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ABSTRACT

Part of tre results of the Scenario B of the CIB W14 Round Robin for
computer fire code assessment are presented. The scenario consisted of
three subscenarios. Each of them was a single room with natural
ventilation and a wood material fire source. Sixteen participants from
ten countries using eleven different computer codes demonstrated the
calculation of scenario B. The participants used two CFD-codes and
nine two-zone models from 1997 to 1998. In this short report
calculation results using codes developed at NIST are compared with
measurements and discussed in general.

INTRODUCTION

Zone and field models describing fire development and smoke movement are
commonly used as a part of advanced design or fire safety evaluation of buildings.
Although numerous efforts to compare fire models with experiments have been
published, systematic validation of the plethora of existing fire codes is lacking. This
deficiency has become critical due to the introduction of performance based building
codes, which often encourage the use of numerical simulations. Designers and
authorities, which may not be knowledgeable about fire simulation, should be given
guidance on which codes to use and on the limits of the models. VTT organized a
round robin of fire simulation within the auspices of CIB W14. Two rounds of
calculations were arranged. In the first, scenario A, users, programs, and their
technology were studied simultaneously. The main result was, that the user is the
most critical component. No further details are given here on scenario A. In scenario
B the major objective was to test the performance of the technology although also it
revealed a lot from the user contribution. This presentation summarizes the most
important findings from that round concentrating on technology contained in CFAST
and FIRST model codes originating from NIST. '

OVERVIEW OF SCENARIO B

Scenario B consisted of three subscenarios B1, B2 and B3. The experiments
corresponding to the subscenarios were conducted during the years 1983, 1985 and
1986 in the VTT testing hall, shown in Figure 1, jointly by VTT and Technische
Universitéit Braunschweig (Hagen & Haksever 1985). Originally, the aim of the test
series was to study full compartment fires. Subscenarios B1 and B2 shown in Figures
2 and 3, consisted of a single room with a door/window open to ambient. The names
of the tests during the test programme and the room sizes are shown in Table 1.
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Table 1 - The subscenarios. Test times were actually longer than the times mentioned
here, but the given times were chosen for the Round Robin.

Test label  Room size Fire load  Fire load density Peak RHR Test time
(m*) (kg) (MY/m?) MW) (min)
Bl SF83-3 15x7.2%3.5 1989 330 11 100
B2 SF85-10 20x7.2%3.6 1815 220 14 180
B3 SF86-10 74x72x3.6 2x500 330 52 120
<7 +19500
<7 +17100
<7 +12000
Measurements of
- temperature of the gas
- 0,, CO,, and CO concentrations
- total heat release
- weight loss of the fire load
\ Fire room
\\ :
Fue load < ventilation opening
ISR E R SRR NESEEERRAANE!
<7 +000 L1 il
/. /.
scales 27000
0 5m 10m

Figure 1. Schematic longitudinal cut of the testing hall. Dimensions are in mm.
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Plan view

Figure 2. Subscenario Bl.
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Figure 3. Subscenario B2.
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EXPERIMENTAL DATA REDUCTION FOR FIRE MODEL VALIDATION

Here only data reduction of calculation of interface height and layer temperatures is
treated. The height of the smoke layer interface is one of the key variables studied
during the fire safety analysis of the buildings. It is a natural output variable for two
zone model fire codes where the assumed existence of the interface is part of the
model. However, when the question is about experimental or CFD data, where
temperature is measured/calculated in discrete number of points, there is no general
consensus about the correct calculation method for the interface height.

Kawagoe (1958) presented a one-zone model for a post flashover fire with
ventilation to ambient and discovered that the flow rate was proportional to the vent

factor AVH . The two-layer concept was introduced by Thomas et al. (1963) who
presented the relationships of the layer heights, temperatures and the flow rates.
Prahl and Emmons (1975) and Rockett (1976) further studied the hydrodynamic vent
flows and presented the relationships between the interface and neutral plane heights
and the mass flows in/out of the vent. A careful presentation of the flow equations in
the vent has been given by Tanaka (1978), later included in zone model code BRI2
(Tanaka & Nakamura 1989). More recent reviews about the subject have been given
by Thomas (1992) and Cox (1995).

In principle, when the fire is sufficiently small compared to the size of the
compartment two layers will form. The height of the layer interface can be found by
determing the inflection point of the vertical temperature profile. However, in the
case of a relatively strong fire, as is the situation in the present scenarios, a single
layer may form, with very small vertical temperature gradients. This is demonstrated
in Figure 4 showing the development of the vertical temperature profiles inside the
compartment in B3. Each line represents one time point. The absolute level of the
temperature has been removed for linear presentation by transformation using:

T(z;,8) =T(Zn,0) 15 a1

where T'is in °C and ¢ in minutes. It can be seen that the development of the hot layer
is clear up to the 20 minutes or flashover, after which the difference between the
uppermost and lowest measurement is small and no large gradient exists, not to
mention a true discontinuity assumed in the papers of Thomas et al. (1963) and
Rockett (1976).
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One of the most common methods to determine the interface height is to use the so-
called N percent rule, suggested by Cooper et al. (1982). The interface height at time
t is defined to be the elevation z; at which the temperature first satisfies

Height (m)

L

i
i f‘/m‘i Jlff il

! ! ! !
80 80 100 120 140
Time (min)

Figure 4 . Mean temperature profiles during the experiment B3.

T2 =T _ N @)
T(Zpps)=T,, 100
In the literature the values suggested for N range from 10 to 20. The method was
applied to the current scenarios with a value of N = 15. The average temperatures in
the upper and lower layers were then calculated as mean values of the measurements
in the upper and lower sides of z;, respectively. In cases where z, =0 the lower

layer temperatures are meaningless.

Mathematically the question is: “How to calculate three unknown variables, Z, Iy

and T, from the series of temperature measurements at discrete number of heights?”
Quintiere ez al. (1984) introduced a method to calculate the upper layer temperature
T, as an arithmetic average of the upper thermocouple readings. One then solves Z;

and 7, from integral equations

H (3
JT(Z)dZ =(H-2z)T, +27T,,

0

Td _ . 1 1 “)
170 =(H z,-)TU +z T, .

where H is the ceiling height. Equation (3) describes the mathematical averaging
procedure of the zone model, but has no physical meaning, although it is quite close
to the requirement for enthalpy equivalency. Equation (4) is a requirement for mass
equivalency.

The goal of this experimental data reduction is to produce data that can be directly
compared with the zone model results. The applied calculation method should
therefore be able to give interface height and average temperatures that produce the
same hydraulic flows as the zone models. Janssens and Tran (1992) introduced a
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method that combined the mass flow equations of Prahl and Emmons (1975) and
Rockett (1976) with the mass integral (4). The problem of this method was that at
high temperatures, the mass flow out of the vent is very insensitive to small changes
of temperature and the mathematical solution of the system became difficult. They
also presented an alternative method where the interface height was taken from the
inflection point of the temperature profile. As their example cases had clear layer
structures they had good results but here this method can not be applied.

For the round robin comparison the following procedure was used:

1. The lower layer temperature 7, is taken to be the average of the thermocouple
readings of the lowest measurement points.

2. The interface height and upper layer temperature were solved from the integral
equations (3) and (4). Combining these equations gave expression for the

interface height
z. = TL(11°12_H2) )
‘L +I,T-2T,H
where
H H dZ
I =|T(2)dz and I, = | —— 6
, ! ( =l7a ©

The problem of this method is the calculation of integrals (6) using relatively few
measurement points. Interface heights calculated by this method will be presented
together with those calculated with the N-percent rule with N =15.

Shortly after these analyses were made He at al. (1998) treated the problem in a
through way. They also concluded the N-percent rule results deviated from the two,
methods to define the layer height: integral ratio method (given by equations (3) and
(4)) and a more refined least squares method. The algorithm of CFAST produced
data close to integral ratio and least squares methods.

PARTICIPANTS
CFAST

The model code CFAST comes from the package HAZARD I, developed at NIST
(Peacock et al. 1997). CFAST was used by Jason D. Averill from NIST, Petra
Biittner from Hosser, Hass & Partner (HHP) and Daniel Joyeux from Centre
Technique Industriel de la Construction Metallique (CTI). :
Version: 2.21 (HHP and CTI) and 3.1 (NIST)

Physical models:

Multi-room two layer model

McCaffrey entrainment law

Pyrolysis / Heat release rate given by user
Maintained carbon-hydrogen-oxygen balance
Ceiling-floor and inter compartment heat transfer
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FIRST

The model code FIRST (FIRe Simulation Technique) was developed at the National
Bureau of Standards (NBS), (Mitler & Rockett 1987). During the round robin it was
used by Daniel Joyeux from CTL

Version: September 1987

Physical models:

e One compartment two zone model
Several plume models: Morton-Taylor-Turner (virtual and fire base source points),
McCaffrey, Zukoski, Delichatsios and Kawagoe

RESULTS

For shortness in this paper only subscenario B1 is presented. Results are similar from
other scenarios described in the full paper (Hostikka & Keski-Rahkonen 2002).

Comparisons of the measured and calculated interface heights are shown in Figure 5.
Calculation results for two different methods are presented: the 15 %-rule in
Equation (3) and the density integral method in Equation (5). The quality of the
agreement between the measurements and the calculations depends on the method
used. As mentioned- before, in this subscenario, the existence of an interface is
questionable due to the very small vertical temperature gradients. The following
observations can be made:

There is a lot of deviation between both the different CFAST curves and between the

CFAST simulations and the measurements. Only NIST and HHP’s open round
simulations are close to each other during the first 60 minutes.

CFAST show very high interface heights where the height of the base of the flame
was assumed by the modellers to be 1.4 m.
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Figure5. Comparison of interface heights given by CFAST zone model and
measurements in subscenario Bl. The major change in the HHP-simulations was the
different base of the flame height.

CFAST

CTI .
The comparison between calculations with CFAST and experimental results
indicates in a first approach rather bad calculations resuits. This is the results of the
fact that a lower (cold) zone has to exist during calculations while the experimental
data do not imply that. The calculation results of the upper layer temperature are
always higher than the measured, with 300 or 400 °C. According to author, this result
is a good result because such codes have to be used for fire safety calculations, their
results have to be in a safe side. According to the author a more convenient
comparison could be made by calculating a mean temperature of the whole
compartment, ie. by using a one zone model. However, a two zone model as CFAST
can also be used and can give good temperature results as an envelop of the
experimental results.

HHP

There is a great deviation between experimental and measured data especially
concerning the interface height and the species concentrations. While the
experiments show a room which remains nearly completely filled with the smoke
layer, the code calculates an increasing interface height after the burning peaks. In
B1 the interface height calculation results were enhanced when the height of the
flame basis was decreased. The deviation may also be caused by the 15%-rule used
for the experimental determination of the interface height.

The maximum temperatures of the upper layer show a good agreement with the
measured values. In this field the code shows a sufficient accuracy. The calculated
upper layer temperatures are somewhat higher than the measured ones but this is
consistent to the fact, that, according to the calculations, a part of the room (the lower
layer) has only temperatures between 200 and 400 °C.
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The measured O2 concentration is well approximated by the calculation, whereas
there are some differences concerning the concentrations of CO and COz. Especially
the CO production is strongly depending of the course of the fire and difficult to
predict.

FIRST

Simulation of the scenario B was not possible with the Delitchatsios and Kawagoe
air entrainment models. The run with Zukoski model did not converge. The Morton-
Taylor models and the McCaffrey models gave results and converged all along the
simulations. The results obtained with the three models were rather similar. The
reported results were given using the McCaffrey model.

The comparison between calculations with FIRST (Figure 6) and experimental
results indicated very bad results as the scenarios were not very good applications for
a two zone model. In terms of interface height, as the two zone model needs a lower
zone, the lower zone had to exits in all three subscenarios. The upper layer
temperatures were always lower than the experimental ones. A difference of about
200°C between measured and calculated temperature was generally obtained in the
upper layer temperature comparison.

The oxygen concentration calculations are rather closed to experiments but the
carbon dioxide calculations under-estimate the experimental results. This happened
partially because the calculation results were given in mass fractions but the
experimental data in mole (volume) fractions.
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Figure 6. Comparison of interface heights given by FIRST and FLAMME-S zone
models and measurements in subscenario Bl.

Comparison of the measured and calculated upper layer temperatures are shown in
Figures 7 and 8. The limits of the temperature averaging are based on the interface
heights calculated by the 15%-rule. However, the method used for the interface
calculation had very little effect on the averaged temperatures. Effects of the
radiation on the operation of thermocouples were not considered. Below are listed
the visual observations concerning the comparison.

G-67



International Collaborative Project to Evaluate Fire Models for
Nuclear Power Plant Applications, Gaithersburg, MD, May 2-3, 2002

CFAST calculations by HHP show a very good agreement with the measured
temperature during the first 50 minutes. CTI and NIST in turn achieved considerable
over- and underestimations of the maximum temperatures, respectively.

FIRST show good agreement during the first 25 minutes. After that FIRST starts to

underpredict.
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Figure 7. Comparison of upper layer temperatures given by CFAST zone model and
measurements in subscenario B1.
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Figure 8. Comparison of upper layer temperatures given by FIRST, FLAMME_S and
CISNV zone models and measurements in subscenario B1.
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GODNESS DETERMINATION OF THE RESULTS

Based on the previous sections one can say, that each of the codes reproduces the
qualitative behaviour of the layer height and upper layer gas temperature. It is not
easy to see from the tens of plots, which of the codes performed better than the other
ones. A summary of the calculation results of the two-zone models is here given to
facilitate making conclusions. The purpose of the summary is not to judge or rank the
codes, but to estimate the state of the art of the technology. Since the user seems to
be the biggest source of error, it is reasonable to try to decouple the effects due to the
user and due to the code itself. Therefore, only the simulation, that seemed to have
the best overall agreement with the measurements, was selected for the summary.
Here no distinction was made between the blind and open calculations. The summary
cannot be complete, because some of the codes were used by only one participant. In
these cases the comments of the participants should be taken into account to decide
whether the simulation is representative or not.

Goodness of fit by formal methods like least squares analysis of multivariable
functional relationships or any alternative test is not yet worthwhile. Pearson has
shown (Cramér 1946) squares of differences in the form

— . 2
Zci(f,- g:) -

where f is the normalized function in points i to be compared against function g in
the corresponding points, become 2 -distributed with N-1 degrees of freedom, if the
weights are chosen as inverse square roots of functions g

N o )?
Zzzg(f; g.g.) ®)

Formula (8) is a starting point for nonlinear curve fitting by ¥’ minimum method

(Abramowitz & Stegun 1972). A successful application of this method in a noisy
environment is described in Routti & Prussin (1969).

If we cannot be sure, that the difference f; -g; is not totally random and normally
distributes, there is not much point of using 7 -distributions for comparison. To get

a simple quantitative measure for the goodness of predictions in ad hoc manner,
relative error indicators were calculated. For the upper layer temperature the variable
to consider is the temperature rise from the initial value 6(r) =T(t)-T(0). The
thickness of the smoke layer Aot and the depletion in the oxygen concentration AO,
were used to measure the goodness of the interface height and species predictions,
respectively. Interface height was here calculated using the density integral method.

The simplest way would be to calculate the average of the relative value of absolute
deviation

_100% f 6.()-86, @) i )
H o 6,0

E
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where ¢, is the simulation time, &, is the simulation result and 6, is the measured
value. For applications in fire safety engineering this indicator alone would be rather
misleading, since errors at irrelevant times would gain much weight. For evaluating
the suitability of the technology for design purposes indicators are needed which give
weight for those values indicative for dimensioning. As for the selected variables the
large values are important, a weighted average Enms is defined, where the relative
error weighted by the measured value.

l}——llo‘ D=0 g tyar
B =100%. 0 G® "
1 J' 6, (t)dt (10)
o

fo

[16.6) -8, 0t
=100% -2

fo

I 6,.(t)dt
0

If low values are important for design, then the weighting by small values, like the
inverse of the measured value, would be appropriate.

The results are given in Table 2 for each code-scenario combination calculated. The
accuracy of the upper layer temperature predictions ranges from 17 to 42 %. Smoke
layer heights vary from 20 to 65%, and oxygen depletion from 7 to 76%. It is
possible to make some conclusions of the mutual order of the codes, but the order of
best codes varies from scenario to scenario. Based on the experience from these
simulations we could conclude that two-zone models predict e.g. heating of
structures for these types of fire scenarios at best at 20 % level of accuracy, if used
properly. The technology on smoke layer height and oxygen depletion prediction is,
on the average, slightly more inaccurate than for temperatures. CFAST and FIRST
performe better than average.

Table 2. Mean relative errors Enq (%) of the two-zone model results. ARG = Argos,
CFA = CFAST, MRF = MRFC, FIG = FIGARO, FW = FIREWIND, FST = FIRST,
FLS = FLAMME-S, FIS = FISBA.

Code ARG CFA MRF FIG FW FST FLS FIS  Average
Variable

T, Bl 25 13 14 14 21 21 48 26 23

T, B2 27 27 25 26 NA 15 36 33 27

T.,, B3 32 10 20 12 NA NA 41 35 25
Average 28 17 20 17 21 18 42 32 24

hsmote B1 72 23 14 27 20 19 25 19 27
hmocB2 69 62 81 88 NA 86 70 65 74
hgmote B3 54 36 10 28 NA NA 31 32 35
Average 65 40 35 48 20 52 49 39 43

AO,B1* 33 27 20 3.0 74 1.7 1.1 1.8 3

AO, B2 37 38 36 31 NA 54 53 38 41
AO,B3 31 34 42 43 NA NA 175 67 65
Average 24 25 27 26 7 28 76 36 31

aOnlytheﬁrstZOminutesaretakeninwwcount.
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CONCLUSIONS

A group of fire models was evaluated in the compartment fire scenario by comparing
the simulations against the experimental results. The main limitations of the
evaluation are due to the type of the fires, that were not well suited for the zone
models, and due to the limited resources of both the participants and the organisers of
the round robin. This report should not be considered as a thorough validation or
ranking of the codes or the users.

All of the codes had features that indicated a discrepancy with the experimental data
in the blind simulations, but which could be improved during the open round by
choosing alternate submodels and/or changing some optional parameters. According
to the summary of the quantitative error estimates the deviations from the
experimental data range from +10 % up to a factor of 2. These deviations are of the
same order with the uncertainties related to the experimental measurements and input
data, especially the burning rate. The conclusion is that, for this kind of fire
scenarios, the expected uncertainty of the zone models is about 25 % in temperature
and smoke layer height predictions, if the codes are used properly. Where several
persons used the same code, the dependence of the results on the user was
demonstrated (not detailed here). It was indicated very clearly, that the user is the
most critical link in the chain of using computer fire simulation models for fire safety
engineering. This was true even though this group represented code developers, and
other well educated fire science and engineering practitioners. The effect is expected
to be much more pronounced when the whole group of computer fire code users is
considered.
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Scenarios
Testlabel Room size Fire load Fire load density Peak RHR Test time
(m?) (kg) (MJ/m?) MW) (min)
Bl SF83-3 15x72x35 1989 330 11 100
B2 SF85-10 20x72x3.6 1815 220 14 180
B3 SF86-10 7.4x72x3.6 2x500 330 5.2 120
Nvr
— . AR
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Subscenario B2
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Layer definitions

T(z,t)-T,, N
T(z4ps?)~T,,, 100

N-percent rule

H

[T(2)dz=(H - 2)T, + 2T,
s Quintiere et al.
H 1984 (DIM

0 T(Z) TU TL

Density integral method (DIM)

7. = TL(Il'Iz"Hz)
" L+I1,T?-2T,H

I, = J‘ T(z)dz
0
H
1, = _dz
0 I'(2) |
“Sr
= AR
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Layer height

Temperatures
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VTT BUILDING AND TRANSPORT

‘Goddness of fit’
“6.()-6 (t
E=100%-f (1) =6,( )Idt
tO 0 Hm(t) '
1'%06,()-6,(¢) p
— =L = A, m(t)dt
E,. =100% %2 (1)
tije,,(t)dt
Tio.(e)-,
= 100%- L ‘.‘
[0t )it
i s
y__ |

VTT BUILDING AND TRANSPORT

Mean relative errors

Code ARG CFA MRF FIG FW FST FLS FIS Average
Variable
T, Bl 25 13 14 14 21 21 48 26 23

T, B2 27 27 25 26 NA 15 36 33 27
T,B3 32 10 20 12 NA NA 41 35 25
Average 28 17 20 17 21 18 42 32 24

Psmore B1 72 23 14 27 20 19 25 19 27
Rmoke B2 69 62 81 88 NA 86 70 65 74
Rmore B3 54 36 10 28 NA NA 51 32 35
Average 65 40 35 48 20 52 49 39 43

AO,B1* 33 27 20 3.0 7.4 1.7 1.1 1.8 3

AO, B2 37 38 36 31 NA 54 53 38 41
AO, B3 31 34 42 43 NA NA 175 67 65
Average 24 25 27 26 7 28 76 36 31
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VTT BUILDING AND TRAMSPORT

Conclusions

* Results improved from blind to open simulations

» Selection of alternative submodels important

« Deviations from experimental data 10% ... factor of 2
* The user the most critical factor

* CFD calculations was not superior to zone models

m | o sar
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