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ABSTRACT

A model was developed previously for calculating combined buoyancy-
and pressure-driven (i.e. forced) flow through a shallow, circular,
horizontal vent where the vent-connected spaces are filled with fluids of
different density in an unstable configuration (density of the top fluid is
larger than that of the bottom). In this paper the model is summarized
and then applied to the problem of steady burning in a ceiling-vented
enclosure where normal atmospheric conditions characterize the upper-
space environment. Such fire scenarios are seen to involve a zero to
relatively moderate cross-vent pressure difference and bidirectional
exchange flow between the enclosure and the upper space. A solution to
the problem leads 1o a general result that relates the rate of energy
release of the fire to the area of the vent and the temperature and oxygen
concentration of the upper portion of the enclosure environment. This
result is seen to be consistent with previously published data from

experiments involving ceiling-vented fire scenarios. Published by
Elsevier Science Ltd. J

NOTATION
Ay Vent area
Co, Eqn (15)
CLow. 0, CLow. CO, Molal fractions of O,, CO, in lower part of
enclosure
D Diameter of vent or burner
g Acceleration of gravity
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Characteristic elevation interval of the flow
problem

Depth of vent

9.400 in eqn (11), or mass of fuel

Pressure; far-field p on high-, low-pressure side
of vent, near the vent elevation

(Prucu + Prow)/2

Burning rate; measured in Jansson et al;"
maximum of O

Dimensionless, eqn (16)

Gas constant

Absolute temperature; far field T in top, bottom
space, near the vent elevation; 7 of ambient;
T/Tams

Average of upper-enclosure 7 measured in
Jansson et al."

(Tror + TBOT)/Z

Maximum exchange flow rate, at Ap =0, i.e.
maximum possible V, ow

Viian at onset of flooding

Volumetric flow rates from high- to low-
pressure and from low- to high-pressure side of
vent

Volumetric flow rates from top to bottom side
and from bottom to top-side of vent

VHIGH - VI.OW

Pinait — Prows Ap at onset of flooding

Proe ~ PsoT

Ap/Apgoon

Dimensionless Ap, eqn (9)

Eqgn (11)

Density; far-field p in top, bottom space, near
the vent elevation

Eqns (10) and (11)

Mass concentration of O, in: the upper part of
enclosure; the ambient; and the lower part of
enclosure

Y ow at extinction
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1 INTRODUCTION

Consider the flow through a horizontal vent (i.e. a vent or hole in a
horizontal partition) where the fluids which fill the vent-connected spaces
near the elevation of the vent are of different density and in an unstable
configuration, a relatively dense fluid in the upper space, prop, Overlaying
a relatively less dense fluid in the lower space, pgor:

Ap = propr ~ peor >0 (1)

Consider the cross-vent pressure difference, as would be measured near
the elevation of the vent, but removed laterally from the effects of
possible through-vent flows. If the pressure above the vent in the upper
space 1s significantly greater that the pressure below the vent in the lower
space, then there will be a downward, unidirectional, orifice-type flow of
the relatively dense fluid through the vent, from the top space to the
bottom space. Similarly, if the pressure below is significantly greater than
above, then the flow will again be unidirectional, with the relatively less
dense fluid flowing upward from the bottom to the top space.

If the pressure drop across the vent 1s exactly zero then in theory the
configuration of more dense over less dense fluid can exist in an
equilibrium state, i.e. with'no flow at all. However, the latter equilibrium
state is unstable in the sense that any small perturbations of the horizontal
interface that separates the fluids will grow in amplitude, become larger,
and eventually lead to an exchange flow across the vent, with the
relatively dense fluid dropping down through part of the vent area and the
relatively less dense fluid rising upwards through the rest of the vent area.
The zero-pressure drop case is illustrated by a simple experiment
involving the emptying from the bottom of a liquid-filled can with a single
vent opening or of a liquid-filled bottle. In both cases a thin sheet of
plastic across the opening can maintain the system in a zero-flow
equilibrium state (i.e. there is zero pressure drop across the interface).
However, the hydrostatic system is unstable, and removal ‘of the plastic
sheet leads immediately to emptying of the vessel by means of simul-
taneous, cross-vent exchanges of liquid from above and air from below.

As the cross-vent pressure difference goes from zero to significant
values, the rates of flow from the high- and low-pressure sides of the vent
increase and decrease, respectively, until the precise point where unidirec-
tional flow is initiated. The latter condition will be referred to below as the
flooding flow condition.

The interested reader is referred to the work of Cooper' for a more
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Fig. 1. The basic horizontal vent configuration.

detailed discussion of the above phenomena, including references to the
relevant literature. »

The focus of this work is on problems where the fluids in the upper and
lower spaces can both be accurately described as the same perfect gas in
the sense that use of identical gas-property models in the two spaces
would lead everywhere to accurate estimates of thermodynamic and
transport properties. Relative to the technology of fire safety, a prototype
example of such problems involves flows through a vent where uncon-
taminated ambient-temperature air in an upper space overlays elevated-
temperature combustion product-contaminated or ‘smokey’ air in a lower
space.

Assume that in each space, laterally removed from the vent, the
environment is relatively quiescent with pressure well-approximated by
the hydrostatic pressure field. As in Fig. 1, designate the spaces connected
by the vent as top and bottom. Subscripts TOP and BOT, respectively,
refer to conditions in these spaces near the vent elevation, but removed
laterally from the vent. Similarly, subscripts HIGH and LOW refer to the
conditions on the high- and low-pressure sides of the vent, respectively.

Vior and Vyor are the volume flow rates through the vent from the top
to the bottom side of the vent and from the bottom to the top side of the
vent, respectively. Similarly, Vingu and Viow are the volume flow rates
from the high- to the low-pressure side and from the low- to the
high-pressure side of the vent. Flow through the vent is determined by:
the design of the vent, its shape and its depth, L; prop and pgor; and the
pressures, prop and pgor-

The cross-vent pressure difference is

Ap =puicn — Prow =0, Ppuicy = max(pTOP’ Peot); @)

PrLow = min(PTop, [)BOT)
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Ap and the characteristic elevation interval of the flow problem, H (e.g.
the combined height of the two spaces joined by the vent of interest), are
assumed to be so small that

Apg |H| [p « 1, Aplp<«<1, p={(pmcntProw)/2 (3)

where g is the acceleration of gravity. Then, for the purpose of
establishing the interdependence throughout the flow region of density, p,
and temperature, 7, the equation of state for the gas can be well
approximated by

pT = constant = Pror Tror = peor Isor = P/R (4)

where R 1s the gas constant and temperatures 770p and Tor correspond to
specified prop and pgor in eqn (4).

For any unstable arrangement of densities across a vent there will
always be a value Ap = Apr 00op, denoted as the critical or ﬂooding value
of Ap, which separates a unidirectional or ‘ﬂoodlng flow regime (Ap =
Apnooo) where Vi ow =0, from a ‘mixed’ flow regime 0=Ap< Apnoon)
where Viow>0. Associated with any particular Aprioop Vvalue is a
corresponding volumetric flooding flow rate, Viioop = Vingu(Ap =
Aperoop). When Ap =0, Viyon = Viow and the HIGH/LOW designations
are arbltrary

Vuer is the net volume flow rate from the high to the low- pressure side
of the vent:

Vier = Vinon — Viow=0 (5)

This is the forced or pressure-driven part of the vent flow. At the two
extremes of the mixed flow reglme VNET— VeLoop at Ap = Aproop and
Vaer=0 at Ap = 0. Similarly, Viow is the buoyancy-driven part of the
flow, and a nonzero value for this corresponds to nonzero ‘exchange flow’.
Viow=0 when Ap =Appoop and Viow reaches its maximum value,
Vex. max, as Ap and the forced part of the flow go to zero.

2 THI::‘. ALGORITHM VENTCL2 FOR DETERMINING V,6y
AND V,ow THROUGH A SHALLOW CIRCULAR VENT FOR
ARBITRARY VALUES OF Pror, POT AND pTOP>pBOT

For arbitrary specified values of prop, Pror and prop > psor, a mathemati-
cal model and concise algorithm, VENTCL2, to calculate V,;,g, and Vi ow
was developed and presented by Cooper.' Use of the model and algorithm
is limited to the prediction of turbulent, large Grashof number flows'



28 L. Y. Cooper

Fig. 2. Configuration of a ceiling vented room with a fire.

through a shallow (L/D <1), circular vents. VENTCL?2 is an advanced
version of the algorithm VENTCL.??

3 APPLICATIONS OF VENTCL2: STEADY BURNING IN A
CEILING-VENTED ROOM

3.1 The problem

Consider a room with a fire, fully enclosed except for a shallow circular
ceiling vent. Refer to Fig. 2. The air above the vent has ambient density,
absolute temperature and oxygen (O,) mass concentrations of paue, Tams
and Yaus, respectively. Assume steady conditions where the room
environment immediately below the vent has density, temperature and O,
mass concentrations of p, T > Toup and ¢ < amp, respectively. ¢, ow, the
O, mass concentration in the lower part of the room at the elevation of
the fire, must exceed the minimum extinction value, e, associated with
the particular fuel. For example, for the combustion of CH, diffusion
flames from round burners with diameters D in the range 0.089 m=D =
0.50m, exr wWas measured in previous works*® as ranging from 0.140
(D =0.50m) to 0.161 (D = 0.089 m).

The conjectured steady-state condition must involve an exchange flow
through the vent, with relatively-dense, ambient-temperature, O,-rich air
flowing down through the vent from above, and relatively-less-dense,
elevated-temperature, product-of-combustion laden, O,-lean ‘air’ flowing
up through the vent from below. As the cool ambient air enters the room,
it drops downward through the relatively-less-dense room environment as
a negatively buoyant plume. As the plume descends, it entrains the
elevated temperature, O,-lean, room gases, and, as a result, continuously
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increases in mass flow rate and temperature and deceases in O, con-
centration. The plume gases, including the convected O,, are deposited in
the lower part of the room. Compared to the environment in the upper
part of the room, the continuously deposited plume flow maintains the
environment of the lower part of the room in a relatively cool and
relatively-O,-rich state (i.e. ¥ ow > ). It is the latter environment that
engulfs the fire and supplies it with the O, required to maintain its
combustion processes.

In the next two sections, the VENTCL2 algorithm will be used to
estimate the exchange flow through the vent and the burning rate that can
be supported by the net rate of oxygen inflow for specified values of p, T
and .

3.2 The relationship between ép and T

Assume that: the mass flow-rate of fuel introduced by the fire is negligible
compared to the mass flow-rates associated with the exchange flow; the
environment both inside and outside the room has the thermodynamic
properties of air, well approximated by a perfect-gas model; and there is
no mixing in the vent, i.e. all inflow is at the ambient condition and all
outflow is from the bulk upper room environment. (Note that while the
latter assumption on mixing in the vent is reasonable, it is worthy of
further study. Such study is beyond the scope of the present work.)

Using the approximation of eqn (3), it follows from eqn (4) that

T[Tams = pAMB/p = pTOP/pBOT >1 (6)

From eqgns (1) and (6) it is evident that the present problem involves an
unstable configuration. Therefore the VENTCL2 flow algorithm is
applicable.

Conservation of mass across the vent requires

p VBOT = PamB VTOP (7)

Using eqn (6), it follows from eqn (7) that Veor > Veop > 0. Therefore the
high- and low-pressure sides of the vent are at the boftom and top,
respectively, and the problem involves the mixed-flow regime.

Viuon = Veor, Viow = Vior, Puign = Py PLow = PamB (8)
Following VENTCL?2,' define
€' ==Ap/p==28p/(p + pams) = —2(T* = 1)/(T* +1) <0,
T*=T[Tams=(2-€")/(2+€'), 6p*=Ap/Aproop, 9)
Aprroop = 0.2427(4gApD)(1 + €'/2) exp (1.1072¢")
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Then VENTCL2 is found to require the following dependence of 8p* on

’.

€ .

d(8p*) = A(€') (10)

where
A(e") = —2(0.282)¢" exp (—0.5536¢")/(2 + €'),

G (6p*) = {M~—[1+ (M? - 1)(1 - 6p*)]'"*}
I{(M = 1)[0.6465(1 — 8p*)2 — 1.6465(1 — 8p*)]3, M =9.400 (11)

Using the numerical root-finder RTSAFE,® the solution of eqn (10) for
dp* as a function of €' or T/T,up was found for a wide range of €' <0

(T > Tamg)- This is plotted in Fig. 3.

3.3 The energy release rate of the fire as a function of 7 and its
maximum possible value

The energy- -release rate Q of the fire is related to the fraction of O, inflow
which is consumed by the combustion.
Equations (7) and (8) and the following results from Epstein’

Vix max = 0.055(4/ ) Au(gD |€'])? (12)
g
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Fig. 3. Plots of Ap/Ap¢ ey and O = (1 - l/l/{lJAMB)pAMndIAMnCO)A:,’ *g'?| as functions
of T{Tamy for the configuration of Fig. 2.
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lead to
net rate of O, consumption

= lpAMBpAMBVLOW - ll/plll(ili VHIGH

= O-OSSDsagm IE'IIIZ l1’AMBPAMB(1 - tp/'l’AMB)‘./l.()w/ VF_x, MAX (13)
where VI_OW/VEX_ max as a function of 8p* can be obtained from’
VLOW/VEX' max = [0.6465(1 — 6p*)* — 1.6465(1 — 8p*)]? (14)

From Huggett:®"
Co,= Q/(net rate of O, consumed) = 13.2 X 10°kW/(kg./s)  (15)
Using eqn (13) in eqn (15) and defining a dimensionless Q,

Q* = Q/[(l - ll’/‘l’AMB)PAMB‘l’AMBCo:AS“vgm] (16)
leads to

Q* =0.074 |€'|”2 V!.ow/Vex. MAX (17)

The previously determined dp* vs €' solutions were used in eqns (11),
(14) and (17) to obtain O* vs T/Tamy and this is plotted in Fig. 3. From
this it is seen that Q% is predicted to rise rapidly from 0, at 7/ Tz =1, o
a maximum value, Ofax = 0.037, at T/Tamp = 1.65, and to monotonically
decrease with further increases of T/T u;. Associated with OFax. let
Ouayx be the maximum possible O for a given . Taking 7Tyawuy = 300 K,
pamp = 1.2kg/m*, Yamp = (0.23 kg O.)/kg, and g = 9.8 m/s", eqns (15) and
(16) lead to

Owmax = 0.41(10){1 - ¢/[0.23(kg Os)/kg]HAv/m*)™ kW (18)

From eqn (18) is is clear that the scenario leading to the largest value of
QOwmax is one where the concentration of O, in the upper part of the room
is close to zero, i.e. ¢ is negligible. (This would likely occur when
l,bl_owz Yixr.) Setting ¢ = 0 in eqn (18) leads to the upper bound estimate
for Quax:

Omax < 0.41(10°)(Av/m*)™ kW = 0.41 X 10° kW, 1.3kW and 0.23 kW
for Ay =1.0m", LOX 10 “m® and 25.0 X 10 *m’, respectively  (19)

The reader is referred to the work of Epstein® who uses alternative means
to develop an upper-bound estimate for Quax. In this regard, Equation
(13) from this past work” is cquivalent to eqn (19), with 0.41 being
replaced by ().6.

The results of Fig. 3 are now related o data acquired in “full-scale’
experiments reported clsewhere.'"™" In this it is assumed that the present
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circular-vent results can be used to provide estimates for the square- and
rectangular-vented enclosures used in the experiments.

3.4 Experimental validation of the Fig. 3 solution

3.4.1 Fire in ceiling-vented ship quarters.

The work of Steward et al.’® reports on a fire in a mock-up fully-furnished
three-person ship accommodation quarter (3.84 X2.82X2.38m high),
fully enclosed except for a single square vent, Ay = 1m?, in a corner of the
ceiling, away from the furnishings. The fire involved an initial interval of
intense burning which rapidly decayed to smoldering (10 min), an interval
of smoldering (20 min), and a final interval of intense burning (30 min).
The final interval involved a 19-20 min sub-interval in which the heat
release rate was relatively constant at Q =(0.25+0.05)10°kW. It is
reasonable to expect that the latter sub-interval was a time of steady state
during which the present example analysis of ventilation conditions is
relevant. Indeed, the measured burn rate does satisfy the criterion of eqn
(18), i.e. @ =(0.25 £ 0.05) X 10° kW < Opax <0.41 X 10° kW. Also, Fig. 3,
eqn (18) and the measured value of Q lead to the estimate ¢ <0.09(1 +
0.3) (kg O,)/kg. There is no reported measured value of i to validate the
latter estimate. However, the result is plausible since (assuming frpyxr=
Yext for CH,), as required, the latter estimated value for ¢ is less than the
expected value of ¢ ow, which would have been in the range ¢ams =
0.23 (kg O,)/kg < $rLow < Pexr = 0.15 (kg O,)/kg.

3.4.2 Wood fires in a ceiling-vented 218 m> cubic enclosure.
Jansson er al.'! reported on five experiments involving wood fires located
at the center of the floor of a cubic room (6X 6 X 6m), fully enclosed
except for a single, centrally located, ceiling vent. Three vents were used:
Av=4m’ (2X2m), 2m* (1 X2m) and 1m? (1 X1m). The burn times
were 30 min. Measured and reported variables included: dM/dt, where M
is the mass of the fuel; Typ ave, the average of the upper-enclosure
temperatures; and ¢y ow, 0,, CLow, co, the molal fractions of O, and CO,,
respectively, in the lower part of the enclosure, 1 m from the floor and 1 m
from the combustion zone. The data were studied to identify intervals that
could be reasonably construed to represent quasi-steady-state conditions
for which the present example calculation would be relevant. The selected
criterion for this was that all measured variables reported in the study"
were relatively constant over an interval of at least 5 min.

The ‘best’ steady-state interval was found and analyzed for experiments
2—-4. No steady-state intervals were identified in experiments 1 and 5.

For the experiments, the heat of combustion of the wood fuel was
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TABLE 1
Data on Ceiling-Vented Wood Fire Scenarios'' and Application of Fig. 3 and eqns (15)
and (16)

Experiment number, Ay {m®]  Typ, ave[K] Omeas kw] v [(kg Ox)/kg] ¥Low [(kg O2)/kg)
interval, initial mass measured measured calculated measured
2,15-20 min, 100 kg 2 440 + 6 410 x40 0.13 0.15
3,15-20 min, 100 kg 1 3861 170+ 7 0.12 0.15

4,5-10min, 25kg 4 3735 370+ 60 0.19 0.21

taken to be'? 13kJ/g. Then, for the intervals of steady-state burning, the
results from Fig. 3 and eqns (15) and (16) were used to estimate ¢ from
Owmeas (i.e. values of Q determined from the measured values of dM/dr)
and from T (estimated to be identical to Typ, ave)-

The results of the analyses are summarized in Table 1. In the table,
YLow Was estimated from ¢, ow, o, according to Y ow = 0.23 (crow, 0,/0.21).
Assuming again that Yexr = exr for CH,, note that the low ¢, ow values
of experiments 2 and 3, approximately 0.15, indicate that the fire in both
cases was close to extinction. The measured values of ¢; ow, o, in these two
cases were 0.137+£0.004 and 0.141 +£0.002 for experiments 2 and 3,
respectively; these are the lowest O, concentrations measured throughout
Jansson er al.’s'! test series.

As in their analysis,' there are no reported measured values of ¢ to
directly confirm the calculated results of Table 1. However, once again the
calculated results are plausible, since, as required, they are always less
than ¢, ow.

4 SUMMARY AND CONCLUSIONS

A previously developed model' for calculating combined buoyancy- and
pressure-driven flow through a shallow, circular, horizontal vent was used
to solve the problem of steady burning in a ceiling-vented énclosure. The
phenomenon involves an exchange flow at the vent driven by the unstable
configuration of relatively cool and dense gas above the vent (the outside
air) over elevated-temperature low-density gas below the vent (the
heated, product-of-combustion- contaminated air in the enclosure). A
solution to the problem, presented in Fig. 3, provides the functional
dependence between the energy release rate of the burning fuel, the mass
concentration of oxygen in the enclosure, the diameter of the vent and the
ratio of inside-to-outside temperature. This indicates that, in general, for
specified values of oxygen mass concentration and vent diameter, the
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energy release rate from combustion in the enclosure is a maximum for
T/Tams = 1.65. Also presented in Fig. 3 is the solution for cross-vent
pressure difference as a function of inside-to-outside temperature ratio.
The Fig. 3 solution was found to be consistent with previously published
data involving full-scale ceiling-vented fire scenarios.
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