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Abstract

The paper presents a comprehensive set of experiments on the effect of mechanical ventilation
conditions and fire dynamics on temporal pressure evolution in a reduced-scale, air-tight and
mechanically- ventilated enclosure.

A square propane burner with flow controller imposes a quadratic fire growth followed by a
steady-state (0.1 or 0.2 g/s) and then a quadratic decay phase. Eight tests are discussed with
different ventilation conditions in terms of flow resistances and initial ventilation flow rates
ranging from 12 to 40 m’/h, corresponding to air renewal rates of 6.4 to 21.3 h™'.

The pressure evolution is characterized by an over-pressure peak (up to 900 Pa) followed by a
quasi-steady state and then, an under-pressure peak (up to -760 Pa). The pressure variation is due
to the mechanical effect (i.e., ventilation configurations), while also influenced by thermal
effects. The pressure amplitudes increase with ventilation resistances. Both the total network
resistance and individual resistances in admission and extraction ducts are important for the
pressure variation. The enhancement and reduction of ventilation flow rates depend on both the
fire-induced pressure and ventilation resistances. Experimental results show that the mechanical
effect does not strongly affect gas temperatures.

Keywords: air-tight compartment fire; mechanical ventilation; pressure; fire dynamics
1. Introduction

Air-tight compartments are encountered in both residential and industrial fields. The demand for
energy-saving promotes the appearance of air-tight residential buildings, e.g., passive houses [1],
to limit the air infiltration, which is responsible for a large amount of energy consumption [2].
Besides, a high confinement level is also applied in industrial constructions such as nuclear
power plant buildings to prevent the radioactive substance from leaving the building [3]. The
increasing applications of air-tight buildings have aroused the interest in studying fire dynamics
in compartments representing these buildings [3-9]. The present paper will mainly focus on the
pressure variations in an air-tight compartment with mechanical ventilation in case ofa fire event.

Unlike compartments with sufficiently large openings, the fire-induced pressure can rise
substantially in air-tight compartments because of the difficulty in releasing hot combustion
products and thermal expansion [10]. Experiments carried out in air-tight compartments have
revealed an obvious over-pressure during the fire growth period and an under-pressure during the
fire decay period in large scale experimental facilities [3, 7, 11] as well as in real residential
buildings [5, 6]. Due to the high fire-induced pressure in the experiment, the building structure
can even be destroyed [6]. Numerical simulation results also confirm that the indoor pressure
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will change significantly due to fire inside an air-tight compartment [5, 6, 12]. The fire-induced
pressure is usually ignored in engineering calculations considering the leakage of conventional
buildings [10]. However, with the increasing of the airtightness level of buildings, such pressure
variation caused by fire should be taken into consideration.

A classical theory to interpret the fire-induced pressure variation is based on the mass and energy
conservation [3, 10, 13, 14]:
Y =0, - 0, — QuH(D)
y—1dtP T T T

where p is the compartment pressure (Pa), V is the compartment volume (m’), ¥ is the gas
isentropic coefficient, Qf, Q, and Q,, represent the fire heat release rate (kW), the ventilation
heat transfer (kW) and the wall (boundary) heat losses (kW), respectively. It has been reported
that the pressure is mainly influenced by the heat release rate (HRR), ventilation conditions and
heat losses through boundaries [3, 13, 14]. This guides the design of the present experimental
campaign to systematically investigate the factors affecting fire-induced pressure variation.

In air-tight residential buildings, a mechanical ventilation system is applied to compensate for
unintended adverse consequences due to airtightness in daily life [15, 16]. Also, for industrial
buildings, like the nuclear power plant, dynamic confinement is acquired by mechanical
ventilation to ensure the safety requirements [3, 17]. The ventilation condition has been proven
to have an impact on the pressure variation [3, 5]. It is noted that the ventilation flow rates are
strongly dependent on the compartment pressure itself in airtight compartments, and this has a
strong impact on the pressure dynamics. However, the influence of different ventilation settings,
namely ventilation resistances and initial ventilation flow rates, on the pressure evolution has not
been studied systematically. Therefore, a parametric study of the influence of ventilation
conditions on pressure variation, as part of an extensive experimental campaign, is reported in
the present paper. The aim is to shed light on the impact of the total flow resistance, as well as
the individual flow resistances in admission and extraction ducts, on the ventilation flow rates,
fire dynamics and compartment pressure evolution. Moreover, the experimental data can serve as
database for numerical simulations and fire safety analysis.

Before doing the actual fire tests, the compartment airtightness has been estimated through
pressurization and depressurization tests to determine the leakage flow rate. Then, test results
with different ventilation resistances are analyzed, keeping the initial ventilation flow rate fixed.
This is followed by tests with different initial ventilation flow rates. It is important, though, to
start with a complete description of the experimental set-up.

2. Experimental setup
2.1. The compartment

The experiments are performed in an air-tight compartment called NYX of the “Institut de
radioprotection et de Streté Nucléaire” (IRSN), which is a 1:4 scale of one room of the large-
scale DIVA facility also from IRSN [7, 18]. The internal dimensions of the compartment are 1.5
m in length, 1.25 m in width and 1 m in height, resulting in an internal volume of 1.875 m®. The
compartment is based on a metallic frame on which rectangular plates corresponding to walls,
ceiling and floor are inserted. Those plates are installed tightly with specific screws on the frame
equipped with gasket in order to ensure the airtightness of the compartment.



For the present configuration, walls, ceiling and floor consist of two layers, from outside to
inside: 2 mm thick steel layer and 25 mm thick calcium silicate layer (kK =0.19 W/m/K, ¢, = 960

JkgK, p=770 kg/m’).
At each corner of the floor, cable and pipe clamps are set for measurements and fluids access.
The experimental facility is shown in Fig. 1.
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Fig. 1. Experimental facility NYX of IRSN. Left: picture from right view; Right: geometry

sketch.
2.2. Fire source

The fire source is a square sand propane burner located at the center of the compartment floor
and linked to the propane tank through pipes, valves, and a flow meter, as portrayed in Fig. 1.
The height and width of the burner are 60 mm and 180 mm, respectively. There is a propane
pilot flame, ignited by an electric arc, placed at the edge of the burner. A Bronkhorst mass flow
meter/controller is used to impose controllable propane mass flow rates and measure the actually
obtained mass flow rates with a range from 0 g/s to 0.4 g/s. The propane flow rate for the pilot
flame is not measured. A thermocouple tree is set up to measure the temperatures above the

burner, see Fig. 1. More detailed information about the thermocouple tree will be discussed later
in section 2.5.

The propane mass flow rate (MFR) i, (g/s) is prescribed by the controller as follows:

( 0 o<t<t,
| a(t—t)" t,<t<t,
rhf = { mf,max tz <t< t3 #(2)
| 7 e — @t —83)" t; <t <,
0 t>t,

In Eq. (2), a is the flow growth rate (g/s™"), t is the time (s), n is the flow growth exponent (-),
Ms may 18 the maximum propane flow rate (g/s), t; — t, is the fire growth period (s), t5 is the
time to start decay (s), t, is the time when the fire goes out (s). In the present study, two
quadratic growth and decay (with an imposed: n = 2) are considered with a of 3x10~ and
10x107 gfs>. The recorder values of the other parameters are summarized in Table 1. The
prescribed propane mass flow rate (MFR) and the experimentally measured MFR are shown in
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Fig. 2. The curves align well with each other, although a small jump in the experimental curve is
observed at the beginning. This is due to the very small starting flow rate, which is hard to be
detected by the meter.

Table 1. Settings for the propane mass flow rate for the different tests.

. 3
Config  Mp g, (g5)  a(gs) ty (s) t, (s) t3 (s) ty (s)
A 0.2 3x107 60 128 228 308
B 0.1 1x10™ 60 84 184 214
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Fig. 2. Experimentally measured and prescribed propane mass flow rates.
2.3. Mechanical ventilation system

The mechanical ventilation system consists of admission ducts and extraction ducts, both linked
to the ceiling of the compartment, see Fig. 1, and equipped with fans. A sketch of the mechanical
ventilation system is shown in Fig. 3. The admission and extraction ducts extend into the
compartment through the ceiling for about 21 cm. The duct segments inside the compartment
have a rectangular cross section, while the other parts of the ducts have a circular cross section.
A 5.6 cmx11.9 cm vent is located at each of the rectangular parts for admission and extraction.
The admission vent faces the front wall and the extraction vent faces the back wall. When
coming out of the compartment, the ducts are linked to a 1.4 m circle metal pipe, where the
measuring instruments are installed, lying on the top of the compartment. The admission and
extraction flow rates, admission and extraction gas temperatures, extraction gas concentration
and extraction pipe pressure are measured in this part. Then, the ducts are connected to a 3 m
flexible pipe and 2 m straight pipe leading through the roof of the test room. The diameter of the
ducts is 38 mm from the NYX compartment to the test room roof. Above the roof, the ducts are
connected to 150 mm diameter pipes. These pipes are bent horizontally and lead to the
ventilation fan about 20 m away. After the first bending, there is an electrical valve located in
both the admission and extraction ducts. The electrical valves have a variable opening percentage
to modify the duct resistance and hence generate different duct flow rates. There are two more
bends in the admission duct and one more bend in the extraction duct, which are not shown
graphically but indicated in Fig. 3. When reaching the position of the ventilation fan, the ducts
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are bent down vertically and connected to the fans. The admission fan sucks fresh air from the
experimental hall directly and the extraction fan is linked with an additional duct to release the
smoke to the outside. The exhaust fan is equipped with a speed variator whereas the blowing fan
has only an On-Off mode. The exhaust fan speed can be adjusted from the control panel by
setting a potentiometer in the range of 2.1-5V.
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Fig. 3. Sketch of the mechanical ventilation system.

2.4. Test configurations

Cold tests are performed first to evaluate the airtightness of the compartment. Fire tests are then
conducted under different ventilation configurations by adjusting the fans’ mode (ON/OFF for
the admission fan and fan voltage for the exhaust fan) and electrical valves’ opening in the ducts
to obtain different ventilation resistances and/or different mitial ventilation flow rates.

Firstly, for a given fire design (Config A in Table 1), 5 fire tests, (named I to V) are carried out
to investigate the influence of ventilation resistances with the same initial ventilation flow rate
(24 m’/h). To do so, valves openings, exhaust fan voltage and admission fan activation are set as
indicated below:

- Test I: the admission fan is switched off and the duct valves are fully open with the
extraction fan voltage setto 3.3V,

- Test II: the admission fan is switched off, the admission duct valve is fully open and the
extraction duct valve is partly open (18 %) with the extraction fan voltage set to 4 V;

- Test III: the admission fan is switched off, the admission duct valve is fully open and the
extraction duct valve is partly open (16.9 %) with the extraction fan voltage set to 4.8 V;

- TestIV:the admission fan is switched on, the admission duct valve is partly open (25 %)
and the extraction duct valve is fully open with the extraction fan voltage setto 3.3 V;

- Test V: the admission fan is switched on, the admission duct valve is partly open (24 %)
and the extraction duct valve is partly open (18 %) with the extraction fan voltage set to
45 V.



The influence of the initial ventilation flow rate on the fire dynamics are investigated with 3 tests
(named VI to VIII) with a second fire design (Config B in Table 1). For this set of tests, the
admission fan is switched off and the duct valves are fully open with a given extraction fan
voltage:

- Test VI: the extraction fan voltage setto 2.7 V;
- Test VII: the extraction fan voltage set to 3.3 V;
- Test VIII: the extraction fan voltage setto 4.1 V.

A higher extraction fan voltage leads to a higher fan speed. The tested configurations are
summarized in Table 2. The acronym as used in the test campaign is added to the table for future
referencing.

Table 2. Summary of the test settings. AF: admission fan. AV: valve in the admission duct. EV:
valve in the extraction duct. EF: voltage imposed on the extraction fan. Positions of the fans and
valves are shown in Fig. 6.

Test HRR Name in the AF AV EV EF (V) Intial flow
config test campaign rate (m’/h)

I A F1AA2 OFF  Fully open Fully open 33 24

II A VCALI OFF  Fully open Partly open 4 24

a A VCA2 OFF  Fully open Partly open 4.8 24

v A VCBI ON Partly open  Fully open 33 24

A% A VCCI ON  Partly open  Partly open 4.5 24

VI B VCA3a OFF  Fully open Fully open 2.7 12

Vil B VCA4a OFF  Fully open Fully open 33 24

VIII B VCA6 OFF  Fully open Fully open 4.1 40

2.5. Measurements

The gauge pressure, gas temperature, and ventilation flow rates are recorded during the
experiments. Two pressure tubes and five thermocouple trees are placed inside the compartment.
The positions of the instruments in the compartment are depicted in Fig. 4. Thermocouples, Pitot
probes, and pressure tube are placed in the ventilation ducts lay on the top of the compartment,
see Fig. 5. The original parameters measured directly and the calculated parameters are listed in
Table 3.
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Fig. 4. Measurements inside the compartment. Top-left: left view; Top-right: front view;
Bottom-right: top view.

Fig. 5. Measuring points in the ventilation ducts on the top of the compartment.

Table 3. Measured parameters and calculated parameters. Ticked boxes indicate the measured
parameters used to obtain the calculated parameters.

Calculated parameter
Instrument Measured parameter Flow Mass
resistance capacity
Pressure transducer  Gauge pressure v
Pitot probe Duct volume flow rate v
Thermocouple Temperature v
Flow meter Propane mass flow rate




2.5.1. Pressure

The pressure tube is linked to one connector of the pressure transducer (Rosemount 3051), and
the other connector is open to the environment. Therefore, the pressure difference between the
measuring point and the environment, i.e., the relative pressure, is recorded. The locations of the
pressure measuring points in the compartment are indicated in Fig. 4. Along the ventilation ducts,
pressures are also recorded at several points to calculate the duct resistance, as sketched in Fig. 6
(green dots). For the fan pressure measurements, the pressure transducer connectors are linked
via tubes to the upstream and downstream of the fans.

Fig. 6. Pressure measurement points (green dots) in the mechanical ventilation system. Note that

the schematic just indicates the relative position of the measurements, not refer to the actual scale.

AV: electrical valve in the admission duct. EV: electrical valve in the extraction duct. Ap: gauge
pressure (Pa) in the NYX compartment.

2.5.2. Flow resistance

The resistance of the ventilation duct is calculated based on the pressure difference between the
upstream and downstream of the ducts and the duct volume flow rate:

1 ’ 1 ’ q ’
ADresis = Er pvz = Er p (Z) #(3)
o ZApreSiS . (é)z #(4)
P q

where Ap,..q;s is the pressure drop due to the duct resistance (Pa), r' is the dimensionless
resistance of the duct (-), p is the fluid densny (kg/m’), v is the flow velocity (m/s), ¢ is the duct
volume flow rate (m*/s), 4 is the duct area (m?). As described in section 2.3, the ventilation ducts’
cross-sectional areas are not constant. In order to easily determine the resistance by experiments,
a resistance factor r"’ in m* can be considered to avoid counting the area:

!

"no_ r — ZAp‘reSlS #(5)

A2 p-g?
This resistance factor can be determined for the admission duct (7,,,,) and the extraction duct
(., ) separately. In case of reverse flow in either of the ducts, the extraction/supply of gases
from/into the compartment occurs through the ducts in parallel and the equivalent network flow
resistance (7,,) can be defined as [3]:

1 1\
= (b)) 40

adm ext




The calculation uses the data acquired prior to ignition. The admission and extraction duct
resistances for the tested cases are calculated using Eq.(5), using Ap,r — Ap and Ap + Apgg,
where Ap is the gauge pressure (Pa) in the NYX compartment, Ap,. and Ap,p are recorded as
the local pressure difference in Pa over the admission fan (AF) and the extraction fan (EF),
respectively (see Fig. 6). The pressure differences are defined as downstream pressure minus
upstream pressure (ie., Ap,r > 0 and Apgr > 0). Note that this calculation implies that the
upstream side of the admission fan and the downstream side of the extraction fan are directly
connected to the ambient. In the set-up at hand this is the case for the admission fan but not
really for the extraction fan, which is connected to the ambient through an additional duct, as
described in section 2.3. However, this additional duct is short compared to the other ventilation
branches, so the pressure drop along this duct is not considered here. The obtained admission
(adm) and extraction (ext) resistances of the tests are listed in Table 4. They are computed from
the initial flow rate conditions prior to ignition (with subscript ‘init’). It can be seen that the duct
resistance factor r'’ varies with different valve opening (see section 2.4) for tests I-V. Test I is
the least resistive configuration, whereas test V is the most resistive one. For tests VEVI[ the
resistance factors r'* of the duct are similar and small, because the valves are all fully open; only
the initial ventilation flow rate varies. The slight deviations in the resistance factor when the
valves are fully open might be caused by the mechanical error of the valve control.

The configuration can also be examined through an analogy with electrical network (see
appendix). From that analogy, the folowing quantities appear, also included in Table 4:

Ap . T v r'-q
R — resis — — # 7
flow m 24 2 7

where Ry, is the electrical analogy equivalent flow resistance (m'-s"), 1 is the mass flow rate
i the duct (kg/s). The network total equivalent flow resistance is then defined as:

Req=< CRRSE S — >_#(8)

Rflow,adm Rflow,ext Rflow,leak

As the leakage flow resistance is normally much higher than the mechanical ventilation flow
resistance, the term 1/Rr 4, joqx 18 considered negligible. This is then very similar to Eq. (6).

It is worth noting that the flow resistance in Eq. (7) changes with the flow rate whereas the
dimensionless resistance r’ and the resistance factor '’ do not, as they only depend on the duct
dimensions and geometry.

Table 4. Ventilation resistances and time scales for different tests prior to ignition.

Parameter TeIst Test I Test Il TestIV TestV  Test VI Test VII Test VII
" qam(<10° m™) 327 3.32 3.30 66.9 65.8 4.16 327 2.93
. (x10° m) 4.92 19.3 36.0 5.06 28.6 435 4.94 4.96
7" g (x10° mi*) 1.96 2.83 3.02 4.70 19.9 2.13 1.97 1.84
Retow adminie (<10* mi's™) 1.06 1.03 1.09 21.8 215 0.69 1.08 1.62
Rpiow extimic (10* m's™) 1.70 6.29 12,5 1.72 9.87 0.75 1.71 2.88



Roqini (<10" m's™) 0.65 0.89 1.00 1.60 6.77 0.36 0.66 1.04

2.5.3. Ventilation flow rate

The ventilation flow rates are measured using the bi-directional velocity Pitot probe technique.
The probe is positioned at the center of the duct section and connected to pressure transducers
where the pressure difference induced by flow speed is measured. The volumetric flow rate can
be calculated from:

2Apflow

G = 3600 X k(A1) A #(9)

where ¢ is the volumetric flow rate (m*/h), k is the calibration factor varying with the pressure, A
is the duct area (m?), Apsiow 18 the pressure difference (Pa) induced by flow speed and p is the

gas density (kg/m).

The calibration factor is determined before the tests by comparing the measured flow rate with a
reference flow rate given by another measurement apparatus (pipe equipped with orifice plate)
inserted on each line. The calibration factor varies with the pressure difference as well as the
direction of the flow. The calibration results are shown in Fig. 7. Relations indicated in Fig. 7 are
mtroduced in the acquisition system.
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Fig. 7. Calibration factor versus the pressure difference for the two ventilation lnes.

The acquisition of the data and the control of the facility are performed with two cDAQ - 9189

CompactDAQ Ethernet chassis designed for small, distributed sensor measurement systems.

Each chassis controls the timing, synchronization, and data transfer between C Series 1/0
modules and an external host.

2.5.4. Temperature

The thermocouple tree at the center (labeled as C in Fig. 4) of the compartment has nine K-type
0.5 mm bead diameter thermocouples from 0.15 m to 0.95 m from the floor, with a distance of
0.1 m from each other. The other four surrounding thermocouple trees in Fig. 4, namely FL
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(Front-Left), FR (Front-Right), BL (Back-Left) and BR (Back-Right), have five K-type 0.5 mm
bead diameter thermocouples from 0.15 m to 0.95 m from the floor, with a distance of 0.2 m
from each other. There are also 1.5 mm bead diameter K-type thermocouples placed on the
middle of the outside surface of the top, front, back and left walls. Besides, there is a 0.5 mm
bead diameter K-type thermocouple placed at the vicinity of the pilot flame. Moreover, the gas
temperatures are measured in the admission and extraction ducts near the compartment using 0.5
mm bead diameter K-type thermocouples. On top of this, the gas temperature is also measured
with a 1.5 mm bead diameter K-type thermocouple located in the ventilation network close to the
extraction fan.

2.6. Experimental uncertainty

The testing ranges and uncertainties of the measurement apparatuses are estimated and listed in
Table 5. The uncertainties are evaluated by performing calibration tests using the data provided
by the manufacturers. Some tests are repeated several times to assess to test repeatability which
is confirmed to be good by the results. The standard uncertainties are obtained under conditions
without fire. Therefore, a coverage factor is introduced to take into account the influence of fire
on the standard uncertainty. Thus, the uncertainty of measurements with fire is the standard
uncertainty multiplied by the coverage factor [3].

Table 5. List of measuring ranges and uncertainties.

Variable Range Standard uncertainty Coverage factor

Pressure [0-5000] Pa 0.1 %FS 2

Gas temperature [0-1300] K 2°C 2 (5 for flame temperature)
Gas flow rate [0-60] m’/h 0.1%RD+0.3%FS 2

Propane flow rate [0-4] g/s 0.5%RD+0.1%FS 2

FS= Full scale; RD= Reading data
2.7.  Airtightness estimation

Apart from the mechanical ventilation system, it is noted that the leakage flow also contributes to
the ventilation of the compartment to some extent. However, the leakage flow might be less
important compared to the mechanical ventilation flows in a mechanically-ventilated air-tight
compartment. Besides, the leakage flow rate can be used to evaluate the airtightness of the
compartment, ie., lower leakage flow corresponds to better airtightness. The airtightness
(leakage flow rate) of the NYX facility is estimated experimentally by a leakage flow test: 1)
pressurize (depressurize) the compartment to a certain level of pressure, 2) let the pressure
recover to the initial level through leaking, see Fig. 8. Three leakage flow tests were conducted,
namely before the fire test series (Leak test A), during the fire test series (Leak test B), and after
completion of the fire test series (Leak test C). The leakage flow rate is calculated based on mass
conservation of gas within the compartment with closed admission and exhaust line and the ideal
gas law. The mass conservation tells that the time derivative of mass is equal to the leakage mass
flow rate:
dm dp

—— =, => V—= pg, #(10
P’ It pq, #(10)
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The gas density can be obtained from the ideal gas law:
PM
=—#(11
p=—7#011)

Combining Equations (10) and (11), the following expressions can be obtained:

VMdP PM #(12)
rT dt  rT A
V dP
7, = — —#(13
1Uw=p"a (13)
where P is the absolute pressure inside the compartment (Pa), V is the volume of the
compartment (m’), r is the ideal gas constant (8.314 J/(mol'K)), T is the absolute temperature of
the gas (K), m is the mass of gas inside the compartment (kg), M is the gas molar mass (kg/mol),
t is time (s), m, is the leakage mass flow rate (kg/s), p is gas density (kg/m?), g . 1s the leakage
volume flow rate (m’/s).

Fig. 8 shows the pressure recovery curves after pressurizing and depressurizing for three set of
tests (A, B and C) performed during the test campaign. The leakage flow rate increases linearly
with higher pressure difference between indoor and outdoor, as can be seen in Fig. 9. Clear
differences can be observed between the leakage tests. The leakage flow rate is the highest
before the fire test series and the lowest after the fire test series. It is conjectured that the fire-
induced fumes and soot may accumulate in the gaps, cracks or joints, which leads to the decrease
of leakage. A zoom-in of the curves around the coordinate origin shows a slight shift of curves.
This is due to the sampling operation ofthe gas analyzer to suck gas at a constant rate. Therefore,
the pressure is negative at the initial state. It is noted that the pressures also recover to a negative
value in Fig. 8. The gas analyzer extraction rate is about 1 L/min (ie., 0.06 m’/h), which
corresponds to the intercept n Fig. 9.

The air change rate at a certain pressure, e.g., 50 Pa [19], can be used to evaluate the airtightness:

q
Ngy = ;5" #(14)

where ng, is the air change rate (1/h) at a pressure difference of 50 Pa, §, 5, is the leakage flow
rate (m’/h) at a pressure difference of 50 Pa, V is the volume of the compartment (m®). Hence,
the air change rate at a pressure difference of 50 Pa calculated according to the leakage tests A, B
and C are 0.13 1/h, 0.08 1/h and 0.06 1/h, respectively. For the passive houses, which represent
high air-tight level residential buildings, the air change rate at 50 Pa should be lower than 0.6 1/h
[16]. This illustrates that the NYX compartment has a high level of airtightness. An example of
the calculation of Ry, jeqr at a pressure difference of 50 Pa using Eqs. (5) and (7) gives an
equivalent resistance of leakage to be 6.2x10° m's™!, which is much higher than most of the
duct resistances in Table 4. Hence, in the determination of the equivalent resistance (Egs. (6)
and (8)), the contribution of the leakage is negligible.
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Fig. 8. Pressure recovery curves after pressurizing and depressurizing for three sets of tests (A, B
and C) performed during the test campaign.
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3. Results and discussion

3.1. General temporal profiles of the pressure

The overall pressure evolution inside the compartment is shown in Fig. 10 for test I. It follows
the imposed propane mass flow rate evolution during the growth and decay phase, and relaxes
towards steady values during phases of steady propane mass flow rate. The different stages are
indicated by shadows. The pre-ignition stage is included to record the steady operating
ventilation conditions without fire. Due to the extraction flow at this stage, the initial pressure is
negative. In the growth phase, the pressure rise has a slight delay compared to the rise of propane
mass flow rate at first. The first reason is that the propane flow rate was very low at the
beginning, which caused some accumulation of fuel before the pilot flame could ignite the
propane. Secondly, because the propane flow rate is measured about one meter upstream the
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burner, it takes some time for the propane to flow from the measuring point to the burner.
However, with the speed-up of the propane flow rate, this time becomes negligible. During the
fire growth stage, the pressure rises continuously until the propane mass flow rate reaches the
maximum value, see Fig. 10. Then, the pressure starts decreasing to a quasi-steady value while
the propane flow rate kept at its maximum. When the fire (and the propane flow rate) starts
decreasing, the pressure follows and drops to an under-pressure lower than the initial pressure.
After the fire extinguishment (propane flow rate null), the pressure goes back towards the initial
level gradually.

From a qualitative point of view, the pressure evolution is similar for all tests. However, the
magnitudes of pressure vary significantly, as discussed in section 3.3.
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Fig. 10. Pressure and propane mass flow rate (MFR) evolutions as function of time in Test I.

3.2. Temporal evolutions ofthe ventilation flow rate

As mentioned, the present study focuses on the impact of the ventilation settings on the fire
dynamics, and in particular on the pressure, inside the compartment. Hence, it is important to
discuss the evolution of the ventilation flow rates.

From Fig. 10, it is clear that there will first be an increase in pressure inside the compartment
during the growth phase. This will counter-act the admission of fresh air and enhance the
extraction of gases from the compartment. The opposite occurs during the strong under-pressure
period during the decay phase of the fire.

The qualitative pressure lines sketched in Fig. 11 for the two situations with the admission fan
turned off and on, illustrate the effect on the ventilation flow rate. Prior to the ignition of the fire,
the air flows from ambient to the compartment through admission ducts and goes out to the
ambient via extraction ducts. If the admission fan is turned on, there will be a pressure increase
induced by the admission fan, as shown in Fig. 11 (b). Then, the pressure will drop along the
ducts because of the resistance. Finally, the extraction fan will raise the pressure to the ambient
level. The qualitative influence of fire-induced pressure on the ventilation flow rates is depicted
m Fig. 11.
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Fig. 11. Schematic diagram showing qualitative pressure changes along the ventilation ducts
before fire and during fire when the admission fan is turned off (left) and on (right).

It is now important to assess this in quantitative terms. The impact of the pressure inside the
compartment on the admission and extraction flow rates will depend on the flow resistances.
This can be understood from Eq. (5) recall here in a general form:

-
I

ZApresis
——#(15
oL H(1S)

Here, Ap,.;s 1s the pressure difference (Pa) between 2 points in the ventilation system and p is
the fluid density (kg/m’), depending on the fluid temperature. The fire-induced pressure will now
modify Ap,.ss from the initial value (Ap,egisinie) to the new value. In the growth phase,
APyesis < ADyesisinie In the admission duct, while the opposite is true in the extraction duct.
Assuming the resistance factor (r'') is a constant, the ratio between the modified flow rate (due
to the fire-induced pressure evolution) and the nitial flow rate reads:

q — Apresis . pigit#(16)

q init Apresis,init

Let us now consider the pressure inside the compartment, compared to the pressure level inside
the compartment prior to ignition Ap — Ap;,;;- Then, in the growth phase Ap — Ap,,;; > 0 and
two situations should be addressed for the admission duct:

Apr — Ap = 0 :no reverse flow in the admission duct;

Ap,r — Ap < 0 :reverse flow in the admission duct.

This then leads to the following:
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(
. Ap - Apinit
q init O — (Ap = Ap)
. adm,init ApAF _ Apinit AF
Qaam = )\ #(17)
. Ap — Apinit Padm,init
Qaaminit* |77 —— 1 [——— (Apyr <Ap)
L adminit Apar — Apinit adm A

For the extraction flow rate, there is no possibility for reverse flow in the growth phase since the
pressure increases:

Ap - Apinit

Pext,init
. . # ( 1 8)
Apgr + APt

ext

qext = qext,init )

The same reasoning holds for the decay phase, but now Ap — Ap;,,;; <0 and there might be
reverse flow in the extraction duct. The densities are calculated by virtue of the ideal gas law and
using the temperature measurements at the admission and extraction ducts.

It is key to note now that for a given flow rate (§;,;,) before the change in the fire HRR (rise or
decay), the pressure drop Ap,..g;sinie i larger for higher resistance (Eq. (15)). This implies that
the impact of a fire-induced variation of pressure inside the compartment on the admission and
extraction flow rates is smaller as the flow resistance is larger. This is true when the equivalent
network resistance is used (i.e., when considering the flow resistance globally), but it also applies
to the flow through the admission and extraction ducts separately, as discussed next.

Compare first test I with tests I and IIT in Fig. 12. The flow resistance in the admission duct
remains unchanged (Table 4) while the flow resistance in the extraction duct is higher for tests II
and IIL. It is clearly seen that the flow rate varies less in the extraction duct and more in the
admission duct for tests II and I1I, compared to test I. Tests II and III nearly reach the condition
of reverse flow at admission. In test IV, the resistance in the admission duct is much higher than
for the tests I to IIT and this leads to very little variation in the admission flow rate, compared to
the extraction flow rate, as expected. Finally, test V confirms that increasing both flow
resistances leads to more comparable variations in admission and extraction flow rates, and that
these variations are relatively small. These results illustrate the change of flow rate in case of
pressure variation and the influence of the flow resistances on the amplitude of these flow rate
variations. It is also proven that not only the total or ‘equivalent’, flow resistance is important,
but also the flow resistances in the admission and extraction ducts separately (or, equivalently,
the ratio of the individual admission and extraction flow resistance).

Fig. 13 shows the results for tests VI-VIIL. As the flow resistance (r'') is small and nearly
identical (Table 4) in both admission and extraction duct, the variation in flow rate is quite
significant. The change in the initial flow rate does not modify the amplitude of variation of flow
rate during the combustion phase: they are nearly the same for the three tests, because the flow
resistances are identical. For test VI, the low flow rate prior to ignition (about 12 m’/h) leads to a
period of reversed flow in the admission duct between 80 s and 100 s. It is also noted that the
admission and extraction flow rates are not identical prior to the fire in Fig. 12 and Fig. 13.
Firstly, these discrepancies are within the measurement uncertainties. Besides, the initial
negative pressure leads to inward leakage flows, resulting in a slightly higher extraction flow rate
compared to the admission flow rate, which is the case shown in Fig. 12 and Fig. 13.

16



Ventilation flow rate (m?/h)

0 L "&J 7 Reduced admission flow I| Reduced extraction flow
—Test I-ADM =~ ——Test I-EXT = = Test I-ADM = = Test lI-EXT Test 111-ADM
10 Test III-EXT ——Test [IV-ADM ——Test IV-EXT — - Test V-ADM — - Test V-EXT
0 50 100 150 200 250 300 350 400
Time (s)

Fig. 12. Ventilation flow rates as function of time for tests I-V with various air flow resistances
and identical ventilation flow rate before ignition. Top-left quadrant: enhanced extraction flow;
Bottom-right quadrant: reduced extraction flow; Bottom-left quadrant: reduced admission flow;
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3.3. Influence of the ventilation settings on the pressure

The influence of the ventilation configurations on the pressure variation is evaluated by varying
the duct resistance (7'") or changing the initial ventilation flow rate (g;,;;)- In fact, these
variations can be reflected in R,, (Eq. (8)) or T,q (Eq. (6)). The details are discussed hereafter in
separate subsections.
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3.3.1. Influence of the flow resistance

Consider first tests I, Il and IIT (Fig. 14). The flow resistance in the admission duct is unchanged,
but the flow resistance in the extraction duct increases from test I to III. In order to have the same
initial air flow rate (Fig. 12), a higher voltage is applied to the extraction fan (the pressure
difference at the fan, Ap,p increases). In the growth phase, the pressure evolution is very similar
in all 3 tests. Starting from ambient, the temperature (thermal effect) is lower in the growth phase
than in the decay phase. This results in the similar over-pressures in tests I-1II. Besides, in tests II
and III, the extraction flow resistances (R,,,) are higher when the extraction fan pressure (Apgr)
increases, which results in the extraction flow rates enhanced less and the admission flow rates
reduced more in tests Il and III. Hence, similar pressure variations as test I are obtained.
Subsequently, the pressure relaxes to a steady value, until the decay phase starts. Now the main
aspects in Eq. (1) are the reduction in fire HRR, as well as the heat losses through the extraction
duct and walls. Whereas the fire HRR evolution is identical in all 3 tests during the decay phase,
the extraction flow rate is significantly more reduced in test I, compared to test Il and test III (Fig.
12). The latter has the least reduction in extraction flow rate. Hence, the pressure drop is the
strongest in test III, and the least in test I. This clearly illustrates the importance of not only the
total flow resistance, but also the flow resistance in the admission and extraction duct separately.
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Fig. 14. Pressure variations for the tests with the admission fan switched off. Test I: 74
=1.96x10°, R =6.5x10°; Test I1: 75 =2.83%10°, R, 1 =8.9%10°; Test III: 7, =3.02x10°,
Roq imit=1.0x10".

eq,init

eq,init

Consider now test V (Fig. 15), compared to test I. In both cases the flow resistances at admission
and extraction ducts are of the same order of magnitude, but the total resistances are much higher
in test V (1,,~20 x 10° m™*) than in test I (1, ~2 X 10° m™). It can be seen that both the
over-pressure and under-pressure are much stronger in test V than in test I. This clearly
illustrates that a higher total, or ‘equivalent’, flow resistance leads to much more pronounced
fire-induced pressure peaks (positive and negative), see Fig. 16. The initial ventilation flow rates
are identical in tests I-V, so the plots in Fig. 16 with ,; and R, ;,;; give the same trends, see Eq.

(7).
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Note that the crossing lines in Fig. 16 indicate that the over-pressure peak is lower than the
under-pressure peak in tests [-II1, whereas for tests IV and V it is the opposite. The over-pressure
peak means the pressure difference between the peak value at the end of the growth stage,
compared to the initial pressure. The under-pressure peak refers to the pressure difference
between the minimum value at the end of the decay stage and the quasi-steady pressure value
during the stable period ahead of the decay phase. The pressure evolution along the ventilation
system shown in Fig. 17 indicates that the fan operation in tests [V and V changes the pressure
line shape significantly. For all the other cases, the extraction fan (Apgg) is always on, while the
admission fan is off, leading to Ap,,.r < APynder- In the current tests, the admission fan is much
stronger than the extraction fan, and thus the fan operation is considered to be the primary effect
resulting in the occurrence of the crossing lines.
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Fig. 15. Pressure variations as function of time in tests with different ventilation resistance. Test I:
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Fig. 17. Quantitative pressure changes along the ventilation ducts before fire (initial state) and
during fire (over-pressure peak and under-pressure peak) at locations after the admission fan
(AF), in the compartment (NYX) and before the extraction fan (EF).

In test IV, finally, the flow resistance in the admission duct is much higher than in the extraction
duct. Consequently, the admission flow rate is not reduced significantly during the fire growth
phase (Fig. 12). This leads to a significant rise in the compartment pressure, but less pronounced
than in test V, because now the extraction flow rate is much higher (Fig. 12) due to the small
flow resistance in the extraction duct in test I'V, so the pressure does not build up as strongly as
in test V. Another interesting observation for test IV is that the under-pressure in the decay phase
is very comparable to what was observed in tests I-III (see Fig. 15). The reason is seen in Fig. 12:
there is a very strong reduction in extraction flow rate in test IV, due to the low resistance in the
extraction duct, in combination with a high resistance in the admission duct (so that the
admission flow rate hardly changes, Fig. 12). As the temperatures are high at the start of the
decay phase, there is a significant drop in heat and mass removal from the compartment due to
the reduced flow rate in the extraction duct, counter-acting the pressure drop. Moreover, the
activation of the strong admission fan in test IV also affects the pressure by blowing air into the
compartment (mass inflow). As canbe seen from Fig. 17, the pressure line changes significantly
when the strong admission fan is activated in test IV. Thus, in the end, this leads to a pressure
drop that is comparable to what was observed in tests I-1II1.

The above observations illustrate that the pressure variation is not only influenced by the thermal
effect (the gain or removal of heat in the gas phase, driven by the fire HRR, and the thermal
losses through the walls and the ducts), but also by the mechanical effect (the gain or removal of
mass driven by the flows in the ventilation ducts), which is dependent on the flow resistances
and fan operation.

3.3.2. Influence of the nitial ventilation flow rate

Tests VI VI[ Vll are experiments with identical fire evolution and similar ventilation resistances
(Table 4), but different initial ventilation flow rates are obtained by adjusting the extraction fan
voltage. The corresponding air renewal rates are 6.4 h', 12.8 h'! and 21.3 h'', respectively, for
the tested initial ventilation flow rates of 12 m’/h, 24 m’/h and 40 m’/h. Fig. 18 reveals
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qualitatively similar over-all pressure evolutions as tests [-V. Higher initial flow rates result in a
more negative initial pressure, and to higher over-pressure and under-pressure peak values,
despite the similar flow resistance caused by the valves (r” in Table 4). This can be understood
from Fig. 19, showing the pressure evolution along the ventilation system before ignition: the
static pressure decreases along the ventilation ducts until reaching the extraction fan, which
raises the pressure back to ambient. The stronger the slope of the pressure line, the stronger the
apparent resistance for flow in the ducts, explaining the higher pressure peaks for test VIII,
compared to tests VI and VIL. Interestingly, this effect is captured in the definition of Ry, (Eq.
(7) and Table 4): Rgy,, is the lowest for test VIand the highest for test VIl The under-pressure
peak is also more pronounced with higher flow rates: more heat and mass are extracted from the
compartment during the decay phase, in line with what has been explained above. Fig. 20 shows
the pressure peaks as function of the resistance factor (7,,) and total, or ‘equivalent’, flow
resistance (R,g in;¢) for tests VI-VIIL The same results are obtained as discussed before, ie., a
higher equivalent flow resistance (R, ;n;¢) leads to higher over-pressure and under-pressure
peaks. This also illustrates the more or less linear increase of pressure with increase in equivalent
flow resistance. Opposite trends are observed for the dependence of the pressure peaks on 74
and R,y in;r In Fig. 20. The reason is that, in fact, the relative difference between resistance
factors in these cases is small (within 15%), and the main influencing factor in these cases is the
mitial ventilation flow rate, which is not included in the resistance factor.

Finally, it is noted in Fig. 20 that the over-pressure is lower than the under-pressure in these tests.
This is in line with the analysis in section 3.3.1: the extraction fan (Apgy) is always on, while the
admission fan is off, resulting in higher under-pressure.
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3.4. The temperature profiles

The temperature measurements relate to the extraction of heat through the extraction duct and the
heat losses through the boundary walls. The temperature evolutions as measured inside the
compartment and in the extraction duct are shown as function of time in Fig. 21. As shown in Fig.
4, the gas temperatures at different heights are recorded at 4 positions (i.e., FL, FR, BL, BR).
The temperature evolutions are similar at all 4 positions, hence, the temperatures at different
heights shown in Fig. 21 are the average temperatures of the 4 positions. The results of tests [-V
are very similar, indicating that the ventilation resistances have very little impact on the
compartment temperature evolution for the configurations at hand. In tests VEVithe temperatures,
especially in the upper layer, are affected by the ventilation flow rates: a higher initial flow rate
leads to a higher air renewal rate of the compartment and thus lower temperatures. Yet,
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comparing tests [-V to tests VEVI[ it is clear that the temperature evolution is essentially
determined by the fire heat release rate.

It is also worth noting that the temperatures increase gradually, much slower than the pressure
build-up in the fire growth phase. During the decay of the fire, the temperature also decreases
more slowly than the fire HRR and the pressure drop. The temperatures are consequently much
higher during the decay period than during the fire growth period, so that the heat losses through
the walls (linked to the compartment temperature) and due to extraction through the ventilation
system (linked to the temperature measured in the duct) play a more important role in the
pressure variation during the fire decay period than during the fire growth stage.
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Fig. 21. Temperature evolutions as function of time at different heights (denoted by numbers in
the legend) of the compartment and in the extraction duct (denoted by EXT i the legend).

4. Conclusions

The effect of mechanical ventilation conditions and fire dynamics on pressure and temperature
evolutions in an air-tight compartment has been discussed for a range of settings. The
experimental set-up has been described in detail. The main end objective was the discussion of
the evolution of pressure, imposing a fire with a quadratic growth, a steady and a quadratic decay
phase, through well-controlled mass flow rate of propane, with variable ventilation conditions.

The over-all pressure evolution trends have been shown to be similar in the tests. Qualitatively,
to first order the pressure follows the evolution of the fire HRR. However, the magnitudes of
pressure peaks are strongly affected by the mechanical ventilation settings. Correspondingly, the
fire-induced pressure has an influence on the ventilation flow rates.

Beyond the well-known outcome of higher pressure peak levels (over-pressure at the end of the
growth phase and under-pressure at the end of the decay phase) for increased flow resistance in
the ventilation system, it has been illustrated that not only the total, or ‘equivalent’, flow
resistance is important, but also the individual flow resistances in the admission and extraction
ducts separately.

The initial ventilation flow rate, or, equivalently, the imposed mechanical ventilation flow rate,
strongly affects the pressure values. A higher imposed mechanical flow rate leads to a higher
equivalent flow resistance (Eq.(7)) and hence higher over-pressure and under-pressure peak
values.

The enhancement and reduction of ventilation flow rates depend on the fire-induced pressure, as
well as the initial pressure difference in the ducts caused by resistance: flow rates vary more
(respectively, less), depending on the pressure variation, as the flow resistance is lower
(respectively, higher). The ratio between admission and extraction resistances leads to
differences in flow variations in the admission and extraction ducts.

Finally, while the mechanical effect from the ventilation conditions has been illustrated to be
important for the pressure evolutions, it hardly affects the temperature evolution (albeit that a
cooling effect has been observed for the highest mechanical flow rate): the temperature evolution
is essentially determined by the fire heat release rate and heat losses from the compartment.
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6. Appendix: Analogy with electrical network

An analogy with electrical networks can be introduced in order to provide an explanation for the
experimental observations. In this analogy:

- Voltage difference (AV) corresponds to pressure difference (Ap);
- Electrical charge (q) corresponds to mass (m);

- Electrical current (I) corresponds to mass flow rate (m);

- Electrical resistance (R,;) corresponds to flow resistance (Ry, );
- Electrical capacity (C) corresponds to mass capacity (C,,4ss)-
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Fig. 22. Electrical network in analogy with the experiments. Left: general electrical network;
middle: stable conditions prior to the fire, neglecting the leakage; right: situation if the
compartment is disconnected from the mechanical ventilation network.

Fromthe electrical analogue, namely that Aq = CAV, and the ideal gas law, it can be derived that
the ‘mass capacity’ (from arise Am in mass due to a pressure rise Ap) reads:

|4
Coass = ﬁ#(19)

R can be given the value of air (R = 287]/(kg - K)), so Eq. (19) reveals that the mass capacity
is proportional to the compartment volume V, and inversely proportional to the characteristic
temperature, T, inside the compartment.

The next step is to define the flow resistance such that, as in electrical networks, the product
Reow C has the unit of time (s). Knowing that the mass flow rate (m) is the analogue of the

mass
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electrical current I and that Ap is the analogue of electrical AV, the equivalent flow resistance
reads (cfi. Ohm’s law):

Apresis 7"/ v T'/ - q
R = = = #(20
flow m 24 2 (20)
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