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Abstract

An improved understanding of cool diffusion flames could lead to improved engines. These flames are
investigated here using a spherical porous burner with gaseous fuels in the microgravity environment of the
International Space Station. Normal and inverse flames burning ethane, propane, and n-butane were explored
with various fuel and oxygen concentrations, pressures, and flow rates. The diagnostics included an intensified
video camera, radiometers, and thermocouples. Spherical cool diffusion flames burning gases were observed
for the first time. However, these cool flames were not readily produced and were only obtained for normal
n-butane flames at 2 bar with an ambient oxygen mole fraction of 0.39. The hot flames that spawned the cool
flames were 2.6 times as large. An analytical model is presented that combines previous models for steady
droplet burning and the partial-burning regime for cool diffusion flames. The results identify the importance
of burner temperature on the behavior of these cool flames. They also indicate that the observed cool flames
reside in rich regions near a mixture fraction of 0.53.
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Cool premixed flames were discovered in the
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study increased dramatically when they were found
to be responsible for knock in internal combustion
engines [1,2].

Cool diffusion flames were first observed only
in the last decade. In these flames the fuel and
oxidizer are supplied from opposite sides and ar-
rive at the flame via diffusion, whereas in cool pre-
mixed flames the flames propagate into a premix-
ture. The equivalence ratios and temperature dis-
tributions of the two flame types are so different
that a full understanding of cool flame chemistry
will require studies in both premixed and diffusion
flames.

Cool flames are different from their hot flame
counterparts in that: their peak temperatures are
only 500 — 1000 K [3]; they increase the gas tem-
perature by only 2 — 200 K [4]; they only consume
a small fraction of the reactants; and they pro-
duce primarily H,O, CO, H,0,, CH,O, and C,H,4
[5], see also [1,6,7]. Cool flames are possible only
under conditions with negative-temperature coef-
ficients (NTCs) in the overall reaction rate. Such
NTCs are near the crossover temperature, for which
alkyl radicals are consumed at equal rates by cool
and hot flame chemistry.

Cool flames are of practical interest because
their low-temperature combustion (LTC) chem-
istry may contribute to the improvement of ad-
vanced high-efficiency engine technologies, such
as homogeneous charge compression ignition
(HCCI), premixed charge compression ignition
(PCCI), and reactivity controlled compression ig-
nition (RCCI) [2,8-11].

Cool diffusion flames were discovered in n-
heptane droplet combustion experiments aboard
the International Space Station (ISS) [6]. Addi-
tional cool diffusion flames burning droplets in mi-
crogravity were observed for n-heptane, n-octane, n-
decane, n-dodecane, and decane/hexanol mixtures
[12-15]. In most cases the cool diffusion flames ap-
peared soon after the radiative extinction of a hot
flame, but they were sometimes ignited directly by a
resistively heated wire [2,11]. Some of the cool dif-
fusion flames led to hot flame ignitions. The cool
diffusion flames burned for up to 35 s before ex-
tinguishing [2,6,11]. Extensive modeling of these
flames has been performed [7,11,14].

The existence of counterflow cool diffusion
flames was predicted by Law and co-workers
[8,16]. These flames were subsequently observed in
normal gravity for n-butane, isobutane, n-heptane,
n-octane, n-decane, n-dodecane, n-tetradecane,
dimethyl ether, and diethyl ether at various
pressures [3,10,17-20]. Owing to the short res-
idence times available in counterflow flames,
they required LTC enhancements such as heated
reactants, pulsed plasmas, and ozone addition
[3,17].

Counterflow multistage warm diffusion flames,
with peak temperatures around 1000 K, were dis-
covered soon after [11,14,21,22]. These have been

observed for n-heptane, n-decane, n-dodecane, and
dibutyl ether.

Burner-supported quasi-spherical cool diffu-
sion flames in normal gravity were observed and
modeled by [23,24]. These involved dimethyl ether
with diluents and pressures chosen to minimize
gravitational interference. Turbulent jet cool diffu-
sion flames were investigated experimentally and
numerically for dimethyl ether and diethyl ether
[20,25].

Despite extensive past work, gaps remain in the
understanding of cool diffusion flames. Droplet
studies cannot control or precisely measure the
fuel supply rate or become fully steady. They also
do not allow for fuel dilution, inverse flames, or
gaseous fuels. Furthermore, their detailed mod-
els are complicated by the liquid phase. Counter-
flow flames cannot obtain the low strain rates and
long residence times of spherical diffusion flames,
have small length scales that complicate measure-
ments, and require heated reactants, plasma, and/or
ozone assistance. Normal gravity spherical diffu-
sion flames are affected by buoyant entrainment,
especially outside the flame. The spherical cool dif-
fusion flames studied here avoid these shortcom-
ings. They are not perfect, however; for example,
the support tube is a thermal mass that quenches
the system, and the burner temperature is not eas-
ily controlled.

Thus motivated, the objectives of this study are
to use a spherical porous burner with gaseous fuels
to observe spherical hot and cool diffusion flames
in microgravity and to develop a simple model of
these flames. Three alkane fuels are considered —
ethane, propane, and n-butane — as are normal and
inverse flames. A wide range of flow rates and ni-
trogen dilution of the fuel and oxidizer are studied
at various pressures. The flame size measurements
are compared with model predictions.

2. Experimental

These experiments are part of the Cool Flames
Investigation with Gases (CFI-G) project. The
tests were performed aboard the ISS inside the
Combustion Integrated Rack (CIR) using the Ad-
vanced Combustion via Microgravity Experiments
(ACME) insert. A windowed pressure vessel with
a free volume of 83 L provided quiescent ambient
conditions. This facility is described in more detail
in [26].

A 6.4 mm diameter spherical porous burner,
shown in Fig. 1, was located near the center of
the pressure vessel. The burner was fabricated from
sintered 316 stainless steel with 10 wm media,
and has an estimated porosity of 40%. Several ef-
fects of the burner and its support tube on simi-
lar flames are discussed in [26]. The burner tem-
perature was measured using an embedded type
K (nickel/chromium/alumel) thermocouple. Tests
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Fig. 1. The spherical porous burner prior to testing.

were terminated if the burner reached 723 K to pre-
vent overheating. A retractable hot wire ignited the
flames.

Two types of diffusion flames were observed:
normal flames, with the fuel flowing from the
burner toward the oxidizer, and inverse flames, with
the oxidizer flowing toward the fuel.

The fuels were ethane, propane, and n-butane,
and they were generally diluted with N,. For
propane and n-butane inverse flames the fuel supply
was two-phase. The oxidizer was O,, which was di-
luted with N,. The burner gas flow rates were con-
trolled with mass flow controllers with an estimated
uncertainty of + 5%.

A summary of the test conditions is provided in
Table 1, where myc and mig, are the mass flow rates
of hydrocarbon and O, p is ambient pressure, and
X is mole fraction. The uncertainty of the burner
and ambient gas mole fractions is estimated at
+ 0.02 and + 0.01, respectively. The ambient tem-
perature was 298 K. The test conditions were gener-
ally varied as widely as permitted by safety require-

ments and the hardware. The variations in ambi-
ent pressure, temperature, and concentrations dur-
ing these tests were negligible.

The tests were recorded and monitored in real
time using an analog color camera at 30 frames/s
(fps). This was not sensitive enough to image the
cool flames, so a digital monochrome intensified
camera was also used, at 23 fps. It had a bandpass
filter of 390 — 490 nm to admit light from excited
formaldehyde (CH,O*), which dominates the visi-
ble emissions from cool flames.

For some flames a type B (platinum/rhodium)
thermocouple measured gas temperatures. This
had a wire diameter of 0.2 mm and was at a ra-
dius of 13 mm. Grayscale thin filament pyrome-
try (TFP) was attempted with 14 pm diameter SiC
fibers using the method of Irace et al. [26].

A Schmidt-Boelter wide-angle thermopile ra-
diometer measured radiative emissions. This was
at a radius of 154 mm and was sensitive to wave-
lengths of 0.6 — 50 pm. Two other radiometers,
at 0.2 — 17.5 wm, confirmed these measurements.
Three wide-angle photomultiplier tubes (PMTs)
measured optical emissions with bandpass filters of
230 — 700, 310, and 430 nm, but these were only
marginally able to detect the cool flames. A trans-
ducer measured chamber pressure. Additional de-
tails of the hardware and diagnostics are in [26,27].

3. Analytical

Analytical models are derived here that re-
late the flame radii of burner-supported hot and
cool diffusion flames to global parameters such as
boundary temperatures, flow rates, and gas compo-
sitions.

The Spalding model of droplet burning [28] as-
sumes: a quasi-steady fuel flow rate; unity Lewis
number; constant product of density, p, and mass
diffusivity, D; uniform and constant pressure; and
negligible radiation heat transfer. Note that radia-
tion and unsteadiness can be reasonably accounted
for with an appropriate choice of transport rates.
This has been demonstrated for studies of spheri-

Table 1

Summary of the hot and cool flames observed.
Fuel Flame type  Xp; Xuc p (bar) myc or # of # of # of cool

me® (mgfs)  REP FT¢ flames

ethane normal 0.18-0.4 0.25-1 0.51-2.03 0.50-2.36 30 10 0
propaned  normal 0.21-04 0.05-1 0.94-3.04 0.13-2.89 34 6 0
n-butane  normal 0.21-04 0.02-0.5 0.51-2.03 0.10-3.22 46 17 15
ethane inverse 0.12-0.85 0.06-0.3 0.46-3.04 0.93-9.08 25 22 0
propane inverse 0.18-0.85 0.08-0.43 0.51-3.04 1.36-9.07 24 13 0
n-butane  inverse 0.21-0.85 0.06-0.36 0.51-3.04 1.34-8.95 30 23 0

4 miyc for normal flames and ri1g; for inverse flames.

® RE indicates radiatively extinguished.
¢ FT indicates flow terminated.

4 For propane normal flames at pressures above 1 bar, X, was limited to 0.21.
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Fig. 2. Temperature 7" versus mixture fraction in the
partial-burning regime for a normal cool diffusion flame,
reproduced from Nayagam et al. [28].

cal burner-supported flames [26] and droplet flames
[5-7,11-15,28-31].

This model is extended here to burner-
supported hot diffusion flames and cool diffusion
flames. Conservation of mass and mixture fraction
become

pvit = povr, (1
and
dz d dz
244 d (5 az
YT dr(r der ) @

where ris radius, s is the burner surface, v is velocity,
and Z is mixture fraction.

An infinitely thin control volume at the burner
surface, with inflow, outflow, and outward diffusion
of Z, yields the burner boundary condition:

The first integration of Eq. (2) is facilitated with
conservation of mass. Including the burner bound-
ary condition then yields

dz —v

—=—(1-2Zz 4

=5 (1-2) @
Assuming constant pD and using Egs. (1), (4) is

readily integrated. The boundary condition at in-

finity for normal flames (Z — 0 as r — 00) is then

applied, yielding

Ve 12 1
S.\'=l
D, r "(1—2)’ (%)
and
m 1
4mpDr n<1_2>, ©

where m is the total mass flow rate from the burner.
Evaluating Eq. (6) at the porous burner surface
yields the burner surface mixture fraction,

—m
ZS:I—exp<74nrpD>. @)

The hot flame stabilizes at the stoichiometric
mixture fraction, Z. Solving Eq. (6) at this loca-
tion yields the hot flame radius for normal flames,

m
Tppr = | . ()

Most cool diffusion flames do not reside at the
stoichiometric location. Instead, their locations can
be determined using temperature profiles in mix-
ture fraction space as illustrated in Fig. 2. As dis-

dz cussed in [28], cool diffusion flames are in the
Ps Vs = ps Vs Zs — ps Dy ar ls (3) partial-burning regime, which requires d7/ dZ to
1.0 1 25
19
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Fig. 3. Model predictions of normal cool diffusion flames for the conditions of nigc = 1.5 mg/s, ry = 3.2 mm, Too =

300 K, Z;; = 0.20, and pD = 0.0334 g/m-s at 300 K.
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be opposite on the two sides of the flame. For nor-
mal cool diffusion flames this can be expressed as
Zy Ty — Ty

= ; &)
Zs - Zc/ TZ/ - T:v

where subscripts ¢/ and oo denote the cool flame
and the outer boundary. Rearranging yields

(Ty - Ts) Z
2T, — T, — T’

This relationship, along with its analog for in-
verse flames, shows that for both flame types the
burner surface and the ambient must be cooler than
the cool flame.

Equations (1)—(7) are valid for both hot and cool
flames, and it is shown below that a single pD at
room temperature can be used for both flames by
evaluating the value at their respective flame tem-
peratures. Therefore, Eq. (6) can be evaluated for
normal cool diffusion flames at Z = Z ;and r = r,s
to obtain

Zy= (10)

m
47rlen<ﬁ>,

with Z, given in Eq. (10). Finally, the ratio ry, / r,s
is found from Egs. (8), (10), and (11) to be

E . ll’l(l —Z(.f)
rg (1l —Zy)

(11)

Fef =

Tc'_Too Zs
—In 1_(f—)
2Ty — T, — T

}/M(l—&d
(12)

Equations (1)-(12) apply not only to burner-
supported flames, but also to quasi-steady droplet
flames.

For inverse flames, the flame radii are found to
be

m
Thf = ————————F— (13)
47 len(%ﬂ)
and
Fop= —— (14)

47{le]1(%>

Egs. (12)-(14) show that, depending on the con-
ditions, a normal or inverse cool flame can reside
in rich or lean regions. When X, is large, any cool
flame generally resides between the burner and the
stoichiometric location.

Fig. 3 plots the predictions of Egs. (10)—(12) for
Z,, rep, and 1y [ 1 at conditions selected using ex-
periments presented below. When 7, = T, (here
300 K), these quantities are nearly independent of
T.s. For other burner temperatures the cool flame
size increases with T,,. For increasing T, the cool
flame shrinks monotonically until it collapses onto
the burner when T reaches T,,;. The ACME burner
temperature limit is indicated with a vertical line.
A version of Fig. 3 for inverse diffusion flames is
provided in [32].

4. Results

As summarized in Table 1, 280 hot diffusion
flames were ignited. Following the ignition tran-
sient, these flames generally grew with time, with
many reaching quasi-steady radii, as reported for
similar flames by [26]. There were 189 flames
that extinguished radiatively and the others extin-
guished when the flow was terminated, in some
cases because the burner reached its temperature
limit of 723 K.

Table 2

Summary of the cool flames observed®.
Test? © mpyc(mg/s) cool flame duration(s) 7 ep(mm) el rer
A 0.75 14.3 5.1 2.4
B 1.0 13.8 5.3 2.8
ce 1.0 13.6 - -
D 1.5 13.9 7.6 2.3
E 1.5 13.8 7.5 2.3
Fl1 1.0 6.2 5.1 2.8
F2 1.0 5.8 5.5 2.7
F3 1.0 5.5 5.7 2.6
F4 1.0 5.4 5.7 2.6
F5 1.0 5.3 5.5 2.6
Gl 1.5 10.9 7.1 2.4
G2 1.5 34 6.5 2.7
G3 1.5 3.8 6.3 2.8
G4 1.5 4 6.2 2.8
G5 1.5 3.7 6.2 2.9

4 X =0.39, Xyc = 0.3, p =2 bar, and Z;; = 0.20 for all tests. The adiabatic flame temperature was 2650 K.

b Numbered tests involved hot-cool-hot flame transitions.

¢ The cool flame radius for Test C could not be measured due to low camera gain.
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When a flame extinguished radiatively, the flow
was continued for at least 10 s to allow a possi-
ble transition to a cool diffusion flame. Despite the
broad range of conditions, only 15 such cool flames
ignited, as summarized in Table 2. The cool flames
were imaged by the intensified camera except dur-
ing Test C.

Fig. 4 shows a hot flame 10 s before its radiative
extinction and the subsequent cool flame. Com-
pared to the cool flame, the hot flame was larger,
brighter, and more spherical and it had a thin-
ner reaction zone. The hot flame also had a larger
quenched region near the cold burner support tube.

10 mm
t=384-392s m———

Fig. 4. Intensified camera images from Test D of (a) the
hot flame and (b) the cool flame. The false colors here
were obtained by matching the colors of microgravity hot
flames and normal gravity cool flames. The times after ig-
nition, ¢, are shown. The dashed circles indicate the burner
location. Image (b) is an average of images from the times
shown and has an exposure 50 times as bright as that
of (a).

TFP was attempted only for Test C. (This pre-
cluded using the high gain in the intensified camera
for this test.) No glow was detected in the filament,
indicating the peak temperature was below the TFP
detection limit of 950 K, which is consistent with a
cool diffusion flame, but not with a hot flame.

Fig. 5a shows the radiometer signal, burner tem-
perature, and burner flow rate for a representa-
tive normal flame undergoing radiative extinction
without a cool flame. Flame oscillations began at
18 s and increased in strength until flame extinc-
tion at 30 s. The flow continued for an additional
14 s but no cool flame appeared in the intensi-
fied camera and the radiometer output followed
an asymptote toward zero as the gas and burner
cooled.

Fig. 5b plots the same quantities for Test D. The
conditions were the same as in Fig. 5a except for
the decreased flow rate. The smaller flame and the
longer hot-flame burn time increased the burner
temperature at the time of radiative extinction. This
occurred at 36 s and a cool diffusion flame ap-
peared at 37 s. (A similar delay, 0.7 — 1.1 s, occurred
for all 15 cool flames.) The fuel flow was termi-
nated at 50 s, whereby the cool flame extinguished.
During the cool flame, the radiometer output and
burner temperature were steady enough to suggest
this flame would have lasted indefinitely with con-
tinued flow and an infinite domain.

The cool flames in Tests A — E were not detected
in real time because the intensified camera images
and the radiometer output were not available until
later. Therefore, their flows were terminated prema-
turely. This was remedied prior to Tests F and G. At
the same time the type B thermocouple was added,
as required for a different ACME project.

Fig. 5c plots the same measurements for Tests
G1-GS5. (These conditions are the same as those of
Test D except for the addition of the type B thermo-
couple.) Here the hot flame radiatively extinguished
at 40 s and a cool flame appeared at 42 s. However,
the cool flame transitioned to a hot flame at 54 s
due to the presence of the type B thermocouple.
Five such cool flames, preceded and followed by hot
flames, were observed until the flow was terminated
at 165 s. The first hot and cool flames lasted longer
than the others.

When each hot flame extinguished, the type B
thermocouple was in a rich premixture and cat-
alyzed exothermic reactions [33] that reignited the
hot flame. These reignitions occurred for Tests F
and G when the thermocouple reached 720 — 820 K
and were confirmed by the intensified camera and
the radiometer and burner temperatures. As shown
in Fig. 5c, during each cool flame the type B ther-
mocouple warmed and began to glow. These tem-
peratures have not been corrected for radiative loss
or catalysis because the radiation corrections are
small at these temperatures, catalytic corrections
are highly uncertain, and these measurements are
used here primarily to show temperature trends.
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Fig. 5. Temporal plots of measurements for (a) a hot flame at miyc = 2 mg/s that extinguishes, (b) a hot flame at
myc = 1.5 mg/s that transitions to a cool diffusion flame (Test D), and (c) multiple hot-cool flame transitions at

myc = 1.5 mg/s (Tests G1-G5).

As indicated by Tables 1 and 2, these cool diffu-
sion flames are only possible for very limited condi-
tions. For example, cool diffusion flames were not
observed for ethane or propane, nor at pressures be-
low 2 bar. This is consistent with the understanding
that higher alkanes [34] and higher pressures [2,10]
favor cool flames.

Cool flames were not observed for inverse burn-
ing, primarily because of short residence times. The
inverse flames also had low burner temperatures
(below 500 K), but droplet cool diffusion flames are
observed with surface temperatures near 400 K.

Cool flames were not observed for oxygen mole
fractions below about 0.4, which is consistent with
a limiting oxygen index for cool flames [35]. Cool
flames were not seen for fuel mole fractions other
than 0.3, myc outside the range of 0.75 — 1.5 mg/s,
or when the burner was cooler than 515 K.

The intensified camera images were used to find
flame radii for the tests of Table 2. These radii were
invariant with time and their uncertainty is esti-
mated at £+ 2%. Hot flame images just prior to oscil-

lations were analyzed by fitting the contour of peak
blue intensity with a circle. Cool flame images were
filtered to reduce noise and then averaged over 20
frames. Fig. 6 shows the resulting image for Test
G1. Pixel values along a line through the burner
center and perpendicular to the support tube iden-
tified two peaks, as plotted in Fig. 6. The cool flame
radius was found as half their separation distance,
as was done by [28] for droplet flames.

The measured flame radii are shown in Table 2.
The mean measured 7, / r.s is 2.6 and the mean
predicted by Eq. (12) is 3.2. Measurements from
[13,28] for n-decane droplets indicate hot and cool
flame standoff ratios of 8 and 3.2, 1i.e., ryy /1oy = 2.5.
The model of [29] predicts this ratio to be 3 for an
n-heptane droplet.

Fig. 7 plots the measured versus modeled hot
and cool flame radii. This includes the cool flames
of Table 2 and quasi-steady normal n-butane hot
flames for various conditions of X, (0.37 — 0.40),
Xpc(0.15and 0.3), migc (0.75 — 2.0 mg/s), and pres-
sure (0.5, 1, and 2 bar). The modeled radii are from
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thermocouple
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Length (mm)

Fig. 6. Averaged image of the cool flame of Test G1 and
a plot of the pixel values along the dashed line. The white
streak in front of the burner tube is the type B thermocou-
ple’s double reflection off the camera lens and the window.

Egs. (8) and (11). A peak cool flame temperature of
750 K is assumed, which is reasonable for alkanes
[2,6,7,11,14,30,31].

Assuming peak temperatures of 1400 K for hot
flames [26] and 750 K for cool flames, and using
the data of Fig. 7, pD was optimized to a value of
0.0334 g/m-s at 300 K. This value is assumed here
to be constant for all hot and cool flames regardless
of species. Wang et al. [36] found pD = 0.0248 g/m-
s for an equimolar mixture of O, and N, at 1.01 bar
and 298 K. Changing from the peak temperature to
the mean would increase this value of 0.0334 g/m-
s, whereas estimating and plotting the steady flame
sizes in Fig. 7 would decrease it.

Fig. 7 indicates this model with
pD = 0.0334 g/m-s is reasonably successful in
predicting hot and cool diffusion flame radii for
these conditions. Eq. (7) from the model indicates
the mean Z; for the cool flames of Table 2 is
0.75. The mean Z is then found to be 0.53 from
Eq. (11) and the measured radii. Finally, the mean
T is found from Eq. (10) to be 869 K. This tem-
perature is higher than expected but is reasonable
given the assumptions in the model.

5. Conclusions

Spherical diffusion flames burning gases were
investigated aboard the ISS, emphasizing condi-
tions suitable for cool diffusion flames. An analyti-
cal model to obtain flame radii was formulated for

30
X Hot normal flame
O Cool normal flame x
25 || @ n-heptane droplet cool flame
from Nayagam et al. (2016) «
X
X

20 | X
= X
S
~ X
3
" X
= KX
il
<
[0) XX
B 10 | X
=

&®
5 | (S
0 1 ! 1 I 1
0 5 10 15 20 25 30

Measured radius (mm)

Fig. 7. Measured versus modeled flame radii for hot and cool flames. The droplet cool flame is from [28]. The data has a
coefficient of determination of R* = 0.92 with respect to the line shown with unity slope.
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hot and cool flames. The main conclusions are as
follows.

1. Spherical cool diffusion flames burning gases
were observed for the first time. Fifteen such
flames were observed. They formed after the
hot flame radiatively extinguished and were
quasi-steady until the flow was terminated.
When a type B thermocouple was present,
the cool flames transitioned to hot flames,
leading to cyclical hot and cool flames.

2. Cool diffusion flames for these fuels are not
easily obtained. They were only observed for
normal n-butane flames at 2 bar, and only for
butane flow rates of 0.75 — 1.5 mg/s. In addi-
tion, these cool flames were only observed for
burner temperatures above 515 K.

3. The cool diffusion flames are smaller than
their hot flame counterparts, with a mean ra-
tio of hot/cool flame radii of 2.6.

4. The cool flame peak temperatures were be-
low the TFP detection limit of 950 K.

5. The analytical model, based on the Spald-
ing model of droplet combustion and the
partial-burning regime, reveals quantitatively
the importance of burner temperature on the
size and peak temperatures of cool diffusion
flames.

6. The model indicates that a reasonable ap-
proximation for pD for these hot and cool
flames is pD = 0.0334 g/m-s at 300 K. The
model also indicates that these cool flames re-
side in rich regions with a mixture fraction of
0.53, and that their surface mixture fraction
is 0.75.
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