JOURNAL OF PROPULSION AND POWER
Vol. 21, No. 3, May—June 2005

Comparison of Mixing Characteristics of Unlike
Triplet Injectors Using Optical Patternator
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Mixing characteristics of an unlike split triplet fuel-oxidizer—oxidizer—fuel (F-O-O-F) injector, which separates
the single oxidizer hole of an unlike triplet fuel-oxidizer-fuel (F—~O-F) injector for liquid-rocket engines, were
investigated under cold-flow conditions. The spray mass distributions of the fuel and oxidizer were measured using
an optical patternator based on the planar liquid laser-induced fluorescence technique, and the mixing mechanism
and the mixing efficiency of the F-O-O-F injector were compared with those of the F-O-F injector. Results
showed that the mixing efficiency of the F~-O-O-F injector is less sensitive to the changes of the momentum ratio or
impingement angle than that of the F~O-F injector because the mixing of the F-O-O-F injector is determined by the
coalescing process of two liquid sheets, whose impinging momentum is weak. Therefore, the F-O-O-F injector has
an advantage in starting injection wherein the momentum ratio is usually different from the operating condition.

Nomenclature

index of deviation from injection mass flow rate
orifice diameter
mixing efficiency, %
gray level of fluorescence signal
averaged intensity of incident laser beam
constant
= total mass flow rate injected from orifice hole(s)
or fuel holes
= mass flow rate of spray passing local cell
number of pixels where » < R
number of pixels where r > R ) ] )
total mixure fraction of fuel and oxidizer, M, /(M, + M)
momentum ratio of oxidizer to fuel, M, V,/M;V;
local mixture fraction of fuel and oxidizer, 1, /(m, + 1 5)
injection velocity
averaged radial velocity of drops
z-axial component of spray velocity
distance from injector surface to measurement location
distance from last impingement point
to measurement location
one-half impingement angle, angle between fuel
and oxidizer orifices
= dynamic viscosity
liquid density
time-averaged spray density
= surface tension
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I. Introduction

NLIKE-TRIPLET oxidizer—fuel-oxidizer (O-F-O) or fuel-

oxidizer—fuel (F-O-F) injectors are commonly used in liquid
rocket engines that use liquid oxygen (LOX) and hydrocarbon pro-
pellants because of their operational reliability and potentially high
mass flow rates. In particular, the O—F-O injector has been known
as the best impinging-type injector with regard to both combustion
performance and stability.'™* However, it has poor wall compati-
bility, and, thus, the F-O-F injector has been used when the wall
compatibility is more important than combustion performance.’*

The maximum specific impulse of LOX/kerosene propellant can
be obtained when the optimum mixture ratio is approximately 2.3
(Ref. 5). To satisfy this mixture ratio, the area of oxidizer hole of
the F-O-F injector has to be about three times as large as that of the
fuel hole.*% Because the large difference between the oxidizer and
fuel hole diameters may reduce the atomization efficiency, a fuel-
oxidizer—oxidizer—fuel (F-O-O-F) (or unlike-split-triplet) injector,
which separates the single oxidizer hole of the F-O—F injector into
double oxidizer holes, was designed.®’

Pavli® reported from his subscale engine tests that the combustion
performance of the F-O—O-F injector is as high as that of the O-F-O
injector, whereas that of a pair of like-doublet [fuel-fuel (F-F) and
oxidizer—oxidizer (O—O)] injectors is relatively low. Although the
hot test definitely showed the high combustion performance of the
F-O-O-F injector, it was difficult to find the fundamental reasons
for this high performance because the atomization or mixing mech-
anism of liquid propellants could not be investigated under combus-
tion conditions.

In general, poor performance of an injector at cold-flow con-
ditions leads to poor combustion performance of the injector, al-
though high performance at cold-flow conditions does not imply
high combustion performance.* As for the cold-flow tests, Won
etal.” compared the mixing efficiencies of F-O—O-F, oxidizer—fuel-
fuel-oxidizer (O—F-F-0), and unlike-doublet fuel-oxidizer (F-O)
injectors. From the results, they found that the mixing efficiency of
the F—~O-O-F injector is the highest for the same momentum ra-
tios. However, the comparison between the F-O-O-F and F-O-F
injectors has not been reported, even though the F-O—-O-F injector
has been modified from the F—O-F injector. In the present study,
therefore, the spray mixing characteristics of the F-O—-O-F injector
were investigated and compared with those of the F—-O-F injector
under cold-flow conditions.

To study the mixing characteristics of liquid propellants, both
mass distributions of oxidizer and fuel have to be measured. As
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a measurement technique for the mass distribution, a mechanical
patternator, which collects the injected spray mass at many cells
during a specified time, is used.”® However, this method has sev-
eral limitations: low spatial resolution, measurement inconvenience,
disturbance to the spray, and so on. As a nonintrusive optical patter-
nator, a phase Doppler particle analyzer, (PDPA), which measures
both the sizes and velocities of spherical drops using light scattering
interferometry, can obtain very reliable mass flux data.” However,
the PDPA is difficult to apply to a dense spray zone, which contains
nonspherical drops and multiple particles.'” In contrast, a planar lig-
uid laser-induced fluorescence (PLLIF) technique, which is based
on the linearity of the fluorescence signal to the spray mass concen-
tration, can obtain two-dimensional mass distributions with high
spatial resolution, regardless of whether the drops are spherical or
not.!! Because the present sprays of the F-O—O-F and F-O-F in-
jectors include liquid sheets or ligaments, as well as fine drops at
the measurement locations, we used the optical patternator based
on the PLLIF technique instead of the PDPA.

II. Experimental Methods

A. PLLIF Basics and Its Validation

The PLLIF technique is based on the fluorescence signal intensity
being proportional to the concentration of fluorescence molecules
under the condition that the laser light absorption is low enough for
the molecules to be uniformly illuminated.'?> Thus, the gray level
of fluorescence signal at a charge-coupled device pixel of (x, y)
location can be described as follows!?:

G(x,y) =KIi(x, y)p(x, y) €y

where p(x, y) indicates the time-averaged spray density during the
camera exposure time, and, thus, the gray level in Eq. (1) indicates
the total spray mass that does not pass but that exists at the corre-
sponding volume of the pixel area and the beam thickness during
the exposure time, that is, the spatial spray mass concentration. Fur-
thermore, the constant K is difficult to obtain, and so the gray levels
can give only qualitative data. Consequently, Eq. (1) indicates that
only the relative distribution of spatial spray mass concentration can
be obtained from the PLLIF measurement.

To validate the linearity of the fluorescence signal to the concen-
tration of fluorescent molecules, an experiment was carried out as
shown in Fig. 1a. An Ar—ion laser sheet beam illuminated a quartz
cell filled with the same liquid solution as the fuel or oxidizer sim-
ulant. A blocking slit was used to minimize the secondary emission
by nearby fluorescence molecules. Figure 1b shows the gray lev-
els of the fluorescence signals as a function of the fluorescent dye
concentration; symbols and error bars indicate the averaged val-
ues for 100 data points and their standard deviations, respectively,
and the maximum level is 255 because the 12-bit gray levels were
converted into 8-bit form, which is easier to handle. The gray lev-
els increase linearly as the concentration of fluorescent molecules
increases. Therefore, the fluorescence signal is proportional to the
spray mass only if the fluorescent molecules are uniformly dis-
tributed inside the spray mass.

The result of Fig. 1b also shows that the PLLIF technique can be
valid for measuring the liquid-phase mixing. If fluorescent dye of
30 mg/1 is added to water to measure the fuel mass distribution, and
this mixture is mixed with the oxidizer of pure water at a unit vol-
ume, the concentration of fluorescent dye may be determined by the
remaining fuel mass at the unit volume. Because the fluorescence
signal changes linearly to the dye concentration as shown in Fig. 1b,
the signal may show the corresponding level of the fuel mass con-
centration qualitatively. If it is assumed that the mixing process is
steady, the qualitative oxidizer mass distribution also can be mea-
sured with the same procedure, using the fluorescent dye solution
for the oxidizer simulant and pure water for the fuel simulant.

The qualitative spray mass concentration can be converted into
the quantitative local mass flow rate by the following equation'3:

V., G, y)
Doy Vi NG, )

mx,y) = (M, + M) 2)

blocking slit
fluorescein
+simulant
Ar+
sheet beam quartz cell

a) Schematic of experimental setup
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b) Gray levels of fluorescence signals as a function of the dye
concentration
Fig. 1 Validation of the linearity of gray levels of fluorescence signals to
the dye concentration; error bars in Fig. 1b indicate standard deviations
of 100 data points.

where the injection mass flow rate M, or M ¢ can be measured eas-
ily, but where it is difficult to obtain the z component of the spray
mass velocity V, because most of the examined sprays do not con-
sist of spherical drops and the PDPA cannot measure the velocities
of nonspherical drops. However, if the drops are considered to be
distributed almost on spherical surfaces, whose centers are the last
impingement points,'* V. at each (x, y, z) point can be obtained as

follows:
Vo(x,y,2) = Va(z /22 + y* + 22) €))

where V, is an averaged radial velocity of drops on a spherical
surface. Finally, the spray mass flow rate distributions of the present
injectors can be obtained quantitatively by substituting Eq. (3) for
Eq. (2).

B. Experimental Setup for PLLIF Measurements

Figure 2 shows a schematic of the experimental setup for the
measurement of the spray mass distributions on the transverse plane
using the PLLIF technique. A continuous beam of Ar—ion laser
(LEXEL, Model 95) was spread as a sheet beam by a fiber optic beam
expander. The mixture of water and methyl alcohol (of volumetric
ratio 4:1) was used as simulants of fuel and oxidizer, and Fluorescein
(Cy0H1,0s, Aldrich Chemical Company) of 30 mg was dissolved
into the simulant of 1 liter. Because the Fluorescein absorbs light in
the wavelength range from 400 to 530 nm with the peak wavelength
at about 488 nm, the Ar—ion laser beam of 488 nm in wavelength
was used. The emission spectrum of the Fluorescein in the present
simulant was measured using a monochromator, and it was found
that the spectrum ranged from 500 to 650 nm and that the peak
emission appears at 525 nm.

After being separated from the scattering signal by an edge filter
that cuts off wavelengths below 550 nm, the fluorescence signal
was recorded on a digital camera (Canon D30, 12-bit, 2160 x 1440
resolution). The exposure time of the camera was 0.25 s, adequate
for temporal averaging, and 50 images were averaged to represent
one experimental case. Temporal averaging was large because the
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PLLIF technique for the liquid-phase mixing can be used only in
steady flows, although the spray flow is unsteady. As shown in Fig.
2, because it was impossible to take images at a normal direction to
the sheet beam due to obstruction from the spray, the location of the
camera was inclined at about a 40-deg angle, and the perspective
errors of the images were corrected by an image transformation
method.'? In addition, generally, both the incident laser sheet beam
and the fluorescence signal are scattered as they pass the dense spray,
which results in the reduction of fluorescence signal intensity.!!
However, the scattering was not important in the present sheet shape
sprays, which have narrow spray zones.'?

C. Injector Design and Experimental Conditions

The F-O-O-F injector has two oxidizer jets, that are injected in
parallel at the injector center and two adjacent fuel jets, that are
injected with a specific angle 6, as shown in Fig. 3. The oxidizer
and fuel jets impinge at the first impingement points and form two
liquid sheets. After the first impingements, the two liquid sheets im-
pinge again at the second impingement location because the sheet
angles are not parallel to the center. Although the spray structure of
the F-O—O-F injector is similar to that of a pair of unlike-doublet
[F-O and oxidizer—fuel (O-F)] injectors, the momentum of the
F-O—-O-F injector at the second impingement point is stronger, and,
consequently, both the atomization and mixing performances of the
F-O-O-F injector are better than those of the pair of unlike-doublet
injectors.” In contrast, the two fuel jets and the oxidizer jet of an
F-O-F injector impinge only at the first impingement point and
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. Edge-Filter
wr. | Digtal
y Camera
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Tank
Ox.
(simulant)

Tank
|

Fig. 2 Schematic of experimental setup for measurements of mass dis-
tributions using PLLIF technique.

Drain

form a single liquid sheet on the x—z plane, which is normal to the
y—z plane of liquid jets as shown in Fig. 3.

According to Riebling, the optimum diameter ratio of the F-O-F
injector for the maximum mixing efficiency can be obtained by the
following correlation'>:

Thus, we determined the orifice diameters of the F~O-F injector
for the mixture ratio of 2.3 considering Eq. (4) as shown in Fig. 3,
that is, d, = 1.8 mm and dy = 1.1 mm. The orifice diameters of
the two oxidizer jets of the F-O—O-F injector (d, = 1.3 mm) were
designed to have the same cross-sectional area as one oxidizer jet
of the F-O-F injector. The ratios of the orifice length to diameter
(about 30) were designed to be longer than those of practical in-
jectors (about 5) to reduce deviations in measurements because the
longer orifice has been known to make a steadier spray pattern.'*
The impingement angle 20, which is defined by the angle between
two fuel orifices, was designed to be 30, 45, and 60 deg. As the
angle increases, the impinging momentum of fuel jet to the oxidizer
jet increases, and, thus, the atomization performance of the injector
increases, but the spray zone approaches the injector surface, which
can damage the injector under combustion conditions. Although, in
general, the unlike-impinging-type injectors have maximum com-
bustion performance when their impingement angles are 60 deg
(Refs. 1 and 3), the angles must be decreased when the reduction
of heat transfer from the combustion zone to the injector surface
is more important than the combustion performance. Therefore, the
experimental cases with lower impingement angles of 30 and 45 deg
were included to investigate the effect of impingement angle on the
mixing performance.

The momentum ratio of oxidizer to fuel R, was used as a major
independent variable, and it was changed from 0.5 to 6.5; the design
momentum ratio for the mixture ratio of 2.3 was 3.0. Table 1 shows
the experimental conditions for both injectors. We controlled the
mass flow rate of the oxidizer under the constant mass flow rate
of the fuel to satisfy the momentum ratio based on LOX/kerosene
propellant with the present liquid simulants.

As a liquid simulant, a water-based solution, obtained by com-
bining methyl alcohol of 20% of total liquid volume and fluorescent
dye, was used to obtain the fluorescence signal. Although, generally,
the combination of water/kerosene is used instead of LOX/kerosene
propellants in nonreactive tests,*” kerosene has too weak a flu-
orescence signal and cannot dissolve fluorescein dye; therefore,
kerosene cannot be used for the present PLLIF measurements. Be-
cause the physical properties of the present simulant (p = 0.8 g/cm?,
0 =26 g/s?, and £ =0.016 g/cm-s) are different from those of
kerosene (p =1.0 g/lcm’, 0 =63 g/s?, and . =0.008 g/cm - s), we
tried to confirm that the similarity of momentum ratio can sim-
ulate the real propellant combination. Figure 4 shows the mass

(atu=
2nd imp. point
R /_ p. p!
2nd sheet —— izz < 1st sheet
[ J
6mm 6mm 6mm 9mm  9mm
s
=] [ ] [ ] =) ° °
F-O-O-F F-O-F

Fig. 3 Schematics of F-O-O-F and F-O-F injectors for present study and photographs of injector assemblies: inner oxidizer orifice(s) and outer

fuel orifices.
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Table 1 Mass flow rates and injection velocities of the present simulants for the similarity of momentum ratio
of LOX/kerosene propellant

Momentum ratio Ry 0.5 1.0 1.5 2.0 25 3.0° 35 4.0 45 5.0 5.5 6.0 6.5
Mass flow rate M ,gls
MO 131 185 227 262 293 321 346 370 393 414 434 453 472
My 16.0 160 160 160 160 160 160 160 160 160 160 160 16.0
Injection velocity V, m/s
Vo 5.1 7.3 89 103 115 126 136 146 154 163 17.1 178 185
Vy 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4

#Design momentum ratio corresponding to the mixture ratio of 2.3 for LOX/kerosene propellant.

2 2
Fuel : present simulant ox, Fuel : kerosene Ox
Ox. : present simulant (glem’s) Ox. : present simulant (glem’s)
1 577 1F 610
—_ 513 — 542
S 449 15 474
L or 384 L of 407
320 339
> 256 > 271
e 192 1t 203
128 136
64 68
2 . . . . . . L 2 . . . . . . N
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
X [cm] X [cm]
a) Present simulant as a fuel b) Kerosene as a fuel

Fig. 4 Oxidizer mass distributions of F-O—O-F injector when using the present simulant or kerosene were used as a fuel (20 = 60 deg, Rs = 3.0, and
Z1=5cm).

a) F-O-O-F injector

b) F-O-F injector
Fig. 5 Spray patterns of a) F~-O-O-F and b) F-O-F injectors as a function of momentum ratio of oxidizer to fuel Ry (20 =60 deg).
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distributions of the oxidizer obtained by the PLLIF technique. The
present simulant and kerosene were used as fuel in Figs. 4a and 4b,
respectively, under the same momentum ratio of 3.0. The results
showed no significant difference in the absolute value, nor in the
distribution shape of oxidizer mass. Consequently, the effects of
liquid properties are not significant in the spray mass distributions
only if the similarity of momentum ratio is satisfied.

III. Results and Discussion

A. Spray Pattern

Instantaneous images of Fig. 5 obtained with a stroboscope (with
luminous time about 4 us) show the spray patterns of the F-O-
O-F and F-O-F injectors as a function of momentum ratio of
the oxidizer to fuel. Figure 5 shows that the spray angles of the
F-O-O-F injector are lower than those of the F-~O-F injector for
the same momentum ratio. Whereas the F-O-F injector forms the
liquid sheet by the direct impingement of two fuel jets and one ox-
idizer, the F-O-O-F injector forms the final sheet at the second
impingement point by the impingement of two liquid sheets formed
by the first impingement of fuel and oxidizer jets. As a result, the
impact force of the F—~O-F injector is stronger than that of the F-O-
O-F, and, thus, the spray angles of the F~O-F injector are higher
than those of the F-O—O-F injector. From the result, the spray mass
distribution of the F-O—O-F injector is expected to be more con-
centrated than that of the F-O-F at the spray center for the same
momentum ratio, resulting in the different mixing efficiencies.

B. Mixing Mechanism at Design Condition
To understand the mixing mechanisms of both injectors, we used
the following deviation indices (DI):

iy — 1, (My/M,)]
M, + M,

DI/ [%] = x 100 (r < R)

[ty — 11t (M, / M f)]
M, + M;

DL, [%] = x 100 (r > R) 5)

The indices indicate the deviation of local mass flow rate from the
ideal mass flow rate, for example, the DI is calculated as the ra-
tio of the difference between actual and ideal mass flow rates of
fuel to the total injected mass flow rate at fuel-rich mass flow rates
(r<R).

Figure 6 shows the distributions of the DI for both injectors at the
design conditions, that is, momentum ratio of 3.0 and impingement
angle of 60 deg, as a function of measurement location. Because the
mixing of fuel and oxidizer is dominated by the impingements of the
jets, and the impingement locations of both injectors are not same,
the measurement location was determined as the distance from the
last impingement points of both injectors Z,. The oxidizer-rich and
fuel-rich regions were expressed as flood and line contours, respec-
tively. Figure 6 shows large differences in the mixing processes as
well as in the mass distributions of fuel and oxidizer. First, whereas
the oxidizer-rich region of the F-O—O-F injector occupies the spray
center except the case of 8 cm downstream, the fuel-rich region of
the F-O-F injector is distributed at the spray center. In addition,
whereas the spray area of the F-O—O-F injector is wider than that
of the F-O-F injector, the x-axial spray length of the F-O-F injec-
tor is larger than that of the F~O—O-F injector at the same axial
locations.

Figure 7 shows the mixing mechanisms of both injectors at
the design momentum ratio based on Fig. 6; biases for the mass

T T Ox. Fuel

il Z,=1cm | (flood)  (line)
048 10 011
043 9 010
T 03 8 009
.2. 032 7 0.07
027 6 006
> 021 5 005
016 4 004
011 3 002
005 2 001
000 1 000

Ox. Fuel

(flood) (line)
1 020 10 0.14
018 9 012
= 016 8 0.11
g 014 7 009
= 011 6 008
> 009 5 008
007 4 0.05
005 3 0.03
002 2 002
000 1 000

Ox. Fuel

(flood)  (line)
010 10 0417
008 9 015
T 008 8 013
S, 007 7 011
006 6 009
> 005 5 007
004 4 006
002 3 004
001 2 002
000 1 000

Ox. Fuel

(flood)  (line)
1 0070 10  0.09
0082 9 0.08
T 0055 8 007
S 0047 7 006
= 0039 6 005
> 0032 5 004
0024 4 0.03
0016 3 002
0009 2 001
0001 1 00D

a) F-O-O-F injector

T T Ox. Fuel

il Z,=1cm | (Rlood) ~(line)
041 10 0412
037 9 010
T 032 8 009
S, o} 028 7 008
023 6 006
> 018 5 005
014 4 004
-1 009 3 0.03
005 2 001
L . 1 000 1 000

-3 -2 -1 0
X [cm]

Fuel

(line)
10 020
9 0417
T 8 015
S, 7 0413
6 011
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9 o0d1
T 8 010
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6 007
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3 003
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10 042
9 010
T 8 009
S, 7 008
6 007
> 5 005
4 004
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b) F-O-F injector

X [ecm]

Fig. 6 DI distributions of a) F-O-O-F and b) F-O-F injector sprays as a function of distance from last impingement point to measurement location

Z>; line and flood contours indicate fuel-rich and oxidizer-rich regions, respectively (Rys = 3.0 and 26 = 60 deg).
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concentrations of Fig. 6, which resulted from the misalignments of
the injectors, were corrected in Fig. 7. The most important differ-
ence is the mixing mechanism of the fuel and oxidizer jets at the first
impingement point. For the F-O—O-F injector, two pairs of fuel and
oxidizer jets form two liquid sheets after their first impingements,
and then the sheets move to the center with angles of § because the
reduction of the y-axial momentum by the first impingement is not
so significant. As a result, the fuel and oxidizer do not mix well
at the first impingement point, and, thus, the oxidizer-rich region
forms at the center. Although the mixing of the F-O—O-F injector
is improved by the second impingement, its impinging momen-

F-O-OF XN AY 7 Oxiich F-O-F
] Fuelrich /D/./O/
z 0
/1st Imp
sec. X2 1st Imp.
F-0-OF P
sec. X1 X1 X1
2nd Imp. /\ /A\m /\ sec. X2
F-O-F

2

TR

change of spray direction
at last impingement location

Fig. 7 Mixing processes and efficiencies of F-O-O-F and F-O-F in-
jectors as function of measurement location (Rs = 3.0 and 26 = 60 deg).

Ox.

Fuel
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011
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4 3 3
T Oox.
’ R,=1.5 {flood)
031
028
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E 0 021
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> 014
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At 007
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; 5 000
T Ox.
1 R,=3.0 (flood)
0.46
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0.16
AF 0.10
0.05
0.00
4 3
B Ox.
; R,=5.0 (flood)
097
—_ 0.86
075
.S. 0 064
054
> 043
032
b 022
011
4 3 3 4 e00

a) F-O-O-F injector
Fig. 8 DI distributions of the a) F~O-O-F and b) F-O-F injectors as function of momentum ratio of oxidizer to fuel Ry; (260 =60 deg and Z; =6 cm).

(line)

>

SNV ANONDO

021
0.19
016
0.14
0.12
0.08
0.07
0.05
0.02
0.00

Fuel
(line)

10

LANOAOON®E O

0.26
023
0.20
017
014
012
0.09
0.06
0.03
0.00

Fuel
(line)

10

ANOMOONDO

019
017
016
012
0.10
0.08
0.06
0.04
002
0.00

Fuel

(line)

5

AN AOON®D O

0.14
013
0.11
0.10
0.08
0.06
0.05
0.03
0.02
0.00

Y [cm]

Y [cm]

Y [em]

Y [em]

447

tum is relatively low as compared with that of the F-O-F injector
because the impingement of two liquid sheets of the F~O-O-F in-
jector is weaker than that of the liquid jets of the F-O-F injector,
and, thus, the oxidizer of the F-O-O-F injector is still distributed
at the spray center even after the second impingement, as shown
in Figs. 6a and 7. Contrary to the F-O—O-F injector, most of the
y-axial momentums of two fuel jets of the F-O-F injector are lost
after their impingements with the oxidizer jet. Instead, the fuel jets
penetrate into the oxidizer jet during the process so that the oxi-
dizer is separated into two parts, and the fuel is distributed at the
spray center as shown in Figs. 6(b) and 7. Therefore, it is expected
that the mixing of fuel and oxidizer of the F-O-F injector is better
than that of the F-O—O-F injector because the penetrations of fuel
jets of the F-O-F injector are stronger than those of the F-O-O-F
injector.

Another important difference in the mixing process is the spray
directions of fuel and oxidizer after the last impingement locations
of both injectors. As shown in Fig. 7, the three liquid jets of the
F-O-Finjector collide at one point and form one liquid sheet that has
only aradial flow direction from the impingement point. As a result,
the outer oxidizer-rich zone is separated from the central fuel-rich
region after 4 cm downstream from the second impingement point,
as shown in Fig. 6b. In contrast to the F-O-F injector, the F-O-O-F
injector has a number of impingement points on the impingement
line of two liquid sheets, and the points can make local sheets that
have radial flow direction. When it is considered that the final sheet
results from the superposition of the local sheets, the outer fuel-rich
and the central oxidizer-rich zones of the F-O—O-F injector can
have both x~ and x™ directions after the second impingement. As
a result, both zones spread, and, finally, the outer fuel-rich zones
are merged at the center, as in the case 8 cm downstream shown in
Fig. 6a.
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C. Momentum Ratio Effects on Mixing Efficiency

To compare the mixing performance between the F~O-O-F and
F-O-F injectors quantitatively, we calculated mixing efficiencies at
the transverse plane of spray as follows*:

E, =100 — [imﬁim}
0 0

Equation (6) indicates that the mixing efficiency decreases as the
deviation of the mass flow rate (DI or DI,) or the area of the fuel-
or oxidizer-rich zone (n or 1) increases in percentage.

Figures 8 and 9 show the distributions of mass flow rate deviations
and the changes of mixing efficiency at the fixed 6-cm downstream
location from the injector surface as the momentum ratio of oxidizer
to fuel varies. The measurement locations of both injectors were de-
termined to be the same to compare their mixing performances at a
given location, and the 6-cm location includes all of the impinge-
ment points, especially for the case Ry = 6.5 (about 5.5 cm from
the surface of the F-O—O-F injector). In the cases of a low momen-
tum ratio of 0.5, the fuel jets separate the oxidizer regions with their
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Fig. 9 Mixing efficiencies of m, F-O-O-F and O, F-O-F injectors as
function of momentum ratio of oxidizer to fuel Ry (20 =60 deg and
Z1=6 cm).
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high momentums, as shown in Fig. 8, and these separations cause
the mixing efficiencies of both injectors to decrease, as shown in Fig.
9. However, that the mixing efficiency of the F~O-F injector (12%)
is much lower than that of the F-O—O-F injector (58%). This results
from the deviations of both the fuel-rich and oxidizer-rich zones of
the F-O—O-F injector being lower than those of the F—~O-F injector
because the oxidizer-rich zone of the F-O-O-F injector is less sep-
arated from the spray center by the lower impinging momentum, as
shown in Fig. 8.

As the momentum ratio of oxidizer to fuel increases, the imping-
ing momentum of the fuel jets decreases relatively, so that the central
fuel-rich zones are converted into oxidizer-rich zones. From Fig. 8,
it can be estimated that the convertion processes of the F-O-O-F
and F-O-F injectors occur when the momentum ratios are about
2.0 and 4.0, respectively. It is thought that the result that the con-
verting momentum ratio of the F-O—O-F injector is lower than that
of the F—-O-F injector also results from the lower second impinging
momentum of the F~O-O-F injector.

The most important result of Fig. 9 is that the mixing efficiency
of the F-O—O-F injector is not affected by the momentum ratio
significantly. This is a remarkable feature of the F-O-O-F injector;
generally, the mixing performances of common injectors decrease
as the operating range of mixture ratio becomes farther from the
design mixture ratio, especially in starting injection,® but the F-O—
O-F injector is expected to have stable mixing performance for the
wide operating range. This also may result from the difference in the
impingement mechanisms; that is, because the mixing of the F-O-
O-F injector is based on the coalescing process of two liquid sheets,
the mixing efficiency is less sensitive to the impinging momentum
of the first impingement location. Although the mixing efficiency
of the F-O-F injector is more sensitive to the momentum ratio than
that of the F~O-O-F injector, it is about 10% higher than that of the
F-O-O-F when the momentum ratio is close to the design condition
of 3.0 because the mixing caused by the jet impingements is more
efficient than that by the sheet impingement.

D. Impingement Angle Effects on Mixing Efficiency
From the results of the momentum ratio, it was found that the
strong impinging momentums of fuel jets can assist in mixing with
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the oxidizer, but the excessive momentums may separate the oxidizer
at the spray center and reduce the mixing efficiency, especially for
the F-O-F injector. Because the impinging momentum of the fuel
is also increased by the increase of the impingement angle 26, we
investigated the effects of the impingement angle on the mixing
performance.

Figure 10 shows the distributions of mass flow rate deviations
and the mixing efficiencies for both injectors at the fixed 8-cm
downstream location from the injector surface as the impingement
angle is varied; the 8-cm location includes all of the impingement
points, especially at 260 =30 deg (about 6.7 cm from the surface of
F-O-O-F injector). As for the F—O-F injector, the mixing of fuel
and oxidizer is improved by the increase of the impinging momen-
tum of fuel until 45 deg, but the momentum becomes strong enough
to separate the oxidizer-rich region, reducing the mixing efficiency
by about 7% at the impingement angle of 60 deg. In contrast, the
mixing efficiency of the F-O-O-F injector decreases as the im-
pingement angle increases, but the decrement is not as significant
as compared with that of the F-O-F injector. The reason is that,
although the area of the oxidizer-rich zone of the F-O-O-F injector
becomes very large at the angle of 60 deg, the low deviations of
oxidizer mass flow rate compensate for the mixing efficiency, and,
thus, the efficiency does not decrease significantly. In other words,
the F~O—O-F injector can have a very uniform mixing distribution
without the loss of mixing efficiency at the high impingement angle,
such as 60 deg, which is too high for the F~O-F injector.

IV. Conclusions

In the present study, the two-dimensional mass distributions of
oxidizer and fuel were measured by using the PLLIF technique, and
the mixing characteristics of F-O—O-F and F-O-F injectors were
compared. From the results, the following conclusions are drawn:

1) The impinging momentum of the F~O—O-F injector is lower
than that of the F-O-F injector because the impingement of two
liquid sheets of the F-O—O-F injector at the second impingement
location is weaker than that of three liquid jets of the F-O—F injector.
Therefore, the mixing efficiency of the F-O—O-F injector is lower
than that of the F~O-F injector at the same injection conditions.

2) The strong impinging momentums of fuel jets assist in the
mixing of the jets with the oxidizer jet, but excessive momentums
can separate the oxidizer at the spray center and reduce the mixing
efficiency, especially in the case of the F-O-F injector. As for the
F-O-O-F injector, because the mixing is determined by the coalesc-
ing process of the two liquid sheets rather than the jet impingements,
and the impinging momentum of two sheets is weak, the mixing
efficiency is less sensitive to the momentum ratio of oxidizer to
fuel.

3) As for the F-O-O-F injector, the area of the oxidizer-rich
zone becomes larger as the impingement angle increases, but the
lower deviations of the oxidizer mass flow rate compensate for the
mixing efficiency variation, and, thus, the F-O—-O-F injector shows
a uniform mixing distribution without the loss of mixing efficiency.

On the other hand, the mixing of the F~O-F injector is improved by
the increase of the impingement angle, but the excessive impinging
momentum of fuel jets due to the increase of the angle can separate
the oxidizer-rich zone and reduce the mixing efficiency.
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