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Abstract

Distributions of the drop size and velocity in an asymmetric impinging jet are investigated by injecting water and a
sodium carbonate (Na,COs) solution, which simulates the mixing process in impinging jet sprays of liquid oxidizer and
liquid fuel for liquid propellants. The liquid sheet formed from the impinging jet is visualized and the drop size distri-
butions are obtained by using image processing for the visualized images. The drop size distribution of the asymmetric
impinging jets is fitted to the Rosin-Rammler distribution function. The obtained drop size distributions according to
the azimuth angle in the impinging jet are compared with the theoretical predictions of previous research. The experi-
mental results of the drop size distributions are located between the two curves obtained from the theoretical predic-
tions by treating each jet in the asymmetric impinging jets as an independent wall-impinging jet. PIV images using a
double-exposure method were processed to obtain the drop velocity vector in the impinging jets. Whether the drops
shedding from the edge of the asymmetric impinging jets occurs radially or tangentially is also investigated from the

PIV results.
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1. Introduction

The sprays formed by two impinging liquid jets are
widely used in the supply of liquid fuel and oxidizer
in liquid propellant rocket combustors. The liquid jets
from two nozzles impinge upon each other to form a
liquid sheet. At low velocities, the spray from the
impinging jets is patterned into stable liquid sheets
that shed drops at the edges of the sheets. When the
liquid is transported towards the edge of a sheet, the
thickness decreases and disturbances are amplified.
When the surface tension and inertia become unbal-
anced, ligaments are formed and droplets are then
generated [1].

The shape and thickness of the impinging jets and
the distribution of the drop size and velocity of the
sprays were investigated by Ranz [2], Hasson and
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Peck [3], Kang et al. [4] and Choo and Kang [5] with
a stable liquid sheet with relatively low jet velocities.
Couto and Bastos-Netto [6] and Ibrahim and Przek-
was [7] investigated the atomization characteristics of
impinging jets experimentally. Ashgriz et al. [8] in-
vestigated the mixing characteristics of sprays formed
by the impingement of two water jets, and Lee et al.
[9] investigated the mixture composition distribution
in asymmetric impinging jets using impinging jets
formed by water and a sodium carbonate (Na,CO;)
solution of which the mixture composition distribu-
tion was measured with an acid-base titration tech-
nique. Jung [10] et al. measured the mass concentra-
tion and mass flux of the impinging jets using the
PLIF technique.

In practical combustors, the fuel and oxidizer must
be miscible and supplied in a near-stoichiometric
proportion. Therefore, the two impinging jets can be
asymmetric. However, most research related to im-
pinging jets, with a small number of exceptions, has



C. H. Lee / Journal of Mechanical Science and Technology 22 (2008) 608~617 609

focused on symmetric impinging jets. Scant research
exists regarding the distribution of the drop size and
velocity in asymmetric impinging jets. In the present
study, the distribution of the drop size and velocity in
impinging jets are investigated by using a miscible
water and sodium carbonate (Na,COj3) solution. The
water and the sodium carbonate in the solution simu-
late the oxidizer and the fuel, respectively. An exist-
ing model [11] for a wall jet was adopted to calculate
the predicted theoretical drop size distribution of the
asymmetric impinging jets in which each jet is treated
as a wall-impinging jet. Captured camera images
using a double-exposure method were processed to
track the location of each drop. The location was then
used to calculate the drop velocity vectors in the im-
pinging jets.

2. Experiment

The experimental setup consists of pressurized ves-
sels for the compressing liquid, flow control system,
nozzles and their positioners. The liquid vessels for
water and 1 M (Molarity) sodium carbonate (Na,CO;)
solution were pressurized at 2 atm by using regulated
compressed air. Variable-area flow meters were used
for the flow rate control. The nozzle consisted of a

stainless steel tube with an inner diameter of 0.67 mm.

The tubes were long enough to attain fully developed
flow at the nozzle exits.

The liquid sheet and droplet-formation processes in
the asymmetric impinging jets were visualized with a
35-mm film camera and a stroboscope. The camera
and stroboscope were positioned opposite to each
other with the liquid sheet in between. Thus, the im-
ages captured are forward scattering images of the
impinging jets. A double-exposure image that tracked
each drop was captured. By setting the shutter speed
of the camera at 1/500 sec, the camera film was ex-
posed to the stroboscope light source, which was
adjusted to generate a pulse of light with a frequency
of 1000 Hz. The film was exposed to two consecutive
pulses of the stroboscope in each trial, as the time
interval between the two consecutive pulses of the
stroboscope was 1/1000 second.

Fig. 1 shows a schematic of the asymmetric im-
pinging jets and various geometric notations. The
nozzles are aligned in the y-z plane and liquid sheets
are formed in the x-z plane. The injection angles of
water and sodium carbonate solution jets relative to
the z-axis are defined as 6, and 6, respectively. Here,

Fig. 1. Schematic diagram of the liquid sheet formed by the
impinging jets.

the subscripts w and s indicate water and sodium car-
bonate solution, respectively, and 8 = 6, + 6, is de-
fined as the impinging angle. For a specified imping-
ing angle, the two injection angles are determined
from the momentum balance in the y-direction [12]
and the liquid sheet that forms is then aligned in the x-
z plane.

In the present study, the distribution of the drop
size and the velocity are investigated while the ratio
of mass flow rate m,, : m,, and the impinging angle &
was changed. The density, the viscosity and the sur-
face tension of the water are o, =1.0 (g/cm3 ), Oy =
0.073 (N/m) and v, = 0.01 (cmz/s), respectively. The
density, the viscosity and the surface tension of the
sodium carbonate solution are o, = 1.1 (g/cmS), o, =
0.70 (N/m) and v,= 0.012 (cmz/s), respectively. The
kinematic viscosity and surface tension of the sodium
carbonate solution were determined from a pressure
drop through a capillary and by measuring the vertical
height and contact angle of the liquid in the capillary
tube that was vertically immersed in the solution res-
ervoir, respectively.

3. Image processing

The distribution of the drop size was obtained via
image processing of a captured image of the imping-
ing jets. The software used for this step was NI-
Vision™. The original image was processed with a
script file consisting of several steps of the image
processing functions. Fig. 2 describes the processing
of the images. The image in Fig. 2 (a) is the original
captured image. The first step in the processing of this
image involves edge detection, which finds edges
along a selected path based on the threshold of the
grayscale values, as shown in Fig. 2 (b). In this study,
a Sobel filter was used as a high-pass filter that ex-



610 C. H. Lee / Journal of Mechanical Science and Technology 22 (2008) 608~617

Fig. 2. Image-processing steps for obtaining the distribution of the drop sizes in typical impinging jets.

tracts the outer contours of objects. The next step is to
close the borders of the particles and fill the holes, as
shown in Fig. 2 (c). Fig. 2 (d) shows the process of
selecting actual drops by removing the shape of the
borders. Tiny particles that are not drops but noises
are then removed by a particle filter, as shown in Fig.
2 (e). Fig. 2 (f) displays the final results for selected
particle measurements performed on the aforemen-
tioned image with assigning numeric labels for each
drop.

Fig. 3 shows the image processing steps necessary

to obtain the velocity distribution of drops shed from
the impinging jets. Double exposure for the imping-
ing jets was performed to obtain a PIV image of the
impinging jets. The velocity of the drops was calcu-
lated from dividing the moving distance between a
pair of drops by the exposure time of A=1ms. Fig. 3
(a) is the original image captured by the double-
exposure method. The image processing steps shown
in Fig. 3 are similar to those outlined in Fig. 2. A data
file that includes the drop size, x-y location and label
for each of the drops in Fig. 3 (f) was obtained with
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Fig. 3. Image processing steps for obtaining the velocity vectors of the drops from a typical double-exposure image.

the NI-Vision™ software. The moving distance be-
tween a pair drops during the exposure time could be
calculated from the location information contained in
the data file. As the number of drops formed from the
impinging jets was not great, matching of pairs of
drops was performed by comparing the location, size,
and direction of the drops one by one in the IDE (in-
tegrated development environment) of the NI-
Vision'" software.

4. Theoretical models to predict the distribution
of the drop size

The theoretical distribution of the drop size shed
from the symmetric impinging jets was derived by

Dombrowski and Johns [13], as follows:

1/6
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Here, 1 (cp), 6 (dynem-') and p; (g cm™) are the
viscosity, the surface tension, and the liquid density,
respectively and dp (cm) is the ligament diameter
following Couto et al. [14]:
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Here, p (g cm™) is the density of the gaseous me-
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dium, U can be considered nearly equal to the jet
velocity, and K is written as in Couto et al. [14],

R*sin’ @

k= (1-cosgcosf) ®)

In Eq. (3), R represents the radius of the liquid jet,
@ is the impinging angle, and ¢ is the azimuth angle
of the impinging sheet. By substituting Eq. (2) and Eq.
(3) into Eq. (1), the theoretical drop size distribution
according to the azimuth angle can be calculated for
symmetric impinging jets. The ratio of the mass flow
rate of m,:m, was varied as 1:1, 1.4:1 and 2:1. The
impinging jets formed with the condition of m,:m, =
1:1, which is symmetric only when the ratio of the
mass flow rate is asymmetric, as the properties (densi-
ties) of the water and sodium carbonate solution differ,
which results in two different impinging angles 6,, &,
respectively.

For these asymmetric jets, the water jet and sodium
carbonate solution jet are treated separately in the
estimation of the theoretical drop distribution. Lee et
al. [9] applied the wall-impinging jet model of Reitz
and Naber [11] to calculate the flow rate of each jet in
asymmetric impinging jets. Similarly, the jets of the
present asymmetric impinging jets are treated as a
wall-impinging jet in which each jet has a wall-
impinging angle characterized by 6, and 6, as de-
fined in Fig. 1. The theoretical drop distribution for
each jet in the asymmetric impinging jets can be cal-
culated by applying a symmetric model to each jet, as
characterized by =26, and 8=26, for the impinging
angle.

5. Results and discussion

The steps of the image processing as shown in Fig.
2 were applied to the original film image. The loca-
tions and sizes of the drops were obtained by assign-
ing numeric labels for each drop, as shown in Fig. 2
(f). The Rosin-Rammler distribution function [15]
was compared to the size distribution of the drops in
the impinging jets. The Rosin-Rammler distribution is
expressed as follows:

1-Q=exp—(D/X)* @)

Here, Q is the volume fraction of the drops whose
diameter is less than D, g is an adjustable constant
that functions to improve the fit to experimental data,
and X is the drop diameter such that 63.2 % of the

total liquid volume is in drops of a smaller diameter.

Figs. 4-6 show the cumulative volume fraction of
the experimental drop size distributions in a compari-
son with the Rosin-Rammler distribution function.
Here, the ratio of the mass flow rate and the imping-
ing angle of the impinging jets varies. The Rosin-
Rammler distribution model fits comparatively well
the experimental results; the sizes of the drops are
distributed in an approximate range of 150 pum to
3000 wm. Fig. 4 shows the results for the impinging
jets with a ratio of the mass flow rate of m,:m, = 1:1
and impinging angles (a) 6=90° (6,=42°, §=48"), and
(b) 6=120° (6,=52°, 6=68"). The Reynolds number
of each jet at conditions of & =90 and £=120° is
Re,=2870 and Re~=1690, respectively.
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Fig. 4. Comparison of the experimental drop size distribution
obtained from the processing of the image with the Rosin-
Rammler model for m,:m=1:1 ; (a) 6=90° and (b) 8=120".
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Fig. 5. Comparison of the experimental drop size distribution
obtained from the processing of the image with the Rosin-
Rammler model for m,:m; = 1.4:1 ; (a) & =90° and (b) € =
120°.

Fig. 5 shows the results for the impinging jets with
the ratio of the mass flow rate of m,:m, = 1.4:1 and
the impinging angles (a) 8 = 90° (6, =25°, 6, =65°),
and (b) @ = 120" (6, =31°, 6, =89"). The Reynolds
number of each jet in both the 8 =90° and 6=120°
cases is Re,=4010 and Re~1690, respectively. The
distribution of the drop size for §=120° is similar to
that at 8=90°. The distribution of the drop size with a
ratio of the mass flow rate of mz,:m, = 1.4:1 is smaller
than that with a ratio of the mass flow rate of m,:m, =
1:1 due to the higher velocity of the water jet with a
ratio of the mass flow rate of m,:m, = 1.4:1. Fig. 6
shows the results for the impinging jets with a ratio of
the mass flow rate of m,:m, = 2:1 and the impinging
angle 8=90° (4, =13°, 6, =77°). The Reynolds num-
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Fig. 6. Comparison of the experimental drop size distribution
obtained from the processing of the image with the Rosin-
Rammler model for m,,:m=2:1, 6=90".
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ber for the two jets with a ratio of the mass flow rate
of m,:m=2:1 is Re,=4880 and Re=1420, respectively.

The distribution of the drop size according to the
azimuth angle was compared with the theoretical
calculations of Dombroski and Johns [13] and with
the K value from Couto et al. [14]. Fig. 7 shows a
comparison of the results between the experiments
and theoretical predictions while varying the azimuth
angle ¢ for the ratio of the mass flow rate of m,:m, =
1:1 and the impinging angles (a) 6=90° (6,=42°,
6=48%), (b) 6=120" (6,=52°, 6=68"), respectively.
The circle in Fig. 7 represents the experimental results,
and the solid and dashed lines in Fig. 7 represent
theoretical predictions of the drop size distribution for
the sodium carbonate solution and water jets, respec-
tively. The experimental drop sizes were distributed
ranging from 150 um to 2000 um; they decrease as
the azimuth angle increases. The theoretical predic-
tions of the sodium carbonate solution jet are larger
than those of the water jet due to the lower jet veloc-
ity of the sodium carbonate solution. The solid line
and dashed line in Fig. 7 represent the upper and
lower limits, respectively, of the theoretical predic-
tions in the drop sizes of the asymmetric impinging
jets, and the prediction of the drop size decreases as
the azimuth angle increases. This is in good agree-
ment with trends in the experimental results. The
experimental drop sizes are distributed over both the
solid line and dashed line and are comparatively well
fitted to the ranges of theoretical predictions. The
Reynolds numbers of each jet in both the §=90" and
6=120° cases are identical to Re,=2870, Re~1690,
respectively. The larger jet angles =68 and 6,=
52°of the sodium carbonate solution and the water jet
at =120° cause a wider drop distribution over the
azimuth angle as well as an increase in the number of
drops due to the greater impinging momentum of the
impinging jets compared to those at §=90°.

Fig. 8 shows for the results with the ratio of the
mass flow rate of m,:m, = 1.4:1 and the impinging
angles (a) 6=90° (4,=25°, 6=65"), and (b) 6=120°
(6,=31°, 6=89"). The results are similar to those of
the mass flow rate ratio of m,:m, = 1:1, as shown in
Fig. 7. Fig. 9 shows the results for a ratio of the mass
flow rate of m,:m, = 2:1 and impinging angle of
0=90° (6,=13°, 6=77°). The results are also similar
to those of the mass flow rate ratio of m,:m, = 1.4:1.
In case of an impinging angle of #=120° with a mass
flow rate ratio of m,:m, = 2:1, the liquid sheet did not
form.
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Fig. 8. Experimental drop distribution of the impinging jets
according to the azimuth angle and a comparison with the
theoretical predictions for m,,:m; = 1.4:1 ; (a) & = 90° and (b)
6 =120".

In Figs. 7 and 8, the theoretical drop size distribu-
tions generally fail to account for the wide distribu-
tion of droplet sizes, ranging from 200 um to 2000
um. Kang et al. [4] explained that this discrepancy
could come from the assumption of Dombrowski and
Johns [14] that only one size of droplets is created
from the unstable liquid ligaments. A more improved
theoretical model which includes the generation of
multiple sizes of droplets should be developed to
enhance the accuracy of the theoretical prediction.

The image processing steps that obtain the velocity
distribution of drops shed from the impinging jets
(explained previously) were applied to a double-
exposure image of the impinging jets. Figs. 10-12
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show the velocity vector of the drops shed from the
impinging jets by connecting every location of the
drops that moves during the 1-ms double-exposure
time interval with the varying ratios of the mass flow
rate of m,:m, = 1:1, 1.4:1 and 2:1. The small solid
circle on the upper side of Figs. 10-12 represents the
impinging point of the jets. The circle diameter of
each drop represents the detected diameter of the
drops obtained from the image processing. The length
scale of 0.5 cm is also displayed to aid the estimation
of the drop velocity. The velocity of each drop could
be calculated by dividing the length of the arrow by
the time interval of the double exposure, At=1ms. If
the length of the arrow of a drop vector is 0.5 cm, the
velocity of the drop is 5 m/s. The velocity of each
drop shows a distribution of approximately 4 m/s ~ 2
m/s. The velocity vectors of the drops in Figs. 10-12
show a generally symmetric appearance with respect
to the z-axis. Each drop generally appears to be di-
rected radially out from the impinging point, as sug-
gested by Taylor [16]. However, a small number of
drops have negative velocity vector in the right half of
the sheet in the vicinity of ¢=0° and a positive veloc-
ity vector in the left hand sheet in the same vicinity.
Kang et al. [4] explained these characteristics of the
velocity vector in the vicinity of ¢=0° as the drops
shed from the edges of the impinging jets that occur
tangentially along the edge and not radially. Follow-
ing an analysis of the results of Kang et al. [4] involv-
ing symmetric impinging jets, the drops shed from the
asymmetric impinging jets in the present study could
also occur tangentially along the edge. Whether the
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Fig. 9. Experimental drop distribution of the impinging jets

according to the azimuth angle and a comparison with the
theoretical predictions for m,,:m,=2:1, 8 =90°.

droplets shedding from the liquid sheet are to move
radially or tangentially is important, because the ve-
locity vector of the droplets which are shedding from
the edge of the liquid sheet is used to predict the drop
location and mixing characteristics of the impinging
jets. The asymmetric impinging jets show similar
pattern of the velocity distribution in the symmetric
impinging jets investigated by Kang et al. [4].

Fig. 10 shows the velocity vector of drops shed
from the impinging jets by connecting each location
of the drops that move during the 1-ms double-
exposure interval time with a ratio of the mass flow
rate of m,:m, = 1:1 and the impinging angles of (a)
0=90" (6,=42°, 6=48°), and (b) 6=120" (4,=52",
6=68°). The velocity distribution with the impinging
angle of #=90° is more uniform compared to that of
6=120°. This result might be due to the larger differ-
ence between 6,=52° and =68 in the impinging jet
with #=120°, which increases the instability in the
liquid sheet of the impinging jets.
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Fig. 10. PIV results for the asymmetric impinging jets for
my:ms=1:1; (a) @ =90° and (b) 8 = 120°.
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Fig. 11 shows the PIV results, which are similar to
those in Fig. 10, with the ratio of mass flow rate of
m,:m, = 1.4:1 and the impinging angles (a) 8=90"
(6,=25°, 6765"), (b) 6=120" (6,=31°, 6=89"), re-
spectively. The results shown in Fig. 11 are fairly
similar to those in Fig. 10. The velocity of each drop
shows a distribution of approximately 3 m/s ~ 5 m/s,
which is higher than that with a mass ratio of m,:m, =
1:1 due to the larger Reynolds number of Re,=4010;
in other words, this is due to the higher water jet ve-
locity.

Fig. 12 shows the results with a ratio of the mass
flow rate of m,:m, = 2:1 and the impinging angle of
6=90° (6,=13°, 6=77"). Additionally, the results are
similar to those with a mass flow rate ratio of m,:m, =
1.4:1.
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Fig. 12. PIV results for the asymmetric impinging jets for
m,:mg=2:1, 8 =90°.

6. Concluding remarks

Distributions of the drop size and velocity in an
asymmetric impinging jet are investigated by using a
visualization and image-processing method. An exist-
ing model for a wall jet is applied to test the predicted
theoretical size distribution of the drops as applied to
asymmetric impinging jets.

The experimental results of the drops size obtained
from the visualization and image-processing method
are in good agreement with the predicted theoretical
size distribution using the wall-impinging jet model.
The drop velocity distribution in the asymmetric im-
pinging jets from analysis of the PIV images using a
double-exposure method show that most drops are
shed radially from the asymmetric impinging point
except in the vicinity of an azimuth angle of ¢ = 0, in
which case a number of drops are shed tangentially
along the impinging edge. This is similar to the sym-
metric impinging jet results.

Nomenclature

d : Nozzle diameter (mm)

H(¢) : Thickness of liquid sheet at 7=R/sing
m : Mass flow rate (kg/s)

M : Molarity

r, R : Radius (mm)

Re  : Reynolds number

U . Jet velocity (m/s)

O, . Injection angle of water jet (*)

o, . Injection angle of sodium carbonate (°)
6 : Impinging angle, 8= 6, + 6,
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o - Density (g/cm’)

v - Kinematic viscosity (cm’/s)
o : Surface tension (N/m)

@ : Azimuth angle
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