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The atomization and mixing processes of fuel in crossflows are among the important aspects of re-
search into rocket-based combined-cycle (RBCC) engine technology. In this paper, the droplet size
and penetration height of the kerosene jet in crossflows are studied. The influences of the orifice diam-
eter, number, and arrangement, the injection pressure drop of fuel, the orifice diameter and the Mach
number of the crossflow are analyzed applying different optical measuring methods. The results re-
veal that the injection pressure drop of fuel and the crossflow Mach number are both positively cor-
related with the atomization performance, whereas the orifice diameter is negatively correlated with
the atomization performance. By analyzing the penetration height under different operating condi-
tions, it can be seen that when the other factors are kept constant, the penetration height increases
with increasing orifice diameter and pressure drop. Using a least-squares, an empirical formula for
the jet penetration height in terms of momentum flux ratio and axial distance was obtained.

KEY WORDS: crossflow, transverse jet, droplet size, penetration height, RBCC

1. INTRODUCTION

The rocket-based combined cycle (RBCC) engine organicalgbines the advantages of high
thrust-to-weight ratio of the rocket engine and high spedifipulse of the ramjet. It can work
in a wide range of crossflow Mach number, and it is one of theoi@mt propulsion forms of
reusable spacecraft and hypersonic aircraft. In the entfiegesidence time of the crossflow in
the combustion chamber is very short, usually on the ordenithiseconds. During this time,
the liquid fuel needs to complete the processes of atomizathixing, and combustion, each
of which directly affects engine performance. The atonizaaind mixing of fuel in the engine
are generally very complex. In the engine, the crossflowrsrte combustion chamber from
the inlet and moves toward the outlet. The fuel jet is injedtdo the combustion chamber in
a perpendicular direction to the crossflow and mixes witlelr@himi, 2013). In the complete
process, with the influences of the shock wave and variouexes, there are a large nhumber
of droplets breaking down, coalescing, and evaporating. ifiteraction between the gas and
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NOMENCLATURE

a, b, ¢ constants p1, pg the density
d orifice diameter, mm of kerosene
h penetration height, mm and crossflow, g/cf
q momentum flux ratio x axial distance, mm
P static pressure, MPa T temperature, K
Py total pressure, MPa Ma Mach number
AP injection pressure drop, MPa SMD  Sauter mean
v, vy velocity of kerosene diameterpum

and crossflow, m/s AS relative size range

liquid is complex and always changing, and the breakup @otehighly nonlinear (Krishnan,
2013; Jinbum and Seungsoo, 2018). The atomization and gnéffiects directly determine the
combustion efficiency of the fuel (Wang et al., 2015a). Tfaes the study of the atomization
and mixing mechanisms of fuel in crossflows is extremely irtgrd.

Since the 1960s, many scholars have studied the atomizdtamacteristics and penetration
height of fuel in crossflows in relation to engine performaallan and Joseph, 1971; Gad et
al., 2018; Joshi and Schetz, 2015; Kolpin et al., 1968; Kushl.e1973; Wang et al., 2014).
In the early stages of this research, studies mainly focasdtie influence of different factors,
including the injection mode (Gad et al., 2018; Kolpin ef #868; Lin et al., 2004), the physical
properties of the liquid (Allan and Joseph, 1971; Kush et1&l73), and the shape of the jet hole
(Joshi and Schetz, 2015; Kush et al., 1973), and a large itpaahtiroplet distribution data was
obtained. The study of atomization characteristics insftoa’s mainly focuses on the size and
velocity of the droplets. Krishnan (2013) studied the maé$ra of interaction of jets with cross-
flow, mainly analyzing jet behavior, jet trajectory, entnaient and mixing in crossflow. Miller
(2006) studied atomization characteristics in a subsamisstlow using digital holographic di-
agnosis technology and compared the size distributionayldts at different gas—liquid ratios.
Tambe et al. (2005) studied the influence of the liquid—gamemum ratio, orifice diameter,
crossflow velocity, and physical property parameters onditoplet size distribution in a sub-
sonic crossflow using a phase Doppler particle analyzer ff0En et al. (2004) studied the
structures of water jets in a Mach 1.94 supersonic crossfloustng a PDPA. Their research re-
vealed that when/d is 100, the atomization process is basically complete, laaflix-averaged
Sauter mean diameter (SMD) is on the order ofut®. The droplet size and velocity distribu-
tion are “S” shaped. The shadow method (Lin and Kennedy, RGablieren method (Liu et
al., 2008; Yu et al., 2004), PDPA (Lin and Kennedy, 2002), higth-speed photography (Yu et
al., 2004) are mainly used to examine the penetration helgbtad and Khosrobeygi (2019)
studied the trajectory and penetration height of elligticpuid jets with different aspect ratios
emerging into a low-speed crossflow of air. They propose quirggal correlation for the injec-
tor geometries and the range of momentum ratios, Weber nerdoed Reynolds numbers used
in their study, and a theoretical model for the trajectoryhef liquid column for an initially el-
liptical liquid emerging into a crossflow is presented. Wahgl. (2015a) studied the penetration
height of kerosene in a crossflow using planar laser-indficedescence (PLIF) and analyzed
the influence of the momentum ratio and Weber number on thetgaion height. They found an
empirical formula for the penetration height by fitting fliletmomentum ratio, Weber number,
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and axial distance. Liu et al. (2008) measured the spraytpaina height using the schlieren
method and fitted a corresponding empirical formula for thegtration height. They indicated
that the momentum flux ratio and orifice diameter are the naaitofs affecting penetration. Sun
et al. (2013) studied the coherent structure and penatrafitransverse gas jets in supersonic
turbulence using nanoparticle-based planar laser scaftMPLS) technology and proposed an
empirical formula for the penetration height. Stenzlerle{2006) believe that at a low Weber
number, momentum flux ratio, and liquid viscosity have aificgmt effect on penetration. They
found that the penetration height decreased when the Welmeber and liquid viscosity in-
creased and that the increase in the momentum flux ratio cageise the penetration height. In
terms of atomization effect on combustion process, Natiomaversity of Defense Technology
studied the effects of different injection positions of jeeon spark ignition and combustion
stability by experiment (Wang et al., 2013, 2015b; Sun et28l12) and numerical simulation
(Wang et al., 2015c), and proposed that the different ilgagbositions will change the mix-
ing and convection intensity of fuel and air. When the miximgnsufficient and the convection
intensity is low, it may lead to ignition failure or bring gredifficulty to stable combustion.
Huang (2016) analyzed the main ways to improve the mixingamdbustion efficiency in the
scramjet engine, and proposed to improve the mixing and ostign efficiency by optimizing
the multiport injection scheme.

There are many factors that influence the size of the spraased&ehers have mainly studied
the orifice diameter, pressure drop, velocity of the crogsftwifice arrangement, and physical
parameters of the liquid. Due to different test methods gredtating conditions, the results reveal
some differences, but the overall trend is the same. As dt refsdifferent experimental envi-
ronments and measurement methods, the formulas for pgaetheight obtained by different
researchers can be different. By examining past reseaicdm be seen that there have been rel-
atively few studies on the mechanisms of jet atomizatiod,taey are not yet fully understood.
This paper focuses on the droplet size and penetration thefdterosene in crossflows. The
SMD and relative size range of the spray were measured by fib@spler anemometry (PDA).
The penetration height of atomized kerosene was measuiregl high-speed photography and
the schlieren method, and an empirical formula for the patieth height was obtained by least-
squares. The atomization mechanism of kerosene was stogiadalyzing the influence of the
momentum flux ratio, orifice diameter, and injection presgirnop on the atomization process.

2. EXPERIMENTAL SYSTEM AND OPERATING CONDITIONS
2.1 Experimental System

In this experiment, the droplet sizes and penetration heigkerosene were studied. The system
consists of a subsonic/supersonic flow system, an opticairehtion chamber, a kerosene supply
system, and a test and control system, as presented in Fighelsubsonic/supersonic flow
system includes a high-pressure gas cylinder, an equipttmerat, and a movable tail cone, etc.
Air flows passes through the equipment throat and entersptieabobservation chamber from
its left side. Kerosene then is injected into the opticalestaation chamber from the bottom
through a stop valve, a filter, an orifice plate, and an eletagnetic valve and is atomized and
mixed with the crossflow. The pressure provided by the higdsgure gas cylinder is 4—-6 MPa,
and the adjustable range of the inlet flow is 0.5-2.5 MPa afissing through the rectifier and
decompression device. The measurement method is nonetoptical measurement. PDA was
used to measure the particle size and distribution of theyspnd high-speed photography and
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FIG. 1: Schlieren system in supersonic crossflows (the PDA tesesyand the high-speed photography
system are similar to the schlieren test system and are asépted here)

the schlieren method were used to record the trajectoryamfized kerosene in the flow field.
Figure 2 presents the specific structure of the chambernjbetion panel is located at the center
of the bottom of the observation chamber. The optical olaEmw chamber is a cuboid. Two
quartz windows installed on front and rear sides of the testi@n provide visual observation
and optimal instrumentation access. The length, width,reight of the observation chamber
are 360 mm, 90 mm, and 203 mm. And the size of quartz window @Gsrif x 230 mm. A
pressure-fed system was selected for the kerosene sugpth wmcludes a fuel storage tank, a
stop valve, a filter, a flowmeter, and an injector. The prognale logic controller is used in
the system to precisely control the air inlet flow and liquidlfinjection system, heating system,

230mm
v R e [ 1
M o 360mm |
@ (b)

FIG. 2: Structure of the optical observation chamber: (a) threeedisional section view of insulation spray
structure; (b) design drawing of the optical observatioansher
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and blowing system. At the same time, the pressures of eackfér section, equipment throat,
optical observation chamber, and supply system are cetléntreal time, thereby obtaining the
pressure of the engine combustion chamber and upstrearswridte.

2.2 Experimental Conditions

The droplets size and penetration heights of kerosene jgs fleere studied for various influ-
encing factors, such as the number of orifices and their dennarifice arrangement, injection
pressure drop, and crossflow Mach number. The study of drsigke mainly includes SMD and
droplet size distribution. The SMD and the relative sizegesof the spray under different influ-
encing factors were measured using PDA. For the penetrhgaht, high-speed photography
and the schlieren method were used to obtain the trajecfatyecatomized kerosene, and the
acquired images were processed to find an empirical fornauwlghe penetration height. The
influence of different factors on the atomization process ws@died using a control-variable
method. Different injection panels were designed for tgstDetails of the injection panels are
presented in Table 1. A subsonic crossflow was selected asdhestate when setting the test
conditions, and a small number of supersonic conditiongwgamined for comparison.

To make the experimental results more visible, a 0.7 mm apevras chosen as the orifice
diameter for multifactor comparison. The specific opegtionditions are presented in Table 2.
The orifice arrangement is shown in Fig. 3.

TABLE 1: Injection panel information

Group 1 2 3 4 5
Orifice diameter/mm 0.7 0.5 0.4 0.4 0.4
Pore number 1 1 1 3 3

Mass flow rate AP =1 MPa (gs™!)] 12.3 6.28 4 12 12
Mass flow rate AP =2 MPa (gs™!)] 17.4 8.88 5.68 17.1 17.1

A inear distribution.
#Equilateral triangle distribution.

TABLE 2: Test setting

Conditions Injection panel AP (MPa) Inflow Mach number (Ma)

SUB1-0.7 1 1 0.6
SUB2-0.4 3 2 0.6
SUB2-0.4L 4 2 0.6
SUB2-0.4S 5 2 0.6
SUB2-0.5 2 2 0.6
SuUB2-0.7 1 2 0.6
SUP1-0.7 1 1 2
SUP2-0.7 1 2 2

SUB = subsonic, SUP = supersonic; “1, 2" = pressure drop (MP&), 0.5, 0.7" = orifice
diameter (mm), L = orifices were distributed in a straigh¢|]if = orifices in an equilateral
triangle, and X = fuel injection preferred.
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FIG. 3: Orifice arrangement

3. RESULTS
3.1 Analyzing Atomization Characteristics

This study used the SMD and relative size ranQy$'{ to evaluate the atomization characteristics.
The ambient temperature was 270 K. The static temperatardach number were calculated
according to the total pressure, static pressure, andtwtglerature, and the momentum flux
ratio was calculated according to the injection pressuog.dfhe momentum flux ratio is the
dynamic pressure ratio of the jet to the crossflow, the egpvagor which is presented in Eq. (1).
The test results under different operating conditions eeegnted in Table 3, and the distribution
of droplet size are shown in Fig. 4.

_ 1/2pp2  2AP
17 120,02 ~ PME

1)

It can be seen from Eg. (1) that the momentum flux ratio is edlab the total pressure, static
pressure, and fuel injection pressure drop. The jet-tssflov momentum flux ratio can be
controlled directly by controlling the fuel injection psese drop. Analyzing the results, the
Mach number of subsonic flow was about 0.6, and the speed efsupic flow was controlled

by the equipment throat to be Mach 2 (the error range of Machhau is 0.5%). The above

TABLE 3: Measurement results of droplet size
Conditions Injection panel AP (MPa) Ma q SMD (um)  Ag

SUB1-0.7 1 1.02 0.65 8.62 37.09 2.24
SUB2-0.4 3 2.03 0.5 16.74 18.93 1.23
SUB2-0.4L 4 1.73 0.63 11.32 14.87 0.77
SUB2-0.4S 5 1.68 0.63 12.09 14.55 1.19
SUB2-0.5 2 1.9 0.57 14.09 18.18 1.14
SUB2-0.7 1 1.83 0.64 14.18 13.17 0.89
SUB2-0.7X 1 1.86 0.67 18.02 12.88 1.3

SUP1-0.7 1 1.05 2 0.55 30.89 1.84
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FIG. 4: Droplet size distribution under different conditions: &)B1-0.7, (b) SUB2-0.4, (c) SUB2-0.4L,
(d) SUB2-0.4S, (e) SUB2-0.5, (f) SUB2-0.7, (g) SUB2-0.7k), $UP1-0.7

conditions are grouped according to different factors. BD was used as a criterion for
evaluating the atomization performance and the relat&e inge for evaluating the degree of
dispersion of the spray. A preliminary analysis of Table Begds that the orifice arrangement
and the order of the flow have little influence on the SMD andrtiative size range of the
droplets. Therefore, when plotting, the orifice diametat smmentum flux ratio were analyzed
as the main influencing factors. Figure 5 presents the tretictiSMD and the relative size range
of the spray with variation of the orifice diameter and the reatam flux ratio under different
operating conditions.

3.1.1 Injection Pressure Drop

To study the influence of the injection pressure drop on thplét size, SUB1-0.7 and SUB2-0.7
were analyzed. As can be seen from Fig. 4(a) and Fig. 4(b)liffexential distribution curve
of the droplet is wider at the injection pressure drop of 1 M&ad the droplet size is larger
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FIG. 5: Droplet size with varying parameters: (a) SMD; (b) Relaize range

at the peak position, indicating that the atomized drogdaige and non-uniform, with poor
atomization effect. When the pressure increases to 2 MRgyehk value moves forward and
the large droplet disappears. At this time, the small particoplet dominates and the atomiza-
tion effect is significantly improved. The main reason i #sthe pressure drop increases, the
speed of the kerosene exiting the jet increases, whichgitrens the air—liquid interaction and is
beneficial to the droplets overcoming the surface viscdeitye and enhancing the shear force.
This improves the atomization effect and the atomizatioifioumity. It can also be seen from
the test results that the SMD and relative size range of thiglelis both decrease with increasing
injection pressure drop.

3.1.2 Orifice Diameter and Momentum Flux Ratio

When analyzing the influence of the orifice diameter on thenaation characteristics, since it
is difficult to control other variables to a fixed value, it isagssary to comprehensively analyze
the multiple factors involved. Figure 5 presents the trenthe atomization characteristics with
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variation of the orifice diameter and the momentum flux rdtioan be seen that the SMD and
the relative size range of the droplets decrease as the ntomdnx ratio increases but increases
with the orifice diameter. When the momentum flux ratio inse=athe growth trend of the SMD
gradually flattens, and the influence of the momentum flup @ithe atomization performance
is much greater than that of the orifice diameter. The maisareé#or this is that the flow rate of
the jet decreases with the orifice diameter, and the coratenirof the atomized droplet group
decreases, which increases the interaction between thaengalgquid. Therefore, the droplets
are more likely to be broken, and the SMD of the droplets isllem&Vhen the momentum flux
ratio is increased, the degree of surface breakage of th@edsds increased, which leads to a
better atomization effect.

3.1.3 Orifice Arrangement

By studying SUB2-0.4L and SUB2-0.4S, the influence of thdiagiarrangement on the at-
omization characteristics can be analyzed. It can be seem fig. 4(c) and Fig. 4(d) that the
differential distribution curve of the design with multipbrifices aligned in the direction of the
central flow is narrower, and the droplet size at the peaktipasis smaller. Combined with
Table 3, it can be seen that there is no significant differém¢ke SMD of the two types, but
their relative size ranges are significantly different. Blesign with multiple orifices aligned in
the direction of the central flow has better atomizationamifity than the design arranged span-
wise. In principle, although the wider spanwise atomizat®beneficial in that it can make full
use of the shear effect of the crossflow field, the influenceefiall boundary layer on mixing
must also be considered, as it will result in uneven drojitet s

3.1.4 Number of Orifices

According to the results from different injection panelse tflow rate of an injector with an

aperture of 0.7 mm is similar to that of an injector with thegeertures of 0.4 mm. Therefore,
panels SUB2-0.4L and SUB2-0.7 were selected to study theeinle of the number of orifices
on the atomization characteristics. Comparing Fig. 4(c) ig. 4(f), it can be seen that com-
pared with multiple orifice injection, the differential aér of single orifice injection is slightly

narrower and the peak value is higher, indicating that thabwer of large droplets atomized by
single orifice injection is relatively more. Therefore, 8D of a single orifice is slightly larger,

and its atomization uniformity is slightly better. Compaueith single orifice injection, the flow

field downstream from multiple orifice injection is quitefeifent from the flow field upstream.
The crossflow velocity before the upstream jet is larger,dftér an oblique shock wave, the
flow field before the downstream jet is mixed with a large nundfedroplets. As a result, the
flow velocity before the downstream jet decreases, and diugdhto-gas momentum ratio of the
downstream jet decreases. Therefore, the atomizatioanpeahce of multiple orifices is slightly

worse than that of a single orifice.

3.1.5 Crossflow Mach Number

The influence of the crossflow Mach number on the atomizatianacteristics was analyzed and
compared between SUB1-0.7 and SUB2-0.7. It can be seenhihddrger the Mach number,
the smaller the size of the atomized droplets and the béteedtoplet uniformity. Analyzing
Fig. 4(a) and Fig. 4(h), under the condition of subsonic sftow, the droplet size distribution is

Volume 30, Issue 7, 2020



506 Wei et al.

wide, and the frequency of large droplets is the highest.W¢he crossflow becomes supersonic,
the peak position of the differential distribution moves#tard, and the differential of the peak
position drops to 10%, indicating that the droplets atowhizethis time are more uniform. This
is because the larger the Mach number, the greater the shediect relative to the kerosene jet
and the greater the dynamic pressure. Increasing the awgsfessure increases the degree of
surface breakage, which greatly improves the atomizatiwfopmance.

According to comprehensive analysis of eight groups of,dagssize of the atomized droplets
increases with increasing orifice diameter, injection gues drop, momentum flux ratio, and
crossflow Mach number. The injection pressure drop and thmentum flux ratio have the
greatest influence on the droplet size. In terms of atonaimathiformity, the most uniform dis-
tribution results from a multiple-orifice structure arradgalong the center line, indicating that
the orifice arrangement has a significant influence on theiaédion uniformity. When design-
ing the injector, the influences of the orifice diameter, gpues drop, etc., on the atomization
performance should be considered together to select thedweditions for atomization.

3.2 Analysis of Penetration Height

The fuel penetration height generally refers to the heighwliich the fuel penetrates into the
crossflow. It is defined as the vertical distance between titermost contour of the spray at the
jet center section and the bottom surface. The penetratimintof the jet reflects the degree of
mixing of the fuel and the main stream. The larger the petietr&eight, the deeper the fuel jet
penetrates into the main stream, indicating that the atatiiz effect is better (Liu et al., 2008).

In this paper, the schlieren method and high-speed phqibgraere used to measure the
fuel penetration height, and superimposed records were madhe entire flow field to obtain
the trajectory and distribution of atomized kerosene inftbw field. Using image processing
technology, kerosene penetration height curves were agttaand the data were then fitted
using a least-squares method to obtain an empirical forfoulae penetration height.

3.2.1 Penetration Height Measurement Results

The conditions selected for the measurement of the peiwetiaight were consistent with those
for the measurement of the atomization characteristicenguhe test, real-time measurements
of the total pressure, static pressure, and injection prestrop of fuel were collected. Penetra-
tion photographs under eight conditions were obtainedydhicg two schlieren conditions and
six high-speed photography conditions. Figure 6 presesthleren photograph from condition
SUB2-0.5. Figure 7 presents a high-speed photograph frowhithon SUP2-0.7.

It can be seen from Figs. 6 and 7 that there is a large amourgros&ne attached to the
glass at the exit end of the optical observation chamberarstibsonic crossflow, whereas there
is no attached kerosene in the supersonic crossflow, andbthdidld is relatively stable. In the
subsonic crossflow, a square-to-round transfer segmentaneble tail cone were assembled
at the exit of the optical observation chamber, and it is glaged to have resulted in a decrease
in the exit area and accumulation of kerosene. The kerosenetgation height can be clearly
observed in each image, and the accumulation of kerosersendo@ffect its measurement. The
pressure, pressure drop, momentum flux ratio, and othemedeas for each operating condition
are presented in Table 4.

By examining the parameter settings of each operating tiondh Table 4, the influences of
the injection pressure drop, orifice diameter, and momeffiuaratio on the penetration height
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Kerosene |\

. Crossflow

FIG. 7: High-speed photograph (Ma = 2)

TABLE 4: Test parameters under different operating conditions
Conditions Injection panel Py(MPa) P (MPa) AP (MPa) q

1 SUB1-0.7 1 1.86 0.74 1.21 9.11
2 SUB2-0.4 3 1.67 1.39 2 8

3 SUB1-0.7 1 1.89 1.23 1.09 4.89
4 SUB2-0.4 3 1.87 1.35 2 9.33

5 SUB2-0.5 2 1.91 1.19 1.9 8.89

6 SuUB2-0.7 1 2.24 1.05 2.09 11.11
7 SUB1-0.7 1 1.84 0.75 0.97 7.22
8 SUP2-0.7 1 2.06 0.84 1.77 1.05

1 and 2 were measured by schlieren, 3-8 were measured bgpégt photography.

can be analyzed. When measuring the influence of one of tliebles, it is difficult to control
other factors. Therefore, when analyzing the effects ofe¢hariables on the penetration height,
multiple factors need to be combined.

3.2.2 Image Processing and Penetration Height Fitting

Our analysis used Matlab to process the penetration heiggngés. A threshold gray value of
100 was selected to define the boundary of the penetratiore mfrthe kerosene. The main
process was as follows: (1) Dimension calibration: the lpix®rdinate system in the image is
calibrated to the real-world coordinate system. (2) Thghiriess and contrast of the image are
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adjusted to enhance the difference between the backgralodand the atomization area. (3)
The atomization image is converted from a color to a gragsicaage. (4) The image is cropped
to the atomized region to avoid the influence of other reg@mmdata extraction. (5) According
to the definition of the kerosene penetration height, an@pjate threshold value is selected
for binarization. (6) The boundary of the atomization aseextracted from the binarized image.
(7) Data representing the boundary are extracted and [medds remove isolated points. (8)
An empirical formula for the penetration height is obtainsihg a least-squares method to fit
the data. Taking SUB2-0.7 as an example, the images obtairt@is process are presented in
Fig. 8.

The penetration curves extracted under different operatonditions were compared and
analyzed, as presented in Fig. 9. This graph presents péinatcurves obtained by high-speed
photography, indicating the trend in the penetration hievgth axial distance under different
operating conditions. It can be seen that the trend in thetpation height was consistent under
all operating conditions. The penetration height of SUB2+®@as the largest, which suggests
that the smaller the orifice diameter and the greater thespresdrop, the larger the penetra-
tion height. These two factors are both related to the mouamerilux ratio, indicating that the
momentum flux ratio has the greatest influence on the peitetr&y analyzing the penetration
height of SUB2-0.7 and SUP2-0.7, it can be seen that the @inet height of supersonic inflow
is larger, which is consistent with the conclusions of o#ftadies (Portz and Segal, 2006). When
the crossflow Mach number increases, the penetration hieigieases.

(© (d)

FIG. 8: Penetration heightimage processing process for a kergeseinea crossflow: (a) intensity control;
(b) grayscale image; (c) cropped atomization area; (d)rlkzed image; (e) boundary extraction
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FIG. 9: Fitting curves of penetration height under different coiodis

In general, the penetration height of the spray increas#fs imcreasing momentum flux
ratio. The main reason for this is that the dynamic presstitheocrossflow causes the jet to
flatten and bend in the direction of the crossflow, and the ohjo@ressure of the kerosene jet
provides penetrating force to the jet. Therefore, the grahte dynamic pressure of the kerosene
jet, the greater the penetration height. Furthermore, witteasing crossflow Mach number and
axial distance, the penetration height also graduallyeiases. The influence of the momentum
flux ratio and the axial distance is more significant. Whengheetration height of the spray
is relatively small, the distance between the lower edgehefdpray and the wall surface is
very small, and adherent flow occurs. Some droplets collide the wall surface, which is
not conducive to atomization and mixing. Therefore, theuo@nce of adherent flow should be
avoided as far as possible.

After comprehensive analysis of the impact of momentum faioron droplet size and pen-
etration height, it was found that the increase of momenturrfitio will improve the atomiza-
tion performance and penetration height of the jet. The awpment of atomization performance
makes the droplets more likely to be broken, thereby inémngabe specific surface area of the
droplet. And, increasing the penetration height will make jet closer to the center of the main-
stream. Large specific surface area and penetration heitjleffectively increase the degree of
mixing of the jet and crossflow, which will improve the combas efficiency of fuel to a certain
extent.

Figure 10 presents penetration height fitting curves obthinom high-speed photography
and the schlieren method under the same operating corsl{{8idB2-0.5). It can be seen from
the figure that the measurement results in the near-fieldaaeeeelatively similar, whereas the
results in the far-field area with high-speed photograpkyamger. However, overall, the mea-
sured penetration heights are similar. The penetratiaghth&tting formulas are different for the
different measurement methods.

It can be seen from Table 4 and Fig. 9 that the momentum flua sattil axial distance have
the largest influence on penetration, which is consistettt thie results of previous studies (Liu
et al., 2008; Lin and Kennedy, 2002; Sun et al., 2013; Wand e2@15a; Li et al., 2016). The
empirical formula for penetration height used by variousaars is mainly a power function.
The empirical formula for penetration height used for fitin this paper is presented in Eq. (2):
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FIG. 10: Comparison of penetration heights between the two measurtemethods

e (.

whereh is penetration height] is orifice diameterg is momentum flux ratioy is axial distance,
anda, b, andc are constants.

In the process of formula fitting, the momentum flux ratio temnd the constant term were
considered to be constants to reduce the loss caused bytihg, find then the momentum
flux ratio under each operating condition was substitutéal tine formula for quadratic fitting.
The first fitting results are presented in Table 5. The fittinoguaacy of the empirical formulas
presented in Table 5 is about 98%, and the fitting effect islgBecause of the differences in the
measuring method and crossflow Mach number, the penetriagight formulas are different.
Therefore, in this study, only the penetration curves inssulic crossflows obtained by high-
speed photography were used for fitting. When the crossfloehMamber is 0.6, the empirical
formula for the penetration height is as presented in Eq. (3)

TABLE 5: The initial fitting formulas for penetration height undeckaperating condition

Penetration height

Conditions
empirical formula

Schlieren SUB2-0.4 h/d = 9.071- (x/d)***®

Schlieren SUB2-0.5 h/d=1021- (x/d)**®
High-speed photography SUB1-0.7 h/d = 6.407- (z/d)**"®
High-speed photography SUB2-0.4 h/d =1154. (z/d)**
High-speed photography SUB2-0.5 h/d =708 (x/d)**°
High-speed photography SUB2-0.7 h/d = 8.444. (:c/d)o'367
High-speed photography SUP1-0.7 h/d =859 (x/d)***®
High-speed photography SUP2-0.7 h/d = 9.732- (z/d)>*°
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This equation shows the trend in the penetration height mittmentum flux ratio and axial
distance. When the other conditions are the same, the rg@nomentum flux ratio, the larger
the penetration height. The fitting error for Eq. (3) is largminly due to the use of relatively
few conditions, resulting in too few data points.

Table 6 lists some empirical formulas for penetration hefdgted by previous researchers.
The empirical formula for penetration height fitted in thager is compared with those fitted by
previous researchers. The exponent of the momentum fluxisali.429, which is similar to the
values in the literature. It was found that the exponent efrttomentum flux ratio is very close
to that of the axial distance, indicating that the momentum ffatio and the axial distance have
a close influence on the penetration height. The constamstar each of the other studies have
certain differences related to the test method, test emwiemt, crossflow Mach number (Lin et
al., 2004), and other factors. Considering an orifice diamet 0.5 mm and a momentum flux
ratio of 10, the penetration height fitting curves obtainethis paper were compared with some
penetration height fitting curves in Table 6, and the resukkspresented in Fig. 11.

It can be seen that the penetration heights obtained by eliffeesearchers in the near-field
area are almost the same, whereas those in the far-field st significant differences. The
penetration height obtained in this paper is larger tharnvtiees found in other studies, and
the measurement results from PDPA are higher than thosetfrerschlieren method and PLIF.
These differences are probably related to the differencéssit principles, the definition of the
boundary of the penetration height, and the test conditions

The PDPA method can obtain the distribution of the sprayubiolaser scanning of the
entire flow field and has higher measurement accuracy. THeah method uses the density
gradient of the spray field to generate a change in light 8itgand then to judge the distribution
of the spray. For the small particles around the spray, thmsitjegradient is small, and the
light intensity is weak, which is difficult to capture. The IFLmethod uses a laser to irradiate
fluorescent substances and to obtain the distribution opinay in the flow field. Where the
concentration of the spray is high, the fluorescence sigrsitdong, and where the concentration
is low, the fluorescence signal is weak. High-speed phopdgrases optical imaging to sample
high-speed objects quickly and repeatedly in a short timebt@in a clear image. However,
the electrical signal is weak, and the distribution of theaggs not obvious in the areas with
a small concentration of spray. Different researchers ilifferent definitions of penetration
height. Lin and Kennedy (2002) define the boundary of petietr&eight as the location where
the measured liquid volume flux is 0.01 cc/sfcaty = 0. When processing the penetration
height curves, Liu et al. (2008) define the penetration heiflthe jet as the vertical distance
from the outermost contour of the liquid mist at the centetiea of the jet to the bottom surface.
Wang et al. (2015a) set the background gray value to 0, Igahie gray value of the spray area
unchanged, and defined the boundary curve with a gray vali@®fis the outer edge of the
jet. In this paper, when processing high-speed photogecaptaiges, a curve with a gray value of
100 was selected as the boundary of the kerosene penetration

Based on the test principles and the definition of the peti@traeight boundary, the results
obtained in this paper were analyzed. In the near-field &#hegget is not completely atomized,
and the spray concentration is large and relatively comatedt. Different measurement meth-
ods have little influence on the penetration height measeménesults, so the penetration height
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FIG. 11: Comparison of penetration height curves

obtained for this region in different studies is relativetynsistent. In the far-field area, the at-
omization mixing process is basically completed, and thermuoost concentration of the spray
is very small, which is difficult to capture using the schdéiermethod, PLIF, or high-speed pho-
tography. The measurement result in this area is therdfaly to be lower than that measured
using PDPA. However, the penetration height obtained is plaiper is higher than the PDPA
measurement, mainly due to the different definitions of thegtration height boundary. Com-
pared with the value used by Wang et al. (2015a), the grayevaded to define the outermost
edge of the spray in this study is small, which means thatdheentration of spray taken as the
outermost limit will be smaller, and the penetration heighktherefore be larger.

As noted, the empirical formulas for penetration heightoied by different researchers are
not the same. This is mainly for the following reasons. Ddfg test methods have different
measurement accuracies, and PDPA has high measuremera@céwrthermore, different re-
searchers use different definitions of the jet boundary,veimeh extracting the boundary of the
penetration height, the gray threshold is selected someavbararily. In addition, differences in
the test medium, test conditions, and test environmentaasecdifferences in the jet penetration
height.

4. CONCLUSION

In this paper, kerosene was used as the research objecthamttdplet size and penetration
height of kerosene in crossflows were studied. The SMD aiativelsize range of the atomized
kerosene were measured using PDA. The penetration heighedferosene jet was measured
by the schlieren method and high-speed photography. The coaiclusions are as follows:

(1) There is a strong interaction between the liquid jet dreddrossflow. The larger the in-
jection pressure drop and the crossflow Mach number, thagerathe gas—liquid interaction
and the better the atomization performance. The smalleotifiee diameter, the smaller the
SMD of the atomized droplets. Compared with a single orifeceultiple-orifice structure dis-
tributed along the direction of the center line of the contimnschamber is more favorable for
the uniformity of the atomized droplets.

(2) The penetration height is positively correlated witle tnomentum flux ratio, orifice
diameter, and crossflow Mach number and is most affected dyrthmentum flux ratio. To
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improve the atomization and mixing of the fuel, the jet peaiin height should be adjusted to
increase the contact area between the jet and the crossfidagherent flow should be avoided.

(3) The penetration height of subsonic and supersonic ffoesswas measured using the
schlieren method and high-speed photography. The emidioicaula for the penetration height
in a subsonic crossflow was found to bgd = 3.365- ¢®42°(z/d)*>**. Compared with the
formulas obtained by other researchers, it was found tlebtierall trend in the penetration
height curve is consistent. However, due to the influenchefteasurement methods, definition
of the penetration height boundary, test medium, test ¢immdi, and image processing methods,
the empirical formulas for the penetration height obtaibgdlifferent researchers have certain
differences.
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