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Abstract

This study is an examination of the sooting behavior of spherical microgravity diffusion flames burning
ethylene at atmospheric pressure in a 2.2-s drop tower. In a novel application of microgravity, spherical flames
were employed to allow convection across the flame to be either from fuel to oxidizer or from oxidizer to fuel.
Thus, spherical microgravity flames are capable of allowing stoichiometric mixture fraction, Z,, and direction of
convection across the flame to be controlled independently. This allowed for a study of the phenomenon of
permanently blue diffusion flames—flames that remain blue as strain rate approaches zero. Z, was varied by
changing inert concentrations such that adiabatic flame temperature did not change. At low Z,, nitrogen was
supplied with the oxidizer, and at high Z,, it was provided with the fuel. Flame structure, quantified by Z,, was
found to have a profound effect on soot production. Soot-free conditions were observed at high Z,, and sooting
conditions were observed at low Z, regardless of convection direction. Convection direction was found to have
a smaller impact on soot inception, suppressing formation when convection at the flame sheet was directed
towards the oxidizer. A numerical analysis was developed to simulate steady state conditions and aided the
interpretation of the results. The analysis revealed that steady state was not achieved for any of the flames, but
particularly for those with pure ethylene or oxygen flowing from the porous burner. Furthermore, despite the fact
that al flames had the same adiabatic flame temperature, the actual peak temperatures differed considerably.
While transient burner heating and burner radiation reduced flame temperature, gas-phase radiative heat loss was
the dominant mechanism accounting for these differences. © 2003 The Combustion Institute. All rights reserved.
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1. Introduction given fuel and oxidizer freestream concentrations)
can have a profound effect on soot formation in

Recent experimental, numerical, and analytical counterflow diffusion flames [2—8]. This effect ap-

work has shown that stoichiometric mixture fraction,
Zg, [1] (defined as the mixture fraction where the
fuel and oxidizer arein stoichiometric proportions for
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pears even at constant adiabatic flame temperature
(T.q), & demonstrated by Du and Axelbaum [2,3].
At high Z, flames of most hydrocarbons remain
blue when the strain rate approaches zero in counter-
flow flames, or as flame height and residence time
approach infinity in coflowing flames. Lin and Faeth
[5] coined the term permanently blue to describe such
flames.
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Nomenclature
Roman characters

Cp specific heat at constant pressure

d diameter

Gr, radiative heat transferred from gas to
burner

m mass flow rate

Nu  Nusset number

Pe  Peclet number

Q, radiative loss as a fraction of heat re-
lease

d, heat of combustion per unit mass of
burner reactant

R radiation intensity

r radia coordinate

le radius bounding radiating gas region

T temperature

u velocity

W molecular weight

X mole fraction

Y mass fraction

z mixture fraction

Greek

« weighting factor

€ effective emissivity of the burner

@ burner porosity

K Planck mean absorption coefficient

A thermal conductivity

v stoichiometric coefficient

p density

o Stefan-Boltzmann constant

Superscript

~ non-dimensional quantity

Subscripts

ad adiabatic

b burner surface

corrected corrected for radiation

f

9

i
raw

NP OQ W

flame sheet or luminous boundary
gas

inner surface of the burner

not corrected for radiation

burner material

stoichiometric

conditionatr = 0

burner reactant

ambient reactant

condition at r — o0

Past studies have attributed the primary cause of
permanently blue conditions to either structure [2,4]
or hydrodynamics [5-8], although these studies typ-
ically noted the importance of both factors. The
structural effect refers to the variations in species
concentration and temperature profiles in mixture
fraction space that are a direct consequence of
changesin Z,. On the other hand, the hydrodynamic
effect, as defined here, refersto the effect that occurs
due to the direction that the soot or soot precursors
are being convected— either into the oxidizer or into
the fuel.

As shown below, when Z, is varied the effects of
structure and hydrodynamics cannot be indepen-
dently studied in normal gravity flames. Fig. 1 illus-
trates the hydrodynamic effect for counterflow
flames. When fuel and oxidizer are chosen such that
Z, < 0.5 (Fig. 1a), the flame is on the oxidizer side
of the stagnation plane and the flow across the flame
is directed towards the fuel. Newly formed soot is
convected into richer regions, favoring soot growth
over oxidation. On the other hand, when Z, > 0.5
(Fig. 1b) the flame is on the fuel side and convection
at the flame is towards the oxidizer. In this case,
hydrodynamics drives the soot towards the oxidizer,
thereby retarding soot formation. Thus, when the
structure is changed (e.g., Z, is increased) the influ-
ence of hydrodynamics changes as well.

Du and Axelbaum (Ref. 2 comment and reply)
proposed that while soot growth and oxidation are
affected by the direction of convection, it is soot
inception that dictates permanently blue conditions.
Soot growth and oxidation depend on the existence of
soot particles, whereas soot-particle inception arises
from gas-phase reactions. While particles have rela
tively small diffusion velocities and tend to follow
streamlines, gaseous species diffuse more readily.
Thus, inception is not expected to depend strongly on
flow direction. For example, there is no abrupt
change in the flame response when it moves across
the stagnation plane [3]. The flame is a diffusive-
convective system and this balance alows for
changes in convection direction without substantial
changesin flame response. Furthermore, it is possible
to produce soot in counterflow flames when Z, >
0.5 even though convection drives particles into the
oxidizer [2,5].

The structural explanation for permanently blue
flames is illustrated in Fig. 2. The fuel, oxygen and
temperature distributions in Z (mixture fraction)
space are depicted for an ethylene/air flame (Z, =
0.064) in Fig. 2a, and for a diluted ethylene/oxygen
flame (Z, = 0.78) in Fig. 2b. The flame sheet
approximation is shown, but dashed lines delineate
the high-temperature region available for soot reac-
tions. Flames with larger Z, have lower fuel concen-
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Fig. 1. Schematic representation of counterflow flames with (8) Z,, < 0.5 where the flame is on the oxidizer side of the
stagnation plane and (b) Z., > 0.5 where the flame is on the fuel side of the stagnation plane. Soot inception occurs under fuel
rich conditions and (neglecting thermophoresis) the particles are convected with the flow.

Yo2 LUAPY,

High T Region
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Fig. 2. Representation of normalized temperature and fuel and oxidizer mass fractions versus mixture fraction for diffusion
flames with (a) Z,, = 0.064 and (b) Z,, = 0.78. The dashed lines demarcate a high temperature zone. Reproduced from Du
and Axelbaum [2].

trations and higher oxygen concentrations in the high cause the presence of O, and OH retards precursor
temperature zone, as well as a shift in the O, and OH growth [9], this shift can dramatically reduce soot
profiles towards the fuel side of the flame [2]. Be- inception by narrowing the soot-inception zone.
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Table 1
Test conditions and flame measurements
Prescribed Measured
Flame Ambient XegHs Xo, Zy My, My/s d;, mm Traw K Teorrectear K
a Oxidizer 1 0.21 0.064 151 29.3 1302 1399
b Oxidizer 0.08 1 0.78 18.6 18.8 1760 1923
c Fuel 1 0.21 0.064 222 24.7 1907 2111
d Fuel 0.08 1 0.78 5.18 313 1300 1385

From this perspective, permanently blue conditions
are realized when significant oxidizing species are on
the fuel side in the region where temperatures are
above the threshold temperature for soot inception,
1250 to 1650 K at moderate pressures [10-13]. For
such flames, in regions where temperatures are high
enough to produce soot, there is sufficient oxidizer to
consume the soot precursors. Consumption over-
comes production and, in this respect, the soot for-
mation region for high Z, flames resembles that of a
soot-free premixed flame.

Previous studies of permanently blue flames have
involved counterflow and gasjet configurations,
which do not alow independent variation of flame
structure and convection direction. Thus, it was not
possible to assess the relative contributions of struc-
ture and hydrodynamics because both mechanisms
suppress soot formation at high Z, in normal-gravity
diffusion flames. In this study, we employ spherical
diffusion flames to address this problem. The unique
properties of spherical diffusion flames have attracted
much attention. Their structure has been considered
theoretically by Buckmaster and Ludford [14], Wil-
liams [1], and Mills and Matalon [15]. Studies of
spherical flamestypically have involved droplet com-
bustion in microgravity [16-18], athough flames
supported by porous spheres in normal gravity [19]
and in microgravity [20] have been considered as
well. Because steady-state spherical diffusion flames
are one-dimensional and strain-free they hold great
utility for studies of soot formation.

In this work we consider the sooting behavior of
four spherical flames with the same ethylene con-
sumption rates and T,. We altered structure by ex-
changing inert between the oxidizer and the fuel. We
independently varied the direction of convection
across the flame sheet by interchanging the injected
and ambient gases.

2. Experimental

The microgravity experiments were conducted in
the NASA Glenn 2.2-s drop tower using a general-

purpose combustion rig. The rig includes a win-
dowed pressure vessel supported by a fuel-delivery
system, an ignitor, a color CCD camera, a micropro-
cessor controller and lead-acid batteries. The burner
is a 6.4 mm diameter porous sphere consisting of
sintered 10 micron stainless steel particles. The
sphere is supported and fed by a 1.6 mm stainless
steel tube attached with epoxy. The sphere is posi-
tioned at the center of the cylindrical chamber, whose
diameter, length and volume were 25 cm, 53 cm, and
26 liters, respectively. All tests were conducted in
quiescent ambient gas at 0.98 bar.

The tests employed the following gases: ethylene,
oxygen, synthetic air (0.21 mole fraction oxygen in
nitrogen), and diluted ethylene (0.0814% ethylene by
volume in nitrogen). Purities of the nitrogen and
oxygen were 99.999% while that for ethylene was
99.9%. Nitrogen mixtures were purchased, having
been prepared by gravimetric mixing to within 0.02%
of the reported compositions. The burner feed gas
was stored at 8 bar in a 75 mL bottle aboard the rig
and was delivered via a pressure regulator, a solenoid
valve, afine-needlevalve, acaibrated mass-flow meter,
and a second solenoid valve. Burner flow rates were
established before ignition. Uncertainties in the flow-
rates (at the 95% confidence level) are estimated at 5%.
Before each test, two purges of the chamber were per-
formed by evacuating the chamber to 0.03 bar and
filling to 0.98 bar with the gppropriate ambient gas.

Microgravity laminar flames are sensitive to hy-
drodynamic disturbances, such as those caused by
ignition before entry into microgravity, retracting ig-
nitors, and ignition deflagrations. To minimize these
disturbances, the flames were ignited immediately
after release into microgravity using a spring-loaded
Nichrome wire (length of 12 mm and diameter of
0.36 mm). The ignitor wire was energized a 28 VVDC,
whereby it quickly glowed and ruptured. Immediately
thereafter, both ends retracted with minimal wakes.
The serial pair of solenoid valves facilitated smooth
ignition via optimization of the initial gas discharge.

The four flames considered, as summarized in
Table 1, are: (8) ethylene issuing into air, (b) diluted
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ethylene issuing into oxygen, (C) air issuing into ethyl-
ene, and (d) oxygen issuing into diluted ethylene. Zg is
0.064 in flames (8) and (c), and 0.78 in flames (b) and
(d). The convection direction is from fuel to oxidizer in
flames (a) and (b) and from oxidizer to fuel in flames (c)
and (d). The ethylene consumption rate for dl flames
was held constant at 1.51 mg/s, yielding the burner
mass flowrates shown in Table 1. Under the assump-
tions of equal diffusivities of all species and hesat
these flames have identical nitrogen concentrations at
their stoichiometric contours and their adiabatic
flame temperatures are the same, T4 = 2370 K.

The flames were imaged through the chamber
window using a color CCD camera. A 16 mm fixed-
iris lens was used, with apertures (f 1.4—8) chosen
according to flame luminosity. Video signals were
carried via fiber-optic cable to a stationary color
S-VHS video recorder. Digitized images were subse-
quently obtained from the tapes using a framegrab-
ber. Spatial resolution in the video images was 0.3
mm. Soot formation in diffusion flames commences
at 1250 to 1650 K [10-13], well above the minimum
temperature at which soot emits visible light. Thus,
diffusion flames that create soot necessarily emit yel-
low luminosity, and experiments have shown that the
onset of yellow emissions is an effective means of
determining soot inception limits in hydrocarbon dif-
fusion flames [21]. Testing in normal gravity has
confirmed our video system to be sensitive to the
presence of even trace quantities of soot in flames.

Gas-phase temperatures were measured with an
uncoated B-type thermocouple with a wire diameter
of 51 um and a butt-welded junction of the same
diameter. The thermocouple supports were 20 mm
apart to minimize disturbances. The thermocouple
was positioned to be tangential to the flames and was
held in afixed position for each test so that the slowly
expanding flame passed the junction approximately
0.2 s before drop termination. The thermocouple re-
sponse was monitored at 300 Hz and the tempera-
tures were recorded.

The gas-phase temperatures were obtained by cor-
recting for the radiative loss from the thermocouple.
To do this the radiative loss from the thermocouple
was balanced against the convective heating of the
thermocouple assuming steady state conditions. The
thermocouple was assumed to radiate as a graybody
with an emissivity of 0.2 [22]. The heat transfer
coefficient was obtained from the relationship of Na-
kai and Okazaki [23],

Nu = [0.8237 — ¢n(Pe/2)]"* for Pe< 0.2,
1)

where Nu and Pe were based on the wire diameter
and transport properties of nitrogen at the average of

Outer Gas Region

Inner Gas Region

Core
Region

Porous
Bumer

Flame Sheet

Fig. 3. Schematic of a spherica diffusion flame as repre-
sented by the analytical model.

the thermocouple and gas temperatures. To identify
Pe required specifying a local velocity and this was
estimated based on steady-state conservation of mass
from the burner to the flame, where a molecular
weight of 28 g/mole was assumed. Nu was found to
range from 0.21 to 0.33 with a relatively weak de-
pendence on Pe. The corrected temperature measure-
ments have estimated uncertainties (at the 95% con-
fidence level) of =50 K.

3. Model

An anaytical model was developed to help inter-
pret the observed flame sizes, flame transients, and
peak temperatures. The model assumes steady and
nonbuoyant conditions, spherical symmetry, unity
Lewis number, a single-step reaction and three sources
of radiation: the burner surface, CO,, and H,O. The
burner is assumed to be a graybody for radiative ab-
sorption and emission. Gas radiation involves opticaly
thin conditions. Soot radiation is neglected here, as
discussed below. Mass diffusivity, ¢, and A4 are a-
lowed to vary between flames but are assumed constant
for a given flame. This model follows the previous
models of nonbuoyant spherical flames [20,24,25].

The burner gas is assumed to be supplied from a
point source with a temperature of T,. The flow
domain is split into four regions as depicted in Fig. 3:
a core region before the gas reaches the porous
burner, a burner region in which the gas passes
through the burner, an inner gas region between the
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burner and the flame sheet, and an outer gas region
outside the flame sheet. Under the flame-sheet ap-
proximation, there is only one reactant in each re-
gion. The gas and solid temperatures at a given radius
within the burner are assumed to be equal.

Based on the above considerations, the nondimen-
sional energy conservation equation in each region is
given by:

core region:
d(*fﬁz‘ﬁ)—o 2
ar\" TR T @)
burner region:
d(NT—XNZdU—o 3
ar \" A ) T &

inner and outer gas regions except at the flame sheet:
d [ = ~2Cﬁ _ ~2~ (T4 T4

g <mT r dr) - R -T). )
The symbols used here and below are defined in the
Nomenclature section above. Equations 2-4 are

solved subject to the following boundary and inter-
face conditions:

= -T—O! (5)
T, (dT/dP); = A(dT/d); -, (6)

pt=t, 59
B T

=0

-

T
T

-
I

Fi

f

dar/ .
F = Fp: (dT/dD);, = (dT/dP),, — (Wr?), ®
foo:T— :l'm, ©

where T, and T, are to be determined, and

Te
Gro = ZRJ' RFA(T* = THlL - (1 - F3Y?] oF
1

(10)

and [1 — (1 — ¥ 2)¥?]/2 represents the fraction of
radiative emission that reaches the burner surface.

The following nondimensional quantities are de-
fined:

= Cpgl o Y: - W, Y,
T= y y Y1 ) = v
U1Y10 Y10 v, W, Ya 0
r C, M
F=—,k=rwk M=-—"2%—
I’b 47Trb)\g

Ll <_Q1Y1'°> ’ (11)
- :

3 As
As=e+(1-9¢) = R=
pP.9

] 9

where m = 47rr2pgu is the constant mass flow rate
of the gas and k = Xco,kco, T Xp,oKn,or The
values of kgo, and ko are adopted from Abu-
Romia and Tien [26].

The species conservation equations are solved fol-
lowing the conventional approach adopted in droplet
combustion [27] and yield:

core and burner regions:

Y.=1, Y,=0, (12)
inner gas region:

Yi=1- 1+ Y,.) exp(-fvF), ¥,=0, (13)
outer gas region:

¥:=0, Yo=(1+Y,.) exp(—/f)—1. (14)
The stoichiometric flame sheet is located at
Fe=men(l+ Y,..). (15)

The model was exercised for the four test flames,
using the following fixed parameters:

ri=0.16cm, r,=0.32cm, ¢ = 0.5,
To=T..= 300 K, g, = 47160 Jg, mc 4,
= 1.51 mg/s,
We,n, = 28.0g/mole, vy, = 1.0,
Wo, = 32.0 g/male, vo, = 3.0,
Cps = 0.46 J(gK), As= 30 W/(mK), ¢ = 0.4.

The parameters that were varied included Ag, c,
Kco, and k. Appropriate mean values for ¢, 4 and
Ay Were determined using the relation T = T, +
a(T; — T,) with « = 0.8, adopting here the prop-
erties of air. Recognizing the sensitivity of radiation
to temperature, the Planck mean absorption coeffi-
cients were evaluated at a higher temperature of a =
0.9. Because the burner and flame temperatures were
not known a priori, the computations were performed
iteratively until the transport properties converged.

4, Results and discussion

Fig. 4 shows color images, captured just before
drop termination, of representative flamesfor the four
conditions considered. At least 10 flames were ob-
served at each condition to confirm repeatability.
Additionally, tests at other flowrates confirmed that
the observations were not significantly affected by
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Z.,=0.064
I

C2H4—air
d=29.3 mm

Convection from
Fuel to Oxidizer
l

Convection from
Oxidizer to Fuel

air—C2H4
d=24.7 mm

Z,=0.78
I

C2H4/N2—02
d=18.8 mm

02—-C2H4/N2
d=31.3 mm

Fig. 4. Color images of representative flames at the end of the 2.2 s drop for flames (a—d): (a) ethylene issuing into air, 1.4,
(b) diluted ethylene issuing into oxygen, f4, (c) air issuing into ethylene, f8, (d) oxygen issuing into diluted ethylene, f1.4. The
scale is revealed by the 6.4-mm spherical burner. The ethylene consumption rate is 1.51 mg/s in all cases.

flowrate. Flame (@) involves ethylene burning in air
and has a yellow interior surrounded by a well-de-
fined blue flame. Flame (b) involves diluted ethylene
issuing into ambient oxygen, and is bright blue.
Flame (c) considers air issuing into ethylene, and is
yellow and the brightest of the four flames. Finaly,
flame (d) involves oxygen issuing into diluted ethyl-
ene, and it has adim, diffuse blue interior surrounded
by a bright blue sheet. Flames (b—d) had little color
variation throughout the 2.2 s tests while flame (a)
displayed a slowly decreasing yellow luminosity.
The final diameters of the present flames are tab-
ulated in Table 1. Diameters were determined by
averaging the longest chord through a flame and its
perpendicular chord. Recalling that the flames have
the same ethylene consumption rate, flames (b) and
(c) are smaller than the others since they involve
diluted burner gas and pure ambient gas. The tempo-
ral variation of luminous flame diameter for the four
flamesis shown in Fig. 5, where timeis defined to be
zero at ignition. Immediately after ignition a pre-
mixed deflagration wave propagated outward after
which the flames contracted into non-premixed con-

ditions. From 0.2 s until drop termination, the flames
grew monotonically. This transient behavior is re-

40 -

df (mm)

20 - (b) -

10F .

1 " n 2 1
1

t(s)

Fig. 5. Variation of flame luminous diameter with time for
flames (a—d).

o

o
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Table 2
Model results
Flarne )\g Cp,g K002 df Tf Qr,f Qr,b

W/m - K Jg- K cm -t mm K
a 0.045 1.046 0.403 0.173 85.1 630 0.89 35x 1074
b 0.087 1.212 0.119 0.0204 26.5 1654 0.45 1.6 X107
[« 0.116 1.307 0.0484 0.0099 14.4 2270 0.14 5.4 x 1074
d 0.048 1.058 0.413 0.140 74.2 694 0.86 14x10°%

duced when nitrogen is supplied through the burner
[flames (b) and (c)] because of decreased residence
times.

The pesk temperatures of the four flames mea
sured near the end of the drop are tabulated in Table
1 in both raw and radiation-corrected forms. Despite
the uniform T4 = 2370 K and ethylene consump-
tion rates, the flames have disparate peak tempera-
tures, as discussed below.

Fig. 4 reveals that the sootiest flame is flame (c),
with air injecting into ethylene. Thisis expected since
both flame structure (small Z) and convection di-
rection (towards fuel) promote soot formation and the
peak temperature is the highest. Conversely, one
would expect the least soot in flame (b) because it has
alarge Z, its convection is towards the oxidizer, and
its temperature is lower. Indeed, flame (b) is soot
free.

The effect of convection direction on soot forma-
tion at constant Z, is observed in flames (a) and (c).
These flames both have Z., = 0.064 (favoring soot
formation) but opposite convection directions. Parti-
cles formed in flame (a) are convected towards the
oxidizer where they appear to completely oxidize.
The presence of yellow luminosity in flame (a) sug-
gests that convection into the oxidizer suppresses
soot growth but does not eliminate soot inception.
Flame (c) has a high flame temperature and the soot
particles formed at the flame are convected towards
the fuel, allowing for remarkable soot growth.

The effect of flame structure (Z,) on soot forma
tion is most apparent in flame (d), where convection
isdirected towards the fuel (favoring soot formation).
Structure is seen to have a significant effect, yielding
ablueflameat Z_, = 0.78. Blue flame conditions are
realized in flame (d) despite the fact that convection
is towards the fuel, which would suggest favorable
conditions for soot growth. Flames () and (d) allow
for a clear indication of the relative importance of
structure and convection direction on the phenomena
of permanently blue flames. The flames have amost
identical peak temperatures but convection favors
soot oxidation in flame (a) and soot formation in
flame (d). Flame (a) produces soot while flame (d)
does not, indicating that flame structureis responsible

for the soot free conditions of flame (d). Furthermore,
flame (b), with Z,, = 0.78 and atemperature of 1923
K, is soot free. These results attest to the dramatic
effects of Z, on soot inception.

Insights into the observed flame development,
flame size, and peak temperature can be gained from
the present analytical model. The numerical iteration
discussed above led to the values of Ay, €, g Kco,
and k0 asshownin Table 2. Table 2 also showsthe
steady-state model predictions for d; and T;. Thereis
considerable discrepancy between the experimental
results in Table 1 and the results for the steady state
model in Table 2. An explanation for the differences
is proposed below.

The predicted flame diameters in Table 2 and the
results of Fig. 5 lend confirmation that flames (a) and
(d) have not reached steady sizes within 2.2 s. The
predicted flame diameters are considerably larger
than the diameters measured at 2.2 s. These flames
have low volumetric flowrates and long residence
times, resulting in a slow evolution. The predicted
diameter of flame (b) indicates that this flame is
relatively close to steady size owing to its short
residence time. The predicted diameter of flame (c) is
lower than measured. Thisis believed to be dueto the
fact that what is being experimentally measured for
flame (c) is not the flame but the edge of the hot soot
zone. Thus the actual flame location should be
smaller than the yellow luminous zone observed.
Temperature predictions also indicate that flames (a)
and (d) have not reached steady state within 2.2 s.
The low predicted temperatures are attributed to in-
creased radiation associated with the larger sizes of
the steady state flames. Moreover, the predictions
suggest that flames (&) and (d) may extinguish before
reaching steady conditions. (The model assumes a
flame sheet and, thus, cannot predict extinction.) The
measured temperatures of flames (b) and (c) are
closer to their steady-state predictions because these
flames are close to their steady-state sizes. The over-
prediction of T, for flame (c) is attributed to the
absence of soot radiation in the analytical model.
Despite this, the model and experiment agree reason-
ably well for flame (c) and as suggested from Fig. 5,
this flame is near steady state.
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At steady state the measured peak temperatures
can fall below T4 = 2370 K owing to two main loss
mechanisms:. radiation from the gas and soot, and
radiation from the burner. Table 2 reveals that in
steady state Q, ; is much larger than Q, ,, for all four
flames, indicating that burner radiation is negligible
even in steady state. The present analysis also indi-
cates that the large variation in pesk temperatures
between flames that have the same T4 is primarily
due to gas radiation. Gas radiation is smaller for
flames (b) and (c) than for the other flames owing to
their small flame sizes and residence times. This is
most dramatic for flame (c), which is nearly devoid of
radiative losses in the present soot-free model.

5. Conclusions

Four configurations of spherical microgravity dif-
fusion flames were observed in the NASA Glenn
2.2 s drop tower, and a supporting model was devel-
oped. The conditions are uniquely suited to studying
permanently blue flames because they allow indepen-
dent variation of structure and convection direction.
Flames with Z,, = 0.78 were soot-free and flames
with Z, = 0.064 appeared yellow regardless of
convection direction. For the flames with low Z,
less soot was evident when convection was towards
the oxidizer, but permanently blue conditions were
not realized.

Experimental and numerical results indicate that
these flames did not reach steady state within the
available 2.2 s of microgravity. Furthermore, while
all the flames had identical T,4, the measured and
predicted peak temperatures varied widely. Numeri-
cal results indicate that the differences are due pri-
marily to differences in gas-phase radiation. Despite
these limitations, it was possible to compare flames
with nearly equal temperatures but different convec-
tion directions and Z;. The results indicate that per-
manently blue flames owe their existence more to
flame structure than to convection direction.

An important ancillary result of this work is the
demonstration of a unique application of micrograv-
ity that should have applications beyond this study.
That is, the direction of convection across the flame
can be reversed for a given fuel and oxidizer. Thus,
microgravity affords a new level of control and a
unique tool for studying diffusion flames.
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