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ABSTRACT 

Ventilating a fire compartment during operational fire fighting procedures may 
have unpredictable consequences. In some cases the ventilation is advantageous: 
the hot gases are removed from the fire enclosure, the visibility improves and 
the enclosure cools down. In some cases the opposite happens: with the 
accelerated burning rate, more smoke is spread around, and the temperatures 
rise. The most dramatic consequence is the initiation of a backdraft, where the 
pyrolyzed gases ignite instantaneously, in the worst case causing a severe 
explosion. 

The effect of ventilating the fire compartment was studied systematically by 
quarter scale laboratory tests. The fire was initiated in a one-storey three-room 
compartment subject to different horizontal ventilation conditions. Both natural 
and positive pressure ventilation (PPV) were applied. The tests revealed many 
critical factors affecting the success of the attack. When properly used, PPV 
clearly improves the survival probability in the compartment: the visibility 
dramatically improves, and the temperatures are low everywhere outside the fire 
room. 

A fire spread zone model code (BRI2T) was applied to a few principal test 
scenarios. The model simulates well scenarios with no vigorous turbulent 
mixing of the gas layers, but predicting dependences between different 
parameters is tedious because the model (like all zone models) does not contain 
a feedback between varying ventilation conditions and the heat release rate. Due 
to these limitations, the available zone models are not suitable for PPV 
applications. 
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PREFACE 

During the last few years the Fire Protection Fund of Pinland has been financing 
research projects aiming at improved understanding of operational fire fighting 
procedures. During the years 1992 - 1994 a project Suppression of compartment 

fires with a small amount of water was carried m:.t. Within the project the 
performance of the most common automatic fire hrn;e nozzles was compared, 
and a user-friendly interface to a computer code simulc.ting fire suppression 
(Fire Demand Model) was developed for training puq:Qses. 

In the present project the effect of smoke ventilation during operational fire 
fighting procedures has been studied. The fire brigades have taken a somewhat 
contradictory attitude in the issue of forced ventilation: a few fire officers realize 
the potential benefits, a large majority, however, fear 1hat the consequences may 
be disastrous. The objective of this project is to prov:.de systematic and neutral 
information on smoke ventilation as a part of the suppression procedures. 

Most of the practical test arrangements were made by Mr. Risto Latva, Research 
Engineer at VTI. 

Maarit Tuomisaari 
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1 INTRODUCTION 
Extracting smoke from the fire compartment as a part of operational fire 
fighting would be most beneficial, but it always poses some risks when 
initiated during the fire. In some cases the smoke vmtilation is advant\.geous: 
the hot gases are removed from che fire enclosure, the visibility improyes and 
the enclosure cools down. In some cases the opposite happens: wich the 
accelerated bufilng rate, more smoke is spread around, and the temperatures 
rise. The most dramatic consequence is the initiation of a backdraft, w�ere the 
pyrolyzed gases ignite instantaneously, in the won;t cases causing a. severe 
explosion. 

The positive effects of forced smoke ventilation cairied out by external fans 
were known in Finland already in the 40's /1, 2/: "The objective is that the 
accumulation of heat and production of smoke gase:; is stopped altogefuer by 
starting the ventilation as early as possible. In a cocl room, a bright flame is 
easy to extinguish." The inventor of the so-called Fenno-v-ent method, Mr. Leo 
Pesonen, wrote in 1958 that he planned to "initiate sci�ntif:c research on Fenno­
Vent that he had been vainly expecting for 2 2  yem." Only now in th� 90's, 
over 30 additional years later, scientific interest is finally being shown in the 
method. i 

In spite of the strong one-man-campaign for forced ventilation, which today 
carries the narr�e Positive Pressure Ventilation :PPY), the meth<?d has 
mostly been ignored ever since. It has been extremely difficult to get the fire 
service to accept a technology where large amoun�s of fresh k are 
introduced into a burning building. In actual fire fighting procedu�es the 
fear of the possible negative effects has always dominated actions, even 
though many fire officers agree that PPV, when used ccrrectly, dramatically 
increases visibili:y in a burning structure. In addition. it drastically reduces the 
heat concentraticn in a fire situation. I 

Until the 90's the PPV was almost totally forgotten, it was not applied in 
practice or studied any further. Yet, beginning in the 90' s, fire brig�des in 
the US /3, 41 hc.ve started to apply PPV, and research projects hav� even 
been initiated /5, 61 to minimize the dangers of PPV and to maximize its 
benefits. Furthermore, a novel technique has been developed in the ·US to 
conduct underwater, scale-model PPV simulation applicable to both rf'.search 
and training. Also, a PC -based simulation and training package is1 being 
developed for fire fighter training. 

One practical reason for forgetting or ignoring the ventilation for such a 
long time has probably been the fact that earlier the method was slow and 
required many fire fighters. It was also tedious with the old faris that 
required special door adapters. The modem lightweight fans work at !totally 
different ventilation rates, and no door adapters are required. One person 
alone can take care of the arrangements. 
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Even though PPV is not applied in Finland generally, the fire service has 
shown interest in it; more specifically, instructions and rules for its safe and 
proper implementation would be highly appreciated. This interest initiated 
the present project. The most important phenomena governing the fire under 
ventilation conditions were studied experimentally. Also, computer 
simulation was applied to deepen the understanding. 

The report is organized as follows. A literature review based on a very limited 
number of available sources is given in Chapter 2. Chapter 3 contains the 
experimental details and Chapter 4 the experimental results. Some computer 
simulations are described in Chapter 5. The results are discussed in Chapter 6. 
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2 POSITIVE PRESSURE VENTILATIONi 

2.1 PRACTICAL CONSIDER1-\TIONS 
I I 

Positive Pressure Ventilation is accomplished by using high powered fans 
outside the burning building - typically close to a door opening - to force heat 
and smoke out of the building. An exhaust opening, e.g. a window, is required 
to direct the smoke out in a controlled way. At its best, the PPV technique 
rapidly reduces temperatures, and the removal of smoke and toxic! gases I 
improves visibility inside the structure and increases the surviv:ability 
potential for victims. 

PPV has been used for many years as an aid in ventilating structures after 
extinguishing the fire. Already over more than 30 Y·�ars ago it was ap�lied as 
a way to clear smoke from ships. Only quite r·�cently, PPV has been 
recognized as a potential fire attack technique, i. �. PPV can be initiated 
before fire fighte�s enter a burning structure (pre-attack PPV). 

Experimentally Yerified advantages of PPV include 15, fJ/: 
1. Reduced temperatures: at key fire fighting positiom, for example, PPV 

contributed to temperature reductions from 45) °C to 50 °C within 1 
minute. 

2. Improved air quality: PPV was shown to contribute to oxygen addition 
and carbon monoxide removal. 

3. Faster smoke removal and faster restoration of visibility: when PPiV was 
used, fire fighters had water on a residential fire 6 min after it began and 
were walking upright in a cool, high-visibility environment. By contrast, 
8 min after the start of a second, identical fire in which PPV was not 
used, fire fighters were still crawling arourtd a hot, smoke-filled 
environment. 

4. Reversal of the direction of flames away from the fire fighting loeation: 
for example, flashover flames that entered a haJway were pushed back 
into the burning room soon after the start of PPV. 

5. No spread of heat damage. 

Based on the above, PPV seems to have obvious benefits, but still it isinOt in 
common use by fire departments. There are at least tiivo reasons for this� First, 
the fire service tradition is typically such that it is difficult to ge,t new 
technologies or methods accepted; fire fighters are ruistu:.t to change. Second, 
the concept of introducing large amounts of fresh air mto a burning buil�g is 
not popular. The fear of actively causing a backdrafr is dominant among fire 
fighters. (A backdraft is a rapid deflagration following the introduction of 
oxygen into a compartment filled with accumulated unburned fuel:) The 
dangerous consequences of a backdraft are well known to all fire fighters. 

In some pioneering fire brigades in the USA, PPV has become a stmdard 
operating procedure /3, 4/. The Los Angeles department is already routinely 
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using PPV to pressurize stair shafts in high-rise buildings. Based on experience, 
probably the most amazing benefit of PPV to the fire fighter is the increase in 
visibility. 'The fire was not this faint orange glow in smoke and total darkness, 
it was there in the comer of the room. After applying water to the fire, the steam 
took the same route as the smoke and heat..." 

According to a study made on the US fire departments, 57 % of the departments 
responding to the survey used PPV. Of these departments, 31 % used it for 
smoke removal only; 67 % employed it for smoke removal and fire attack. 

The increasing popularity of PPV in the US is indicated also by the following 
figures: in 1988, there were three companies selling PPV equipment, and some 
five years later there were already 14. 

No negative situations using PPV have been published and "if things go bad or 
it doesn't work, just turn the fan off'. Common misconceptions about PPV 
feeding fires and increasing risks are not founded, is one conclusion of the 
experience. 

As for the fear of a backdraft occurring, it is claimed that a missed backdraft 
situation is going to explode on the fire crews once a window or door is opened, 
long before the PPV fans have even been turned on. 

In contradiction to all the good experience in the US, one problem has been 
raised in Finland /9/: applying PPV may increase the damage caused by soot, 
smoke and humidity pushed all over the building and its ventilation system. An 
alternative and opposite method is proposed, i.e. Negative Pressure Ventilation. 
This method requires a fan to be placed at a strategic exhaust opening. The 
blow is directed outwards causing a suction from the smoky room to the 
outside. This method, however, is intended to be used only after the fire has 
been extinguished and not as a part of the initial attack. 

It has also been claimed that using short bursts of water from a fog or 
combination nozzle directed at the ceiling is a more efficient way to cool the 
fire enclosure and hence prevent flashover. The method certainly has merits in a 
simple room - provided that the fire room has first been located. However, 
according to US fire officers /3, 41 in a large warehouse fire, it is not enough to 
cool all of the heat and gases. 

Based on the US experience it seems that if there is a problem in applying PPV, 
it is because of lack of training. Many practical aspects in applying pre-attack 
PPV are discussed in Ref. 10. Its effective use involves at least the following 
primary considerations: 

1. The location of the fire should be known. 
2 .  Before initiating PPV, there must be a discharge opening in the 

compartment. The closer the opening is to the seat of the fire, the better. The 
opening must provide an exit wide enough for the free flow (% - 1 % of the 
area of the inlet opening is suggested). 
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3. The entrance door must be pressurized so that the air blowing from the fans 
covers the whole opening. 

4. It must be confirmed that there are no obstructioIB disturbing or even 
preventing the flow between the entrance and exhaust openings. 

5. The fire fighters must be well-trained, and the communication between the 
inside and outside must be working. 

PPV is not recommended if the conditions above are not fulfilled and 

1. if a potential for backdraft exists (In the case of a possible backdraft, 
traditional vertical ventilation is still the safest mr!thod, as the concentrated 
smoke and heat close to the ceiling are first released and the conditions for a 
backdraft vanish.), 

2 .  if the building has too many natural ventilation openings preventing a 
directed and controlled flow, 

3. in a potentially explosive situation or in a flammable atmosphere, or 
4. when people could be endangered. 

Some US officers are so convinced of the efficiency of PPV that they l::elieve: 
"One day the fire service will wonder how it ever got by without it." 

2.2 RESEARCH ACTIVIT! ES 

Since 1992 a research programme is being condu::ted in the US /5, 61 to 
evaluate the effectiveness of PPV as an active fire fighting technique. Live 
fire tests form a :;iart of the programme. 

Two single-room fires were arranged so that they were similar in as many 
ways as possible - in geometry, in size of fire and fire load, in size of 
ventilation exhaust point, in distance from fire fighti!r entry point, and so on. 
These two fires were used to compare PPV with a common horizontal 
ventilation metl:od. The results showed that PPV significantly reduces 
temperatures and toxic gas levels and that it improves visibility better than 
conventional techniques. PPV reversed the spread of flames from the fire 
room and contained the fire between the fire fighting location and the 
exhaust point in the fire room. The PPV fire was alsc extinguished more 
quickly than the fire fought with conventional technique5>. 

A live attic fire test demonstrated that PPV did not spread the heat damage 
when compared to a conventional attic fire attack method, and an interior 
room (without exhaust openings) fire test showed that the flames did not 
spread to the adjoining room with the ventilation op:!ning. 

The tests indicated, however, that effective training for fire fighrers is 
needed to use the PPV technique properly. Full-�:cale PPV research and 
training can be expensive, though. For training and dem:mstration purposes, 
small-scale PPV simulation has been conducted underwater with transparent 
scale models of residences. The thermodynamics of the fire and the fluid 
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mechanics of PPV are simulated by injecting colored water dyes at rates 
determined from actual fire measurements. 

Results from the live fire tests and water model simulations are being 
incorporated into a personal-computer-based simulation and training 
package. 

Recently the feared phenomenon of backdraft has also been studied 
systematically on a more scientific basis /7, 8/. A scenario describing the 
phenomenon assumes a fire in an enclosure without openings. The hot gas 
layer descends over the fire as the oxygen concentration is reduced and the 
combustion efficiency decreases. Excess pyrolyzates accumulate in the 
upper layer forming a fuel rich mixture of low oxygen content. Suddenly, a 
new ventilation opening is provided (e.g. a window breaks due to thermal 
stress or a fire fighter enters the compartment) and cool, fresh air enters the 
compartment and propagates across the floor as a gravity current. Large­
scale mixing of the gravity current provides mixed zones within the 
flammable range that ignite when they contact an ignition source (a small 
flame or smoldering fire). Once ignited, a flame propagates through the 
compartment and drives the remaining unburned fuel out through the 
opening to bum outside the compartment in a spectacular fireball. 

The dramatic moments of the backdraft phenomenon do not occur 
immediately upon opening a vent, but only after a delay caused by the 
gravity current propagation. This delay creates a hazard to fire fighters who 
may enter a compartment and become trapped in the backdraft process. 

The backdraft phenomenon was quantitatively studied in a test compartment 
of 1.2 m x 1.2 m x 2.4 m dimensions. A methane burner, flowing at either 
70 kW or 200 kW, was ignited inside the closed compartment and burned 
until the initially available oxygen was consumed. After the fire self­
extinguished, the burner was left on, allowing the unburned fuel mass 
fraction in the compartment to increase. After removing a hatch, a gravity 
current entered the compartment. It travelled across the floor, mixed with 
the unburned fuel, and was ignited by a spark near the burner. After mixture 
ignition, a backdraft occurred as a deflagration ripped through the 
compartment culminating in a large external fire ball. 

Results of the tests indicate that unburned mass fractions (hydrocarbon 
concentration)> 10 % are necessary for a backdraft to occur. Up to 73 Pa 
overpressures were measured at backdraft. When the concentration is < 10 
% ,  the flame travels slowly and the compartment overpressure is much 
lower, a few Pa. No backdraft was ever observed when a ceiling vent was 
open. 
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3 EXPERIMENTAL 

3.1 GENERAL 

The objective of the present project was to study systematically the effects 
of horizontal ventilation during fire fighting operations. Since full-scale 
tests are so time-consuming and expensive, small-scale fire tests were 
applied to approach the problem. The number of te1:ts could be considerably 
increased on a small scale as compared to full scale and hence more 
dependences and trends could be focussed on. 

For the tests, a quarter scale was chosen (S = 1141. It has been postulated 
/1 1/ that the following scaling rules apply to the other fire parameters: 

• Heat release rate: S5/2 

• Temperature: s0 
• Volume flow: S512 

• Time: S112 

3.2 TEST COMPARTMENT 

The test enclosure was a three-room compartment shown in Figures 1 and 2. 
It consists of the entrance room (1), the target room (2) and the fire room 
(3). The two inner doors were always open, the out�r vents (one door, three 
windows) were opened and closed as appropriate. The vents were closed by 
50 mm or 100 mm mineral wool pieces that could be instantaneously 
removed when the ventilation conditions had to be changed_ The 
compartment dimensions with the corresponding f 111-scale dimensions are 
given in Table L 

Table 1. C ompartment dimensions. Overall dimensi.J ns i.8 mx1.2 m x0.6 
m high. (Fu ll sca le 7.6 m x4.8 m x 2.4 m high) 

Room# width (m) length (m) 

1, 2 0.6 (2.4) 0.9 (3.6) 
3 1.2 (4.8) 0.9 (3.6) 

Opening width (m) height (m) 

doors 0.2 (0.8) 0.5 (2.0) 

large window 0.5 (2.0) 0.25 (1.0) 

small window 0.25 (1.0) 0.25 (1.0) 
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Figure 1. The three-room fire compartment with part of the instrumentation 
(thermocouples Tl - T14 and bidirectional probes mdotl -mdot2) and the 
fuel package in the corner of room 3. 

Figure 2. The first version of the test compartment from outside. Jn final 
tests the fire room walls were made of Siporex (see Figure 4), and there was 
no observation window in front because the tempered glass broke during 
the preliminary tests. 
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The compartment was originally made of 1 1  mm thi1;k Gyproc wall beards, 
but it turned out to be too weak for a series of fires. Hence, the fire room (3) 
walls were replaced by 65 mm thick Siporex tiles. T1e ceiling was made of 
Gyproc board, because it was easy to handle and repl 3.ce when damaged. 

3.3 TEST Fl RE 

The test fire was chosen to be as repeatable and reJroducible as possible. 
The size of the fire sufficient to produce flashover was minimized by using 
highly insulating wall materials, and the fire was arranged in a comer to 
minimize the burning rate required for flashover. 

The fire load was adjusted to be such that it provided all the phases of a fire 
curve in a reasonable time without having to extin�:uish the fire by active 
procedures. Any suppression agents would change tl:e conditions in the fire 
compartment if not properly cleaned or dried. The fire growth phase, the 
flashover, the fully developed fire and the declinin .� region were all seen 
within 10 min after ignition. The flames were extingdshed within 20 min. 

The test frre was arranged in one hidden comer (from the entrance door) of 
the frre room (see Figure 1). The fuel package con:;isted of the following 
components (see Figures 3 and 4): 

1 .  Propane burner made of 012 mm o.d. stainless sreel tube in the form of 
a rounded square of 0.15 m side. On top of each side there were three 
03 mm holes at 40 mm distance from each other. The flow rate was 
adjusted to about 1 .28 g/min corresponding to a heat release rate of 10 
kW. 

2 .  The propane burner was lying under a wood crib constructed of 24 sticks 
(0 . 175 m x 0.0 17 m x 0.017 m) arranged in six layers, 4 sticks in each 
layer. Two sticks were supporting the crib above the gas burner. Prior to 
the tests, the sticks were conditioned in 50 °C more than 24 hours. 

3. The comer walls next to the wood crib were covered by 4 mm thick 
plywood panels (0.25 m x 0.6 m). Double layers were attached to the 
wall. 

Burning rate in an enclosure depends on the amount of available oxygen, 
i.e. whether the fire is ventilation or fuel controlled. fu case of cellulosic 
material, the following relationships are recommended to be applied to 
define the type of fire /12/: 

ventilation control 

fuel control 

i12 H111 pg Aw < 0.235 . 
At 

v2 H112 pg Aw > 0.290 . 
At 

14 

.)a) 
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where Aw and H are the area and height of the ventilation opening, 
respectively, A1 is the surface area of the fuel, p is the gas density in the 
compartment (in post-flashover fires typically 0.2 - 0.6 times the ambient air 
density), and g is the gravitational acceleration constant. 

Assuming that only the door is open in the fire room, and that all the open 
surf aces of the wood crib as well as the two plywood wall surfaces are 
involved in the fire, the value of the left-hand-side of Eqs. 1 is between 0.09 
.. . 0.28 (depending on the gas density). In the actual tests, part of the 
available oxygen is consumed by the propane burner, and the topmost 
plywood layer becomes loose exposing more pyrolyzing surfaces and, 
hence, the fire is clearly ventilation controlled. 

The burning rate of a wood crib in a ventilation-controlled compartment fire 
obeys the following approximate relationship /12/ 

m = 0.09A,.H112(kg Is) . (2) 

In the one-door-open scenario the calculated burning rate is 6.4 g/s 
corresponding to a heat release rate between 75 ... 95 kW, depending on the 
humidity of the wood. 

The heat release rate of the fuel package measured without the ceiling (fuel 
controlled fire) is shown in Figure 5 .  The propane burner in this 
measurement was turned off at 2 min; in actual tests it was on throughout 
the experiment. 

The heat release rate was measured also for the scenarios with (i) only the 
(outer) door open and with (ii) the door and the large window open. The 
results are shown in Figure 6. The maximum heat release rate stabilized to a 
value of 75 kW and 90 kW, respectively. As expected, in both cases the fire 
is clearly ventilation controlled. Using the scaling rules given in Chapter 
3 . 1, the corresponding full-scale RHR values are 2.4 MW and 2.9 MW. 

In each test the propane burner was first ignited. This moment was taken as 
time t = 0. The fire was then allowed to evolve freely until appropriate 
ventilation measures, i.e. opening the door and/or windows and/or starting the 
PPV fan, were taken. 

15 
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Figure 3. The juel package: the propane burner, the wood crib and plywood 
panels. 

Figure 4. The fuel package in the corner. The fire ;·oorr.. walls are made of 
Siporex tiles, and the two windows are closed with pieces of glass wool. 
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Figure 5. Heat release rate of the ju.el package in open. (Propane burner 
was turned off at 2 min.) 
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Figure 6. Heat release rate with only the door open (grey thin cunie) and 
with the door and the large window open in the fire room (black thick 
curve). Compared to Figure 5, there is an undefined delay in the 
measurement due to a longer path of the smoke through openings and also 
accumulation of smoke in the compartment. 

3.4 INSTRUMENTATION 

Temperature 

Gas temperatures were measured with bare 00.5 mm K-type thermocouples. 
There was a thermocouple tree of four thermocouples in the centre of each 
room (see Figure 1). The heights were 0.25 m, 0.35 m, 0.45 m, and 0.55 m. 
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Gas temperature was measured also at the door between the fire room and the 
entrance room about 5 cm above the floor and 5 cm under the lintel . 
Additional gas temperature measurement points were applied where 
appropriate. 

Gas arzalysis 

Gas samples we1'e collected in the fire room with a sampling tube at about 5 
cm below the ceiling, close to the centre of the room. On the outside, the 
sampling tube (SS 06 x 4 mm) was attached to a Hexible tube connected to 
gas analysers for measuring the oxygen, carbon dimdde and carbon monoxide 
concentrations of the sample . The CO and C02 d !terminations were made 
with Siemens Ultramat 22 analyser, the measurement principle of which is 
based on infrared transmission. The 02 concentration was measured with a 
Hartmann & Braun Magnos 4 G, an analyser of paramagnetic type . 

More detailed chemical composition in a few test� was determined with a 
FfIR multicomponent analyser (GASMET). The accuracy for each 
component is ± 10 % . 

Pressure 

In a few tests, the pressure difference between the top of the fire room and 
ambient was measured with Setra Model 264 pressure transducers . 

Mass flow rate 

The mean mass flow rates at relevant openings were measured with 
bidirectional probes. The pressure difference over the probe was measured 
with Setra Model 264 pressure transducers, and the temperature in the 
vicinity of the probe with bare 00.5 mm K-type the1mocouples. 

Heat release rate 

In a few tests, the gas samples for the 02 and C02 analysers were collected 
from the exhaus� duct, and the rate of heat released was calculated from the 
measured concentrations and the volume flow rate using oxygen 
consumption calorimetry. The flow rate was determined by measuring the 
pressure difference over an orifice in the exhaust duct and by applying the 
temperatures measured in the same positions. The neasurements were made 
according to the standard ISO 9705:1993 Fire tests -- Fu!l-scale room :est for 
suiface products. 

Data acquisition 

The data were recorded continuously during the tests by HP 75000 Series B 
data acquisition cards and a Labtech Control data acquisition system . The 
time resolution was 4 s. 
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4 EXPERIMENTAL RESULTS 

4.1 TEST PROGRAMME 

The present study concentrated on ventilation-controlled fires, which are the 
most common cases in actual operational fire fighting situations. The 
following issues were studied in the tests: 

• natural horizontal ventilation 

• PPV 

• the initiation of a backdraft. 

In total, 40 tests were conducted, of which the first ten were preliminary 
tests to define suitable structural materials and fuel packages. The actual 
tests are summarized in Table 2. 

The repeatability of the test fire (indicated by the temperatures) was very 
good (see Figures 7 a - c, right-hand-side). The very first test in a series, 
however, was always somewhat different due to different initial conditions, 
e.g. the structures of the test enclosure differ in temperature and humidity 
from the typical values within a series of tests. 

4.2 NATURAL VENTILATION 

4.2.1 Basic effects of horizontal ventilation 

The fire scenario for studying basic effects of horizontal ventilation was 
simple: the fire was ignited in the compartent, where the ventilation 
conditions remained constant during the test. The following cases were 
studied: 

• Only the outdoor open, i.e. no through ventilation (STl l, ST23) 

• The outdoor and the large window in the fire room open, i.e. ventilation 
through the fire room (ST12 and ST24) 

• The outdoor and the window in the target room open, i.e. ventilation 
through the target room (ST38) 

Figure 6 on page 17 shows the heat release rate in the first two cases: with 
ventilation through the fire room, more air is available than without through 
ventilation and the fuel burns faster. 
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Table 2. Test summary. 

Test# initial conditions vent opened 
PPV :iming 

(m3/min) (min) 

STl l  door open - - -

ST12 door + large window open - � -

ST13 vents clooed door - 1 

ST14 vents closed door - 2.5 

ST15 small window open door - 2.5 

ST16 vents closed large window - 2.5 

door - 4.5 

ST17 vents clo;;ed door+ large window 1 I 
ST18 vents clo;;ed door+ large window 5 1 
ST19 vents clo;;ed door + small windciw 5 1 

ST20 vents clo.>ed door+ small windciw 5 1 
7 2.5 

ST21 vents closed door + large window 2 1 
3 2.5 

ST22 vents closed door - 3 

ST23 door open - - -

ST24 door + large window open - - -

ST25 vents closed door + large window 2 1 
ST26 vents closed door - 3.25 

ST27 vents closed door - 3.75 

ST28 vents closed door + large windo .v 3 1 

ST29 vents closed door + large windo .v 4 1 

ST30 vents closed door + large windo-.v 5 1 

ST31 vents closed door+ large windo·.v 6 1 

ST32 vents closed door + large windo· .v 7 1 

ST33 vents closed door + large win do· .v 8 1 

ST34 vents closed door+ large windo-.v 4 1 

ST35 vents clo�ed door + large win do· .v 4 1 
ST36 vents clo�ed door + Y:zxlarge wir_dow 4 1 

ST37 vents clo�ed door+ small window 4 1 

ST38 door + target window open - - -

ST39 target window open door - 2.5 

ST40 vents clo�ed door + large windO'N 4 1 
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In Figures 7 a - e the two ventilation cases are compared in more detail: the 
left-hand-side and the right-hand-side show the results when only the door 
is open and when there is ventilation through the fire room, respectively. 

With only one ventilation opening, less oxygen is available and the burning 
rate is lower. All the gas exchange in and out of the fire room takes place 
through the same opening. In the fire room the temperatures are very high 
and visibility poor at levels corresponding to 1 m height full scale. 
Temperatures are intolerable without protective clothing almost everywhere 
in the compartment. 

In spite of the accelerated burning rate and higher temperatures at the ceiling 
level of the fire room, natural ventilation through the fire room improves the 
conditions everywhere else in the compartment, including the operational 
levels of the fire room. However, with through ventilation, the flames grow 
longer and may extend through a doorway into a neighbouring room, which 
has to be taken into account when entering the building. 

Photographs of the two basic ventilation cases are shown in Figures 8 and 9. 

What happens if the natural ventilation is not through the fire room? Figures 
10 a - e clarify the situation: ventilation through the fire room and through 
the target room are compared. If the natural ventilation is not through the 
fire room, the conditions everywhere in the compartment deteriorate: the 
temperatures rise and the visibility becomes poorer. Also, compared to the 
case where only the outdoor is open, the conditions worsen everywhere else 
except for the entrance room where they are similar in both cases. Hot gases 
are flowing out both through the door and window in a way similar to that 
through the door in the case where only the door is open (see Figure 7 e, left­
hand-side). 

In summary: natural horizontal ventilation improves the conditions in the 
compartment as compared to the case where only one vent is open -
provided that the gas flow is directed through the fire room. 
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With through ventiiation, more air is available and the fuel bums faster resulti.'1.g in a 
higher heat release rate and higher temperatures at the cdling level. At lower levels, 
however, the temperatures are lower because of the more eff.'cient gas exchange. 
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With through ventilation, hot gases are not retained in the entrance room, only during 
the fully developed state of the fire, flames enter the entranc � room ar.d raise the ceiling 
temperatures mome.'1.tarily. 

300 

() 250 "' B,200 
= 
:; 150 � � 100 

.... so 
r 

� 

�" 
� 

T4 

4 
Tne(min) 

T1 

7 9 10 

30J 

(>' 25.J "' 
!200 
= 
:; 150 ; � 100 
{!. so 

0 

-·-
L-.J_,_ 
0 2 

c) Target room temperatures 
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With through ventilation, hot gases do not accumulate in the target room, and the room 
is cooler. 

Figure 7. Comparing two basic cases of natural ventilction:( 1) no through ventilation 
(left) and (2) ventilution through the fire room (right). 

Upper curves: close to the ceiling, at 0.55 m 
Lower curves: close to midheighi, at 0.25 m 
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d) Mass flow and gas temperature at the top of the door 
between the fire room and the entrance room. 

When only the door is open, all the mass transport takes place via the door. The overall 

smoke production rate, however, is lower and the net effect is that the mass flow rate is 

only slightly higher in the door-open-case. 

The gas temperature at the door stabilizes at around 4WC when there is no through 

ventilation. With through ventilation, the temperatures are lower except in the fully 

developed state of fire, when the flames enter the entrance room. 

The corresponding mass flow close to the floor level shows huge fluctuations, the 

maximum average value being around 0.5 kglm2s (door open) and 0.7 kglm2s (door + 

large window open). In both cases the temperatures at the floor level remain under 150 
oc. 
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e) Mass flow and gas temperature at the top of the outdoor. 

With through ventilation, part of the gases exits through the window, and the flow 
rate at the door is lower. Hot gases are not retained in the entrance room and the 
temperatures rise more slowly, only in the fully developed state of the fire do 
flames enter the entrance room and raise the temperatures momentarily. 
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Figure 7 (cont 'd). Comparing two basic cases of natural ventilation: (1) no through 
ventilation (left) and (2) ventilation through the fire room (right). 

Thick cu-rves: mass flow, thin curves: temperature 
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a) Heavy smoke production at �: mir:. 

b) Slightly reduced smoke production ot 4 riin 45 s. 

Figure 8 ( (- tr.;p ). The door open only: relatively 5low burning rate, heavy 
smoke production, all the smoke exits via the doe r, poor visibility. (ST23) 
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a) Heavy smoke production at 3 min, but the smoke exits via two openings. 

b) Momentarily the flames enter the entrance room. 

Figure 9 ( f- top). The door and large window in the fire room open: faster 

burning rate, heavy smoke production but the smoke exits via two openings, 

improved visibility, flames may enter adjacent rooms. ( ST24) 
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With ventilation through the target room, the burning rate i:· about the same as with the 

ventilation through the fire room. The hot gas layer grows t 'iicker and the temperatures 

are very high even M the midlevel without ventilation througii the fire room. 
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b) Entrance room temperature.• 

Hot gases are retained more effectively in the entrance roan-� when the only passage out 
of the fire room is via the entrance room, and hence the gas t �mperatures are higher. 
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c) Target room temperatures 

In the case where the hot gases exit partly via the target r-oom. the temperatures are 
clearly higher at the ceiling level. 

Figure JO. Comparing two cases of through ventilat'.on: (1) ventilatior. 
through the fire room (thick curves) and (2) ventilation through the target 
room (thin curves). 

Upper curves: close to the ceiling, at 0.55 m 
Lower curves:

· 
close to midheight, at 0.25 m 
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4.2.2 Entering a fire compartment 

When arriving at the scene of the fire, the fire fighters encounter very 
different circumstances. In the basic test scenario the fire was first ignited, 
and either all the vents were closed or a window was left open. In any case, 
when the fire brigade is expected to arrive, the door is closed. The following 
conceivable cases were studied: 
• The door is opened at an early stage of a fire, otherwise unventilated 

compartment (ST13). 
• The door is opened at a later stage of a fire, otherwise unventilated 

compartment (ST14). 
• The large window in the fire room is opened at a later stage of a fire, 

otherwise unventilated compartment (ST16). 
• The door is opened at a later stage of a fire, small window open in the 

fire room (ST15). 
• The door is opened at a later stage of a fire, small window open in the 

target room (ST39). 

In Figures 1 1  a and b two cases are compared, where an unventilated fire 
compartment is entered at different times: the door is opened at 1 min and at 
2.5 min after ignition. When the door is opened at 1 min, the fire is still at 
such an early stage that oxygen depletion does not affect the burning yet, 
and no effect of the opening is seen in the compartment circumstances. 
When the door is opened at a later stage, at 2.5 min, oxygen depletion has 
clearly affected the fire, but there is not yet any danger of a backdraft 
occurring. There is a clear effect on the compartment conditions at the 
instant of opening the door, but the situation soon relaxes back to the case 
of having the door open all the time. Similar behaviour is seen if - instead 
of the door - the large window is opened in the fire room. 

If a ventilated fire compartment is entered, even less dramatic effects are 
observed. In the case of having the small window open in the fire room, 
there is no observable effect on the temperatures in the compartment at the 
time of opening the door. If the open window is in the target room, the 
burning rate is affected by oxygen depletion, and opening the door is seen in 
the curves as in Figures 1 1  a and b, but in a smoother way. Thereafter, the 
curves approach the case where the door and target window are open all the 
time (see Figures 10 a - c). 

Figure 12 shows the measured oxygen and C02 concentrations at the ceiling 
level in the fire room for the two cases, where (1) the small window is open 
in the fire room and (2) the window in the target room is open, and the door 
is opened at 2.5 min. 

In summary, if the compartment is ventilated during the fire, no dramatic 
effects are caused by opening an additional door and entering the 
compartment. If the compartment is unventilated but there is no danger of a 
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backdraft occurring, opening the door does affect the fire conditions 
momentarily, but the situation soon relaxes. Nothing dramatic is seen in the 
latter case either. 
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a) Fire room temperatures 
Thick curves: close to the ceiling, a1 0.55 m 
Thin curves: close to midheight, at J.25 m 
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b) Mass flow (thick curves) and gas temperat4re (thin curves) 
at the top of the fire room doo •. 

When the door is cpened at 1 min, no effect of the opening is seen in the compartment 

circumstances. All :he temperatures and flow rates behave c.s in the case where the door 

is open all the time (see Figures 7 a - e, left-hand-side). 

When the door is opened at a later stage, at 2.5 min then· is not yet any danger of a 

baclcdraft occurring, but the curves show a clear transition at the instant of oper..ing the 

door. The curves soon approach the case of having the door 'lpen all the time. 

Figure 11. Effects of timing in opening a door to an unventilated fire 
compartment: ( 1) at an early stage, and (2) at a later stage. 

Grey curves: door opened at 2.5 min. 
Black curves: door opened at 1 min. 
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If the window is open in the fire room, opening the door does not mix the gases in 
any significant way, whereas in the case of having the target room window open, 
opening the door abruptly provides more oxygen to the "starving " fire and 
initiates strong gas flows and mixing in the fire room. 

Figure 12. Gas concentrations in the fire room close to the ceiling when 

entering a ventilated fire compartment. The door is opened at 2.5 min and 
either the target room window (grey curves) or the small window in the fire 
room (black curve) is open. The two thick curves show C02, the thin curve 
shows 02 (only one curve is shown for clarity). 

4.3 POSITIVE PRESSURE VENTILATION 

The fan applied in the PPV tests was a pressure blower of type ABBA HA 
219. Tue flow rate could be adjusted up to 8 .3  m3/min. Applying the scaling 
rules of Chapter 3 . 1  gives the corresponding full-scale value of 265 m3/min. 
The PPV fans typically operate in the range 200 - 600 m3/min, but even 
higher rates, over 2000 m3/min, are available. 

The fan was positioned at the floor level in front of the door. The cone of air 
was relatively narrow so that most of the air was blown into the compartment. 
Due to the narrow cone, there was an area on top of the door opening that was 
not completely covered by the air flow - as it should be in a real application. 

In all the tests a case was simulated where the fire brigade arrives at a relatively 
early stage of the fire (i.e. no danger of backdraft), opens the door and one 
window in the fire room, and starts the fan. 

4.3.1 Flow rate and direction of the fan 

Several tests were conducted to study the effect of the flow rate on the 
results. Tests ST25, and ST27-ST33 form a systematic series where all the 
other conditions except for the flow rate were identical. The flow rate varied 
between 2 m3/rnin and 8 m3/min. 
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In each case, after ignition, the vents were first dosed. The door and the 
large window were opened one minute after ienition and the fan was 
started. The fan was directed to midway between tie doors of the fire room 
and the target room (direction b in Figure 15). 

Figures 13 a - f show results for the two extreme flow rates, i.e. 2 m3 /min 
and 8 m3/min. From the results, it is obvious that the lower flow rate is so 
low that it does not affect the conditions as compcred to the corresponding 
natural ventilation case. The higher flow rate mi:,es the gases in the fire 
room so vigorously that almost the whole room i!: filled with flames. The 
conditions in the other parts of the compartment, however, become clearly 
better: the temperatures everywhere are close to tlie ambient temperatures 
and the visibility is as clear as without a fire. 

An optimum flew rate would keep the conditions in the intact parts of the 
compartment as good as shown in Figure 13  at 8 m3/min, but with less 
mixing in the fire room so that the room could be entered more safely. 
Figures 14 a - d show some representative results with different PPV flow 
rates. The results showed that the flow rate 4 m3/min was high enough to 
keep the temperatures low and visibility good in those parts of the 
compartment that were not directly involved in the fire. In the fire room 
itself, the visibility was good, and the temperature ; at ;:he operationc.1 level 
were tolerable with protective clothing. 

In summary, the PPV clearly improves the survival probability in all the 
parts of the fire compartment, if the flow rate is high enough: the visibility 
dramatically improves, and the temperatures are low everywhere else except 
for the fire roon:. On the other hand, a flow rate too high mixes the gases in 
the fire room so vigorously that the room may bec•)me difficult to enter. In 
the present case, the optimal PPV flow rate w.1s about 4 - 6 m3 /min 
corresponding to 128 - 1 92 m3/min full scale. 

Photographs of a few principal effects of PPV are ;hown in Figures 1 6  and 
17 .  

Similar results are obtained from tests ST17 and ST1 8 where PPV was 
initiated by pointing the fan at the main door towards the fire rooo door 
(direction c in FiEe 15). Two volume flow rates were applied, i.e. 1 
m3/min and 5 m /min. The 1 m3/min was such a low flow rate that 
conditions remained the same as with natural ventilation only. The flow rate 
5 m3/min was already high enough to have a significant effect on the 
circumstances in the compartment: the mixing of gas layers in the fire room 
was even more vigorous than with 8 m3 /min not :lirectly pointed into the 
fire room, and the temperatures are the same everywhere in the fire room 
above the 0.25 o level. For two minutes, the overall temperature is as high 
as 700 °C. In the entrance and target rooms, the visibility and temperature 
conditions are good. 
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a) Fire room temperatures. 

The lower flow rate does not affect the temperatures as compared to the naturally 

ventilated burning (see Figure 7 a, right-hand-side). The higher flow rate accelerates the 

burning rate as well as mixes the gases and flames in the fire room so that no clear 

smoke layers and/or temperature gradients are formed in the room: temperatures 

everywhere are high. 
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b) Entrance room temperatures. 

Both the low and the high flow rate clearly lower the temperatures in the entrance room 

as compared to those with natural ventilation only (see Figure 7 b, right-hand-side). The 

low flow rate, however, is not quite enough to push the flames away from the room. 
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c) Target room temperatures. 

Both the low and the high flow rate clearly lower the temperatures in the entrance room 

as compared to those with natural ventilation only (see Figure 7 c, right-hand-side). 

Figure 13. Comparing different PPV flow rates. 

Grey curves: 8 m3/min, black curves: 2 m3/min 
Thick curves: close to the ceiling, at 0.55 m 

Thin curves: close to midheight, at 0.25 m 
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d) Temperatures at the doorway between the fire room and the entrance room 
at the top (thick curves) and bottom levels (thin curves). 

The lower flow rc.te does not affect the temperatures as compared to the naturally 

ventilated fire (see Figure 7 d, right-hand-side). The mixing of gases in the fire room by 

the higher flow rate is seen as a homogeneous temperature distribution at the door. 
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e) lvlassflow (thir. curve) and temperature (thick curves) at die top of the outdoor. 

The lower flow rate just barely affects the mass flow and temperatures at the top of the 

outdoor (see Figure 7 e, right-hand-side). The higher flow mte ru;turally affects the mass 

flow which becomes in fact so turbulent that it is not shown in the figure. The 

temperatures remain very low. 
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f) Gas concentrations in the fire room close to the ceiling. 
Thick curves: C02, dzin curve: 02 (only one curve is shown for clarity). 

The lower flow rate does not affect the gas concentrations. The higher flow rate lowers 

the C02 concentration, and when the burning rate starts to declin..�, the .room clears up quickly. 

Figure 13 (cont'd). Comparing different PPV flow rates. 

Grey curves: 8 m3/min, black curves; 2 m3/min 
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a) Fire room temperatures close to midheight (T9 ). 

Gas mixing is strong at 6 - 8 m3 /min, clear temperature gradients are seen at lower flow 

rates as indicated by the clearly lower temperatures at 2 - 4 m3/min. 
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b) Entrance room temperatures at the topmost level (T8). 

The temperatures approach ambient temperatures at any flow rate higher than or equal 

to 4 m3 /min. Similar situation is observed in the target room. 
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c) Temperatures at the doorway between the fire room and the entrance room 
at the bottom level (Tl4). 

Gas mixing is strong at 6 - 8 m3/min, clear temperature gradients form at lower flow 

rates as indicated by the clearly lower temperatures. At the outdoor, the temperatures at 

the top level approached the ambient temperatures at flow rates higher than or equal to 

4 m3/min. 

Figure 14. Comparing different PPVflow rates: 2, 4, 6, and 8 m3/min. 

33 



0.25 ,--,----,,--,----.,-...... ---.---.--...,..... . 
Q2 I I I 

� 0.15 r\ IAI I I t�� 2 j 0-1 I W1 '\i°Wl\\ilt1NiWli"' I I 1\l_::-tt--i 
o.os I I "� ".'....._, ! I i.I I --1--l 

Q I --l_J 
0 2 3 4 5 6 7 

lime (min) 
9 10 

d) Oxygen concentrations in the fire room clcse to the ceiling. 

The lower flow ra:e does not affect the oxygen concentrations. The higher flaw rates 

increase the conce."ltration, and when the burning rate starts to decline. the room dears up 

quickly. 

F�ure 14 (cont'd). Comparing different PPVflow rates: 2, 4, 6, and 8 
m lmin. 

The effect of directing the fan was studied in me ire detail by tests ST29, 
ST34 and ST35, where everything else in the tests was identical except for 
the direction of the fan. The three directions are mown in Figure 15, the 
flow rate was 4 m3 /min. The most relevant results are shown in Figures 18 a - e. 

In summary, the best overall conditions in the fire compartment are 
achieved when the air flow is directed so as to pressurize the room next to 
the fire room, and the exit opening is in the fire room. The pressurization is 
achieved by directing the fan at the main door so that the air is not blown 
directly towards the room with the exit opening. Pressurizing primarily the 
fire room results in vigorous turbulent flow conditions in the fire rocm and 
may cause difficulties in entering the room. 

l 
2 

____ j 

Figure 15. The tizree different directions of the fan. 
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a) Hardly any smoke production at 3 min. 

b) Situation remains the same throughout the intense phase of burning. 

Figure 16. ( f- top). The door and large window in the fire room open + 
P PV: hardly any smoke accumulation, perfect visibility, flames fill the fire 
room in a turbulent fashion (Compare with Figures 8 and 9). (ST40) 
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a) With natural through ventilation a flashover st2ge 1s reQ.ched in the fire 
room: the flames cover the whole room and momentarily also enter the 

entran�e room. Hot gas layer forms in the fire ,.oom. (ST24) 

b) With PPV the gas layers and flames are miud in theffre room. The 
flames are pushed away from the entrance d,Jor opening. (ST34) 

Figure 1 7  ( f- top). Comparing the fire room cond. :tions under naturc.l 
through ventilation and PPV conditions. 
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a) Fire room temperatures. 
Thick curves - close to the ceiling (T12), thin curves - close to midheight (T9) 

(Direction b close to direction a) 

The fan pointing directly into the fire room ( c) causes vigorous mixing of the flames. 
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b) Entrance room temperatures. 
Thick grey curve and filled squares - close to the ceiling (TB), 
thin grey curve and empty squares - close to midheight (T5) 

(Direction a between directions b and c) 

Blowing air directly into the fire room (c) causes a vigorous turbulent movement of the 

flames and gases in the fire room, and hot gases partly enter the entrance room, too. 

Direction b is the best one in preventing the hot gases from entering the entrance room 

The same trends are seen also in the target room, but there the temperatures remain 

under 50 °C in each case. 
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c) Temperatures at the top of the fire room and the entrance room doorway (Tl 3 ). 
(Direction c close to direction a.) 

Figure 18. Comparing different directions of the P PV fan. 
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d) Temperatures at the top of the oi:tdoor. 

(Jn direction c the sensor was positioned at the door only at around 3 min.) Since the 

cone of the fan does not cover the total door area, hot gc.ses from the entrance room 

escape also from the main door. The situation is worst with direction c. 
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e) Oxygen concentrations in thefi.re room clo.�e to the ceiling. 

Blowing air througii the target room (a) does not mix the gc".Ses in the fire room; mixing 

is strongest when the air flow takes place via the fire room. 

Figure 1 8  (cont'd). Comparing different directions 1if the PP\l fan. 

4.3.2 Size and location of the exit opening 

Three tests were conducted to study the effect of th�: size and location of the 
exit opening. The opening was always in the fire room, which is the case 
worth studying as indicated by the natural ventilation and PPV tests 
presented above. In each test, the door was opened at 1 min after ignition. 
The window was opened and the fan (4 m3/min) started immediately 
afterwards. The fan was directed towards the Lghthand comer of the 
entrance room, i.e. direction b in Figure 15. 

The following exit opening cases were studied: 

• the large window open (ST29, exit opening area 1 .25 times the inlet 
opening area) 
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• half of the large window open (ST36, exit opening area 0.625 times the 
inlet opening area) 

• the small window open (ST37) 

Cutting the size of the exit window to half barely affected the results : only 
the hot gas layer was thinner in the fire room with the larger window, and 
hence also the temperatures at the midlevel were lower. Otherwise, no 
significant differences were observed. 

In the present case, the location of the opening was not critical either : when 
the opening was closer to the fire, hot gases escaped the room more easily 
and they did not accumulate close to the ceiling as much as in the case were 
the exhaust opening was further away. Hence, the temperatures at the 
ceiling level were lower. 

In summary, slight improvements in the fire room conditions were observed 
with a larger exit opening, closer to the seat of the fire. The effect might be 
more significant in a different room geometry. It should be realized, though, 
that when the opening is very close to the seat of the fire, flames may 
extend far out of the room through the opening. The situation is shown in 
the photographs in Figure 19. 

4.4 BACKDRAFT EXPERIMENTS 

In a few tests (ST22, ST26. ST27) the objective was to achieve the 
conditions of a backdraft. The fire was first ignited, all the vents were 
closed, and after differing periods of time (3 min, 3 min 15 s, and 3 min 45 
s) the main door was opened. Figures 20 a - c show some relevant results of 
the tests. 

The most significant observation of all the tests is that the fuel load as 
applied in the tests did not generate a sufficient amount of pyrolysis 
products for a real backdraft to occur. (If all the vents had been originally 
open to reach a high pyrolyzation rate and high temperatures, closing the 
vents and opening them again at a later stage would probably have 
generated a real backdraft. Within the limitations of the present project, the 
issue was not studied any further.) 

In two tests a "mild" backdraft was observed, i.e. in the tests where the door 
was opened at 3 min and 3 min 15 s :  after opening the door, there was first 
a 10 s delay when fresh air entered the fire room. Since the fire load was 
still smouldering, it acted as an ignition source and ignited the fuel-air 
mixture, which was seen as flashing flames momentarily reaching out of the 
fire room. No "fire ball" was observed, though, as descibed in Refs. 7 and 8. 
When the door was opened at 3 min 45 s, the room cooled down so much 
that the smouldering fuel could only ignite the propane that had been 
accumulating in the room. The propane burned out instantaneously but was 
not enough to ignite the extinguished fuel load in the comer. 
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a) With the ventilation opening father away fror.i the seat of the firq the 
flames extend outside as random, thin flames - if any. (ST36) 

--=-�...-----:---� 
b) With the opening close to the seat of the fire, flames may extend fa .. out of 

the room. (ST37) 

Figure 19 ( f- rap). Comparing two locations of th.� exit opening. 
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a) Fire room temperatures close to the ceiling (T12). 

0.25 ----�-��-�-------. 

02� I I I I I I= I : I 
§ 

I 0.15 II: I I I I , ! I 
5 0.1 

0 
o.05 I 't51/1 li'lk:J I 't�' I 

2 4 6 7 
Tome (min) 

9 10 

b) Oxygen concentration close to the ceiling level in the fire room. 
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c) C02 concentration close to the ceiling level in thefire room. 

In each case the fire first evolves freely wztil (at -1 min) oxygen depletion starts to restrict 

the burning rate, and temperatures go down. The door is opened at different times: 
• At 2 min 30 s (grey thick curve, no gas measurements): the burning rate gradually 

increases and temperatures start to rise smoothly some 20 s after opening the door. 
• At 3 min (black thick curve): 11 s after opening the door a thin flame at the ceiling 

level is seen to flash into the entrance room. The flame disappears abruptly and the 

situation soon relaxes to normal. 
• At 3 min 15 s (grey thin cun1e): 12 s after opening the door a thinflame at the ceiling 

level is seen to flash into the entrance room. The flame disappears abruptly and the 

situation gradually relaxes to normal. 
• At 3 min 45 s (black thin curve): immediately after opening the door, aflame at the 

ceiling level is seen to fl.ash into the entrance room and even outside. The flame 

disappears abruptly and the fire has been extinguished. 

Figure 20. Results of the backdraft experiments. 
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Figure 2 1  shows the methane and propane con.centrations (the primary 
hydrocarbons in the tests) in two tests measured dose to the ceiling leveL 
Vv'hen the door was opened at 1 min, i.e. at H time when no oxygen 
depletion was affecting the burning yet, all the propane was burning and 
hence is not seen in the analysis. Methane concentration, on the other band, 
is increasing at the ceiling level and is consumed <•nly when the hot layer is 
mixed so that the methane comes into contact with oxygen. When the door 
is opened at 2.5 min, propane has started to accumulate in the room due to 
lack of oxygen. When it is able to burn again, .t is not seen in the gas 
analysis any more, but instead, a lot of methane is formed in the upper gas 
layer. 

For a real backdraft to occur, a lot more hydrocil'bons would have been 
required: over 1 0  % is needed according to Refs. 7 and 8. 
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Figure 21.  Hydrxarbon concentrations close to the ceaing in the fire room. 
The arrows shOl,.J the time of opening the door, i.e at 1 min (grey curves) 
and at 2.5 min (black curves). 
(Thick curves - methane, thin curves - propane) 

In summary, the present tests confirmed the pre V"ious experience that if 
backdraft conditions prevail, the most dramatic moments occur only after a 
delay after opening a vent. Hence, whenever then: is a fear that backdraft 
may occur, after opening any vent, the fire fighters :;hould back out and wait 
for a while before entering the building. 
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5 COMPUTER SIMULATIONS 
A few basic ventilation cases were studied by computer simulations. The 
difficulty in any fire simulation model at present is that they do not contain 
a feedback between the ventilation conditions and the heat release rate. The 
heat release rate typically must be given as input, and hence the effect of 
changing ventilation conditions should be known already prior to running 
the simulation. Predicting the fire behaviour in a compartment under 
varying ventilation conditions is highly unreliable if the heat release rate is 
known only for certain conditions but is applied to other conditions, too. 

In the present project, the heat release rate was measured for three 
ventilation cases (see Figures 5 and 6). These rates were applied in the 
simulations to give a qualitative idea of what the simulations are capable of. 

Simulations were carried out using the zone model code BRI2 (Version July 
1992), that applies the Japanese Building Institute' s  multi-room, multi-floor 
zone fire model /13, 14/. In zone models, a compartment is divided into two 
horizontal layers, each of which is at the same average temperature 
throughout. The models are especially suitable for predictions of smoke 
fillings and the development of a fire room including time to flashover. 

In the present simulations, the ventilation conditions were not changed 
during the fire. The following basic ventilation cases were simulated: 

• the door is open 

• the door and the large window are open 

• air is blown into the compartment through the door at a rate of 6 m3 /min, 
with the large window open. 

Based on the measured heat release rates and estimated delays in the 
measurements, the heat release rates and burning areas shown in Figure 22 
were given as input for the three cases. 

Figures 23 - 25 a - f show the relevant results of the simulations. 
Experimental temperature curves measured close to the ceiling and at 
midheight are included for comparison. When making any quantitative 
comparisons, however, it should be noted that the measured upper layer 
temperatures are the maximum values in the room, whereas the calculation 
gives an average temperature of the whole hot layer. Also, it should be 
remembered that the lower layer temperature is measured close to the 
midheight, which - in many cases - belongs to the hot layer in the 
calculations. The actual temperature close to the floor level is considerably 
lower than at the midheight. 
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Figure 22. The heat release rates (thick continuous lines) and burnir.g 
areas (thin dashed lines) used as input in the simulation code. 

Even so, a few oajor conclusions can be drawn: 

1 .  The two-layer model works naturally best wb.en there is bare1y any 
mixing of the gas layers in the compartment, i.e in the door open case of 
the present examples. The overall agreement -)etween experiment and 
theory is very good. 

2. In the model, natural through ventilation affects the thicknesses of the 
hot and cool layers as well as the oxygen concentrations in the 
compartment. The net effect, however, does not bring about the 
experimentally observed overall cooling in 1he entrance and target 
rooms . The overall agreement between experiment and theory is still 
satisfactory. 

3. PPV causes vigorous turbulent mixing in the compartment and no 
visible gas layers are formed . In this case: the model has most 
difficulties: the layer thicknesses and oxygen concentrations in the 
compartment are adjusted by the model from those of the natural 
ventilation case, but the upper layer temperaures remain hig:i - in 
contrast to the experimentally observed, dramatk cooling . 

In summary, zm:.e models are best in situations whe:re no vigorous turbulent 
mixing of the gas layers is expected . No model, however, can be app1ied in 
truly predicting the effects of varying ventilation 1;onditions. Due to these 
limitations, the available models are not suitable for PPV applications but 
can be used in oany natural ventilation cases - pr.,vided that proper input 
data are available . 
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a) Upper and lower layer temperatures 
in the fire room. 
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b) Upper and lower layer temperatures 
in the entrance room. 
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c) Upper and lower layer temperatures 
in the target room. 
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d) Lower layer thickness in the 
compartment. 
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e) Oxygen concentration in the upper layer 
in the three rooms of the compartment 
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f) Oxygen concentration in the lower layer 
in the three rooms of the compartment 

Figure 23. Simulation results for the case with the door open. Experimental 
temperatures are included for comparison (thin curves in a) - c), for making 
quantitative comparisons, see text). The overall agreement between experiments 
and calculations is very good. 

Grey curves in d) - f): entrance room (solid line), target room (dashed line) 
Black curves in d) -f): fire room 
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in the fire room. 
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b) Upper and lower layer temperatures 
in the entrance room. 
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c) Upper and lower layer temperatures 
in the target room. 
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d) Lower foyer thickness in the 
compartment. 

C25 D I 1 02 �l�- � �· 
T i 0.15 

� � ,,(-�-
� 0.1 g 

0.05 

. -
2 3 4 5 6 7 8 9 10 

Tim• (min) 
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Figure 24. Simulation results for the case with the door and large windov; open. 
Experimental temperatures are included for comparison (thin CU"TVes in a) - c ), 
for making quantitative comparisons, see text). The through-flow is seen rather 
in a thinner hot layer and higher oxygen concentratiom than in overall cooling 
of the entrance and target rooms as was experimentally measured. 

Grey curves in d) -f): entrance room (solid line), target room (dashed line) 
Black curves in d) -f): fire coom 
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a) Upper and lower layer temperatures 
in the fire room. 
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b) Upper and lower layer temperatures 
in the entrance room. 
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c) Upper and lower layer temperatures 
in the target room. 
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d) Lower layer thickness in the 
compartment. 
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e) Oxygen concentration in the upper layer 
in the three rooms of the compartment 
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Figure 25. Simulation results for the case with the door and large window open 
+ PPV 6m3/min. Experimental temperatures are included for comparison (thin 
curves in a) - c), in the tests venting was started at 1 min, for making 
quantitative comparisons, see text.) The PPV is seen rather in a thinner hot 
layer than in overall cooling of the entrance and target rooms as was 
experimentally measured. 

Grey curves in d) -/): entrance room (solid line), target room (dashed line) 
Black curves in d) - /): fire room 
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6 DISCUSSION 
There are five principal ventilation techniques applkd in fire fighting, i.e. 

I. Natural vertical ventilation 

2. Natural horizontal ventilation 

3. Positive pressure ventilation (PPV) 

4. Negative pressure ventilation (NPV) 

5 .  Water spray assisted ventilation 

The present study concentrated on the horizontal ventilation, accomplished 
both naturally and with external fans (PPV). Ventilation in the pre-attack 
stage was specifically focussed on. 

Contradictory feelings are expressed among fire fighters about horizontal 
ventilation as a part of active fire fighting attack: in:entionally forcing fresh 
air into a burning building is not very popular since the fire fighters have 
traditionally been taught to prevent the access of air to the burning 
materials. Hence there are, on the one hand, obviou:; reasons for fearing the 
consequences of active ventilation. But on the othe:� hand, overwhelmingly 
praising statements of the benefits of the method have been expressed first 
in Finland as early as in the 40' s  and - after a 50-year delay - in the US, 
where the method is becoming a common practice for many fire brigaces. 

There seems to be a clear trend: those ones in favour of forced ventilation 
have experience of it, and the ones against it have not seen it working in 
practice (or have applied it wrongly). The categoncally negative attitude, 
however, seems to be changing rather to curiosit:f, which is one of the 
reasons the present study was initiated in the first place. The objective of the 
study was to provide systema.tic and neutral informat.'.on on smoke ventilation 
as a part of active fire fighting procedures. 

Smoke ventilation was studied experimentally in a single-storey, three-room 
laboratory-scale ( 1 :4) test compartment. In total, 4C· fire tests with varying 
horizontal ventilation conditions were conducted. Due to the limitations of 
the available computational simulation codes, zone models were found to be 
unsuitable for studying the present PPV applicatior.s. (Field models might 
provide a suitable research tool for the purpose, but being so time­
consuming and hence expensive they were outside tte scope of this project.) 

After the first tests with PPV, the qualitative impression of its effects was 
negative: it is true that feeding fresh air into the fire accelerates the burning 
rate, and vigorous turbulent mixing may occur in the fire room. After :i. few 
more tests and quantitative inspection, it was realized that the conditions in 
the fire room always seem to become clearly worse because of the perfect 
visibility gained with PPV. The only matter that does deteriorate in the fire 
room is that - due to the turbulent mixing - th � motion of fl.arr.es is 
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unpredictable. Yet a visible fire is easier to fight than a fire that cannot even 
be located. Outside the fire room, the conditions improve dramatically, i.e. 
the visibility becomes as good as without a fire and temperatures decrease 
close to the ambient temperatures. 

The key issue in a successful attack is of course that the ventilation is 
implemented properly. Factors affecting the "proper" attack were studied, 
and the following conclusions were drawn: 

• Natural horizontal ventilation improves the conditions in the 
compartment as compared to the case where only one vent is open -
provided that the gas flow is directed through the fire room. 

• PPV clearly improves the survival probability in the compartment: the 
visibility dramatically improves, and the temperatures are low 
everywhere else except for the fire room. 

• The best overall conditions in the fire compartment are achieved when 
the air flow is directed so as to pressurize the room next to the fire room, 
and the exit opening is in the fire room. 

• Optimal flow rate depends on the room geometry, the location of the fire 
etc. The flow rate has to be high enough to push the flames back to the 
fire room but low enough not to mix the gases so vigorously that the fire 
room becomes too difficult to enter. In the present case, the optimal 
PPV flow rate was 4 - 6 m3/min corre�onding to 128 - 192 m3/min full 
scale for a compartment of about 80 m total volume. 

• Slight improvements in the fire room conditions were observed with a 
larger exit opening, closer to the seat of the fire. The effect might be 
more significant in a different room geometry. 

• If the compartment is ventilated (e.g. open window) during the fire, no 
dramatic effects are caused by opening an additional door. If the 
compartment is unventilated (but there is no danger of a backdraft 
occurring), opening the door does affect the fire conditions momentarily, 
but the situation soon relaxes. 

• If backdraft conditions prevail, the most dramatic moments occur only 
after a delay after opening a vent. 
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Based on the results above and the experience on :ull scale fires published 
in the US, the following is recommended for proper application of PPV in a 
pre-attack mode: 

I .  After opening any vent, the fire fighters should back out and wait for a 
while, say around 30 s, before starting the attack. 
If there is no danger of backdraft, the delay h. long enough to let the 
conditions stabilize. 
If there is a danger of backdraft, vertical ventilatio a should be considered as 
it allows smoke and heat to rise naturally thereby eliminating the conditions 
for a backdraft But if opening a vent in the ceilin�; is not possible, the delay 
is long enough to let the backdraft occur without having the fire fighters 
trapped inside. 

2. Before initiating PPV, the location of the fire shou .d be known. 

3. Also before mitiating PPV, there must be a discharge opening in the 
compartment. 
The closer the opening is to the seat of the fire, the better. Some 
consideration must be given to the outside, howev:!r: flames may extend far 
out of the roo:n through the opening. 
It must be confmned that there are no obstructions disturbing the flow 
between the entrance and exhaust openings. 
The opening must provide an exit wide enough for the free flow. The 
present study did not reveal any recommendatiorn:. but % - 1 % of the area 
of the inlet opening has been suggested in the liten.ture /10/. 

4. The entrance door must be pressurized so that the air blowing from the fans 
covers the whole opening. The objective is to pressurize the room next to 
the fire so as to force the flames to be contained in the fire room only. 

5. If possible, PPV should be started at a lower !low rate and increased 
gradually to see the positive effect. 

6. When the fire fighters have advanced close to the �eat of the fire, it fil.ght be 
helpful to tun off the fan to ease entering the fi:e room. (1bis, however, 
was not specifically studied, and in practice it ..vouki require functional 
communications between the inside and outside of the building.) 

7. If anything gees wrong at any stage of the attack, just turn off the fan. 

PPV should not be applied if the recommendations above cannot be 
followed, for example if the building has too many natural ventilation 
openings preventing a directed and controlled fl ow, or in a potentially 
explosive situation or in a flammable atmosphere, or when people could be 
endangered in any way. And, as always, it is easy to write recommendations, 
but to implement them in practice requires efficient training ! 

The present study concentrated in one basic fire scenario, i.e. fire in a 
single-storey compartment. Other important seem.nos are fires in multi­
storey compartments and in high rise buildings. The se two scenarios remain 
to be studied, and they are included in a proposed continuation to the project. 
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