Combustion and Flame 245 (2022) 112300

journal homepage: www.elsevier.com/locate/combustflame @ =

.3

Contents lists available at ScienceDirect .
Combustion

Combustion and Flame

Impacts of preferential vaporization on flashback behaviors of n

multi-component liquid fuels

Check for
updates

Seung Jae Lim, Ayuob K. Alwahaibi, Frederick L. Dryer, Sang Hee Won*

Department of Mechanical Engineering, University of South Carolina, Columbia, SC 29208, USA

ARTICLE INFO

Article history:

Received 10 February 2022
Revised 11 July 2022

Accepted 12 July 2022
Available online 1 August 2022

Keywords:

Preferential vaporization
Flame flashback
Low-temperature ignition

ABSTRACT

Liquid transportation fuels are composed of a wide range of molecular structures and weights, therefore
exhibiting a relatively large distillation temperature range. When fuel chemical properties change along
with the distillation temperature curve, preferential vaporization effects could play a role in near-limit
combustion behaviors. The objective of this study is to experimentally evaluate the role of preferential va-
porization on flame flashback behaviors. A unique spray burner is developed to control the extent of fuel
spray vaporization by adjusting flow rates and/or the spray injection location from the burner exit. Spray
characteristics are comprehensively determined using Phase Doppler Particle Analyzer. Two binary com-
ponent mixtures are formulated (n-octane/iso-cetane and iso-octane/n-hexadecane) to exhibit common
combustion behaviors in the fully vaporized condition but have considerably different preferential vapor-
ization characteristics. Identical flashback behaviors of two mixtures are observed for fully pre-vaporized
conditions by setting the burner temperature at 700 K, including both propagation- and ignition-driven
flashback behaviors. Partially vaporized conditions are investigated at two global equivalence ratios (1.0
and 1.4) by setting the burner temperature at 450 K. The flashback behaviors for both global equivalence
ratio conditions are found to be affected by the preferential vaporization characteristics represented by
laminar flame speeds of the vaporized fuel mixture composition. The relative significance of local flow
perturbation induced by instantaneous fuel droplet evaporation near the flame surface has been also in-
vestigated by analyzing planar laser-induced fluorescence images, as well as considering the changes of
Markstein length with the extent of fuel vaporization. Finally, the relative contributions of local laminar
flame speed representing local fuel vapor deposit, local flow perturbation, and preferential vaporization
are evaluated through feature sensitivity analyses.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

smoke point) are considered to describe fuel chemical properties.
Compared to petroleum-derived jet fuels that have relatively small

The multi-phase combustion behaviors of real liquid fuels in en-
ergy conversion devices, particularly at near-limit conditions, are
dependent on fuel physical and chemical properties [1] by their
coupling effects on chemical kinetic characteristics, spray dynam-
ics, turbulent mixing, and heat transfer phenomena [2-9]. Regard-
ing gas turbine combustion, a series of extensive experimental
campaigns (e.g. [10,11]) performed decades ago testing with only
petroleum-derived fuels suggested the relative significance of fuel
physical properties over chemical properties due to their direct re-
lationships with spray dynamics. Consequently, the current ASTM
standard for jet fuel specification [12] rigorously evaluates fuel
physical properties (e.g. distillation temperatures, viscosity, den-
sity), whereas only a few properties (e.g. net heat of combustion,
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variations in chemical properties, recently emerging alternative jet
fuels exhibit considerable variations in their chemical properties,
depending on their feedstocks and synthesis approaches [13]. Re-
cent experimental studies [13-18] suggest that fuel chemical prop-
erties cannot be overlooked for lean blow-out (LBO) conditions.
Contradictory to the historical approach that evaluates fuel
chemical and physical properties separately, the potential impacts
of preferential vaporization typical of multi-component real jet fu-
els have recently garnered an interest particularly for a near-limit
combustion behavior, LBO [14]. Real liquid fuels are composed of
numerous chemical components that span a wide range of molec-
ular weights, and therefore, the fuels exhibit a relatively large dif-
ference in initial and final distillation temperatures. While constant
fuel chemical property over the distillation curve has been histor-
ically assumed, it has been recognized recently that the chemi-
cal properties of jet fuels can vary significantly with distillation
temperature [14,19]. Several numerical investigations using rela-
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tively simplified configurations have indicated the potential im-
portance of preferential vaporization [20-22]. Recently, lab-scale
experiments to assess LBO behaviors in model gas turbine com-
bustors have also highlighted the potential significance of prefer-
ential vaporization [14,23]. Nevertheless, the potential impacts of
preferential vaporization on near-limit combustion behaviors re-
quires further examination to unravel the complexity of multi-
component, multi-phase combustion.

Compared to the Rich-Burn, Quick-Quench, Lean-Burn (RQL)
combustor, the Lean-Premixed Prevaporized (LPP) combustor typ-
ically incorporates a premixer (mixing tube), thus requiring a care-
ful design to avoid flame flashback [1]. Extensive investigations
have been performed to characterize the flashback behaviors (e.g.
[24-29]). Five feasible flashback mechanisms are well summarized
in [27] for gas-phase combustion phenomena: flashback by au-
toignition, flashback in boundary layers, turbulent flame propa-
gation in the core flow, combustion instability leading to flash-
back, and flashback induced by vortex breakdown. These flashback
mechanisms were established at given gas phase fuel compositions
without involving spray dynamics. However, for partially vaporized
fuel/air mixtures, little consideration has been given to how fuel
physical/chemical properties might combine to affect local chemi-
cal kinetic reactivities other than local equivalence ratio determi-
nation.

The objective of this study is to investigate and evaluate the
relative significance of preferential vaporization on flame flashback
relevant to multi-component fuels. A spray burner is developed,
including a movable fuel injector to control the extent of fuel va-
porization. To evaluate the relative significance of preferential va-
porization, two different mixtures, which share the same chemical
functional group distributions but have different chemical reactiv-
ity potentials during their evaporation, are formulated and tested
in the spray burner. At the near-fully vaporized conditions achieved
by setting the burner temperature at 700 K, the flame flashback
behaviors are investigated first to ensure that the formulated two
mixtures share the same chemical kinetic reactivity. Two distinct
flashback modes, propagation- and autoignition-driven flashback,
which are related primarily to chemical reactivity, are then exam-
ined for the two fully pre-vaporized cases.

By setting the burner temperature at 450 K to achieve partially
vaporized conditions, the impact of preferential vaporization on
flame flashback are examined at two different global equivalence
ratios. To fruitfully evaluate the preferential vaporization impact,
size, velocity, and sampling rate of droplets in fuel spray are simul-
taneously analyzed using Phase Doppler Particle Analyzer (PDPA),
allowing the characterization of effective equivalence ratio and lo-
cal flow velocity fluctuations on the partially vaporized conditions.
Finally, the relative significance of preferential vaporization is dis-
cussed in terms of local laminar flame speeds based on effective
equivalence ratios and local flow velocity fluctuation that affect the
overall burning rates. These characteristics are examined through a
Markstein number analysis based upon planar laser-induced fluo-
rescence (PLIF) imaging.

2. Experimental methodology

To investigate the impact of fuel vaporization on flame flash-
back characteristics, a spray burner has been developed, which can
control the extent of liquid fuel evaporation. The experimental con-
figuration is schematically illustrated in Fig. 1. To obtain a top-hat
velocity profile at the exit of the nozzle, a converging section re-
ducing the internal diameter from 50 mm to 20 mm with 75 mm
in length is located. The nozzle diameter is 20 mm. Air is supplied
from the bottom of the burner after passing through the electric
heater, which is controlled by a PID controller to keep the air tem-

Combustion and Flame 245 (2022) 112300

perature constant. The entire burner is heated by an electric band
heater, which is also controlled through a PID controller by mea-
suring the temperature with K-type thermocouples at three loca-
tions as indicated in Fig. 1a.

To achieve a reliable spray pattern, an air-blast spray injec-
tor was built, as described schematically in Fig. 1c. Liquid fuel
is injected through a central nozzle (0.254 mm inner diameter)
surrounded a coaxial outer tube with an exit inner diameter of
0.56 mm. The airflow introduced into the air-blast spray injec-
tor through the outer tube is maintained constant at 0.6 L/min
throughout all measurements to minimize the changes in spray
pattern. To avoid fuel vaporization inside the fuel injector and
the potential change of physical properties of the liquid fuel (e.g.
cavitation), cooling water is circulated inside the injector body to
maintain the liquid fuel temperature at 300 K. The entire body of
the air-blast spray injector is surrounded by a honeycomb structure
to ensure heated airflow uniformity entering the burner. Above the
honeycomb structure, a converging-diverging section (150 mm in
length and 20 mm throat diameter) is located to produce uniform
spray/droplet distribution characteristics. The entire injector body
(including the honeycomb structure and the converging-diverging
section) is designed to be moved vertically. Thus, the flow resi-
dence time inside the burner can be controlled to vary the extent
of fuel spray vaporization. Here, the flow residence time is defined
by the volume of the vaporization section and the volumetric flow
rate of fuel and air mixture.

Airflow rates are controlled by mass flow controllers (Brooks
Instrument, SLA5850) and sonic nozzles calibrated with a DryCal
800 (Mesa Labs) at room temperature. Liquid fuel is delivered by
a high-pressure syringe pump (Harvard Apparatus, PHD 2000). The
reported volumetric flow rate refers to the sum of fully vaporized
fuel and air volumetric flow rates. Since the fraction attributed to
the liquid fuel flow rate is smaller than 2% of the total flow rate
(for the equivalence ratio conditions tested here), the partially va-
porized conditions can be reasonably well estimated within the
uncertainties of flow controllers used regardless of the extent of
liquid fuel vaporization.

Direct images of premixed Bunsen flames are taken with a dig-
ital camera (Nikon, D3400). To monitor the dynamics of ignition-
driven flashback behavior, a series of Schlieren images using a
LED light source (Thorlabs, M530L3) is taken with a high-speed
camera (Photron, SA-Z). Flame structures as a function of the ex-
tent of fuel vaporization are also monitored by employing pla-
nar laser-induced fluorescence (PLIF) imagining for OH radical. A
frequency-doubled Nd:YAG laser (Spectra-Physics, Quanta-Ray Pro-
250-10) pumps a Dye laser (Spectra-Physics, Cobra-Stretch) with
Rhodamine 590 to generate the excitation frequency for the Q;(6)
OH transition (~283 nm, 6 mj/pulse). The beam is spread and
focused into a sheet (~ 150 pm thick and ~ 60 mm tall) by
using a cylindrical lens and a plano-convex lens and directed
across the center of the burner. The fluorescence image is cap-
tured by an Intensified CMOS camera (Andor, iStar sCMOS) with a
100 mm /2.8 UV lens (Cerco) and two bandpass filters (UG-11 and
WG-305).

To characterize the spray properties, the droplet size and ve-
locity distributions are measured using a Phase Doppler Particle
Analyzer (PDPA, TSI). A single component fuel, n-dodecane (nC12)
supplied at a global equivalence ratio of unity, was used to test
partial vaporization operation at a burner temperature of 400 K.
The spray burner developed is an adaptation of the design concept
reported in [30,31], developed to achieve near-homogenous droplet
and velocity distributions at the nozzle exit. To confirm these be-
haviors, droplet size and velocity distributions were measured ra-
dially by PDPA at 3 mm above the nozzle exit. Fig. 2a shows the
radial distributions of the arithmetic mean diameter (d;q), surface
mean diameter (dyg), and volume mean diameter (dsg) at the mean
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Fig. 1. (a) Schematics of spray burner, (b) direct photo at the nozzle exit, and (c) schematics of movable spray injector.
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Fig. 2. (a) Radial distributions for three droplet sizes, arithmetic mean diameter (dyo), surface mean diameter (dy), and volume mean diameter (dso) measued by PDPA at

Uy = 240 cm/s for stoichiometric n-dodecane/air mixture at 400 K. (b) Radial profiles of t!

he mean velocity and local velocity fluctuation (u’) defined from standard deviation

measured by PDPA. (c) Distributions of droplet diameters for various radial positions at 3 mm above nozzle exit.

jet velocity (Up) of 240 cm/s. Fig. 2b depicts the radial profiles of
the mean velocity and local velocity fluctuation (u’) determined
from the standard deviations of the PDPA measurements. The mea-
sured mean velocities by PDPA agree with the mean jet velocity
based on volumetric flow rate within 2% uncertainty. Considering
the Stokes number calculated based on the measured droplet di-
ameter and burner nozzle diameter is < 0.1, the velocity measure-
ments by PDPA can be reasonably regarded as the flow velocity
and its fluctuation [32].

Fig. 2¢ shows the measured droplet size distribution at various
radial positions, exhibiting near-identical characteristics regardless
radial position. Near-constant values of dyg, dog, and d3q in Fig. 2a
and near-identical droplet size distribution along the radial direc-
tion suggest that droplet size distributions are uniform, assuring

that measurements at the center of the nozzle flow are accurate
representations of the spray characteristics.

Subsequently, the droplet size distributions with changing flow
residence time (extent of vaporization) are characterized by PDPA
measurements at the center of the burner exit. Flow residence
time (7res) is controlled by changing fuel and airflow rates, as well
as moving the injector location. Here, we use volume mean diam-
eter (dsg) instead Sauter mean diameter (ds;), to properly evaluate
the extent of fuel vaporization based on volumetric fuel flow rates.

Fig. 3a shows the squared values of the measured dsq as a func-
tion of 7. In the case of fuel vaporization in spray, the rate of fuel
vaporization is known to be governed through the complicated in-
teractions among the spray droplets [33,34]. Nevertheless, the the-
oretical analyses suggest that the rate of fuel droplet vaporization
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fuel fraction as a function of Ty.

follows the typical D2 law for a single droplet, once the distances
between the droplets are sufficiently large [33,34]. Based on the
volumetric flow rate and the measured dsy as well as the sampling
frequency of PDPA measurement (fppps), the mean distance among
fuel droplets are estimated ten times larger than dsg (> 10d3q),
supporting the observed moderate linear trend of d%o as a func-
tion of tr. When 1 > 3 s, the measured d3g becomes smaller
than 2 pm, comparable to the PDPA measurement limit (~ 1 pm),
indicative of reaching a fully vaporized condition.

The increased extent of fuel vaporization with 7, can be also
seen from the sampling frequency in PDPA measurements ( fpppa),
as shown in Fig. 3b, which monotonically decreases as increas-
ing tTres. The volume fraction of fuel vaporized (F,) can be deter-
mined by incorporating the measured d3y and fpppa in the follow-
ing equation.

3
JTd30 Anozzle

FE=1-
! 6quel APDP,'%

PDPA ( 1 )

Here, A,,zze and Appps are the area of the burner exit and the
cross-sectional area of the sampling volume of the PDPA, respec-
tively. Here, A, is calculated based on the nozzle diameter and
Apppa is estimated based on the laser beam alignment as described
in the TSI operations manual. The two identical laser beams from
the PDPA cross at the measurement volume bounded by the el-
lipsoidal surface, which is the surface that the light intensity of
fringe is 1/e2 of the maximum intensity. With the given half-angle
(0) between two laser beams and laser diameter (D,-2), Apppa iS
4272 /nD,»?sind. Here, f and X are the focal length of the lens
in PDPA and laser wavelength, respectively. Qf,, is total fuel flow
rate into the spray burner.
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Table 1
Summary of two binary component mixtures formulated by matching key
chemical functional group distribution.

Mixture 1 (nC8/iC16)  Mixture 2 (iC8/nC16)

n-octane (nC8) 0.74 0
iso-octane (iC8) 0 0.67
n-hexadecane (nC16) 0 0.33
iso-cetane (iC16) 0.26 0
Calculated DCN 534 53.6
(CH3)n/CH3 molar ratio 1.16 1.15

Fig. 3¢ shows the estimated volume fraction of fuel vaporized
(Fy) as a function of tre. The solid line is derived from fitting into
the following equation by varying dsg_initigi-

3
F=1- (d”) 2)
d30, initial

The initial d3p values (dsg i) estimated from Eq. (2) is
41 pm, which is different from the estimation from the lin-
ear extrapolation on the observed moderate linear trend of d%o
(~24 pm). This difference can be attributed to the existence of
the converging-diverging section to achieve uniform distribution of
spray droplets inducing local flow acceleration, therefore reducing
the dynamic pressure resulting in accelerating the fuel vaporiza-
tion. Nevertheless, the results shown in Fig. 3 confirm that the ex-
tent of fuel vaporization can be controlled by changing the mean
flow rate and/or the injector location that governs the flow resi-
dence time.

3. Formulation of binary component test mixtures

Combustion behaviors of partially vaporized fuel/air mixtures
inevitably involve complicated coupling impacts between fuel
physical and chemical properties. Recent experimental observa-
tions of lean blow-out (LBO) with petroleum-derived jet fuels, al-
ternative jet fuels, and their blends suggest that the impact of fuel
chemical property may also be significant [14-17]. The significant
role of fuel chemical property appeared through a strong corre-
lation of LBO with the derived cetane number (DCN) of fuel that
represents the chemical reactivity potential [13, 35-37].

Knowing that the impact of preferential vaporization on near-
limit combustion behaviors appears through complicated interac-
tions, two binary component mixtures were specifically formulated
based on our previous works [35, 37-42] to simplify the analy-
sis. Mixture 1 is composed of n-octane (nC8) and iso-cetane (iC16)
and Mixture 2 is composed of iso-octane (iC8) and n-hexadecane
(nC16), as summarized in Table 1. The mixture compositions were
optimized to achieve a similar DCN value of n-heptane (53.8), thus
exhibiting a similar chemical reactivity potential. In the case of n-
alkane/iso-alkane mixtures, the overall chemical kinetic character-
istics of these fuels are primarily governed by the ratio of methy-
lene (CH,) and methyl (CH3) functionalities [37]. The relative con-
tributions of CH, and CHj3 functionalities on global combustion be-
haviors were further contrasted by introducing a methylene chain,
(CHy)n (n = 3), which not only governs the low-temperature chain
branching reactions but also reflects high-temperature reactivities,
as discussed in [35,38]. The two mixtures also share very similar
values of the (CH,), to CH; molar ratio, therefore it is expected
to exhibit identical chemical kinetic reactivities in both high- and
low-temperature combustion regimes.

Though these two binary component mixtures have identical
global combustion behaviors for fully vaporized conditions, their
combustion behaviors are expected to differ when preferential va-
porization is important. To evaluate this difference, the fuel boil-
ing temperatures and local gas-phase compositions are calculated
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as a function of distilled molar fraction as shown in Fig. 4. The
approach to calculate the fuel distillation curve can be found in
[35,43]. Although the two mixtures are formulated with the same
carbon numbers (C8 and C16), the difference in boiling tempera-
tures between nC8 and iC8 results in a slightly higher initial boil-
ing temperature for Mixture 1 due to the slightly higher boiling
temperature of nC8 over iC8 (Fig. 4a). Similarly, due to the lower
boiling temperature of iC16 than that of nC16, the final boiling
temperature of Mixture 1 is slightly lower than that of Mixture 2.

Fuel composition in gas phase from vaporizing mixtures
changes over fuel vaporization process due to the difference in the
boiling temperature between the components in the mixtures. In
the case of Mixture 1 shown in Fig. 4b, the lighter component nC8
evaporates earlier than the heavier component iC16, thus deposit-
ing a relatively reactive component in the gas phase. However, iC8
evaporates earlier in the case of Mixture 2 (Fig. 4c), which has
lower chemical reactivity compared to nC8 in Mixture 1. There-
fore, it is expected that Mixture 1 will have a higher reactivity (e.g.
laminar flame speed, ignition propensity) than Mixture 2 when the
preferential vaporization occurs.

4. Results and discussion
4.1. Flame flashback behaviors in fully vaporized condition

Prior to the experiments for partially vaporized conditions, the
flame flashback behaviors in the fully vaporized conditions are in-

vestigated by setting the burner temperature at 700 K. To deter-
mine flame flashback conditions, a stable flame at relatively higher
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alkanes, n-heptane (nC7), n-octane (nC8), n-dodecane (nC12), and n-hexadecane
(nC16) at 700 K (fully vaporized condition).

mean jet velocity is firstly established at the exit of the nozzle.
Then, the mean jet velocity is gradually reduced until the flame
base suddenly penetrates inside the burner. When flame flashback
occurs, the mean jet velocity (Up) is assigned as Ugg. Fig. 5 shows
the measured Upg as a function of global equivalence ratio (gg)
for four n-alkanes, n-heptane (nC7), n-octane (nC8), n-dodecane
(nC12), and n-hexadecane (nC16). As clearly depicted in Fig. 5,
there are two distinct regimes for n-alkanes, propagation-driven
flashback at relatively lean equivalence ratios and ignition-driven
flashback at relatively rich equivalence ratios. Those two different
flashback modes are distinguished by observing how the flashback
occurs. When the burning rate of flame is faster than volumet-
ric flow rate of gas mixture, the propagation-driven flashback oc-
curs by the flame propagating back to the inside of the burner. On
the other hand, the ignition-driven flashback happens with the au-
toignition of mixture, creating the flame inside the burner.

While the propagation-driven flashback is primarily controlled
by laminar flame speed and diffusive characteristics [44,45], the
ignition-driven flashback is controlled by the onset of autoignition
as discussed previously elsewhere [46,47]. The onset global equiv-
alence ratios of n-alkanes become leaner as increasing the molec-
ular weight of n-alkane (the length of CH, backbone), 1.5 for nC7,
1.4 for nC8, 1.3 for nC12, and 1.2 for nC16, inversely proportional
to their DCN values [48]. Since the flow residence time (trs) inside
the burner is inversely proportional to Ugg, the results suggest that
the autoignition delay time becomes shorter as the chain length of
the CH, backbone in n-alkanes is increased. This trend is qualita-
tively identical to the predicted and measured dependency of ho-
mogenous reflected shock ignition delay times in terms of n-alkane
chain length and equivalence ratio [2,37, 49-52].

Fig. 6 shows the time series of Schlieren images for n-dodecane
at the global equivalence ratio, ¢z = 1.4, Uy = 280 cm/s. Initially (at
t = 0 ms), the Schlieren image clearly shows a typical Bunsen pre-
mixed flame attached to the nozzle exit represented by a sharp
density gradient. Similar to the previous work [47], the autoigni-
tion kernel appears at the nozzle exit at 0.25 ms, indicating that
autoignition occurs at the given flow residence time, thus inducing
the ignition-driven flashback. The autoignition kernel continues to
grow and merges with the premixed flame at ~ 1.25 ms. Then, the
entire flame starts penetrating into the burner inside, eventually
completing the flashback sequence at ~ 2.25 ms, where no dis-
cernible flame structure can be seen.
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Nozzle exit

Fig. 6. Time series of Schlieren images for n-dodecane at the global equivalence
ratio, ¢y = 1.4, and Up =280 cm/s for ignition-driven flashback behaviors. Nozzle
exit is marked with a white line.

The transitions to ignition-driven from propagation-driven
flashbacks in Fig. 5 are demarcated clearly for nC7 and nC8, while
those of nC12 and nC16 are found to occur smoothly as a func-
tion of ¢g. These results can be attributed to the mechanistic be-
haviors of the two-stage ignition process in low-temperature con-
ditions. Both the first- and second-stage ignition delay times be-
come shorter with increasing the length of CH, backbone in n-
alkanes and the interval between the first- and second-ignition de-
lay times also become shorter with increasing equivalence ratio
[52-54]. Thus, the fast transition to the second-stage ignition at
rich conditions renders more abrupt and distinct transition to the
ignition-driven flashback for nC7 and nC8. Relatively smooth tran-
sitions found for nC12 and nC16 can be attributed to the excessive
heat release after the first-stage ignition that affects the transition
to the second-stage ignition. Although not specifically measured
during the experiments, the temperature measurement at the noz-
zle exit exhibits a continuous increase approaching ~ 80 K over
the setpoint (700 K), coinciding with the onset of ignition-driven
flashback. Heat loss occurs inside the burner after the onset of the
first-stage ignition, thus lowering the global burning rate and the
measured Ugg, compared to nC7 and nC8. Chemical kinetic charac-
teristics associated with heat loss after the first-stage ignition have
been discussed previously in [47], and further characterization and
discussion here is beyond the scope of the present investigation.

Fig. 7 compares the measured Ugg values of two binary com-
ponent mixtures at fully vaporized condition with 700 K of the
burner temperature. Within measurement uncertainty, the two
mixtures exhibit almost identical flashback behaviors for both
propagation- and ignition-driven flashback regimes. This result
confirms the effectiveness of the mixture formulation by match-
ing the key chemical functional group distributions as shown in
Table 1. It suggests that the flashback behaviors of the two mix-
tures will be similar at the near-fully vaporized conditions. It also
implies that results will differ under preferentially vaporizing con-
ditions due to the difference of laminar flame speed caused by
the composition difference shown in Fig. 4, which governs the
propagation-driven flashback behaviors [24-29].

4.2. Flame flashback behaviors in partially vaporized condition

Confirming the commonality of flashback behaviors of two bi-
nary component mixtures once they are fully vaporized, the po-
tential impacts of preferential vaporization on flame flashback are
investigated at a partially vaporized condition. The burner temper-
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Fig. 7. Comparison of the measured Ugp values for two binary component mixtures
at fully vaporized condition at 700 K burner temperature as a function of equiva-
lence ratio.

Fig. 8. Direct photos (top) and Schlieren images (bottom) of n-dodecane flames at
@z =1 and Up =280 cm/s by varying the flow residence time (7.s) at 450 K. (a)
Tres = 1.22'S, (b) Tres = 0.54 s, and () Tres = 0.32 s.

ature is reduced from 700 K to 450 K based on the calculated dis-
tillation behaviors of two mixtures as shown in Fig. 4.

Before testing the binary component mixtures, flame behav-
iors as a function of flow residence time were observed for n-
dodecane. Fig. 8 shows direct photos (top) and Schlieren images
(bottom) of n-dodecane flames at ¢ =1 and Uy =280 cm/s by
varying the flow residence time (tres) at various injector positions.
At Tres = 1.22 s, a stable Bunsen premixed flame can be observed
(Fig. 8a), indicating that 7. is long enough to fully evaporate the
atomized liquid n-dodecane spray inside the burner. By reducing
Tres to 0.54 s (Fig. 8b), an unstable Bunsen premixed flame was
observed. As the extent of fuel vaporization is further reduced by
shortening trs to 0.32 s, the flame structure is significantly per-
turbed as shown in Fig. 8c. The perturbation of flame structures
at the partially vaporized conditions can be attributed primarily
to the local flow velocity fluctuation that has a strong correlation
with the extent of fuel vaporization (shown in Figs. 9d and 10d).
Instantaneous vaporization of fuel droplets near the flame surface
induces convective flow perturbation through the interaction be-
tween Stefan flow and the density difference during the phase
change [55,56]. Further details are discussed later with PLIF im-
ages.
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Fig. 9. Summary of PDPA measurements for two mixtures at ¢z = 1.0 as a function
of T at 450 K; (a) the measured ds values, (b) the measured PDPA sampling fre-
quency (fpppa), (c) the calculated vaporized fuel fraction (Fv), and (d) local velocity
fluctuation (u’).

To further elaborate upon the role(s) of preferential vaporiza-
tion on flame flashback behaviors, the images shown in Fig. 8 sug-
gest that two other impacts should be considered carefully. First, it
is necessary to determine the extent of fuel vaporization, which
defines the deposition of gas phase fuel before the flame front.
When the injected liquid droplets are partially vaporized, the va-
porized fuel mixed with air determines the effective equivalence
ratio, which would control the overall burning rate of flames,
therefore the onset of flashback. The other is the influence of local
velocity perturbation caused by the instantaneous vaporization of
fuel droplets when the fuel droplets before/after entering the flame
preheat zone. The local flow velocity perturbation results in wrin-
kling of the flame structure, increasing the overall burning rate by
increasing the effective flame surface area. To quantify and eval-
uate the contributions from these two physics, spray properties
were systematically measured by PDPA at 3 mm above the noz-
zle exit, which determines the droplet diameter (d3g) and the local
flow perturbation (u’) simultaneously.

Fig. 9a shows the measured d3y values for both binary compo-
nent mixtures at the global equivalence ratio of 1.0 (¢g =1.0) as a
function of flow residence time (7.s). While the measured dsq val-
ues of Mixture 1 exhibit a monotonically decreasing trend, those of
Mixture 2 exhibit relatively constant values. This can be attributed
to the difference in boiling temperatures between nC16 and iC16,

Flow residence time [s] |

Fig. 10. Summary of PDPA measurements for two mixtures at ¢, = 1.4 as a func-
tion of T.s at 450 K; (a) the measured dsg values, (b) the measured PDPA sampling
frequency (fpppa), (c) the calculated vaporized fuel fraction (Fv), and (d) local veloc-
ity fluctuation (u’).

which are 554 K and 513 K, respectively. Although the measured
d3p values for Mixture 2 do not change much, the measured PDPA
frequency (fpppa) decreases considerably with 75, suggesting that
the lighter component in Mixture 2 (iC8) continuously evaporates
from the fuel droplets. Combining the results in Figs. 9a and b, the
extent of fuel vaporization can be estimated by using Eq. (1).

Fig. 9¢ shows the vaporized fraction (F,) as a function of Ty,
demonstrating that the extent of fuel vaporization increases as in-
creasing Tres. The estimated F, value allows calculating the effective
equivalence ratio (@, fective)- The calculated @,y fecrive Of Mixture 1
varies from 0.73 to 0.97 with increasing 7y, and from 0.68 to 0.92
with Mixture 2. To evaluate the local flow velocity perturbations,
the standard deviations of the measured droplet velocities by PDPA
are shown in Fig. 9d. The average values of droplet velocities (not
shown) coincided with the mean jet velocities to within measure-
ment uncertainties (< 5%).

Fig. 10 summarizes the results of PDPA measurements for the
two mixtures at ¢y =1.4. The estimated vaporized fraction in
Fig. 10c shows that Mixture 1 approaches the near-fully vapor-
ized condition at large trs, whereas Mixture 2 does not achieve
a fully vaporized condition in the range of 7. investigated in this
study. Accordingly, the calculated @ eqive Varies with increasing
Tres from 0.94 to 1.32 for Mixture 1 and from 0.70 to 1.18 for Mix-
ture 2.
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Fig. 11. Representative OH PLIF images at 450 K; (a) Mixture 1 at ¢z =1.0 and
Tres = 0.22 s, (b) Mixture 1 at @z = 1.0 and Tre5 = 0. 70 s, (¢) Mixture 2 at ¢, = 1.4
and Tyes = 0.22 s, and (d) Mixture 2 at ¢ = 1.4 and Tres = 0.70 s.

The changes of the effective surface burning area due to the
local flow perturbation from droplet vaporization were evaluated
by taking OH PLIF images of two mixtures as a function of Tpes
by adjusting the fuel injector location at the fixed Uy = 280 cm/s.
In general, no considerable differences in flame surface wrinkling
were observed between Mixture 1 and Mixture 2, regardless of ¢g
and tres. Fig. 11a and b show the flame structures of Mixture 1
for ¢z =1.0 at Trs = 0.22 s and 0.70 s, respectively. Compared to
the near-fully vaporized condition at t..s = 0.70 s, which exhibits a
typical premixed Bunsen flame, the OH PLIF image at Tres = 0.22 s
clearly shows pronounced flame surface wrinkling. Multiple local
regions having no OH LIF signals are observed just downstream of
the flame surface, which are induced by the instantaneous evapo-
ration of fuel droplets as they pass through the flame surface. In
the case of ¢g = 1.4, the OH PLIF image at s = 0.22 s in Fig. 11c
also shows pronounced flame surface wrinkling similar to that in
Fig. 11a.

A strong inverse proportionality of u/with 7. (and the extent
of fuel vaporization, F,) for both global equivalence ratio condi-
tions suggests that the local flow velocity perturbations are caused
by instantaneous droplet evaporation. Instantaneous droplet evap-
oration induces local flow perturbation through the interaction be-
tween Stefan flow and the density difference during the phase
change [55,56]. The time interval of flow from the nozzle exit to
the flame surface is estimated as ~ 10 ms for the conditions tested.
Based on the extent of fuel vaporization shown in Figs. 9¢ and 10c,
the resultant change of effective equivalence ratio due to the con-
tinuous fuel droplet evaporation between nozzle exit and flame
surface is estimated to be < 0.01 for the worst case, suggesting
indiscernible variations of effective equivalence ratio. Furthermore,
the convective time scale for mixing induced by flow perturbation
can be estimated O(1 ms) with v’ and the average interval between
droplets (~ 10d3qg) at Tes ~ 0.2, suggesting relatively strong mix-
ing prior the flame surface.

When a small fuel droplet penetrates through the premixed
flame preheat zone, it might be immediately vaporized, thus form-
ing either a locally fuel-rich condition or a diffusion flame. Each
phenomenon can result in potential acceleration of flame propaga-
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tion due to the local mixture fraction gradient [57-59]. To address
this possibility, the effective burning area defined by flame surface
perimeters were evaluated from 50 images of OH PLIF by vary-
ing Tres. Although not shown in the figure, the effective burning
area exhibits a monotonically increasing trend with v/, but with
no apparent relation to dsg. Nevertheless, the OH PLIF images in
Figs. 11a and 11c show locally perturbed flame curvature associ-
ated with droplet evaporation and/or formation of diffusion flame.
However, the OH LIF intensities along the wrinkled flame surface
exhibits indiscernible changes, thus their contributions to the over-
all burning rate can be assumed to be minimal. Consequently, the
vaporized fuel/air mixture can be considered to be spatially uni-
form, allowing the evaluation of its laminar flame speed based on
the effective equivalence ratio derived from the extent of fuel va-
porization.

In the previous studies [60-62], it was reported that the exis-
tence of small fuel droplets could trigger the diffusive-thermal in-
stability, thus potentially enhancing flame propagation. While such
a flame surface instability was not observed in the partially va-
porized conditions for either global equivalence ratio studied, it
is found at higher extents of fuel vaporization at ¢z = 1.4. PLIF
images for Mixture 2 at Tres =0.70 s and ¢z = 1.4 clearly shows
the flame surface characteristics typical to diffusive-thermal insta-
bility (Fig. 11d). A similar behavior was also found for Mixture 1
at g = 1.4 and near-fully vaporized conditions. In the case of a
premixed Bunsen flame with gaseous fuel/air mixture, a diffusive-
thermal instability typically occurs when the mixture Lewis num-
ber (Le) is less than unity [63]. Considering the effective Lewis
number for both mixtures at near-fully vaporized conditions is ~
1.1, the observed flame surface instabilities could be attributed to
the onset of a diffusive-thermal instability due to the existence of
small fuel droplets. Further detailed characterization of the insta-
bility behavior was not pursued. Rather, the measurements exhibit-
ing instability were excluded in the analysis below so as to focus
solely on the evaluating the impact of preferential vaporization on
flame flashback behaviors.

Fig. 12a compares the measured Ugp values of two mixtures as a
function of @ fecrive for measurements performed at ¢g = 1.0. The
two mixtures should have almost identical laminar flame speed
behaviors (thus Ugp) as a function of ¢, recrive in the absence of
preferential vaporization. Thus, the observed difference in Urg must
be attributed to the impact of preferential vaporization. The lam-
inar flame speed is a major governing parameter for propagation-
driven flashback [24-29]. Therefore, the laminar flame speed with
the preferential vaporization (Sy j,c,) and that without (S; ypy) (as-
suming no change in fuel composition) were calculated using a re-
duced chemical kinetic model [64]. The ratios of Sy jocq tO S npy
as a function of the given @,ffeqive are plotted in Fig. 12b. The
data shows a disparity between the two mixtures for partially
vaporized (low @y ecrive) conditions, which essentially disappears
as fully vaporized condition (@, fective = g = 1.0) is approached.
Fig. 12¢ compares Upg normalized by S; j,cy for the two mixtures,
further supporting that the difference in S ;. induced by pref-
erential vaporization primarily governs the observed difference in
UFB-

Fig. 13a compares the measured Urg values for the two mix-
tures as a function of @,frecrive at ¢g = 1.4. The overall trend of
the measured Ugg is qualitatively similar to the results found for
¢z =1.0, ie., there is a relatively large difference in Ugg for par-
tially vaporized conditions that essentially disappears as near-fully
vaporized condition is approached, noted by considering S; jocq in
Fig. 13b. Fig. 13c shows the Urp normalized by S j,q, again con-
firming the significance of preferential vaporization to flame flash-
back behaviors.

The commonalities in Ugg of the two binary component mix-
tures found through normalization of the data by S; ;.. for both
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Fig. 12. Comparison of flashback behaviors for two mixtures with @y fecrive at @z =
1.0 in the partially vaporized condition (450 K); (a) the measured Ugg values, (b) the
ratio of laminar flame speed (S jo.q) considering the preferential vaporization to the
one (S; npv) without considering the preferential vaporization, (c) the measured Ugp
values normalized by local laminar flame speed (S joca)-

@g conditions in Figs. 12¢ and 13c indicate that preferential va-
porization affects global burning characteristic, and hence, flame
flashback behavior. Fig. 14a combines the results for both ¢, con-
ditions as a function of @y erive- The result shows that the nor-
malized Ugg by S| jocq for the fuel-lean conditions is considerably
more sensitive to @efferiye than for fuel-rich conditions, regard-
less of @g. Considering the Reynolds number employed in these
measurements based on the nozzle diameter (1000 < Re < 1600),
the premixed Bunsen flames observed here locate in the wrin-
kled flamelet regime of the Borghi diagram [65,66]. In these cases,
thermo-diffusive effects play an important role in the overall burn-
ing rate through interactions with local flow perturbations, thus
influencing the local stretch rate [67-71]. As the flames experi-
ence flow stretch due to the local fuel evaporation near the flame
reaction zone, the overall burning rates are affected by both lo-
cal laminar flame speed perturbations as well as by flame stretch.
The Markstein number, defined as the ratio of Markstein length to
flame thickness, characterizes the relative sensitivity of the overall
burning rate to the flame surface topology and local flame front
curvature. Markstein length (L) can be estimated for a wide range
of equivalence ratios as proposed in [70], as well as by considering
the effective Lewis number as suggested in [70,71]. Overall activa-
tion energy effects have been evaluated by varying nitrogen dilu-
tion of mixtures at the concentration of nitrogen in the mixtures
at different equivalence ratios as described in [69].

In the wrinkled flamelet regime, the overall burning rate is af-
fected by the local flow stretch rate («) and Markstein length (L)
through Syyeqr = St — Lk [67-71]. Accordingly, the similar tenden-
cies of Urg/S jocq i Fig. 14a and Markstein length (L) in Fig. 14b
imply that the measured Upg as a function of @ reipe at fuel-
lean conditions is more sensitive to flame stretch caused by lo-
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cal flow velocity perturbations, compared to fuel-rich conditions.
Since the premixed Bunsen flame is negatively stretched in gen-
eral, the higher value of L in lean @, ey conditions would make
the overall burning rate faster, thus resulting in the increase of
Urg /S jocal- On the other hand, while the Markstein length mono-
tonically decreases With @cferies the Upp/Sp jocai Value starts in-
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creasing slightly again at ¢, feriye > 1, Which can be attributed to
the onset of diffusive-thermal instability as shown in Fig. 11d.
Knowing that the overall burning rate is controlled by the in-
teraction through the local flow stretch rate associated with Mark-
stein length of the partially vaporized fuel/air mixture, Fig. 15 de-
picts the normalized Upg by Sy jocq as a function of w'L/S; joeqly.
Here, the Markstein number (L/If) is multiplied to u'/Sy jocq and
the flame thickness (Iy) is calculated based on the thermal diffusiv-
ity and Sy jocq- Following the Damkshler’s hypothesis and assuming
that Urp/S jcoq indicates the overall burning rate at flame flash-
back, a fitting equation can be derived as Eq. (3). Here, measure-
ment points at the near-fully vaporized conditions are excluded
from the fitting due to their unique behaviors caused by diffusive-
u/

thermal instability.
%
=04 L +1.85
Sttocat Iy

The derived fitting equation, Eq. (3), allows evaluating the rela-
tive contributions of laminar flame speed (S| j,cq), local flow veloc-
ity perturbation ('), and preferential vaporization on the observed
flame flashback behaviors by incorporating the normalized sensi-
tivity coefficient. Since the local laminar flame speed is directly af-
fected by the extent of fuel vaporization, the relative contribution
of S; jocat can be regarded as the impact of fuel vapor deposition,

U is defined

0 L.local

Urs
SL,Iocal

(3)

SL.local
U

defined as . The relative contribution of u’

as UUT/B 3;;,5, which is introduced by the instantaneous fuel droplet

vaporization. Finally, the relative contribution of preferential vapor-

o . 5 S
ization is determined as |U dUFB| with 7 = W that com-

pares the difference among the local laminar flame speeds with
and without considering the preferential vaporization.

Fig. 16 compares the relative contributions of laminar flame
speed, local flow perturbation, and preferential vaporization at the
lowest extents of fuel vaporization of each measurement among
two mixtures and two ¢, conditions. The results clearly suggest
that the local laminar flame speed plays the most significant role
on the flame flashback. The sensitivity to the local laminar flame
speed includes both the impact of fuel vapor deposition (effective
equivalence ratio) and that of preferential vaporization. However,
the laminar flame speed varies only within 20% due to the pre-
described mixtures composed of n- and iso-alkanes, whereas it
varies considerably with the effective equivalence ratio controlled
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Fig. 16. Comparison of the relative contributions of laminar flame speed, local flow
perturbation, and preferential vaporization based on sensitivity analysis.

by the extent of fuel vaporization. Thus, the sensitivity to the lo-
cal laminar flame speed can be considered as representing mostly
the impact of fuel vaporization. The contribution from local flow
perturbation is found to be secondary in significance, diminishing
in importance at the higher extent of fuel vaporization due to the
reduced local fuel perturbation at near-fully vaporized conditions.

The contribution from preferential vaporization is found to be
relatively weak in comparison, thus of second-order significance
under the conditions tested. Its contribution increases with de-
creasing the extent of fuel vaporization, whereas it diminishes
eventually full-vaporized conditions. Nevertheless, note that the
impact of preferential vaporization is directly related to changes
in local laminar flame speed as a result of the distillation char-
acteristics. Only relatively moderate differences in laminar flame
speeds are found for the two n-alkane/iso-alkane mixtures stud-
ied here (Figs. 12b and 13b) consistent with the noted, relatively
weak dependence of flashback behaviors on preferential vaporiza-
tion. However, the potential significance of preferential vaporiza-
tion on flame flashback cannot be overlooked for cases such as
considering the use of crude oil in gas turbine combustion [72-74].
In such a case, there is a much wider range of boiling temperatures
combined with substantial differences in chemical functional group
distribution over the distillation curve [75]. The present study eval-
uates the role of preferential vaporization on flame flashback be-
havior primarily governed by laminar flame speed that exhibits
only moderate dependency on fuel chemical property (chemical ki-
netic potential). In the case of petroleum-derived jet fuels, the ex-
istence of aromatic components exclusively in the lighter fraction
[19] would manifest considerable change of laminar flame speed
over the distillation curve, thus the impact of preferential vapor-
ization could be further magnified. For other combustion behaviors
primarily controlled by flame extinction and/or ignition character-
istics, the relative contribution of preferential vaporization could
be further magnified due to the pronounced influence from fuel
chemical properties. Considering the change of chemical proper-
ties in both petroleum-derived and alternative jet fuels with fuel
boiling temperature in the distillation curve [19], it might be nec-
essary to incorporate the preferential vaporization in high-fidelity
surrogate formulation.

5. Conclusions

The impact of preferential vaporization on flame flashback be-
haviors was systematically investigated experimentally with a re-
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cently developed spray burner that can vary the fraction of fuel
vaporized from a well-defined droplet spray. Spray characteristics
at the nozzle exit of the spray burner were determined by us-
ing the PDPA technique. The results show that the spray burner
is capable of controlling the extent of fuel vaporization by chang-
ing the flow residence time from atomization to the burner sur-
face and the temperature of incoming air. Flame flashback behav-
iors were determined at two conditions, fully- and partially va-
porized conditions, by setting the burner temperature at 700 K
and 450 K, respectively. The behaviors of four n-alkane fuels (n-
heptane, n-octane, n-dodecane, and n-hexadecane) were compared
against one another at fully vaporized conditions and results re-
veal a distinct flashback mechanism between propagation-driven
and ignition-driven flashback mechanisms that depends on equiv-
alence ratio.

To manifest the preferential vaporization impacts on flame
flashback behaviors, two binary component fuel mixtures (n-
octane/iso-cetane and iso-octane/n-hexadecane mixtures) were for-
mulated to share the same chemical functional group distributions
for (CH,), and CHs. At fully vaporized condition, the two binary
component mixtures were found to exhibit almost identical flame
flashback characteristics in both propagation- and ignition-driven
flashback regimes, confirming the methodology applied to formu-
late the fuel mixtures.

The impact of preferential vaporization on flame flashback was
then investigated using the two binary component mixtures at par-
tially vaporized conditions (450 K of burner temperature). Experi-
ments were performed at two global equivalence ratios and dif-
ferent extents of fuel vaporization were characterized by volume
mean droplet diameter of fuel spray and its signal frequency mea-
sured with PDPA. The measurements enabled the estimation of the
effective equivalence ratio resulting from the local fuel vapor depo-
sition.

The measured mean jet velocities at flashback for the two bi-
nary component mixtures were found to differ due to the dif-
ference in local laminar flame speeds caused by the preferential
vaporization characteristics. Considering observed wrinkled flame
structure at flashback and that the experimental conditions fall
within the wrinkled flamelet regime of the Borghi diagram, the
influence of local flow velocity perturbation due to instantaneous
droplet vaporization was evaluated from PDPA velocity fluctuation
data. A pronounced increase in flashback velocity at leaner effec-
tive equivalence ratios was explained through differences in Mark-
stein length and interpreting PLIF images.

Finally, the relative significance of local laminar flame speed,
velocity perturbation, and preferential vaporization were deter-
mined through feature sensitivity analysis with a universal corre-
lation that considers local laminar flame speed, local velocity fluc-
tuation, and Markstein number. The results suggest that the local
laminar flame speed and local velocity perturbation are of first-
order significance in determining the flashback behaviors, while
the impact of preferential vaporization is of second-order signifi-
cance for the binary component fuel mixtures, n-octane/iso-cetane
and iso-octane/n-hexadecane mixtures.
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