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Abstract ; After comparing the mechanism of tilted plume under stack effect with that of spill plume, the tilted plume

model induced by stack effect in a vertical shaft is developed simply based on the theoretical results and a series of full—

scale tests. It is shown that the two sides of plume are symmetrical and have an accordant regulation that the plume radi—

us has a linear relation to the height z. The profile of fire plume under stack effect is similar to the windblown flame in

wind tunnel, and the range of flame deflection angle is about from 50 to 60 degree.

Key words:stack effect;tilted plume profile ; plume radius ;flame deflection angle ; air-entrainment

1 Introduction

When a mass of hot gases is surrounded by colder
gases, the hotter and less dense mass will rise upward
due to the density difference, or rather, due to buoyan—
cy. This is what happens above a burning fuel source,
and the buoyant flow, including any flames, is referred
to as a fire plume. As the hot gases rise, cold air will
be entrained into the plume, causing a layer of hot ga—
ses to be formed.

The buoyant axisymmetric plume v , caused by a
diffusion flame formed above the burning fuel, is the
most commonly used plume in fire safety engineering.
An axis of symmetry is assumed to exist along the verti—
cal centerline of the plume, and air is entrained hori—
zontally from all directions. Other fire plume categories
include, for example, non-axisymmetric plumes,
which allows air to be entrained from one side is more
than the other side. The fire plume induced by stack
effect belongs to this form.

The buoyant force causes an upward flow within
the building shafts such as stairwells and elevator shafis
if average indoor temperature is a few degrees higher
than outdoor one. This is known as ( normal) stack
effect or chimney effect ™. However, if the air is hot
outside, a downward airflow occurs in an air-condi-
tioned building, which is called reverse stack effect il—
lustrated in Fig. 1. In sum, the reason that stack effect
appears is the combined buoyancy—and pressure-driven

flow generallym. So Stack effect induced a strong lat—
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eral air-entrainment. To the fire plume named tilted
plume in this paper, this air-entrainment is forced.

This flow is presented in Fig. 2.

Shaft

L I ) —L
1T Atria _T
N L - Neutral
4= Inner part =1 plane
-+ of building -
S
4= =71 |

Normal stack effect Reverse stack effect

Fig.1 Normal stack effect and reverse
stack effect ( Arrows indicate the direction of airflow)
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Fig.2 A possible profile of plume under stack effect

Spill  plume is  another

non-axisymmetric
plumem. A typical spill plume is the flow from under
a wide horizontal balcony over a vertical opening into
an atmosphere without any restaint, e. g. no adherence

to a vertical wall above the balcony and no allowance
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for effects at the edges of the plume; it is a two-dimen—

sional system. This flow is presented in Fig. 3.
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Fig. 3 Profile of balcony spill plume

Some physical scale and numerical models have
been used to study on balcony plumem. The empirical
equations which appeared in design guides such as NF-
PA 92B"* were derived to estimate the air entrainment
into the spill plume. A series of fullscale burning tests
were performed at the PolyU/USTC Atrium constructed
at the campus of the University of Science and Tech-—
nology of China (USTC), Hefei, Anhui, China, as a
collaboration project with The Hong Kong Polytechnic
University (PolyU) T Though the spill plume is simi—
lar to tilted plume in appearance, the mechanism be-—
tween them is different. Spill plume appears due to the
expansibility of smoke layer in upper space of fire
room. Few people studied on the plume model induced
by stack effect. So based on the ideal plume theory, a
series of fullscale tests were performed for establishing

the tilted plume model in this paper.

2 Theoretical background

In this section, we shall set up the fundamental
equations for continuity, momentum, and buoyancy
and thus arrive at analytical solutions for the equations
of profile, mass flow, velocity, and temperature of the
gases in this simplified plume.

2.1 Construction idea of the tilted plume model

We seek analytical expressions for the following
variables as a function of height z:

The temperature difference at height z, AT (z)
given in [ K];

The radius of the plume at height z,b(z) given in
[m];

The upward gas velocity at height z,u(z) given in
[m/s];

The plume mass flow at height z, ;np (z) given in
[ke/s].

An obvious difference between tilted plume and
ideal plume is the air-entrainment. In tilted plume,
considered as a two-dimension plume, the air-entrain—
ment at the two sides of plume is unbalanced. The air—
entrainment at the side of windward is more than the
side of leeward. So the radius of the tilted plume can

be produced from such model that a plume only under
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the effect of forced air-entrainment subtracts from a
combined forced and natural air-entrainment plume.
Fig. 4 shows the construction of tilted plume model.

To arrive at simple analytical solutions expressing
the plume properties, we must make many restricting
assumptions;

1) We assume that the boundary of windward is
vertical and has no contribution to the profile of plume
in Fig.4(a) and Fig.4(b) to simplify the solution;

2) We assume that there are no heat losses in the
system due to radiative heat losses;

3) We assume that the natural air-entrainment at
the edge of the plume is proportional to the local gas
velocity in the plume, so that the entrainment velocity
can be written as v = au, where « is a constant which
need to be estimated in full-scale tests;

4) We assume that the entrainments are ignored
except for the windward and leeward ;

5) We assume that there are only small density
differences with height.

2.2 Theoretical tilted plume model

We start by setting up general expression for the
mass flow. The expression will then be incorporated in
the differential equations for continuity of mass, and we
will examine solutions to the differential equations.
This will allow us, through dimensional analysis, to
identify the constants arising from the assumed solu—
tions to the differential equations and thereby set up ex—
pressions for the above mentioned variables.

2.2.1
ment plume in Fig.4(a)

The combined forced and natural air-entrain-—

The expression for the mass flow rate at some
height z, where the plume radius equals r, (z) and the

cross-sectional area equals r, (z)[, can be written as

m, = ri(2)lpu(z) (1)
where p is the density of fire plume and [ is the diame—
ter of fire source.

The differential buoyancy force acting on the mass
within the small differential segment dz can be ex-—
pressed as

dF = g(p. —p)e dze Ir (2) (2)
where g is the acceleration due to gravity. The
time rate of momentum ( mass flow times velocity ) at

height z can be written as

mou(z) = Ir(2)pu(z)’ (3)
These three equations will be used later to set up two
differential equations, one for continuity and one for
momentum and buoyancy.
Assuming that there are no radiative heat losses in
the plume, the energy flow rate of the gases at height z
can be written as
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Fig.4 The construction of titled plume model

0 = m,c,AT = Ir, (z) pu(z)c,AT (4)
where ¢, is the specific heat capacity at constant pres—
sure of the gases. Using the ideal gas law and rewriting
the temperature difference as AT = (Ap/p)e T. , the

expression becomes

0 = mye, AT = Ir, () pu(z)e,(Ap/p)+ T (5)

We can therefore write the following relationship

between density difference and energy release rate ;

Q
Iri(z2)u(z)e,T. (6)

We now write the differential equations for mass

Ap =

and momentum/buoyancy with respect to height (diz)

This will give us two differential equations. Assuming
solutions for these and using dimensional analysis will
give us the coefficients we need to arrive at analytical
solutions for the variables we wish to express.

1) The continuity equation for mass

The continuity equation for mass simply states that
the increase in mass flowing up through the differential
element dz must be entrained through the sides of ele—
ment dz. We shall first express the rate of change of
mass flowing through the element and then express the
mass entrained through the sides. Equating the two will
lead to the differential equation that we seek.

The rate of change of mass over height dz can be

written

dm, d(r(2)lpu(z))
dz - dz (7)

The rate at which air is entrained in through the

sides of element dz equals the area of the sides ( = /-

dz) times the horizontal entrainment velocity, v, times
the density of the ambient air, p. . Earlier we assumed
that the horizontal entrainment velocity could be ex—

In

this model, an additional horizontal entrainment veloci—

pressed in terms of the upward velocity asv = ow .
ty, v(z), need to be considered. To get the rates of
entrained air per unit height we must also divide by
dz , which give

Ie a* u(z)s p* dz/dz +

I« v(z)es pe dz/dz (8)7

Where v(z) is adopted as the average velocity v
for simplified solution.

We now Eq. (7) and Eq. (8), since the rate of
change of mass over dz must equal the rate of mass en—
trained through the sides of dz , resulting in the conti—
nuity equation

d(ri (2)u(z))
dz

2) The momentum and buoyancy equation

(9)

= au(z) +v

Vol. 7 No.3,Sept. 2009 37



The rate of change of momentum over height dz
must equal the buoyancy forces per unit height acting
on the element dz. Differentiating Eq. (3) with respect

to height, the rate of change of momentum per unit

height z becomes
d{mlu(z)} _ d{lr,(z)pu(z) } (10)

dz dz

The differential buoyancy force acting on the mass

within the small differential segment dz was given by
Eq. (2). To get the buoyancy force acting on element
dz per unit height, we divide Eq. (2) by dz, getting
dF/dz = g(p. - p) Ir(2) (11)
Equating the rate of change of momentum with the
buoyancy force per unit height, we get

d{ Ir, (z)pu(z)2 }
dz

Again we make use of the weak plume assumption, so

= g(p. —p)in(z) (12)

the p is assumed constant with height. Further, we
wish to express the density difference, Ap, in terms of
the energy release rate. Using Eq. (6) and treating p
and T as constants, we arrive at the differential equa—
tion

d{lrl(z)pu(z)z} ~ @g

dz " u(z)e,T. (13)

We will need to make one further assumption to

arrive at an easily manageable differential equation for
the momentum and buoyancy. We assume that p in the
above equation is roughly equivalent to p.. , which can
be justified by the fact that we are considering the weak
plume. Eq. (13) therefore becomes what we shall call

the momentum-buoyancy equation
d{lr,(z)pmu(z)z} ~ Og
dz T u(z)e,T.

The main results from the two last sections are two

(14)

differential equations, the continuity Eq. (9) and the
momentum-buoyancy Eq. (14).

3) Solution of the two differential equations

To facilitate an analytical solution of the Eq. (9)
and Eq. (14 ), we shall assume that the radius,
ri(z) , and the velocity, u(z) , change as some pow—

er of the height, z, and write

n(z) =cz
u(z) = ez (15)
where ¢, and ¢, are all constants.
Eq. (9) becomes
7(1(6[622 ) = ac 2"+ v (16)
dz

Similarly, Eq. (14) becomes

d(c,czz'“z") B .Qg (17)
dz czz"lpgc ¢, T.
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The power of z must be the same on both sides of the
Eq. (16) and Eq. (17) respectively . We can there—

fore get m, n;

=1
n =0 (18)
further,
rn(z) =cz
u(z) = ¢,
- =
ciC, = QCy +v
aes = Qg/(lp.c,T.)
rn(z) = az
u(z) = ¢
_ 3 3 _

o =a+v/] JDI + D + J = ﬁ—(v/i%oc)]

3 3 _
€ = JDI + D, + JD] - J[Tz—(v/3a)

° 3
p, =@ _ v

200 2740

c.Q v v
D, = (59 - P
2= (G 2705) 7290

¢ =g/ (lp.c,T.)

(19)

In Eq. (19), u(z) is calculated to be a constant
¢,. Factually, the vertical velocity of flame is de—
creased with the height z due to the air-entrainment.
The reason perhaps is that the situation is idealized ex—
cessively. So the actual measurement ¢, is regarded as
the maximum velocity in the vertical of flame in this
paper.

2.2.2 The plume only under the effect of forced air—
entrainment in Fig.4(b)

This tilted plume is similar to the windblown
flames in wind tunnel ostensibly. The main effect of
wind is to bend or deflect the flames away from the ver—
tical. Another effect, observed in wind tunnel studies
by Welker and Sliepcevichm is “flame trailing,” in
which the flames trail off the burner along the floor in
the downwind direction for a significant distance.
Flame trailing was thought to be associated primarily
with fuel vapors of greater density ( higher molecular
weight) than air, as was the case with all the various
liquid fuels used in the experiments.

Wind tunnel measurements of flame deflection an—
gle, involving fire diameters in the range 0. 10 ~
0.60 m, and large scale data for square LNG pools in
the effective diameter range 2 ~28 m, obtained by At-
talah and Raj,have been found to correlate well against
the ratio of wind velocity to the maximum velocity in
the flame according to Eq. (20) .

indicates that a flame deflection angle of approximately

. The relationship

25° can be expected for a velocity ratio of 0. 10.



Effects of wind on flame length were minor for velocity
ratios up to 0. 35 (flame deflection angle of approxi—
mately 60°). Data by Huffman et al. " indicate that
at the considerably higher velocity ratio of 1.0, flame
lengths are approximately 30 % greater than under qui-
escent conditions.

So the two sides of plume are symmetrical and
have accordant regulation. And the profile of plume in—

duced by stack effect can be described as Fig. 5.
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Fig.5 Sketch map of plume profile
induced by stack effect through
theoretical analysis
Further, for estimating the tilted plume model un—
der stack effect, a direct project is full-scale test to

compare.

3 Apparatus and experimental procedure

The experiments were performed at the PolyU/
USTC Atrium, which provides a2 m x2 m x 15 m high
shaft and a2 m x4 m x3 m high atria for the full-scale
tests. Fig. 6 and Fig. 7 show the photographs and
sketch of equipment. A thermography was used to re—
cord the temperature field and the profile of fire plume.
The velocity at inlet was measured, whose average
would be used in theoretical analysis. During the tests,
four kinds of fire source are considered; [ =0.5, 0.6,

0.7, 0.8 m. The fuel is gasoline. Temperature of en—

(a) Shaft
Fig. 6 Photographs of the shaft
and the whole device

(b) Whole device

vironment is 278 K.
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6 / 2m

Thermography

Fig.7 Sketch map of the equipment

4 Analysis of the results

Some pictures were selected from the thermogra—
phy data, which are shown in Fig. 8. And the angles
that windward of fire plume tilts ( 6 ) were measured.

From Fig. 8, we can find the angles that windward
of fire plume tilts have no obvious regularity to the
character of fire source. With the increase of fire

source dimension, the buoyancy is increased. At the

same time, the average of velocity at inlet ( v ) is en—
hanced due to the raised temperature in the shaft. So
the proportion of vertical velocity to horizontal velocity
(tg 6 ) can’t be educed simply. The range of the an—
gle is about 50° to 60° under the different heat release

rate.

5 Discussion and conclusions

Many applications in fire safety engineering have
to do with estimating the properties of fire plume such
as radius, maximum velocity, maximum temperature,
and so on. This depends directly on how much mass
and energy is transported to the plume. In this paper,
based on the theoretical results and full-scale tests, a
simple plume model induced by stack effect in a verti—
cal shaft is developed. The two sides of plume are sym—
metrical and have accordant regulation, where r; and r,
have linear relations to the height z. After comparing
with wind tunnel, it is shown that the profile of fire
plume under stack effect is similar to the windblown

flame in wind tunnel, and the range of flame deflection
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0~{55.96°

0~58.78°

0~f51.42°

0~460.59°

ARSH-NO -2

(d) The tilted plume for 0.8 m fire source

Fig.8 The tilted plume for
different fire sources

angle is about from 50°to 60°.

The air-entrainment coefficient a is an important
factor. From Eq. (19), it is found that the radius and

Author

the maximum velocity depend on a deeply. The air-en—
trainment coefficient is perhaps different from that in
free plume. And its value needs to be measured espe—

cially in the further work.
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