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Abstract

Two series of full scale fire tests have been carried out with an objective to produce
well-documented data for the zone model and CFD code verification. The first test
series consisted of 21 testsin 10 x 7 x 5 m3 test enclosure with 2.4 x 3.0 m? to ambient.
The walls and ceiling were made of light weight concrete. Systematic variations of the
fire size and locations were made to determine their effect on the fire environment.
Burning rates, gas temperatures, wall temperatures, heat fluxes, flow velocities and
species concentrations were measured during the tests. The second series consisted of
eight testsin a27 x 13 x 19 m® test hall. Burning rates, gas temperatures and steel tube
temperatures were measured to provide information about the smoke filling rate and
heating of the steel structures. The boundary conditions were varied by changing the fire
size and using mechanical exhaust of the smoke gas and open doors to ambient.
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List of symbols

Co specific heat at constant pressure
H room height

h heat transfer coefficient
Q rate of heat release

m burning rate

AH, specific heat of combustion
T temperature

t time

z height

u, v fluid velocity

Vv volume

Greek symbols

£ emissivity

A thermal conductivity

yo, density

4 combustion efficiency

o Stefan-Boltzman constant
1/ configuration factor
Subscripts

up upper layer

low lower layer

amb ambient

R radiation

TC thermocouple

S surface

F flame






1. Introduction

Although a large number of large-scale fire tests has been carried out in the fire
laboratories around the world, the applicability of the results to model verification is
limited. The tests are usually made for a specia purpose and the measurements are
supporting only that purpose, often for demonstration only. Additional measurements
have been left out due to extra cost. Hardly any large-scale fire growth tests exist with
systematic variations of one parameter at atime. Only in afew cases have repeated tests
been made and, consequently, the repeatability of the testsis usually not known.

For performance based fire safety design the developing fire is of great importance,
because the life losses most often occur in the early phase of the fire. In large spaces a
localised fire may also need to be considered in structural design. Knowledge of the
thermal exposure by a localised fire is therefore of great importance when developing
genera design methodologies.

The objective of the tests has been to produce a set of data for the verification of the
zone models and CFD codes used in fire simulation. Test data is also produced about
the temperature development of structures under the same conditions. Different methods
of temperature and heat flux measurements have been applied to provide data for the
modelling of the heat transfer during fire. These methods contain the gas temperature
measurements using thermocouples and plate thermometers, structure temperature
measurements in walls and measurements using heat flux gages. The experimental setup
and the results of the first series of experiments, conducted in a10 x 7 x 5 m® enclosure,
are described in Sections 2 and 3. Sections 4 and 5 then describe the setup and results of
the second series of experiments, conducted in the 27 x 13 x 19 m® test hall. The
methods of data reduction and error analysis are described in the context of the first
series of experiments. Comprehensive reviews of the results are given in appendices
C—P, where plottings of most measurements are presented. Test data will be made
publicly available for the validation computer codes in the future.

! Contact Simo.Hostikka@vtt.fi for details



2. Description of the room experiments

2.1 Geometry

The experiments were conducted in a rectangular room having one door to the large fire
testing hall at VTT. The whole room was located inside the hall, as illustrated in Figure
1. The hall has the following dimensions: length 27 m, width 14 m and height 19 m.
The test room was approximately in the center of the hall. Smoke flowing out of the
door was collected to the upper part of the hall as the mechanical ventilation of the hall
was not used during the experiments.

An overview of the setup isillustrated in Figure 2 showing a fire plume inside a room
and some of the measurement devices. The inner length of the experiment room was 10
m, width was 7.0 m and height 5.0 m. The walls and ceiling of the room were made of
lightweight concrete (o = 475 kg/ms3, 1 ~ 0.12 W/Km, ¢, ~ 900 Jkg.K) and the floor
was normal concrete. The thickness of the walls was 0.30 m and the ceiling 0.25 m. In
the beginning of the test series the moisture content of the walls and ceiling material
was quite high, but an actual moisture measurement was not made. Approximately 10 %
of the floor area was covered by steel plates blocking the air channels inlet under the
floor.

The width and height of the door were 2.4 m and 3.0 m, respectively. However, the door
width was changed to 1.2 m during some tests to find out the effect of the opening size.

- Figure 1. An overview of the test hall.
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Figure 2. An overview of the experimental setup.

2.2 Fire Source

The burning fuel was heptane, except in two tests where a wood crib was burned for
interlaboratory comparisons. These tests involving wood fuel are here called
“calibration tests’. Heptane was burned in circular steel pools placed on load cells for
the mass loss measurement. Pool size was varied from 0.40 m?2 to 2.0 m2 and four
different locations were used for the pool. The locations are shown in Figure 3.
Complete list of the variations is given in the following section. Water was used under
the heptane to stabilise the fire. The amount of water was chosen such that the free
height from the water surface to the pool edge was 0.13 m.

The rate of heat release was not measured during the tests. However, an estimate for the
heat release rate can be calculated from the measured burning rates with equation

Q=z-m-AH, (1)
where y isthe efficiency of the combustion inside the room, m isthe measure mass loss
rate and AH. is the heat of combustion of heptane. The suggested values for y and AH.

are 0.8+0.1 and -44.6 MJ/kg, respectively.

The wooden fire load was made of cribs shown in Figure 4. Each crib had the following
dimensions: 652 mm (length) x 70 mm (width) x 47.2 mm (height). Wooden fire loads

11



were ignited with heptane, 1.0 litre in first wood crib test (Test 10) and 0.7 litre in
second (Test 14). In Test 10 the pool used for ignition heptane was quite large, 0.60 x
0.60 m2, but smaller, 0.25 x 0.25 m? pool was used for Test 14. The water content of the
wood was 9.7 % of the mass in the beginning of the experiments. Due to the different
ignition mechanisms only the later of the two tests (Test 14) can be used as a calibration
test.

T m
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Figure 3. Heptane pool locations in test room. The wooden fire load was placed in the
main fire location (location 2).

2.3 Test programme

Test series consisted of 10 different fires and 21 experiments. Some of the fires could
therefore be repeated more than once. The following parameters were varied during the
test series:

1. Pool size was varied to capture the effect of the heat release rate. Four different pool
sizeswere used: 0.40 m2, 0.61 m2, 1.07 m2 and 2.0 m2.

2. Four different pool locations were used. However, most experiments were done near
the side wall, location 2 of Figure 3. The fire scenario was chosen to be asymmetric
on purpose to avoid unwanted asymmetry that is possible due to the imperfect
boundary conditions outside the room.

12



3. Door size was reduced from 2.4 m to 1.2 m in three experiments.

The key features of the fires are shown in Table 1. Some smaller variations were made
in the instrumentation during the test series, but they will be explained later. The whole
test seriesis summarised in Table 2. The first column shows the fire type, referring thus
to Table 1, and second column shows the test number and date. Third column shows the
pool location, fourth column shows the pool area and diameter and fifth column shows
the duration of the experiment. The nominal amount of fuel and the approximated heat
release rate are shown in the last two columns.

— —
5x2+5x5cribs —~ 615 mm
3x2cribs ——
STEEL PLATE —— 185 mm
ASHLAR 1
LOAD CELL ' 165 mm

FLOOR ——mMm8

Figure 4. Wooden fire load.

Table 1. Fire typesin the NFSC 2 Room Test seriesin VTT. Fire type 10 isthe
interlaboratory calibration test.

Fire Type Pool location Pool area Pool Fuel surface height Door
Diameter from the floor width

1 #2 sidewall 0.40 m? 0.71m 0.2m 2.4m
2 #2 sidewall 0.61m? 0.88m 0.21m 24m
3 #3 rear corner 0.61 m? 0.88m 0.21m 24m
4 #1 center 0.61m? 0.88m 0.21m 24m
5 #4 front corner 0.61m? 0.88m 0.21m 24m
6 #2 side wall 1.07 m? 1.17m 0.44m 2.4m
7 #1 center 1.07 m? 1.17m 0.44 m 2.4m
7B #1 center 1.07 m? 1.17m 0.44m 12m
8 #2 side wall 1.07 m? 1.17m 0.44 m 1.2m
9 #2 side wall 2.00 m? 1.60m 0.25m 24m
10 #2 side wall Wood cribs 24m
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2.4 Instrumentation

About 150 channels of measurements and a video recording of the door side were made
during the experiments. The measurement time step was one second during all the tests.

The following list presents the measured variables. Exact locations of the instruments
are given in Appendix A.

1

Mass of the fuel was measured by placing the fuel on load cells. The mass loss rate
was then calculated by numerical derivation of the mass curve. In the results, the
data are shown as burning rates having positive values, instead of negative mass loss
rates.

Gas temperatures were measured in three vertical rakes T1, T2 and T3. Each of
these rakes consisted of 10 bare thermocouples (TCs) at different heights. In the
beginning of the test series 0.1 mm TCs were used but starting from Test 12 0.5 mm
TCs had to be used because the wires partially melted during Test 11. The locations
of the gas temperature measurements are shown in Figures 5 and 6. The numbering
of the TCsinside each rake goes from 1 to 10 starting from the lowest one.

Ceiling jet temperatures were measured using 0.5 mm thermocouples. 46 TCs
(numbered C1-C46) were placed 0.10 m below the ceiling in the horizontal
locations shown in Figure 7.

The horizontal temperature distribution inside the fire plume was measured with 25
thermocouples placed into a5 x 5 grid above the pool location #2. The spacing of
the TCs in the grid was 0.40 m. The numbering of the TCs is shown in Figure 13.
The vertical position is shown in Figure 14. The height of the grid Zgrid was varied
to keep the grid just above the flame tip, when the fire was in the location 2. When
the fire source was in one of three other locations, the grid was placed 0.60 m below
the ceiling. The values of Zgrid in each experiment are given in Appendix A. The
thickness of the TCswas 0.5 mm.

Two 0.5 mm thermocouples (F1 and F2) were placed to the flame zone of the firein
location #2. F1 and F2 were located in the plume center line 1.00 m and 1.95 m
below the grid, as shown in Figure 14. The actual purpose of these measurements
was hot to give a reliable measurement of the flame temperature, but to perform as
indicators of the ignition time during the data processing.

14



10.

11.

Door jet gas temperatures were measured with 12 thermocouples (0.5 mm) in
locations shown in Figure 8. All these TCs were in the same vertical plane with the
outer surface of the wall.

Heat fluxes to thin steel objects were measured using ten plate thermometers placed
P1...P10 in the locations shown in Figure 9. P1, P2, P3 and P10 were placed on the
wall of the room. P4, P5, P7 and P8 in turn were placed just below the ceiling and
P6 and P9 on the floor.

Heat fluxes to massive bodies were measured with one Gardon-type (R1) and four
Schmidt-Boelter type heat flux gauges. The locations of the gauges R1-R5 are
shown in Figure 10.

Six non-loaded steel tubes with round cross section were set-up to various positions
in the room. Temperatures of the tubes were measured by attaching two
thermocouples on each tube (S1-S12). The locations of the steel tubes are shown in
Figures 11 and 12 and the dimensions are given in the following table.

Steel tube properties

Length 800 mm
Diameter 139.7 mm
Wall thickness 5mm
Weight 14.3 kg
Material Fe52D

Unfortunately, the measurements were made using new data acquisition equipment
being apparently incapable of measuring temperatures with thermocouples being
attached to an electrically conductive material like steel. For that reason the steel
temperatures are considered unreliable, and are not reported.

Heating of the lightweight concrete walls were measured using three measurement
blocks. Each block had three thermocouples drilled near the block surface at
different depths. The locations of the measurement blocks W1, W2 and W3 are
shown in Figure 11.

Gas flow velocities were measured with bi-directional probes. Two probes (V1 and

V2) were placed into the ceiling jet, 0.10 m below the ceiling in places shown in
Figure 11. Six probes (V3 to V8) were placed to the door jet, as show in Figure 8.

15



Table 2. NFSC 2 Room Test seriesin VTT. Anyg IS the change of the load cell reading
during thefire.

Fire  Test No. Pool Pool Duration Nominal Nominal ANy g
Type & Date location size (min) amount of fuel RHR (kW) (ka)
1 Test O #2 0.40 m? 4:00 41 950 2.92
12.10.98 D=0.71m (20 mm)
1 Test 1 #2 0.40 m? 4:00 41 950 3.03
13.10.98 D=0.71m (20 mm)
1 Test 2 #2 0.40 m? 8.27 101 1440 7.22
14.10.98 D=0.71m (50 mm)
2 Test 3 #2 0.61 m? 7:45 151 1440 11.09
15.10.98 D=0.88m (20 mm)
2 Test4 #2 0.61 m? 7:55 151 1440 11.48
15.10.98 D=0.88m (20 mm)
2 Test5 #2 0.61 m? 814 151 1440 11.39
16.10.98 D=0.88m (20 mm)
3 Test 6 #3 0.61 m? 7:55 151 1440 11.04
16.10.98 D=0.88m (20 mm)
4 Test7 #1 0.61 m? 8:00 151 1440 10.92
19.10.98 D=0.88m (20 mm)
4 Test 8 #1 0.61 m? 7:45 151 1440 10.97
19.10.98 D=0.88m (20 mm)
5 Test9 #4 0.61 m? 7:18 151 1440 11.10
20.10.98 D=0.88m (20 mm)
10 Test 10 #2 Wood cribs 21:30 50 kg 700 38.21
20.10.98 (extinguished)
6 Test 11 #2 1.07 m? 5:15 201 2500 15.28
21.10.98 D=1.17m
6 Test 12 #2 1.07 m? 5:.07 201 2500 14.60
21.10.98 D=1.17m
6 Test 13 #2 1.07 m? 5:21 201 2500 15.02
22.10.98 D=1.17m
10 Test 14 #2 Wood cribs ~ 40 min 50 kg 700 51.09
22.10.98
7 Test 15 #1 1.07 m? 5:15 201 2500 14.79
23.10.98 D=1.17m
7B Test16 #1 1.07 m? 5:20 201 2500 14.33
23.10.98 D=1.17m
8 Test 17 #2 1.07 m? 5:20 201 2500 14.37
26.10.98 D=1.17m
8 Test 18 #2 1.07 m? 5:29 201 2500 14.72
26.10.98 D=1.17m
9 Test 19 #2 20m? 5:30 401 4800 21.81
27.10.98 D=1.60m
9 Test 20 #2 20m? 9:30 80| 4800 59.27
27.10.98 D=1.60m

16
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3. Results of the room experiments

3.1 Calculation of the interface height and layer temperatures

An obvious variable for the comparison of the test and calculation results is the upper
layer temperature in association with the height of the layer interface. Several methods
for their experimental determination have been reported during the years. A traditional
method of Cooper et al. (1982) is the so-called N-percent rule. In this method the
interface height z at time t is defined to be the elevation at which the temperature first
satisfies the following equation

T(20 )~ Taw _ N 2)
T(Zmp,t) -T,, 100

In the literature the values suggested for N range from 10 to 20. The average
temperatures in the upper and lower layers (T,,, and T,,,, ) are then calculated as mean

values of the measurementsin the upper and lower sides of 7, respectively.

Mathematically more consistent method for the comparison of experimental and zone
model datais to calculate the volumetric temperature and density integrals of the room
space and find the three unknowns, 4,, T, and T, that produce the same values for

up2 low2 !
theintegrals
H
©)
(H - ZiZ)TupZ + Zi2TI0W2 = J.T(Z,t)dz= Il
0
1 | (4)
H-z +Z = dz=1,.
(H-z)y v zeq = [ry®ts

Equation (3) results from the definition of the zone model concept, and Equation (4)
from the conservation of mass in the zone model approximation. Assuming that T,
can be taken from the lowest measurement points, the interface height can be solved
from the above equations

T Iy -1, —H?) 5)
.

52T LT ot

low2 — < 'ow2

Ty isthen calculated as a mean value of T(z,t), 2>z . An example of the resulting

temperature profileis shown in Figure 15.

22



Height

Experimental curve

Temperature

Figure 15. Examples of the experimental and cal culated temperature profiles.

Y et another method is presented by He et al. (1998) where the three unknowns z, T,
and T, ae calculated by minimizing the quadratic error of assumed zone shape
temperature profile and the measured profile, shown in Figure 15. A square root of the

quadratic error was used in aform

1/2
z H (6)
E(Z, Typ: Tow) = { [Tz 0 -T,.Fdz+ [[T(z 1) —Tup]Zdz}
0 c
and the resulting interface height and layer temperatures were chosen such that
E(ZiS'TupS’TIOWS’t) = rp)l_n{E}, (Z| 'Tup'TIow) € Q_ (7)
where Q" isalocal neighborhood of the values z,, T,; and T, a timet-At, where At

is the measurement time step. Here, for numerical stability of the minimization process
alittle bit smoothed version of the step function can be used by defining arbitrarily the
temperature profile as

T2 =T+ 21 Ly et 0.2 2,)) ©

shown with dotted line in Figure 15. However, the calculation of the minimum with this
function can be relatively slow.

In this work the integral method, ie. Equation (5), was used. The reliability of the
interface height results was checked by applying the other two methods as well. It was
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observed that all the methods gave very similar results, which is natura as the fire
scenario was avery typical two layer situation.

3.2 Radiation errors in thermocouples

Bare thermocouples were used to measure the gas temperatures during the experiment.
Two kinds of radiation errors were expected to take place: First, the flame temperatures
were assumed to be underpredicted as the thermocouple head radiates heat to the
relatively cold surrounding of the flame. However, as the role of the flame temperature
measurements was not so important in this test series, a quantitative analysis of these
errors is not made. Secondly, the lower layer gas temperatures are typicaly
overpredicted by bare thermocouple measurements because of the radiation from the
flame. Rough estimates of this error were actually measured by two methods: i) By
using thermocouples of two different sizes (0.1 and 0.5 mm) and ii) by placing thin
folios between the lowest thermocouples and the flame. An example of the observed
radiation errors is shown in Figure 16, showing almost 50°C error in temperature. As
the smoke from the heptane fires is quite non-transparent, it was assumed that the upper
layer thermocouples see only the surrounding smoke, not the flame, and the errors
inside the hot layer are can be assumed small.

Severa methods have been reported for the estimation of radiation errors. Following the
procedure of Blevins & Pitts (1999) the bare thermocouple is assumed to be in a
flowing gas of temperature T surrounded by hot surfaces in temperature Ts. Let us
define the radiation error as difference of the thermocouple reading Trc and true gas
temperature AT, =T,. — T . Based on the energy balance of the thermocouple and its
surroundings the radiation error can be calculated from the following equation

S

ATR:%E(T“_TT‘::)' ©

where o is Stefan-Boltzman constant 56.7 nW/m2K4, ¢ is emissivity of the
thermocouple surface. h is the convection coefficient, which can be can be calculated
from the properties of the thermocouple and the surrounding gas using the following
eguation

h=2(2+06JReVPr). (10)
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Figure 16. An example of the radiation error caused by the flame radiation to the
lowest temperature measurement in rake T3.

where d is the diameter of thermocouple head, 4 is thermal conductivity of air (0.0257
W/Km) and Pr is the air Prandtl number (Pr = 0.7). Re is the Reynolds number
Re=pud/y, where u is flow velocity and y is the dynamic viscosity of air. Both 4 and
were assumed to be temperature dependent by correlations found in most fluid dynamic
text books, but usually an adequate accuracy is achieved by using constant values.

In the experiment the source of the radiation is the flame above the pool. The size of the
radiating surface can therefore be normalized using the measured burning rate m. The
temperature of the radiating surface is the average flame temperature Tr. Here it is
assumed to be 1200 K. The equation for the radiation error now becomes

AT (t, (D) = “f@ﬁ EELLONES VS 7 j (12)

max(m(t)) ©

where ¢ isthe effective configuration factor from flame to thermocouples during the
strongest phase of the fire.

The current model has basically two unknown parameters: u and ¢... These
parameters were calibrated by fitting the estimated radiation errors to the measured
errors. As the parameters were found, the current error model was used to correct the
measured temperatures at three lowest thermocouples of each of the rakes T1, T2 and
T3. Some errors are therefore |eft to the higher TCsin the very beginning of each test.
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3.3 Time averaging

For the comparison with most computational models the experimental results must be
smoothed. This smoothing is made by time averaging over a siding window of width
tw. The length of the window is chosen to give as smooth data as possible, but retaining
the fluctuations related to the natural time scales of the smoke layers. The following
approximation was used

oLV 12
" 2 vOUt

where V,;, is the upper layer volume and V,, is the volumetric flow out of the room. For
most test of the current test series width t,, = 20 s was used.

3.4 Baseline noise distribution

To estimate the source and magnitude of the fluctuations in the measured quantitiesit is
necessary to distinguish the noise generated by the measurement instrumentation. This
information was gained by measuring the baseline signal before the actual experiments.
Figure 17 shows the distribution of noise for various quantitiesin Tests 3 and 4. As can
be seen, the scattering from the mean value is typically less than 0.5 °C for temperature
measurements, less than 0.1 kW/m? for heat fluxes and less than 0.1 my/s for velocities.
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Figure 17. Noise distributions before the ignition in Fire 2: a) Gas temperature
measurements in rake T1. b) Plate thermometers. ¢) Door jet gas temperature. d) Grid gas
temperatures. €) Heat flux gauges. f) Velocity measurements.

3.5 Fluctuations during the fires
Many of the measured quantities contained very strong fluctuations during the fire.

Although some noise was generated by the measurement system itself, as shown in the
previous section, the most important source of fluctuations was turbulence. Different
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scales of fire generated turbulence affected on practically all measurements but the
conventional measurement techniques are not capable of capturing these scales in a
manner that is needed for CFD model validation. However, to give a picture of the
strength of the observed fluctuations, a series of figures, analogous to previous section,
is given showing the effect of the pool size on the fluctuation distributions.

Here it must be noticed that all the measurement devices have relatively large inertia
meaning that they are slow, when compared to the turbulent time scales. Time constants
of the thermocouples measuring gas temperature, for example, are about 0.5 seconds
(0.1 mm TC) or 3 seconds (0.5 mm TC). Faster fluctuations are therefore filtered off by
the measurement device. Another limiting factor is the time step of one second.

Figure 18 shows the fluctuation distributions for various variablesin Fires 1, 2, 6 and 9.
Figure a) shows the fluctuations for gas temperatures in rake T1, averaged over
thermocouples 3-10. The lowest two thermocouples had much narrower distributions. It
can be seen, that the distributions become narrower, as the 0.1 mm thermocouples were
replaced by 0.5 mm thermocouples between Fires 2 and 6. In all other variables the
distributions become wider as the fire becomes stronger.
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Figure 18. Effect of the pool size on the noise distributions: a) Gas temperature
measurementsin rake T1 (TCs 3-10). b) Plate thermometers 1-5. ¢) Door jet gas
temperatures 4-12. d) Plume gas temperatures (9 TCsin the center of the grid). €) Heat
flux gauges. f) Ceiling jet velocity measurements.

3.6 Experimental uncertainty and error limits

The order of the experimental uncertainty is shown as errorbars in the figures presenting
the results of the test series. The experimental uncertainties of the time averaged
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quantities were estimated from the scattering of the results from repeated tests like Tests
0, 1and 2 (Fire 1), Tests 7 and 8 (Fire 4) and Tests 11, 12 and 13 (Fire 6). The same
level of uncertainty was then applied to those tests, where no repeated tests were made.
This of course does not take into account the systematic uncertainty that is related to
some measurements like velocities. The overall uncertainties of the point measurements,
like gas temperatures, flow velocities and heat fluxes, were estimated based on the
magnitude of the fluctuations, by showing the 90 % confidence interval around the time
averaged value. For most cases the error limits are about 10 % of the measured value.

3.7 Effect of the pool size

The effect of the pool size on various variables is shown in Figure 19. The results are
given for fires 1, 2, 6 and 9, having pool sizes 0.40, 0.61, 1.07 and 2.0 m?, respectively.
The error bars have two different meanings: For burning rates, layet temperatures and
interface heights they indicate the scattering between the individual tests, but for all the
other quantities they indicate the 90 % limits for the fluctuations.

Figure 19a shows the burning rate per fuel area. As can be seen, the burning rate is
stronger with the larger pools, which is probably due to the increased radiation from the
hot gas layer to the fuel surface. Figure 19c¢ shows that the interface height is practically
independent of the pool size, although the mean and local temperatures, Figures 19b, ¢
and d, clearly get higher when the pool size is increased. The large errorbars of the
velocity measurements in Figures 19f— are caused by the strong fluctuations of the data,
and assumed uncertainty caused by the long pressure lines of the bi-directional probes.
Large uncertainties were also related to the heat flux measurements of Fire 9, shown in
Figures 19k—n. The temperatures of the gas and structures became so high during the
tests of Fire 9, that the water cooling of the heat flux gauges was assumed to be
insufficient. Figure 19q shows the temperature difference between the ceiling jet and the
mean temperature of the upper layer at time 200 s, on the line going above the fire
source paralé to the x-axis. The temperature difference is scaled by the factor Q%'3,
where Q is the rate of heat release. As can be seen from the figure, the power 2/3,
which is found adequate for the unconfined ceiling jets (see e.g. Drysdale 1999), is not
sufficient to describe the dependence on the RHR in confined case.
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Figure 19. Effect of the pool size on:
a) Burning rate.
b) Upper layer temperature.
c) Interface height.
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3.8 Effect of the pool location

The effect of the pool location is studied in Figure 20 by making a comparison of results
from Fires 2, 3, 4 and 5 with pool locations #2, #3, #1 and #4, respectively. Most
variables seem to be practically independent of the location of the fire source. Some
effect can be seen in the door velocities. The effect on the heat fluxesis naturally strong,
because the measurement locations were unchanged.
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Figure 20. Effect of the pool size on:
a) Burning rate.
b) Upper layer temperature.
c) Interface height.
d) Lower layer temperature.
e) Ceiling jet temperature C15 directly
above thefire.
f)—) Door flow velocities V3, V5, V6, V7
and V8.
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k)—) Heat fluxes R1, R3, R4 and R5. 0) CO,
concentration.

p) CO concentration.

) Scaled temperatureriseinthecelling jetin
x-direction at time= 200 s.

Meaning of the error bounds is explained in
the caption of Figure 19.



3.9 Effect of the door width

The effect of the door width is studied in Figure 21 by making a comparison of results
from fires 6 and 8, where the door widths wyq were 2.4 and 1.2 m, respectively. As a
result of the narrowing of the door, the temperature inside the smoke layer seemed to
increase, and the interface height became lower. Other effects, like heat fluxes, were
naturally consequences of these effects.
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Figure 21. Effect of the pool size on:
a) Burning rate.
b) Upper layer temperature.
c) Interface height.
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4. Description of the hall experiments

The experiments were conducted in the large fire testing hall at VTT. The hall has the
following dimensions: length 27 m, width 14 m and height 19 m. An overview of the
hall is shown in Figure 22. The walls and ceiling of the hall are made of sheet metal
insulated by mineral wool. The concrete floor was partially covered by steel plates.

In the both ends of the hall there are 4.0 m high doors to ambient. During the first five
tests (Fire types 1 and 2) the doors were closed, but during the last three tests (type 3)
they were 0.80 m open to alow the flow of the air needed to replace the 11 m?/s
mechanical exhaust. Mechanical exhaust was taken from the exhaust duct placed in
approximately middle of the hall, as shown in Figures 23 and 24.

Figure 22. An overview of the test hall.

The fuel was heptane burned in circular steel pools placed on load cells for the mass
loss measurement. Pool size was varied from 1.07 m2 to 2.0 m2. Water was used under
the heptane to stabilise the fire. The height of the fuel surface was 1.0 m from the floor
in all tests. The horizontal location of the pool is shown in Figure 23.

Test series consisted of three different fires and eight experiments. The test series is

summarised in Table 3 showing the approximate duration of the fire, total mass of the
burnt fuel, approximate rate of heat release and the ventilation conditions.
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Figure 23. Plan view of the experimental setup.

Table 3. NFSC 2 Hall Test seriesat VTT.

WwaEL

Test Fire Pool size  Duration Fuel mass  RHR approx. Ventilation

No. Type (min:s) (ka) (kw)

Test 1 1 1.07 m? 7:03 18.2 2000 No, doors closed
2.6.99 D=1.17m

Test 2 1 1.07 m? 4:10 18.7 2000 No, doors closed
3.6.99 D=1.17m

Test 3 2 2.0’ 6:34 ~30 3700 No, doors closed
3.6.99 D=1.60m

Test4 2 20m? 6:26 29.2 3700 No, doors closed
3.6.99 D=1.60m

Test5 2 20m? 6:24 29.1 3700 No, doors closed
3.6.99 D=1.60m

Test 6 3 20’ 5:47 29.3 4000 Exhaust 11 m*/s
7.6.99 D=1.60m Doors 2 x 0.8x4.0 m?
Test 7 3 20’ 5:42 20.1 4000 Exhaust 11 m*/s
7.6.99 D=1.60m Doors 2 x 0.8x4.0 m?
Test 8 3 20’ 8:37 435 4000 Exhaust 11 m*/s
7.6.99 D=1.60m Doors 2 x 0.8x4.0 m?

About 70 channels of measurements and a video recording of the flame area were made
during the experiments. The measurement time step of the gas temperatures and
velocities was one second. For steel and plate thermometer temperatures the time step
was two seconds, athough the data is delivered in the same time steps as the gas
temperatures. The measured variables are listed below. The exact locations of the

measurements are given in Appendix B.

1. Mass of the fuel was measured by placing the fuel on load cells. The mass loss rate
was then calculated by numerical derivation of the mass curve.
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. Gas temperatures were measured in three vertical rakes T1, T2 and T3. Each of
these rakes had 10 K-type, 0.1 mm thermocouples. The locations of the gas
temperature measurements are shown in Figures 23 and 24.

. Fire plume temperatures were measured with 0.5 mm K-type thermocouples placed
at two 3 x 3 grids. Grids were located at heights 7.0 m (Gridl) and 13.0 (Grid2), as
shown in Figure 25. The horizontal locations were directly above the pool. The
spacing of Grid 1 was 1.0 m and Grid 2 1.5 m, as shown in Figure 26.

. Two non-loaded stedl tubes were set-up inside the room. Heat fluxes to the steel
tubes with sguare cross section were measured by attaching two thermocouples on
each tube (S1.1, S1.2, S2.1 and S2.2). Tubes were made of 4 mm thick steel and
their dimensions were 1000 mm x 100 mm x 100 mm. Steel tube instrumentation is
shown in Figure 27 and the locations of the steel tubes are shown in Figures 23 and
25. Stedl tube 1 is the one located directly above the pool and Steel tube 2 is located
under the ceiling 11 meters off the plume center line.

. Gas flow velocities in the doors were measured with bi-directional probes. Three
probes were placed to each door a heights 0.5 m, 2.0 m and 3.5 m, as shown in
Figure 28. Positive flow direction was selected from outside to inside the hall. Door
1 waslocated at x =0 m and Door 2 at x = 27 m. The door height was 4.0 m.
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5. Results of the hall experiments

A summary of the experimental results is shown in Figures 29a-. Each figure contains
the results of one measured variable with all three fire types. Each line is an average of
the results obtained in the individual tests of that type. Solid lines correspond to fire
type 1 (average of Tests 1 and 2), dashed lines to fire type 2 (average of Tests 3 to 5)
and dotted lines to fire type 3 (average of Tests 6 and 7). Test 8 was excluded from the
averaging because the amount of fuel was different. The corresponding curves for al
the individual tests are given in the Appendices N—P.

The methods of data reduction used for the interface height and layer temperature
calculation are reported in context of the room tests. No radiation corrections were to
the gas temperature measurements because the thermocouples were relatively thin (0.1
mm), and because the distance between them and the fire was several meters.

From the results we can see the strong effect of the pool size on temperatures. The
ventilation in turn has hardly any effect on the temperature data, although the burning
rate of the ventilated tests was clearly higher than in the non-ventilated tests.

More detailed analysis of the spatial temperature distributions is possible from the

complete test data. However, the plume temperature measurements made by 3 x 3 grids
are too coarse for determination of the horizontal temperature distributions.
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6. Summary

The experimental setup and the results of the two series of full-scale fire tests have been
presented. The results show that the repeatability of the localised heptane fires is good.
This makes the results valuable during the verification process of computer codes for
fire simulation. The fires range from small 0.40 m® heptane pools to wood cribs and
2.0 m? pools. The first series of experiments can be used to study the effects of the fire
size, fire location and door size on the burning rates and conditions inside the enclosure.
The second series in turn shows the effect of the pool size and door opening on the
conditions inside alarge hall-type enclosure. A full set of data will be made available to
enabl e detailed comparisons between computer code results and measurements.
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Appendix A: Locations of the measurements in
the room fire experiments

All coordinates are given in meters (m).

Vertical distribution of gas temperature (0.1/0.5 mm thermocoupl es)

ID X y z ID X y z ID X y z
T11 15 55 1.0 T2.1 75 55 10 T31 65 15 1.0
T12 15 55 15 T2.2 75 55 15 T3.2 65 15 15
T13 15 55 20 T2.3 75 55 20 T33 65 15 20
T14 15 55 225 T2.4 75 55 225 T34 65 15 225
T15 15 55 25 T25 75 55 25 T35 65 15 25
T1.6 15 55 275 T2.6 75 55 275 T36 65 15 275
T17 15 55 30 T2.7 75 55 30 T3.7 65 15 30
T18 15 55 35 T2.8 75 55 35 T38 65 15 35
T19 15 55 40 T29 75 55 40 T39 65 15 40
T110 15 55 45 T210 75 55 45 T3.10 65 15 45
Ceiling jet temperature (0.5 mm thermocouples)
ID X y z ID X y z ID X y z
C1l 75 02 49 Cl7 65 15 49 C33 75 35 49
c2 05 05 49 Ci8 75 15 49 C34 05 45 409
C3 15 05 49 C19 85 15 49 C3h 35 45 49
Cc4 25 05 49 C20 95 15 49 C36 45 45 49
C5 35 05 49 C21 05 25 49 C37 55 45 49
C6 45 05 49 C22 15 25 49 C38 75 45 49
Cr 55 05 49 C23 25 25 49 C39 95 45 49
C8 75 05 49 C24 35 25 49 C40 15 55 49
C9 85 05 49 C25 45 25 49 C41 45 55 49
Cl0 95 05 49 C26 55 25 49 C42 75 55 49
Cl1 05 15 49 Cc2r 75 25 49 C43 05 65 49
Cl2 15 15 49 Cc28 85 25 49 C44 45 65 49
Cl13 25 15 49 C29 95 25 49 C45 75 65 49
Cl4 35 15 49 C30 35 35 49 Cia6 95 65 49
C15 45 15 49 C31 45 35 49
Cl6 55 15 49 C32 55 35 49
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Door flow temperature (0.5 mm thermocouples)

ID X y z ID X y z
D1 7.3 35 1.0 D7 7.3 35 2.75
D2 7.3 35 15 D8 7.3 35 29
D3 7.3 35 175 D9 7.3 25 2.5
D4 7.3 35 20 D10 7.3 4.5 25
D5 7.3 35 2.25 D11 7.3 25 29
D6 7.3 35 25 D12 7.3 4.5 29

Fire plume temperature (0.5 mm thermocouples)

ID X y z ID X y z

Gl 3.7 0.7 zgrid Gl4 49 15 zgrid
G2 4.1 0.7 zgrid Gl15 53 15 zgrid
G3 45 0.7 zgrid Gl16 3.7 19 zgrid
G4 4.9 0.7 zgrid Gl7 41 19 zgrid
G5 5.3 0.7 zgrid G18 45 19 zgrid
G6 3.7 11 zgrid G119 49 19 zgrid
G7 4.1 11 zgrid G20 53 19 zgrid
G8 45 11 zgrid G21 37 23 zgrid
G9 4.9 11 zgrid G222 41 2.3 zgrid
G10 53 11 zgrid G23 45 23 zgrid
Gl1 37 15 zgrid Gz24 49 2.3 zgrid
Gl2 41 15 zgrid G25 53 23 zgrid

Gl13 45 15 zgrid

Height of the thermocouple grid for the fire plume temperature measurement and the
height of the fuel surface

Test zgrid maX(Zsye) Min(Zsq)
0-2 3.26 0.2 0.19

35 381 0.21 0.19

6-9 473 0.21 0.19

10 34 0.87

11-13 4.4 0.44 0.42

14 34 0.965 0.35
15-18 4.4 0.44 0.42
19-20 4.4 0.25 0.23

Flame temperature (0.5 mm thermocouple)

ID X y z
F26 45 15 zgrid-1.0
F27 45 15 zgrid-1.95
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Plate thermometers

ID X y z direction ID X y z direction
P1 45 00 135 +y P6 65 07 00 +z
P2 45 00 30 +y pP7 65 07 50 -z
P3 45 00 40 +y P8 45 15 50 -z
P4 05 05 50 -z P9 55 35 00 +z
P5 25 07 50 -z PIO 45 70 40 -y
Heat flux gauges
ID X y z direction
R1 45 0.0 1.35 +y
R2 45 0 3.0 +y
R3 25 0.7 5.0 -z
R4 45 15 5.0 -z
R5 6.5 0.7 5.0 -Z
Gas velocity (bi-directional probes)
ID X y z direction ID X y z direction
V1 25 0.7 49 X V5 7.3 35 25 X
V2 6.5 0.7 4.9 X V6 7.3 35 29 X
V3 7.3 35 1.0 X V7 7.3 25 25 X
V4 7.3 35 2.0 X V8 7.3 45 25 X
Wall temperatures (0.5 mm thermocoupl es)
ID X Yy z ID X Yy z ID X Yy z
W11l 45 -0.003 1.35 W21 45 -0.0045 4.0 W31 45 7.005 40
W12 45 -0009 135 W22 45 -0.006 4.0 W32 45 7.007 40
W13 45 -0.0095 1.35 W23 45 -0010 4.0 W3.3 45 7.0095 4.0

Species concentration sampling location

ID X y z

CoO 8 35 42
co2 8 35 42
02 8 35 42

For Test#20z2=4.9
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Appendix B: Locations of the measurements in
the hall fire experiments

All coordinates are given in meters (m).

Vertical distribution of gas temperature (0.1 mm thermocouples)

ID x y z ID x y z ID X y z

T11 15 69 20 T21 65 69 20 T31 205 69 20
T12 15 69 40 T22 65 69 40 T32 205 69 40
T13 15 69 6.0 T23 65 69 6.0 T33 205 69 6.0
T14 15 69 80 T24 65 69 80 T34 205 69 80
T15 15 69 100 T25 65 69 100 T35 205 69 100
T16 15 69 120 T26 65 69 120 T36 205 69 120
T17 15 69 140 T27 65 69 140 T3.7 205 69 140
T18 15 69 16.0 T28 65 69 160 T3.8 205 69 160
T19 15 69 170 T29 65 69 170 T39 205 69 170
T11015 69 180 T21065 69 180 T3.10205 69 180

Fire plume temperature (0.5 mm thermocouples)

Grid 1
ID x y z ID x y z ID X y z
Gl11 150 62 7.0 Gl4 150 72 7.0 Gl1.7 150 82 7.0
Gl12 160 62 7.0 Gl15 160 72 70 Gl18 160 82 7.0
G13 170 62 7.0 Gl6 170 72 7.0 G19 170 82 70
Grid 2
ID x y z ID x y z ID X y z
G21 145 57 130 G24 145 72 130 G2.7 145 87 130
G22 160 57 130 G25 160 72 130 G2.8 16.0 87 130
G23 175 57 130 G26 175 72 130 G29 175 87 130

Steel tube temperature measurements

ID X y z ID X y z
S1.1 16.0 7.5 15.0 S2.1 5.0 75 15.0
S1.2 16.0 7.5 15.1 S2.2 5.0 7.5 151
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Plate thermometers Gas temperature in the vicinity of the steel
tubes (0.5 mm thermocouples)

ID X y z direction ID X y z

P1 16.0 7.0 15.0 -z TS1 16.0 7.0 15.2
P2 16.0 7.0 15.0 +X TS2 5.0 7.0 15.2
P3 50 7.0 15.0 -z

P4 50 7.0 15.0 +X

Door flow velocity measurements (bi-directional probes). Positive direction was out of
the door.

Door 1 Door 2
ID X y z direction ID X y z direction
D1 0 9.3 0.5 +X D4 27 9.3 0.5 +X
D2 0 9.3 2.0 +X D5 27 9.3 20 +X
D3 0 9.3 35 +X D6 27 9.3 35 +X
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Appendix C: Results of the room fire type 1

The following figures show the results of the individua tests for type 1 fire. The
differences in the lengths of the curves are due to the differences in the amount of fuel.
No radiation corrections have been done to the gas temperature measurements.
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Appendix D: Results of the room fire type 2

The following figures show the results of the individual tests for type 2 fire.

Fire 2: 0.61 m? at side wall
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Appendix E: Results of the room fire type 3

Fire 3: 0.61 m? in rear corner
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Appendix F. Results of the room fire type 4
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Appendix G: Results of the room fire type 5
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Appendix H: Results of the room fire type 6
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Appendix I: Results of the room fire type 7
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Appendix J: Results of the room fire type 7B
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Appendix K: Results of the room fire type 8
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Appendix L: Results of the room fire type 9
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Appendix M: Results of the room fire type 10

The following figures show the results of the interlaboratory calibration test (Test 14).

Fire 10, Calibration test
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Figure 40a. Masslossrate in Fire 10.
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Figure 40e. Flame temperatures.
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Figure 40f. Plume temperatures.
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Figure 40g. Ceiling jet temperatures.
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Figure 40i. Plate temperatures (wall).
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Figure 40m. Wall temperatures WL.
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Figure 40q. Door flow temp. 9-2.

M3

Calibration test

45mm | I

- i - 1 - 1- -

0
0 500 1000 1500 2000 2500
Time (s)

Figure 40n. Wall temperatures W2.

Calibration test

150

g 100

TDoor 1-8

a
o

0
0 500 1000 1500 2000 2500
Time (s)
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Figure 40r. Door flow velocities 3-6.
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Figure 40s. Door flow velocities 7-8.
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Figure 40v. CO concentration.
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Appendix N: Results of the hall fire type 1
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Appendix O: Results of the hall fire type 2
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Appendix P: Results of the hall fire type 3
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