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ABSTRACT

This research deals with the combined effects of fire and mechanical ventilation on the bidirectional flow
occurring at a doorway for a fire scenario with a three compartment assembly. Based on large-scale fire
tests, an experimental campaign has been carried out in order to investigate the effect of the ventilation rate
and the fire heat release rate on doorway flow. The analysis focused on the velocity profiles at the doorway,
the location of the neutral plane and the amplitude of the velocities entering and leaving the fire
compartment. The conclusions point out the significant effects of the ventilation on the features of the
doorway flow. The mechanical ventilation modified the relative contribution of inflows and outflows and
might stop the release of smoke. Moreover, the position of the doorway in relation to the fire location and
the direction of the ventilation flow have to be considered. A correlative approach has been proposed to
support the analysis.
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NOMENCLATURE LISTING

A doorway cross section (m?) z  vertical position (m)
Cq discharge coefficient (-) Greek

Cp heat capacity (J/°C-kQ) p  gas density (kg/m?)

g gravity (m/s°) superscripts and subscripts
h height (m) n  heutral plane

H  height of the doorway (m) s  Static pressure

m  mass flow rate (kg/s) o  without ventilation

P pressure (Pa) «  dimensionless variable
q. Vventilation flow rate (m*/h) n  doorway height

Q  fire heat release rate (W) i inflow

T  temperature (°C) o outflow

U  velocity (m/s) - ambient conditions

INTRODUCTION

For fire safety assessment in nuclear installations, smoke movement is a key phenomenon. Fire smoke may
impair major safety equipment as it is a propagation vector of heat and soot. Typical unintended events are
the clogging of high efficiency filters (HEPA) located in the ventilation network or the failure of electrical
or electronic devices. In addition, fire scenarios in nuclear installations involve mostly ventilated
compartments. So, smoke movement may have a feedback effect on the combustion regime; either by the
process of smoke filling in the compartment, or by modifying the ‘fresh’ air entrained into the fire room.

One aspect of smoke movement that is frequently investigated by the scientific community is the doorway
flow (vertical vent flow). Because this is a region of transfer between rooms, an appropriate description of
such flow is needed in order to accurately assess the amount of smoke released toward the installation and
the amount of “fresh’ air brought to the fire and governing the regime of combustion. For open atmosphere
scenario, the physical mechanism governing the flow is the buoyancy due to temperature difference
between the two sides of the doorway. For mechanically ventilated compartments, the driving force
associated with the ventilation (i.e., the difference of static pressure between rooms) is added to buoyancy.

In open atmosphere (without the effect of mechanical ventilation), scientific contributions on doorway
flows have been numerous. A theoretical basis for the flow description has been proposed since the
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seventies [1-5]. Supported by experiments, correlations have been proposed to estimate the mass flow rate
through the opening [6-8]. Research is still underway focusing on the generalization of correlations [9,10],
comparisons with numerical codes [11,12] and experimental investigation using more detailed
measurement techniques such as PIV (particle image velocimetry) [13].

The coupling between natural and forced ventilation has been much less investigated. The main
applications for which research has been conducted are the use of positive pressure ventilation (PPV)
techniques for smoke control [1], the interest of forced ventilated fire scenarios [14,15] or the HVAC (heat
ventilation air conditioning) system in buildings [2].

This paper focuses on the coupled effects of fire and mechanical ventilation. Based on large-scale
experiments, it brings a new set of experimental data showing a comprehensive description of the flow. In
addition, the specific fire scenario considered (three successive rooms connected with doorways) allows an
investigation of the effect of the position of the fire room relative to the ventilation flow through the
doorways.

THEORETICAL BACKGROUND

The flow at a doorway results from the contributions of two terms, the hydrostatic pressure difference
resulting from buoyancy (difference of density Ap(z)), which varies with elevation (z), and the static
pressure induced by the ventilation network, which is constant over height:

AP(z2) = gAp(z)(z — 3 )+ AP, (e

Without additional static pressure, a bidirectional flow occurs at the doorway and the outflow and inflow
rates are balanced (Fig. 1). The height hy°, referred to as the neutral plane, is the location of the interface
between the two flows where the static pressure is equal to zero (only due to natural ventilation).

inflow

Adjacent room fire room\\‘\

—
Direction of ventilation

Fig. 1. Schematic representation of doorway flow and main parameters,

When, the effect of the forced ventilation is added, the effective neutral plane, hy, is the height where the
pressure difference is zero with both pressure contributions (natural and forced ventilation). It can be
expressed as:

AP, + gAp(h, —h2)=0 or by =ho" — £ L= pp”
Ap p
with ap” = 2B g JMv o gpg e Dy @)
p.9H H H
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The first term in Eg. 1 depends on the fire only and the second term on the coupling between fire and
mechanical ventilation. Based on Bernoulli’s relation, the local horizontal velocity is:

E(Z_h;h&APs*

S h T, ©)

U(z) = M and U;=M=\/Z

p(2) JoH

Expressions for the maximum and minimum velocities near the top and bottom of the doorway are given
as:

Lui =220 o)y Lo ap, and Ly A0 P e _pp (4
2 p P 2 P P.
The total mass flow rate is then formulated as:
. L. . P
m; =Cdj U'dz* and m, =C, |U *—dz* 5)
o oo,

The purpose of the present work is to investigate through experimentation how the presence of fire and
ventilation affects the variables: hy*, Ug*,Uy*, mi* and m,*.

FIRE EXPERIMENTS

Facility Description

The international PRISME project dealing with fire smoke propagation in nuclear installations provided an
opportunity to perform gas fire tests in the DIVA, a large scale facility of IRSN [14]. The scenario
presented in Fig. 2 involves a set of three compartments (named L, L,, L3) entirely closed and connected to
each other by two doorways (named D, and D,3). The three rooms are identical (4 m in height x 5 m x
6 m). The fire room L, and the adjacent room L are thermally insulated with rock-wool panels. The fire
source is a gas propane burner located in the center of the room.

D, Q D,,

Fig. 2. Configuration of the fire experiments.

Doorways are located at the center of each separating wall. The lintel is at 1.86 m and there is no sill. The
dimensions, identical for both doorways, are 2,140 mm in height and 810 mm in width.

The ventilation network comprises an admission duct on the ceiling of room L, and an exhaust duct on the
ceiling of room L3. The direction of the ventilation air flows goes from room L; to room L;. Considering the
flow direction, doorway D, is the upstream one and doorway D,s, the downstream one. This specific
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configuration makes it possible to investigate the flow through the doorway, depending on its position
(upstream or downstream) relative to the forced flow through the fire room.

The fire is produced by a gas burner characterized by the propane flow rate measured with a mass flow-
meter. The ventilation flow rate is measured with pitot probes in both ventilation ducts. The static pressure
between rooms is measured with membrane pressure transducers.

Experimental Determination of the Doorway Flow

Each doorway is equipped with seven bidirectional velocity probes and seven Type-K thermocouples
positioned at the centerline of the doorways. The bidirectional probes have been tested in a wind tunnel in
order to determine the probe coefficient. The positions of the probes are indicated in Fig. 3. The total mass
flow rate is obtained from the integration of the velocity profiles taking into account the change of
temperature.

m:cW[pm 2 u0+zp[“+1”ij(ziﬁ-zi)[ijmm—z6>u6] ©)

2 2

The sill and soffit terms account for more accuracy near the boundaries. W is the door width. The C
coefficient takes into account the fact that the velocity profiles are not flat over the whole doorway cross-
section while the probes are located in the centerline of the door. It has been determined experimentally at
ambient temperature for several air flow rates and in the two directions. The average measured coefficient
for both doorways is 0.87 + 0.08.

2.14m

{ 1.70m, 7

N

| 145

{] 1.00m

t[0.75m

—_

'] 0.39m:

+| 0.05m

Fig. 3. Dimensions and pictures of the doorways.

Fire Test Matrix

Seven fire tests are considered. The fire heat release rate (HRR) varies from 100 to 400 kW and the
ventilation flow rate varies from 500 to 3,100 m*/h (Fig. 4). The fire HRR is obtained from the propane
volumetric flow rate measurement multiplied by the gas density (ocsns=1.8 kg/m?) and the effective
combustion enthalpy for propane (AH.=46 MJ/kg). Dimensionless variables for both ventilation flow rate
and heat release rate are defined below:

d, =——— and QEL (7)
gHA 0. T.CoiJgHA

The ventilation rate g, used to characterize the test, is the steady state magnitude measured before ignition.
During the combustion phase, this rate can vary.
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Fig. 4. Test matrix graph.

Experimental Procedure

First the ventilation network is set-up in order to achieve the targeted ventilation flow rate. Then the gas
burner is turned on so that it generates a natural convection flow at the doorways. Figure 5 illustrates the
time variation of ventilation rates, the fire HRR and the pressure within the rooms. The fire HRR is
constant over the test duration. On the other hand, the ventilation flow rate, set to a constant value before
ignition, does vary during the combustion phase, due to the change of gas temperature within the rooms.

PI1—P1, ventilation and HRR PI1-P1, Pressure
4000 F : 1400 200F : : 33
E ext ] F ]
WW ]
3000 [ , i b““&ﬁ 300 100[
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Fig. 5. Time variation of the ventilation flow rates (admission and exhaust) and: (a) HRR; (b) pressure
within the rooms.

The flows at both doorways show the typical expected bidirectional flow behavior (Fig. 6). The test is
stopped (gas burner turned off) once the flow reaches a steady state regime in term of the velocity at the
doorways and the gas temperature at the doorways and within the rooms. This is achieved after about
15 min of combustion for all tests.
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Fig. 6. Time variation of: (a) gas temperatures; (b) gas velocities at the doorways D, and Ds.
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DATA ANALYSIS

Static Pressure between Rooms

The mechanical ventilation leads to successive pressure drops between rooms considered as nodes along
the ventilation network. Before ignition, the pressure cascade through the ventilation network shows a
typical decrease: the pressure difference is proportional to the ventilation flow rate. This behavior is
schematically illustrated in Fig. 7. The order of magnitude of the pressure difference is about 1 Pa. During
the combustion phase, the fire behaves as a pressure generator. Depending on the fire HRR, it may reverse
the static pressure difference with the upstream room L; and significantly increase the downstream flow
rate. This phenomenon is an important issue for the understanding of the smoke flow between
compartments. The fire has two effects in the smoke flow: firstly, it raises the gas temperature, which then
brings on buoyancy forces; secondly it induces static pressure variations because of the confinement of the
fire room. This second effect is closely linked to the tightness and dimension of the rooms compared to the
fire HRR. This is typical to scenarios encountered in the nuclear industry [16].
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Fig. 7. Pressure cascade before ignition and during the combustion phase.

Velocity Profiles

Through the seven experiments, the effect of the ventilation rate and the fire HRR on the velocity profiles is
analyzed during the steady state regime.

Fig. 8 shows the change of the velocity profiles due to the fire HRR for tests performed with ventilation
flow rate of 3,100 m*h. The rise of the fire HRR increases the value of the outflow of smoke at both
doorways and consequently lowers the location of the neutral plane. The effect of the fire HRR on the
inflow of ‘fresh’ air is less pronounced or even negligible. In addition, Fig. 8 points out the asymmetry
between the two doorway flows. At the upstream (relative to the fire room) doorway D;,, the flow shows a
typical profile with a flat shape for the inflow and a linear increase shape for the outflow. This is the typical
behavior expected for the natural ventilation case. At the downstream doorway D,s, the flow shows a
different shape with continuous increase of the velocity from bottom to top.
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Fig. 8. Effect of the fire HRR on the velocity profiles at doorways
for a given ventilation flow rate (3,100m%h).

Fig. 9 and Fig. 10 point out the effect of the ventilation flow rate on the doorway flow for two fire HRRs
(100 kW and 290 kW). The main effect of the forced ventilation is to shift the value of the inflow. At both
doorways and for both fire HRRs, this influence is significant. At the upstream doorway (D), the rise of
the ventilation flow rate increases the inflow velocity and consequently moves up the neutral plane.
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Inversely, at the downstream doorway (D»s), the flow rate increase contributes to reduce the inflow and
moves the neutral plane down. For instance, for the test (100 kW and 3,100 m*h), the inflow of ‘fresh’ air
from the downstream side completely disappears.
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Fig. 9. Effect of the ventilation flow rate on the velocity profiles at doorways
for a given fire HRR (290kW).
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Fig. 10. Effect of the ventilation flow rate on the velocity profiles at doorways
for a given fire HRR (100kW).

CORRELATIVE APPROACH

Methodology

A correlative approach is proposed to generalize the effect of forced ventilation and fire on the three
dimensionless variables: the neutral plane hy* and the top and bottom velocities Uy*, Ug*. According to the
theoretical approach (Eq. 2 and Eq. 4), the three variables can be expressed as a function of the four
parameters h\°*, Ap/p, pind p and APg* such as:
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*

b, =he" + 5L Lo pp’
Ap p
u, = ZA—p(l—h°'*)—§&AP | with =1 for doorway D;, and 5= -1 for D (8)
H P N P S 12 23

u;:\/z

The objective of this approach is to propose empirical correlations for the four parameters (h\>*, Ap/p,
ol o, APs*) such that the values of hy*, Uy* and Ug* determined by the relationships in Eq. 8, match the
corresponding measured values.

AP P ot 4 sap
P p.

The correlation for the parameter hy°* proposed below (Eq. 9) is such that it provides a good fit with the
data and with general formulations available in the literature for the simple case [17]. Since the elevation of
the neutral plane hy°* is only due to the natural ventilation induced by the fire, the proposed correlation
depends only on the fire HRR and does not depend on the ventilation rate or on the doorway relative
position (upstream and downstream):

hi” = D,f1+ DQ™) with Dy=0,65; D;= -0,5 and D,= 1 ©)

The correlations for the other three parameters Ap/p, pinlp and AP¢*, are expressed as a function of the
variables hy*, Uy* and Uy* on the basis of the previous system of equation (Eg. 8) such as:

* 2 * 2

Ap U . p. Ui hy . ~_ U,

*2 *

hg:
o2F H : Fo _ L : AP =20 |1 10
p  20-h) p U7 1-hy 2 ( hN} (10)

These parameters are computed from the measured values of hy*, Uy* and Uy* and the correlation (Eq. 9)
for the neutral plane hy>*. Their variations are presented in Fig. 11. The three parameters depend on the fire
HRR, the ventilation rate and the position of the doorway (upstream D, or downstream D,5).

Finally, three correlations are proposed for the parameters Ao/p, pp and APg*, as functions of the
ventilation rate g,* and the fire heat release Q*:

W =AM AQ AT Letimong®) 2-cotficd®) ap

The forms of these correlations satisfy the physical boundary conditions (for Q = 0 and q,=0; Ap/p=0;
pdp=1, AP*=Aqq,")). The empirical coefficients, given in Table 1, are determined by fitting the
correlations to the experimental data.

These correlations are then introduced in the three relationships given as Eg. 8 and predictive values for
hy*, Ug* and Ug* can be calculated. They must be compared to the experimental results to support the
analysis.

Table 1. Coefficients for the three correlations of Eq. 11.

APg* p-lp Aplp
AO Al A2 A3 A4 A5 Bo Bl 82 B3 Co C]_ C2 C3
Dp [15 [2 [-1 o2 Jo1 [1 |35 [04[-2 0509 [07 [1 |08
Dy |-15[2 [-1 009 o1 [1 |35 [o04[2 |05 ][05 [06 [22 [08
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Fig. 11. Variation of parameters Ap/p, pini/p, hn* and AP¢* versus fire HRR and ventilation rate.

Top and Bottom Velocities

The behavior of the maximum inflow and outflow velocities is presented in Fig. 12. The main effect of the
fire HRR concerns the velocity of the outflow (Uy*) (increase up to 0.6). Its influence on the inflow (Ugy*)
is of second order (increase of up to 0.25 only). The main effect of the forced ventilation flow rate concerns
the flow that has the same direction as the ventilation flow; i.e., the inflow (U,*) for doorway D;, and the
outflow (Uy*) for doorway Ds,.

The proposed correlations match satisfactorily the experimental data. This result was expected since the
coefficients of the correlations have been determined so that the correlations of the parameters Ap/p, pind o
and AP¢* fit the data. Nevertheless, the good agreement means that the formulas given in Eq. 8 represent a
good model of the physical phenomena. The advantage of these correlations is to predict behavior not
tested experimentally such as the configuration without forced ventilation (large solid lines in the figures).

The correlations also show the existence of a critical ratio of ventilation flow rate and fire heat release rate
for which the outflow velocity at the upstream doorway D;, or the inflow velocity at the downstream
doorway D,; are zero. This critical ratio can be used to determine the ventilation regime that avoids
releasing smoke in the upstream room. For instance, with a ventilation rate of 3,100 mh, a fire of HRR
lower than 0.03 (dimensionless value) will not release smoke in the upstream room.
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Fig. 12. Maximum velocities of the in and outflow for doorways
as a function of fire HRR and ventilation rate.

Neutral Plane

The effects of the fire HRR and the ventilation flow rates on the location of the neutral plane are presented
in Fig. 13. Firstly, the neutral plane in the upstream doorway (Di,) is always higher than that in the
downstream doorway (D»s). As observed previously on the velocity profiles, the mechanical ventilation
contributes to move up the neutral plane of the upstream doorway (D;,) and to move down the one of the
downstream doorway (D,3). This effect is more important for the downstream doorway Ds.

As for the velocities, the first term in the expression of the neutral plane (Eq. 2) containing, hy**,
represents the effect of the natural ventilation induced by the fire and is identical for the two doorways. It
corresponds to the solid line in Fig. 13. Its value is about 0.65 and decreases slightly with the fire HRR.
However, this level is large compared those calculated from formulations available in the literature [17]
(between 0.3 and 0.5). The second term of the correlation represents the coupling effect of fire and
ventilation and is different for the two doorways.
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Fig. 13. Neutral planes for doorways function of fire HRR and ventilation rate.

Mass Flow Rates

The mass flow rates of the inflow and outflow are presented in Fig. 14. The outflow is larger for doorway
D3 than for doorway D,,. The ventilation increases the outflow toward the downstream room Lz and limits
the one toward the upstream room L,. As expected, the opposite behavior is noticed for the inflow.

As for the mass flow rates, a correlative approach is proposed based on their relationship to the other
variables. The following expressions are used:
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m;:k;Z%u;(l-mn(l;h;))ﬁ and m =C,Umin(Lh;)  for doorway Dy,

Pe
m, = kfc_zfiu; (1— nrax(O; hy ))pﬁ and m =C\U; max(o; h;) for doorway D3 (12)

The doorway coefficient, Cg, is taken as 0.6 for both doorways. For the outflow, a coefficient k,, is needed
to correct the simplicity of this relation and to satisfy the mass conservation. For the present study the value
of the coefficient is 14 for both doorways. The value for this coefficient is large, a result which might be
linked to the simplicity of the model that will have to be improved in future work. For the inflow, the
simple relation matches satisfactorily with the experimental data. No correction is needed.

The mass flow rates are also compared to the usual literature relation [17] 0.5AH*® (dotted line in Fig. 14)
that corresponds to situations with flashover gas temperature in the fire room. As expected, the present

experiments give much lower values.
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Fig. 14. In and out flow rates for doorways as a function of fire HRR and ventilation rate.

CONCLUSIONS

This study, which is based on large-scale experiments, points out several issues regarding smoke flow at
doorways in the event of a fire scenario in confined and mechanically ventilated rooms.

The mechanical ventilation has a significant effect on doorway flows. It influences the inflow or outflow
and also modifies the position of the neutral plane. The most important parameter is the ventilation flow
rate. It contributes to a shift in the velocity profile and, therefore, modifies the in and out flows. A second
important parameter is the direction of the ventilation flow with respect to the relative position of the
doorway and the fire (doorway upstream or downstream). The flow in the doorway will display a different
behavior depending on whether it is located upstream or downstream of the fire. When the fire is positioned
upstream of the doorway, it behaves as a barrier reducing the effect of the ventilation.

A correlative approach is proposed for analyzing the results; it points out the coupled effect of ventilation
and fire. The correlations give correct trends regarding the effect of ventilation and fire on the neutral plane
and inflow and outflow velocities. These correlations allow for calculations of situations not tested
experimentally. For instance, they can identify critical conditions for which the forced ventilation can stop
the spread of smoke in the upstream room.

The present study presents experimental results analyzed with a correlative approach that can be used as a
data base for the validation of code simulations.
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