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ABSTRACT

The primary atomization of evaporating laminar liquid jets of either pure n-pentane or n-heptane injected
continuously from a circular nozzle concentrically and axisymmetrically into high-temperature turbulent
coflows of air in confined a pipe has been studied experimentally. Fuel-jet bulk velocities up to 2.7 m/s,
air coflow bulk velocities up to 37 m/s and temperatures up to 1150 K were investigated within a 25 mm
round pipe. In the near-field region of the injector nozzle, liquid fuel jets were formed whose length
increased with the fuel injection velocity and decreased with the air velocity. Smaller droplets were
formed at both higher fuel and air velocities. Droplet diameters within the range from 200 to 900 pm
were measured, indicating the polydispersed nature of the fuel spray. The mean droplet diameter in-
creased non-monotonically with increasing axial distance from the nozzle due to a complex competition
between droplet coalescence and evaporation. No significant effect of the air inlet temperature was ob-
served within the investigated range of conditions on the jet length and droplet size. However, smaller
droplets were obtained in flows with lower turbulence intensities and longer longitudinal integral length-
scales. Analysis of the data reveals that the mean droplet diameters can be predicted by the empirical
expression (dmean/djer) = 34 x 10° We,'?° Re,3, independent of the two perforated plates selected and
used in the present work. The resulting data can contribute towards a better understanding of interfacial

dynamics, and the development and validation of advanced multiphase-flow and reacting-flow models.

© 2022 The Author(s). Published by Elsevier Ltd.
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1. Introduction

Liquid fuels are employed in many practical applications. In
chemically reacting multiphase flows featuring liquid jets, impor-
tant processes such as jet break-up, atomization, droplet evapo-
ration, turbulent mixing and chemical reactions occur simultane-
ously, which presents significant challenges in terms of design and
prediction. This paper focuses on the primary atomization of an
evaporating and reacting liquid fuel jet injected coaxially and ax-
isymmetrically from a circular nozzle into a continuous stream of
preheated turbulent pipe-flows of coflowing air at elevated tem-
peratures (up to 1150 K).

Post-evaporation, the air and fuel mix and at a certain distance
downstream of the injection location, autoignition occurs in the
form of ‘spots’ if the temperature is high enough. This configura-
tion, which has been previously employed for experimental stud-
ies of the autoignition of gaseous fuels [1-3], allows independent
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control of parameters in a well-defined flow configuration, and is
relevant to practical systems such as diesel engines, gasoline di-
rect injection engines, and lean-burn gas turbine combustors. The
liquid-fuel droplet size distribution and spray spatial distribution
can strongly affect the characteristics of the resulting phenomenon,
and therefore an understanding of the spray characteristics (jet
break-up, droplet dispersion) as a function of inlet conditions is
important.

Turbulent sprays and related reacting-flow phenomena have
been studied by a number of research groups. Refs. [4-11], for ex-
ample, provide excellent reviews of such studies. The spray forma-
tion process is important to the reaction characteristics and gener-
ally involves two liquid break-up stages — primary and secondary
atomization. Primary atomization involves break-up of a liquid jet
or sheet into fragments and droplets, while during secondary at-
omization, these droplets further break-up into smaller droplets
[12,13]. In the presence of a high-speed coaxial gas stream, the pri-
mary atomization of liquid jets issuing from a nozzle is fundamen-
tally different from that in a stagnant gas [14,15]; the break-up be-
havior depends on the relative properties of the liquid jet and sur-
rounding coflowing air velocity [16]. Laminar and weakly-turbulent
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air-assisted jet break-up has previously been studied by Engelbert
et al. [17], and Lasheras and Hopfinger [15], but the effect of flow
temperature and velocity (both of the gas and liquid) on primary
atomization in well-defined turbulent coflows at elevated temper-
atures has not received sufficient attention.

For non-reacting sprays in cold air coflows, Kourmatzis and
Masri [16] investigated the effects of grid-generated turbulence on
the primary atomization and subsequent droplet deformation of
laminar liquid methyl esters, acetone and diesel jets. Velocity fluc-
tuations were found to randomize the break-up process. Further,
O’Loughlin and Masri [18] studied the autoignition characteristics
of dilute turbulent spray flames formed in hot coflowing stream
of vitiated combustion products. Measurements of the mean tem-
perature, velocity and droplet fields (droplet number density, vol-
ume flux, droplet diameter via phase Doppler anemometry) were
made for ethanol (and also for methanol in O’Loughlin and Masri
[19]) at various axial and radial locations. Similarly, Rodrigues et al.
[20] experimentally studied ethanol pressure-swirl spray flames in
a coflow of either air or hot-diluted oxidant. They observed im-
mediate disruption of the liquid jet when introduced into the hot
diluted coflow. The atomization mechanism in these coflows was
different to expectations our knowledge of liquid-fuel atomization
in coflows of pure ambient cold air.

The research reported herein applies high-speed shadowgraphy
to observe primary atomization under hot reacting conditions in
the near-field region of the injector nozzle, (while autoignition re-
actions were occurring, but further downstream of the region of
interest). A systematic study is presented that allows us to study
the effects of various inlet conditions such as the bulk air inlet
temperature, bulk air inlet velocity, liquid fuel injection velocity,
and turbulence characteristics of the flow (which were varied by
using different turbulence-generating perforated plates upstream
of injection) on the primary atomization process of pure n-pentane
and n-heptane liquid jets, while other mean flow conditions are
maintained constant. All investigated liquid jets were laminar and
jet break-up occurred in the same nominal break-up regime. The
results from this work provide insight into the conditions leading
up to autoignition in these flows (and various observed phenom-
ena [21,22]), and constitute a valuable dataset for validating and
developing computational models of spray formation, and non-
premixed two-phase turbulent reacting flows.

2. Experimental methods
2.1. Apparatus

Fig. 1 shows a schematic of the experimental apparatus, which
has previously been used to study the autoignition of liquid n-
pentane and n-heptane jets in preheated turbulent pipe-flows of
air at high temperatures [21,22]. A summary of the apparatus, that
is relevant to the current droplet characterization experiments, is
provided below.

2.1.1. Background hot-air preparation

Dried and filtered compressed air, controlled and metered by
a Bronkhorst digital mass-flow controller (air flow range 0.5-
24.1 kg/h) was heated by an industrial-grade Osram Sylvania (rat-
ing 8 kW) high temperature inline heater to temperatures up to
1150 K. A temperature measurement from a welded-tip twisted-
pair K-type thermocouple at the air heater exit was used as a
feedback input to a PID controller, which was used to control the
power input to the electric heater through a thyristor assembly.

The hot air leaving the heater passed through a stainless-steel
perforated plate with 1 mm diameter holes and 75% solidity.
Further downstream, a second turbulence-generating perforated
plate of hole diameter M was used to set the vary the turbulence
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characteristics into the main pipe test-section. Two different
perforated plates, both with a 60° hole arrangement, were used:
(i) a large perforated plate (LPP), with: M = 3 mm, solidity = 42%,
pitch = 3.7 mm; and (ii) a small perforated plate (SPP), with:
M = 1.2 mm, solidity = 55%, pitch = 1.7 mm. Here, pitch denotes
the center-to-center spacing of adjacent holes. The perforated
plate location was fixed at z = —63 mm, where z = 0 corresponds
to the fuel injection location, where z denotes the axial direction
coordinate.

The entire preheating assembly was heavily insulated with a
10 cm thick layer of high-temperature refractory insulation wool.
A 1.5 mm diameter mineral-insulated N-type thermocouple was
embedded into the assembly to monitor the thermal state of the
apparatus during the heating up process and to confirm the at-
tainment of thermal equilibrium before any experiments were per-
formed and measurements made.

2.1.2. Main pipe test-section

The hot air stream from the preheating assembly passed di-
rectly into an optically accessible and vertically mounted custom-
made test-section that consisted of a 65 cm long central quartz
tube (referred to as the ‘quartz tube’ and abbreviated as ‘qz’ in the
rest of this paper) of inside diameter dq; = 25.0 = 0.2 mm and
outside diameter Dq, = 28.0 £ 0.2 mm. The tube’s exit was open,
exhausting into the laboratory, such that the pressure in the tube
was maintained at ambient conditions. A quartz jacket of square
cross-section enclosed the quartz tube along its entire length. The
square shape of the surrounding jacket was selected to minimize
the optical distortions caused due to curved surfaces. Hot air from
a second process air heater that was horizontally mounted near
the exit of the tube flowed in a counterflow direction to that of the
upwards flow of hot air inside the central quartz tube, and exited
through a port near the base of the test section. The test-section
arrangement, therefore, took the form of a counterflowing double-
pipe heat exchanger, acting to reduce the heat losses from the test
section to the ambient.

2.1.3. Liquid fuels and injection system

Pure n-pentane (99+% pure, CAS number: 109-66-0) and n-
heptane (99+% pure, CAS number: 142-82-5) were used as liquid
fuels. N-heptane is a commonly employed single component fuel
representative of kerosene and has been used in a large number
of studies given its relatively well-known chemical mechanism. It
has also been used in prevaporized form in earlier work in the
same flow configuration reported in Markides [3] and Markides
et al. [23]. N-pentane was selected to study the effect of its
relatively higher volatility (relative to n-heptane) on the examined
phenomena.

An in-house water-cooled injector nozzle was used that com-
prised three concentrically arranged stainless-steel hypodermic
tubes. The innermost tube carried the liquid fuel and was cooled
by cold water flowing around it in the other tubes, within
which it was enclosed. Hence, the final injector had an in-
side diameter di;; = 0.311 + 0.019 mm and outside diameter
Djyj = 3.048 £ 0.025 mm. A 0.25 mm diameter mineral-insulated
N-type thermocouple was used to measure the temperature at the
outside wall of the inner injector tube at the injection location,
which was used as an estimate of the fuel temperature at injection
(Ttyer)- The liquid fuel was delivered to the injector nozzle from a
stainless-steel syringe mounted on a programmable Harvard Appa-
ratus syringe pump.

2.2. Key experimental conditions/variables

For each experiment, three key measurements were recorded:
the bulk air inlet temperature Ty;,, the bulk air inlet velocity U,
and the liquid fuel injection velocity Ug,e:
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Fig. 1. Schematic of the experimental apparatus [21,22] with key parameter and variable definitions.

The bulk air inlet temperature T,;; was measured at the inlet
of the quartz tube (which was located at z = —40 mm), with a
0.25 mm bare wire (unsheathed) butt-welded R-type thermocou-
ple (Pt/13% Rh-Pt), whose junction was located 9 & 1 mm from
the wall into the flow i.e., at r/rq; = 0.3; here rq; = dqz/2. A 16-
bit multifunction National Instruments USB-6259 data acquisition
system with SCB-68 connector blocks was used to record all ther-
mocouple measurements. The raw temperature measurements of
the R-type thermocouple were corrected for conduction and radi-
ation losses, as per Appendix A of Markides [3], in order to obtain
T,ir- The maximum correction was + 4 K i.e., 0.4% of T;,.

The bulk air inlet velocity U,;,, defined as the average air veloc-
ity over the annular cross-sectional area between the fuel injector
nozzle and quartz tube, was based on the imposed mass flowrate
of air my;, as directly measured by the air mass-flow controller.
At Ty, Uy is given by Uyr = Mgic/(04ic[(7/4.d%q2) — (”/4'D2inj)])
where, m,;, is the mass flowrate of air and, p,; is the density of
air at T,;; and atmospheric pressure.

The liquid fuel injection velocity Uy, is the average velocity
over the cross-sectional flow area of the injector tube and was cal-

culated from Ug,e = (Q.fuelpamb,fuel)/(pfuel(”/‘l‘dzinj))v Qfyer is the
volumetric flowrate of the liquid, pamp el IS its density at ambi-

ent temperature (= 296 K), o its density at Ty, and djy; is the
inner injector diameter.

2.3. Experimental procedure

About 90 min of heating-up time was required for the appara-
tus to reach the temperatures necessary for the realization of the
experiments. When the desired T,;; was reached, the heaters were
operated for another 45-50 min to bring the entire apparatus to
thermal equilibrium, after which U,;, and Ug, were set to their
desired values. Fuel injection was initiated a few minutes before
measurements were made to minimize transients.

2.4. Optical measurements

Optical measurements of the jet and droplet field were made
to obtain the jet break-up length, droplet size and location data.
Imaging was conducted using a high-speed camera with a bright
light-source for back illumination, which allows us to obtain shad-
owgraphs under hot reacting conditions in the near-field region,
i.e., between z = 0 and z = 50 mm, while autoignition was occur-
ring further downstream. An Olympus iSpeed3 monochrome high-
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speed CMOS camera with a maximum resolution of 1280 x 1024
at 2 kHz equipped with an AF-S Nikkor 85 mm 1:1.4 G lens (f/1.4)
and two extension rings (12 mm and 20 mm) was used. The cam-
era was mounted approximately 0.15 m from the quartz tube. A
100 W white LED floodlight was used as the light source, with a
10 mm thick sheet of polystyrene foam acting as the light diffuser.
Shadowgraphs were recorded at 2 kHz and an exposure time of
50 us. For each experimental run corresponding to a set of condi-
tion, 10,000 images were recorded. Over 250 independent experi-
mental runs were performed across all conditions investigated in
this work resulting in about 2.5 million high-speed images.

The high-speed images were analyzed to extract the sizes and
positions of droplets in each frame. To compensate for any distor-
tions due to defects in the tube, the quartz jacket, or projection
through the lenses, the images were corrected using calibration
images of a graticule (i.e., a printed screen with known pattern)
inserted inside the tube. Rolling pixel-wise temporal median was
used as the background model to segment out the droplets. Pixels
sufficiently different from this background were classified as fore-
ground (or pixels inside droplets). To refine the estimated area of
droplets and discard any pixels inside shadows which move along
with the droplets, a secondary refinement of the temporal seg-
mentation based on pixel intensity differences was performed. This
employed the GrabCut algorithm [24] initialized with the coarse
temporal segmentation. Finally, a fully convolutional neural net-
work [25], trained to predict the locations of droplet centers, was
employed to separate out the droplets in contact with each other
into distinct entities.

3. Results and discussion
3.1. Temperature-field characteristics

Measurements of the radial profiles of the local mean air tem-
perature at different axial distances z were made with a 75 um
bare wire bead-welded K-type thermocouple without fuel injec-
tion. The results, shown in Fig. 2, reveal that at z = 0 a ther-
mal boundary layer was present extending a distance 0.2-0.3 rq,
from both the injector and quartz tube walls, the latter due to
heat losses from the quartz tube to the laboratory. The thermal
boundary layer over the tube wall grew further downstream. All
of the jet and droplet phenomena reported in this work are con-
fined within a spatial region that extends from the centerline of
the quartz tube to a radial distance of 0.3 rq, from the centerline.
From Fig. 2, we observe the axial temperature decay increases at

—#—z =0 mm
z = 100 mm
—— 2z = 200 mm
¥— 2z = 300 mm
z = 400 mm
—p— 2z = 500 mm

800

700 -

0 02 04 06 08 1
T/Tqm [-]

Fig. 2. Radial profiles of mean air temperature T(rz) for T, = 1127 K,
U,ir = 403 m/s.
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radial distances further away from the centerline. A worst-case av-
erage axial temperature decay due to heat losses of about 9 K per
100 mm was observed between z = 0 to 400 mm at the extreme
radial distance of 0.3 rg;.

The temperature fluctuations were random with probability
density functions (PDFs) that closely matched Gaussian distribu-
tions. The root mean square (RMS) of the temperature fluctuations
T '(r,z) was measured to be 2.3 + 1.7 K at the injection plane. More
detailed information on the temperature field is available in Gupta
[21], and Gupta and Markides [22].

3.2. Velocity-field characteristics

The apparatus presented in this work is identical to that used
for the autoignition of gaseous fuels in Markides and Mastorakos
[1,2], and Markides [3,3x]. In those studies, the velocity field was
characterized by employing a hot-wire probe and constant temper-
ature anemometer system. Similar velocity characteristics are ex-
pected in the quartz tube of the current work, especially at the
inlet and until this is affected by the liquid fuel evaporation and
reaction.

In Markides and Mastorakos [1] and Markides [3,3x], it was
found when employing the LPP that the radial profiles of the axial
velocity component were uniform over the region r/rq; = 0.15-0.8
for z = 2-42 mm, with the local mean axial velocity remaining
inside the range U/U,;; = 1.12 & 0.02, due to a velocity boundary
layer that grew along the walls of the quartz tube and the fuel in-
jector. Over the radial region 0.4 < r/rq; < 0.7 and close to the in-
jector exit, the flow turbulence intensity u ’/U was inside the range
0.11-0.14, where u ’ denotes the velocity fluctuation RMS, and the
longitudinal integral lengthscale Ly, was 3.5 £ 1 mm. When using
the SPP, Ly, was 5-7 (£ 1) mm at the same location [2].

3.3. Primary atomization regime

Optical measurements were made of the jets and droplet fields
for n-pentane and n-heptane, and with both the SPP and LPP. A
representative time sequence of raw shadowgraphs is presented in
Fig. 3. In these experiments, each fluid stream, i.e., air and fuel,
can be characterized by the bulk velocities, U,;; and Uy, along
with a set of non-dimensional numbers given by Dumouchel [13],
Lasheras and Hopfinger [15], Kourmatzis and Masri [16]:

Reir = deUairpair do =4 [(%dczlz) B (%Diznj)]
Mari T (dqz + Dinj)

(1)

injUtuel Osuel

jet
Mfuel

Oh — :ufuel (3)

O dinj Pryel
_ pairUaZirdinj
- o

We

M= PruetUtuel (%dlznj) (5)
pairUair[(%dglz) - %Diznj]

2
P_ paiYUazir (6)
/OfueIUfuel
where Re,;. is the hot air Reynolds number; de the equivalent di-
ameter based on the annulus between the quartz tube and the fuel
injector nozzle; p,;, the air density; u,; the air dynamic viscosity;
Reje; the liquid fuel jet Reynolds number; pge the fuel density;
Isue the fuel dynamic viscosity; Oh the Ohnesorge number; o the
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Fig. 3. Representative high-speed time-sequence shadowgraphs of pure liquid n-pentane jets with the LPP. Liquid fuel jet atomization and downstream motion of the
droplets thus formed can be traced; the blue circles show tracks of coalescing droplets. The time between consecutive images is 2.5 ms and each image corresponds to
16 mm x 42 mm (radial x axial). The flow direction is upwards. Flow conditions: T,; = 1115 K, U,; = 14.4 m/s, Re,; = 2243, Ug,e = 1.3 m/s, Rege = 1090, Oh = 0.004,

We = 1.3, P = 0.06, M = 0.03.

surface tension; We the aerodynamic Weber number; M the mass
flux ratio; and P the momentum flux ratio.

The We and Oh numbers describe the interaction of the
jet stabilizing (inertia and viscous forces) and destabilizing
(surface tension) processes [14,17,26]. For We < 15 [13] and
P < (7 x 105/Re'9,;) [27], Rayleigh-type jet break-up regime
is identified; for the entire dataset generated in this work, a
Rayleigh-type jet break-up regime was observed. An Oh > 2-4
dampens the jet break-up causing instabilities [14]; the Oh val-
ues recorded in this work were three orders of magnitude smaller
(0.003-0.006), suggesting an inevitable jet break-up. The main lig-
uid core of the jet became weakly wavy just before breaking into
ligaments, from which further droplets of small diameter broke
away. All the liquid fuel jets were laminar with a Reje; between 600
and 1100. Finally, the air flow conditions were varied such that T,
was in the range 1100-1150 K and U,;, in the range 14-40 m/s (up
to 45 m/s only for n-pentane), while Up, was varied between 0.7
and 2.7 m/s.

3.4. Liquid fuel jet morphology

The 5th percentile of all the droplet axial (z) locations ob-
tained during an experimental run (from 10,000 high-speed im-
ages) was considered as a robust measure of the liquid jet break-
up length Lje;, with the standard deviation of L;¢; ranging from 0.01
to 0.12 mm (0.1-1.3%) across all experimental conditions. The mo-
mentum flux ratio P is known to be the primary parameter deter-
mining Lie, with Lie; being inversely proportional to P [15].

Fig. 4 presents Lj,; as a function of P for a range of conditions,
and includes results for both n-pentane and n-heptane jets. It can
be observed that Lje increased monotonically with decreasing P for
smaller P values (below ~0.2) but then plateaued at higher values,
as Upe) was varied at fixed Uy, and Ty For n-heptane, L, was
consistently longer than for n-pentane. Furthermore, Fig. 5 shows
Lijer as a function of We for n-heptane as U,;, was increased at two
different fixed U The higher Uy, is associated with longer Ly,
and for a given U, (and consequently a constant Reg,e and fuel
momentum flux), L, decreased monotonically with increasing We
(and Uy;,) at about 2 mm per unit increase in We. Kourmatzis and
Masri [12] also observed a similar effect for liquid acetone jets in-
jected into of coflowing air (cold) in a wind tunnel with different
turbulence-generating grids.

20 - : -
—-F-—c5 Tair = 1120, Uy = 20.0
—w—c7 Toir = 1120, Uy = 20.0
15 L/ —-B8-—c5 Toir = 1127, U,ir = 17.5 |
He —&— ¢7 Ty = 1125, Uiy = 17.5
Cs T,m = 1127, Uﬂir = 201
= g
= ‘ 7 Tor = 1126, Uy = 20.1
£ 10l iq‘ —-0-=c5 Tyir = 1137, Uy = 27.5| |
2 ua 21} —@— 7 Ty = 1138, Uy, = 27.5
) )
; —0
5l = - '
A2
V-l
0 L 1 1
0 0.2 0.4 0.6 0.8

P [

Fig. 4. Effect of P on Li, for n-pentane (‘c5’) and n-heptane (‘c7’) at various fixed
T, and Uy;;. N.B.: P increased from 0.02 to 0.7 as Uy, increased from 0.7 to 2.7 m/s.
Legend: T, in K; Uy, in m/s.

—a—T,; = 1113 K
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Fig. 5. Effect of We on L., for n-heptane at Uy,e; = 1.6 m/s (solid lines, empty mark-
ers) and Ug,e = 2.0 m/s (dashed lines, filled markers) at various fixed T,;. N.B.: We
increased from 1.0 to 4.7 as U,; was increased from 14 to 30 m/s.
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Table 1
Conditions in the liquid fuel droplet characterization experiments (Dpf: droplets/frame; PP: perforated plate).
Figure Fuel PP Tair Usir Regi; Ufgel Rejee Dpf Liet ] S Oh We P M
# [K] [m/s] [-] [m/s] [-] (-] [mm] [-] -] [-] [-] (-] [-]
7(a) n-pentane LPP 1133 20.0 3030 13 1206 9.0 5.7 13 1450 0.004 2.6 0.11 0.02
- n-pentane LPP 1134 27.5 4168 13 1215 6.8 7.4 1.7 2100 0.004 49 0.22 0.02
7(b) n-heptane LPP 1132 20.0 3032 1.1 662 10.4 5.8 3.9 1050 0.006 2.0 0.15 0.02
n-heptane LPP 1133 27.5 4175 1.1 686 6.1 49 2.9 500 0.005 3.9 0.28 0.01
(©) n-heptane SPP 1133 27.5 4177 1.1 671 15.6 15.3 1.2 475 0.006 3.9 0.28 0.01
7(d) n-pentane SPP 1133 27.5 4175 1.1 1025 9.6 11.3 1.4 1650 0.004 5.0 0.31 0.01
20 : : diameter maps, and droplet size distributions at different z. Fur-
"\\ thermore, Fig. 8 tracks the evolution of droplet diameters with z.
o Such plots were obtained for each experimental run. The 2-D PDF
15| ./:§K | and mean droplet diameter maps were constructed using a square
~k area bin measuring 300 pm x 300 pum (~dje which was approxi-
— mately 311 pwm).
= The narrow radial spread of the PDF in Fig. 7 (top) indicates
E10} R % B ;g ? B Hé‘ll i that the majority of droplets travelled close to the centerline of the
2 - 4y 23:0: T — 1126 tube. In Table 1, J represents the radial spread of the droplets at
= ¥ — %k -—M = 3.0, T = 1133 z = 34 mm, and calculated as the difference between the 95th and
51 61—9’\'\*?‘?0\_ . —v—M= 12 Ty = 1108 5th percentiles of r locations of all droplets in 32 < z < 36 mm.
5 %R +ﬁ = i; gﬁ' = }Eg For the conditions investigated in this work, ] < 5 mm i.e., the fuel
o—M—12 T, — 1126 droplets were confined inside a radial region of + 8 dje, for z up
0 —de— M = 1.2, T, = 1133 to 34 mm. The small values of | support the near-axisymmetric
0 0.2 0.4 0.6 injection of fuel into the quartz tube. A common feature of the

Pl

Fig. 6. Effect of P on Ly, for n-heptane with LPP and SPP at Upe = 11 m/s and
various fixed T,;. N.B.: P increased from 0.09 to 0.4 as U, increased from 14 to
30 m/s. Legend: M in mm; T, in K. Corresponding conditions in same color; LPP:
empty markers, dash-dot lines, and, SPP: filled markers, solid lines.

Fig. 6 compares L for n-heptane measured from experi-
ments of jets downstream of the LPP and the SPP for a fixed
Uteet = 1.1 m/s. It is interesting to note that the Lj. values mea-
sured with the SPP are at least twice as long as those with the
LPP, irrespective of P (and hence Uy,) at similar conditions of Ty;,
and Uy, (Rejer Reyir, Oh, We, and M were also equal). This suggests
that the primary liquid jet break-up was strongly affected by the
turbulence character of the background air flow.

With the SPP, the air velocity fluctuations are smaller and the
longitudinal integral lengthscales Ly, longer compared to the LPP
(from Markides and Mastorakos [2], and Markides [3,3x]). Kour-
matzis and Masri [12,16] also suggested that liquid jets in an air-
assisted Rayleigh breakup regime were influenced by fluctuations
of the gas phase velocity (and hence the local We and Re). A qual-
itative parallel on the effect of the perforated plate design can
also be drawn from the mixing field results of gaseous acetylene
plumes from Markides and Mastorakos [2,2y,2z], where the larger
turbulence lengthscales in flows downstream of the SPP caused the
fuel plume to meander without appreciable mixing, resulting in
narrower and longer plumes. In view of this, the longer jets when
employing the SPP could be a result of jet thinning [12] owing to
larger Ly, Lastly, for all the data presented above, no significant
effect of T,;, on Ljer was observed, at least within the range of con-
ditions investigated in this work.

3.5. Liquid-fuel droplet characteristics

Table 1 lists representative flow conditions in the droplet char-
acterization measurements, with the main results shown in Figs. 7
and 8. Specifically, Fig. 7 shows 2-D PDF maps, 2-D mean droplet

2-D droplet diameter maps (such as that in Fig. 7 (middle)) was
that larger droplets were concentrated near the centerline, while
smaller satellite droplets were observed at the radial periphery of
the spray. Friedman and Renksizbulut [28] also observed that the
annular air jet assisted in confining large spray droplets. The satel-
lite droplets moved downstream at relatively (~40%) higher veloc-
ities than large spray droplets.

Next, droplet diameter distributions were obtained at z between
20 and 40 mm in steps of 5 mm. The PDF of droplet diame-
ter dgyp at a given z in Fig. 7 (bottom) was obtained from dg,,
of all droplets located within the axial distance z + Az, where
Az = 2 mm. The droplet diameters ranged from 200 to 900 pm,
indicating the polydispersed nature of the fuel spray. Also, the
droplet size distributions were broad, with only small changes
within the investigated axial region, which suggests significant
evaporation of the liquid fuel had not occurred up to z = 40 mm.
A simple estimate of the rate of evaporation of the droplets based
on the specific heat capacity and latent heat of vaporization of the
fuel, and the size of the droplets, suggested that the fuel droplets
at these flow conditions are expected to evaporated at a rate of
about 2.5% by mass up to z = 40 mm.

In Fig. 8, the mean droplet diameters dmean(z) were obtained
from their corresponding PDFs (Fig. 7(bottom)). It was noted that
dmean(z) increased non-monotonically with increasing z in the
observed axial region up to z = 40 mm. The blue circles in
Fig. 3 identified coalescing droplets with increasing z. Coalescence
of droplets in turbulent gas-liquid coaxial flows was also reported
by Lefebvre [29] and Kourmatzis and Masri [12]. It can be con-
cluded that the observed increase in dmean(z) was due to the for-
mation of larger droplets through the collision and coalescence of
smaller droplets.

Lastly, droplet size and inter-droplet distance both affect com-
bustion behavior [30]. Table 1 lists the mode of the inter-droplet
distance S, computed as the distance to the nearest droplet in
the same image, for droplets downstream of z = 25 mm. The
mean S was found to be 1200 um (with a standard deviation
~650 um) i.e., of the same order of magnitude as dmean. This sug-
gested that the existing sprays must be categorized as dense sprays
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Fig. 7. Liquid fuel droplet spatial and size characteristics: (top) PDFs of spatial location of the droplets; (middle) spatial distribution maps of mean diameter dg,p; and
(bottom) PDFs of droplet diameter dgop, at z between 20 and 40 mm in steps of 5 mm. The full set of conditions is summarized in Table 1.

for z < 42 mm. The observed coalescence of droplets was an in-
dicator of droplet-droplet interaction — a typical feature of dense
sprays [10].

3.6. Effect of inlet flow conditions on droplet size

The primary jet break-up and atomization under all experimen-
tal conditions was complete upstream of z = 20 mm. Therefore,
z = 20 mm was the most upstream z location common across
all experimental conditions where liquid fuel droplets existed. The
effect of inlet flow conditions such as T,, U, Uge and perfo-
rated plate on dmean at z + Az (z = 20 mm and Az = 2 mm)
was examined. A parallel analysis of the effect of the inlet flow
conditions on z locations downstream of 20 mm, suggested that
the overall effect of the flow conditions on dmean remained the
same. Hence, dmean at z > 22 mm are excluded from discussion
here. The standard deviation of dmean ranged from 0.2 to 7.3 um
(0.04-1.33%) across all experimental conditions. Note that all au-
toignition phenomena were observed much further downstream,

at z > 350 mm [21,22]. Due to the non-uniqueness and large num-
ber of non-dimensionless parameters in these complex flows, the
results are presented as a function of the true experimental vari-
ables; the non-dimensional parameters can be extracted by scaling
using the definitions described above.

3.6.1. Air velocity and temperature

Fig. 9 shows the effect of U,;, on dmean at various Ty, and Ugye
with the LPP for both fuels. At all conditions, dmean decreased with
increasing U,;.. For n-heptane at Ug, = 0.7 m/s, dmean decreased
from about 800 to 600 um as U,;, increased from 15 to 20 m/s
(Fig. 9(a)); at Ugye; = 1.1 m/s dmean decreased about 50 pm, from
650 to 600 pum (Fig. 9(b)). For n-pentane, in Fig. 9(c) and (d),
dmean decreased from 700 to 400 um for U, between 15 and
30 m/s. Further, similar to the observation made for the effect of
T,ir On Ligr, no significant effect of T, was observed on dmean. At
U,ir > 20 m/s, dmean Was generally observed to be independent of
T, but varied by about 100 um at U, below 20 m/s (Fig. 9) -
indicating some effect of T,;; but only under certain conditions.
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Here, dmean is defined as in Figs. 9 and 10.

3.6.2. Fuel injection velocity

The effect of U On dmean for n-heptane and n-pentane, with
LPP, is shown in Fig. 10(a) and (b). The dmean for n-heptane
droplets decreased from about 800 to 570 wm when Ug, in-
creased from 0.7 to 1.5 m/s. This behavior was only exhibited for
U, up to 22.5 m/s; for Uy, > 22.5 m/s, dmean decreased by 50 pm.
Increasing Up,e beyond 1.5 m/s showed no appreciable change in
dmean. For n-pentane (Fig. 10(b)), dmean Showed a weak dependence
on Ugye for Uy < 22.5 m[s — dmean decreased from about 600 to
550 um as Uy, increased from 1.3 to 2.7 m/s. No definite conclu-
sion could be drawn about the dependence of dmean On Upy for
U,y > 25 m/s.

3.6.3. Effect of turbulence

Fig. 11 compares dmean between the LPP and SPP experiments
for n-heptane; dmean for LPP is the same as that in Fig. 9. Irrespec-
tive of Ug,, with SPP the n-heptane droplets were smaller com-
pared to LPP at similar T,;; and U,;. As mentioned previously, the
larger Ly, and lower U, with SPP, can result in liquid fuel jet
thinning. The current observations of dmean suggested that these
longer and thinner n-heptane jets atomize into smaller droplets.
The dmean of n-heptane droplets for SPP at Ug,e = 1.1 m/s were 30%
smaller than for LPP; the standard deviations were 40% smaller.
Eggers and Villermaux [31] also reported that thinner, stretched
and corrugated liquid ligaments produced finer drops and a nar-
rower droplet size distribution. The formation of smaller droplets
with increasing jet thinning was observed by Kourmatzis and

Masri [12] for a finer grid. Similarly, with SPP, at U, = 0.7 m/s
(Fig. 11(a)) and Ug,e = 1.1 m/s (Fig. 11(b)), an increase in Uy,
resulted in smaller droplets. However, except for the decrease at
T,y = 1126 and 1133 K at Ug,e = 0.7 m/s, this change in dmean
was not as pronounced as that observed with LPP. N-pentane also
showed a similar behavior.

3.7. Development of droplet size correlation

Depending on the atomization mechanism, and for a given per-
forated plate (hole size, solidity, pitch, etc.), the factors that can
influence the atomized droplet diameter are: the inside diameter
of the injector nozzle (d;y;), the velocity difference between the air
and fuel phases (AU = U,j; - Ugyer), the air (Ty;,) and fuel (Tyep)
temperatures, the air (p,;;) and fuel (pg,e) densities, the air vis-
cosity (i,i;) and the surface tension (o). Therefore, we can specify
the functional dependence of the mean droplet diameter as:

(7)

The dimensional relation above contains 9 physical quantities
and 4 primary dimensions, suggesting a functional dependence
featuring 5 dimensionless quantities. Non-dimensional analysis ap-
plied to the above relation reduces this to:

dmean = f(dinjv AU, 0, Pairs Ptuels Mairs Tairs Tfuel)

d;e;i\n :f( 1 1 Pruel @)
inj

_ , 8
WeA ReA Pair Tair ( )
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where the changes in (0fe1/Pair) and (Tgyer/Tai) are small, and can
be ignored, such that:

dini pair AU?
dmean f(WesRex)where, | Wep = Ginifair B~
dinj o
and (ReA = '"’pa”> (9)
Mair

and for o we can use a value associated with saturated fuel vapor
at 1 atm.

Because of the significant velocity of the air stream (relative to
the fuel) and the change in the air temperature, liquid atomization
is more affected by the air stream properties (i.e., the viscosity and
density of the air), which play a controlling role in the atomization
process.

From Eq. (9), a power law with constants A, m, and n can be
assumed of the form:

dmean

dipj

= AWelRe'\ (10)
where the constants can be determined from experimental data by

taking logarithms, and plotting the best straight-line fits that cor-
respond to the following linear equation:

l dmean

dipj

=In(A) + mIn(Wep) + niIn(Rep) (11)

Specifically, the data can be used in two steps to obtain the
3 constants in Eq. (11). In the first step, we can obtain the rela-
tionship between In(dmean/diy;) and Re, for a given We,. During
this process, and using all data including from the two perforated
plates used in our work, we find that a value of In(We,) = 1.85
leads to the best linear correlation between ln(dmean/dinj) and
Ren. The relationship between In(dmean/diy;) and Re is shown in
Fig. 12.

From Fig. 12, we obtain the constant n, such that:

ln drnean

+3In(Rep) =In (A) + min (We,) (12)

inj
In the second step, we can now obtain the relationship between
[In(dmean/dinj) + 3 In(Ren)] and We, through linear fitting to all
experimental data, which is done in Fig. 13.
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From Fig. 13, we obtain:

dmean

dinj

=34 x 10°Wek®Re 3| 1113K < T ;. < 1143K, 25 < Re,

<75,1.2 <Wep <86 (13)
with an R? fitting correlation of 0.96.

Of note, referring to Figs. 12 and 13, is the further conclusion
from these figures, which distinguish the plotted data according to
the perforated plates with which they were generated (LPP: circu-
lar markers; SPP: square markers), that the functional relationship
for the mean droplet diameter being developed here is not depen-
dent of the perforated plate used, suggesting that within the region
of our investigation, the relationship is general.

Finally, Fig. 14 shows a comparison of predictions from the
mean drop diameter relationship above, i.e., Eq. (13), against mea-
surement data. The dotted lines in the figure over and under the
solid line that represents Eq. (13) represent + 20% deviations from
this correlation. Since 95% of the data are contained within this re-
gion, it can be concluded from this figure that the prediction error
of Eq. (13) is & 20% for the present dataset.
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4. Conclusions

The primary atomization of evaporating liquid-fuel jets of ei-
ther pure n-heptane or n-pentane injected coaxially (concentrically
and axisymmetrically) from a circular nozzle into preheated turbu-
lent pipe flows of air has been characterized through high-speed
shadowgraphy imaging. The liquid phase was confirmed to take
the form of a continuous, single-phase flow injected with veloci-
ties up to 2.7 m/s without bubbles at the injection nozzle, into air
flowing with bulk velocities up to 37 m/s and at elevated temper-
atures up to 1150 K confined inside an insulated transparent tube
of inside diameter 25.0 mm.

The effects of various inlet conditions, such as the liquid fuel
injection velocity, the bulk air inlet temperature, velocity and tur-
bulence characteristics, on the jet break-up and droplet formation
and size distribution in the near-field region of the injector were
studied. In particular, the turbulent character of the air flow was
manipulated by introducing different turbulence-generating perfo-
rated plates/grids (with holes of a different size) into the air flow
upstream of the injection location. The liquid jets were laminar
with Reje; between 600 and 1100, and jet break-up was observed
to occur in the Rayleigh-type break-up regime.

The length of the liquid-fuel jets L increased with increas-
ing Up,e (on average, by about 6 mm per m/s of Up,) but de-
creased with increasing U, (on average, by about 0.5 mm per
m/s of Uy, ). For the smaller perforated plate (M = 1.2 mm, so-
lidity = 55%, pitch = 3.7 mm) used in the present experimental
campaign, the observed fuel jets were twice as long as those ob-
served with the larger perforated plate (M = 3 mm, solidity = 42%,
pitch = 3.7 mm). This observation may be attributed to possible
thinning of the fuel jet, owing to the longer longitudinal integral
flow lengthscales associated with the smaller perforated plate.

From PDFs of the spatial distribution of the droplets formed
after atomization, it was observed that the radial spread of
the droplets was narrow across the investigated conditions, with
the majority of the droplets travelling close to the centerline
of the tube. The droplets were confined within a radial dis-
tance of £ 2.5 mm for z (axial distances from injection) up to
34 mm. Larger droplets were concentrated near the centerline,
while smaller satellite droplets were observed at the radial periph-
ery of the spray. Droplet diameters ranged from 200 to 900 um,
indicating the polydispersed nature of the fuel spray. The mean
droplet diameters dmean increased non-monotonically with increas-
ing z up to z = 40 mm, suggesting finite and competing droplet
collision and coalescence events to form larger droplets (i.e., strong
droplet-droplet interactions). Such phenomena were confirmed by
direct optical observations. The inter-droplet distance for droplets
downstream of z = 25 mm was found to be 1200 xm (with a stan-
dard deviation equal to 650 um); the existing sprays were catego-
rized as dense sprays for shorter distances, i.e., z < 42 mm.

No significant effect of the bulk air inlet temperature T,;, on the
mean droplet diameter dmean at z = 20 m/s was observed within
the range of investigated conditions. However, dpean decreased
with increasing bulk air inlet velocity U,;. Specifically, when Uj;,
was increased from 15 to 20 m/s, dmean decreased by about 50 pm.
Similarly, dmean decreased when higher liquid fuel injection veloc-
ities Ug,e; were used. Irrespective of Uy, the droplets for both n-
heptane and n-pentane were smaller when using the smaller per-
forated plate compared to those generated with the larger perfo-
rated plate at otherwise similar air-flow conditions (i.e., Ty, Usi.)-
The longer and thinner n-heptane jets with the smaller perforated
plate were found to atomize into smaller droplets, with a dmean Of
n-heptane droplets generated with the smaller perforated plate at
Usiet = 1.1 m/s being 30% smaller than with the larger perforated
plate, while the standard deviation was 40% smaller.
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Using linear  regression, the empirical correlation
(dmean/djer) = 34 x 10% Wen'29 Rey=3 was developed for the
mean droplet diameters measured in our experimental campaign.
This correlation was shown as being capable of predicting the
mean droplet diameter within + 20% deviations relative to the
experimental data, and was found to be independent of the
perforated plates selected and used in the present work.

The results from this work can be used to further our under-
standing of the two-phase flow physics of atomization in turbulent,
high-temperature flows, and for developing and validating compu-
tational models of spray formation and two-phase turbulent react-
ing flows.
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