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Abstract

The paper examines eight diverse regimes in which fuels can mix and react with air. These
comprise: (i) Lifted subsonic; and (ii) supersonic jet flames, with (iii) and without (iv) cross
flows; (v) Rim-attached flames; (vi) Early Downwash flames; (vii) Downwash-attached jet
flames; and (viii) Fire Whirls.

Correlations of characteristics within these regimes are principally in terms of a dimensionless
Flow Number, U*, Cross Flow Reynolds number, Re., and, for Fire Whirls, a dimensionless
Critical Velocity, CV. Boundaries of seven of the eight regimes are identified, through plots of
U*, against Re., and of the eighth through a plot of CV against U*. The circumstances of
transitions between regimes are identified. The study involves a variety of CH4 cross flow
flame measurements, in a wind tunnel. Cross flows can initially create a small lee-side flame
downwash, due to the depression in pressure. With increasing fuel flow this might extend 1.3
m downwards from the horizontal tip of the vertical burner. Jet flames can attach to the
downwash, which can become significant above Re.~ 2,000. More extensive downwash might
further delay blow-off. Regime boundaries are constructed on the U*/Re. diagram covering
lifted flames, early downwash, and downwash-attached flames. The most powerful flames tend
to be lifted, choked, flames, with cross flow, and fire whirls. Combustion becomes less efficient
at high Re. and low U*, although CH4 was efficiently reacted.

Experimental values of the ratio of fuel to air velocity, u/u., of CH4 flames ranged between
about 10 and 30 for lifted flames, and between 0.3 and 3.6, at blow-off, for rim-attached flames.
The latter comprise an important category, often intermediate between lifted flames and
downwash-attached flames.

Keywords: Cross flow; downwash; burner-attached flames; rim-attached flames; fire whirls.

1. Introduction



The paper considers the different ways in which a jet of fuel and air can interact. The
fundamental interaction of a fuel jet, entraining surrounding atmospheric air, makes lifted jet
flames a good starting point [1-5]. Usually the jet is subsonic, but it can become choked,
creating shock waves. Such jet flames are characterised in terms of a dimensionless jet flow
number, U*, suggested by computational studies and experiments [1,2]:

U*= (u/S,)(8/D)" (B/E,), M
where u is the mean fuel jet velocity at the pipe exit plane, S;, the maximum laminar burning
velocity, D the fuel pipe internal diameter, o, the flame thickness, given by v/S;, and Pi/P, the
ratio of upstream stagnation to atmospheric pressure.

The role of the normalised pipe diameter, D/J, is crucial. If it is small, entrained air might
quench the flame, leading to blow-off. Computations show the mixture at the leading edge of
the flame to be close to that at which the laminar burning velocity has its maximum value [1].
Another mixing procedure involves a cross flow of air, perpendicular to the faster moving fuel
jet [3,6,7]. As u. increases, it deflects mainly the upper part of the flame, with little effect on
its most reactive leading edge, at the lift-off distance, L, measured from the pipe exit plane to
the flame tip. As u. exceeds u, L eventually begins to decrease and the flame attaches to the
pipe rim at the leeward side, creating a rim-attached flame [8]. The increase in u. makes the
flame more horizontal, prior to blow-off.

At a lower fuel velocity, as u. increases, the depression in pressure on the pipe leeward side,
increases a downwash flow velocity. A small flame is created at the leeward rim, and as u. and
u further increase, an early downwash flame [6,8,9] develops that becomes fully developed.
The fuel flow can then be increased to maintain a growing downwash-supported jet flame
[8,10]. The paper identifies maximum fuel flow rates, through U%*, that can be sustained by the

downwash, through Re.. Here the Reynolds number, Re. = u.Do/va, with D, the pipe external



diameter, and v, the kinematic viscosity of the cross flow air. Combustion becomes
increasingly inefficient at high Re. and low U*, although CHy4 is efficiently reacted.

Another fuel/air interaction is created by sideways tangential air circulation around, and into,
a central large fuel flow, not necessarily with a high velocity, with the generation of a fire whirl
at a critical, not so high, wind velocity. In a laboratory this can be achieved by tangential air
flow vertically around a central pool of evaporating fuel on a central disk, that might be rotated
[11,12]. With increasing rotation the fuel/air flow tends to laminarise in the lower plume, with
recirculation enhancing air entrainment.

The rotating chimney thus formed creates a high velocity, with low ground pressure. Large
scale atmospheric fire whirls, at velocities exceeding the Critical Velocity [13], within wild
fires, are more erratic than laboratory whirls [14]. Different flames are discussed in the light of
new experimental data.

2. Lifted flames, cross flows, and downwash

2.1 Basic considerations

As fuel flow rates in jet flames increase, eventually a point is reached at which further
entrainment becomes excessive, the flame extinguishes, and blows-off from the burner.
Initially, it is possible for the lifted fuel jet to sustain also an increasing cross flow of air.
Fuel/air mixing is enhanced by the air/fuel vortex within the lift-off zone, between the pipe exit
plane and flame leading edge [15,16]. Downstream of this leading edge, the atmosphere
becomes the only source of air in this analytical approach. However, an increasing cross flow
of air cannot be sustained, and eventually, to maintain reaction, the fuel flow rate has to be
decreased, followed by a decrease in the air flow rate. At the initial higher values of U*, u/u.is
about 20. With the decreasing reaction rates, this ratio falls to about 10. The flames might no
longer be lifted, and downwash might develop on the leeward side.

It is fruitful to define the ratio of air to fuel moles, C, by:
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where M, is the molecular mass of air, M; the molecular mass of fuel, p, the density of the air,
and pj; that of jet fuel at the pipe exit plane.

Evaluation of L/D was aided by measurements in the wind tunnel of the State Key Laboratory
of Fire Science (SKLFS) [7]. With atmospheric propane-lifted jet flames, u. decreased to about
u/u~=10. As u. was increased the shape of the lower part of the flame did not change much,
while the upper part bent over, becoming nearly parallel to the cross flow. It is to be anticipated
that L/D would depend upon f, the ratio of fuel to air moles for maximum burning rate. Values
of fare 0.046 for CsHs, 0.107 for CH4 and 0.756 for Ho.

The value of L/D remained consistent, until just prior to blow-off, with:

(L/D)f = 0.0002U** + 0.086 U* —0.174, for propane, and 3)
(L/D)f = 0.15U%* — 0.2, for methane. 4)
Prior to blow-off, the value was 0.8 of that given by these expressions.

2.2 Lifted flame-cross flow characteristics

Figure 1 shows the C3Hg/air experimental cross flow, subsonic, blow-off data of Kalghatgi [6]
at atmospheric pressure, when processed in this way, with U*, at blow-off, U,*, as a function
of C. The dependency of blow-off upon pipe diameter also is shown by data for the three
highest pipe diameters, normalised by the laminar flame thickness, dx. This is defined by the

location of a temperature 77, below which there is no reaction [17], evaluated from:
5]( = (k/Cp)TO/(PuSL), @)

where C, is specific heat at constant pressure, p, unburned gas density, and k the thermal
conductivity, with values of 7° from [17]. Stable flames exist within the separate peninsulas

for values of D/dx equal to, or greater than, the given values.



The lower of the two broken curves is derived from the atmospheric propane data in [7], with
the exceptionally low values of D/dx = 16 for a Tibetan atmospheric pressure of 64 kPa, arising

from the increased Jx at low density.
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Fig. 1. Blow-off limits of stable propane lifted flames with air cross flows, in terms of U,* versus C,
for different D/dy.

At atmospheric pressure, Sz and dx = 0.43 m/s and 0.100452 mm, at 0.64 MPa, and Sz = 0.46
m/s [18]. Pressure dependency laws are in [19]. The importance of higher values of D/di to
extend the range of stable flames and U, * at blow-off, is apparent. As pipe diameters decrease,
the increased mixing of fuel with air induces more rapid leaning-off of the mixture, and flame
extinction.

Initially, as C increases, so also can burning rate and U,*. Eventually, the air dilution becomes
excessive, reaction rates decline, and it is impossible to maintain the value of U,*, without an
increase in D/&. Combustion is maintained by curtailing increases in C and U*, more sharply
at the lower values of D/é.

Similar cross-flow blow-off characteristics were derived for CHy, also from [6]. Values of St
and o were 0.39 m/s [20] and 0.1288 mm [21].

2.3 Practical implications



The ratio of the amount of cross flow air mixed with fuel, C, to that ultimately required for the
maximum burning rate mixture is Cf. This additional air is acquired through entrainment of
atmospheric air by original cross flow air and the reacting fuel jet. The maximum value of C
in Fig. 1 is about 7.6 and, with f = 0.046, this implies a proportion of 0.35 of the necessary
overall air had been acquired from the directed cross flow. Any further increase would lead to
blow-off. For the smallest diameter flame at a much lower U*, with C = 1, the cross flow air
proportion was 0.046 of the ultimate requirement. Although such values are approximate, it is
of interest that most of the necessary air must come from atmospheric entrainment. However,
the flame quenching tendencies induced by cross flows are probably more relevant than those
of enhancements. In atmospheric flaring of gases, cross winds can lead to flame extinction,
probably significantly more easily for CH4 and C3Hg than H» [22].

With stable lifted flames, and values of u/u. of about 20, as u. increases and u decreases, the
flames become rim-attached. With u. exceeding u, downwash flames develop on the leeward
side [8]. With further increase in u. jet flames appear, anchored to the downwash turbulent
wake flame. Quite strong downwash-attached jet flames can be established. This regime
becomes more appropriately expressed in terms of U* and the cross flow Reynolds number
Re..

These coordinates are also used as an alternative to the U*/C coordinates in Fig. 1, for the CHy4
lifted flame with cross flow data from [6]. This new plot appears in Fig. 2, along with additional
data, for a total of 6 different values of D/dk, with two data sets, at higher D/d, over a limited
range.

Also plotted in Fig. 2, at high values of U* and Re., are data for three choked lifted flames,
with cross winds and sonic shocks at the pipe exits, that enhance reaction rates [21]. These are
shown by the top half-blackened square symbols in Fig. 2. In order of increasing Re., the D/ox,

and fuel mass flow rates are 1,180, 5 kg/s [23], 1,180, 10.7 kg/s [3] and 1,576, 10.7 kg/s,



developing 595 MW [3]. In sharp contrast, the early appearance of downwash is indicated by
filled triangles, at U* = 0.1.

3. Jet flame regimes

The present innovative study attempts a new quantitative identification of eight diverse regimes
of fuel jet flames in air. Section 2 has introduced many, but my no means all, relevant aspects.
Lifted flames in cross flow have been analysed. Rim-attached and downwash flames have been
introduced, and feature in what follows, along with downwash-attached flames and fire whirls.
All but the fire whirls, which have a separate correlation, are characterised in plots of U*
against Rec, in the comprehensive Fig. 2. This key figure attempts to identify all the regime

boundaries, but some uncertainties remain, and will catalyse further studies.
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Fig. 2. Different flames regimes, in terms of U* and Re., for subsonic and sonic flows.

4. Generation of downwash flames



This was studied in the SKLFS wind tunnel, with a cross section 1.8 m square and 20 m in
length. Air flows, were between 0.5 and 10 m/s, from a 2.7 m diameter impeller, driven by a
variable speed 30 kW D.C. motor [7].

Variable flows of propane, with air cross flows, created optimal conditions for the generation
of downwash flames, with D = 8, 10, 13 and 15 mm. Air cross flow velocities were measured
with a hot-wire anemometer. Shown in Fig. 3(a), is the regime of downwash flames that
increases with Re. and U*. Values of U* are relatively low, yet sufficient to maintain an early

downwash. A robust flame developed at Re. = 1,340, U* = 0.06, with a depth of 21 cm.
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Fig. 3. (a) Developing propane downwash with increasing Re. and U*. No downwash below horizontal

broken line. (b) Early CH4 flame downwash, Re. = 18,860, and U* = 0.1.

Fig. 3(b) shows a small, early downwash flame at the leeward tip of the fuel pipe. Air flow is
from right to left. The flame extends 37 cm downwards, from the top plane of the burner to the
bottom of the small vortex downwash flame.

With U* = 0.1, for values of Re. between 5,845 and 15,085, flame images were similar, with
only limited downwash flows. The combination of high air and low fuel flows prevented any
extension of combustion beyond the leeward side at the burner tip, due to the restricted fuel
flow.

5. Rim-attached flames



The fuel pipe CH4 discharge was 80 cm, above the ground. To cover fully the different regimes,
five different pipes with internal and external diameters, ranging between 8-28 mm and 10-30
mm, respectively, were employed. The early downwash flame at U*=0.1, Re.=18,860 in Fig.
3(b), had excess air, with ©=0.54, and u.=0 m/s. A full downwash flame could only develop
through a decrease in u. and Rec, or increases in # and U*.

A decrease in Re. is considered first, along horizontal line (a), in Fig. 2. With U*=0.1. It passes
through three early downwash triangle symbols at Re.=18,860, 15,085, and 5,845, with no
significant change in the downwash. However, at Re.=1,886, the flame becomes rim-attached
on the leeward side, as shown in Fig. 4(a), with u.=1 m/s, and u/u.=0.54. Further reduction in

uc caused flame blow-off.

T

o
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|

Fig. 4. (a) Flame image at U* = 0.1, Re. = 1,886. (b) Computed contours of heat release rate. Rim-

attached flame, u = 20 m/s, u. = 5.5 m/s, U* =5.6.

Understanding of the rim-attached CHg flame structure was enhanced through numerical
simulations of it, using a 3D stretched laminar flamelet RANS code [24]. This enabled higher
velocities to be studied than could be obtained experimentally, at higher U*. Fig. 4(b) shows
the computed contours of volumetric heat release rate in MW/m?, for u=20 m/s, u.=5.5 m/s,
u/u=3.6. Inner and outer diameters were 10 and 12 mm, Re.=4,148. These contours reveal

similarities with those of a lifted flame, but are attached to the leeward rim, without lift.
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Additional computations, with u., also increased to 20 m/s, and Re. = 15,085, showed a very
different, near-horizontal, flame, tenuously attached to the outside rim surface. The two
computed points are indicated in Fig. 2 by rim-attached circles, surmounted, respectively, by
C1 and C2. These are close to other rim-attached points, aligned with other lifted flames and
downwash-attached points. The computed absence of downwash at C2, confirms the
experimental evidence, in this same regime of moderately high Re. and relatively high U*.
Accumulated experimental data suggest rim-attachment requires u/u. to reach about 0.3, and
that blow-off occurs at a ratio of about 3.6. The dashed curve on Fig. 2 indicates the bounds,
within which, prior to the generation of downwash-attached jet flames, rim-attachment flames
can occur.

6. Downwash-attached jet flames

Again, with the Fig. 3(b) early downwash flame as a starting point, with U*=0.1, Re.=18,860,
changes are considered for increasing U*, along the vertical line (b) in Fig. 2. Increasing the
fuel supply enabled a downwash-attached flame structure to develop. The images in Fig. 5
show the striking increase in the extent of the downwash, to a depth of 1.3 m below the pipe
exit plane, for U*=0.8, 1.0 and 1.3. Starting at U*=0.1 from the early downwash black triangle
in Fig. 2, the subsequent open triangles indicate transitions to a downwash-attached flame. This
increasing flame growth is anchored to the upper surface of the downwash. Such flames

increased in size with increasing U*.
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Fig. 5. Downwash-attached methane flames with Re. = 18,860 and (a) U* = 0.8; (b) U* = 1.0; and (c)
U*=1.3.

Similarly, changes in U* are now considered along the vertical line (c) in Fig. 2, at the lowest
Rec of 2,874. This includes valuable data from [8]. The lowest value of U* created an early
downwash flame that became a downwash-attached flame at U*= 0.54. The highest downwash-
attached value of 4.5 was attained, prior to rim-attachment, at U*=5.7, and blow-off at
U*=11.0.

In Fig. 2 there are no downwash, downwash-attached, or even rim-attached flames for U* >
10. This regime is dominated entirely by lifted subsonic and sonic flames, with cross flows
extending to high values of Re., beyond the Re. values in Fig. 2. One such operational point, is
for a subsonic natural gas lifted flame in cross flow, at Re.=1.2- 10°, with D/%=2370, and
U*=14.5 [3].

Finally, changes in Re. are considered along the horizontal line (d). In Fig. 2, whilst retaining
a value of U* of 0.8, Re. was reduced by reducing u.. The initial downwash-attached flame
retained its structure until, at Re.=6,788, it became rim-attached at, u/u.=1.2, and this persisted
down to the lower value of Re.=1,000. The bold full line, curve (e) in Fig. 2, constructs the
bounds for the existence of downwash-attached flames. The computed rim-attached points, C1
and C2 are outliers for both these, and other lifted flames. The values of U* that can be
sustained by downwash attachment might be increased by a more extensive volume of
downwash.

7. Incomplete combustion

High values of Re. and low values of U* are not conducive to the formation of well-mixed
flammable mixtures. Johnson and Kostiuk [10,25] have analysed the products of combustion,
in natural gas and propane jet flames with crosswinds, and found Conversion Inefficiencies,

(1-efficiency), to increase with u., and to decrease with increase in u. These changes are related
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to changes in combustion modes, as is demonstrated by the dashed horizontal line at U* = 0.68
in Fig. 2. Values of Re.ranged between 1,083 and 26,905. Along it, are marked locations of
three percentage values of conversion inefficiencies from [10]: 0.05% (uw/u. = 3), when rim-
attached, and high inefficiencies of 0.56% and 11.3%, when downwash-attached. At the
maximum Re. downwash attachment had ceased, and only early downwash remained. The
lowest inefficiency occurred at the lowest Re. of 1,083, when the flame was rim-attached, with
u=2.07 and u.=0.7 m/s, u/u.=0.3. Inefficiencies increased with increases in Re., and reduced
with increases in U*.

Downstream gases were monitored, in the present study, only for the presence of CH4, using a
Pulitong VI.18 methane gas detector. Only one location was found at which CH4 was detected,
50 mm below the level of the burner exit plane, and 150 mm downstream of the centre of the
burner pipe, with Re. = 18,860, and U* = 0.3. It is marked by an asterisk on line (b), just within
the downwash-attached regime. Concentrations ranged between 562 and 683 ppm. Similarly,
with natural gas flaring in the CanmetENERGY Flame Test Facility, no natural gas was found
in the products [4].

8. Fire whirls

Fire whirls are created by high tangential circulations around a plentiful supply of fuel. They
can be very powerful, generating devastating fire storms. Increasing circulation increases the
burn rate, and reduces the plume radius. The relevant Critical Velocity group, CV, is based
upon the critical wind velocity, U, at which the strongest fire whirl is generated, normalised
by a gravitational velocity, Uc/(gH)%> [13]. With g the acceleration of gravity, and H the length
scale of the burning area, (D in Eq. (1)). This can be a pool diameter in a laboratory, a much
larger, configuration of atmospheric burners, or a wildfire. The rotating chimney formed in this

way creates a high velocity and low ground pressure.
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A number of possible correlations were explored, and one, expressing CV as a function of U¥,
was optimal. None could be expressed by the coordinates of Fig. 2. The length scale, H, appears
in both groups and dominates the onset of fire whirl. Figure 6 shows values of CV that initiated

whirls, as a function of U*, and includes data derived from a variety of sources.
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Fig. 6. Conditions for fire whirl initiation.
These include large atmospheric fires, ranging from the huge Hamburg warfare fire, covering
about 11 km? [25], to the smaller scale laboratory studies in [12]. In these, the tangential air
velocity, U,, circulated around a central fuel pan, of diameter, H, up to 55 cm. With this, the
power was 0.807 MW, and the whirl flame height 5.01 m. Following [14], the atmospheric
experiments in [26], released 100 MW from 100 burners, over an area of 125 m x 125 m.
9. Conclusions
The paper examines the diverse basic regimes in which fuels can mix and react with air.
Although by no means fully complete, it is a first attempt to provide a comprehensive overall
generalisation of the different regimes and their boundaries. Major findings include:
(1). Save for fire whirls, regime boundaries of eight different jet flame types are identified in
Fig. 2 in terms of plots of U* against Re., supplemented by D/ .
(2). The addition of cross flow air to lifted jet flames initially enhances the burning rate, but

later inhibits it, as transitions can occur to rim attachment, downwash flames, and extinction.
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(3). In downwash lifted jet flames with cross flow, no more than about a third of the total air
required for combustion can be added to the fuel in this way.

(4). A core regime of downwash-attached jet flames is identified in Fig. 2, surrounded by one
of rim-attached flames, bordering on downwash and blow-off regimes.

(5). The highest U* values occur with lifted jet flames with cross flow. The most potentially
energetic are capable of up to 600 MW.

(6). Fire whirls, which require correlating parameters, other than those in Fig. 2, have
developed 100 MW experimentally. Coupled with firestorms, they are capable of warfare scale
destruction.

(7). Few flame reaction localities were identified with significant unburned CH4. Combustion
inefficiencies increased with increased Re., and reduced with increased U*.
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