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Fig. 3 Relationship between incidence and optimized AAB angle.

mounted near the diffuser entry. This blade could revolve
freely around an axis 20 mm behind the leading edge. Installa-
tion of the AAB appears to create two inlets. The measure-
ments consisted of static pressure taps along the model walls,
measurements of the crossflow velocities and the total pres-
sures at the duct exit at 0-, 5-, 10-, 15-, 30-, 45-, and 60-deg in-
cidences and comparisons with those of no AAB. Details
about data processing are described in Ref. 4.

Results and Discussion

The tests in a diffusing S-duct model with the AAB installed
showed that the automatically rotating blade experiences no
resultant aerodynamic moment at AAB angles of 15 and — 12
deg. This physical phenomenon is caused by the bulk vortex
because of the flow separation near the inlet and the influence
of the blade. Moreover, the swirls at the duct exit have dif-
ferent senses of rotation when the blade is held at these two
different angles. The result implies that the large swirl could
be reduced only if the AAB is mounted at an angle between
these two values.

To find the optimized AAB angle that produces zero swirl,
experiments were made at 2.5-deg steps between these two
angles. Figures 1 shows that the exit swirl varies with the AAB
angle at 60-deg incidence. It is well known that without the
AAB the swirl rotates clockwise because of the bulk vortex
caused by a large separated flow region near the bottom lip.
The results show that the swirl has changed its rotation from
clockwise to counterclockwise with increasing AAB angle. The
presence of the AAB affects the pressure distribution near the
entry, and the bulk swirl could be reduced to the point of
elmination at about 7.5-deg AAB angle.

The results also show the static pressure distributions along
the model walls at 7;5-deg AAB angle with 60-deg incidence
and compared with those of no AAB. It is obvious that both
of them are quite similar and that the presence of the AAB
does not influence the pressure distribution along the walls.
Figures 2 show total pressure coefficient maps at the exit of
the curved duct. Clearly, because of the large separated flow
near the inlet and the bulk swirl, there is a severely distorted
total pressure field at the exit of 60-deg incidence (see Fig. 2a).
The low-energy flow region with the lower C; value moves
clockwise from the bottom lip at the inlet to the inside wall
under the effect of the swirl. The presence of the AAB does
not substantially affect this distorted total pressure field,
although there is a small drop in the C; value, as shown in Fig.
2b. If this pressure loss is acceptable, the AAB method is an
effective means of swirl control in aircraft inlet design.

Figure 3 shows that the relation between the incidence and
the optimized AAB angle at which the swirl disappears is
nearly an exponential function of the incidence. Hence, the
optimized AAB angles for zero swirl coefficient can be deter-
mined at any incidence, which may be helpful for aircraft inlet
design.

Conclusions

In this Note, a new approach of swirl control in an S-shaped
diffuser, called the AAB method, is presented. Several conclu-
sions could be drawn as follows.

1) Two angular positions have been found where the AAB
experiences no resultant aerodynamic moment, i.e., 15 and
—12 deg.

2) The optimized AAB angle is found between these two
positions.

3) The swirl at the duct exit (i.e., the engine face position)
can be reduced or eliminated by the AAB method. The rela-
tionship between the incidence and the optimized AAB angle
at which swirl disappears has been established.

4) The AAB method offers an effective swirl control ap-
proach at the expense of an acceptable total pressure loss.
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Breakup of a Liquid Jet in
Supersonic Crossflow

H.-S. Li* and A. R. Karagoziant
University of California, Los Angeles,
Los Angeles, California 90024

I. Introduction

ONSIDERABLE attention has been given to the physical

process of transverse liquid jet breakup and its role in the
control of the rate and/or completeness of combustion.'-* The
jet-breakup location divides the combustion process into two
fundamental stages (see, for example, Fig. 1). Before breakup,
the transverse liquid fuel jet evaporates and reacts with the
oxidizer in the gas-phase boundary layer at the surface of a
coherent, curved liquid column. After breakup, the liquid fuel
droplets interact with the gas stream (and, under some circum-
stances, each other), and burn either as individual particles or
as droplet clusters.’ Thus, the determination of jet-breakup
location is a first step in the overall understanding of combus-
tion in the transverse liquid fuel jet.

Schetz et al.! first observed that the local sonic point associ-
ated with a sharp wave crest is a rather good indicator for the
beginning of jet breakup. The liquid jet column fractures
shortly behind the local sonic point, where the jet body has
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Fig.1 Schematic of transverse liquid jet-breakup processes.

turned some 25-30 deg from the initial vertical. Another crite-
rion for jet breakup has been proposed which deals with the
effects of surface tension and aerodynamic forces®* along the
jet. Clark’s? experimental study of liquid jets in subsonic
crossflow reveals that although the surface tension at the
liquid interface tends initially to restore the liquid to its origi-
nal cross-sectional shape, in the later stages of the breakup
process, it actually assists the aerodynamic forces in the pro-
cess of jet disintegration. Other studies®* explore the balance
between the effects of viscosity and surface tension as a contri-
bution to transverse liquid jet breakup. We explore both ideas
here as alternative breakup criteria.

I1. Prediction of Jet Breakup

The model used in the present calculations is described in
detail in Heister et al.® for the nonreacting liquid jet in super-
sonic crossflow. In this study, the jet trajectory and the exter-
nal flow structure (bow shock) are predicted and compared
with experimental data. The primary assumption employed is
that the jet behavior may be determined by examining the
dynamics of locally two-dimensional slices of the liquid jet,
taken perpendicular to its centerline. Slices of the liquid jet are
represented by the elliptical cross section of a vortex pair
recirculation cell, consistent with experimental observations’
of a kidney-shaped jet cross section. For supersonic crossflow,
a locally two-dimensional shock wave dominates the airflow
about the jet cross section. In taking a slice of the transverse
liquid fuel jet, the external flow approaches the jet at a local
Mach number M, =M, sin(¢), where M, is the freestream
Mach number and ¢ is the inclination angle of the jet slice (see
Fig. 1). Numerical simulation of the flow about the elliptical
cross section (after Godunov et al.%) allows evaluation of the
pressure distribution, velocity distribution, and the bow shock
shape about the cross section.® Incorporation of this informa-
tion into mass and momentum balances along the jet then
allows estimation of the global gas properties for the entire
(three-dimensional) flowfield.

A. Sonic Point Criterion

In attempting to provide a reliable prediction for the
breakup location in supersonic crossflow, we first consider the
simple criterion that the liquid jet column fractures shortly
behind the local sonic point.! This criterion concerns only the
properties of the inviscid external gas flow, and does not deal
directly with complicated wave phenomena and surface insta-
bilities in the liquid flowfield. Consistent with the observa-
tions of Schetz et al.,! the axial velocity component to be used

in the sonic point calculation is that in the vicinity of the
stagnation region of the jet trajectory. Because the component
of velocity tangential to the bow shock (in the plane of the jet)
is conserved, it is reasonable to approximate the local axial
velocity of the gas just outside the jet as v = U, cos ¢. Exper-
iments also indicate that the bow shock and jet trajectory are
roughly parallel for crossflow Mach numbers M., >2. Using
this approach, we then compute the resultant Mach number in
each grid cell along the jet by coupling the solution of the jet
orientation to the numerical compressible flow solution.

Figures 2a and 2b show the location of the local sonic point
on the liquid fuel jet, as an indication of the breakup location,
at different values of freestream Mach number M., and jet-to-
crossflow momentum flux ratio R2= ijjz/mei. The sonic
point on the liquid jet occurs further downstream with increas-
ing momentum flux ratio and decreasing freestream Mach
number. These correlations agree with previous investigators’
observations,'? particularly in that the breakup occurs at
roughly ten jet diameters downstream of injection for typical
flow conditions, as shown in Fig. 2b. This correspondence
with experimental observation is indicated further by comput-
ing the local angle ¢ corresponding to the sonic point as a
function of M,,, shown in Fig. 3. The angle ¢ corresponding
to the sonic point ranges from about 50 deg (for M, =1.5) to
about 75 deg (for M, =3.5), which is consistent with experi-
mental observations that breakup occurs in the flow regime
studies when ¢ is roughly 60-65 deg.!

B. Stress Balance/Tension Point Criterion

The importance of the balance of stresses to the jet-breakup
process can be examined as an alternative criterion to deter-
mine the breakup location. Some experimental studies - indi-
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Fig. 2a Computed local sonic point and ‘‘tension point”’ on the
liquid jet trajectory for R2 = 5. Trajectory coordinates are x (down-
stream distance measured from jet orifice) and z (distance from injec-
tion wall).
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Fig. 2b Computed local sonic point and ‘‘tension point’’ on the
liquid jet for R2 = 8. Trajectory coordinates are x (downstream dis-
tance measured from jet orifice) and z (distance from injection wall).
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cate that the breakup of a transverse liquid jet can be deduced
from a consideration of the internal and external forces acting
at the liquid interface. The tangential component of stress, in
particular, becomes very large further downstream of the in-
jection point. Hence as a zeroth-order estimate, the location
where the aerodynamic forces due to shear stress and the
surface tension are of the same order can be used as a criterion
for determining the breakup location.>*

In the present model, axial shear stresses at the liquid-gas
interface along the jet trajectory are evaluated at the jet’s local
stagnation point, where the stresses are the most severe. This
calculation requires solution of the local gas- and liquid-phase
velocity profiles simultaneously along the jet trajectory. In
view of solving for the axial shear stresses at the interface, this
mathematical model serves well in simplifying the vector space
and reasonably reproducing the most severe conditions for
shear-stress distribution.

The two-dimensional, steady momentum equations describ-
ing flow in the liquid- and gas-phase boundary layers in the
axial direction are first nondimensionalized with respect to the
initial liquid velocity at the injection point and the semiminor
axis of the elliptical jet cross section. The pressure distribution
at the stagnation point along the jet trajectory is derived from
shock dynamics'® and can be written as

P =Dl +0.2M?>5(1.167TM? — 0.167)~25[(1/1.2M?)

+0.167] 733

where the local effective Mach number upstream of the bow
shock, M, is given by M =M, cos ¢. By using backward
discretization based on the Crank-Nicholson scheme, the gov-
erning differential equations can be transformed into tridiago-
nal difference equations. The critical part of this numerical
procedure involves handling the interface conditions, which is
accomplished by introducing imaginary points into the oppo-
site phase layer for both gas-phase and liquid-phase flow at
the interface. Specific details of this evaluation can be found
in Ref. 11.

An iterative solution procedure is then used to obtain the
focal velocity profiles of the liquid- and gas-phase boundary
layers in the stagnation region along the jet trajectory. The
velocity profiles indicate that the shear stress increases signifi-
cantly and monotonically along the jet trajectory due to the
increase in mass loss from the liquid surface.

This alternative criterion for transverse jet breakup can be
examined using the computed shear stress acting at the liquid
interface together with the effective surface tension. The loca-
tion at which both stresses are of the same order (the so called
“‘tension point’’) may indicate the beginning of the breakup
process.>* Figures 2a and 2b display this tension point to-
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Fig.3 Computed angular location of the sonic point as a function of
Mach number.

gether with the previously determined sonic point along the jet
trajectory. For higher momentum flux ratios (R?=8), the
tension point tends to occur a few diameters upstream of the
sonic point, which lies closer to the actual breakup locations
indicated by Schetz et al.! The tension point also does not
appear to vary significantly with momentum flux ratio, and
changes very little with crossflow Mach number, since the
shear-stress distribution does not vary significantly with M,
and R2. The estimation of the sonic point, however, inherently
includes an alteration in the jet trajectory with different input
values of M, and R2, so that the sonic point varies more
significantly with these input variables.

III. Conclusions

The current approach compares two transverse liquid jet-
breakup criteria: the local sonic point criterion and the ‘‘ten-
sion point”’ criterion. Our findings indicate that the sonic
point criterion is more accurate as a predictor of breakup. Of
course, inherent to the calculation of the local sonic point is
the assumption that the actual jet trajectory after breakup is
not significantly different from that which would occur with-
out breakup. As indicated in Heister et al.,® after breakup
occurs, the experimentally observed trajectories do tend to lie
10-15% below the jet trajectories predicted using the assump-
tion of a coherent liquid jet column. This difference in trajec-
tory shape is not large enough to make a significant difference
in the location of the sonic point. We might add that a reduced
degree of penetration of the jet after breakup is consistent
with the fact that the effective drag on the set of droplets
comprising the jet cross section is greater than the drag on the
single jet column. Although the present approach utilizing the
local sonic point certainly is not the *‘final word”’ in the study
of liquid transverse jet breakup in a supersonic stream, it does
provide a simple, computationally inexpensive means of esti-
mating breakup.
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