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Abstract

Atomization by the impingement of two liquid jets of liquid fuel and oxidant is utilized as the primary pro-
cess of combustion in the thrust chamber of satellite thruster. This atomization procedure is modeled in the com-
putational fluid dynamics (CFD) for a development of the thruster configurations. However, it needs some ad-
justments for appropriate solution. It needs to adapt impinging jet atomization model to actual phenomena. In
this study, experimental measurements of impingement jet atomization process, which intended to verify the
reported numerical model [1], were conducted by using high-speed imaging and phase Doppler anemometry
(PDA). Results clearly showed that the area of liquid fan and ligament is much smaller than that obtained from
the reported numerical model. In addition, the experimental results showed that it needs to take the spatial distri-
bution of mean droplet size of spray into consideration for developing the model of impinging jet atomization
not only in the plane of liquid fan but also in the perpendicular plane of liquid fan.

Introduction

Combustion phenomena in thrust chamber of rocket engine are spray combustion of liquid oxydant and
liquid fuel. Basically, spray combustion is a highly complex reactive two-phase phenomenon in which many
simultaneous processes affect one another, including dispersion of fuel droplets, their evaporation, chemical re-
actions of the fuel vapor with the oxidizer, and combustion. Temporal and spatial spray characteristics such as
droplet size distribution, mean droplet size and width of the droplet size distribution are important for character-
izing spray combustion phenomena [2-18]. Greenberg and coworkers [2, 9, 12 and 13] conducted theoretical
researches of spray combustion in counterflow systems and indicated that the initial spray characteristics such as
mean droplet size, droplet size distribution, and droplet evaporation rate considerably influence the distributions
of flame temperature and species concentrations. Bossard and Peck [18] indicated that the droplet size distribu-
tion has a direct influence on the flame structure, burning rates, and emissions of poly-disperse fuel spray flames.
They also inferred that these effects stem from the different rate of evaporation and dispersion of various droplet
sizes.

Since thrust force of liquid propellant thruster is produced by spray combustion of liquid oxidant and liquid
fuel, it is important to understand atomization characteristics of liquid propellant thruster. Impinging jet atomizer
is used in atomization of liquid propellant thruster of planetary exploration spacecraft and satellite because of a
lot of advantages such as fine atomization and good spatial distribution. Breakup mechanisms of impinging jet
atomizers consist of three main steps, namely formation of liquid fan, disintegrate to the liquid fragment and
breakup into droplets. These processes of impinging jet atomization are affected by aerodynamic, viscous,
inertial force and instability wave appeared on the liquid surface.

Basic mechanisms of impinging jet flow and impinging atomization characteristics were investigated
theoretically by Dombrowski and Johns [19]. Inamura et al. conducted theoretical modeling by using the results
of Dombrowski and Johns [1]. Those results are used for the development of liquid propellant thruster as the
modeling with computational fluid dynamics (CFD).

A propellant thruster is used to be desinged by heuristic approaches with spending a lot of cost and time.
Since the remarkable development of the CFD techniques and its equipment, heuristic approaches are going to
be replaced by the combustor design using CFD [19-24]. Those reseaches, however, did not deal with the
atomization process including a gas-liquid free surface in CFD because of the limitation of calculation cost.
Therefore, the empirical models based on experimental results are proposed for estimating mean droplet size and
droplet size distribution in CFD [25, 26]. Anderson et al. measured water spray characteristics by using phase
Doppler anemometry (PDA), and proposed empirical formula for calculating mean diameter [24]. Whereas there
is an inhomogeneity of mean droplet size and droplet size distribution in the azimuthal direction, most of
proposed-formula give one mean diameter in initial positions. Since it is known that the differences between the
actual spray characteristics and the empirical models for designing the thulust chamber, it needs to understand
spray characteristics at the vicinity of liquid fan and to analyze its inhomogeneity of spray for improving the
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impinging jet atomization model. Therefore, the final goal of this study is to make impinging jet atomization
model with using atomization processes and spray characteristics at the vicinity of liquid fan. This paper, for the
first step, experimental measurements of impinging atomization processes are conducted by using high-speed
imaging and PDA measurements at the vicinity of liquid fan.

Experimental Methods

Schematic diagrams of the experimental apparatus are shown in Figs. 1 (2), (b). As shown in Figs. 1 (a), (b),
the experimental apparatus consists of liquid supply system, injector and optical measuring system. The supply
system is composed of N, gas cylinder, two independent liquid tanks and mass flow controllers (HORIBA STEC,
LV-F60PO/MO). Test liquids are transported from liquid tanks pressured by N,. Flow rates of each impinging
jets are carefully controlled by using mass flow controller. To keep the flow rates of liquid jets precisely, flow
channels of two liquid jets are separated independently. Impinging jet atomizer has almost same size as an actual
injector used in liquid propellant thruster. Injector has two holes and liquid jets are injected from each hole.
Experiments are conducted under atmospheric pressure and normal temperature. Since the mixed liquid of hy-
drazine and nitrogen tetroxide has the hypergolicity, it needs to use the alternative liquid for elucidating the
breakup processes of impinging jet atomization without effects of extra dynamics, which came from combustion
phenomena, on atomization processes. In this study, water is used as the alternative liquid of both liquid jets be-
cause of it has similar physical properties with hydrazine and nitrogen tetroxide. Optical measurement system,
shown in Fig. 1 (a), is composed of Ar* laser (Spectra Physics, Stable2017, 514.5 nm) as the light source, PDA
(Dantec Dynamics, 57X10 and 58N10) with three dimensional traverse system. Spray characteristics, such as
droplet size and droplet vertical velocity, are measured by PDA. For the high-speed imaging, PDA is replaced by
the high-speed CMOS camera (Phantom V5.0 and Phantom V12.0, Vision Research Inc.) as shown in Fig. 1 (b).
High speed imaging of atomization processes of liquid fan to spray is measured by using high-speed CMOS
camera.

Figure 2 (a) shows schematic illustration of processes of impinging atomization and coordinate system of
experiments. Origin of this coordinate system is impinging point of liquid jets. In order to clarify the effects of
liquid jets velocities on spatial distribution of atomization characteristics, measurements on two different Weber
number with liquid jets are conducted. The Webber numbers of those conditions are 1392 and 2474. PDA
measurements are conducted in every 1 mm of x-z plane (from 0 mm to 15 mm in x-axis, from 2 mm to 22 mm
in z-axis). Figure 2 (b) shows measurement area of PDA. The area above z = 2 mm cannot be measured because
of the interference of laser beam by the injector holder. To compare the theoretical model and experimental re-
sults, the perpendicular spatial distributions of the atomization characteristics are measured at the height of z =
11, 18, 30 mm. Twenty thousand droplets are measured and analysed at each measuring point for statistical pro-
cessing of PDA. Table 1 shows experimental conditions.
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Figure 1 Schematic illustration of experimental apparatus
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Table 1 Experimental conditions

Casel | Case2
Test Liquid Water
Ambient Pressure [MPa] 0.1
Ambient Temperature [K] Room temperature (293)
Weber Number, We [-] 1392 | 2474
Number of sample droplets, [-] 20000

Measurement
Area

(a) Coordinate system (b) Measurement area

Figure 2 Schematic illustration of impinging jet atomization

Results and Discussion
- High speed direct imaging of impinging atomization processes

Since PDA cannot measure the droplet size at inside of liquid fan because of its measurement basics, it is
needed to decide the edge of liquid fan in another way. In this experiment, the edge of liquid fan is decided
through high speed imaging with using a back light. Figure 3 shows instantaneous direct photograph of imping-
ing jet atomization of (a) Casel (We = 1392) and (b) Case2 (We = 2474). Frame rate of these photographs are
3700 fps and the exposure time of these photographs are 10us. Shadows appeared at upper part of photograph
are huge droplets which are made by droplets’ attaching at the nozzle. Those shadows should be neglect on this
study. It can be found from Figs. 3 (a), (b) that there are typically breakup processes of impinging jet atomization.
Those are “formation of liquid fan™, “disintegration from liquid fan to the liquid fragments” and “breakup from
liquid fragments into droplets”. Moreover, a region of liquid fan and ligaments becomes smaller under high We-
ber number condition than that of low liquid velocity condition. These observations are same as previous report-
ed theoretical results [1].

Figure 4 shows the measurement points in red grid. It is overlaying on Fig. 3. Each intersection points indi-
cate the measurement points of PDA. In this study, we define the liquid fan as the edge of continuous fan. Blue
dots as a liquid fan region and green dots as a ligament region are plotted in Fig. 4. Since the region of liquid fan
and ligament region changes instantaneously, these regions are defined by using the largest area observed in high
speed imaging. In addition, a disintegration line estimated by theoretical analysis [1] is also shown in Fig. 4 as a
blue circle. This estimation is conducted with the same condition of experiments. It can be found from Fig. 4 that
the liquid fans of experimental results are smaller than that of the theoretical analysis. This is because theoretical
analysis deals with liquid sheet having smooth and homogeneous flow. In this experiment, liquid jet has inho-
mogeneous flow and it is impossible to keep shape of liquid jets because it is affected by the fluctuation of flow
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rate. Inoue et al. indicate that flow distribution of liquid jets affects flow distribution of liquid sheet, and for-
mation of inflection point of flow distribution of liquid sheet advances atomization [27]. While it is difficult to
measure flow field of liquid jets, it is considered that acceleration of instability of liquid sheet and liquid jet in-
tensities disintegration of liquid sheet to droplets, and reduces liquid sheet.

(a) Case 1 (b) Case2

Figure 3 instantaneous direct photographs of spray

@ : Liquid Sheet
: Ligament

— :Theoretical Liquid
Sheet

]

(a) Case 1 (b) Case2

Figure 4 Comparison of size of liquid sheet

« Spatial distribution of spray characteristics of impinging atomization

Figures 5 show contour maps of SMD in x-z plane with (a) Casel and (b) Case2. Coordinates of Fig. 5 are
same as given in Fig. 2 (a). The value of SMD has z-axis symmetric distribution. The white region appeared in
Figs. 5 indicates the liquid fan region judged from the results as shown in Figs. 4 (a), (b). Since PDA cannot
measure the droplet size at inside of liquid fan because of its measurement basics, the results in these areas are
regarded as unreliable data. It is found from Figs. 5 (a), (b) that SMD decreases under high Weber number con-
dition. Another feature recognized from Fig.5, the SMD increases with the increasing distance from the disinte-
gration point. These tendencies stems from difference of flow velocity between liquid sheet and ambient air. It is
found that SMD increases with increasing distance from impinging point. This is because droplet size distribu-
tion changes between each measuring points. Since small droplets have large evaporation rate and high traceabil-
ity to the flow field, the probability density function of small droplets decrease with increasing distance between
center point and liquid fan.

To clear up the variation of droplet size distribution, Figs. 6 (a) z= 11 mm and (b) 18 mm show the droplet
size distribution at the different height of center axis in Case 2. Fig. 6 (a) shows droplet size distribution at edge
of liquid fan, and Fig. 6 (b) shows droplet size distribution at the downstream of edge of liquid fan. The horizon-
tal and vertical axes of Figs. 6 indicate the droplet size and the probability density function (PDF) of droplets,
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respectively. Fig. 6 (c) shows the subtraction of probability density function (PDF) of each measurement point
(Fig. 6 (a) — Fig. 6 (b)). It is easily found from Fig. 6 (c) that the PDF under the size of 50 um increases and the
PDF of over 50 um decreases with increasing the distance from impinging point, respectively. As a result, the
SMD is increasing with increasing the distance from impinging point.
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(a) Case 1 (b) Case2
Figure 5 Contour map of SMD
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(c) Subtraction of droplet size distribution

Figure 6 Droplet size distributions
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In addition, there are a lot of non-spherical droplets at the vicinity of liquid fan. Since large droplets need
long time to get spherical, it is considered that the number of large droplets measured with PDA increases with
increasing distance from liquid fan. Figure 9 shows the variation of SMD with changing the position on z-axis. It
is found from Fig. 7 that SMD become constant at the enough distance.
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Figure 7 Variation of SMD with changing the position on z-axis.

Figure 8 shows contour map of SMD (Case 2) in x-y plane at (a) z= 11 mm, (b) 18 mm and (c) 30 mm. Figs.
8 indicates that there is little differences of SMD in y-direction at all height. Figures 8 (a) — (c) show mass flux
contour map in x-y plane measured with PDA. Although it is known that value of the mass flux measured with
PDA is inaccurate quantitatively, it should help us to understand distribution of the mass flux qualitatively. In
Figs. 9 (a) and (b), there is high mass flux area around z-axis. In Fig. 9 (c), mass flux distribution is nearly flat.
These tendencies indicate that mass flux distribution in perpendicular direction to the liquid fan is getting smooth
with increasing distance from impinging point. From these results, it is possible to adapt impinging jet atomiza-
tion model to actual phenomena by considering mass flux distributions.

These results indicate that the atomized spray is also distributed in y-direction and the droplet size distribu-
tion would be similar. Therefore, it can be thought that in order to improve the theoretical model, the distribution
in x-y plane should be considered.
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To confirm the variation of SMD at the vicinity of liquid fan, Figure 10 shows the variation of SMD meas-
ured in this experiment and numerical model with changing azimuthal angle. Azimuthal angle « means the angle
between z-axis and measuring point. & = 0° means z-axis negative direction. Experimental values of Figure 10
are measured at the closest point to liquid fan which measured with high speed imaging. SMD cannot be meas-
ured the range where there are no experimental values resulted from the measurement area. As shown in Figure
10, it is found that SMD increases with increasing « and peaks at « = 180°. This is because thickness of liquid
sheet increases with increasing «. Numerical model denotes the same tendency of experimental value. However,
there are differences between theoretical model and experimental results. The reason of this different is the same
of reduction of liquid fan.
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Figure 10 Variation of SMD with changing o

Summary and Conclusions

The final goal of this study is to make impinging jet atomization model with using atomization processes
and spray characteristics at the vicinity of liquid fan. In order to make an impinging atomization model, we con-
ducted experimental measurements by using high-speed imaging and phase Doppler anemometry at the vicinity
of liquid fan. Results are summarized as follows.

And from the results of high-speed imaging, the liquid fans of experimental results are smaller than that of
the theoretical analysis. This is because inhomogeneous flow and fluctuation of flow rate which is not considered
in theoretical model. SMD did not change in y-direction at every height, but mass flux distribution is not flat at
upper stream area.

Those results indicated that improving the atomization model in point of disintegration point and mass flux
distribution, accurate atomization model could be proposed.
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