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Effect of Momentum Ratio on the Mixing Performance
of Unlike Split Triplet Injectors

Y. D. Won,* Y. H. Cho,"S. W. Lee,* and W. S. Yoon*
Yonsei University, Seoul 120-749, Republic of Korea

Experimental investigation of mixing and mixing-controlled combustion efficiencies for sprays formed by unlike
impinging split triplet injector elements was carried out. The quality of mixing was checked by performing cold-
flow tests with inert simulant liquids. Measurements of local mass and mixture ratio distributions were made for
different injection configurations and different jet momentum ratios. Results show that the quality of macroscopic
mixing can be effectively characterized by the jet momentum ratio. The unlike split triplet element with lateral fuel
injection is superior in mixing to either unlike doublet or unlike split triplet elements with central fuel injection.
Secondary impingement appears to play a significant role in the extent of mixing. Mixing characteristics of the
unlike split triplet element and its contribution to the promotion of macroscopic mixing efficiencies are discussed

in detail.
Nomenclature

C* = characteristic velocity, m/s
D = orifice diameter, mm
L = orifice length, mm
M, = local mass, kg
M, = total mass, kg
MR = momentum ratio
m = mass flow rate, kg/s; total number of samples, (n; +n,)
mr = local mixture ratio
Nr = Rupe number
n = number of samples where y < R
ny = number of samples where y > R
R = input (injection) mixture ratio
14 = speed of injected jet, m/s
r = local mixture ratio for n,
y = local mixture ratio for n;
n = mixing or C* efficiency
7 = dynamic viscosity,Pa- s
0 = density, kg/m®
Subscripts
F = fuel
/ = local
mix = mixing
o = oxidizer
S = simulant
t = total
theo = theoretical value
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Introduction

ANY liquidbipropellantrocketinjectorshave spray elements
incorporating the impingement of two or more liquid jets.
These elements are composedof oxidizerand fuel liquid streams that
impinge at a given angle at a prescribed distance from the injector
face. Impact waves caused by jet impingement act primarily for
breakup and mixing of the liquids. The liquid sheet is disintegrated
intermittently, generating groups of drops, and propagates show-
ing wavelike expansion from the point of impingement. Formation
of a fanlike elliptical liquid sheet in the perpendicular direction to
the plane of the impingingjets results. Here, dissipative exchange of
jet momentum providesdirect mechanical mixing, and most mixing
and atomizationtake place in the immediate vicinity of the impinge-
ment point. The impingement process, properly controlled, aids in
spatial distributionas well as atomization of the liquids. In addition,
one can accomplish a macroscopic mixing within the individual el-
ement’s spray pattern. The dependability of the impinging element
has been demonstrated in diverse applications such as numerous
storable-propellantengines and small reaction control engines. Also
therelativeease of fabricationof impingingelements makes this type
of injector an attractive alternative to coaxial injector elements.!
The spray characteristics of impinging injections were exten-
sively studied in the late 1950s through the early 1960s.>~* Nu-
merous reports regarding spray characteristics, for example, drop
size and velocity distribution, were issued. Heidmann et al.? con-
ducted an extensive study of impinging jets to investigate the effects
on spray characteristics of orifice diameter, jet velocity, impinge-
mentangle, preimpingementlength,and liquid properties. Viscosity
and surface tension effects were also investigated employing vari-
ous types of simulants. Liquid jet velocity and impingement angle
were noted to be main parameters controlling spray characteristics.
Dombrowski and Hooper® made cold-flow experimental efforts to
investigate various aspects of jet impingement and spray formation.
Photographsof spraysrevealed that disintegrationof the liquid sheet
resulted from the formation of unstable waves of hydrodynamicori-
gin. Both the disintegration of a sheet produced by impinging jets
and the formation of droplets were shown to be principally depen-
denton jet flow properties and impingementangle. It was concluded
that relative jet inertia is a controlling factor determining the spray
pattern. Huang* examined the breakup of axis symmetric liquid
sheets by impinging two directly opposed water jets. Spray forma-
tion was classified into two dissimilar breakup regimes connected
by a transition regime in terms of Weber number. George® devel-
oped a correlationdefining the relevance of the cold-flow data, such
as drop sizes and impingement distance, to the hot firing results.
The analysis for impinging injection is not nearly as well de-
veloped as it is for coaxial injections, primarily due to insufficient
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information regarding fundamental mechanisms of spray forma-
tion, atomization, and mixing. Moreover, most of the previous stud-
ies of impinging injection focused on atomization, whereas rigor-
ous studies of liquid-phase mixing are very limited. A summary of
the initial studies of liquid/liquid-mixing characteristics for unlike
impinging elements is presented in Ref. 6. These experiments in-
volved changing the injector geometry and flow properties and
recording the effects of these changes on the mixing quality. Empir-
ical equations developed for the prediction of injection conditions
for optimum mixing were similar for all unlike impinging patterns 5
Rupe conducted comprehensive experiments for the liquid-phase
mixing by impinging nonreactive and immiscible simulantjets.” =1
In this series of measurements, mixing efficiency was examined
with a variety of injector geometries and flow properties, and sig-
nificant ranges of distinct variables for optimum mixing were sug-
gested. Nurick and McHale!! investigated the effect of orifice con-
figuration on mixing characteristics. Occurrence of cavitation was
also discussedin terms of orifice length/diameterratio L /D. Sato!?
conducted atmospheric cold-flow tests with inert simulant liquids
(trichloroethlyleneivater). The objective of these tests was to deter-
mine the cold-flow mass and mixture ratio distributions for use in
the predictionof combustionefficiency. Agreementbetween the pre-
dicted values and the hot-fire test data was evident, which indicates
that combustion is predominantly liquid-phase mixing controlled.

The ability to design unlike impinging elements to provide op-
timum spray distributions is contingent on having comprehensive
design correlations that relate element mixing and atomization with
injector geometric and hydraulic parameters. The primary objec-
tives of the present study are the estimation of mixing performance,
the investigation of the effect of momentum ratio on the mixing
performance, and the extension of basic knowledge of liquid-phase
mixing of an unlike splittripletelement. Measurements of local mix-
ture ratio distribution were made for different injection conditions
and different momentum ratios (MRs). Nonreacting keroseneAvater
liquids simulate the kerosene/liquid oxygen (LOX) propellantcom-
bination. Mixing and mixing-controlledcombustion efficiencies are
discussed in terms of the jet MR.

Unlike Split Triplet Injector

The combustion chamber serves as an envelope to retain the pro-
pellants for a sufficient stay time to assure complete mixing and
combustion before entering the nozzle. The volume of the combus-
tion chamber, thus, has a definite effect on combustion efficiency,
and the required chamber volume is a function of the stay time of
propellant. To minimize the physical size of the combustion cham-
ber, certain limitationshave to be set on the stay time of the reactants
in the chamber. Streaks due to highly stratified gas stream tubes are
frequently observed S This specific physical evidence shows that the
quality of reactant mixing and combustion are largely determined
by liquid-phasemixing and correspondinginitial liquid mass distri-
bution. Gas-phase mixing appears to be less influential. The design
of combustion, thus, requires sufficient knowledge of parameters
controlling liquid-phase mixing.

Figure 1 shows the spray formations by unlike impinging el-
ements. The liquid sheet after impingement continues to break up
into dropletsintermittently,and the resultant spray propagates while
being dispersed or shatters into smaller drops. Impingement of lig-
uid streams providesdirect mechanical mixing and atomization,and
numerous operational factors associated with jet impingement de-
termine spray characteristics® Figure 1a shows the spray formation
by an unlike doublet element with impingement angle of 60 deg,
which is a representative design value for most unlike impinging
injectors® Figure 1¢ shows the spray formation by an unlike split
triplet element. This element is suitable for propellant combina-
tions of higher mixture ratios. The configuration of jetimpingement
is similar to a conventionaltripletimpinger;the only differenceis an
additional center orifice on the splittriplet for reducing the disparity
between the fuel and oxidizer orifice sizes. A pair of parallel jets
inside impinges on a pair of lateral jets injected at an included an-
gle of 60 deg. Two successiveimpinging processes are incorporated
in the spray formation by the unlike split triplet element. Two first
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like split triplet element (FOOF or OFFO with included angle between
lateral jets 60 deg).

impingements are made in unlike doublet fashion and generate a
pair of secondary liquid streams (possibly in the form of spray, jets,
or liquid sheets) (Fig. 1c). Higher impingement angles result in a
higher impact-induced turbulence, hence higher turbulence mixing.
Therefore, the quality of mixing after the first impingement with an
impingementangle of 30 deg is expectedto be lower than thatby un-
like doubletwith animpingementangle of 60 deg. Stream-on-stream
secondary impingement instead of coherent liquid jet impingement



WON ET AL. 849

is made at the second impingement point. Because flow proper-
ties of the two secondary liquid streams are identical, secondary
impingement is carried out as in doublet fashion (Fig. 1c). The
anglebetweenthe element’s center axis and the resultantmomentum
vector of a spray is commonly defined as the beta angle.® Because
the maximum local mass flow shifts along the impinging plane in
the direction of the high momentum stream, the vector of resultant
spray is directed away from the central axis and the beta angle is
always positive by definition (Fig. 1c). This always yields a longer
secondary impingementheight and a secondary impingementangle
smaller than the included angle between the initiallateral jets. To ex-
plain the effectof the secondaryimpingementandits contributionon
the promotion of macroscopic mixing quality, supplementary tests
were conducted.Figure 1b shows the unlike doubletelement with an
impingement angle of 30 deg, which is identical to one-half of un-
like split triplet elements (Fig. 1¢). Hereinafter, referring to Fig. 1b,
this unlike doublet element is oxidizer-fuel (OF) or fuel-oxidizer
(FO) in accordance with the orifice arrangement. OF is an orifice
array in which the oxidizer and fuel orifices are located sequentially
from left, whereas FO is the reverse. Similarly, the orifice arrays of
unlike spilt tripletinjectorsare fuel-oxidizer-oxidizer-fuel (FOOF)
and oxidizer-fuel-fuel-oxidizer (OFFO) where FOOF and OFFO
designate the array orifices from the left, respectively (Fig. 1c).

Experimental Apparatus and Procedure

A schematic of the test setup to measure the mass and the mix-
ture ratio distributions is shown in Fig. 2. The system consists of
sections of pressurization, regulation, and collection. Feeding and
measuring circuits are typical where the nonreactive liquids are fed
and collected.”® Advanced servocircuits were used to limit the fluc-
tuation of pilot tank pressure,hence preventing fluctuations of liquid
mass flow rates. A personal computer-baseddata acquisitionsystem
controls and records pressure, temperature, and mass flow rate. Re-
cently, the authors conducted measurement of liquid-phase mixing
with the use of optical devices.!* Detailed visualization of the local
mixing process appears to be possible, theoretically at least. How-
ever, this rigorous method is less attractive due to its potential high
cost and errors possibly involved in the multiple conversion pro-
cesses of raw optic signals. Thus, the conventional patternation test
method, in which the nonreactive simulant liquids are captured by a
collector head and distributed to measuring cylinders, was adopted
in the present study.

The spray was picked up by a 14 x 14 cm quadrilateral collector
head, which is evenly divided into 400 (20 x 20) lattice cells. Fluid
through each flow passage was collected by a transparent tube. Be-
cause the propellant simulants (water for oxidizer and kerosene for
fuel) are immiscible, the volume of each of the two simulants col-
lected at any given location is readily determined. The ratio of the

masses of each of the two liquids in a test cylinder represent the lo-
cal mixture ratio. Spray was captured at a distance of 6.2 cm, where
the spray is completely formed. Average collection efficiency was
over 90%, considered to be sufficiently high for the estimation of
mixing.'2

Nonreactive storable simulants, water (ps-o = 1000 kg/m3) for
oxidizer and kerosene (pg-r =807 kg/m3) for fuel, simulate the
real propellant combination. Water and kerosene were selected
to provide dynamic similarities to the real propellant combina-
tion of LOX and kerosene. Density and viscosity of LOX are
1149 kg/m*(pu,0 =1000 kg/m®) and 1.9 x 107 Pa-s (up,0 =
1.005 x 1072 Pa-s), respectively. The included angle between the
two lateral jets was 60 deg for all injection elements. Orifice
length/diameterratio L /D was fixed at 6, whichhasbeen reportedto
be the minimum necessary to preventthe occurrence of cavitation.!’
Fuel and oxidizer orifice diameters were all 0.4 mm, except for one
case noted in Sec. I'V in which the oxidizer orifice diameter was in-
tentionally increased to examine the effect of orifice diameter ratio
D, /D on macroscopic mixing quality.

The flow characteristicsof the liquid streams before impingement
havesignificanteffects on the mixing process. Even mixing and mix-
ture ratio distributions, thatis, optimum mixing, can be obtainedat a
certain impinging condition. This condition can be uniquely defined
when flow properties of every liquid stream participating in the im-
pingement are the same, and thus, the dynamic similarity between
jets is perfect. This unique condition provides the baseline for the
present study, and only the jet momentum is changed. The MRs
of the jets were varied from 0.5 to 8.0 with jet Reynolds numbers
in the range of 3 x 10°~1.2 x 10*. The mechanism of liquid sheet
disintegrationis distinctly different depending on whether imping-
ing liquid jets are laminar or turbulent>!® The liquid jet streams
considered here are turbulent and dynamically similar. If the con-
ditions under which the cold-flow data are obtained cause unique
hydraulic flow characteristics, the relevance to hot firing results is
questionable.To this end, additionalhydraulictests were conducted.
The orifice discharge coefficients were measured to be between 0.8
and 0.9, and no unique hydraulic behavior was detected under all
applied test conditions except the occurrence of cavitating bubbles
in OFFO oxidizer streams when the jet velocity reaches its upper
limit, 260 = 60 deg, Rep, = 1.2 x 10*.

Mixing and Characteristic Velocity Efficiencies

As mentioned earlier, combustion characteristics are largely de-
termined by propellant spray distribution; thus, uniform liquid-
phase mixing is essential for optimum combustion performance.
The more thorough the mixing and the more uniform the dis-
tribution of the oxidizer relative to fuel, the more rapidly will
the combustion products reach equilibrium composition. Although

© 5ol

AN

- b

H | H pattemator
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turbulence induced by combustion accounts for a major portion of
the energy requiredfor gas-phasemixing, thoroughpremixing of the
liquid propellantsmust be accomplishedby the injectorif maximum
performance is to be achieved.

The steps necessary to estimate mixing quality are 1) conductpat-
ternator tests and measure the mixture faction of each componentin
each test cylinder,2) convertraw cold-flow data for real propellants,
3) arithmetically average local values weighted for mass fractions,
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and 4) determine the extent of mixing. Heohn et al.'” defined the
following mixing efficiency nmix to describe the degree of mixing
(percent) in the impinging injectors:

ny

M -(R—y) ~>M- - (R-T)
mix = 100 1-—
7 x ZI: M, R +ZI:M,~(R—1)

1
Mixing efficiency nmix is based on the statistical variation in the
local propellant mass fractions compared to the overall injected

100
® FOOF
90 4 O OFFO
804
9
=~ 704
E
604
D=0.4mm
501 p ~0.4mm
L/D=6
40 T y v Y T T
0 1 2 3 4 [ 6
Momentum Ratio
a) Mixing efficiency
1700
PY ® FOOF
0 OFFO
16001
_ Q
() a
‘E 15004
=
-]
« E 14004
O L)
D=0.4mm
13001 o D,=0.4mm
L/D=6
1200 v T v v v T
] 1 2 3 4 5 6

Momentum Ratio
b) Characteristic velocity

100
@ FOOF
O OFFO
96
Iy
e 9 ®
x
,E
> s g nn
= 8]
g4 DF0-4mm
D_=0.4mm
L/D=6
80 T T T T T T
0 1 2 3 4 5 6

Momentum Ratio
¢) Characteristic velocity efficiency

Fig. 5 Mixing efficiencies of FOOF and OFFO split triplet elements
vs MR.

—O—FOOF

201 _@—orFo /._,_..-—o——-'

5 6 7 8 9

Momentum Ratio

-5-
=104
157 ey = N
=204
=25 -l

= —|
D“‘D‘D

Theoretical Secondary Impingement Angle
o

Fig. 6 Theoretical secondary impingement angle vs injection MR.



WON ET AL. 851

4 4
—e&— Oxidizer
-~ —O-— Fuel
g‘ 34 —4— Mixture Ratio 43
k1
s z
« Z
4 42 €
g2 25
b D
@ &
@ D x0.4mm =
L1} -]
= 1{ D =0.4mm o<1
L/D=8
MR=x1
0 jO
[} 2 4 6 8 10 12 14
Axial Distance
a) FOOF (MR =1)
4 4
—o— Oxidizer
—~ 0= Fuel
8 34 -——a—Mixture Ratio 43
2
-]
] S
« 3
g . e
g Z 3
w b
a D=0.4mm 2
3 D,=0.4 °
= 14 =0 mm <41
/D=8
MR=1
o & —o-§ T T ¥ 4—3—40
1] 2 4 [} 8 10 12 14

Axial Distance
b) OFFO (MR=2)

4 4
~—&— Oxidizer
- =—0—Fuel
£ 34 —a—Mixture Ratio 43
]
© =
E: X
c

g 5
n Pl
”n o
8 5
=

] 2 4 ] 8 10 12 14
Axial Distance
¢) FOOF (MR=1)
4 q
—e— Oxidizer

~—0—=Fuel
34 =4 Mixture Ratio

Mass Flow Rate(g/s)
ofieyd amnxyW

] 2 4 6 8 10 12 14
Axial Distance

d) OFFO (MR =2)

Fig. 7 Spatial variations of mass and mixture ratio along the perpendicular direction to the plane of impinging jets, with the momentum ratio of

unity.

condition. It is a measure of the mixing on a macroscopic level as
determined experimentally by a finite number of sampling cells,
distributed on a collector head, intercepting the spray. As defined,
this spray criterion may have any numerical value from 0 to 100
and represents all local values of the mixture ratio compared to the
injection mixture ratio. When npx is 100, the mixture is everywhere
uniform, at least at the macroscopic level, but if 1, equals O, the
propellantsare totally unmixed. Note that the propellantmixing of a
uni-elementinjector is determined only by the intraelement mixing
mechanism, as opposedto the combinationofintra- and interelement
mixing for a multi-elementinjector. Thus, a multi-element injector
results in more uniform mixing than a uni-element injector across
the entire chamber cross section.

A primary purpose of determining the mixing characteristics of
bipropellant streams using the cold-flow technique is to gain confi-
denceto predictinjector hot firing performance, at least on a relative
basis, assuming a known propellant vaporization rate. To this end,
the mixing-controlled characteristic velocity (meters per second)
and its efficiency (percent) are also calculated.

C:ﬂx = aneo.l : MI/MI (2)

1
*

Cc*.
o 3)

theo

nex = 100 x

mi

Mixing-controlled characteristic velocity C?. , defined in Eq. (2),
predicts injector hot firing performance.!® In Eq. (3) n¢+  is a di-
rect measure of the loss of combustion performance due'to incom-
plete mixing. In Eq. (3), Cj;, is theoretical characteristic velocity,
which is equivalent to combustion performance with perfect mix-
ing, Nmix = 100%."° Note that, for simplicity, the definition of C*;_

in Eq. (2) was made on the assumption that cold-flow mixing ap-
proximates real propellant mixing in the combusting environment.

MR as a Mixing Parameter

The mixing and mixing-controlledcombustion efficiencies of the
impinginginjector can be representedin terms of several parameters

relevantto liquid jet velocity, such as mass ratio, MR, Rupe number,
or even the velocity itself (see Ref. 18).

Rupe number Ny defines the fraction of the kinetic energy of
one jet to the total kinetic energy of all jets {1/[1+ (prVZDr)/
(po Vg D)1} (Ref. 7). Rupe’s criterion, has been used successfully
by rocket engine manufacturers to optimize impinging injector de-
sign, and for this application it was emphasized that the impinging
freestreams must be dynamically similar (fully developed turbu-
lence preferred), symmetrical, and stable.”’ However, in practice,
these conditionsare hardly ever met due to operationalrequirements
such as input propellant oxidizer/fuel (O/F) ratio or excess fuel sup-
ply for local thermal protection. With such specific requirements,
effects of injector geometry and flow properties on the quality of
mixing may not be clearly described by the Rupe number.

MR is defined simply as the ratio of the oxidizer jet momentum to
fuel momentum [(po V3D32)/(prVED%)]. When two or more jets
impinge, liquid jets are broken up into droplets immediately in the
vicinity of the impingement point. Spatial distributions of mass and
mixture ratios are largely determined by the extent of penetration
and corresponding momentum transfer (or exchange) by the liquid
jet2! As mentioned, disintegrationof liquid sheets generally results
from the formation of unstable waves of aerodynamicand hydrody-
namic origin. At higher jet Reynolds numbers, the hydrodynamic
impact waves due to momentum exchange are predominant over
the whole liquid sheet, and exchange of jet momentum provides
direct mechanical mixing. Therefore, the liquid jet MR is a useful
mixing parameter for the predictionof combustion performanceand
stability.

The n,ix mixing efficiency results for unlike doubletinjection are
plottedin Figs. 3a and 3b as a function of MR and Rupe number Ng,
respectively.In these specific examples, the orifice diameter ratio is
varied from unity to 1.25 and 1.5. In Fig. 3a, ny; is maximum at
the optimum MR of unity. Correlation of mixing for all unlike im-
pinging elements shows optimum mixing when the jet momentum
and the orifice diameters are equalized > In other words, all jets
participating in the impingement must be the same in their mo-
mentum exchange, that is, in the extent of penetration, for uniform
mixing. However, the diameter ratio for optimum mixing 7y is
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frequently not unity because most propellant combinations utilize
larger oxidizer orifices to equalize fuel and oxidizer pressure drops.
This dimensional disparity distorts the resulting spray shape and
could impair mixing and atomization. Figure 3a shows the peaks
shifting to high MRs as the diameter ratio increases over unity. The
empirical correlation for diameter ratio® shows that the optimum
mixing is achieved at higher MR corresponding to the increase in
diameter ratio. At fixed mass flow rate, jet momentum is inversely
proportionalto the orifice diameter, and an increase in oxidizer ori-
fice diameter more greatly distorts the spray and degrades mixing
with disparate deployment of fuel and oxidizer masses.? In Fig. 3b,
curves of mixing efficiencies in terms of Rupe number offer evi-
dence of no consistenttendency associated with jet momentum and
orifice diameter.

Figures 4a and 4b show characteristic velocity efficiencies as a
function of MR and Rupe number, respectively. With increases in
oxidizer orifice diameter, ¢+ curves are again shifted to a larger
MR and their peak heights decrease consistently. As was mentioned
earlier, the optimum mixing is achieved at higher MR correspond-
ing to the increase in diameter ratio. However, the plot of ¢+ in
terms of Rupe number in Fig. 4b does not properly show this com-
mon tendency: Peaks of n¢c+  do not move in a certain direction as
diameterratio increases. Itis presumed that such an inconsistentten-
dency is dueto the definition of Rupe number. Therefore, throughout
this study, the MR is used as an independentmixing parameterin the
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elements vs MR.

estimationof mixing and mixing-controlledcombustionefficiencies
of impinging elements.

Mixing Performance of the Split
Triplet Impinging Injector

The mixing performance of FOOF and OFFO split triplet injec-
tor elements was investigatedin terms of MR varied over a range of
0.5-8. The mixing efficiency nmix, characteristic velocity C?. , and
characteristic velocity efficiencies n¢+ are plotted in Figs. 5a, 5b,
and 5c, respectively. In all test cases",monly the MR is changed by
increasingthe oxidizer jet momentum while maintainingunchanged
the fuel jet momentum (mr = 1.98 g/s, Rer =4,000). Plots of 1y
and nc+  all repeat the peaks occurring at the optimum mom-
entum ratio of unity. As the MR approaches unity, the extent of
penetration by both jets is equalized, and the state of mixing be-
comes optimum. Conditions for optimum mixing, such as an equal
amount of horizontal momentum exchange and extent of penetra-
tion, are fulfilled at the MR of unity.

Mass distribution significantly changes with the MR, and any
deviation from the MR of unity reduces the extent of mixing.
Degradationof mixing is relatively more significant when the MR is
less than unity (MR < 1). With higher momentum and penetration
by the fuel jet, the vector of secondary liquid stream of FOOF is di-
rected toward the central axis, whereas that of the secondary liquid
stream of OFFO becomes farther away from the central axis. As the
MR is increased above unity (MR > 1), penetration by the oxidizer
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jetbecomes superior. Fuel liquid stream is rapidly atomized and dis-
persed, but the oxidizer stream with higher initial momentum still
preserves momentum sufficient to sustain itself as a coherent liquid
stream and follows its own initial trajectory. Consequently, oxidizer
fluids are more concentratedin the center of the spray field, whereas
the fuel mass is more dispersed away from the center, resulting in
the degradation of mixing.

The n,ix and NChix efficiencies of FOOF and OFFO unlike split
elements are plotted in Figs. Sa and 5c, respectively. Here, both 7,
and nc: . show markedly different tendencies between FOOF and
OFFO. The n,;x mixing efficiencies of OFFO show a sharper de-
crease, whereas the degradation of FOOF mixing is more gradual.
Proportionally increasing the velocity head of the FOOF oxidizer
jet with the MR extends penetration into the fuel jet, and the vector
of liquid stream formed by the first impingement is farther directed
away from the central axis. This leads to degradationof atomization
and mixing qualities (Fig. 5a). However, degradation is relatively
less significant because additional secondary mixing compensates
for the reduction of the mixing efficiency at the higher MR. Previ-
ous experimental studiesrevealed that, over arange of impingement
angle from 40 to 80 deg, mixing increases as the impingement an-
gle decreases® Decreasing of the secondary impingement angle of
FOOF decreasing with the MR could be the reason for the improved
efficiency. Figure 6 shows the angle between the element’s center
axis and the resultant momentum vector of a spray as a function
of MR. The secondary liquid stream of OFFO is directed toward
the central axis due to higher horizontal momentum. The velocity
head of the OFFO oxidizer jet also further extends the penetration
in accordance with the increase in MR, and the vector of secondary
liquid stream is further directed toward the central axis. Secondary
impingementis carried out in like-on-like fashion and ends up with
the largest fraction of the oxidizer mass concentrated to the central
axis, whereas fuel mass is dispersed around the periphery of the
spray. Here, the augmentation of oxidizer jet momentum tends to
increase the secondary impingement angle, and the secondary mix-
ing with this enlarged secondary impingement angle is not more
effective than FOOF. In the estimation of mixing qualities of injec-
tion elements, characteristic velocities must be considered because,
after all, a rocket engine performance is based on its delivered C*,
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not its C* efficiency, which is theoretically only a function of the
mixture ratio. Figure 5b shows very different C;, curves with re-
spectto each elementand manifeststhe superiorityof FOOF mixing.
Cr .. of FOOF is evenly distributed, less sensitive, and much higher
than OFFO over a wide range of MR. For most practical propel-
lant combinations, the oxidizer jet MR is higher than fuel jet. For
instance, in the design of oxygen-hydrogen injectors, the value of
the MR varies from 1.5 to 3.5 for liquid hydrogen injection. In the
case of Unsymmetric Dimethyl Hydrazine/Nitrogen Tetroxide and
RP-1/LOX propellant combinations, the heat release rate reaches
maximum at the MR near 1.27 and 1.93, respectively, when the
diameter ratio is unity.> Conclusively, the FOOF element provides
more flexibility to practical injector design because the degrada-
tion of mixing is relatively less significant over a wider range of
MRs.

Figures 7a and 7b show fuel and oxidizer mass and mixture ratio
distributions along a longer span of the spray fan when the MR
is unity. With these optimum mixing conditions, the local mixture
ratio of a larger number of cells was close to input mixture ratio and
evenly distributed. This agrees with a previous result that the local
mixtureratio along the major axis of the spray cross sectionis nearly
constant and equal to the nominal value (if the spray is produced by
streams of equal momentum and area ratios).” Even with an MR of
2, mixture ratios of FOOF appear to be evenly distributed (Fig. 7¢).
However, for OFFO with a MR of 2 (Fig. 7d), oxidizer fluids are
more concentrated in the center of the spray field, whereas the fuel
mass is further dispersed away from the center. Consequently, the
mixture ratio is very high at the central region of spray and drops
rapidly as it moves away from the center. Degradation of mixing
quality and poor mixing performance is apparent.

As is shown in Figs. 1b and 1c, configuration of unlike doublet
injection with impingementangle of 30 deg is identical to one-half
of a pair of first unlike doublet injections, due to the unlike split
triplet element. FO (Fig. 8) and OF (Fig. 9), thus, exactly match
for spray characteristics to those by the first unlike impingement
of FOOF and OFFO, respectively. In Figs. 8 and 9, maximum ef-
ficiencies occur at the MR of unity again. It is apparent that, when
MR > 1, mixing of FOOF is more effective than FO. Because the
mixing condition of the first impingement of FOOF is exactly the
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Fig. 10 Cumulative mass fraction vs number frequencies of normalized mixture ratio when the MR is of unity.
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same as FO, secondary impingement must be responsible for this
difference. Contrary to FOOF, the secondaryimpingementof OFFO
injection lowers the mixing quality (Fig. 9¢). This tendency is con-
formed from the plots of C7, in Figs. 8b and 9b. C;. of FOOF is
evenly distributed and much higher than FOs as the MR is further
increased over unity (Fig. 8b). On the contrary, the plot of OFFO
C* . in Fig. 9bis much lower than that of OF with the impingement
angle of 30 deg. This verifies our previous result that the secondary
impingement of OFFO degrades mixing at the higher MR.

Note that, in Figs. 8 and 9, the characteristic velocity efficiency
is not always proportional to the mixing efficiency. This implies
that, even with the assumption of mixing-controlled combustion,
combustion efficiency cannot be predicted by the mixing efficiency
only. This discrepancyis primarily because the homogeneity of the
mixture ratio distribution was calculated by averaging local values
in a linear and arithmetic manner, and the adiabatic flame temper-
ature is inherently nonlinear against all thermodynamic properties.
For instance, when the input mixture ratio is considerably different
from stoichiometry, deviation of local values from input mixture
ratio causes degradation of mixing. However, the thermodynamic
relation may possibly predict a higher gas temperature if a given
local mixture ratio is closer to stoichiometry. Thus, the averaged
value of mass-weighted characteristic velocities may erroneously
be larger than that arrived at from the input mixture ratio. This can
bring about, in unique real situations, a characteristic velocity effi-
ciency greater than 100%.%

In the present study, it was assumed that qualities of liquid va-
porization, gas-phase mixing, and chemical reaction are perfect and
thatcombustionis controlled by the liquid-phasemixing only. How-
ever, the effect of atomization on mixing performance may be esti-
mated in an indirect way. Consider one limiting situation in which
all liquids are concentratedin one cell only and the opposite where
liquids are evenly distributed in every cell on the collector head. In
the former, the spray is simply the twofold result of the initial liquid
jets, whereas in the latter, the spray completely covers the collector
head with a uniformmixtureratio profile. In these two limiting situa-
tions, mixing and characteristicvelocity efficiencies are erroneously
the same (1), = 100%), by definition [Egs. (2) and (3)]. This spe-
cific example reveals that the profile of mixture ratio distribution
must be considered simultaneously with the estimation of mixing
quality.

Figure 10 shows cumulative mass in terms of the number fre-
quency of the cells of a same mixture ratio. On the horizontal axis,
local mixture ratios are normalized by the injection mixture ratio,
and the vertical bar and solid square represent the sum of the local
masses and the cumulative mass fraction to applicablemixtureratio,
respectively. The steeper the slope is, the more uniform the mixture
ratio distribution is. When the MR-1 (Figs. 10a and 10b) and 2
(Figs. 10c and 10d), it is commonly observed that curves of FOOF
cumulative mass show more rapid growth than that of OF. FOOF
with the MR of unity is noted to produce the most even distribution
of mixture ratios and, thus, of uniform mixing.

Conclusions

Liquid-phase mixing caused by unlike split triplet impinging ele-
ments was studied experimentally. Measurements of local mass and
mixture ratio distributions were made for different injection condi-
tions and different momentum ratios. Nonreacting kerosene/water
liquids simulate the kerosene/LOX propellantcombination. Mixing
and mixing-controlledcombustion efficiencies were represented in
terms of the O/F jet MR. General conclusionsare as follows:

1) The quality of macroscopic mixing can be effectively charac-
terizedin terms of jet MR. Mixing is optimumat the MR of unity, and
any deviation from the MR of unity causes degradation of mixing
quality.

2) An FOOF split tripletelement is superior to either unlike dou-
bletor OFFO splittripletelement. Secondaryimpingementof FOOF
increasesthe mixing efficiency, whereas that of OFFO decreasesthe
mixing efficiency.

3) Mixing by split triplet elements increases as the secondary
impingement angle decreases. The secondary impingement angle
appearsto play asignificantrolein the extentof mixing of split triplet
elements. Investigation of the detailed mechanism of the secondary
impingement and mixing remains as a future task.

4) Most propellants utilize larger orifices to equalize fuel and
oxidizer pressure drops. Experiments will be expanded to examine
the effect of orifice diameter ratio on the mixing quality of the split
triplet element.
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