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Abstract

The apartment fire tests comprise a set of two full-scale fire experiments in a
dwelling building made from pre-fabricated concrete elements in April 2013.
Two apartments were nearly identically furnished and fully instrumented
with thermocouples, video cameras and gas extraction probes. The apart-
ments were ignited successively whereupon the fire in the second apartment
developed freely to post-flashover conditions and got the main focus in this
report. The apartment was completely furnished with contemporary furniture
and objects, and had an average fire load density for residential occupancy. A
full description of the fire load, ventilation conditions and instrumentation
are provided. The focus of this report is primarily to obtain conclusions on
the horizontal spread of smoke throughout the apartment during the fire
growth period. Velocities of smoke spreading were measured to be in the
range below 0.05 m/s which means that the smoke migrated over the longest
distance throughout the apartment for about 3 to 4 minutes while the flame
did not leave the initial fire room. The main aim of the experiments was to
collect a comprehensive set of data from a realistic and contemporary fire
scenario to validate numerical simulations.

Keywords

Apartment Fire, Horizontal Fire Spread, Smoke Spreading, Full-Scale Fire
Test

1. Introduction

The current safety architecture of the German fire brigades nowadays is based in

part on fire tests from the year 1939 [1] yet. However, modern home furnishings
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realistically have a much higher fire load than 80 years ago and it is well known
that fires with a high ratio of plastics involved show a different behavior than
fires with predominantly ligneous materials. To that effect, special attention was
to be paid to the furnishings.

The investigation of fires in individual rooms has been the subject of numer-
ous research projects. The works of DiNenno [2] and Drysdale [3] can be named
as standard works. However, the smoke spread between rooms of a dwelling is
not considered there. In [1] Robert and Ingbergexamined smoke spread in a fur-
nished room. The fire load consisted of materials typical at that time such as
wood and paper. Modern materials, as they are to be found in today’s dwellings,
were not considered thereby.

Moreover, experience shows that fire victims found in dwellings rather died
from smoke intoxication than from thermal exposure [4] [5]. Hence, characte-
rizing smoke migration, especially in terms of location of the smoke layer and
the velocity of its spread from the room of the initial fire to the adjacent
rooms, should allow an improved assessment of time windows available for
self-rescuing.

As part of a national research assignment, two full-scale fire tests were carried
out in an abandoned building. Among other things, the motivation was to ex-
ecute fire scenarios in fully-equipped apartments and not only in a single room
fire.

The focus was on a set of furniture, electric appliances and materials which
corresponded to modern apartment fires and allowed conclusions on a horizon-
tal spread of fire and smoke spreading in such apartments.

In the two fire tests, the fire evolution observed was different though all con-
ditions in terms of layout of the apartments, fire load distribution, ignition con-
ditions, etc. were equal. The first test one did not develop into a self-sustained
fire propagation. Instead, the fire, initiated in the (open) kitchen, only spread to
the living room and then tended to suffocate until a window was deliberately de-
stroyed to allow access to fresh air.

In the second test, the fire developed freely without being influenced from

outside. The present report therefore is focused more on the second fire test.

2. Experimental Setup and Apartment Layout

2.1. Fire Apartments

The large-scale fire tests comprehended two intentional fire events in an unin-
habited dwelling house in Weiflwasser, Germany on the 11% of April 2013.
Therefore two apartments with four rooms each inside a five-story dwelling
house were fully furnished and instrumented with a variety of fire monitoring
sensors as described below. During the test all data were recorded by tempera-
ture data loggers and rooms were monitored by a camera system. Furthermore

all live information was streamed to a control center outside the building.
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The dwelling house had a pre-cast reinforced concrete skeleton structure with
five floors and an inner staircase. On every floor two apartments were available,
a two-room apartment on the left hand and a four-room apartment on the right
hand. The experiments reported here took place in the four-room apartments.

The apartment for the second fire tests was located in the third floor about in
the middle of a dwelling complex of buildings (Figure 1). The living room faced
southeastwards and the sleeping rooms faced northwestwards. The main corri-
dor was the main connection to all rooms and the staircase. The apartment had a
living room connected with an open kitchen and a balcony. Next to the kitchen
was the bathroom and adjacent to this the bedroom, both were reached from the
main corridor. There was no inner door from the kitchen to the main corridor
as well as the main corridor to the small corridor. Over the small corridor the

home office and the nursery could be reached.

2.2. Fire Load

For the furniture, the apartment was equipped with, it was important to match
realistic conditions. Therefore special emphasis was given on contemporary res-
idential furniture, including a mixed fire load, which represents the contempo-
rary ratio of plastics and wooden materials.

That means, that the residential furniture implied ligneous furniture as well as
electrical devices (e.g. TV set, computer, laptop, etc.), objects with high ratio of
polymers (e.g. upholstery, plastic shelf or decoration) plus clothes, blankets and
so on made of synthetics.

The number of electrical devices such as tv-sets and computers was based on
data given by the German Federal Statistical Office [6]. Current consumer
catalogues and sale products were used as guides for the selection of the mate-
rials of the furniture and other objects also.

The literature values of fire load densities for a dwelling range from 495
MJ/m? [7] up to 1145 MJ/m? [8]. So the data of the CIB W14 Workshop Report
(1983) [9] and the current DIN EN 1991-1-2: NA [10] give a usable average with
780 MJ/m? (234 MJ/m? standard deviation), which was used as a guiding value to
equip the test apartment.

The fire load calculation is based on the well-known formula from [11] [12]

”_ZMi 'Hc,i Xi
e 0

To execute the fire load calculation, it was necessary to weigh every single
subject. The heat of combustion for the various combustible materials was pre-
dominantly taken from international literature. For this reason, the opportunity
was given to utilize the international combustion efficiency for the fire load cal-
culation. The values for the heat of combustion were taken from the following
references [9] [11]-[22]. Table 1 shows the floor area and fire load density of the
experimental apartment. Overall, the fire load reached a value of Q = 44,694.6
MJ. With an apartment ground area of about 68.3 m? the fire load density
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Figure 1. Apartment layout and dwelling complex. View of northwest front with burning
marks at the bedroom and nursery window.

Table 1. Fire load density with ground area.

Room m? MJ/m?
Livingroom 18.3 695.9
Kitchen 5.5 1106.3
Maincorridor 6.3 324.4
Bedroom 14.4 676.4
Smallcorridor 3 496.9
Homeoffice 9.6 690.4
Nursery 7.9 732.8
Apartment 68.3 654.6

reached a value of 654.6 MJ/m? So the fire load density took a value that is in the
average range for a dwelling and constitutes a representative value. The bath-
room was left out of the furniture because of the usually minor fire load.

The present mixed fire load can be simplified into two material categories:
ligneous and plastics. The category of ligneous objects and furniture includes
solid wood and wood composite materials as well as cellulosic materials, such as
books, and natural textile materials like cotton. The plastics category contains all
objects and furniture with a predominant amount of synthetic or semi-synthetic
plastics (e.g. upholstery, electrical devices and clothing made of synthetic fibers).
Table 2 shows the proportion of each in relation to the entire apartment and the
particular rooms.

The arrangement of furniture of all rooms is shown basically in Figure 2. The
closets, bookcases, shelves and storage racks were filled or fitted with objects ac-
cording to their normal use.

In the wall unit in the living room, electrical appliances, such as DVD player
or radio were located, in addition to magazines and books, but also videotapes
and small packs of tablecloths and other decorative items. The closets and
shelves in the two corridors were filled with shoes and clothing as well as books,

magazines and electronic equipment.
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Table 2. Ratio of combustible material condition.

ratio [%)] ratio [%]
Room
plastic/polyamid ligneous/naturalfibre
Livingroom 48.8 51.2
Kitchen 40.7 59.3
Maincorridor 25.0 75.0
Bedroom 41.6 58.4
Smallcorridor 39.6 60.4
Homeoffice 53.0 47.0
Nursery 41.2 58.8
Apartment 44.6 55.4

wall unit
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Figure 2. Plan view of experimental apartment showing furniture layout.

In the bedroom, the wardrobe and the double bed were the main fire load.
The wardrobes were fully stocked with shoes, clothes and other garments of dif-
ferent materials. Electrical devices such as a radio and a vacuum cleaner were
also present in the bedroom. The home office was characterized by a very high
plastics content. Especially the furniture of a home office with all appropriate
technical devices and computer equipment plus a guest bed and other upholstery
formed the base. The bookcases were mostly filled with books and magazines.
The fire load in the nursery combined parts from the home office and the bed-
room. Closets and shelves were filled with laundry as well as books and decora-
tive items. The bed and the television, plus computer equipment supplied the
main plastic components.

The floor covering mainly consisted of PVC flooring originating from the
eighties of last century when the building was erected. In the living room, bed-
room and nursery and in the main corridor carpets were installed additionally.

Wall papers were also glued to all walls. Ceiling panels made of polystyrene were
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attached at the ceilings of the two-apartment corridor (small and main corridor).

All other ceilings remained free of attached materials.

2.3. Ventilation

Ventilation conditions generally have a significant impact on an event of fire.
The fire is mostly well-ventilated in the growth phase, but when it spreads in a
closed environment (room, apartment) the fire can become ventilation-controlled
soon. For ventilation-controlled fires, a predominantly incomplete combustion
can be assumed, which also reduces the heat release rate [11].

In the full-scale fire test conducted the initial conditions were chosen as fol-
lows: All inner doors were fully open, except the bathroom door. The apartment
door (main entrance door) was fully closed. The casement of the big ground-level
window (balcony door) in the living room was hinged. The large casement in the
bedroom of the window and the window in the nursery were also bottom
hinged. The initial conditions are depicted in Figure 3.

The meteorological data for the test day (11" April 2013) shows that between
the hours 2 pm and 6 pm the humidity was from 63% to 77% with a wind
movement of 5 m/s to 9 m/s. During the period under observation, no rain fell.
The ambient temperature ranged between 11°C and 14°C. Before ignition, the

air temperature in the test apartment was about 15°C in all rooms.

2.4. Instrumentation

To monitor the temperatures during the fire test, mineral insulated thermo
couples NiCr-Ni type K was installed on various places in the apartment (see
Figure 4). Sixteen thermocouple trees held two thermocouples each and were

« _»

installed at a height of 0.7 m (named “a”) and 1.8 m (named “b”) above the floor
level. The thermocouples in the living room, kitchen and bedroom were con-
nected with a data logger Agilent 34,972 A which was placed in the neighboring
apartment. This data logger works with a frequency of 0.33 Hz. The thermo-
couples in the small corridor, home office and nursery were directed through the
wall into the next apartment. There was another data logger placed which
worked with a frequency of 1 Hz.

A gas measuring probe was also installed in the room of ignition (see Figure
4), at a height of about 0.8 m gas samples were extracted continuously and were
transported through a heated pipe system to the measuring equipment. The
concentration of carbon dioxide, carbon monoxide and oxygen were recorded.

Several network cameras were also used to monitor the fire development and
fire spread. In every room a CCTV camera for the video documentation of the
fire test was installed. All camera time stamps and data logger clocks had been
synchronized prior to ignition.

To measure the smoke spread, a qualitative method was chosen. A grid was
sprayed onto the walls, so that the height of the smoke layer in a room could be

read via the video documentation.
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Figure 3. Initial ventilation conditions for full-scale
fire test (test two).
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Figure 4. Plan view of experimental apartment showing positions of thermocouples,
cameras and gas measuring point.

3. Fire Test Progress and Results

At first the test procedure will be described below by the fire growth phase. The
first major event is chosen to describe the effects of the area of initial fire to oth-
er rooms of the apartment. After this, the smoke spreading and the horizontal
fire spread in the apartment will be analyzed.

The test took place on the 11" April At 15:58:12 BBQ charcoal lighter (solid)
was ignited to mock a defect in an electrical device in the wall unit (living room).
The ignition source was placed on the left side of the wall unit (left corner, next
to the staircase, see Figure 2) on a shelf element on medium height. Next to the
ignited BBQ charcoal lighters, there were a lot of decoration materials, small

place mat, books, etc.

3.1. Temperature Profile of the Hot Gas Layer in the Roll-Over
Event

The description of the hot gas layer is related to the thermocouples in a height of

1.8 m (above floor) only.
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At 16:00:49, 1 min 37 s after the ignition of the BBQ charcoal lighter, black
smoke rose out of the shelf and reached the ceiling above the wall unit. About
16:04:57 (405 s) the first tongues of flames were spotted along the ceiling. Al-
ready 390 s (16:11:27) later, the flames spread until the middle of the living room
ceiling and the fire spread forward across the wall unit. At 16:12:35 (863 s) the
hinged casement of the big ground-level window (balcony door) failed because
the rubber profile of the window glass was thermally processed so that the win-
dow glass fell inside. Because of the resulting opening, hot combustion gases
could escape out of the room. In the time-temperature graph (Figure 5) an ob-
vious decline about 50 K is visible. The television was on fire at 16:14:51 (999 s)
and 16 s later (16:15:07, 1015 s) the arm rest of the sofa began to burn. Thus, the
temperature rose in the fire room again and reached at 16:14:59 (1050 s) tem-
peratures around 190°C already.

During the further progress of the fire, there was a very strong and rapid
temperature increase by the ignition of the fumes in the living room (roll-over
event).

The period of the roll-over includes the sharp rise in the temperature and the
gas ignition of the fumes. In the experiment the roll-over took place between the
period from 16:14:22 (1011 s) to 16:19:41 (1344 s). After this duration the tem-
perature dropped very quickly to values of about 200°C.

Within 3 min and 36 s (to 16:18:27 (1266 s)) the thermocouple 1.2 recorded
values above 800°C during a time of 72 s. The thermocouple 1.1, which was lo-
cated between wall unit, sofa and balcony door, and the thermocouples 1.3, that
was positioned between the living room sofa and table (see Figure 4), recorded a
temperature rise to more than 800°C at 16:18:47 (1287 s) for about 78 s.

It is noticeable that the thermocouple 1.4, in the time duration from 16:18:27
(1266 s) to 16:20:02 (1365 s), didn’t reach the temperatures of the other thermo-
couples. The measurements remained below 600°C. This is mainly attributable
to the facts that the thermocouple 1.4 hung near a hinged window and the flam-
ing spread of the roll-over didn’t reach this part of the living room entirely.

Figure 6 shows the temperature profiles in the living room in a height of 1.8
m, from the time of ignition at 15:58:12 (0 s) until the end of the test at 18:16:45
(8664 s). Due to a defective cable of the mineral insulated thermo couple the
measuring point 1.5 sent values to 16:17:23 only, then the series of measure-
ments of these thermocouples broke off.

In the kitchen the temperature increased about 250 K by the sudden rise of the
temperature during the roll-over in the living room. That means that the hot gas
layer from the living room reached the kitchen at 16:19:41 (1344 s) so that there
were temperatures of approximately 400°C (see Figure 4 and Figure 5).

The rapid expansion of the hot gas layer between the living room and kitchen
is mainly to be explained that the two rooms were connected to each other by an
opening. So the hot combustion gases could flow along the ceiling from the liv-

ing room to the kitchen without any obstruction (no door lintels, beams etc.).
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Figure 5. Time-temperature curves of the hot layer gas in the living room
(height 1.8. m).
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Figure 6. Time-temperature curves of the hot layer gas in the kitchen (height
1.8 m).

The roll-over affected also the main corridor with a very short delay in the
temperature rise. This could be due to the door lintel which obstructed the hot
gas layer to flow into the main corridor from the living room. But the delay is so
marginal that the roll-over in the living affected the main corridor directly (see
Figure 7).

Also the bedroom was affected directly by the roll-over in the living room.

There was an increase of the temperature in the hot gas layer of about 130 K.
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Figure 7. Time-temperature curves of the hot layer gas in the main corridor
(height 1.8 m).

The maximum temperature of 177°C was reached in 1491 s (16:22:03) after the
ignition of the wall unit. So the roll-over peak in the living room needed 2 min
and 27 s to cause an independent temperature peak in the bedroom (Figure 8).

During the time of the roll-over in the living room the temperature in the
small corridor, home office and in the nursery rose for about 70 to 80 K. In the
home office and in the nursery a temperature maximum of up to 100°C was rec-
orded. The temperature in the small corridor was about 126°C (see Figures
9(a)-(c)). It shows that the roll-over event in the living room had a direct effect
on all these rooms and caused a temperature rise plus a constant temperature
level beyond the period of the roll-over.

Table 3 shows an overview of the maximum temperature values and their
occurrence during the roll-over period (1011 s to 1344 s).

The previously mentioned facts show that a fire phenomenon in a burning
room, like a roll-over, has a direct effect on other rooms in an apartment. It
shows that a rapid temperature rise spreads through the whole apartment and
results also in a temperature rise in adjacent rooms. Particular ventilation condi-
tions could also result in an additional temperature maximum beyond the period
of the fire phenomenon, seen in the temperature profiles of the main corridor

and of the bedroom.

3.2. Smoke Spreading

Smoke is one of the most hazardous aspects for humans in an event of fire. Es-
pecially in the growth period of the fire the smoke movement has a significant
meaning. For the human safety it is important to know when the smoke reaches

and fills the rooms next to the fire room in an apartment.
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Figure 8. Time-temperature curves of the hot layer gas in the bedroom
(height 1.8 m).
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Figure 9. Temperature-time curves of the hot layer gas in the small corridor, home office
and nursery (height 1.8 m).

Therefore the smoke spreading of the full-scale fire test is described and some
general conclusions are derived. The following conclusions of the smoke
spreading are based on the camera recordings. Because of the ventilation condi-
tions sometimes it was very difficult to make an explicit analysis of the smoke
spreading. Especially monitoring when the smoke layer reached a defined mark
or the floor level was difficult because of the turbulent conditions in the test
apartment (see ventilation). So the evaluation of the video documentations for
the level of low-smoke layers is a qualitative determination.

Hence, it was defined that a certain mark was reached by smoke if a smoke
formation reached the first time a mark visually. A solid smoke layer formation
was not a criterion because a full development of a clearly distinguishable smoke

layer was often not possible by the present turbulence.
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Table 3. Maximum temperature during the roll-over period in adjacent rooms.

Test time Time from ignition
Room Thermocouple Gwax [°C] &
[hh:mm:ss] [s]
7.1.b 435 16:19:41 1344
Kitchen
7.2.b 387 16:19:41 1344
2.1.b 365 16:18:58 1299
Maincorridor
2.2.b 548 16:21:34 1461
3.1.b 156 16:20:22 1386
Bedroom
3.2.b 177 16:22:04 1491
Smallcorridor 4.1.b 161 16:16:09 1123
5.1.b 105 16:15:51 1166
Homeoffice
5.2.b 99 16:16:54 1169
6.1.b 95 16:17:01 1177
Nursery
6.2.b 102 16:17:01 1177

Already at 16:00:58 (00:02:46) the smoke layer pulled down to the mark 2 m in
the living room. At 15:59:34, 1 min 22 s after ignition, smoke streamed into the
area of the kitchen. The bedroom camera showed after 183 s smoke was entering
from the living room into the main corridor and spread towards the bedroom.

At 16:01:50 (00:03:38) the height of the low-smoke layer in the kitchen was
below 1.50 m, but in the connected living room the mark of 1.50 m hadn’t yet
been reached, that was after almost about 20 s later (00:03:54). The smoke layer
limit in the bedroom was already at 16:02:42 (00:04:30) below 2.0 m. Smoke
came out from the tilted bedroom window at 16:03:07 (00:04:55).

Table 4 shows the time duration after ignition and when the height of the
low-smoke layer had reached the mark of 2.0 m, 1.5 and 1.0 m above floor level
plus floor level itself.

Due to the predominant flow conditions, the boundary between the smoke
layer and low-smoke layer is not definitely allocable by the video documenta-
tions. Especially in the nursery, it was observed that when the smoke streamed
into the room, it fell down in the entrance area, so that the ground level was
reached after 332s already but not in every part of the room.

With the values of Table 4 it is possible to make a conclusion about the veloc-
ity of the smoke spreading in an apartment. An important fact that has to be
taken into account is the influence of the door lintel which can be different in
every apartment, because the door lintel stops the smoke to move into the next
room initially. So the area over the door lintel must filled up with smoke until
the smoke spreading can be continued through the door into the next room.

Therefore it’s significant that the following conclusion comprehend a door
lintel of 0.6 m (vertical distance between ceiling and doorway) for every inner
door and opening. For a better traceability Table 5 shows the volumes of the
ceiling areas that have to be filled with smoke before the smoke was able to move

into another room theoretically.
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Table 4. Documented smoke spreading.

Livingroom  Kitchen Main corridor Bedroom Home office Nursery

Window open - - open closed open
N 82s 183s 228's 238s 243
Enter room ignition room
15:59:34 16:01:15 16:02:00 16:02:10  16:02:15
’ 166 s 164 s 223s 270s 313s 326s
m
16:00:58 16:00:56 16:01:55 16:02:42 16:03:25 16:03:38
15 234s 218s 294 s 312 328s
.5m -
16:02:06 16:01:50 16:03:06 16:03:41 16:03:40
] 260's 344s 329s 364 s
m - -
16:02:22 16:03:46 16:03:41 16:04:16
331s 273's 364 s 355s 377s 332s
Ground level
16:03:43 16:02:45 16:04:16 16:04:07 16:04:29 16:03:44

Table 5. Ceiling volume above door lintel.

Room Living room & kitchen Main corridor Small corridor

Volume [m?] 14.28 3.78 1.8

Combined with the distance between the point of ignition and entrance area
of every room plus the time duration of the inflow of each room the horizontal
velocity of the smoke spreading in an apartment can be calculated. Figure 10
shows the distances that are the basis of the calculation.

The results (Table 6) show that in the growth period of an apartment fire the
smoke spreads with an average velocity from 0.02 to 0.04 meters per second.
Particularly for rooms which are the room after the next to the area of fire, the
average velocity for the smoke spreading is a good estimation and it is possible
to do an engineering approach to forecast the smoke spreading in an apartment
for human risk analyses.

The same values for the average velocity of smoke spreading were monitored
as well as in the other full-scale apartment fire test (test one) which was carried
out in the same building. Important to know is that in fire test one all windows
of the four room apartment were closed. So it is possible to conclude that the
performed value of smoke velocity is generally applicable for an apartment fire
in the growth period independent of the initial ventilation conditions (open or

closed windows).

3.3. Horizontal Fire Spread

The progress of the development of a fire spread depends on various factors.
These factors include the type and quantity of combustible materials, the distri-
bution of the fire load and the ventilation conditions in the fire room [25] [26].
Typical stages of development for fires where no fire fighting intervention takes
place are the incipient fire, growth period, fully developed fire (burning) and the
decay phase (see Figure 11)

The typical fire development is characterized by a rapid and strong tempera-
ture increase with temperature values up to 1000°C between the growth period
and the fully developed fire (burning).

DOI: 10.4236/0jce.2019.94025

379 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2019.94025

S. Schubert-Polzin et al.

8.7m /1 s point of ignition

x/

A\

7.6m 3.1m

6.4m

I_/ 4 4.6m

Figure 10. Plan view of the distance between the point of ignition and
entrance of each room.
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Figure 11. Typical fire development curve [23] [24].
Table 6. Average velocity of smoke spreading.
Smoke spreading Kitchen Main corridor Bedroom Home office Nursery
Time [s] 82 183 228 238 243
Enter room
Velocity [m/s] 0.056 0.017 0.028 0.032 0.036
2 m mark Time [s] 164 223 270 313 326
(overfloor)  velocity [m/s] ~ 0.043 0.030 0.041 0.036 0.038

The typical fire development curve can also be seen in the time-temperature
curves from the present full-scale fire test. Thereby, a qualitative assessment is
possible to determine that a room is burning, if the characteristic stages of fire
development will be compared with the temperature-time curves (thermo-
couples in a height of 0.7 above floor) of the tested rooms.

A special fire phenomenon during the test was the roll-over in the living
room. During the roll-over temperatures up to 1000°C were reached, but in the
further course the temperatures fell quickly to values below 200°C. For this

reason a typical burning stadium (fully developed fire) wasn’t reached in this
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stage of fire development yet. The fully developed fire phase was reached only
after further horizontal fire spread at 2606 s after ignition (16:41:38).

The time-temperature graph (Figure 12) shows, that the temperature rose
faster at thermocouple 1.2 and was initially higher than the other thermocouples.
The temperature rise was caused by the burning wall unit and sofa, which were
placed next to the thermocouple 1.2. At 16:57:48 (3576 s) the table and chairs in
the dining area of the living room began to burn (see Figure 2) which resulted
that the temperature increased about 400 K at the thermocouple 1.4.

The phase of the fully developed fire was reached at 17:11:35 (4403 s) in the
kitchen (see Figure 13(a)). One minute later the main corridor also reached the
fully developed fire phase (see Figure 13(b)). The bedroom reached the fully
developed fire phase as the last at (Figure 14).

The fire spread didn’t reach the other rooms of the apartment, so that no fully
developed fire phase occurred.

For the representation of the horizontal fire spread from room to room, on
the basis of the fully developed fire phase, the average mean temperature 9niq07
was calculated. Omigo is calculated as the average of the individual thermo-
couples, which were located in each room at a height of 0.7 m.

In Figure 14 the average mean temperatureSmq o7 is shown for each room.
The intersections of the curves mark the spread of fire into another room.

The temperature profiles of a room end if in the adjoining room 9nmiae; has
higher values. In Figure 14 it is apparent, that during the fully developed fire in
the kitchen also the main corridor started with this stage of fire only with a little
delay.

For the beginning of the fully developed fire phase in every room, the follow-

ing time can be taken.
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Figure 12. Stages of fire development in the living room.
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Figure 14. Fully developed fire phase in all rooms.

* Livingroom 16:14:36 (2604 s).
e Kitchen 17:12:39 (4467s).

* Maincorridor 17:19:06 (4854s).
* Bedroom 17:31:27 (5595s).

Thereby, 15 min and 48 s after the ignition the living room was fully burning
and 58 min and 3 s later, in the kitchen was a fully developed fire. After further 6
min and 45 s the fire in the main corridor was fully developed. Because of the
fire in the main corridor, after further 12 min and 35 s the bedroom reached the

fully developed fire phase.

4. Conclusions

To investigate how the smoke spreads in an apartment, a 4-room apartment was
fully furnished with combustible items corresponding to nowadays mixtures of
materials and to a fire load representing an average level of energy stored per
ground area for housing. Through the furniture, a mixed fire load was formed.

The fire load of the apartment was divided into two material categories:
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e ligneous objects and furniture (solid wood, wood composite materials, cellu-
losic materials, books, cotton).

e plastic category (upholstery, electrical device and clothing made of synthetic
fibers).

The smoke spread was observed with a camera system. In addition, the tem-
perature was recorded at various points in the rooms. To measure the carbon
dioxide, the carbon monoxide and oxygen concentration in the room of ignition
gas samples were sucked out continuously and were transported through a
heated pipe system to the measuring equipment.

During the experiment there was a very strong and rapid temperature increase
by the ignition of the fumes in the living room (roll-over event). The roll-over
took place between the period from 16:14:22 (1011 s) to 16:19:41 (1344 s). It
could be shown that the temperature of the hot gas layer in the adjacent rooms
also increased.

The horizontal velocities of the smoke spreading in an apartment were calcu-
lated. The results show that in the growth period of an apartment fire the smoke
spreads with an average velocity from 0.02 to 0.04 meters per second. Hence, the
smoke migrated much faster than the fire itself and filled all rooms of the apart-
ment within a few minutes only. Thus, in the case under investigation even an
incipient fire, if starting e.g. while the residents are sleeping, would have made
self-rescuing through the corridors apparently impossible.

Interestingly, the smoke spread revealed to be strongly influenced by the door
lintel which for some time contained the smoke layer in the room of the fire ori-
gin and thus decelerated the smoke migration.

Based on the temperature, which was set at a height of 0.7 m above the floor
level, the horizontal fire spread could be displayed. The velocity of the horizontal
fire spread was found to be moderate, such that response time of the fire de-
partment could be considered as effective for preventing fire spread to adjacent
apartments or even structural failure of the load-bearing elements of the build-
ing.

Also for the fire brigade, the test provides interesting conclusions. Especially
in the inside fire attack, it attaches importance to know that fire phenomena (e.g.

roll-over in the area of fire) have impacts in all rooms of an apartment.
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Nomenclature Listing

A ground area (m?) Omax maximum temperature (°C)
. _ average mean temperature in a height
H: heat of combustion (kJ/kg) Imid 07 of 0.7 above floor (C)
M weight (kg) Greek
Q fire load (MJ/m?) X combustion efficiency
Q" fire load density (MJ/m?) subscripts
9 temperature (°C) i particular species
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