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AN EXPERIMENTAL STUDY OF TOP VENTED COMPARTMENT FIRES

by

King-Mon Tu
Center for Fire Research
National Institute of Standards and Technology
Gaithersburg, Maryland 20899

Abstract

In a top vented compartment fire, both density difference and pressure
difference across the horizontal ceiling vent control the vent flow. This
research work pursued experimental studies and investigations of exchange
flows through a horizontal ceiling vent as related to solely top vented
compartment fire situations. A cubic box with inside dimensions of 0.43 x
0.43 x 0.43 m high (17 x 17 x 17 in) and walls of 0.025 m (1 in) thick Kaowool
was employed for the compartment fire tests. For compartment fires of various
horizontal ceiling vent sizes: (1) the fuel mass burning rates were measured,
and (2) the air and combustion-flue-gas exchange flow rates were estimated
based on [i] available theories and [ii] gas concentrations in the fire
compartment. :

Keywords: Ceiling Vents; Compartment Fires; Density differential; Fire Models; .
Flow Rate; Pressure Differential; Vents



1. Introduction

This report coritains the results of an experimental study of top vented
compartment fires, i.e. fires burning in enclosed spaces with the ventilation
solely from above. Such fires present an interesting challenge to fire
modelers. The mass flow through the vent and the mass burning rate are
dependent on the size of the vent in relation to the size of the compartment.
Scenerio examples are: (1) fires in ships with deck hatches, (2) fires in
buildings with stairways, opened ceiling vents or burned out skylights, and
(3) fires in underground tunnels with vertical ventilation outlets, etc.
Physically, in the top vented compartment fire, both the outgoing combustion
gases and the incoming fresh air are flowing interactively through the
horizontal ceiling vent. These exchange vent flows result from the density
difference Ap and pressure difference Ap across the horizontal ceiling vent.
Experimental data on exchange vent flows across the horizontal ceiling vent
are crucial in the mathematical modeling of top vented compartment fires.

There has been very limited theoretical/experimental work done on exchange
vent flows through horizontal ceiling vents. As reviewed by Cooper [1l], the
standard vent flow model (Appendix B), which assumes unidirectional flow and
the applicability of Bernoulli'’s equation across the horizontal vent, can
calculate the flow rate through a top vented compartment fire. However,
Cooper [l] also pointed out that this standard vent flow model will break down
and a bidirectional exchange vent flow will exist in the situation where
cross-vent density differences are unstable (e.g., a low density hot gas below
a high density cool gas) and where cross-vent pressure differences are
relatively small.

Experimental work, using water and brine as the working fluids, has been
pursued to simulate the exchange vent flows of the top vented compartment
fires. Epstein [2] considered the effect of varying the L/D ratio (where L is
the length of the vent and D is the diameter of the vent) for the special case
of zero pressure difference across the horizontal vent. Based on the
experimental data, he derived a dimensionless exchange volume flow rate
equation in terms of the Froude number.

In the present study, a cubic box with 0.025 m (1 in) thick Kaowool walls was
constructed for the top vented compartment fire experiments. The inside
dimensions were 0.43 x 0.43 x 0.43 m high (17 x 17 x 17 in). This reduced
scale fire compartment was tested with a variety of horizontal ceiling vent
sizes. These tests led to fire phenomena which spanned the range from (i)
choked and then extinguished fires, to (ii) weak or strong pulsating fires,
and, finally, to (iii) steady burning fires. The pulsating (oscillating) pool
fire can be described by outlining its sequence of events that occurs during a
typical cycle: vaporized liquid fuel and air burn in the fire compartment,
combustion products flow out from the fire compartment through the horizontal
ceiling vent; oxygen level decreases, the fire dies down and results in some
blue flame floating around inside the fire compartment; external fresh air is
drawn into the fire compartment, mixed with the vaporized liquid fuel and the
fire grows up; the cycle repeats itself and the compartment fire can be
sustained indefinitely.



The major objectives of this study were: (1) to measure the fuel mass burning
rate versus horizontal ceiling vent size and (2) to compare the experimentally
determined mass flow rates through the horizontal ceiling vent with those
calculated from the existing theories.

2. The Flow of Gases Through Horizontal Ceiling Vents

The estimations of air and flue gases exchange flow rates through horizontal
ceiling vents from available theories and past salt water experiments were
studied. Environments considered here were fire inside a top vented compart-
ment with ambient spaces outside and above the compartment ceiling. Cross
vent density and pressure differences resulted in the exchange of gases flows
through the horizontal ceiling vent.

Appendix A demonstrates the general approach of the standard vent flow model
to compute the gas flow through the horizontal ceiling vent. The model
employs Bernoulli’s equation with a flow contraction coefficient. The basic
solution obtained was that the flow direction was solely determined by the
pressure difference across the vent and was always unidirectional.

Epstein [2], by correlating test data of salt-water/fresh-water exchange flow
experiments under zero cross vent pressure difference conditions, proposed
four empirical expressions for the exchange flow through horizontal cir-
cular/rectangular vents for four different exchange flow regimes: (1) an
oscillatory exchange flow regime, (2) a countercurrent Bernoulli flow regime,
(3) a regime of combined turbulent binary diffusion and Bernoulli flow, and
(4) a regime of pure turbulent binary diffusion.

Cooper [1] who recognized the anomaly of the standard vent flow model which
used only the cross vent pressure difference to predict stable unidirectional
flow according to Bernoulli’s equation, extended Epstein’s work and developed
a uniformly valid general flow model. Appendix B shows Cooper’s [l] calcula-
tion equation for the flow through a horizontal ceiling/floor vent under the
condition that differential pressure across the horizontal vent is zero.

Vgx = 0.055 (D3gap/p)t/? (m®/s) (1

Equation (1) can be used to calculate the volume exchange flow rate in terms
of vent diameter and gas density data.

In order to have a comparison, an alternative approach is employed. The NBS
Special Publication 722 [5], entitled "A User'’'s Guide for RAPID, Reduction
Algorithms for the Presentation of Incremental Fire Data", provides a
subroutine to calculate the total rate of heat release for a -~ stem based on
the oxygen depletion and mass flow rate of exhaust gases through an exhaust
duct or other exhaust collection device. The rate of heat release equation is



Q" =8 * (M(0,) / M(AIR) ) * m' * X (2)
where,
Q' = rate of heat release, kW
S = specific energy (=12851 kJ/kg for Ethyl Alcohol)
M(0,) = molecular weight of oxygen (=32.)
M(AIR) = molecular weight of air (=28.97)

m' = mass flow rate of gases through collection duct, kg/s
X 1/([(1-X0,-XC0, )/ (X0, (0)*(1-XCO,)-X0,*(1-XCO, (0)))] + (b-1))

X0, (0) = baseline oxygen concentration, as a fraction

X0, = oxygen concentration, as a fraction

XCO, (0)= baseline carbon dioxide concentration, as a fraction
XCo, = carbon dioxide concentration, as a fraction

b = stoichiometric factor, dimensionless (b = 1.667)

This equation (2) calculates m' if all the other physical terms can be
determined from experimental results.

The calculated mass exchange flow rates of pgy¢Vgy from Equation (1) and m’
from Equation (2) are listed in Table 1 for various top vented compartment
fire experiments.

3. Experimental Facilities for the Top Vented Compartment Fires

A reduced scale fire test compartment with inside dimensions of 0.43 x 0.43 x
0.43 m high (17 x 17 x 17 in) was constructed of 0.025 m (1 in) thick Kaowool
board. This fire test compartment was rigidly fastened on top of a metal
frame to provide safe and stable mounting. Figure 1 shows the pictorial
layout of the top vented compartment fire test apparatus. At the center of
the front Kaowool panel, a 0.216 x 0.216 m (8 1/2 x 8 1/2 in) square furnace
glass (not shown in Figure 1) was installed for viewing the compartment fire.
The bottom Kaowool panel had a 0.108 m (4 1/4 in) diameter opening at its
center where the liquid fuel pan (a copper reducing coupling with inside
diameter of 0.106 m (4 3/16 in)) was situated with its periphery protruding
about 0.003 m (1/8 in) above the Kaowool floor. The liquid fuel pan was part
of the fuel level control system (a copper piping assembly) which was designed
to maintain a constant liquid fuel level during the compartment fire tests.
There was a fuel supply container which was steadily feeding fuel into the
liquid fuel level control system during the compartment fire tests. Since the
fuel volume (or mass) was maintained constant inside the fuel level control
system during the compartment fire tests, any fuel that was not consumed came
out of the overflow and drained into the liquid fuel return collecting
container. By employing a sensitive load cell to record the combined total
weight of, (1) the fuel supply container and the supply fuel, (2) the fuel
return collecting container and the return fuel, and (3) their supporting
metal frame, the resulting weight change versus time was determined. This was
differentiated to determine the mass burning rate of the fuel of the compart-
ment fire. Figure 2 shows the setup of the liquid fuel level control system.
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