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A Partial Theory of Atomization 
in Internal Mix Swirl Nozzles 

David E. Dietrich 
Ecodynamics Research Associates, P. 0. Box 81 72, Albuquerque, NM 871 98 

A partial theoretical description of mixing and atom- lated to sheet thickness in swirl atomizers, these pro- 
ization processes in an opposed swirl nozzle is pre- duce a large range of drop sizes; ligament formation 
sented. Explanations based on fluid instability and occurs before separation and drop formation; and 
nonlinear mixed-layer effects are offered for several slurry atomization performance is often similar to at- 
observations: although volume mean drop size is re- omization of the liquid carrier without slurry particles. 

1. INTRODUCTION 

The dynamics of drop formation or "atomi- 
zation," and related mixing processes in 
nozzles, is an intriguing subject rich in fluid 
dynamic phenomena that are not under- 
stood in detail. However, a partial theoreti- 
cal description of mixing and atomization 
can be derived from known fluid behavior. 

The simplest nozzles direct the bulk liq- 
uid at high velocity into a passive external 
gas. The resulting spray has rather high 
velocity in the direction of the original bulk 
liquid motion. Although useful for some 
applications, this does not efficiently apply 
the original bulk liquid energy to atomiza- 
tion dynamics. For processes in which the 
primary goal is to produce small drops, this 
wastes energy. 

Such energy waste can be reduced by 
directing pressurized gas in a direction op- 
posite to the liquid. The resulting liquid-gas 
shear is very large, and the bulk liquid and 
gas momentum can be greatly reduced by 
mutual interaction during atomization. Such 
opposed flow nozzles are most efficient when 
complete mixing occurs inside the nozzle, 
greatly reducing the opposed flow energy 
internally, rather than allowing this energy 
to be needlessly wasted in mixing with a 
passive environment outside the nozzle. 
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Thus, internal mix nozzles are of great in- 
terest. A review of various types of nozzles 
is given by Simmons (1979). 

Internal mix nozzles using opposed swirl 
have several advantages (Dietrich, 1982, 
1985). Perhaps their greatest advantages are 
that they confine the injected fluids until 
they are thoroughly mixed, and provide very 
effective mechanisms by which to achieve 
such mixing. Thus, internal mix opposed 
swirl nozzles are of special interest. 

In Section 2, we discuss fluid mechanisms 
relating to nozzles in general. In Section 3, 
we apply these mechanisms to develop a 
partial theory on mixing and atomization in 
opposed swirl nozzles. 

2. GENERAL THEORY 

First, we briefly discuss some important 
concepts. We will use the term basic flow to 
denote the time averaged flow. The basic 
flow is most meaningful under steady oper- 
ating conditions (under constant external 
pressure conditions for a nozzle with fixed 
internal boundaries). However, it is also a 
useful concept when they are time depen- 
dent, especially when they are relatively 
steady during a typical fluid residence time. 

Aerosol Science and Technologv 12:654-664 (1990) 
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Even with exactly steady operating condi- 
tions, turbulent fluctuations occur which are 
deviations from the basic flow. The fluctua- 
tions occur due to fluid instabilities associ- 
ated with the basic flow structure. The fluc- 
tuations are associated with transient 
small-scale eddies. These turbulent eddies 
accomplish the fluid deformations required 
by mixing and atomization processes. Thus, 
the space-scales and intensities of these ed- 
dies determine nozzle performance. 

It follows that nozzle performance is de- 
termined by the basic flow distribution im- 
posed by its inflow conditions and internal 
structure. The basic flow distribution deter- 
mines fluid instability and associated turbu- 
lence distribution. Conversely, the basic flow 
is itself affected by the turbulence in a very 
nonlinear manner, including important 
shears and recirculation zones. While the 
basic flow is not necessarily an appropriate 
base state for stability analysis, it can sug- 
gest appropriate base states for such analy- 
sis. 

In summary, atomization involves fluid 
instabilities in a very nonlinear basic flow. 
These instabilities result in the growth of 
small-scale eddies, which accomplish the 
mixing deformations leading to drop separa- 
tion from the bulk liquid. Efficient atomiza- 
tion is promoted by forcing a basic flow 
pattern in which the flow near the interface 
between the bulk liquid and gas is unstable 
to eddies whose axis (or vorticity vector) lies 
approximately in the plane of the interface. 

Sometimes the bulk liquid to be atom- 
ized contains a dense solid particle suspen- 
sion (such as in slurries). It has been noted 
(Simmons, 1984; Gaag, 1984) that such slurry 
atomization is sometimes not strongly inhib- 
ited by the presence of solid particles and 
can be quite similar to the atomization of 
the liquid phase alone under similar operat- 
ing conditions with the same nozzle. 

A possible interpretation of this is that 
atomization is a discontinuous process, 
analogous to the fracturing of solids, involv- 
ing fluid properties in only a secondary 
manner. 

However, atomization processes are very 
fast and therefore can appear discontinu- 
ous, even when governed by continuum fluid 
properties. Observations might resolve only 
the relatively slow final breakup, when drops 
separate from the bulk liquid, and miss 
much more rapid processes upstream, where 
fluid instabilities lead to small-scale turbu- 
lent eddies which deform the bulk liquid 
surface and determine drop size. Indeed, 
early calculations from an opposed swirl 
model (Dietrich, 1987) reveal a mechanism 
for "microburst" behavior in which drops 
are continually separated from the bulk 
liquid sheet by intense, short-lived jets 
of gas that penetrate through the liquid 
sheet toward the nozzle centerline. Such 
instabilities convert the bulk flow kinetic 
energy to small-scale eddy energy that 
does work against surface tension and 
viscous forces. Some of the increased sur- 
face energy is released during the final 
breakup. 

Observations combined with a simple 
theory (see Appendix A) indicate that con- 
tinuum fluid properties involving pressure 
and viscous forces dominate before the final 
breakup. Energy balance considerations 
show that if drop size is inversely propor- 
tional to the square root of the pressure 
drop for a given nozzle and operating fluid, 
viscous forces are probably more important 
than surface tension forces in determining 
drop size in the range of operating condi- 
tions covered by the data. This inverse 
square root relation dominates observations 
in the literature (Jasuja, 1978; Dietrich, 
1982; Elkotb and Abdalla, 1982; Jones, 
1982). 

An alternate interpretation of the some- 
times weak particle effects on slurry atom- 
ization, that is based on fluid continuum 
properties, is as follows. 

First, we assume that the slurry particles 
are elastic. Also, we assume that bulk trans- 
fers of momentum by viscous effects, on the 
scale of the atomizing eddies, are not 
strongly affected by the solid particles, which 
might not be true when the solids volume 
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656 D. E. Dietrich 

fraction is large and the drops are not small 
compared to the solid particles. 

Suppose that most of the spray liquid is 
in drops that contain a large number of 
solid particles. This indicates that during 
atomization the particle motion relative to 
the surrounding bulk liquid creates flow dis- 
turbances in the liquid that have small scale 
relative to the eddies that deform the 
slurry-gas interface. It follows that such 
particle-scale disturbances are strongly in- 
hibited by viscous forces, and do not inter- 
act directly with the atomizing eddies. (The 
basic flow is unstable. This leads to eddies 
that deform the liquid-gas interface. 
Smaller-scale eddies would be even more 
unstable, but do not appear due to strong 
damping by viscous forces. Smaller-scale 
particle induced disturbances are also 
strongly damped.) Thus, little energy is im- 
parted to such particle induced distur- 
bances. Further, if the particle material 
density is close to the liquid density, the 
forces that accelerate the surrounding bulk 
liquid also accelerate the particles at nearly 
the same rate. Thus, the particles develop 
little relative motion even if the liquid is 
inviscid. Examples are a slurry in a gravity 
field, or under centrifugal acceleration as in 
a centrifuge; if the particle material density 
is the same as the liquid, the particles 
remain suspended (develop no relative 
motion). 

Suppose, on the other hand, that most of 
the spray liquid is in drops that contain no 
solid particles. This occurs at higher pres- 
sure conditions, when the atomizing eddies 
are smaller than the suspended particles. 
The result is that many of the drops formed 
contain only the liquid originally surround- 
ing the particles. Thus, the atomization is 
nearly optimum in that the surrounding liq- 
uid is simply stripped from the particles by 
interaction with the gas (Gaag, 1984). 

In summary, when the observed slurry 
spray drops tend to have either no solid 
particles or a very large number of solid 
particles, it follows that the solid particles 
do not interact strongly with the atomizing 

eddies, and that atomization performance is 
very similar to that of the liquid carrier in 
the absence of solid particles. It appears 
that the solid particles should substantially 
affect atomization performance only when 
three conditions are satisfied for drops con- 
taining most of the slurry volume: first, the 
solid particle size is not small compared to 
the slurry drop size; secondly, most of the 
slurry drops contain a small number of solid 
particles; and thirdly, the solid particle ma- 
terial density is substantially different from 
the liquid carrier. 

3. ATOMIZATION IN OPPOSED 
SWIRL NOZZLES 

In Section 2, we concentrated on general 
fluid mechanisms involved in atomization. 
However, this does not provide detail on 
just how these mechanisms operate in a 
given nozzle. For this, we need more de- 
tailed observations and fluid models. How- 
ever, useful partial theories can be derived 
from known fluid behavior. This assumes 
that fluid properties are at least qualita- 
tively maintained in the small space and 
time scales typically involved in atomization. 

We now apply known fluid behavior to 
derive a partial theory on atomization dy- 
namics in an opposed swirl nozzle (Dietrich, 
1982,1985; Simmons, 1984; Gaag, 1984). An 
opposed swirl nozzle is an internal mix noz- 
zle into which the fluids to be mixed or 
atomized are injected with opposed swirl 
(angular) velocity components. 

A simple version of this nozzle has a 
basically axisymmetric cavity with one end 
closed (Figure 1). The other end has a cen- 
tral opening through an orifice piece. The 
cavity is divided into two chambers by an 
axisymmetric throat piece with central 
opening. Fluid A is injected into chamber 
A, the chamber farthest from the orifice. 
Fluid B is injected into chamber B. Fluid A 
is directed through one or more side ports 
with an angular velocity component (also 
called swirl). Fluid B is directed through 
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FIGURE 1. Plane cut through centerline of ide- 
alized balanced swirl nozzle with schematic 
time-averaged fluid density contours. The con- 
tours are drawn only to illustrate qualitative flow 
features consistent with partial theory in text. 

L :  
1 :  GRS 
N :  
E !  CORE 
I 

one or more side ports with swirl opposite 
to that of fluid A. Ideally, the angular mo- 
mentum inflow rate into chamber A approx- 
imately balances its inflow into chamber B. 

When fluid A is a liquid and fluid B is a 
gas, some likely aspects of the dynamics of 
this nozzle are as follows. We assume fluid 
accelerations are large compared to gravity. 

Under high Reynolds number operation, 
a well-developed vortex fills chamber A. The 
swirl distribution is described approximately 
by angular momentum conservation. Thus, 
swirl velocity increases toward the center- 
line. However, the liquid does not reach the 
centerline. This would require extremely 
high pressure to approximately conserve an- 
gular momentum. Instead, the liquid pene- 
trates only to a radius just inside the throat 
opening, leaving a gas core around the cen- 
terline. The liquid then accelerates axially, 
forming a nearly axisymmetric swirling thin 

L I Q U I D  P H I S E  X  X  X  L I Q U I D  t 
X X X  OR t 

O R  X  X  X  SLURRY C 
X  X  X  I N L E T  C 

SLURRY P H A S E  
XXXXXX 

cylindrical sheet as it passes through the 
throat and enters chamber B (Figure 1). 

The pressure force necessary for this ax- 
ial acceleration through the throat opening 
implies that the gas core diameter is smaller 
near the closed end of chamber A than near 
the throat. The nearly uniform pressure at 
the interface between the swirling liquid 
and the gas core, together with the inward 
force needed to keep the interface from 
moving outward, then implies higher pres- 
sure in the liquid vortex near the closed end 
of chamber A than at the same radius near 
the throat. The liquid speed at the gas core 
interface is nearly constant, consistent with 
a Bernoulli relation at such nearly constant 
pressure surface. However, the ratio of axial 
to swirl velocity magnitude varies greatly, 
increasing toward the throat. 

The swirling thin sheet entering chamber 
B immediately encounters counter-swirling 
gas at its outer surface, as the gas flow in 
chamber B also includes a well-developed 
vortex outside the throat opening. In the 
basic (time averaged) flow, there is a transi- 
tion region between the region always 
occupied by liquid and the region always 
occupied by gas. We call this the phase 
transition region or PTR. There is an inner 
IPTR between the liquid sheet entering 
chamber B and the centerline, and an outer 
OPTR between liquid sheet and the cham- 
ber B gas inlets (Figure 1). 

The averaged fluid density in the OPTR 
varies between the bulk liquid and bulk gas 
density. Two mechanisms dictate that flow 
distribution in the OPTR is very unstable. 
The basic swirl and density distribution pro- 
vides an instability mechanism that is analo- 
gous to having dense fluid above less dense 
fluid in a gravity field, as in Rayleigh-Taylor 
instability. The basic swirl distribution pro- 
vides a second instability mechanism, analo- 
gous to the classical centrifugal Taylor in- 
stability in swirling flows (Monin and 
Yaglom, 1971). These two mechanisms could 
lead to a bimodal drop size distribution. A 
similar double instability mechanism causes 

XXXXX 
: X X X X X X X X X X X X X X X X X X X X X X X X x X X X X X X X X X X X X X x x x x x x x x x x x x  
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D. E. Dietrich 

a "spectral gap" in atmospheric flow eddy 
sizes (Dietrich, 1977; Hogstrom and 
Hogstrom, 1975). 

The fluid instabilities in the OPTR imply 
rapid growth of turbulent eddy energy in 
the fluid entering the OPTR. The turbulent 
eddies deform the outer (farthest from the 
chamber centerline) liquid sheet surface and 
shear liquid elements away, thereby widen- 
ing the OPTR. Thus, the OPTR width 
(transverse to the basic flow) increases along 
the basic flow trajectories. Thus, turbulent 
mixing entrains liquid and gas into the 
OPTR, and reduces the basic velocity and 
density gradients downstream from the 
throat. The remaining bulk liquid stream 
inside (closer to the chamber centerline) the 
OPTR retains its original swirl angular mo- 
mentum, as does the gas outside the OPTR. 
Such configuration is still unstable, but the 
turbulent eddies that grow in the widened 
OPTR have larger scales in order to com- 
municate across the OPTR. Indeed, such 
larger scale eddies can grow very rapidly, as 
the effective Reynolds number of the OPTR 
is very large, especially if one ignores inter- 
action of such larger-scale eddies with the 
smaller ones that widened the OPTR up- 
stream. 

Thus, one expects that small drops should 
form in the region just downstream from 
the throat opening, with larger drops form- 
ing further downstream in a wider OPTR. 
This is one possible mechanism for the large 
range of drop sizes that are observed in 
most nozzles. The maximum drop sizes 
should be produced by eddies whose scale is 
comparable to the remaining bulk liquid 
sheet thickness, after the outer part of the 
sheet has been eroded and atomized, and 
the OPTR width is comparable to the re- 
maining sheet thickness. This is consistent 
with the observation that sheet thickness is 
well correlated to drop size (Simmons, 1979). 

This theory was briefly described in 
(Dietrich, 1985). Since then, it has been 
supported by observations of similar phe- 
nomena involving fluid instabilities in dif- 

ferent geometries. In Rayleigh-Taylor in- 
stability experiments (see Appendix B), eddy 
sizes grow as the mixed region resulting 
from the eddies widens with time. In the 
breakup of an axisymmetric jet, eddy sizes 
also grow as the mixed region grows down- 
stream from a nozzle orifice (Cohen and 
Wyganski, 1987). Results from an interest- 
ing study (Knoll and Sojka, 1987; see Ap- 
pendix C) further support this theory. 

In the classical Taylor-Couette experi- 
ments, centrifugal instabilities tend to pro- 
duce quasi-axisymmetric vortices, with large 
angular modulation scale compared to the 
vortex cross-sections (Barcilon et al., 1979). 
Thus, the vortices are quasi-toroidal. Such 
quasi-toroidal eddies probably also occur in 
the above discussed opposed swirl nozzle, 
especially if the eddy capillary number 
v A U / u ,  where AU is the basic flow velocity 
difference on the scale of the eddies, is 
large. However, the ratio of angular length 
scale to toroidal cross-section diameter of 
the most unstable eddies should increase 
with increasing capillary number. This key 
length ratio can be called the "capillarity," 
and is usually greater than 1. As the unsta- 
ble eddies move downstream into a widened 
OPTR, their capillarity should decrease (due 
to decreased basic flow velocity change on 
the scale of the eddies). Thus, the ligaments 
produced by the originally quasi-toroidal 
eddies "pull together7' and separate from 
the remaining bulk liquid. 

The situation is different for the eddies 
that develop in the widened OPTR down- 
stream. Their toroidal cross-section is wider 
than the upstream eddies, in order to com- 
municate across the widened OPTR. Also, 
the eddy viscosity effect of the smaller-scale 
eddies that formed upstream should in- 
crease the effective capillarity of the larger- 
scale most unstable eddies in the widened 
OPTR. Thus, both the toroidal cross-sec- 
tion diameter and the angular length scale 
of the most unstable eddies should increase 
as one moves downstream into the widened 
OPTR. Similar interaction between small- 
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scale and large-scale structures has been 
noted in Taylor-Couette experiments 
(Barcilon et al., 1979). The upstream eddies 
might be involved in observed satellite drop 
formation. 

These mechanisms are also applicable to 
the atomization of liquid slurries. 

The important Taylor instability occurs 
at relatively low Reynolds numbers and is 
common in nature. Its effects occur when- 
ever the basic flow has significant curvature, 
as can be induced by curved boundaries. Its 
occurrence at low Reynolds number in- 
creases its effects in nature and, in view of 
the computational cell Reynolds number 
limit (Roache, 19821, reduces resolution and 
computation required to realistically ad- 
dress phenomena involving it. Mathematical 
models of mixing and atomization processes 
are discussed in Dietrich (1987). 

Taylor instability can help control turbu- 
lence. In axisymmetric geometries, this is 
achieved by forcing a basic flow swirl distri- 
bution that is unstable/overstable in re- 
gions where it is desired to increase/ 
decrease turbulence. Not surprisingly, 
axisymmetric Taylor-Couette experiments 
are among "the best known problems in the 
whole field of fluid mechanics" (Barcilon 
et al., 1979), and when the Taylor instability 
mechanism is used in the opposed swirl 
nozzles discussed above, very efficient atom- 
ization can occur. Indeed, according to data 
given in Simmons (1984) and Gaag (1984), 
the opposed swirl nozzle produces drops 
with Sauter mean diameter about 5/12 the 
size produced by modern gas turbine air- 
blast nozzles under similar operating condi- 
tions. Since the energy required to atomize 
a liquid is quadratically related to the drop 
size (see Appendix A), this indicates almost 
a factor of 6 energy savings in producing 
given required drop size. 

Although the opposed swirl nozzle is 
generally a very efficient nozzle and also has 
other desirable properties (Dietrich, 1982, 
1985; Simmons, 1984; Gaag, 1984), it ideally 
should be operated in such a manner that 

the net angular momentum inflow rate into 
the nozzle is near zero, so that the opposed 
swirls nearly cancel during the mixing pro- 
cess inside the nozzle. It can be designed to 
operate in such a manner for any desired 
mass flow ratio. Details on judicious design 
and operation of this nozzle are given in 
Dietrich (1990). 

4. SUMMARY AND CONCLUDING REMARKS 

Observations and general fluid mechanisms 
have led to a partial theory of mixing and 
atomization processes, including some de- 
tailed theories based on these mechanisms 
in balanced swirl nozzles. According to the 
theory, quasi-toroidal (axisymmetric) elon- 
gated eddies that result from Taylor 
(centrifugal) and Rayleigh-Taylor instabili- 
ties play a major role in determining drop 
size, and surface tension effects are sec- 
ondary under normal high-velocity operat- 
ing conditions. Nonlinear mixing by the early 
(upstream) atomizing eddies that develop 
near the concentrated gradient zones where 
the bulk liquid and air initially interact is 
probably a primary cause of larger-scale ed- 
dies developing downstream and leading to 
larger drop sizes. 

I would like to warmly acknowledge my father, Dr. 
Verne Dietrich, and Mr. Harold Simmons for insight 
derived from many stimulating discussions. 

APPENDIX A 

Pressurization Effects on Drop Size 

As noted in Dietrich (1982), the length scale 
of eddies resulting from fluid dynamic insta- 
bilities determines drop diameters. A scal- 
ing estimate of drop diameter was also de- 
rived in Dietrich (1982). We summarize the 
derivation here. 

In order for any basic (time averaged) 
flow to be fluid dynamically unstable, the 
eddy perturbation energy source must be 
larger than the energy sink. In the momen- 
tum conservation equations, the inertia 
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terms are the only possible eddy energy 
source; surface tension and viscous terms 
dissipate kinetic energy (in the process of 
atomization, surface area and surface en- 
ergy increase). Here, and in the ensuing 
discussion, we ignore gravity effects. The 
forces (per unit volume) in the momentum 
conservation equations can then be scaled 
as follows: 

inertial force - p U 2 / ~  

viscous force - pU/L2 

surface tension force - u/L2, 

where U is a basic flow velocity, L is the 
eddy length scale, v is the viscosity coeffi- 
cient, and cr is the surface tension coeffi- 
cient. 

The three proportionality factors depend 
on the injection configuration and nozzle 
shape. Thus, in order to have a balance 
among eddy energy sources and sinks, 

where Wc and R,  depend on the injection 
configuration and nozzle shape, and uU/u 
is a capillary number. Rc can be interpreted 
as a critical Reynolds number when the 
capillary number is large. W, can be inter- 
preted as a critical Weber number when the 
capillary number is small. 

Eq. (1) can be written 

For a given nozzle, the parameters R,, W,, 
K,, and K ,  depend on the fluid density 
ratio, viscosity ratio, and mass flow ratio. If 
one assumes U - ( ~ p ) ' . ~ ,  as in a Bernoulli 
relation, Eq. (2) can be written 

The first term dominates at sufficiently 
large pressure drops. This means that vis- 
cous forces are more important than surface 
tension forces in determining drop size when 
the pressure drop is sufficiently large. Data 
correlation studies (Jasuja, 1978; Dietrich, 

1982; Elkolb and Abdalla, 1982; Jones, 1982) 
show that the first term usually dominates 
under typical nozzle operating conditions. 

APPENDIX B 

Rayleigh-Taylor Instability Observations 

RayIeigh-Taylor experiments have a flow 
evolution like the sequence of linear and 
nonlinear dynamic processes proposed in 
Dietrich (1985) as a primary cause of the 
wide range of drop sizes coming from spray 
nozzles, and discussed in more detail in 
Section 3 of this paper. The potential im- 
portance of this dynamic sequence in noz- 
zles was further supported in Cohen and 
Wyganski (1987). Since these experiments 
are quasi-two-dimensional and are particu- 
larly easy to model on a computer, we use 
model results to illustrate the sequence dis- 
cussed in Section 3. The calculations take 
less than 5 min on a Microvax 2 computer. 

In the computer simulation, a nearly sta- 
tionary, uniform density, cool gas (298°K) 
initially overlies a relatively warm gas 
(328°K) at the same initial pressure and 
mean molecular weight (therefore, lower 
density). The interface between the cool 
and warm gas is initially horizontal (Figure 
2a), but a small semirandom velocity per- 
turbation is assumed throughout the gas. 
The initial perturbation and ensuing flow 
are assumed independent of one horizontal 
coordinate. The grid interval is 1 cm, and 
there are 20 zones in each direction. Con- 
stant momentum and heat diffusivities of 
0.2 cm2/s are assumed. 

Figure 2 shows the sequence of ensuing 
flows. Since the flow Mach number remains 
very small, the pressure remains relatively 
constant and temperature is inversely re- 
lated to density. Except for the boundary 
effects, the sequence is qualitatively similar 
to the sheet breakup theory proposed in 
Section 3 (considering the time sequence of 
the mean temperature contour to be analo- 
gous to a time sequence of local environ- 
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ments "seen7' by individual fluid material 
elements inside the nozzle). 

Note the early development of a charac- 
teristic scale oscillatory deformation of the 
interface between the cool and warm gas 
(Figure 2b). This reflects a scale selection 
involving Rayleigh-Taylor instability with a 
viscous cutoff. The deformation grows in 
amplitude and mixes the two fluids. As the 
mixed region widens (Figure 2c-f), larger 
eddy scales dominate, until the dominant 
eddies have comparable scale to the experi- 
mental dimensions. 

An early nonlinear effect is the develop- 
ment of a double structure in the vertical 
(Figure 2c) when the vertical scale of the 
interface deformation becomes comparable 
to the horizontal scale of the growing ed- 
dies. 

This can be explained as a result of mix- 
ing by the early eddies. 

The early eddies' energy is concentrated 
near the original density discontinuity. Thus, 
they mix only in this narrow region. The 
result is that the vertical profile of the hori- 
zontally averaged density in the mixed layer 

FIGURE 2. Time sequence showing linear and 
nonlinear dynamics of Rayleigh-Taylor instabil- 
ity in vertical slab: tempcrature (degrees Kelvin) 
at various model times: 

(a) time step 50, time = 0.27 s 
(min = 298, rnax = 328, Re = 12.5) 

( b )  time step 100, time = 0.68 s 
(min = 298, rnax = 328, Re = 46.8) 

(c) time step 200, time = 2.11 s 
(min = 298, rnax = 328, Re = 94.8) 

( d )  time step 400, time = 4.16 s 
(min = 300, rnax = 327, Re = 96.0) 

(e) time step 600, time = 6.16 s 
(min = 306, rnax = 318, Re = 95.8) 

(f) time step 800, time = 9.64 s 
(min = 309, rnax = 316, Re = 91.61, 

where the Reynolds number Re is based on the 
maximum velocity and the 20-cm domain size. 
The crude resolution used is sufficient to illus- 
trate the primary mechanisms observed in the 
Rayleigh-Taylor experiments. 

approaches the mean of the two material 
densities, with jumps to the original high 
and low material density at the top and 
bottom of the mixed layer, respectively. 

The new mean (horizontally averaged) 
density profile environment favors eddies 
whose energy is concentrated at the top and 
bottom of the mixed layer, resulting in a 
double structure. Interestingly, a double 
structure is also shown in schematic pictures 
on liquid sheet disintegration (Dombrowski 
and Johns, 1963). 

The double structure eddies increase the 
density at the top of the original mixed-layer 
region, and decrease it at the bottom. The 
resulting finite-depth unstable mixed layer 
favors the development of larger horizontal 
scale eddies. The sequence continues (Fig- 
ure 2d-f ), and larger and larger horizontal 
scales are favored until the entire region is 
mixed (Figure 2 f ). Note that the mixing 
leads to significantly reduced temperature 
contrast. In the absence of mixing, it would 
have taken much longer to reduce the tem- 
perature contrast by conduction. Later in 
the calculation (not shown), the tempera- 
ture again becomes nearly horizontally 
stratified, but with reduced contrast, dif- 
fused gradient, and the cooler gas under the 
warmer gas. 

If the horizontal scale of the early most 
unstable eddies were equal to or larger than 
the depth of the experiment, the range of 
eddy scales that develop would be reduced. 
Three possible ways to do this are as fol- 
lows. The first is to make the original den- 
sity profile continuous, such as a linear pro- 
file from top to bottom. A second way, 
which would retain the density discontinuity 
at middepth, would be to limit the depth of 
the experiment to a value less than or equal 
to the horizontal scale of the most favored 
eddies that occur in much deeper experi- 
ments. A third way is to favor the action of 
eddies comparable to the experimental 
depth by putting them in at large amplitude 
initially, which can be done more easily 
numerically than in the laboratory. 
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The latter two methods might both be 
useful in reducing the range of drop sizes 
from nozzles by appropriate nozzle design 
and operating conditions. This could be 
done by controlling the liquid sheet thick- 
ness appropriately and/or by adding con- 
trolled finite amplitude perturbations of ap- 
propriate frequency to the bulk liquid flow 
upstream. 

APPENDIX C 

Variable Air-Gap Studies 

Results from a very interesting study of an 
air-assisted atomizer were reported at 
ILASS-87 (Knoll and Sojka, 1987). In this 
study, the air pressure (and velocity) are 
held fixed while varying the air gap and 
liquid mass flow in such a manner that the 
air-to-liquid mass flow is constant. It was 
found that increasing air gap results in larger 
drop sizes under these conditions. One pos- 
sible explanation, given in Knoll and Sojka 
(1987), is that some of the air in the widened 
air stream, being well separated from the 
liquid, loses energy in mixing with air out- 
side the nozzle rather than in mixing and 
atomizing the liquid. Another possible ex- 
planation, according to the theory in Sec- 
tion 3, is that the mixed region gets much 
wider before the air energy is used up, 
resulting in larger atomizing eddies. Proba- 
bly, both mechanisms contribute to the 
larger drops observed. This well-designed 
and significant study shows the importance 
of nozzle geometry in atomization perfor- 
mance-the ratio of the atomizing air power 
to the bulk liquid mass flow rate was held 
constant for different nozzle designs (air 
gap width), yet smaller air gaps consistently 
led to smaller drop sizes, thereby conclu- 
sively demonstrating that the small air-gap 
design was superior in terms of atomizing 
efficiency. 

NOMENCLATURE 

IPTR inner phase transition region 
K,, K ,  empirical constants 

L 
OPTR 

AP 
R c 

U 
AU 

P 

wc 

CT 

V 

typical eddy length scale 
outer phase transition region 
external pressure difference 
critical Reynolds number 
typical flow velocity 
typical velocity difference on the scale 
of the eddies 
typical density 
critical Weber number 
surface tension coefficient 
momentum diffusion coefficient 
(viscosity) 
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