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Pressure Effects on Geometry and Structure
of Gas Jet Flames in Crossflow

Ahsan R. Choudhuri* and S. R. Gollahalli'
University of Oklahoma, Norman, Oklahoma 73019

Flame structure and geometry of natural gas and propane diffusion flames in crossflow are presented to delineate
the effects of buoyancy and ambient pressure. The fuel was injected horizontally into a vertically movingairstream.
The buoyancy acted along the direction of the crossflow. The combustion-chamber pressure was varied from 1 to
1.45 bar and the crossflow to jet velocity ratio from 0.1 to 1.45. Quantitative rainbow schlieren deflectometry was
used to visualize the flame and to measure the geometrical parameters. The centerline flame trajectory showed
three distinct regions, and the dimensionless coordinate of the jet centerline in the jet direction varied with 0.45,
0.25, 0 power of the coordinate in the crossflow direction and — 0.5 power of the Froude number based on the jet
velocity in these regions. The flame trajectories did not change significantly with pressure. Flame chord length
varied with 0.45 power of the crossflow/jet velocity ratio. Flame length and soot formation characteristics changed
notably with pressure. Propane flames were more susceptible than natural gas flames to the ambient pressure.
The flame luminosity caused by soot in the propane flame changed only slightly with velocity ratio. However, the
natural gas flame became nonsooty at high velocity ratios.

Nomenclature
flame-tip chord length, (y* + x?)
normalized flame chord length, C/[d(py/p;)"/*]
inside diameter of the burner
densimetric Froude number, U2 p; /[(0; — po)gd]
flame length
luminous fraction of the flame length
normalized luminous fraction of the flame length,
Llum/[d(pﬂ/pj)l/z]
normalized flame length, L /[d(po/p;)"/*]
momentum flux, pU?
pressure
velocity ratio, Uy / U;
correlation coefficient
radius of the vortex core
fuel jet velocity
crossflow velocity
characteristic schlieren boundary width
normalized W = w/[d(po/p;)"*]
x/[d(Mo/M;)' ]
horizontal axis length
v/ld(Mo/M;)'*]
vertical axis length
circulation of the vortex
fuel density
= air density
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Subscripts

J = conditions at the exit of fuel jet
0 = crossflow conditions
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Introduction

VER the past few decades fluid mechanics and reaction ki-
netics of reacting fuel jets and flames in crossflow have been
studied extensively through analytical,experimental,empirical, and
semi-empirical models by several investigators.! ~> Most of the an-
alytical studies were concerned with the vortex interaction of a cir-
cular jet with the crossflow. The attempts to incorporate reaction
kinetics into this model were successful only to a limited extent,
and a number of assumptions were needed to simplify the flow-
field. Experimental studies have focused on a wide variety of phys-
ical phenomena associated with a fuel jet burning in a crossflow
including flame geometry, stability, and structure. However, these
studies were done in a configuration where buoyancy acted nor-
mal to the crossflow.®” As the momentum of crossflow was much
higherthanbuoyancy,the effectof buoyancy was overshadowedand
not clearly identifiable. Buoyancy plays an importantrole on flame
structure, especially in hydrocarbon flames, particularly in the far-
burner region.! Furthermore, the effects of burner wake were found
to be significant on flowfield and flame dynamics.' =
The present experimental study is aimed at identifying the rela-
tive effects of buoyancy on the flame geometry of a fuel jet burning
in crossflow. To achieve this objective, the fuel jet was injected
horizontally into a vertically moving crossflow in contrast to many
of the previous studies where the jet was injected vertically into a
horizontal crossflow. The densimetric Froude number was varied by
changing the fuel. To understand the effects of ambient pressure, the
chamber pressure was varied from 1 to 1.45 bar. The results are com-
pared with the existing data, and differenceshave been discussedin
light of the roles of buoyancy and pressure.

Background

A burning fuel jet issued from a circular burner protruding into
a crossflow has a complex flowfield around it. The primary fea-
tures of this flowfield are the aerodynamics of the fuel jet and the
crossflow and their interaction with the burner. A number of studies
are found in the literature related to the interaction of a round jet
with a crossflow. Some theoretical models in literature emphasize
the contrarotating vortex pair associated with the jet cross section
and its influence on jet trajectory*> For a vertical jet in a horizontal
crossflow, the vorticity componentin the near field arises as a result
of the deflection of the crossflow. A similar vortex behavior can be
expected for the horizontal jet in a vertical crossflow. Furthermore,
the horseshoe vortex system enhances the mixing in the near field
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Fig. 1 Vortex system of fuel jet in crossflow.

for both these cases. However, for a burning horizontal fuel jet is-
sued into a vertical crossflow, the strength of the vortex system is
expected to be higher because of the combined effects of crossflow
and buoyancy, which act in the same direction.

For an isothermalupward verticaljetin a horizontal crossflow, the
far field is dominated by a contrarotating vortex pair, which further
grows in size as a result of the entrainment of crossflow. Buoyancy
tends to deflect it only slightly. However, with a reacting horizontal
jet in an upward moving crossflow, the combination of buoyancy
with crossflow dominates the far field. As hot products accumulate
in the far field, buoyancy acceleratesthe flow, and mass conservation
requires narrowing of the streamlines. Hence, unlike an isothermal
jet, the contrarotating vortex pair in a flame shrinks as it moves
downstream. Thus, the prediction of flame geometry based on the
isothermal jet model is not appropriate for the burning horizontal
jetin a vertical crossflow system. Furthermore, heterogeneouscom-
bustion and nonlinear variation of heat release with fuel flow rate
caused by soot burning in the far-burner region make the analytical
prediction of flame geometry in that region more complicated.

Theoretically, the ambient pressure is not expected to have an
effect on the trajectory of a jet in crossflow as long as the crossflow
to jet momentum flux ratio remains constant. For a vortex system
with a radius r and strength I', P — P, = —p;T'?/87?r? (Ref. 8).
Because density is directly proportional to pressure at a given tem-
perature, the change in pressure does not resultin a change of I" for
a constant initial jet impulse. Hence, the jet trajectory is expected
to be independent of pressure. However, the flowfield of hydrocar-
bon flames in a crossflow is complicated by the heat release and
heterogeneous combustion of soot particles. Therefore, the flame
trajectory might be distorted with a change in ambient pressure as
a result of pressure-chemical kinetics interaction.

A sketch of the flowfield for a horizontal fuel jet burning in an
upwardly moving crossflow is shown in Fig. 1. The primary fea-
tures of this flow system are the contrarotating vortex pair and their
shrinkage downstream. The downstream wake regions of the jet and
the burner contain a complex vortex system, which includes wall
vortices on the vertical side of the test chamber and the horizontally
oriented vorticesshed by the burner tube. Experiments of the present
study were designed to validate and to further increase our under-
standing of the aforementioned effects of buoyancy and ambient
pressure on the flowfield of a jet flame in a crossflow.

Experimental Techniques

Experiments were carried out in a rectangular steel combustion
chamber of 0.31 x 0.32 m square cross section and 0.76 m height.
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Fig. 2 Details of combustion chamber.

The chamber provided an optical access to the jet flowfield through
two 40-cm wide Pyrex glass windows mounted on opposite walls.
Air was supplied into the chamber from a high-pressurecompressor
through honeycombs and screens placed in the inlet diffuser. The
pressure inside the chamber was controlled with two controlling
valves located downstream of the chamber. The airflow rate was
measured by a calibrated float-type rotameter. To maintain a certain
crossflow velocity for a specific pressure, the flow control valvesand
the rotameter settings were adjusted simultaneously. The pressure
and temperature inside the combustion chamber were monitored
with a computer-controlled data acquisition system. A 300-mm-
long stainless-steel tube burner of 2 mm i.d. and 3 mm o.d. with
sharp edges was inserted horizontally through a vertical wall of the
combustion chamber such that the tube protruded 145 mm from the
wall. Thus the burner tip was located at the center of the combustion
chamber and far away from the wall boundary layer, which ensured
that the effects of wall vortices on the flame were negligible. The
fuel flow system consisted of high-pressurenatural gas and propane
cylinders, digital flow meters, and needle valves. The details of the
test chamber are shown in Fig. 2.

Quantitativerainbow schlierendeflectometry (RSD)°~!? was used
for flame visualization. For sooty hydrocarbon flames both flame
boundary and schlieren boundary could be observed through this
system. The RSD system is shown in Fig. 3a. Light (150-W con-
tinuous halogen light source connected with a 200-um diam fiber
optic cable) from a slit aperture (50 «m) was collimated using an
achromatic lens (diameter= 63 mm, focal length=490 mm) and
deflected while passing through the flame caused by the variable
density generated refractive index gradient. A decollimating achro-
matic (diameter= 63 mm, focal length=490 mm) lens was used
to refocus the light and to form a deflected source image on the
filter plane. Another achromatic magnification lens was (diame-
ter =30 mm, focal length=60 mm) used after the decollimating
lens to magnify the image. The magnification lens was positioned
such that a magnification factor of three could be achieved for bet-
ter visualization. The filter was a transparent film with a computer-
generated continuous spectrum colored rectangular strip. The filter
was red in the center and yellow at the edges. Light was focused
through the red region. Other colors appearing on the image showed
the deflection of the incidentlight as a result of the refractionindex
gradientof the testmedium. Although the flames in the presentstudy
were inherently three dimensional and the density associated refrac-
tive index had both horizontal and vertical gradients, the RSD filter
was placed vertically to detect only the horizontal density-gradient
field. The vertical gradients were significant only in a narrow region
close to the flame deflection point, and the dominant density gradi-
ent of most of the flowfield was horizontal. The gray-tone version
of the RSD filter is shown in Fig. 3b. The image was acquired with
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Fig. 3a Schematic of rainbow schlieren system. 1, light source; 2, fiber optic cable; 3, source apperture; 4, focusing lens; 5, test chamber; 6, refocusing
lens; 7, magnifying lens; 8, rainbow filter; 9, CCD array; 10, camera controller; 11, monitor; 12, SVHS VCR; and 13, computer with frame grabber.

Fig. 3b Rainbow schlieren filter.

Table1 Experimental conditions

Parameter Value
Burner diameter 2 mm
Fuel Hydrogen (95% + Ha, rest inert)

Propane (95.35% C3Hg, 2.98% CHy,
0.92% C,Hg, 0.73% C4H;g, and
remains are higher hydrocarbons)

Natural Gas (95.8% CHy, 1.19% C3Hg,
1.15% C,Hg, 0.50% CO;, 0.10% N,
and remains are pentane, hexane and

water)
Jet velocity, U, 0.15-0.5 m/s
Velocity ratio, Uy /U 0.396-1.37
Jet exit Reynolds number® 60-120
Densimetric Froude number® 2.5-10.66
Chamber pressure 1-1.45 bar
Chamber temperature 295-298 K

“Based on burner diameter and jet exit velocity.
YBased on burner diameter and crossflow velocity.

a charge-coupled device detector (Panasonic U-502) and recorded
on a fiber optic coupled Super VHS video recorder. The image was
grabbed off-line using a high-speed color frame grabber (Matrox)
in red, green, and blue (RGB) format. In this experiment 25-ms
time width was used to grab each image frame. The deflection of
light could be quantified using the color attributes of the schlieren
image. The color attributes were given by the strength of RGB and
are quantifiable using HSI (hue, saturation and intensity) model *~!2
The experimental conditions are listed in Table 1.

Results and Discussion
Flame Appearance and Structure

Both flame appearance and structure changed with the change of
crossflow/jet velocity ratio R and test chamber pressure. The gray-
tone versions of the rainbow schlieren photographs of the flames at
different R and chamber pressures for natural gas and propane fu-
els are shown in Figs. 4a-4c. The color photographsare availablein
Choudhuriand Gollahalli.'* The colorsappearingin the picturesrep-
resent the density gradientsacross the flame. Althoughin a diffusion
flame the density distributionis complex, in general, it representsthe
combined effects of temperature and concentration fields. For the
natural gas flames at R = 0.45, flame appearancechanged markedly
when the ambient pressure was changed from 1 to 1.45 bar. The in-
crease in luminous soot region (primarily visible radiation from
burning solid carbon particles) with pressure indicates the change
in the dominant reaction mechanism. The hydrocarbonoxidation at
high pressure in a diffusion flame is markedly different from that
at low pressure. Formation of intermediate carbon atoms in hydro-
carbon diffusion flames increases with the increase of pressure.!*

1.45 bar

Fig. 4a Schlieren images of the flames at R =0.45: top row, natural gas
and bottom row, propane.

1 bar

Fig. 4b  Schlieren images of the flames at R = 0.98: top row, natural gas
and bottom row, propane.

1 bar

Fig. 4c Schlieren images of the flames at R = 1.2: top row, natural gas
and bottom row, propane.
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As a result, soot inception is enhanced through the formation of
polycyclicaromatic hydrocarbon (PAH) as a resultof increased iso-
lation of carbon atoms. Soot particles cannot diffuse outward from
the gaseous core, and hence combustion proceeds through the dif-
fusion of the oxidizer. However, an increase of crossflow velocity
increases the air entrainment into the flame and the availability of
oxidizer in the fuel core, which suppresses the effect of pressure
on soot formation. This is evident from the natural gas flames at
higher R (0.98 and 1.2), where almost no soot is formed. In propane
flames soot formation increases with pressure. However, the effect
of the increase in crossflow velocity is not enough to mask the ef-
fects of pressure on soot inception and growth in a propane flame.
The higher carbon/hydrogen (C/H) atom ratio of propane causes the
rapid inception and growth of soot particles despite the increase of
crossflow-enhanced mixing of fuel with air. This is the reason that
soot formation in a propane flame is relatively independentover the
range of R in the present experiment.

The boundariesof schlierenimages reveal different types of mix-
ing on the burner-wake side and crossflow side of the flame. The
wake of the burner enhances mixing in the flowfield. In the natural
gas flame at 1 bar and R = 0.45 (Fig. 4a), the burner wake side has
primarily a single shade, which indicates comparatively uniform
density. The strong mixing inside the burner wake keeps the density
as well as the temperature uniform over a wide area. As the chamber
pressureincreases, this region spreads outward. With the increasein
crossflow velocity, the density gradient becomes steeper as a result
of a smaller turbulent wake region.15 The freestream (crossflow)
side of the flame has a more continuous density distribution, which
indicates a slower mixing in this region. The effect of pressure on
mixing cannot be identified explicitly from the schlierenimage be-

10

cause of simultaneouschanges of density with pressure and mixing.
However, by digitally (pixel by pixel) subtracting the values of the
hue at the boundariesof the atmospheric pressureimages from those
of the high-pressureimages, it is found that in general, the increase
in pressure somewhat slows mixing.

Centerline Trajectory

The relation between dimensionless coordinates X and Y fol-
lowing Gollahalli et al.,! which define the centerline of the flame,
is shown in Fig. 5. The centerline was considered as the locus of
the midpoints of the local diameter measured normal to the visible
boundaries. Unlike the other measurementsreportedin the literature
onthe trajectoriesof vertical jet flames in a horizontalcrossflow,! the
flame trajectoriesin this case have three distinctregions. In the near
field, where the jet momentumis dominant, the trajectoriesare corre-
lated with Y ~ X% whichis the same as the measurementsreported
in experiments where buoyancy acts normal to the crossflow. In the
present investigation buoyancy is aligned with the crossflow, and
hence the flame is expected to be bent more quickly than in earlier
studies. However, in the near-burner region as a result of the dom-
inance of jet momentum, the effect of buoyancy is not significant.
Between the far downstream and the near-field region a small tran-
sition zone exists where the jet momentum starts to weaken, and the
crossflow momentum and buoyancy dominate the flowfield. In pre-
viously reported measurements caused by the counteracting effects
of crossflow and buoyancy, the flame trajectories had higher slopes
(dY/dX) and followed the well-known third power law (¥ ~ X%3)
(Refs. 1 and 4). However, in the present study the buoyancy vector
is aligned with crossflow and enhancesits strength. Hence, the slope
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Fig. 5 Effects of pressure and fuel type on centerline trajectory of the visible flame (Maximum estimated uncertainties at 95% confidence interval
based on ¢ test; for X: + 3% of the mean value and for Y: + 3.8% of the mean value).
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of the flame trajectories is smaller compared to those in the earlier
measurements. In this region the flame trajectory has a correlation
of Y ~ X%% and Y ~ X°?2 for natural gas and propane flames, re-
spectively.In the far downstream, where mostly the postcombustion
gases exist, the buoyant force is significant. Contrary to the cold-jet
data in the literature, the flame trajectories do not follow the third
power because of the effect of buoyancy.! In the present investiga-
tion, because buoyancy acts together with the crossflow, the flame
trajectoriesare completely bent toward the verticaldirectionand are
aligned with the crossflow, yielding the ¥ ~ X° correlation.

Althoughtest chamber pressure has significanteffectson the ther-
mochemistry of flame, the flame trajectoryis independentof ambient
pressure changes as long as the momentum-flux ratio is constant.
This indicates that the flame trajectory is mainly dependenton fluid
mechanics.

The effect of densimetric Froude number on flame trajectory be-
comes significant as a result of buoyancy. This effect is especially
notablein the transitional zone where most of the fuel burns and the
jetmomentum and buoyancy are comparable. The flame trajectories
normalized by a function of Froude number for the two fuels are
shown in Fig. 6. In the transitional region the flame trajectory data
of both fuels collapse into a single correlation Y ~ X% Fr=03 with
a correlation coefficient R = 0.96.

Flame Chord Length
The variation of the normalized flame chord length of the arc of

the flame centerline trajectory C, with velocity ratio R is shown in
Fig. 7. The chord length is defined as (y? 4+ x2)!/2, where x and y

10 =
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Fig. 6 Centerline trajectory correlations in different regions of flame
in crossflow.

CHOUDHURI AND GOLLAHALLI

are obtained at the flame tip (furthest point of the visible flame).
Generally, the flame chord length varies with the crossflow to jet
velocity ratio according to the relation C,, ~ R“. In literature exper-
imental and computational studies reported that the value of a is
approximately 0.5 (Refs. 4 and 5). This relation presumably consid-
ers the invariance of chord length with densimetric Froude number
and pressure. However, these predictionsdo not accountfor soot for-
mation and oxidation in the flame. In fact, some investigators'®!’
contradict the theoretical prediction and found that the flame length
isindeeddependenton ambient pressureexceptfor very large flames
where diffusion is not the only rate-limiting process. In the present
investigation the value of a is found to be 0.45, slightly lower than
thatin the literature. The reason for this lower value is the combined
effect of buoyancy and crossflow acting colinearly in the present
study. As was discussed earlier, all of the previous investigations
were conducted in a configuration where buoyancy acted normal to
the crossflow, and hence the buoyancy effect was somewhat mit-
igated by the crossflow. Because in the present investigation the
buoyantforce and the crossflow momentum act together in the same
direction, the fuel jet bends faster than in the earlier investigations.
Also, despite the increase in chord length with pressure, the trend
in the variation of chord length with velocity ratio R remains the
same at all pressures.

Flame Length

The effects of crossflow on visible flame length, measured along
the curvilinear centerline, at different pressures for natural gas and
propane flames are shown in Fig. 8. In general, the flame length
increases with the increase in crossflow velocity. As the crossflow
velocity increases, the flame quickly bends over and is convected
downstream. The increase in crossflow velocity enhances entrain-
ment in the near-burnerregion and is expected to result in shorter
flames. However, the effect appears to be compensated by the lower
air entrainmentin the bent-over portion of the flame, which behaves
like a flame in a coflow, and hence the flame is elongated with the
increase in crossflow velocity.

According to Roper,'® the length of a vertical and confined lam-
inar diffusion flame should be independent of pressure at constant
fuel mass-flow rate both for equal and unequal fuel-air veloci-
ties. However, some experimentalinvestigationscontradictRoper’s
prediction.!®!” Because the theoretical prediction of Roper'® does
not account for the soot formation in the flame, it is believed that
the increase of soot formation rate with the increase of pressure is
largely responsible for the disagreement of experimental measure-
ments with theoretical predictions. As pressure increases, the rate of
complex fuel pyrolysis reactions in a hydrocarbon flame increases,
which results in a larger soot formation and longer flames. In this
investigationa similar trend is observed. For propane, flame length
increases with pressure, particularly at high value of R. However,

091 o 1bar
081 o 12bar
07 { A l4bar
061
cn 05 e
o 4 . R0.45
A Cn~R
041 [ Rz =0.8985
3%
031 Cn~R%45
0.2 ] R2 =0.9482
01 %
' Natural Gas Propane
0 : : :
o] 0.5 1 1.5 05 1 1.5
R=Uo/Uj

Fig. 7 Variation of flame chord length with velocity ratio and pressure (Maximum estimated uncertainties at 95% confidence interval based on ¢

test; for C,,: = 3.6 % of the mean value).
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Fig. 8 Variation of curvilinear flame length with velocity ratio and pressure (Maximum estimated uncertainties at 95% confidence interval based
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Fig. 10 Variation of maximum characteristics schlieren boundary width with velocity ratio and pressure (Maximum estimated uncertainties at 95%

confidence interval based on ¢ test; for W: + 4% of the mean value).

the increase in flame length for natural gas appears insignificant,
which can be attributed to inherently less sooty nature of natural gas
flames.

Extent of the Luminous Flame Region

The extent of the luminous flame region in terms of the percent
luminous fraction Ly,,, following Gollahalli et al.,! of the flame
lengthis shownin Fig. 9. It is expected that propane flames produce
much higher soot than natural gas flames because of a higher C/H
atom ratio in the fuel. An increase in crossflow velocity causes
the natural gas flames to become nonsooty because of the increased
mixing of fuel and oxidizerat a high crossflow velocity. On the other
hand, for propane fuel the luminous fraction of the flame initially
increases and then decreases as the crossflow velocity increases.
Because the propane flame is inherently sooty, initially the increased
mixing caused by a higher crossflow velocity is not adequate to
reduce the effect of soot. However, for a much higher crossflow

velocity the increased mixing dominates the process, and hence
the sooty fraction of the flame does not increase significantly. As
discussed earlier, the increase of soot concentrationin hydrocarbon
diffusion flames with pressure is a well-known phenomenon. This
effect is also observed here. For propane flames luminous sooty
partincreases with pressure. However, Ly, decreases with pressure
in natural gas flames. Unlike in typical vertical diffusion flames,
propane flames in crossflow have a larger blue near-burner region,
which indicates an increased mixing of fuel and oxidizer.

Maximum Characteristic Schlieren Boundary Width

The variation of the maximum characteristic schlieren boundary
width W, measured (along a normal to the centerline) as the dis-
tance between points where color attains the background color cor-
responding to the undisturbed flowfield, at different velocity ratios
and chamber pressures for natural gas and propane flames is shown
in Fig. 10. Schlieren boundary width decreases with the increase of
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both velocity ratio and pressure. The increase of velocity ratio af-
fects the characteristicschlieren boundary width in two ways. First,
the reacting species are convected downstream quickly, which re-
sults in an increase of flame length and a decrease in width. On
the other hand, because the fuel-air mixing rate increases with the
increase of velocity ratio R, the combustion of fuel becomes con-
fined to a smaller zone. The characteristicschlieren width of natural
gas flames slightly decreases with pressure because of the stretch-
ing of the streamlines. However, because the fuel density also in-
creases with pressure, the effect of stretchingis minor. Interestingly,
in propane flames the schlieren boundary width actually increases
with pressure. An increase in flame volume caused by solid par-
ticles might also cause this increment. However, that increase is
insignificant compared to the schlieren boundary change with ve-
locity ratio.

Conclusions

1) The centerline trajectories defined by the dimensional coordi-
nates X and Y show three distinctregions. In the near-burnerregion,
where jet momentum is dominant, the correlation agrees with cold
jetdata (Y ~ X°3). In the far-burnerregion, where buoyancy is sig-
nificant and collinear with crossflow, the correlationis ¥ ~ X°. Be-
tween these two extremes, in the midflame transitional region, the
correlation shows Y ~ X% (natural gas) and Y ~ X%? (propane)
dependence compared to ¥ ~ X%28 where buoyancy was normal to
crossflow. Further, while incorporatingthe Froude number, the data
collapse for natural gas and propane flames into a single relation
Y ~ X2 Fr=95 in the transitional region.

2) The variation of flame chord length with velocity ratio in the
present study is different from previous studies, where buoyancy
acted normal to the crossflow direction. The variations in pressure
and densimetric Froude number change the magnitude of the flame
chordlength;however, its trend with velocity ratioremains constant.

3) The visible curvilinear flame length increases with velocity
ratio and pressure.

4) In a natural gas flame the luminous soot region decreases with
the increase of velocity ratio; however, in a propane flame it initially
increases with velocity ratio and subsequently remains constant.

5) The maximum characteristic schlieren boundary width de-
creases with the increase in velocity ratio for both natural gas and
propane flames. With the increase in ambient pressure, the charac-
teristic schlieren boundary width decreases in the natural gas flame,
whereas it increases in the propane flame.
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