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Abstract

The experimental observations and modelling of buoyant whirling flames in a room-size enclosure are presented.
The periodic formation and destruction of whirling core, and the increase of the time-averaged burning rate have been
observed in the experiments. To interpret the mechanism of development of buoyant whirling flames, the concepts and
results of existing theory of rotating flows have been used, and the conditions necessary for flame rotation to occur have
been identified. The CFD model is then discussed which is modified to represent the response of buoyant turbulent
diffusion flame on the imposed circulation through decrease of turbulent mixing. The model is first applied to simulate
unconfined flames above a round fuel source approximating the pool fire studied in the experiments. Elongation of
whirling flames observed in published and our own experiments has been reproduced. The predicted flame charac-
teristics (radius of whirling core, angular velocity, swirl number) dependence on the magnitude of the imposed external
circulation was found in qualitative agreement with the simplified theoretical model of whirling flow. Also, the change
of flame shape due to rotation resulted in reduced predicted radiative heat flux incident to fuel surface. This indicates
the need of additional physical mechanisms to explain and predict the experimentally observed increase in burning rate
when the rotation occurs. A possible mechanism, namely entrainment intensification of the air into the fuel rich region
near the fuel surface, has been identified. Finally, the CFD model is applied to simulate the experimentally studied
whirling flames in the enclosure. The simulation results recreated periodic precession, formation and destruction of the
whirling flame as observed in the experiments. The period of oscillations was found to decrease if the fuel supply rate
increases.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction They may be potentially more destructive due to greater

burning rate, increased radiative output, higher con-

Previous studies of structure and dynamics of buoy-
ant turbulent diffusion flames have been mainly focused
on the flames and plumes developing in the stagnant
atmosphere (see a review in [1]), and, more rarely, ex-
posed to cross-winds [2-4]. However, qualitatively dif-
ferent flame behaviour is possible when a whirling flame
develops [5,6]. Buoyant whirling flames are usually much
longer than those normally expected in ordinary fires.
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centration of heat release in a small region of rotating
core, and unexpected smoke movement. The effect of
rotation on structure and behaviour of buoyant flames is
not similar to that of swirling jet flames, and it has not
yet been thoroughly studied. A better understanding is
needed to allow techniques to be developed that will
counter the possible threat presented, and it can affect
the choice of required type of fire extinguishment. Also,
the development and stability of whirling flames are of
fundamental interest for refined modelling of coherent
and self-organised flame behaviour.

The development of whirling flame is a result of an
imposed circulating flow. Rotating flows and flames can
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Nomenclature

Cy, CL‘““, C,, model constants for turbulent viscosity

C, rotation-modified model constant for tur-
bulent viscosity

g gravity acceleration

k turbulence kinetic energy

Tfyel fuel supply rate per unit fuel surface area

p pressure

0 total heat release in flame

7o vortex core radius

r, 8,z  polar cylindrical coordinates

R pool/burner radius

R. local radius of streamline curvature of mean
flow

Ri Richardson number

S swirl number

t time

u, v, w Cartesian velocity components

v,, Uy, U, radial, angular, and axial velocity compo-
nents

vV velocity vector
x,y,z  Cartesian coordinates
X0, o Cartesian coordinates of flow symmetry axis

Greek symbols

Zc» Xco soot and carbon monoxide generation effi-
ciencies

AHc, AH¢ net heat of combustion, net heat of in-
complete combustion

e turbulence dissipation rate

I', Iy circulation, external circulation
kinematic viscosity

Uy turbulent viscosity

05 Po density, reference density

G stress tensor

Q angular frequency

@ vorticity vector

Subscripts
r, 8,z  polar cylindrical coordinates

be classified in terms of the following three characteris-
tics: the ratio of flow momentum to buoyancy (buoyant
or forced jet flows), the mechanism (buoyant or forced,
external or internal circulating flow) that provides the
circulation, and flow spatial scale.

Depending on their characteristic size, rotating flows
can be regarded as very large, large, medium, and small.
Very large buoyant rotating flows occur in oceans and
the atmosphere [7,8]; in this case background weak
external vorticity introduced by the Earth’s rotation is
concentrated into a whirling core of characteristic size
about 10° m. In large buoyant whirls, such as those
produced in oil, forest or city fires, the external circu-
lation imposed due to wind-shear effects is supposed to
be the primary source of the vorticity, which is then
concentrated and amplified in the rising buoyant flow.
Soma and Saito [9] provided categorisation and histor-
ical examples of large fire whirls. The height of the
whirling core may range from hundreds of meters to tens
of kilometres (10°~10* m). Consistent studies of medium
scale buoyant whirling flames with characteristic size of
order of 1-10 m have not yet been reported. However, as
shown in this work, such a flame may develop in room-
size compartments due to the external circulation of
asymmetrically incoming buoyant airflow through the
openings. Finally, small scale buoyant whirling flames
have been reproduced in laboratory conditions having
dimensions of order of 0.1-1 m and driven by the
externally imposed circulation of either buoyant [9-14]
or forced (generated by rotating screen [5,6,15-17])
flows.

Important examples of forced rotating flows are jet
swirling flames, which are intensively employed in
industrial applications, in particular in combustion
chambers and industrial furnaces, gasoline and diesel
engines, gas turbines, utility boilers, etc. [6]. The swirling
is used as a mean of controlling flame size, shape, sta-
bility, and combustion intensity. The swirling flows result
from the enforced spiralling motion, and the swirl
velocity component (azimuthal or angular velocity) is
internally imparted by swirl vanes or by tangential entry
into the chamber [6,18]. Due to its importance in indus-
trial applications, jet swirling flows have been thoroughly
studied. The structure of these flows was found to depend
on the degree of swirl, which is characterised by the swirl
number, S (the ratio of the axial fluxes of angular and
axial momentum [6]). At high degree of swirl, the vortex
core becomes unstable, it exhibits oscillatory behaviour
and, if the swirl is further increased (S > 0.6 [6]), the
vortex breakdown occurs. The recirculation zone devel-
ops, with the shape of oscillating bubble; this time-
dependent coherent structure is referred as the precessing
vortex core. As a result, the lateral spreading of the flow
is increased and the decay of the axial velocity is facili-
tated. Accordingly, turbulent mixing and the reaction
rate are increased, due to which the flame is shortened,
compared to a non-swirling one.

Thus, in jet swirling flames, the swirling is imposed
internally due to rotation of forced incoming flow of
reactants. However, qualitatively different effect of
rotation on turbulent mixing and flame length has been
observed in flows and flames submerged into a rotating
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flow environment, i.e. where the circulation is externally
imposed. In this case (the example of forced flow is the
flow in a rotating pipe [19]; buoyant whirling flames
studied here also fall in this category), the intensity of
turbulence has been shown to decrease due to rotation
because of the stabilising effect of the centrifugal force.

Experimental studies of buoyant flames in a rotating
flow environment were initiated by work [20], where the
rotation of buoyant flame above an alcohol pool was
induced by tangential airflow incoming into cylindrical
chamber through vertical slits in its walls. The whirling
flame development was observed, and, dissimilar to jet
swirling flames, flame elongation occurred. More con-
sistent measurements and observations together with
simplified modelling were carried out by Emmons and
Ying [5]. A cylindrical mesh rotating screen (3.0 m
height, 2.2 m diameter) was used as a source of the
external circulating flow imposed on the buoyant flame
above the 0.1 m diameter acetone pool. The rotation of
the screen produced circulation up to about 4 m?/s.
Significant (by a factor of 5, compared to a non-rotating
case) flame elongation was obtained when the vortex
core developed. The burning rate also substantially in-
creased compared to that of a non-whirling fire. Flame
elongation was attributed to decrease of turbulence
intensity, air entrainment and its mixing with the fuel
due to turbulence stabilising role of centrifugal forces.
Similar conclusions were derived in [15-17], where jet
flames with controlled fuel supply rate (burner fires) also
surrounded by rotating screens were studied.

These experiments with a rotating screen are the
examples of flames with enforced external circulation.
External circulation may also be induced by asymmet-
rically incoming buoyant airflow, such as in an experi-
mental enclosure with vertical gaps between the walls
used in [10-14]. Different types of fuel (heptane, kero-
sene, ethanol, and wood) were burned in pools of 8§-20
cm diameter. At some particular gap widths, flame
rotation was observed. Similar to the earlier experi-
ments, decrease in turbulent fluctuations, increase in
flame length and its luminosity were clearly indicated.
Although reference is made to an increase of mass
burning rate, no quantitative results have been provided.
In [11], the instability of the whirling flame was ob-
served: if its height exceeded that of the walls, then the
vortex core was destroyed.

Thus, the behaviour of buoyant whirling flames and
plumes, is remarkably different compared to forced
swirling jets. It has been established in the above men-
tioned experiments with buoyant whirling flames that
the rotation decreases the turbulence in the rising core,
thus inhibiting turbulent mixing at the core boundary
and the air entrainment through it. As a result, dissim-
ilar to forced swirling flows in industrial burners, rota-
tion of buoyant flows causes flame lengthening, with no
recirculating zone inside the core.

Theoretical studies of buoyant whirling flows have
mainly been undertaken for environmental flows without
combustion. Morton [7] discussed the different mecha-
nisms of vorticity production and amplification, and he
emphasised the role of ambient vorticity. Stretching of
the vortex tubes in rising flows was identified as an
important source of vorticity. The Rossby number, one
of the governing criteria, was introduced and estimated
for a range of whirling flows. A recent review of buoy-
ancy driven circulation patterns, including plumes and
thermals, is given in [8].

Available theoretical analysis of buoyant rotating
flames is based on strict limitations of the integral model
[5] and the inviscid flow assumption [21]. There have been
only few attempts to carry out CFD modelling of
whirling flames [11,13,22]. In these studies, radiative
transfer was not modelled and the effect of flow rotation
on turbulent fluctuations was not considered. Compu-
tations [22] have not reproduced the substantial length-
ening of rotating flames observed in experiments [5].

Previous research of rotating flames is therefore
insufficient for two reasons. First, experimental studies of
medium (room-size) scale whirling fires have not yet been
reported, although fire whirls have been observed in
large-scale mass fires, and were also reproduced at small
scale. Further experiments are required to fill this gap, i.e.
to examine the possibility of whirling flame development
and its behaviour in compartment fires, industrial and
domestic. Second, further modelling efforts and computer
simulations are needed to overcome limitations of cur-
rently available CFD models. Most importantly, radia-
tive transfer should be considered, and the effect of flow
rotation on turbulence should be accounted for.

In this work, experimental observations of medium
(room-size) scale whirling fires are presented, demon-
strating that whirling flames may develop in compart-
ment fires. The periodic formation and destruction of
whirling core, and the increase of the time-averaged
burning rate are addressed. Basic concepts of rotating
flows are then summarised illustrating the mechanism of
development of buoyant whirling flame and conditions
for flame rotation to occur. The CFD model is discussed
which is modified to represent the response of buoyant
turbulent diffusion flame on the imposed circulation
through decrease of turbulent mixing. The model is
consequently applied to simulate buoyant whirling
flames in open space and in the enclosure representing
that used in our experiments.

2. Experimental study of whirling fire

2.1. Experimental set-up and procedure

Medium scale fire whirls are studied experimentally
at the Training Centre of Greater Manchester County
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Fig. 1. Experimental set-up: (a) schematic view (measurements are in m); (b) fuel supply system.

Fire Service. Fire whirls are produced in a stand-alone
compartment constructed of 5 mm thick corrugated steel
with a hardwood floor. The schematic view of the
compartment is shown in Fig. la. The compartment
measurements are 2.77 m (front wall), 2.4 m (side wall)
and 2.29 m (height). There is a doorway at the front wall
having dimensions of 0.8 m width and 1.95 m height
with its jamb at a distance of 0.135 m from the side wall.
A ceiling vent measuring 0.8 0.9 m (longer side is along
the front wall) is located centrally. The diameter of
the fuel pan is 0.6 m, and the pan lip height is 0.3 m. The
pan is located in the centre, i.e. directly underneath the
vent opening. Commercially available diesel fuel (gas
oil) was used. The fuel was ignited by industrial portable
propane burner directed to the fuel surface. The burner
flame provided sufficiently quick (5-10 s) heating of the
liquid and initiation of self-sustained burning. The
ignition process followed by flame development was
recorded by video camera.

Two series of tests were carried out. In the first one,
the initial mass (2-3 kg) of fuel was spilled into the pan,
and the fuel available was completely burnt in the test;
no liquid fuel was supplied in the pan during the
experiment. In the second one, the system for continu-
ous supply of liquid fuel into the pan was used. That
allows the level of fuel surface in the pan to remain
constant simultaneously measuring fuel flow rate. The
fuel supply system consists of two fuel compartments
and the supply pipe shown in Fig. 1b. The upper com-
partment is fitted with a controllable valve to vary the
fuel flow. The reference compartment is used to measure
fuel flow rate. This arrangement allows the amount
of fuel used per unit time to be calculated therefore
giving a time-averaged value for mass burning rate.

2.2. Experimental observations

Shortly after fuel ignition and flame spread over the
entire fuel surface, the fire plume began to develop, and
the upper hot smoky layer formed within the compart-
ment, simultaneously exhausting through the ceiling
vent and the upper part of the doorway. The maximum
thickness of the layer was about 1 m. The plume then
became unstable and began to rotate. While intensity of

rotation reached its maximum, the upper layer gradually
disappeared and eventually all the combustion products
where expelled though the ceiling vent. The flame was
significantly lengthened due to rotation, so that the
flame was visible through the ceiling vent. After a short
while the rotating flame became unsteady and then
collapsed; it then behaved as an ordinary free-standing
pool fire tilted by incoming airflow. This cycle then re-
peated itself and a rotating flame was again established.
In the experiments with no liquid fuel supplied into the
pan, the cycle repeated until all the fuel had been ex-
hausted. The cycle period was about 10-15 s. Conse-
quent stages of this oscillating process extracted from
video recordings are presented in Fig. 2.

A series of experiments with continuous liquid fuel
supply rate was undertaken to establish the mass burn-
ing rate for rotating and non-rotating cases. Rotating
flames were obtained when the doorway was fully open.
The non-rotating flames were achieved by a deflection of
the incoming airflow towards the flame axis and were
also obtained in the open atmosphere. In all cases, a 10
min pre-burn period was allowed to establish steady
burning with the fuel level maintained constant, at a
distance of 3-10 cm below the pan lip. Rotation of flame
was found to result in observable (40-70%) increase in
burning rate: from 0.017 to 0.027 kg/(m?s) in non-
whirling to 0.029-0.039 kg/(m?s) in whirling fires.

Similar flame behaviour was observed in different
weather conditions (temperature from 4 to 20 °C,
external wind from 0 to 2 m/s). The flame behaviour was
observed to be sensitive to the stronger external wind.

3. Basic concepts of rotating flows
3.1. Classification

To clarify the mechanism of development of whirling
flame and conditions for flame rotation to occur, basic
concepts of the existing theory of rotating flows [6,23]
have been employed. A fluid flow rotating about its axis
is convenient to be considered in cylindrical polar
coordinates (r, 0, z) with corresponding radial, angular
and axial (vertical) velocity components (v,, vy, v.). The
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Fig. 2. Experimentally observed temporal evolution of whirling flame. Conventional time is set to zero for the first frame. Fully
developed whirling flames occur at time moments of 4, 14, 24 and 34 c.

flow rotation is characterised by the vorticity vector,
&=V x V,the angular frequency, Q = vy/r, of rotation
of a fluid particle about the axis, and the circulation,
r=4¢ 7di, along a concentric path /, where d/ is the
infinitesimal directed segment along /. To classify dif-
ferent types of rotating flows, consider an axisymmetric
flow with no radial and axial velocity components. In
such a flow, the angular (swirl) velocity, vy, is the only
non-zero velocity component, and it depends on radius
r. The vorticity vector has only one non-zero axial
component, @, = 0rvy/ror. In the idealised (axisym-
metric, steady state, laminar) flow, the momentum
equation, dp/dr = pv3/r, represents balance between the
centrifugal force and the pressure force.

Depending on the variation of the angular velocity
with radius, three types of axisymmetric rotating flows
(namely forced, free, and Rankine vortexes) are identi-
fied [6]. The forced vortex has non-zero constant vor-
ticity and angular frequency. Its angular velocity and
circulation increase with radius. The vorticity in the free
vortex is zero (fluid particles follow a circular streamline
without rotation about its own axis). Its angular velocity
and frequency both tends to zero away from the axis,
and its circulation is of constant value. These two types
of flow are also different in terms of their stability. The
outward radial fluid particle displacement (forced by
centrifugal acceleration) is resisted by the pressure gra-
dient, dp/dr, increasing with radius in the forced vortex.
Alternatively, such a displacement is not compensated
by the decreasing pressure gradient in the free vortex. As
a result, fluctuations are stabilised in a forced vortex and
destabilised in a free vortex [18].

The vortex that combines all these properties is the
Rankine vortex, in which angular velocity increases with
radius inside the vortex core and decreases outside it:

t(en( )

where 7y can be regarded as the vortex core radius.
Vortexes in rotating fluids are often of Rankine type.
For example, this type of velocity distribution appears
as a transient solution of vorticity diffusion away from
an initial concentration on a vortex line [23, p. 204]. In
that case, which is also called Lamb vortex (for example,
see [24]), the radius of the vortex core increases in time
as ry = V/4vt, where v is the kinematic viscosity. Also, a
Rankine vortex forms in a rising rotating flow consid-
ered below in Section 3.2. Due to different response on
fluid particles radial displacements, turbulent fluctua-
tions are reduced (stabilised) in the internal (forced) part
of the Rankine vortex and they are increased (destabi-
lised) in its external (free vortex) part.

3.2. The vorticity equation. Sources of vorticity

Consider now a general buoyant flow with the
momentum equation

N ] I p—po.
(PP =—-Vp+- Pt 2
6t+( v) Ut Vo Pl )

where ¢ is the stress tensor that may include turbulent
components if time averaged (mean) flow is considered,
p is the dynamic pressure (difference between the total
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pressure and the hydrostatic pressure in still ambient
air). The evolution of vorticity in the flow is governed by
the vorticity equation, which can be derived by taking
curl of the momentum equation (2)

0 - . 1 1.
E-ﬁ- (V~V>w— —V;x Vp+V x (;VO’)

baroclinic viscous
torque dissipation

VBV V)@ V)P
P —_——— —
N————dilatation

stretching
buoyancy

(3)

Analysis of this equation allows the vorticity sources
in the flow to be identified, each corresponds to a par-
ticular term in right hand side of Eq. (3). In the flows
studied, rotation about a vertical z-axis, i.e. in horizon-
tal »—0 (or x—y) plane, is examined. The analysis can
therefore be restricted by considering only the z-
component of the vorticity vector. Written in cylindri-
cal coordinates, the corresponding equation takes the
form
Ow, Ow, 10w, ow
o o T T

_,1opo1 oplal 10 dw, 13w, 0w,

=+ %03 arrdip ”(;ar o Ao R )

baroclinic torque

0 10rv, 10vy Ov,

g *“’z(;ﬁt@ az)

0z

viscous dissipation

~—~
buoyancy
dilatation
ov, 1 Ov, v,
+o +wg— 5+ 0 —— 4
"or rof "oz’ )
stretching

where the viscous dissipation term is written for a con-
stant viscosity flow, and v is the kinematic viscosity. The
very last (underlined) summand in the stretching term
causes the amplification of non-zero vorticity, ., in
vertically accelerating flow in which 0v./0z > 0. In a
buoyant flame and a plume, buoyancy force causes
vertical acceleration of the flow inside the flame zone.
That results in increase of w, provided the non-zero
background vorticity is introduced. This is the expla-
nation of development of a rotating core in a rising
buoyant flow.

The term ,0v,/0z becomes negative in the upper
plume where axial velocity decreases with height. In this
region the vortex tubes are not stretched but expanded,
due to which the vorticity is decreased. Viscous and
turbulent dissipation also results in decrease of vorticity,
while the baroclinic torque and dilatation may change
their sign in the flow.

3.3. Vorticity concentration in axisymmetric flow

A useful example of a simple flow, in which the vor-
ticity is intensified due to stretching of the vortex tubes
and balanced due to lateral spreading by viscous dissipa-
tion, is given in [23, p. 272]. The axisymmetric constant
properties flow is considered for which the trans-
port equation for w, takes the form (4) with the baro-
clinic and dilatation terms equal to zero. In the region
z20, r=0, 0<0 < 2n the solenoidal velocity field is
assumed,

v, =—ar/2, vy=uvy(r), v.:=o0z, a>0 (5)

representing vertically accelerating rotating flow, which
may be considered as a rough approximation of a rising
whirling plume. Then Eq. (4) has a steady-state solution
., which does not depend on 0 and z:

2

W; = W;max €X —5 | 6
o(7) ©

where

ro = Vav/a. (7)

The angular velocity corresponding to (6) can be derived
from w, = Orvy/ror:

. 7wzmaxr(2) _ _r_2
v = (1 exp( rg)) (8)

It can be seen that the flow is in fact the Rankine vortex,
Eq. (1). In this flow the concentration of vorticity into
the vortex core is balanced by viscous dissipation, which
results in three-dimensional flow also known as the
Burgers vortex [24]. Typical streamlines of the flow are
shown in Fig. 3.

The steady vorticity field, Eq. (6), is the distribution
to which transient vorticity, w,(r,?), tends, as t — oo, if
its initial distribution, w,(r,0), satisfies the condition

@ (b)

Fig. 3. Streamlines of the flow represented by Egs. (5)—(8):
(a) @, max = 0; (b) @, max. Streamlines have the same origin points.
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0< / ,(r,0)2nrdr < co. 9)
0

It can be shown that for the flow considered the integral
of the vorticity over a horizontal plane is invariant:

d o0
a/o ,(r,t)2nrdr =0, (10)

where the integral is the circulation,

Iy = lim 27rvy(r) (11)

of the external flow. Therefore, the initial non-zero
vorticity (and external circulation I'y) must be intro-
duced for a steady rotating flow to develop; a spatial
distribution of the initial vorticity may be arbitrary. As
follows from Egs. (8) and (11), the maximum vorticity
W.max 10 the steady vortex (6) is coupled with the
external circulation:
Iy

Wzmax = F . (12)
According to Egs. (5) and (7), the radius of the vortex
core is

[ 4v
ro = m’ (13)

and therefore the maximum vorticity and angular
velocity are

Fo aUZ/aZ

r, fov./a
Ormax = — oo = 063810 [0/
n 4y

T 4y

(14)

Egs. (14) show that the greater is the vertical flow
acceleration and the smaller is the viscous (or turbulent)
dissipation, the thinner and more intensive vortex core
develops. Note, vortex radius (13) does not depend on
the external circulation I'h. The overall degree of
whirling can be characterised by the swirl number [6],

J5s po.ver*dr

S="———,
R [ pv2rdr

(15)

where (for the problem considered) R is the pool/burner
radius. The swirl number presents the ratio of axial fluxes
of angular and axial momentum (turbulent components
and pressure term are neglected in (15)). It can be dem-
onstrated for the flow considered, that the swirl number
is proportional to the external circulation, i.e. S o I'y.
Thus, the existing theory of rotating flows reveals two
necessary conditions for buoyant rotating flow to de-
velop: (i) non-zero background vorticity (and external
circulation) and (ii) vertical acceleration of the flow. The
primary mechanism of vorticity concentration in the
vortex core is the stretching of the vortex tube; the latter
is balanced by viscous (and possibly turbulent) dissipa-
tion. When the above conditions are satisfied, the steady

rotating flow has a radial velocity distribution similar to
that of the Rankine vortex; the swirl number of the flow
is proportional to the external circulation. The above
mechanism works in buoyancy driven flows of a wide
range of spatial scales, from small scale laboratory flows
to circulating patterns in oceans and in the atmosphere.
These results are reproduced by and used in the inter-
pretation of the numerical simulations presented in this
work, where the development of whirling buoyant tur-
bulent diffusion flames are consequently simulated in the
open space and in the enclosure.

4. Numerical modelling of whirling flames
4.1. Model and code

The 3D CFD model and code Fire3D earlier devel-
oped for predictions of open and enclosed buoyant
turbulent diffusion flames [4,25,26] is used here in the
simulations of buoyant whirling flames. The model is
based on the density averaged continuity, specie con-
servation, momentum and energy equations for low
Mach number turbulent multi-component flow (the
components are fuel, O,, CO,, H,0, N,, CO, C) closed
by use of k—¢ turbulence model [27]. The conventional
k—¢ turbulence model does not take into account the
effect of flow rotation. To make it capable in repro-
ducing experimentally observed vortex stretching and
augmentation in a rotating core, the model was modified
as described later. A single-step global reaction of
incomplete fuel oxidation that results in formation of
carbon dioxide, water vapour, carbon monoxide and
soot was used in this work. The soot and carbon mon-
oxide generation efficiencies, y and yco (defined as the
fractions of carbon atoms in the fuel converted to soot
and carbon monoxide, respectively) are taken to be
constant. The reaction rate was determined by the eddy
break-up model [27]. The following parameters of gas
fuel representing vaporised kerosene were used in the
simulations: the chemical formula is Cj4H3y, the en-
thalpy of formation is —387.5 kJ/mol (corresponds to net
heat of combustion of AHc = 44.1 MJ/kg), the boiling
temperature is 523 K, soot and carbon monoxide gen-
eration efficiencies are y- = 0.04 and y-o = 0.007 (net
heat of incomplete combustion is AH: = 41.6 MJ/kg).
The statistical (Monte Carlo) method is used to model
thermal radiation transfer in gas-soot mixture, for
which the effective absorption coefficient was obtained
from total emissivity data obtained using weighted-
sum-of-gray-gases model. The implementation of the
method, the calculation of radiative properties of the
gas-soot mixture, and the validation of the model
against the measurements in buoyant turbulent non-
rotating flames is fully described in [4,26], where the
details of numerical methods can also be found.
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4.2. Rotation modification for the turbulence model

In modelling of jet swirling flows, conventional iso-
tropic eddy viscosity turbulence models, such as k—e, fail
to correctly represent a rotating flow field. For this kind
of flow, several modifications were proposed and ex-
plored for the eddy viscosity turbulence models [18,28—
31 among others]. Those modifications were through
corrections in the source terms in the e-equation or
correction to the eddy viscosity,

Hr = C;ka2/87 (16)

by expressing C, as a function of rotation. There is a
little experience in numerical modelling of buoyant tur-
bulent whirling flames. In simulations by [12] constant
viscosity was assumed, and the performance of turbu-
lence model was not addressed. In the work [22], where
the experiment by Emmons and Ying [5] was modelled,
the predicted flame lengthening due to imposed rotation
was much less pronounced than that in the experiments,
although the large eddy simulation technique was ap-
plied. In this work, where k—¢ eddy viscosity model is
employed, the approach previously used to improve the
model performance in jet swirling flows (namely rotation
dependent correction of C,) is applied in modelling of
buoyant whirling flames. It will be shown that the con-
ventional two-equation eddy viscosity turbulence model,
after the ad hoc modification, allows the experimentally
observed lengthening of rotating flames to be predicted.
Consider now the Rankine-type vortex distribution
that combines solid-body and free vortex profiles as an
approximation for a real vortex behaviour. As discussed
above, the central forced vortex region r < ry (vortex
core) exhibits flow field and turbulent characteristics,
which are significantly different from those in sur-
rounding irrotational vortex flow field. The traditional
viewpoint is that the turbulence is stabilised by solid
body rotation (i.e. inside the forced vortex core, where
the turbulent fluctuations caused by centrifugal accel-
eration are resisted by the increasing pressure gradient)
and destabilised by a free vortex profile [18]. To take this
into account, the Richardson number, Ri, is introduced,
that expresses the ratio of centrifugal force of the mean
flow to a representative turbulent quantity. The con-
ventional form of the Richardson number is [18]

Ri="e o (17)

where R, is the local radius of curvature of the stream-
line. The numerator in (17) is equal to 2Q? in forced
vortex core and tends to zero in the free vortex. Thus, in
the core the Richardson number (17) is inversely pro-
portional to the ratio squared of the period of rotation
of the mean flow to the turbulent time scale, k/e. There
is however another way to define the Richardson num-

ber expressing the role of centrifugal acceleration of the
mean flow explicitly:

LS 8

The latter relationship (where the Richardson number is
set to the ratio squared of the centrifugal acceleration,
v3/R., of the mean flow to the corresponding turbulent
quantity, ¢/k'/?) was used in this work. The coefficient in
the turbulent viscosity formula (16) was modified as
follows:

Ci=(Cu— q"pi") exp(—C,Ri%) + c;j“", (19)

where Cﬁ“i“ and C, are the adjustable model constants.
Note, the Richardson number corrections (either to the
source terms in the dissipation equation or to the tur-
bulent viscosity) have not been optimised for general
rotating flows, and they can be case-dependent [18,32].
Also, the systematic experimental data on buoyant
whirling flames, which can be used for the constant
adjustment, are not available. However, it was con-
cluded in [5] that due to flow rotation the turbulent
plume mixing is reduced by an order of magnitude. We
therefore assumed that Cﬂ‘i“ /C. =0.1, where C, = 0.09
is the conventional value. Reasonable predictions and
relatively weak dependence of the simulation results on
the numerical value of C,, were obtained for C, < 0.01.
In the simulations performed, C, was set equal to
0.0012. Note, other than (19) modifications for C, were
also proposed for swirling flows, for example one similar
to that by Leschziner and Rodi [28]:

C* CU

Here we prefer to use Eq. (19) because, in contrast to Eq.
(20), this dependence has an inflection point, Ri* =
1/4/2C,, which separates regimes with negligible (Ri <
Ri*) and strong (Ri > Ri*) effect of rotation on turbu-
lence. For C, = 0.0012 used in the simulations, Ri* =
20.4.

To calculate the Richardson number, local radius of
curvature and the angular velocity are required. In the
problems addressed in this work, the radius of curvature
should only account for flow rotation about the z axis. It
was therefore calculated as [33] R.=1//x"%+ "7,
where x” = 8%x/ds?, y' = 0?y/ds? are the derivatives of
the fluid particle Eulerian coordinates taken in the
streamwise direction, and s is the coordinate parallel to
the streamline. Differentiation along the streamline
yields

,_0 (o) 2 (ardry 3 (u
Y T \as) Tas\ards) T o q

1 [/ Ou Oq
*?(af]—”&): (21)
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,_ (D) _0(dry _a (e
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1 /dv dq
*;(aq—bg) (22)

where ¢ = ds/dt = vu? + v?, since only rotation in x—y
plane, i.e. about z-axis, is considered. In the above
equations,

] q 1/ 0@ ]
a—z_<g-v>u_5(u§+va—z), (23)
where § = ui + vf. For a fluid particle that has coordi-
nates (x, y, z), the centre of rotation in the horizontal
plane was found as x, = x + x"R%, y. = y + »"R%. Radial
and angular components of the velocity vector were then
obtained from v, =u(x —x.)/R. +v(y —y.)/Rc, V9=
—u(y — y.)/Rc + v(x — x.)/R.. Use of the modified coef-
ficient C; (19) for the turbulent viscosity calculation
provided significant improvement in the model capa-
bility to predict elongation of whirling flames.

4.3. Simulations of open whirling flames

Simulations were conducted of unconfined whirling
flames above a fuel source of 0.6 m diameter centrally
located at floor level (representing that used in our
experiments). The flames were modelled in computa-
tional domain 0 < x < Xmax» 0 < ¥ < Vmax> 0 < 2 < Zmax
With Xpax = Vmax = 2.4 M, Zypax = 3.29 m. The non-
uniform rectangular computational mesh consisted of a
total of 102400 control volumes (40x40x64 grid
nodes). The grid nodes were concentrated in the flame
zone to better resolve high gradients of the parameters.
The fuel surface was spanned by 264 grid nodes. Mini-
mum cell sizes were of 0.0375x0.0375x0.03 m.

The externally imposed circulation was modelled
through boundary conditions posed on the velocity
components tangential to the vertical boundaries of the
computational domain. These velocity profiles were
chosen to represent a free (potential) vortex:

T —
u(x) = 7270 yg 2 7 V= 0, Ymax;
n (x _X()) + (y _J’O) (24)
_ F() X — Xo _
U(y) - 2_ 2 7, X = Oaxmam
T (x—x)"+ (=)

where xj, )y are the coordinates of the flow symmetry
axis (half of the horizontal size each), I'g = 27xgumay 1S
the external circulation, and uy,, is the maximum tan-
gential velocity at the boundary.

The effect of the external circulation on flames with
different heat release rate was numerically studied. The
fuel supply rate was varied from 0.010 to 0.040 kg/(m?s),
which covers time-averaged burning rates measured in
our experiments.

The steady state mean temperature fields and the flow
streamlines for the flame with s = 0.040 kg/(m?s),
which correspond to heat release rate of 516 kW, are
shown in Fig. 4. Unconfined free-standing non-rotating
flame (e = 0 m/s, I’y = 0 m?/s), and the flames with
relatively weak (umax = 0.2 m/s, Iy = 1.45 m?/s) and
strong (umax = 0.6 m/s, I'y = 4.35 m?/s) imposed external
circulation are presented. Clearly, the external circula-
tion significantly affects the predicted flame shape and
length. Similar to earlier reported measurements [5,6,11]
and our observations (presented in Section 2), rotation
may cause significant flame lengthening (Fig. 4b).
However, the model also predicts flame shortening if the
external circulation is greater than some particular value
(Fig. 4c).

The turbulence model used in the calculations is of
crucial importance for modelling flame lengthening due
to rotation. The comparison of predictions for the axial
temperature profiles given in Fig. 5 shows, that the
standard version of k—¢ model yields only minor increase
in the flame length compared to the non-rotating case,
while the modified model predicts the much longer
rotating flame.

Figs. 6 and 7 show the effect of rotation on flame
internal structure. In particular, Fig. 6 demonstrates
that the vortex developed is of Rankine-type. The
magnitude of the angular velocity is proportional to
the external circulation (which is in accordance with the
approximate theory, see (14)); it also depends on the
flame heat release rate. In agreement with (13), radius of
the vortex core is not affected by the magnitude of
external circulation. Axial profiles of mean temperature
and velocity are given in Fig. 7. It can be seen, for flames
with relatively low heat release rate (for example,
fitge = 0.020 kg/(m?s), O = 258 kW), the external cir-
culation may cause a decrease in flame length, while
rotating flames with greater heat release (see ritpe =
0.040 kg/(m%s), O =516 kW) are significantly longer
than their non-rotating counterparts. This can be ex-
plained based on the results given in Section 3. Indeed, it
has been demonstrated that the externally imparted
vorticity is augmented by rising accelerating flow due to
stretching of the vortex tube, while the vorticity in
decelerating flow decays due to vortex tube expansion.
The accelerating part of the flow is obviously greater for
flames with higher heat release rate. As the vorticity is
augmented, the increase of speed of rotation causes
decrease of turbulent mixing of fuel with the air en-
trained, which is modelled through turbulent viscosity,
Eq. (16), corrected using Eq. (19). Less intensive mixing
of the reactants requires greater flame surface and,
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Fig. 4. Steady-state mean temperature fields (left) and mean-flow streamlines (right) in 516 kW flame: (a) I'y m?/s; (b) I'y = 1.45 m?/s;

(¢) 'y = 4.35 m?/s.

consequently, greater flame length. Opposite effect is
obtained in the upper decelerating part of the plume.
As expected from consideration of a simple rotating
flow (Section 3.3), the swirl number S, Eq. (15), obtained
in the simulations is proportional to the imposed cir-
culation, I'y (see Fig. 8). When the swirl number ex-
ceeded 0.6, flame shortening indicated in Fig. 4c was
predicted. Furthermore, flame with low heat release rate
(such as 126 kW flame) became unstable, and the steady
state was not reached. Note, behaviour of jet swirling

flows also exhibits qualitative changes at high degrees of
swirl (S > 0.6 [6]).

Fig. 9 compares the radiative heat fluxes (obtained by
Monte Carlo method) emitted by the flames and calcu-
lated at the distance of 1.2 m from the flame axis. Since
the rotating flames are normally thinner than non-
rotating ones with the same heat release rate, while their
maximum temperatures are approximately the same, the
local radiative heat fluxes are reduced compared to non-
rotating case. The change in flame shape also results in



A. Yu. Snegirev et al. | International Journal of Heat and Mass Transfer 47 (2004) 2523-2539

1750

=0.04 kg/(m S)

tuel

—_

W

(=

(=]
T

1250

1000

750

Centre line temperature, K

Non-rotating flame

500 Standard k- model, T, = 1.45 m’/s
Modified k-€ model, F =1.45m’/s

| | |

0 1 2 3

Z, m

Fig. 5. The effect of turbulence modelling on the predicted
flame centreline temperature.

some decrease of radiative heat flux incident to the fuel
surface. It can therefore be concluded that rotation of
the flow in the vortex core is not sufficient to provide the
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experimentally observed increase in burning rate in
whirling flames above evaporating pools. However, the
flow rotation intensifies the entrainment of the air into
the fuel rich region near the fuel surface, which may
intensify mixing of the reactants in this area, thus pro-
viding greater reaction rates, temperature, radiation
emission, and evaporation rate. These phenomena may
be a possible mechanism that causes the observed in-
crease of burning rate due to rotation, and this mecha-
nism has to be specially considered.

4.4. Simulations of whirling flames in enclosure

The experimental enclosure (see Section 1) is con-
sidered. The computational domain used in the simula-
tions was expanded beyond the enclosure, having the
dimensions of 3.4x2.77%x3.29 m. Non-uniform rectan-
gular computational mesh consisted of 122880 control
volumes (48 x40x 64 grid nodes). The mesh inside the
enclosure was the same as that used for unconfined
flames. Whirling flame was modelled with a constant
prescribed fuel supply rate, which was varied from 0.010
to 0.040 kg/(m?s), the range covering time-averaged
burning rates measured in our experiments. Fig. 10
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40F T2 3ms 2=04m
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4.0F 1723 mss

77777 z=10m
77777 z=2.0m
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Fig. 6. Radial profiles of angular velocity.
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demonstrates a representative temperature-velocity field
with the flame zone, incoming airflow, hot layer, and the

outgoing flows leaving the compartment through the
ceiling vent and the doorway. A time moment is shown,
when straight rotating flame is exhausting through the
ceiling vent.

The main finding from numerical simulations of the
enclosed flames was their intrinsically transient behav-
iour and unsteadiness. Although the predicted mean
temperature, velocity and all the other fields in uncon-
fined flames of the same calorific power reached steady
state, the enclosed flames appeared to be unsteady. The
unsteadiness manifested itself through the precession of
the flame and the periodic formation and destruction of
the whirling high-temperature core. As discussed above,
this phenomenon has been also observed in our experi-
mental compartment.

The periodicity of the process is demonstrated in Fig.
11, where the maximum value of w, is shown as a
function of time for three flames with different fuel
supply rate. It can be concluded that the period de-
creases as the fuel supply rate increases. Therefore, more
volatile combustibles are expected to produce a higher
frequency of the process.
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Frame by frame analysis of the predicted flame
development has been performed, and different stages
have been identified as shown by sequence of frames
taken from video against temperature and vorticity
fields with mean flow streamlines (see Fig. 12). When
flame is deflected towards the corner near the front wall,
no organised rotation occurs (Fig. 12a). Later on, the
flame zone is driven by circulating incoming airflow
towards the front wall and consequently to the doorway,
when the vorticity slowly concentrates around the flame
zone (Fig. 12b). Then the vortex core forms, the flame
lengthens which results in formation of straight, long,
relatively thin, and rapidly rotating flame (Fig. 12¢ and
d). The flame and the vortex core coincide at this stage,
duration of which appears to be very short. The air in-
flow displaces the upper part of the flame and the entire
vortex core towards the rear corner (Fig. 12e). Since the
vortex core and the flame no longer coincide, rotation
no longer reduces turbulent mixing, and the flame
shortens. Further downstream displacement of the vor-
tex core (Fig. 12¢) leaves it without a source of vorticity
(which is due to vortex stretching in accelerating flow,
see above), because of shorter length of the accelerating
flow. Also, the upper part of the vortex tube is chopped
off, because the tube is no longer directed towards the
ceiling vent. Due to that, the vortex tube finally dissi-
pates, and the non-rotating flame temporarily stabilises
deflected to the left wall (Fig. 12f). Then the whole cycle
repeats.

The average period between the formations of
straight whirling flame determined from the simulations
varied from 17 s for s = 0.020 kg/(m?s) to 12 s for
e = 0.040 kg/(m?s), which is similar to the average
period observed in our experiments (about 10-15 s).

Fig. 10. The predicted straight rotating flame exhausting through the ceiling vent: (a) mean temperature and velocity fields; (b) mean-

flow streamlines and 700 K temperature surface.
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5. Conclusions

Experimental studies of medium (room size) scale
whirling fires (missing in the previous research) have
been conducted, demonstrating that whirling flames may
develop in compartments with ceiling vent and asym-
metric air inflow. It has been established that the fire

whirls in enclosure are unstable and they exhibit a
periodic formation and destruction cycle (of about 10—
15 s period for a given experimental arrangement).
Flame length and time-averaged mass burning rate in
whirling fire were found observably greater than those in
non-whirling ones.

To interpret the observed and predicted development
of whirling buoyant turbulent diffusion flames, the
concepts and results of existing theory of rotating flows
have been used. The theory reveals two necessary con-
ditions for buoyant rotating flow to develop: (i) non-
zero background vorticity (and external circulation) and
(ii) vertical acceleration of the flow. The primary
mechanism of vorticity concentration in the vortex core
is the stretching of the vortex tube; the latter is balanced
by viscous (and possibly turbulent) dissipation. When
the above conditions are satisfied, the steady rotating
flow has a radial velocity distribution similar to that of
the Rankine vortex.

The 3D CFD model and code Fire3D earlier devel-
oped for predictions of open and enclosed buoyant
turbulent diffusion flames have been adapted to simulate
whirling fires. The modification to the turbulence model
has been introduced to allow for the effect of flow
rotation on turbulence. The model has been applied to
predict the development of unconfined rotating flames
to study the effect of rotation on flame structure, tem-
perature, radiative output. The Rankine-type vortex
formation has been demonstrated. Similar to experi-
mental observations, the flame lengthening due to
rotation has been predicted. In accordance with the
approximate theory, the flame structure and its response
on the externally imposed circulation were found to
depend on the magnitude of the external circulation and
on heat release rate in the flame. The latter determines
the length of accelerating part of the flow, where the
vorticity is amplified. If the external circulation is im-
posed then the Rankine-type vortex develops with
maximum vorticity (at the axis) and angular velocity (at
certain distance away from the axis) proportional to the
external circulation. Swirl number of the rotating flow is
shown to be proportional to the imposed circulation; at
high degree of swirl, flame shortening and destabilisa-
tion was predicted.

Local and maximum radiative heat fluxes from the
rotating flames (with constant prescribed fuel supply
rate) were found to be less then those in non-rotating
flames. It can be attributed to change in flame shape
(the high temperature radiating flame zone is longer
and thinner). It also indicates that additional physical
mechanisms should be taken into account to explain
and predict the experimentally observed increase in
burning rate when the rotation occurs. A possible
mechanism, namely entrainment intensification of the
air into the fuel rich region near the fuel surface, has
been identified.
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Fig. 12. Comparison of observed and predicted flow. From left to right: frames taken from video; surface 7 = 773 K (approximates
visual flame zone); surface w. = 15 s™! (location of rotating core). Stages of flame development: (a) Flame is deflected towards the rear
all, no regular rotation occur. (b) Flame is deflected towards the doorway, whirling zone starts to form. (c) Flame lengthens and
straightens, vortex core develops. (d) Flame is straight, it exhausts through the ceiling vent, stretched vortex core erects. (e) Upper part
of flame is displaced by rotating incoming airflow, the vortex core travels towards the rear wall. (f) Similar to (a). Streamlines run out
from the points at doorway cross-section, at elevations 0.2 and 0.4 m above the floor.

Using Fire3D, the whirling flame development was
then simulated in the enclosure with the ceiling vent and
the asymmetrically located doorway. Circulating air in-
flow provided the externally imparted vorticity that
caused formation of the buoyant whirling flames. The
geometry of the enclosure represented that of the
experimental compartment. Similar to experimental
observations, the predicted whirling fires in enclosure
were found to be transient and intrinsically unstable,
although of the unconfined flames of the same heat re-

lease rate produced steady-state mean flowfields. The
periodic process of formation, precession and destruc-
tion of the whirling flame was predicted numerically and
interpreted in terms of the conclusions from the existing
theory of rotating flows.

The period of oscillations was found to decrease if
the fuel supply rate increases. It was therefore concluded
that more volatile combustibles should cause a higher
frequency process. The predicted period is close to
that observed in experiments. The flame shape and the
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flow pattern were compared to those obtained from the
video recordings of the experimental flames. The model
predictions are in reasonable agreement with the
experimental observations of the whirling flame devel-
opment.
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