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Abstract

While premixed and nonpremixed microgravity flames have been extensively investigated, the corre-
sponding literature regarding partially premixed flames (PPFs) is sparse. We report the first experimental
investigation of burner-stabilized microgravity PPFs. Partially premixed flames with multiple reaction
zones are established in microgravity on a Wolfhard—Parker slot burner in the 2.2 s drop tower at the
NASA Glenn Research Center. Microgravity measurements include flame imaging, and thermocouple
and radiometer data. Detailed simulations are also used to provide further insight into the steady and tran-
sient response of these flames to variations in g. The flame topology and interactions between the various
reaction zones are strongly influenced by gravity. The flames widen substantially in microgravity. During
the transition from normal to microgravity, the flame structure experiences a fast change and another rel-
atively slower transient change. The fast response is due to the altered advection as the value of g is
reduced, while the slow response is due to the changes in the diffusive fluxes. The radiative heat loss from
the flames increases in microgravity. A scaling analysis based on a radiation Damkohler number is able to
characterize the radiation heat loss.
© 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction ¢ > 1 burns in the presence of air or a lean fuel-
air mixture (¢ < 1). Partial premixing occurs in

This is the first experimental investigation of numerous situations. For instance, lifted nonpre-

burner stabilized partially premixed flames (PPFs)
in microgravity (pg). PPFs are characterized by
two or more reaction zones, of which at least
one is chemically controlled and another trans-
port-limited [1-4]. They are established when
a rich fuel-air mixture at an equivalence ratio

* Corresponding author. Fax: +1 504 231 4574.
E-mail address: ikpuri@vt.edu (LK. Puri).

mixed flames contain partially premixed regions
[4,5], the reignition of locally extinguished regions
during turbulent combustion often occurs under
partially premixed conditions [6], and nonuniform
evaporation in spray combustors, such as diesel
engines, leads to partially premixed combustion
[7]. This form of combustion may also be encoun-
tered in unwanted fires in space [8].

The various reaction zones of a PPF are syner-
gistically coupled through the thermochemical
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and fluid mechanical interactions between them
[9]. The rich (¢ > 1) zone is deficient in oxidizer,
and thus dependent upon the lean (¢ < 1) region
for supplemental oxygen. The lean premixed zone
is aided by the supply of heat and radicals that
sustain it even if the premixing level is below the
lean flammability limit. The presence of the non-
premixed zone alters further the thermal and mass
transport [10]. The complex velocity field pro-
duced by flow dilation and buoyant acceleration
strongly influences these interactions between the
reaction zones and thereby the flame topology.

Buoyancy enhances mixing between the rich
and lean fuel/air streams. Its effect relative to the
fluid inertia is characterized through the Froude
number Fr = v/(Ig)"? (where v denotes velocity, /
a characteristic length, and g is the gravitational
acceleration). Thermal radiation from these
flames is strongly coupled with the buoyancy
and can be of considerable significance. Micro-
gravity flames exhibit a greater lateral spread
when buoyant acceleration decreases, thus
increasing the flame volume [11], and the residence
time of hot gases in the high temperature regions
increases. Both of these factors lead to enhanced
thermal radiation from pg flames.

2. Motivation and objectives

Law and Faeth [12], Kono et al. [13], and Ron-
ney [14] have provided detailed reviews of experi-
mental and computational studies dealing with
premixed and nonpremixed 1 g and pg flames in
different configurations. However, the corre-
sponding literature regarding PPFs in pg condi-
tions is sparse. Shu et al. [11] simulated the
influence of buoyancy on double flames (PPFs
containing two reaction zones). Azzoni et al. [9]
conducted a similar investigation for triple flames.
They observed that the enhanced oxidizer entrain-
ment caused by buoyancy increased advective
mixing and produced a more compact flame.
These numerical results have not yet been vali-
dated. Motivated by this consideration, we pres-
ent experimental results pertaining to burner
stabilized double and triple PPFs. Numerical sim-
ulations were performed to provide further
insight.

3. Experimental method

The pg experiments were conducted in the 2.2-s
drop tower at the NASA Glenn Research Center
in a self-contained drop rig. The rig is equipped
with a Wolfhard—Parker slot burner. A schematic
diagram of the burner [15] and a photograph of
the drop rig are provided in Fig. 1. A rich meth-
ane-air mixture was introduced through the inner
slot and a lean mixture or air through the outer
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Fig. 1. (A) Wolfhard-Parker slot burner; and (B) the pg
drop rig.

slots. A “drop” involved the process of preparing
the rig, filling and mixing gases in onboard cylin-
ders, loading and raising the rig to the top of the
tower, initiating recording devices and computer
controls, stabilizing the flame in 1 g for a few sec-
onds, dropping the rig to achieve pg, and thereaf-
ter retrieving it. Gas flow and ignition were
remotely initiated through timed computer con-
trols, and the flame was observed through a video
feed.

The flame images were recorded by at
30 frames/s an onboard CCD camera and an SVHS
recorder. Temperature measurements were made
using an array of eight 125-pm R-type thermocou-
ples that were suspended at 5 mm axial increments
and sampled at 50 Hz. Temperature measurements
were made along the centerline, and at transverse
displacements of 3, 5, 7, and 10 mm from it. A min-
imum of five drops was required to measure the
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temperature field at a total of forty locations to
characterize a single flame. The continual heating
and cooling of the platinum wire caused the posi-
tion of the suspended thermocouple bead to move
by £0.5mm. The thermocouple measurements
were corrected for radiation losses [16], and the
uncertainties associated with the data are within
+10%. Radiation measurements were made using
a small Schmidt-Boelter thermopile detector that
had a Zinc Selenide window and a 150° view angle.
The entire flame was included in the radiometer
field of view.

4. Numerical method

The computational model is based on the algo-
rithm developed by Katta et al. [17], and the sim-
ulation method is described in detail elsewhere
[4,9-11,15,18]. The numerical model solves the
time-dependent governing equations for unsteady
reacting flows in a two-dimensional planar or axi-
symmetric configuration. in rectangular coordi-
nates, these equations are
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Here, ¢ is the time, u and v represent the x and y
velocity components, respectively. The general
form of the equation represents conservation of
mass, momentum, species, or energy conservation
equation, depending on the variable used for &.
The diffusive transport coefficient I'” and source
terms S? appearing in the above equation are pro-
vided in Table 1 of [4]. Introducing the overall
species conservation equation and the state equa-
tion completes the set of equations. In addition, a
sink term based on an optically thin gas assump-
tion is included in the energy equation to account
for thermal radiation in the flame [19]. According
to the optically thin approximation, the sink term
due to the radiation heat loss ¢uq 1S
Grag = —40K,(T4 — T3) [20]. where T denotes the
local flame temperature. The term K, accounts
for the absorption and emission from the partici-
pating gaseous species (CO,, H,O, CO, and CHy)
and is expressed as K, = P>, XK, ., where K, ,
denotes the mean absorption coefficient of the
kth species. Its value is obtained by using a poly-
nomial approximation to the experimental data
provided in [21]. The methane-air chemistry is
modeled using a detailed mechanism that consid-
ers 24 species and 81 elementary reactions [22].
The mechanism has been validated for the compu-
tation of premixed flame speeds and the structure
of nonpremixed and PPFs [4,9-11,15,18,23-25].
Computations are performed in a Cartesian
domain with planar symmetry. The origin is de-

fined 2 mm below the burner lip at the burner cen-
terline. The domain extends 0.1 m laterally and
0.15 m axially. Compared to a typical flame height
and maximum width of 0.03 and 0.02 m, respec-
tively, this domain is of reasonable size. A
100 x 200 grid with clustering near the centerline
and the inlet plane (where the gradient in the field
variables is large) was observed to produce grid
independence.

5. Results and discussion
5.1. Global flame structure

The flame conditions were selected such that
buoyancy and momentum effects were compara-
ble at 1 g so that the Froude number (Fr) was
~1. For a typical 1g flame, v=30cm/s and
[ = 0.4 cm (the characteristic lateral reaction zone
dimension) for which Fr = 1.51. Figure 2 presents
images of double and triple PPFs obtained in (1)
1 g and (2) pg near the end of the drop. Visually,
the pg flames appear to assume a quasi-steady
shape within ~200 ms after releasing the rig; how-
ever, as noted later, their temperature and radia-
tion fields keep evolving until the end of the drop.

For the double flames depicted in Figs. 2A and
B, the momentum ratios of the inner to the outer
flows are nearly identical. For both the cases, the
flame contains two reaction zones—an inner rich
premixed zone and an outer nonpremixed zone.

Fig. 2. Direct images of the double (A and B) and triple
(C and D) flames at 1 g and pg (A) ¢in = 2.38, Pout =0,
Vin=21.2cm/s, Vo =323, (B) ¢in=1.68, ¢pou =0,
(C) ¢n=168, ¢ou=036; and (D) ¢in=1.68,
Pour = 0.5; for (B-D): Vi, =15.9 cm/s, Vyy = 25.8 cm/
s. (RP, rich premixed; NP, nonpremixed; and LP, lean
premixed).
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Fig. 3. Experimental (direct image) and numerically
simulated heat release topologies (kJ/kgs: all rates
above 100 kJ/kgs were clipped) of double and triple
flames in 1 g and pg; (A) double flame (¢;, = 2.0) and
(B) triple flame (¢;, = 2.0, ¢ou = 0.35). For both cases,
Vin = Vou =30 cm/s.
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Fig. 7. Numerically predicted radiation contours (W/
mm?) and velocity vectors for a double flame at 1 g (left)
and Heg (I'lght) (¢in = 20> Pout = O, Via=Vou= 30 cm/s).

The outer nonpremixed reaction zone moves far-
ther outward in pg for both conditions and, visu-
ally, the intensity at its tip weakens. In addition,
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Fig. 4. Measured and predicted temperature (K) con-
tours in 1 g and pg for the (A) double flame, ¢;, = 2.0,
and (B) triple flame ¢;, =2.0, ¢y =0.36. For both
cases, Vin = Vou = 0.3 m/s.
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there is a small increase in the height of the inner
rich premixed zone and a slight weakening of its
tip intensity in pg. The absence of buoyancy
diminishes the oxidizer flux into the inner reaction
zone. Consequently, the outer nonpremixed
reaction zone moves laterally outward to meet
its oxidizer demand. The spatial separation be-
tween the inner and outer reaction zones increases
in pg, a result that is in accord with previous
simulations [11].

The heights of the normal- and micro-gravity
double flames presented in Fig. 2A are higher than
those of the corresponding flames in Fig. 2B. This
is due to the larger fuel flow rate in the former
case. A closer observation of Figs. 2A and B re-
veals that the flame with a larger inner equivalence
ratio ¢;, exhibits a more pronounced lateral
spread. Bennett et al. [26] have shown that a larger
value of ¢y, for a 1 g flame produces a greater oxi-
dizer entrainment, most of which is buoyancy dri-
ven. Therefore, as a 1 g flame transits to pg, the
loss of the buoyancy-induced flux has greater con-
sequences for flames with greater ¢;,.
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Figure 2C presents images of a PPF with a tri-
ple flame structure in 1g and pg. A third reaction
zone appears outside of the nonpremixed flame re-
gion as a result of lean premixing of the outer
stream. This lean premixed zone spreads further
outward in pg and reduces the influence of gravity
on the inner reaction zones by producing a fluid
dynamic shielding effect. Reducing the buoyancy
leads to an increased separation between the three
reaction zones [9]. For all the flames considered,
increased gravitational acceleration makes the
nonpremixed reaction zone more compact and
spatially closer to the inner rich premixed zone.
For instance, in Fig. 2D, the pg nonpremixed zone
is approximately 20% longer and about 30% lar-
ger (at the point of greatest width) than in 1 g.

Figures 3A and B present a comparison of the
predicted heat release rates with the experimen-
tally obtained images for two representative PPFs
in 1 g and pg, one with a double flame structure
and the other a triple flame. The intrusive thermo-
couple array is visible in the triple flame image
(Fig. 3B). However, the qualitative similarity ob-
served between images of Figs. 2 and 3 indicates
that the presence of the thermocouples has a neg-
ligible impact on the flame structure. The topolo-
gies of the reaction regions obtained from the
experiments and simulations are in good agree-
ment in both 1 g and pg. The heights of the inner
reaction zones are well predicted. Both the simu-
lated heat release rates and the chemiluminescence
in the direct images along the sides of the inner
(premixed) flame decrease due to stretch effects.
The heat release rate progressively decreases along
the outer (nonpremixed) flame at downstream
locations. The nonpremixed reaction zone has a
weak tip, and its reaction rates are larger in up-
stream regions. In addition, the measured and
predicted shapes and widths of the two outer
(nonpremixed and lean premixed) reaction zones
are in good agreement for the triple flame.

5.2. Temperature and radiation measurements

The measured and simulated temperatures for
the flames depicted in Figs. 3A and B are pre-
sented in Figs. 4A and B. The simulated and mea-
sured temperature profiles are expected to differ
due to the intrusive nature of the thermocouples
and uncertainties associated with the radiation
corrections. (However, the implementation of
nonintrusive diagnostics in pg facilities is not
straightforward). Since the reaction zone topolo-
gies are in good agreement in Fig. 3, we have con-
fidence in the simulated temperature data. Both
sets of data, measured and simulated, exhibit a
similar qualitative behavior in 1 g and pg. As g de-
creases, the high temperature regions, particularly
the nonpremixed reaction zones, are cooled due to
enhanced radiation. The spatial distribution of the
high temperature zone changes in pg, which is

consistent with the flame topography change. In
both the flames the high temperature regions lie
along the nonpremixed reaction zone, which is
in accord with previous investigations [9,11]. The
spatial distribution of the high temperature zone
changes in pg, which is consistent with the flame
topography change.

To examine the transition of partially pre-
mixed flames from 1g to pg, the transient temper-
ature data recorded during the drop are presented
in Fig. 5 at a transverse location x = 5 mm for the
double flame of Fig. 3A. This location intersects
the outer nonpremixed reaction zone in 1 g (which
widens in pg). The data were smoothened by a 10-
point moving average. The local temperatures
experience an initial transient between 1.5 s (when
the rig is released from 1 g) and 2 s in accord with
the rapid initial changes in the flame topology
after the rig is released. However, there is a second
more gradual temperature change in pg that does
not reach a steady state during the drop. The
flame topologies in 1 g, during the 1 g to pg tran-
sition, and under quasi-steady pg conditions are
also shown in the figure.

The temperature near the flame base at
(y =3 mm) is unchanged during the drop, since
the diminishing buoyancy least influences this
location. However, higher axial positions exhibit
a progressively larger temperature decline during
the drop (from # = 1.5 to 3.5 s) due to the outward
spreading of the nonpremixed reaction zone and
the increased significance of thermal radiation.
The thermocouple time constant (~0.1s) is of
the same order as the duration of flame spreading
(~0.2's). The temperature decline during the ini-
tial transient period occurs during 0.5s, but a
gradual temperature decrease continues thereafter
until the end of the drop.

Further insight can be provided by using a
phenomenological or scale analysis that compares
the advection time 7. and the diffusion time 74 for
a representative flame (schematically described in
the inset in Fig. 5). The characteristic fuel and
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Fig. 5. Transient temperature data for a double flame at
eight vertical (y) locations at 5 mm away from the plane
of symmetry (i.e., x=5mm). ¢, =2.0, ¢ou =0,
Vin = Vour = 30 cm/s (inset: schematic of characteristic
flame scales).
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air velocities v are assumed to be equal. The tran-
sit or convective time is 7, = /./v, and the diffusion
time required for the reactants to be transported
laterally through the flame is 74 = lj /D. For the
flames considered, the characteristic length scales
are I, ~40mm and /3~ 5mm, v~ 0.3 m/s, and
the diffusivity D~ 13x107°m?/s so that
7.~ 0.1 s and 74 ~ 1 s. This implies that the rapid
temperature decline during the first 0.5 s occurs
due to changes in the advection as the flame tran-
sitions from 1 g to pug. The diffusive flux adjusts to
the corresponding changes in the flame structure
and produces the second more gradual transient.
The value of 74 is of the order of the duration of
the experiment. (The pg data in Fig. 4 represent
a condition near the end of the drop at which that
the temperature field closely resembles that for a
steady state pg flame.)

Figure 6 presents radiometer measurements for
a characteristic triple flame during the drop. The
plot is normalized with respect to the measure-
ment made just following ignition at ¢ =0. The
flame is in a steady state before the rig is dropped.
Because of the integrated nature of the radiation
measurement, only the slower diffusive transient
discussed above is readily discernable from the
data. As the gravitational acceleration decreases
during the drop, the radiation heat transfer from
the flame increases significantly. Similar effects
of gravity on radiation have been observed for
nonpremixed flames [27]. The measurement at
the end of the drop is approximately 35% larger
than when it commences.

The measured peak flame temperature for the
double flame decreases by ~0.7% and for the tri-
ple flame by ~2.1% in ng. We can also define a
mean temperature as the averaged value of all
thermocouple measurements. Unlike the peak
flame temperature, this mean temperature in-
creases by ~0.6% for the double flame and
~3.8% for the triple flame. Although the peak
flame temperature in a pg flame is lower, the radi-
ative heat transfer originates from a larger overall
flame volume with a somewhat higher average
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Fig. 6. Measured radiometer data during the drop for
the flame showing the transient response of flame
radiation. Flame conditions correspond to that of
Fig. 3A.

temperature. We attribute this to the smoothening
of temperature gradients in pg due to a widening
of the flame volume and an increase in the relative
importance of diffusion [9,11].

Qin et al. [19] employed an optically thin radi-
ation model in their detailed simulations and pre-
dicted a similar temperature decrease for double
flames. Figure 7 presents a comparison of the lo-
cal volumetric radiation loss gy for the 1 g and
ug double flames shown in Fig. 3. Since the radi-
ation model accounts for the locally varying gas
emissivities, the radiation field differs from the
temperature distribution, i.e., there is an absence
of strict one-to-one correspondence between loca-
tions of high temperature and large radiation. The
peak value of gy decreases as the flame transits
from 1 g to pg. However, except for a few large
values of q;;, the iso-q'lg lines occupy a larger area
in the pg flame. Therefore, integrating g, over the
entire domain yields a larger total value of the
radiation heat flux for the pg flame. The global
radiative heat fraction yr (which is the ratio of
the total radiative heat transfer from the flame
to the total heat liberated due to combustion) in-
creases from 21.7% at 1 g to 47.3% at pg for the
flames discussed in Fig. 7. They both burn the
same amount of fuel and generate an identical
amount of heat.

The pg flame has a lower peak temperature but
a larger width. Therefore, it experiences a smaller
transverse temperature gradient, which leads to
lower conduction heat transfer from it than for
the corresponding 1 g flame. Thus, the 117% in-
crease in radiation heat transfer and decrease in
conduction in pg is accompanied by a commensu-
rate reduction in the convective heat loss from the
flame. In addition, in the absence of buoyancy, the
gas velocity in the post-flame region is much smal-
ler (as shown by the velocity vectors in Fig. 7)
than in a buoyant flame.

The effect of microgravity on the flame radia-
tion can be analyzed by defining a radiation cool-
ing time tg. It is defined as the time required for a
gas volume temperature to decrease from an ini-
tial value Ty, by an amount, d7, where g = T}/
(dT/dr) = Ti/(Or/(pey)). Here, O = (Qgen — Qo)
denotes the radiation heat transfer, p density,
and ¢, the heat capacity. The radiation (fourth)
Damkohler number compares the heat generated
to the heat lost through radiation, i.e., Dag = Q-
gen/Oloss ~ TR/Te. As Dag — 1, the radiation heat
loss becomes more significant. The value of 7. is
related to the time taken by the gas to flow
through the radiating volume. If the characteristic
velocity is to account for the contribution of
buoyant acceleration, then v= v, + vy =v(g),
where v;, and vy, represent the velocities at the bur-
ner exit and the corresponding buoyancy-induced
component, respectively.

It is }iyossible to show that tg ~ I(X;Quv/
I —1)" = f(X;, T™"), where Quy denotes the
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heat of reaction of the fuel and X;the fuel mole frac-
tion. Therefore, Dag ~ tr/tc ~ v(g) f(Xp, T7Y),
where T is a function of X;. The relative radiative
loss increases with a decrease in the value of v(g)
or at larger values of 7, as expected. An alternate
expression for Dag ~ (Vin/vin + vin/vs) f( X5, T) ~
(14 FrY f(Xg T7Y illustrates its variation with
the Froude number. As Fr increases (during the
transition from 1g to pg), the value of Dag
decreases, i.e., the relative significance of radiation
increases. For a constant inlet stream velocity, this
formulation represents the fractional radiative loss
as a function of g.

The variation of yr (or ~1/Dag) obtained
from the scaling analysis with respect to g is plot-
ted in Fig. 8. The analysis shows that the radiative
loss fraction significantly increases with decreas-
ing values of g. The relative increase in the radia-
tion loss is most prominent in the range 0-1g
(which corresponds to the radiometer data pre-
sented in Fig. 6). The scaling analysis assumes a
constant effective temperature that is representa-
tive for the entire domain, and which is expected
to change with varying gravitational acceleration.
Nonetheless, the analysis provides insight into the
influence of buoyancy on the radiation heat loss
from the flame. As shown above, that temperature
variation is small and of the order of 1% for the
flames examined herein.

The figure also presents the variation of yr ob-
tained from the simulations that were performed
for twenty values of g (in the range 1-100 g), keep-
ing all other conditions identical to those for the
flames in Fig. 3A. The simulated values of yg with
respect to g follow a trend that is similar to that
obtained from the scaling analysis. While the sim-
ulated values are based on an exact determination
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Fig. 8. Variation of the global radiative heat fraction
(xr) from a double flame with gravitational acceleration
(g) for different temperatures. Results from the scaling
analysis for a representative temperature range of 900—
1080 K show close agreement with the numerical
predictions.

of yr, the calculated values from the scaling anal-
ysis assume a constant effective mean flame tem-
perature whose value depends on the chosen
length scale (i.e., the dimensions over which the
temperatures are averaged). For a given stoichi-
ometry and flowrates, the curves in Fig. 8 empha-
size the relative importance of radiation for
different levels of gravitational acceleration and
mean domain temperature (which can be a func-
tion of air/fuel preheating, oxygen enrichment,
etc.). Such a relationship is, therefore, useful to
predict the flame behavior for fundamental phe-
nomena (e.g., to predict radiation quenching) or
for thermal design (e.g., to determine the radiant
surface areas for utility furnaces) for various val-
ues of g. The simulations show that yg ~47% at
0g, 27% at 0.5g, 22% at 1g, 17% at 2 g, and
12% at 5 g. The effective temperatures that repro-
duce these results in the scaling analysis lie in the
relatively narrow range from 900 to 1080 K.

6. Conclusions

In this paper, we report an experimental-nu-
merical investigation of burner-stabilized pg par-
tially premixed flames. Both the steady and
transient characteristics of these flames are exam-
ined under 1 g and pg conditions.

The flame structure is strongly influenced by
buoyancy, which reduces the spatial separation
between the reaction zones, and, thus, increases
interactions between them. While the structure
and location of the inner rich premixed zone is rel-
atively insensitive to the variation in g, the non-
premixed zone and the outer lean premixed zone
(in the case of triple flame) are strongly influenced
by g.

Measurements and simulations show good
agreement with respect to flame topology and
locations of the various reaction zones. The com-
puted and measured temperature profiles are
qualitatively consistent although they exhibit
some quantitative differences due to the intrusive
nature of the thermocouples and uncertainties
associated with the radiation corrections.

During the transition from 1 g to ug, the flame
structure experiences a rapid change and another
a relatively slower transient change. The faster
transient stabilizes within 200 ms and is due to
changes in advection caused by reduced gravity.
The slower transient does not fully stabilize in
the available pg time. It is attributed to changes
in the diffusive fluxes in response to the change
in advection.

The effect of gravity on thermal radiation loss
from PPFs has been characterized. The thermal
radiation from these flame increases significantly
in pg. This is due to the larger flame volume and
the reduced advective heat flux in pg. A scaling
analysis is presented that explains the results and
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provides a useful estimate the flame radiation at
various values of g.
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