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ABSTRACT

This work investigates the initial stages of a residential fire scenario:
specifically the peak heat release rate (kW [m?) from an item ignited by
exposure to a radiant heat source. Parameters which may define a
scenario include the material properties of the furniture and the ignition
source. The emphasis is on the uncertainties in these parameters and
their impact on the peak heat release rate (kW [m?). A response surface
analysis is performed to determine the equivalent bench-scale heat
release as a function of fabric, padding, oxygen concentration, and
imposed radiant heat flux. A response surface is a polynomial which
approximates the computer code and it may be used to predict heat
release values, as well as the uncertainties in these values due fo
uncertainties in the model input variables.

1 INTRODUCTION

Assessing the risk from fires consists of the calculation of the
probability of consequences, i.e. death, injury or property loss, occur-
ring from some defined fire hazard. Fire risk models have been
developed for use in the nuclear industry' and a method for modeling
the risk of deaths from fires in buildings has been presented in Ref. 2.
All of these models involve the assessment of the probability distribu-
tions of the initiation and propagation of the fire and consequences due
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to the first. After the ignition of the first item, the processes of fire
growth, detection and suppression interact to produce a varicty of
possible scenario outcomes. These outcomes may be predicted by
characterizing the scenarios according to the parameters which may
change the course of the fire, and thus change the end risk to persons or
property. Parameters which may define a scenario include the material
properties of the furniture and the ignition source. Material properties
may include: ignition resistance, the rate of heat release, and the
characteristics of the combustion products.

In Refs 3-5, various scenarios involving an upholstered furniture
item exposed to a radiant flux form a variety of heaters, i.c. electric,
woood and gas, are defined. Physical models of the heat transfer
processes are coupled with an uncertainty analysis of the parameters in
the models and a probabilistic analysis of the events involved in a
typical scenario. This leads to a distribution of the frequency of ignition
of the furniture due to exposure to a heater. The first step in a PRA
(probabilistic risk assessment) is, then, performed by defining these
scenarios and assigning probabilitics to them. The sccond step of a
PRA, the calculation probabilitics to them. The second step of a PRA,
the calculation of the fire growth time (7,), is a more difficult task. This
task is begun in Refs 3-5 through the development of a computer
model to calculate the time to ignition, given a specific scenario
involving heat type and the type and placement of the upholstered item.

The fire growth time may be determined by several computer codes,
such as, HAZARD 1° and FAST/FFM.”" The latter code is a
sophisticated tool that provides time-dependent predictions of furniture
fire growth, as well as information on the spread of smoke and fire to
other rooms. Distuibutions of the output reflecting the uncertainties in
the input parameters may only be constructed through costly Monte
Carlo simulation. The purposc of this paper is to discuss the propaga-
tion of uncertainty, as it is required in risk assessment, and to present a
method for obtaining analytical approximations (‘response surfaces’) to
the output of the fire growth portion of computer codes, so that many
of the calculations required for risk assessment may be performed
without the use of these computer codes. In this paper, a response
surface is developed to predict the bench-scale heat release rate
(kW/m?) from a fire, which can be used in full-scale correlations when
test data arc not available. For the purposes of this paper, simple fire
spread modcls are ecmployed that are deemed satisfactory for the basic
scenario being analyzed. For a more realistic analysis of furniture fires,
one would have to apply the methods of this paper to a more advanced
code, such as FAST/FFM.
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Section 2 discusses parameter uncertainties and introduces the
concept of response surfaces as approximations to computer codes.
Section 3 introduces the scenario of interest in this work. The equations
used to calculate the heat releasted from the fire are given in Section 4,
while Section 5 lists the equations for vertical and horizontal flame
spread. Section 6 contains the response surface for the bench-scale peak
heat release rate and, finally, Section 7 offers some concluding remarks.

2 RESPONSE SURFACES

One of the parameters necessary to the performance of a fire risk
assessment is the growth time of a fire. This time may be called an
estimate of the deterministic reference model (DRM), e.g. the compu-
ter code that may be used, and there are two kinds of state-of-
knowledge uncertainties associated with it: parameter and model
uncertainty. The parameter uncertainty is uncertainty in the input to
the code and model uncertainty is due to the fact that physical
processes may not be modeled exactly and simplifying assumptions
must be made.

This paper deals with parameter uncertainties. Significant uncer-
tainties exist in the input parameters to the DRM, including thermal
properties of furniture materials, as well as other combustibles. Lack of
experimental evidence and knowledge of the composition of these
materials contributes to this uncertainty. Methods for propagating the
parameter uncertainties through the DRM include, Monte Carlo, Latin
Hypercube Sampling, and Response Surfaces. The latter is the subject
of this paper and is discussed next.

A response surface is a convenient approximate solution used when
the inputs to the problem are uncertain and no analytical solution
exists. The application of response surface methodology establishes
which of the independent variables, X;, have the greatest effect on the
solution variables, Y, and then replaces the complex computer model
by a simple function which provides a reasonble representation of the
true function.'™' The response surface usually takes the form of a
polynomial:

Y:B(l+2BiXi+22ﬁinin+EBiiXi2+'"- (1)

This mathematical function is good for a range of independent variables
in the problem. Methods of structuring the code runs so that the range
of each independent variable is sampled include factorial and
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composite designs. A factorial design is the most basic method, in which
the variables are assigned two values corresponding to the highest and
lowest in their range. Central points may be added to this design to
reduce the error incurred when fitting the surface to the data (Fig. 1).
When performing this analysis, the variables are normalized on an
interval (—a, a) (eqn (2)), where « is often chosen so that the
normalized variable range lies in the interval (—1, 1):

XI = Za (X - Xlnw)/(Xhigh - Xlnw) T« (2)

where X, and X,, are thc high and low range values for X.
Uncertaintics in the variables may be propagated through the response
surface to obtain the uncertainty in the final solution.

3 SCENARIO CHARACTERIZATION

A necessary step in the calculation of the growth time of a fire is to
obtain a heat release rate curve which is scenario-dependent. Full-scale
heat release rate (kW) curves are needed to predict the progress of the
fire in a room and they are often required as input to compartment fire
models. Correlations exist which can predict a triangular heat release
curve, if a value of the bench-scale release rate (kW/m?) is known from
furniture calorimeter data. Experimental values of the bench-scale rate
of heat release are not known for all fabric/padding combinations;
theretore, a computer code has been developed in this work to simulate
flame spread over a portion of an upholstered item and predict the
equivalent bench-scale rate of hcat release. The equations used to
calculate the heat release from the fire are given in Section 4. The heat
relcase of the upholstered item is a function of its fabric and padding as
well as the applied heat flux from the heater. Parameter values for
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even one fabric/padding combination are very uncertain. Material
properties must be determined experimentally and are not accurate, or
even known for all combinations. Due to these uncertainties, the
calculated heat release rate (kW/m?) will also have uncertainty as-
sociated with it.

The heat released from the fire is used as input to the equations of
flame spread to calculate the spread of the fire in a given time interval.
The equations used to calculate vertical and horizontal flame spread are
listed in Section 5. The equations used to calculate the maximum heat
release rate are very complex and, as discussed above, produce
uncertain results because of uncertainties in the input parameters. For
these reasons, a response surface analysis is performed on the output of
the code, the maximum rate of heat release.

4 HEAT RELEASE

The full-scale peak heat release rate is important in the modeling of
upholstered furniture fires, especially as pertaining to risk calculations.
A heat release rate model is required for a fire risk analysis and is
standard input for compartment fire codes. Typical heat release rate
curves for upholstered furniture may often be approximated by a simple
triangular representation of the curve shape.'” The important features
of this model are the peak release height, the base width, and the time
from ignition to the start of the triangular burning region. This start-up
time has not only been found to be a function of the properties of the
furniture, but also to depend strongly on the ignition sequence.

For the ignition sequence in Refs 3-5, radiant ignition, the furniture
is preheated to the extent that, at the time of ignition, the temperature
gradients beneath the surface are very small. Due to the elevated
temperatures below the ignited portion, there is very little heat loss to
the padding and the fire progresses very rapidly, leading to a steep heat
release curve almost from the onset of ignition. This means that, in the
case of radiant ignition, the triangular portion of the curve begins at the
time of ignition.

Two correlations exist for the full-scale peak heat release rate (kW),
one based on bench-scale testing and the other based solely on
materials identification, intended for use when destructive testing is not
feasible.'>"? The method based on bench-scale testing is preferred, since
the effects of fire retardants or other fabric treatments can be assessed
through experimentation. The ability to utilize furniture calorimeter
data to represent the release rates (kW/m?) in room fires can only be
applied to ‘fuel limited’ or ‘surface’ controlled burning. ‘Ventilation’



6 S. L. Thompson, G. L. Apostolakis

controlled burning, or fires with no excess oxygen in the combustion gas
stream, cannot be represented by such simple models.

At present there is no furniture calorimeter data based on the
scenario described in Refs 3-5; therefore, to be able to use the
preferred method of heat release estimation, it is necessary to develop a
predictive model for the maximum heat release rate (kW/m?). The
model that has been developed utilizes flame spread theory and the
heat release at each time step in the flame spread modecl is calculated by
the following equation.'*'

Genem = 1" H, )

where 7 is the burning efficiency; and H, is the heat of combustion.
The mass burning rate term is calculated from the following equation:

m" = (qi + gz~ qv)/ L,. )

'’

where gy is the radiative heat flux from the flame to the surface; gi. is
the heat flux from the heater to the surface: gi is the surface heat losses
(reradiation + convection); and L, is the cffective heat of gasification of
the fuel.

Radiation from the flame to the surface is calculated from the heat
release of the previous time step:'”

(Il’f = xl{xp(lghcm/zxf (5)

where x, is the fraction of heat released as radiation; x, is the pyrolysis
length; x, is the flame length; and (onem 18 the chemical heat release rate

(eqn (3)).
The heat loss from the surface, g7, is:'*"

qi=eo(TL=T) + (T~ T) (6)

where h is the convective heat transfer coefficient; T, is the surface
temperature; 7T; is the flame gas temperature; ¢ is the emissivity of the
surface; o is Stefan—Boltzmann constant (5-67 X 107" W/m?K*); and T,
is ambient temperature.

In-depth conduction into the solid is neglected in the heat loss term,
because the surface has been prcheated; reflected radiation is also
neglected.

5 FLAME SPREAD MODELS

The orientation of a burning surface has a profound effect upon the rate
of flame spread. The rate of flame spread has been found to increase
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dramatically with anlgle of inclination. Low rates of flame spread have
been found for vertically downward spread, with rates increasing for
horizontal flame spread and the highest flame spread rates occurring
with vertically upward flame spread. The controlling mechanism in
horizontal and downward flame spread is conduction through the solid
and flame spread behaves as predicted by a simple energy balance on
the fuel surface. The controlling mechanisms for vertically upward
flame spread, however, are radiation from the flame and, to a lesser
extent, convection from hot gases. This is due to the fact that the flame
lies close to the vertical surface and the hot gases are trapped between
the flame and the fuel, whereas, in horizontal and downward spread,
the flame and the hot gases rise upward and away from the fuel surface.

Although vertically upward flame spread may be expressed by the
same basic energy balance as performed for horizontal spread, quan-
tities in the analysis, such as the pyrolysis length and the heat flux to the
fucl, are much more difficult to estimate. The pyrolysis length and the
flame height appear to grow exponentially with time and the heat flux
over the preheated region is usually a function of position. These
complications make the development of correlations for vertical spread
more difficult and the equations presented for vertical spread are based
on an analysis of the exact boundary layer equations.

5.1 Horizontal and downward flame spreads

Horizontal and downward flame spreads can be grouped together as
examples of opposed flow spreads, which refers to the presence of an
external air flow in the direction opposite to the spread of the flame.
These air flows may include buoyancy induced flows or forced flows.
For materials thicker than 2cm, conduction through the solid has
been found to be the dominant mode of heat transfer. This has been
shown for downward flame spread over thick PMMA rods'® and for
horizontal flame spread over thick PMMA sheets.'” Radiation from the
flame has been found to be negligible in downward flame spread due to
the small view factor from the flame to the fuel. In horizontal flame
spread, however, radiation may be comparable to conduction through
the solid, as buoyancy raises the flames high above the fuel surface,
providing a large view factor to the fuel. Flame radiation becomes
increasingly dominant as the size of the fire increases. Of course, for
materials with extremely large or small thermal conductivities these
(typical of upholstery materials) gener: lities may not apply. Conduction
through the solid would not be significant for a material with a very low
thermal conductivity and a material with a high thermal conductivity
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Fig. 2. Energy conservation analysis in opposed flow spread."

would act as a heat sink and would actually act to prevent the spread of
flame.

The fundamental equations of flame spread are based on an energy
conservation analysis over a fuel control volume of thickness & and
length A, depicted in Fig. 2. The energy balance analysis-applied to the
thermally thick case is valid with § becoming a time dependeuni thermal
penetration depth which can be found from heat conduction theory.'
The length scale, A, may be estimated from an order-of-magnitude
analysis of the thermal cnergy equation, allowing the conduction term
(k.d’T/dx") to balance the opposed flow convection term (pc. d7T/dx)
which yields a value for dv=A."" The flame spread rate for the
thermally thick case becomes:"”

V =V (kpO)T, - T [kpe(T, — T (7)

where & is the conductivity of the fuel; p is the density of the fuel; ¢ is
the specific heat of the fuel; p, is the density of the gas phase; c, is the
specific heat of the gas phase; k, is the thermal conductivity of the gas
phase; T; is the flame temperature; 7, is the ignition temperature of the
fuel; and T, is the surface temperature of the unburnt fuel.

Und-r natural convection conditions, the ambient flow velocity, V,, is
given by:™

Vg nat. convection = [(k/p(')gg(’l—; - 7;1)/7;]'/3 (8)
where T, is the gas phase ambient temperature; and g is the gravita-
tional acceleration.

5.2 Upward ilame spread

Upward flame spread is an example of concurrent flow, when the
buoyancy driven flow is in the same direction as that of the spread of
the flame. The dominating mechanisms of concurrent flame spread are
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convection and radiation from the flame to the unburnt fuel. This is
because the hot combustion gases are driven ahead of the flame, close
to the unburnt fuel. The unreacted gases react with the oxidizer
upstream, extending the flame ahead of the pyrolysis front, where it
remains very close to the unburnt material. For these reasons, this
mode of flame spread occurs much more rapidly and poses greater
danger than opposed flow flame spread.

An energy balance will produce the same equations given in the
previous section, however, for this case, ¢” will vary with the convective
and radiative heat fluxes to the fuel, and A has been shown to depend
on the length of the pyrolyzing region, x,, to some power, n.?' The
value of n has been found to vary from 0-5 to 1-0 for upward turbulent
flame spread. Experiments with PMMA sheets® found n to be 0-5 for
the thermally thin case and 0-75 for the thermally thick case. Separate
experiments on thick PMMA? found n to be 0-964, indicating an almost
linear dependence on pyrolysis height, found to occur in turbulent flow.
The latter experiments also found that upward flame spread is largely
turbulent, except for an initial laminar region of about 10cm. In this
laminar region, heat transfer by convection dominates because the
flame is very thin; however, radiation becomes increasingly important
as the flow becomes turbulent and the flame becomes larger. Radiation
from the flame has been found to account for up to 80% of the total
heat transferred to the unburnt fuel at heights above 76 cm.>**

In Refs 25 and 26, the boundary layer analysis is approximated to
obtain a solution for the spread of a vertical pyrolysis region. A set of
algebraic correlations are presented with which values of the pyrolysis
length, flame height, spread velocity, and heat flux from the flame may
be calculated at various times. These equations form the basis for the
development of a vertical flame spread code. The results of the analysis
in Refs 25 and 26 for a free convective boundary layer are presented as
follows:

The flame height, x,, is calculated as a function of the pyrolysis
length, x,; their ratio is a constant, B:

B = xi/x,=0-64(r/B)** 9)

where:
B =[rYoH. - c(T. - Y}/ L, (10)
r:Y'ox.x/ro)/(l (11)

and Y, is the fraction of vaporized mass that is combustible fuel; H. is
the heat of combustion; ¢, is the specific heat of the solid; L, is the heat
of vaporization; 7, is the surface temperature; T, is the ambient
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temperature; r, is the oxygen to fuel stoichiometric ratio; and Y, . is the
mass fraction of oxygen in the atmosphere.

At time zero, an initial ignition pyrolysis Iength is assumed. The
pyrolysis length at successive times may be calculaied by:

()7 = xn) = [dad{l = 1250/ B) Mr (pe, k)T, — T )t — 1) (12)
The flame spread velocity is then:

V =[8ai{l = 1:25(r/B)" Y (pc, k)T, — T.Y'Ix}? (13)
with:

@y = 0-27B7 "L ov(h/vie, T) /(B + 1)'"*Pr'2In (B + 1) (14)

where all variables are as defined above, and p, is the density of the
fucl; p is the density of air; k is the thermal conductivity ~* the fuel; and
v is the kinematic viscosity of air.

6 A RESPONSE SURFACE FOR THE MAXIMUM HEAT
RELEASE RATE

A response surface has been developed to predict the maximum heat
release rate from a burning cushion-like item. The cquations used to
calculate vertical and horizonatal [lame spread, and heat release, have
been listed in Sections 4 and 5. The equations for vertical flame spread
derived from the boundary layer equations are wnsed to predict the
initial flame spread after the ignition of a portion of furniture receiving
a radiant flux from a heater. This ignition occurs due to the radiative
flux from a heater, as described in Refs 3-5. This section is assumed to
be 0-1 m in height (the front of a cushion) and is assumed to be the only
section receiving noticeable flux from the heater. When the pyrolysis
region reaches the top of the cushion, the fire is assumed to spread
horizontally over the top.

The values of the inputs to the code were chosen in a factorial design
with central points. The range of values represent the following
fabric/padding combinations: P-C/NFR PU; P-C/FR PU; and
PP/NFR PU: PP/FR PU. (Here, P-C means 65% polyester/35%
cotton blend, NFR PU means non-fire-retardant polyurethane foam,
FR means fire-retardant, and PP means polypropylene.) The code was
run for irradiances of 20 to 40 kW/m?.
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Variations in the heat release values predicted by the code can be
seen in Fig. 3 [(a) P-C/NFR PU, 20kW/m? (b) P-C/NFR PU,
25kw/m?% (c¢) PP/NFR PU, 35kW/m?* (d) PP/NFii PU 40kW/m?].
The values of heat release rise higher and faster with increase in the
irradiance for each fabric/padding combination. However, at a given
radiant heat flux, the heat release values rise much faster for the P-C
combinations than for the PP combinations; this trend may be
explained by an analysis of the boundary layer profiles. The PP
combinations were found to have lower mass burning rates than the
P-C combinations, and, thus, burned slower. The absolute values of the
heat release rates were much higher for the PP combinations due to
higher heats of combustion. Therefore, materials with high stoichiomet-
ric ratios and high heats of combustion burn slower but release more
heat than materials with lower stoichiometric ratios and lower heats of
combustion. These trends are important when a response surface is
sought to approximate the computer code, generalizing the problem for
a range of variable values. Figure 4 depicts the effect of oxygen
concentration on the rate of heat release. A similar trend can be
identified with the aid of the boundary layer profiles. Decreasing the
oxygen concentration was found previously to decrease the mass
burning rate, which leads to slower increases in heat relcase.

Comparisons of experimental data, Fig. 5, to the code output, Fig. 6,
show similar trends in the initial fire growth rates. Exact curves could
not be duplicated as they are extremely sensitive to the values of the
input parameters. Parameter values for even one fabric/padding
combination are very uncertain. Parameters such as the combination
material properties must be determined experimentally and, therefore,
are not accurate, or even known for all combinations.

The parameters chosen to be the independent variables of the
response surface are the material properties represented by: X1 = pke,
X2 =Y,.lr, and X3 = L /H_; and the external heat flux: X4 = g.,. In
order to create a reasonable function for the response surface, the
functional dependence of the heat release rate on the independent
variables must be determined. In Fig. 7, the heat release rate is plotted
against the normalized parameters, X/—X4. It can be seen that the heat
release rate varies almost linearly with X2 and X3, but seems to vary
quadratically with the parameters X/ and X4. If the curves in Fig. 7
could be fit more accurately with simple polynomials, then one might
cxpect only the linear and quadratic terms of the parameters to be
important. However, it is suspected that some of the cross-product
terms cannot be neglected (eqn (1)).

A Response Surface Analysis was performed on the normalized data
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Fig. 4. Effcct of oxygen concentration on heat release rate curves, PP/NFR PU,
30kW/m™ (a) Y, = 0-18: (b) ¥, =0-233. (Note that y =¢” and x = 1.)



Bench-scale peak heat release rate approximation 15

T T T T T T T 14
Hvy cotton/neoprene
— — Hvy cotton/FR PU
600 - - ~— Polyolefin/NFR PU
....... Polyolefin/FR PU
o .—.—- Hvy cotton/cotton batting
£ 500 - ——-— Hvy cotton/NFR PU i
= ' 2
; '--)":1
< 400t [V g
® NIRRT
(Y] I“ MY
8 tha 13
@ 300fY i i
= TR
0 p v
£ 200 S R
H [N
15 ‘f'. \
A R A =
100 \i\ﬂ“‘ ._
NN
3 \._‘.s\:‘.“__..g‘t—-\ ~—
1 [N 1 1 171 1
0 200 400 600 800
Time (s)

Fig. 5. Cone calorimeter measurements of the heat release rate for various

fabric/padding combinations at an irradiance of 25 kW/m?."

in Table 1 and the values for the resulting coefficients are given in Table
2. The highest order term in the equation is quadratic and all but three
of the cross-product terms are included. Functional errors and statistical
variances are presented in Tables 3-6. Table 3 gives the distribution of
the response surface in terms of the mean and the standard deviation
(root MSE). The R-square value is the coefficient of determination
(correlation coefficient) and indicates the fraction of variation in the
response due to the function. A value close to unity indicates high
correlation. The response surface calculated has a correlation coefficient
of 0-9791, which indicates that the data are highly correlated and, that
the model employed is reasonable.

Table 4 indicates the relative importance of the terms in the model.
The linear terms are by far the most significant, followed by the
quadratic terms, with the cross-product terms contributing relatively
little to the model. The Type I sum of squares measures the reduction
in the error as each set of terms is added to the model. The data are
highly correlated to the linear model (R =0-9212) and the addition of
the quadratic and cross-product terms only increases the correlation
coefficient by 0-0579. The F-ratio is also an important indication of a
terin’s significance. The probability >F value is the probability that the
F-ratio would have at least as great a value as the given one if the
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Fig. 6. Heat rclcase rate curves for various fabric/padding combinations.

indicated terms were zero. The probability that the linear terms should
be zero is very low, 0-0015, while the probability that the cross-product
terms should be zero is significant, 0-8272; in fact, three of the terms are
zero.

Table 5 lists the results of the same tests as Table 4, but they are
performed on the individual parameters. As is already known, none of
the parameters is insignificant, since the linear correlation is very high.
However, the significance of the terms with respect to each other can be
measured. The external heat flux appears to be the most significant
parameter, followed closely by the ratio of the hear of gasification to
the heat of combustion, X3. The least significant parameter appears to
be the ratio of the ambient oxygen concentration to the stoichiometric
oxygen to fuel ratio, X2. This makes sense since X2 was found earlier
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to affect the rate of rise more than the absolute valuc of the heat
release rate. On the other hand, both the external heat flux and the
heat of combustion were found to affect the maximum value of the rate
of heat release.

Finally, the relative significance of all the terms in the modcl can be
seen in Table 6. The least significant term appears to be the X2 * X1
term; it would have little effect on the dependent variable if it was
removed from the model.

7 CONCLUDING REMARKS

A response surface for the determinatic” of the maximum heat release
rate has been developed to approximate a computer code. The reason
for developing this approximation is not only to save man-hours and
computer time in the calculation of the maximum heat release rate of a
cushion-like upholstered item, but also to have a quick and reasonably
accurate method of determining the uncertainty in the maximum heat
release rate from the uncertainties in the parameters. All of the
independent parameters that change from scenario to scenario and are
input to the computer code are used as parameters ior the response
surface. The parameters are grouped to eliminate interdependence
between them and prevent false responses from the heat release rate.
The functional dependence of the maximum heat release rate on the
groups of parameters chosen is as expected. The maximum heat release
rate increases with increases in the external heat flux and the heat of
combustion. These two parameters have the greatest effect on the
maximum heat release rate, as shown in the analysis, because they
affect the actual value of the heat release rate. The other two
parameters define the rate of heating of the material and the rate of
oxygen depletion and, thus, the rate of burning. The latter parameters
have less effect on the maximum heat release rate, as they affected the
rate of rise of the heat release curve, but they are still significant in the
response surface and cannot be eliminated, as might be expected.

The response surface developed in this work is a reasonable
approximation to the computer code for the range of parameter values
studied. Heat release rates for other materials and substrates may be
found from this response surface, if the parameter values lie within the
range of study. Parameter values outside of the ranges of study may still
be valid in the response surface, as the upper and lower ranges used
have some uncertainty attached to them. The true range of parameter
values which may be used in the response surface may be found from
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y = 489.3648 + 56.8439x - 118.6027x*2 R =0.62
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Fig. 7. Graphs of heat release rate versus model parameters (note that y=¢q" and
x=r1). O q"kW/m’).
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TABLE 1
Response Surface Variables
q” X1 X2 X3 X4
(kW/m?)
350 -1 1 1 -1
325 -1 0-257 1 -1
360 -1 1 1 =05
362 -1 0-257 1 -0.5
470 0-034 —0-583 -1 0
424 0-034 -1 ~1 0
600 0-034 —0-583 -1 0-5
472 0-034 -1 -1 0.5
630 0-034 -0-583 -1 1
580 0-034 -1 -1 1
266 —0-546 1 I -1
254 —0-540 0-257 1 -1
528 I —():583 -1 0-5
408 1 -1 -1 0-5
382 1 —0-583 -1 0
351 1 -1 -1 0
TABLE 2
Response Surface Parameter Coefficients
Parameter Parameter
estimuie
from coded
data
X1 —107-427 822
X2 97-499 757
X3 —181-213 835
X4 105-616 097
X1*XI 29-478 552
X2xX] 8-068 647
X2 % X2 —42-412 950
X3 X1 0
X3+ X2 0
X3=X3 0
X4 = X] 22774327
X4*X2 25904475
X4 * X3 —112-160 379
X4 * X4 —40-000 000

Intercept

375-207 149
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TABLE 3
Response Surface Distribution (response surface
for variable Y heat flux)

Response mean 422-437 500
Root MSE 32-044 465
R-square 0-979 1
Coefficient of variation 75856

TABLE 4
Significance Estimates by Term

21

Regression Degrees Tvpe | sum R-square F-ratio Probability >F
of of squares
freedom
Linecar 4 181256 0-9212 44-129 0-001 5
Quadratic 3 9919 0-0504 3220 0-144 1
Cross-product 4 1 476-729 963 0-007 5 0-360 (8272
‘T'otal regression 11 192653 0-979 1 17-056 0-0073
TABLE 5§

Significance Estimates by Parameter

Factor Degrees Sum of Mean square F-ratio Probability >F
of squares
freedom

X1 4 17 324 4331-065991 4-218 0-096 1

X2 4 14 104 3526-027 282 3-434 01297

X3 2 11173 5586-611 681 5-441 0-072 3

X4 5 35711 7 142-208 889 6-955 0-041 8

Total crror 4 107.390 871 1026:847718
TABLE 6
Significance Estimates for Model
Parameter Degrees Parameter Standard T for 1HO: Probability > T||
of estimate error purameter =0
freedom

Intercept 1 375-207 149 82:087 540 4-571 0-0103
X1 1 —107-427 822 44635011 -2-407 0-0738
X2 1 97499757 56-074033 1-739 0-1571
X3 1 —181:213835 73-819905 —2-455 0-070 1
X4 1 105616 097 72-173759 1-463 02172
X1+ X1 1 29-478 552 74-783 935 (-394 07136
X2 X1 1 8-068 647 94-323 346 0-0855 0-9359
X2 x X2 1 ~42-412 950 76:395 537 —5-558 0-608 4
X3+ X1 0 0 — —_ —
X3+X3 0 0 — — —
X3 *X2 0 0 — — —
X3xX2 1 22-774 327 93-825 500 0-243 0-8202
X4+ X2 1 25-964 375 106-128 174 0-245 0-8188
X4*X3 1 ~112-160379 193-289 372 —{-580 0-5929
X4 = X4 1 —40-000 000 111-005 282 =0-360 0-736 8
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an uncertainty analysis, finding the uncertainty in the maximum heat
rclease rate due to uncertainty in the input parameter range. For a
normal range of parameters the response surface gives reasonable
results, especially in terms of the relatively low accuracy requirements
of a PRA.

The response surface can be used to predict a distribution of the
maximum heat release rate given a scenario and distributions of the
parameters. This distribution can then be used with predictive methods
for heat release rate curves io determine a heat release curve for a
scenario for which no experimental data are available. Future work
would include the calculation of the heat release curves and their
probability distributions from an uncertainty analysis of the response
surface. Since a response surface cannot be better than the underlying
code, response surfaces should also be developed from existing, more
detailed, computer codes, such as FAST/FFM.” ¥ The use of such codes
would also allow the modcling of more complex surfaces. The curves
would then be integrated into a compartment fire model for the
purpose of determining the growth time and the hazard time, and,
eventually, the risk due to fire for a given scenario.
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