of burning rate history, flame spread rate, time to ignition, and the
fraction of fuel converted to soot. The primary prediction of the model is
the burning rate of a furniture fire as a function of time. The approach is
to design modular submodels that are simple, accurate, and highly coupled.
This research has concentrated in three areas: (1) Crucial to allowing a
full modularity of submodels was the development of a practical three-
dimensional graybody radiation model of the flames and the furniture. (2)

The analytical models of the time to ignition and of the flame spread rate
were developed to adequately describe the corresponding bench scale measure-
ments and also to be suitable for use in the furniture fire model. (3) A fur-
niture fire demonstrator model was developed to combine various submodels to
compute the burning rate of a furniture fire as a function of time. The main
purpose of the demonstrator model is to verify the numerical schemes utilized.

3-D Gray Radiation From Fire to Furniture Surface

It was realized early that in order to properly model the growth of a
small fire to a fire enqulfing the furniture, the geometric representations of
the furniture and the flame needed to consist of small surface elements. Each
surface element will have its unique history of surface temperature, of flame !
front arrival, and of the burning rate. To accommodate these surface elements
in a radiation model a very efficient computer program was used to calculate
the view factors between all the surface elements. The Hottel's zoning
approach with appropriate mean beam length approximations was applied to the
flame volume so that the flame can be treated as a semi-transparent solid with
surface elements. That is, instead of many smalil radiating gray gas volumes,
the flame is treated as one large radiating iso-thermal volume. This implied
a new approach to calculating the surface to surface and the gas to surface
exchange areas in the Hottel's zone model. Another dramatic reduction in the
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size of the matrix radiation equations was in the use of the energy conser-
vation equations to derive the exchange areas with respect to the room walls.
This avoided dividing the room walls into small surface elements and calcu-
lating their view factors. The energy conservation equations also showeq the
resulting matrix equations is diagonally dominant, leading to a Gauss-Seidel
matrix solution method that is absolutely convergent. This approach to the
Hottel's zoning method allows us to focus on critical radiation regions
through utilization of surface elements and yet maintain a high computational
efficiency.

We have develaped a computer program that will generate a variety of
‘couch or chair shapes constructed of quadralateral planes consisting of sur-
face elemental areas. Also in the program is a feature to generate a conical
frustrum complete with surface elemental areas of any size and place it
anywhere on the furniture at any orientation. With minor changes in the
program a wedge-shaped flame for wall fires or a quarter cylinder for corner
fires can be generated.

We have done a sample run of a generic chair and flame shape and com-
puted the surface radiative flux distribution. A cylindrical flame volume
0.2 m high and 0.1 m in diameter was set on the center of a seat, 0.4 m by
0.4 m, of the chair with the back rest of the same size and arms of 0.2 m
height. The cylindrical flame volume had 57 surface elements and the chair
had 48 surface elements. The properties of_ihe flame had a temperature of
1400°K, air extinction coefficient of 2.0 m *, and no scattering. The proper-
ties of the chair had a temperature of 300°K and surface emissivity of 0.8.
The Gauss-Seidel matrix solution method only took four iterations to converge
with a relative error tolerance of 0.001. On our VAX 11/780 computer the .
generation of chair and flame shapes took about 10 cpu seconds and the rest of
the calculations took about 10 cpu seconds. The sum of the radiative power
absorbed by the chair and by the room agrees with the power emitted from the .
cylindrical flame to within 4%.

Models of Time to Ignition and of the Flame Spread Rate

Because the radiative heat flux calculations will need to be updated
every time the flame grows larger, thus leading to greater computation time,
it would be imperative to seek simple analytical forms for the time to igni-
tion and for the consequential flame spread. In the bench scale experiments
for ignition and flame spread, external irradiances constant over time were
used. Whereas a furniture surface element would experience an exponentially
increasing irradiance over time due to a growing fire. Furthermore it was not
known whether the fabric/foam furniture samples used in the tests were ther-
mally thick or thin. Consequently, a heat conduction analysis was done for a
semi~transparent thermally thick sample with a thermally thin top layer as
subjected to external irradiance, reradiation, and convective cooling. The
analytical solution was curve fitted to the data of time to ignition versus
irradiance in order to derive values of effective thermal thickness, the ther-
mal inertia, and the ignition temperature of the sample. Many samples,
including particle board, carpet, PMMA, polyurethane foams, aircraft panels,
and all the furniture fabric/foam materials, were successfully fitted in this
way. After the sample is ignited, the flame will provide an additional
radiative and convective heat flux to the sample. Assuming a step function or
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