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ARSTRACY

An experimental and a theoretical astudy
of horizontal jet flames burning methane in
Measurements of mean

system. The lawinap flamelet concept is used
in conjunction with 2 dual
buoyancy)

Predictions

intermittancy of the flame
surface are obtained. Thesea show very high
visible flame surface intermittency, compared
to similar vertical flames, suggesting strong
effects of buoyancy on turbulent mixing.

INTRODUCTION

concerning

¥any furnaces
as well. When the
surroundings are stagnant, the horizontal jet
turn progressively from
axis due to the action of buoyancy
until a bredeminantly vertical
abtained. Due to the practical applications, a
procedurs for calculating the structure and
radiation properties of horizontal jet flames
is nesded.

in addition 2o %he global affect oF
turning the flow in a direction opposite to
the gravity vector, buovanay produces
furbulent velocities the presence of
In a

Jet flame, the density decreases in
in the upper half
and production of
In the lower haif,

in

temperature gradients and fluctuations.
wrizontal
the direction of gravity
leading ¢o
turbulence {Lamb,

instability
1948) .

the density increases in the direction of
gravity contributing to the suppression of
turbulence. Suech behavior is termeq "lofting®
in the atmospheric sciences (Pasquill and
Smith, 1983)

Due to the complexity of +he Processesg
to our knowledge only two
jet flames have been
literature,
al.(1980) have reported dimensional analysgis
of horizontal Jet flames. These authors relata
the dimensions of this flame to thoge of a
vertical jet flape. They observe that this is
logical since in thae low and the high initial}
momentum limits, the configuration degenerates

into a vertjical buoyant plume and a vertical

(1)

where a is the acceleration due to gravity and
G, is the momentum flux at the jet exit,

Riy = a p, 1346,

Becker et a3, {1981} found that mean
shapes of several flames burning a variety of
fuels could be correlated using these two
parameters asg:

¥/L, = £(g,, X/L) (2}
where £ is the dimensionless flame length
defined as ¢ 3

reference.

For caloulation of thermal radiation from

flames, scalar Property distributionsg mist be
known together

estimatag
fluctuations in addition
and size that may he




engineered correlations (Faeth et al., 158%).

Therefore, further investigation of the
probles is essential.
GCosman et al. (1977]) made an early

attempt at calculating the mean distributions
of such properties in horizontal jet flames
using a k-e~-g turbulence model. A rgarahing
procedure was used in the horizontal direction
considering diffusion in only two cross stream
directions, Diffusion in the horizontal
direction becomes significant as the jet turns
under the action of buoyancy. The authors
restricted their calculations and comparison
to the nearly horizontal region of the flame
and expanded the grid as the jet spread and
turned slightly. Measurements of mean
temperatures and oxygen concentrations were
used to evaluate the analysis. The spread
rates of the jet flame were under-predicted
considerably particularly at farther axial
locations. This may be due to an inadeguate
treatment of buoyancy generated turbulence.
The calculations were terminated at relatively
short distance from the injector exit due to
large increase in computational grid caused
by expansion and turning of the jet.

In analysis of flows of power plant
effluent water into bays, Madni and Pletcher
{1577) utilized an adaptive grid to control
the expansion of the computational domain
caused by the turning of the jet, The jet was
aszumed to remain symmetric around the axial
curvilinear ccordinate allowing consideration
of diffusion only in the radial direction. Due
to small density gradients, Boussinesg
approximations were used. The jet turned at a
mach lower rate than a low momentum horizontal
flame. A mixing length model of turbulence
together with a modification due to buoyancy
similar to the one suggested in the
atmospheric turbulence literature (see for
exanple Pasquil and Swmith, 1983} was used.
However, the constant (X,} involved in the
contribution of buoyancy to turbulence was
changed from 18 to 1 in order to obtain
reasonable predictions of the jet
trajectories.

In the past fifteen vears, significant
progress has been made in turbulence modelling
using the second moment closure schemes
(Launder, 1985, Chen and Singh, 1990}
inciuding treatment of the body forces and
streamline curvature (lLaunder, 1985; Chen and
Singh, 1986). However, much of this work has
been in nonreacting vertical jets and plumes.
Second moment closure schemes have also been
applied to vertical bucoyant flames (Jeng and
Faeth, 1984; Tamanini, 1977). Howvever, perhaps
due to the difficuities posed by high
intermittency and streamline curvature
cbserved in horizontal Jet flames, second
moment closure schemes have not been applied
in the past. Recent work ir nonreacting
horizontal buoyant jets has also utilized the
mixing length turbulence model (Sinclair et
al., 1890).

In the present work, horizontal jet
filames with three exit Reynolds numbers were
visualized to observe mean flame shapes and
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trajectories. These were compared with the
correlation of Becker et al. ({1980}. &
variable density verszsion of the adaptive grid
procedure of Madni and Pletcher (1977) was
developed. Congistent with the status of
turbulence modelling briefly described above,
a mixing length model of turbulent diffusivity
together with a buoyancy correction was used.
The two constants of this model were
calibrated using one of the present flames.
The predictions of mean jet trajectories are
compared with measurements. New data
concerning intermittency of the visible flame
surface are reported highlighting the
importance of buoyancy generated turbulente.

The burner is made from a 6 mm diameteyr
250 mm long stainless steel tube with a wire
screen flow stralghtner at the inlet. Methane
gas from commercial cylinders is meteraed using
a calibrated rotameter. ‘Three operating
conditions are selected as representative (of
twelve studied to date) for the present
discusgion. These are summarized in Table 1.
The flames were surrounded by a fine wire
screen enclosure. The exhaust hood was
traversed to a suitable axial position for the
different operating conditions. In order to
avoid the effects of its suction on the flane
trajectories, the exhaust fan was shut off 2
minutes prior to making a 30 second 35 frames
per second video of all flames. Effects of
buildup of exhaust gases in the room during
the 2.5 minute period were minimal due to its
size (6m x 6 mx 2.5 m).

Reynolds Number 4300 6500 12500

Fuel Flow Rate 229 346 665

ng/s

Heat Release Rate 12 18.2 35

kW (estimated)

Vertical Flame 737 838 i24z2

length (Visible)

L, , wm

Jet Exit 2.65 &.06 22.4

Momentum

Nxiooo

Richardson 12 10.5 8.9
Rumber

Parameter [,

in order to compare the present flames
with the correlations of Becker et al. {1980},
corresponding vertical jet diffusion flames
were alego studied. The length of the vertical
flame L has been used as a parameter., The
neasuresments of L, for the present flames are
listed in Table 1. The momentum at the
injector exit G, as well as { the Richardson
number parsmeter used in the correlation of
flame size are also noted,

ern ol AT i




burner axit,

case, special pilot
the tests describeg hera.
flame is now being utilized for consistency
with the theoretical nodel .

The %00 images of aach flame were scanned
and 10 representative images were selected at
randon for digitization, Average flang shapas,

the digital images. Heasurements Using a high

speed (1000 Hz) shutter ara currently in
progress for the threa horizontal flames
described hare ag well as thair vaertical
counterparts,

THEORETICAL METHONS

The analysis described in the following
is mainly intendeg to calculate tha mean flow
properties of the horizonta}l

induced
The mean flow calculations must

treatment discussed in the following was used
for hot water
surroundings
In the
large density
the Boussinesg
approximation is pnot made and a variable
density caleulation is Performed.

HAsSs, momentum and mixture fraction are firgt
transformed into an  adaptive curvilinear
coordinate system. This coordinate systenm
tracks the centerline of the flame as it turns
under the action of gravity.
coordinate system following assumptions are
made: low Mach Number, axisymmetric boundary
layer flow with ne  swirl: equal exchange
coefficients and heat;

mixing
length model for the jet figw with effects of
buoyancy turbulence interactions addresged
The similarity of
Normalized by

layer assumption in the new coordinate systen
The second

lame calaoulations. For Present
nonluminous {methane) flames, the thirg
assumption is justified by past performpance.

in the absence of buoyancy ig
justifying the mixing length
approximation. = Tha treatment of buoyancy
turbulence interactions with A modified mixing
length has bean widely used ang
Pletchar, 1877; Pasquill "ana Smith, 1983; ana
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Sinclair at al., 1990). Howevaer, it ig widely
known that APPIoACh  neglects
maltiscale aspects of turbulence and is to be
treated only as a necessary firgt step.

eylindrical coordinate
This consigts of

The curvilinesr
system is shown in Fig. 1.

d
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x
A Sketch of the Coordinate System.

Figure 1,

¥ and the angular coordinate
¢. The original cartesian coordinates x and »
The s coordinate
jet flame,

location. Under the assumption of axisynmetric
flow [all
direction)  ip the
System, consideration of
directions isg adequate. The gravitational
acceleration ig Tepresented by a in Fig. 1.
Follcwing Madni and Pletcher (1977}, the
conservation equations for mean mass, mean
momentum in the s ang Y directions ang mean
mixture fraction are written as followsa:

coordinate
only ¥ and g

Conservation of Masg:
1 dipw 1 3¢ v._gpv 3
R R eIy
Conservation of Momentum in g direction:

E%—%»—gﬁwvng%‘ {Pu-p) asing

{4

1 a _ 8u

+W fé}"(y}‘g{l 6)}%&5)
Conservation of nomentum in the Yy direction:

{written with the turning angle 8 aszs the
dependent variable)

guz-}m.gg gg- ";“’ acos8 (5)




Mean Mixture Fraction (defined as mass of the
1oecal Fluid originating in the fuel jet)

oF__ 1 @ Yee 3

pu 8f orf
-8 08 +ﬁV‘é; {i-ely oy

1 icera, oy

where e is 2 local variable related to the
coordinate transformation defined as:
P i)

9""}’-—&"5 sindg

{7

It is noted that the density p in egs.
(3) = (8) is time averaged while the axial
velocity u, the radial veleocity v, the mixture
fraction £ are Favre averaged. Note that the ¥y
momentum equation is integrated with respect
to ¢ under the assumption of axisymmetry to
cbtain eq. (5). The turning angle 8 is =a
geometyric parameter whose rate of change is
defined by the Pavre averaged axial velocity,
the time averaged Ilocal density and the
surrent value of 8. Similar to the radial
momentum equation, the remaining conservation
equations are integrated with respect to ¢ in
order to eliminate the angular dependence
following the procedure of Madni and Pletcher
{1977} .

The time averaged density at each point
in the jet is uniguely related tc the mean
mixture fraction using the state relationships
for natural gas (predominantly methane} of
core {1986). This is an approximate use of the
laminar flamelet concept  described by
Bilger(1977). The approximation is valid for
linear variation of the density with mixture
fraction in the range of local mixture
fraction fluctuations. The approximation is
consistent with the present turbulence model.
Moreover, Kounalakis et al. (1989) have found
that the use of mnean mnixture fraction in
conjunction with state relationships provides
better estimates of scalar properties

turbulence Model

discussed above  the turbulent
appearing in the s momentum and
the mean mixture fraction equations is
obtained wusing the mixing length model
corrected for effects of buoyancy.

As
diffusivity i

1: du B

where 1 is the mixing length and ¢, is the
modification to the mixing length due to
buoyancy-turbulence interactions. The mixing
length is specified as I, = K ¥y {(Ugy = Ugpel -
Where is the turbulence constant, y,, is the
width of the jet at 1/2 velocity point and U

and U, are the maximum and minimum velocities
at the local axial station. The recommended
value of the constant for circular jets is
¢.0256 (Schlichting, 1979), Madni and Pletcher
{1977} used a of 0.0246, For the present
test flames, K, was tuned for the forced jet
1imit and found to be 0.037. Perhaps by
coincidence, this is the exactly the value of
K, recommended by Senlichting (1979) for plane
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jets and used by James and Edwards (1577) for
their plane jet diffusion flames. The reasons
for the higher wvalue of K, are presently
unknown.

The buoyancy induced modification in the
mixing length &, is defined in ter.s of the
gradient Richaré%on number Ri as follows:

$ ,~ (1-K RiCosB) %% (*)
where the gradient Richardson number Ri is
defined as:

. ar ,, du,®
R.}‘.‘&T.-é;}'{'&;; (10)

Following HMadni and Pletcher (1977), the
gradients of velocity and temperature in eq.
{10} were approximated based on the centerline
and the edge value of the variables. A recent
study (Sinclair et al. 1950) of hot water jets
in cold water has used the local gradients in
+he calculation of Ri.

Several values of the constant K, have
been recommended in the literature. Sinclair
et al. (1990) state that this constant should
be between 15 and 28; Madni and Pletcher
(1977} guote Keyps formula from Bradshaw
{1869) to state that the constant K should
have a wvalue of 18. They used a value of
approximately 16 to cbtain the best fit to
several measurements of hot water plumes in
cold water. In order to match the flame
trajectories, a X, of 44.1 was used in the
present study. Thus it is noted that the
turbulence constants for the simple mixing
length model are far from universal. A lack of

understanding of buoyancy~turbulence
interactione is the basic cause of this
problem.

Rumerical Integration

The equations for conservation of mass,
mean axial momentum, mean turning angle, mean
mixture fractions described above are solved
using an explicit DuFort-Frankel schene
similar to Madni(1975). Madni (1975) used the
foussinesq approximations to include variable
density effects only in the body force terms.
In the present work, modifications to the
finite difference formulation of Madni (1575)
were completed to accommodate variable density
effects in the convection and diffusion terms
in addition to the body force terms. In order
to check the present formulation and computer
program, constant density flows and hot water

in cold water flows of Madni (1878) were
computed and found to be in excellent
agresnent.

In the following, the measurements and
predictions of mean fiame trajectories and
shapes are discussed. The measurenents of

intermittencies of the visible flame surface
for the three flames
are then presented.

Maan Flame BShapes: The maximun visible
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data. The plateay of X/L, reached at high
valuag of 51. ias howaver similar to that shown
by earlier data. The vertica}l length Y, also
plotted in Fig. 2 ag a function of /8, "is in
better Agreament with +he carrelation of
Becker et a1, {1980} . However, thig choice of
tha abscissa tends to mask the differances.
Discrepancies in flame length and aize
Parameters of the order seen in Fig. 2 can
result from the differences in initial
conditions of the flames, exposure tine ang
fiilm development method etc., ang are
expacted.

Measurements and predictions of the flane
trajectories for the three flanes are plotteqg
in Fig. 3. The vertical location of the
curvilinear axig of symmetry was determined

function orf horizontal distance fronm the
injectar axit. Both lengths are normalized hy
the injector diameter 4, The Predictions of

80 . '
Re = 12300
50F o or.am ]
wl — PrREDICTION ;
]
w mf
2w} 4
ik -

z/d

20 30 4 50 8
x/d

Figure 3, Measurementsg and Predictions of Mean
Jet: Trajectorisg,



the location of the axis of symmetry based on
the finite difference analysis described
eariier are shown as solid lines.

The Re=4300 flame has the lowest momentum
at the jet exit and is attached to the burner.
It shows the maximum curvature and rises about
56 diameters in a downstream distance of 50
diameters. The analysis generally
underpredicts the curvature by between 1020
£. The Re=6500 flame with somewhat higher exit
momentus rises about 20 diameters at 50
diameters downstream. The trend with the
Reynolds nuwber is captured well by the
analysis in this range. &s the Jjet exit
momentum is increased further {Re=12500), the
flame axis 1ifts only 5 diameters at 50
diameters downstrean. Again the present
analysis represents the change from buoyancy
to transition regime very well. The numerical
predictions of maximom spread alse show
similar agreement with the measurenents.

Since the present analysis predicts the
mean shapes reasonably well, the experimental
data concerning transient flame shapes are
studied further. Future analysis will be aimed
filuctuations in

at predicting various

quantities.

s i ki

Re w 4300

Pigure 4. Representative Instantanecus Flame
gnapes, Re =4300.

Transient Flame Shapes:

out of the 900 images of each of the
three flames captured in the present study,
six typical images are sketched in Figs. 4-6.
Figure 4 shows the typical flame shapes for
the Re=4300 flame. This flame is attached at
the injector exit and turns upwards to almost
2 45° effective trajectory. The overall
appearance of the six images is similar.
Generally, the lower interface is less
contorted as compared to the upper interface
due to the instability of the Jlatter.
occasional breakoff of flame pockets is
observed in some of the images. The dashed
lines in the sketches shows the blue (no soot)
interface while the solid 1line shows the
yellow (soot} interface. As seen from several
of the images, scot formation occurs in the
upper half of the flame while the lower half
remains relatively blue.

Figure 5 shows six representative limages
for the Re=6500 flame. At this condition, the
flame is detached from the injector (which is
shown for reference). The flame shapes show a
much larger  variety with the flame
occasionally breaking off into three large
pieces. The upper interface is consistently

t.

i

]

f

3
~
ol
Re = 6500

Figure 5. Representative Instantaneous Flame
Shapes, Re =6500.
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The highesgt
largest variety
Fig. s,

jet. Femarkably
diffarent than vertical flame
counterparts, vertical

fragmentation only near the flame
even there,

shown by the horizontai jets,

Re = 12500

Fiqure g. Representative Instantaneous Flame

Shapes, Re =12500.

The observed visihle interfaces of the
three flames were quantified by using thirty
digitizeq images. The visible flama

ﬁtermittency at a location (%¥,2} shown 4in
Fig, 7 ig defined ag: 7 = 1, if the image im
Yellow dus +q soot iuminosity at x,
9, if the image is not yellow
: from ajl thirty
iNages are obtained, the average (over thirty
?@alizatians} 1ntarmittancy Qf  flames j=
Calculated. The mean square intermittency, 1
X,z is calculated from the 30 data sets and
intermittency.
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Figure 7. Mean Flame Shapes ang Iocations for
Flame Intarmittency Measurements,

the mean gquare iatarmittency represents *hHe
flame fluctuationg due to turbulerncea.

In the following, average and
intermittency at the locations
vertical lines {with points on
7 are discussed.
are selected for each flame.
location is relatively near the injector exit
and all three flames are almost horizontal at
this location, The secong location is ar the

mean square
marked by



begirming of the turn in the mean flame. The
third location is towards the completion of
the turn for the two lover Re flames and at an
internediate position for the Re=12500 flame.

Plame Fluctuations: The probability of finding
a visible flame (I} at various radial
positions at three different downstream
iocations in the Re=i300 flame iz shown in

¥ig. 8. The horizontal distance from the
1.2
Rund300
1 xiHtal.78
1.0 Hiud60 mm
Wis238 mm
{5
0.8+
for
0.4
9_2-
0.0 il v >
2 Rex4300
1 . x/Hin0.8
i0 Hix360 mm
’ Winl49 mm
M.
a8
[E2
e
3_2«
a0 gty Y
1.2
Resd300
X/ Hin0.28
1.0+ Ki=360 mm
Wis57.1 mm
0.8
[, 4.4
6.4
M"‘
0.0 v Y L
-3 6wt ! 4

Figure 8. Mean Vislble Fiame Intermittency, e
= £300.
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injector exit x is normalized by HE which is
she mean distance to which the visible flame
progresses in the horizontal direction {termed
¥ previously for comparison with Becker st
al., 1980). ‘The vertical distance T is
measured from the centerline of the injector
and is normalized by the local mean visible
width Wf of the flame.

In Fig. B, at the lower interface, the
mean intermittency grows very sharply to 1 and
retains that value for several points across
the flame. In contrast, the intermittency at
the upper interface decreases much more
slowly. This is & result of the action of
buoyancy disturbing the upper flame surface
and sending little flamelets out to larger
radial locations. At x/Hf= 0.5 position, the
slope of the intermittency curve for the upper
intertace decreases at a fixed radial
location. This is due to flame protrusions
from a downstream positlon. The width of the
vigible flame increases considerably from r/WI
=0.25 to r/Wi=0.75. However, the spread of the
flame intermittency appears to scale with the
mean width. The lower surface of the flame
appears to have very little disturbances even
at the downstream positions suggesting that
buoyant instability at the upper edge is the
cause of flame intermittency.

Figure 9 shows the probability of finding
a visible flame at comparable locations in the
Re=6500 flame. Due to the higher momentum and
turbulence intensity at the jet exit, the mean
inteymittency profile is almost symmetric for
the %/Hf=0.25 position. Near the center of the
flame, & region with a mean intermittency of 1
still persists. At the downstream positions,
the region of unity mean intermittency shrinks
considerably due to buoyancy induced mixing.
At the intermediate position (x/Bf=0.,5}, a
second peak is observed in the mean
intermittency. This is due to the flames from
a downstream location appearing at a specific
radial distance above the local mean flame
edge. At the position farthest from the
injector, the mean intermittency does approach
1 at the axis. However, it decreases
symmetyrically with radius, since the jet is
almost vertical at this position.

The mean intermittency profiles for the
Re=12500 flame are shown in Fig. 10. At the
position near the injector exit, the lower
flame surface appears sharp while the upper
flame surface has a larger slope. The
probability of finding a visible flame is
regtricted to a relatively narrow region due
to the higher momentum of this jet. As the
fiame begins to turn under the action of
buoyancy, intermittent structures are seen.
The intermittency profile at x/Hf=0.5 shows
two peaks due to flame protrusions from a
downstrears location. The distribution appears
almost symmetric at the farthest position
{x/Hf =0.75) even though the flame is not
vertical at this location. The shear generated
turbulent fluctuations reach a peak at the
downstream locations and probably result in
the symmelry.

In Figs. 1i-%83, the

mean  sgquare
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intermittancy for the thrae flames ig pliotted
for positions identical to those sesen in Figs.
7-10, Figure 13
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positions in Fig. 11. n7he lower interface
sonsistently shows very narrow distribution of
the mean square intermittancy whila the upper
interface shows considarable broadening due to
buoyancy,
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Figure 1lo. Mean Visihle Flame Intermittanc:y,
Re = 12%00,
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Intermittency, Re = 4300.

The mean sguare intermittency for the
Re=6500 flame plotted in Fig. 12 shows the
. effects of higher turbulent fluctuations. The
lower interface shows less fluctuations as
compared to the upper as expscted. Two of the
lower peaks do not reach the fundamentaily
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correct value of 0.25 only because a
calculation at I = (.5 was not performed. The
upper interface shows very broad digtribution
of flame intermittency caused by bucyant
fluctuations.

Figure 13 shows the radial distributions
of mean sguare intermittency for the Re=12300

a3
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3 Hfwd24 mm
WisldTT mm
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1" J
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Figure 12. Fluctuating vigible Filame

Intermittency, Re = £500.
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Figurelil. Fluctuating Visible Filame

intermittency, Re = 12500.

Tlame at three axial positions. Again, a value
of 0.25 is not reached at the lowest pusition
Since a calculation at a mean intermittency of
9.5 was not performed. The lower interface
shows less fluctuations. At X/Hf=0.3, the
effects of flames from a downstrean position
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resulting in a much broader distribution and a
double peak are observed. At the highest
position, both the lower and upper edge show

significant flame intermittency. These -
observations provide direet evidence of
buoyancy-turbulence intaractions in  the

present horizontal jet flames.

CONCLUSIONS

Following conclusions can be drawn from
the present study:

{1) Trajectories of horizontal flames can he
predicted reasonably well using two
dimensional finite difference computations in
an adaptive coordinate frame.

(2} Transient measurements of flame shapes
show significant effecty of buoyancy-
turbulence interactions. This effect nust be
considered in modelling the wmixing properties
of horizontal flames.
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