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Effect of Acoustic Perturbations on Liquid Jet Atomization

S. D. Heister,* M. W. Rutz,f and J. H. Hilbing¥
Purdue University, West Lafayette, Indiana 47907

The effect of unsteady chamber characteristics on the atomization process is investigated using non-
linear free-surface models based on boundary element methods. Two separate scenarios are considered.
In the first case, a liquid column is subjected to transverse oscillations from the gas phase. The second
calculation addresses dynamic orifice mass flow caused by the presence of longitudinal acoustic pertur-
bations. Results indicate that the atomization process can be strongly affected by these perturbations. As
expected, the most prominent coupling occurs at driving frequencies that are at (or near) the natural

frequency of oscillation of the liquid.
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Subscript
g = gas phase

Superscript
~ = perturbation quantity

Introduction

N a liquid rocket engine (LRE) combustion chamber, the

atomization process serves as a precursor to complex va-
porization, mixing, and reaction processes. Not only is the at-
omization process important to characterizing the steady-state
performance of an LRE, but it also can play an important role
in unsteady processes within the combustion chamber. In fact,
numerous authors' > have implicated the atomization process
as a mechanism to (at least partially) explain high-frequency
LRE combustion instabilities.

Even under steady conditions, our knowledge of the detailed
processes leading to atomization of a liquid jet is quite modest.
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For this reason, there have been relatively few efforts aimed
at improving our understanding of injection processes under
dynamic conditions. Most previous efforts have been experi-
mental in nature and have been motivated by LRE combustion
stability concerns.

One group of experiments has focused on longitudinal
acoustic fields,” ® investigating both low-injection velocities®’
and high-injection velocities®® characteristic of actual LRE in-
jectors. These authors concluded that the presence of a time-
dependent pressure field at the injection point leads to a dy-
namic orifice mass flow, even in the event that the injector
manifold pressure remains constant. At low-injection veloci-
ties, this effect leads to periodic bulges in the jet diameter; this
character also persists into the higher jet velocity regime.’ In
addition, droplet coalescence was effected by the time-depen-
dent injection flow rate. Similar effects have been observed'*"
when the chamber pressure is held fixed, but the flow rate is
varied using piezoelectric drivers upstream of the orifice inlet.
At high-injection velocities, Ingebo” showed a dramatic de-
crease in mean droplet size with the amplitude of the distur-
bance. This compelling evidence indicates the importance of
the acoustic interaction with the atomization process.

A second group of researchers™> ' has focused on inter-
actions of a liquid jet with a transverse acoustic perturbation.
Here, experiments have revealed a broadening of the jet cross
section,'* and a physical deflection of the jet caused by the
crosswind from the acoustic field."> Here, the variable mass
flow effect can also be present because the injector manifold
reacts to the average pressure at the injector face and distrib-
utes fluid spatially in accordance with the local injector face
pressure.'”

Analytic models aimed at quantifying the phenomena just
described have made heavy use of experimental results. Early
efforts’ ” made use of one-dimensional mass and momentum
balances in which liquid and gas phases were decoupled. Other
researchers have simply sought to correlate their experimental
results with injection and acoustic wave conditions. More re-
cently, the jet broadening phenomena present under some
transverse acoustic interactions was quantified using a static
equilibrium analysis."*

While these efforts have advanced our understanding of
these processes, the effect of coupling of gas and liquid flow-
fields in a dynamic environment has yet to be considered. Re-
cent developments of numerical models based on the use of
boundary element methods (BEMs)'>'® permit us to analyze
the acoustically driven interactions previously described. The
use of the BEM approach provides high resolution of the in-
terface (under very large distortions), as well as the capability
to extend simulations beyond atomization events. This article
will present simulations of both longitudinal and transverse
acoustic wave interactions with an initially cylindrical column
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of fluid. Transverse simulations will include the coupling of
gas and liquid velocity fields, and longitudinal simulations will
include the effect of dynamic orifice mass flow in time-accu-
rate calculations valid for nonlinear deformations of the liquid.

Classification of Acoustically Driven Instabilities

Before performing the numerical simulations described ear-
lier, it is prudent to determine the applicable flow regimes in
LREs, as well as those studied by other researchers. One im-
portant consideration involves the frequency response of the
liquid to the imposed oscillation. Consider the cylindrical col-
umn of liquid subject to either longitudinal or transverse
acoustic perturbations as shown in Fig. 1. Variables shown in
this figure are defined in the Nomenclature.

For the transverse oscillation in Fig. 1, fundamental fre-
quencies are obtained from a linearized, inviscid, two-dimen-
sional analysis similar to the classic axisymmetric analysis
used by Lamb'” in the case of a droplet. In the two-dimensional
case, it is straightforward to show that velocity potentials sat-
isfying Laplace’s equation in the liquid and gas phases can be
represented

b = (dw/n)(r/a)" cos(nB)cos(wt) (1)
b, = — (@w/n)(alr)" cos(nd)cos(wt) 2)

assuming a surface shape r = a + d cos(n8)sin(w?). Here, n is
the order of the oscillation, and we will assume that 4 is a
perturbation (4 << a). Since the column is initially at rest, the
linearized result from Bernoulli’s equation can be expressed

g b Id,
P—-—P =——p—) + p, —£=
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where k is the linearized curvature of the distorted surface:
k = (1/a)[1 — (4/a)(1 — n?cos(nB)sin(wt)] 4)

Combining Eqs. (1-4), we obtain the fundamental frequen-
cies of oscillation of the column:
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(p + poa’ ®)
As in the case of a droplet,'” we see that the lowest order mode
is for n = 2. In this case, the fundamental frequency is given
by o> = 60/[(p + pga’], which gives a result 13% lower than
that of a droplet in a low-density gas.

For the case of a longitudinal excitation, the fundamental
frequency of the liquid column can be determined by analysis
of a dispersion relation,'® which describes the variation of
with changes in k:
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Fig.1 Liquid jets subjected to transverse and longitudinal acous-
tic oscillations.

Here, we assume that variables have been nondimensional-
ized using the jet radius, jet velocity, and liquid density as
dimensions. Under this assumption, & = p,/p and We = p,U’a/
o are the relevant dimensionless groups. Equation (6) is de-
veloped assuming a jet deformation of the form

r=1+ (dla)e” ™ (7)

such that the real part of w corresponds to the growth rate of
disturbances with k and the imaginary part of w represents the
characteristic frequency of disturbances traveling along the
surface. Following Sterling and Sleicher,'”® we presume that
after some finite time, only the disturbance with maximum
growth rate will be present. By iterating on various k values,
we can find the wave number of the disturbance satisfying this
criteria and determine the fundamental frequency response
(imaginary part of w) corresponding to this condition.

Using these notions, we can characterize the frequency and
flow regimes investigated by various researchers, as well as
those present in engines that have experienced combustion in-
stabilities. Data resulting from this procedure are summarized
in Table 1. This table summarizes experimental results from
cold flow™*'" and combusting™ flows with imposed oscilla-
tions. Ingebo’ ran a series of combusting experiments under
oscillating chamber pressure conditions (created using a siren
at the chamber exit), while Oefelein and Yang'® report on the
extensive data available from stability testing of the F-1 en-
gine. This engine exhibited tangential-mode instabilities in
many of the early injector designs. In the case of transverse
oscillations, Weber numbers in Table 1 are based on estimated
peak crossflow velocities, and liquid frequencies are calculated
using the primary (n = 2) mode in Eq. (5). For longitudinal
oscillations, Weber numbers are based on jet velocity, and w
values are calculated from Eq. (6).

Results indicate that frequencies observed in firings (or uti-
lized in tests) are within (or near) the natural frequency range

Table 1 Frequency characterization, acoustic interactions

Frequencies in hertz

Researcher(s) AP/P ex10® We W, ®

Reba and Brosilow® (L) 0.03-0.49 1.2-4.2 0.38-21 250-500 4-2,700
Ingebo” (L) 0.11-0.22 0.5-44  47-1,700 1,190 600-373,000
Miesse™ (T) —_ — 1,100- 8,800 100-400
Hoover et al.™*(T) 0.0046-0.055 12-14 0.03-80 500-2,500 470-920
Oefelein and Yang' (T) 0.65-4.0 S 454-538 80-270"

Note: (T) and (L) denote tangential and longitudinal modes, respectively.
“Fuel and oxidizer orifices for 5U and double-row cluster injectors.
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of the liquid columns. In particular, the observed instability
frequencies in the F-1 engine are very near the natural fre-
quency of oscillation for fuel jets used in early (unstable) in-
jector designs for this engine. Since w « a~ ', the natural fre-
quency of the column doubles with a 37% reduction in jet
radius (presumed to occur with the shedding of drops from the
periphery). Therefore, it will be fruitful to investigate jet re-
sponse near the condition w ~ w, to investigate coupling be-
tween the atomization process and the acoustic modes from
the chamber.

Modeling Approach

Liquid jet atomization problems represent significant chal-
lenges to modelers because of the nonlinear nature of the free
surface, and viscous and turbulence effects. Current models
are unable to address all of these physical processes. The pres-
ent analysis is intended to shed some light on the gross re-
sponse of liquid jets to both longitudinal and transverse acous-
tic oscillations. In particular, we will presume that both liquid
and gas phases are incompressible and inviscid with negligible
turbulence in the flow. The lack of viscosity in the gas implies
that pressure distributions in separated regions will not be re-
solved. In the liquid, viscosity does not alter the basic surface
shape unless droplet sizes are of the same order as the bound-
ary-layer thickness.

Many authors have proposed that the gas field can be treated
as locally incompressible in analyzing the flow of the gas
around the liquid jet. This assumption is valid when the wave-
length of the acoustic disturbance is much larger than that
which is applicable to the liquid. In our case, wavelengths in
the gas phase are proportional to combustion chamber dimen-
sions, whereas the wavelength in the liquid jet is proportional
to the orifice size. Since the orifice is typically 2-3 orders of
magnitude smaller than the applicable chamber dimension, the
incompressible gas phase assumption is prudent.

In this section, we will choose the jet radius a, liquid density
p, and a characteristic velocity U as dimensions. Under this
nondimensionalization, We = p,U’a/o and the gas/liquid den-
sity ratio € = p,/p are the two dimensionless variables char-
acterizing these flows. For an inviscid gas or liquid domain,
velocity potentials ¢, and ¢ exist, and must satisfy Laplace’s
equation:

V= Vb, = 0 (8)

The unsteady Bernoulli equation provides conditions relating
velocity potentials at the gas/liquid interface
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where P, is the dimensionless gas pressure at the interface,
and k is the local surface curvature. On the gas side of the
interface, Bernoulli’s equation is

9,
a1

e 228 4 g(w;gf +P,=0 (10)

Mathematically, Eqs. (8-10) provide a well-posed set of
equations for velocity potentials, the gas pressure at the inter-
face, and the shape of the interface (implicit in k). This set of
equations is solved using a BEM, which begins with an inte-
gral representation of Laplace’s equation:

adr) + f (dp E — qG) dl' =0 (1)
N an

where ¢(r)) is the value of the potential at a point r,, I' denotes
the boundary of the domain, and G is the free-space Green’s
function corresponding to Laplace’s equation. An analogous

form of Eq. (11) can also be derived for the gas phase poten-
tial. For a well-posed problem, either ¢ or ¢ = ddp/dn must be
specified at each node on the boundary. Here, n is the unit
vector pointed outward from the boundary, so that g represents
the velocity normal to the boundary. The quantity o in Eq.
(11) results from singularities introduced as the integration
passes over the boundary point r;.

Using this methodology, models have been developed for
both two-dimensional® and axisymmetric'® flowfields. If we
let r and z denote radial and axial coordinates, respectively,
and denote the base point with subscript i, the Green’s function
solution to the axisymmetric Laplacian can be written

47K (p)
.. 12
V@ + )+ (= z) "
where
— (r — ri)2 + (z — Zi)2 (13)

- (r + ri)2 + (z — Zi)2

and K(p) is the complete elliptic integral of the first kind. For
computational efficiency, this quantity is calculated using a
curve fit,"”> which has an accuracy to 10~°%.

In the case of a two-dimensional flow (letting x and y rep-
resent the coordinates), we have

G = (12m)n|r — r,| = 1/4mn[(x — x)* + (y + y)]
(14)

In both cases, we presume that both ¢ and g vary linearly
along the length of a given element. This assumption permits
the construction of a set of matrices involving the nodal values
of ¢ and ¢ and the integrals (over a given element) given in
Eq. (11). For the two-dimensional flows, integration across a
segment can be carried out analytically. Singularities resulting
from integration across a segment containing the base point
are also integrable.”® In the case of axisymmetric flow, the
integrations must be carried out numerically."”” In this case, we
choose a four-point Gaussian quadrature for evaluation of in-
tegrals. Logarithmic singularities that arise in the elliptic in-
tegral when the segment contains the base point are treated
with a special Gaussian integration designed to accurately treat
this condition.

Nodes on the interface are assumed to travel with the local
liquid surface velocity, and so a transformation from the Eu-
lerian to Lagrangian reference frame is required. After this
transformation, Eqs. (9) and (10) become

Do _1 :_p X
= =3 (Vo) — P, » (15)
-_& >_ Do .
Po= =5 (Vb)" = 6 T + V- Vo, (16)

In these expressions, the notation D/Dt¢ denotes changes in time
for nodes moving with the liquid interfacial velocity.

Surface slope and curvature are obtained from a fourth-order
treatment to ensure accurate resolution of the surface. Cubic
splines are used to fit current locations of surface nodes for
the purpose of regridding as the calculation proceeds. Regrid-
ding is necessary in many calculations because of the tendency
of nodes to bunch in regions of highest curvature. Models have
been validated (for nonlinear calculations) to ensure that so-
lutions are insensitive to the grid that has been selected. Drop-
lets are assumed to be pinched from the main body of fluid if
a node lies within 5% of the orifice radius of the centerline
(or another node). Numerous validations have proven that so-
lutions are insensitive to this pinch criterion. Using this meth-
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odology, the BEM formulation permits accurate solution of
highly distorted interfaces in an unsteady flow.

Computational Grids and Boundary Conditions

Transverse Mode Simulations

Figure 2 highlights the computational grid and boundary
conditions employed for coupled, two-dimensional simulations
of a liquid column subjected to an acoustic oscillation. For this
problem, We, &, and the gas/liquid frequency ratio w,/w are
input parameters for a given simulation. Assuming quantities
are nondimensionalized using the liquid density, column ra-
dius, and peak acoustic velocity, the dimensionless liquid col-
umn natural frequencies [Eq. (5)] can be written

, en(n®—1)

- (1 + e)We a7

w

We presume that the acoustic oscillation can be represented by
a simple sine wave, so that the gas-phase velocity potential far
from the column may be written

b, = x sin(w,t/2) (18)

The factor of 3 is included inside the sine function to account
for the fact that the inviscid solution is insensitive to the di-
rection of gas flow. Numerical experiments indicate that far-
field conditions may be accurately assumed if the outer gas
boundary is placed 15 jet radii from the origin.

For nodes along the symmetry axis in Fig. 2, the ¢ is as-
sumed to be zero, while the Bernoulli conditions [Eqgs. (15)
and (16)] provide the necessary boundary information for lig-
uid and gas nodes lying on the free-surface boundary. A stable,
accurate, treatment of the coupling of the two flows through
the gas pressure [which appears in both Eqgs. (15) and (16)],
has been developed.'>* The treatment begins by solving for
liquid surface velocities from Eq. (11) and noting that g, = —¢q
on the surface, since we are tracking nodes with respect to the
motion of the liquid. Given the ¢, value on the surface, solu-
tion of the analogous form of Eq. (11) provides current values
for ¢, on the interface. The current gas pressure is then com-
puted from Eq. (16) by approximating the Dd,/Df term using
a first-order backward difference. Finally, new values of ¢ on
the interface (for the next time step) are obtained via integra-
tion of Eq. (15). Simulations presented in the following section
employ 17-33 nodes along the interface, and typically run in
a few hours on a Sun Sparcstation 5 using a dimensionless
time step of 0.005.

Longitudinal-Mode Simulations

Longitudinal-mode simulations are performed by assuming
that an oscillation in chamber pressure at the injector face will

Eq.18

Gas Flow
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Fig. 2 Computational domain and boundary conditions for
transverse mode simulations.
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Fig. 3 Computational domain and boundary conditions for lon-
gitudinal mode simulations.

lead to a dynamic mass flow through the orifice. Under this
assumption, we employ the axisymmetric model of Hilbing et
al.,"”” with an unsteady inflow as indicated in Fig. 3. For this
calculation, the presence of the gas is neglected, and nodes
placed along the orifice exit plane are held fixed. Along this
inflow boundary, the velocity is assumed to be

g=1+ ¢ sin(wg) (19)

where ¢’ is the fractional change (in magnitude) of the velocity
caused by pressure oscillations at the injector face. The oscil-
lation is assumed to be at a frequency identical to that of the
acoustic disturbance, and velocities are nondimensionalized
against the mean velocity exiting the orifice.

For nodes lying on the free surface, Eq. (11) (with P, = 0)
is integrated in time to give ¢ values along the interface that
serve as boundary conditions. Gravity is neglected in the sim-
ulations since its influence is very small for high-speed jets.
Typical solutions employ a grid spacing corresponding to 20%
of the orifice radius. Run times can vary substantially (from a
few hours to several days), depending on the length of the jet,
i.e., long jets have a large number of nodes and require more
calculations per time step.

Results

Transverse Mode Simulations

For all simulations presented here, a gas/liquid density ratio
of € = 0.01 has been assumed. This value is typical of high-
pressure combustion conditions, as can be noted in Table 1.
Parametric studies involving this parameter® indicate that jet
behavior is not terribly sensitive to &€ for low-density ratios.

Under this assumption, the response of a column to an
acoustic oscillation at the lowest-order natural frequency of the
jet (w, = ®|,—) is shown in Fig. 4 for a Weber number of 0.1.
As expected, we see a strong response under these conditions,
with the distortion increasing with each successive period of
the oscillation. However, for long times (several periods), a
very interesting behavior results. This behavior is best ob-
served by plotting the time history of the position of a node
on the top of the column, as shown in Fig. 5. We note that the
overall magnitude of the distortion is bounded, even though
there is no dissipation in this inviscid simulation.

The explanation for this phenomena lies in the nonlinear
behavior of the column itself. For finite deformations, the nat-
ural frequency of oscillation is reduced from that predicted by
linear theory. This effect is well documented for oscillations
of liquid droplets, but has not been investigated substantially
for liquid columns. Figure 6 shows the nonlinear frequency
shift as a function of initial surface deflection for both droplets
and columns. As the jet distorts because of excitation at its
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0.5

Fig. 4 Column shapes at various times of an acoustic perturba-
tion, w, = w, We = 0.1, and £ = 0.01.
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Fig.5 Motion of a node on the top of the column during acoustic
perturbation, o, = w, We = 0.1, and £ = 0.01.

linear natural frequency, further excitation at this frequency
will actually become destructive for some level of column de-
formation. Beyond this point, the oscillation will decay (as
shown in Fig. 5) until the cycle repeats.

The overall frequency response of the column is shown in
Fig. 7. As expected, we see a strong peak at excitation fre-
quencies near the natural harmonic (n = 2) frequency of the
column. However, it is quite interesting to note that very little
response is obtained for all other frequencies in the domain.
There is a small peak at the subharmonic w, = wna/2, but there
is very little activity at the higher order (fourth, sixth, etc.).
We expect very little response if w, >> w, since the jet inertia
does not permit reactions on this short time scale. In the other
limit w, << o, the column response is nearly quasisteady and
peak deflections are simply a function of We. Note that at this
condition (We = 0.1) very little jet broadening would be pre-
dicted for a steady crossflow as indicated in the far left-half
of the curves in Fig. 7.

These results have obvious implications to LRE combustion
instability. A design that has transverse acoustic modes near
the jet natural frequency [# = 2 in Eq. (6)] will be subject to
coupling from the wave structures present in the gas domain.
If the jet broadens substantially, its drag will increase and it
will be more subject to deflection by the transverse flow. For
impinging element designs, the broadening will have direct
consequences on the atomization/mixing in the impingement
region. As indicated in Table 1, the F-1 injector natural

0.98F ~. _

0.961- L Droplet 1

~
~
~
~

Frequency Shift from Linear Prediction
o
w
e
T

Column
N N
N
N

N

0.92F B

0.9t g
0.88 . . . . . .

0 0.05 0.1 0.15 0.2 0.25 03 0.35

Initiat Surface Deflection

Fig. 6 Nonlinear frequency shift for liquid drops and columns
under vacuum (or low gas density) conditions.
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Fig.7 Nonlinear frequency response of liquid column; maximum
(prolate) and minimum (oblate) aspect ratios obtained during os-
cillation.

frequencies do lie near the range of tangential acoustic fre-
quencies experienced during testing of this engine. Therefore,
this phenomenom could explain (at least in part) the tangential
stability problems encountered by this engine. The good news
is that this phenomenom appears to be limited to the lowest-
order natural frequency of the column; subharmonics and
higher harmonics do not play a substantial role as indicated in
Fig. 7.

Longitudinal Mode Simulations

Currently, simulation of a three-dimensional, viscous, tur-
bulent, two-phase flow that corresponds to real world condi-
tions is well beyond current modeling capabilities. For this
reason, the longitudinal simulations have been limited to a rel-
atively low-velocity regime in which the assumptions of axi-
symmetry and inviscid flow are most appropriate. The main
focus of these simulations is to address the effects of unsteady
perturbations on the character of breakup under these assump-
tions. Since the simulations in this section do not include the
influence of gas-phase pressure variations about the jet, the
Weber number is defined in terms of the liquid density. A We-
ber number of 100 is assumed for results presented herein.

Figures 8 and 9 address the effect of the disturbance mag-
nitude on the atomization process for a disturbance at the jet
natural frequency. In this case, analysis of Eq. (6) indicates
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Fig. 8 Effect of longitudinal disturbance amplitude on behavior
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Fig. 10 Effect of longitudinal disturbance frequency on behavior
of liquid jet at We = 100, ¢’ = 2%. w/w,= a) 0.71, b) 1.0, ¢) 1.29,
and d) 1.57.

that a dimensionless frequency of w ~ 0.7 generates waves of
the most unstable length. In Fig. 8, one can note that nonlinear
effects lead to the formation of a main and satellite droplet
from a single wavelength of the instability. This behavior is
well known for low-speed jets. Periodic bulges appear in the
jet because of the unsteady inflow, as noted experimentally by
Reba and Brosilow.’

Increasing the size of the perturbation not only decreases jet
breakup length, but also affects the shape and size of both main

and satellite drops. As ¢’ is increased, main droplets take on
a squashed shape as a result of high-velocity fluid [when
sin(w?) > 0], encountering lower velocity fluid that has already
exited the nozzle. This phenomena, known as the Klystron
effect, has been documented qualitatively by numerous re-
searchers."®'" Quantitative comparisons of droplet sizes are
compared with an infinitesimal disturbance'® in Fig. 9. Note
that the inviscid predictions match experiments quite well in
this regime. Viscosity tends to slow down the breakup process,
but does not fundamentally change droplet sizes in this flow
regime. The satellite size is shown to increase with perturba-
tion amplitude at the frequency ratio selected for these simu-
lations. Extrapolation to higher ¢’ values would presumably
lead to a monodisperse case in which both drops are the same
size. Through the use of piezoelectric drivers, droplet trains of
this type have been created experimentally.'

Figures 10 and 11 address the effect of disturbance fre-
quency on the character of the jet. As in the case of amplitude
dependence (Figs. 8 and 9), the jet behavior is also frequency
dependent. In this case, increasing disturbance frequency tends
to decrease breakup length even beyond w,/w > 1; a trend not
predicted by linear theory. In addition, the size of satellite
drops tends to decrease with increasing frequency as shown in
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Fig. 11 Effect of longitudinal disturbance frequency on drop size
for liquid jet at We = 100, ¢’ = 2%. Solid lines are for ¢’ ~ 0.
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Fig. 12 Jet behavior under violent oscillation, We = 1000, k = 1,
and ¢’ = 10%.
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Fig. 10. At a frequency ratio of 1.57, satellite drops have nearly
vanished, indicating that a frequency near this value can pro-
duce monodisperse atomization. In fact, viscous effects would
probably preclude the formation of this very small structure.
Quantitative predictions of droplet sizes are shown in Fig. 11.
Here, the solid lines reflect results for an infinitesimal pertur-
bation, as in Fig. 9, and the data points are measurements of
Rutland and Jameson® and Lafrance.”

A final simulation was conducted for the case of a high
Weber number (We = 1000), large amplitude (¢’ = 10%), per-
turbation. A time sequence for this case is shown in Fig. 12.
In this case, the Klystron effect leads to a large radial broad-
ening of the jet, as observed in numerous experiments."®*
Large perturbations of this nature have obvious repercussions
to jet behavior, causing clustered clumps of fluid at locations
corresponding to peak flow rates during the unsteady process.
In addition, the droplets formed from the annular rings of fluid
shown in Fig. 12 will be much smaller than drops formed from
a steady atomization process; an effect observed by Ingebo.’
Additional modeling efforts will be required to obtain a more
quantitative evaluation of this effect.

Conclusions

Nonlinear two-dimensional and axisymmetric numerical
simulations have been applied to simulate the effect of acoustic
perturbations on liquid jet atomization processes. A liquid col-
umn is shown to react very strongly to perturbations at its
lowest-order natural frequency w = \/(60‘)/[(p + pga’l, but
has minimal unsteady response for frequencies not near this
value. Early (unstable) fuel injector designs used in the F-1
engine program were shown to be near this natural frequency.
In addition, nonlinear natural frequencies for columns under
finite deformation have been quantified. The frequency shift
associated with a finite amplitude deformation is shown to
cause a limiting amplitude of column distortion.

The response of a liquid jet to longitudinal excitation (as
modeled through the use of a dynamic orifice mass flow) has
also been quantified. Periodic bulges in the jet’s surface, typ-
ically referred to as the Klystron effect, are described quanti-
tatively using this model. For low-speed jets, increasing both
amplitude and frequency of the disturbance is shown to in-
crease the size of satellite drops formed by nonlinear defor-
mation of the column. At large excitation amplitude, distinct
mushroom-shaped structures appear, as described by several
researchers. It is obvious that the formation of these structures
will decrease mean drop size, but more effort is required to
quantify the extent of the size change.
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