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Advanced Sub-Model for Airblast Atomizers
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A three-dimensional viscous stability analysis has been carried out to model airblast atomization. The model
considers an annular liquid sheet downstream of an airblast atomizer and incorporates essential features, such as
three-dimensional disturbances, liquid viscosity, inner and outer air swirl, and finite film thickness. Effects of axial
velocity, air swirl, and liquid viscosity on the growth rates of various disturbance modes have been examined in
detail. It has been found that increasing the relative axial velocity between the liquid and the gas phases significantly
improves the fuel atomization. The inner and outer air moving together enhances the instability of the liquid sheet
more significantly than only the inner or outer air. When air swirl is absent, the axisymmetric mode dominates the
breakup process of the liquid sheet. Liquid viscosity is found to have a twofold effect: reduce the growth rates of
unstable waves and shift the dispersion diagram toward long waves. Air swirl not only promotes the instability of
theliquid sheet, but also switches the dominantmode from the axisymmetric mode to a helical mode. A combination
of the inner and outer air swirl improves airblast atomization more significantly than a single air swirl.

Nomenclature

vortex strength, m?/s

wave propagation speed, m/s
frequency, Hz

ratio of inner to outer radius, R,/ R,
nth-order modified Bessel function of the first kind
nth-order modified Bessel function of the second kind
axial wave number, 27 f/c, 1/m
azimuthal wave number

mean pressure, N/m?

disturbance pressure, N/m?

inner radius of liquid sheet, m

outer radius of liquid sheet, m
Reynolds number, p,U,R, /1

radial coordinate, m

time, s

mean axial velocity, m/s
disturbance axial velocity, m/s
mean radial velocity, m/s
disturbance radial velocity, m/s
mean tangential velocity, m/s
Weber number, pU?R, /o
disturbance tangential velocity, m/s
axial coordinate, m

displacement disturbance, m
azimuthal angle, rad

fluid viscosity, N s/m?

fluid density, kg/m?

surface tension kg/s?

angular velocity, 1/s

temporal frequency, 1/s
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Subscripts

i = inner gas

[ = liquid phase

o = outergas

si = based on inner air swirling component
so = based on outer air swirling component

I. Introduction

EETING emission requirements and constantly improving

combustion efficiency remain to be two primary challenges
for the development of next generation gas turbine engines. For ex-
ample, to lower emission level of NO, significantly, it is crucial to
optimize the fuel atomization process and combustor aerodynamics
to achieve rapid and uniform fuel/air mixing. Because of its desir-
able attributes, such as lower fuel pressure requirement, larger flow
turn-down ratio, and lower pollutant emissions, the airblast atom-
izer has been considered as an advanced fuel injectiondevice and is
widely used in gas turbine engines and oil-fired furnaces. In an air-
blast atomizer, kinetic energy of the high-speed swirling airstreams
is used to breakupthe liquid sheet. Accordingto the filming method,
airblastatomizers can be divided into two types, namely, prefilming
airblastatomizer and swirl-cup airblastatomizer. Inside a traditional
prefilming airblast atomizer,' liquid fuel first spreads out into a thin
annular sheet and then is exposed to high-speed swirling airstreams
on both sides, as shown in Fig. 1. In the modern swirl-cup airblast
atomizer, liquid fuel emanates from a pressure-swirl atomizer in the
form of a conical liquid sheet and impinges with the swirler cup
forming an annularliquid film. This thin liquid film is driven by fast
moving inner air to the nozzle tip, and atomizationoccurs as a result
of the strong shear action of the inner and outer airstreams. There-
fore, for both types of airblast atomizers, the annular liquid sheet
is subjected to swirling airstreams and its breakup is responsible
for spray formation and determines the resultant spray character-
istics such as mean droplet diameter and droplet size distribution.
The subsequent combustion process in a gas turbine engine is sig-
nificantly affected by the initial droplet distribution. Therefore, un-
derstanding the underlying mechanisms that govern fuel atomiza-
tion in airblast atomizers is critically important in developing next
generation gas turbine engines. A stability model thatidentifies spe-
cific effects of various forces on the breakup process of the liquid
sheet is useful in improving atomizer design. Also, computational
simulations of spray combustion in gas turbine engines use droplet
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Fig. 1 Schematic of a prefilming
airblast atomizer.

distributionin a spray emanating from a fuel atomizer as initial con-
ditions. The successof such simulationsin part depends on the accu-
racy of the droplet size distribution used. Therefore, establishment
of an advanced stability model will also benefit the computational
fluid dynamics design/simulation tools for gas turbine engines?

It is well established that the disintegration of a liquid sheet is
due to the growth of unstable waves at the liquid/gas interface. The
growth rates of these unstable waves depends on flow conditions,
fluid properties, nozzle geometry, and boundary conditions. Exten-
sive theoretical and experimental studies have demonstrated that,
among unstable waves, there exists a wave number k or frequency
f =kc/2m that has the maximum growth rate. This wave is called
the most unstable wave and dominates the breakup of the liquid
sheet. Its wavelength is related to the mean droplet size, and its
growth rate determines the breakup length. Stability analysis to pre-
dict the most unstable wave number and the maximum growth rate
in atomization of planar liquid sheets has received much attention
in the literature 3~ More recently, recognizing the potential of air-
blast atomizer in meeting more stringent emission requirements,
existing stability models for planar (two-dimensional) sheets have
been extended to annular liquid sheets.'*~'® Theoretical models for
the instability of annular liquid sheets have been summarized in a
recent paper.'® In that paper, we considered effects of inner as well
as outer air swirl. It was found that increasing the relative velocity
between the liquid and gas phases increases both the most unstable
wave number and the maximum growth rate. As a result, atomiza-
tion quality is significantly improved. It was also found that air swirl
destabilizes the annular liquid sheet. These conclusions have been
validated by several experimental investigations'’~!? that revealed
that the swirling airstream promotes the disintegration of the lig-
uid sheet, apart from enhancing fuel/air mixing and stabilizing the
flame.

However, our previous model'® neglected the effect of liquid vis-
cosity. Dombrowski and Johns® have shown that liquid viscosity has
a significant effect on the size of droplets formed from breakup of
planar liquid sheets. However, for annular liquid sheets, a stability
model that considers liquid viscosity is not available in literature.
Such a model is developedin the present paper. Here, we extend the
inviscid analysis by considering liquid viscosity while maintaining
essential features such as three-dimensionaldisturbances,inner and
outer air swirl, and an annular geometry with finite film thickness.
The most unstable wave number and the maximum growth rate are
predicted. Effects of liquid viscosity on the growth rates of the ax-
isymmetric and various helical modes have been examined under
both nonswirling and swirling flow conditions. Effects of air swirl
on the growth rates of both the axisymmetric (n = 0) and the first
two helical modes (n = 1 and 2) are investigatedand compared. The
results reported here confirm that our previous inviscid model'® can
be successfullyrecoveredfrom the presentmodelin the limit of large
Reynolds number. Because the flow conditions considered in this
paper are quite similar to the practical operating conditions, it is ex-
pected that the present analysis will elucidate the breakup behavior
of a liquid sheet downstream of an airblast or air-assisted atomizer.
Also note that other geometric conditions such as plane liquid sheet
or round liquid jet can be recovered from the present model as the
ratio of inner to outerradius approaches 1 or 0, respectively.As such,
this three-dimensional viscous stability model sheds lights on the
underlying mechanism of liquid atomization and provides guidance
for the design of airblast as well as pressure atomizers.
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II. Mathematical Model

The geometrical and flow conditionsconsideredhere are shownin
Fig. 2. A viscousannularliquid sheetis subjectedto coaxial swirling
airstreams. In the stability model, the gas phase is assumed to be
inviscid and incompressible. Mean flows of the liquid, the inner air,
and the outer air are assumed to be (U,, 0, 0), (U;, 0, Qr), and (U,,
0, A/r), respectively. This combination of solid body rotation and
free vortex profile is quite similar to the practical tangential velocity
profile inside a gas turbine combustor. To maintain an annular shape
of the liquid surface when undisturbed, a constraint on the mean
pressure of the inner and outer airstreams at the interfaces must be
imposed by Eq. (1):

Fi =P, =0(1/R, +1/Ry) o))

A. Linearized Disturbance Equations

The velocity, pressure, and displacement disturbances are as-
sumed to have the forms

w,v,w, p)=[a@), v(r), w), p(r)lexplikx +nd —wt)] )
n;(x,0,1) =1; expli(kx +nf — wt)] j=i,0 Q)

To derive the linearizeddisturbanceequations, velocity and pressure
disturbances are superposed on their mean counterparts as

V=V+v, p=P+p )
where
U u
v=4{V}, v=1v
w w

The overbar in Eq. (4) represents the assumed mean flow quanti-
ties and the prime indicates disturbance. The linearized disturbance
equations for the liquid phase can be written in vector form as

Vy=0 5)

av av
—+U—)=-Vp V2 6
pl<8t+ lax) Pt uV ©)

For the inner and outer airstreams, the linearized disturbance equa-
tions are written in component form as

ou v ov 10w
_|._ —_—

—+=-+—= — =0 7
ox r or rdf ™
du W; du ou 1 9p}
—+—2L—4U—==-———== 8
a  r a0 ox pj dx ®
o W W 10
ot 0x r 96 r pj or
dw W Widw e Wy 1,
ot dr r 960 ax r pj oo

where j=i,0, W, =Qr,and W, = A/r.
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B. Boundary Conditions

To solve the given linearized disturbance equations, both kine-
matic and dynamic boundary conditions must be prescribed at the
interfaces for both the liquid and gas phases. The kinematic bound-
ary conditionrequires that the radial velocity componentbe contin-
uous across the interfaces, that is, particles on the interface remain
there. Mathematically, they are expressed as follows:

an; an; an;
V=—+Q— +U,—
ot a0 x
d Ad d
o  Adn, 00,
ar  r? 96 ox

at r =R, (1D

at r = Rb (12)

an; an;
=4 U= t =R, 13
v ot + lax a " (13)
91 o
v ot + oy at r b (14)

The dynamic boundaryconditionsat the inner and outerinterfaces
require balance of forces including pressure force, surface tension,
centrifugal force, and viscous force in the radial direction. In the
axial and azimuthal direction, due to the inviscid assumption of the
airstreams, viscous stress at the liquid/air interfaces are zero:

’ ’ i 1 3277:‘ 3277i 2 ov
—p=o( 2+ =L+ L) 4 p Q2R + 22—
P B U(Rg R2 gor  gx2 ) PSRl AT

at r=R, (15)
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Pr=po= U<R5+Rg 262 " o 2

at  r=R, (16)

0 0
T,X:M<—”+—U>:o at  r=R, R, 17)
ar  0x
ow w 1 dv
Y (L YU ¢ —R, R 18
fro M(ar r+r89> . ' @ (1%

C. Nondimensional Dispersion Equation

To isolate the specific effect of flow conditions, fluid properties,
and geometric parameters on the instability of the annular liquid
sheet, the following nondimensional parameters are introduced:
We,=p,UR, /o,

We,=p,UR,Jo,  We,=pUR, [o

Weo=p,A*[oRy,  Wes=p @R} [0, Re=pUR,/u
0i = pi/prs Po = Po/ Pi; h=R./R,
k=kR,, @ =wR,/U,

5=sR,=vVk2+ Re(—ido+ik),

s=v/k2+ (—iw+ikU) /v
(19)

Derivation of the nondimensional dispersion equation is very
lengthy and is given in Ref. 20. The final dispersion equation can
be expressed as

(L@ + L, + L* + 14 +1s) — by X (=@ + o)

(16" + 1@ + 13 + L@ + ) Lk _
Lol (hkey) + (=6 + L) (hky)

(20)
where

Ly
(—w+13)

I
I
I

The coefficients {/;} depend on wave number k, n, flow condi-
tions, fluid properties, and geometric parameter and are available
in Ref. 20. Note that as swirl is absent, the preceding dispersion
equation reduces to a fourth-order polynomial equation and can be
solved analytically. However, when air swirl is present, the disper-
sion equation does not have a closed form solution and, hence, is
solved numerically by the secant method, which requires two initial
guess values. A solution is considered convergent when the value
of the left-hand side of Eq. (20) is smaller than 10~5. Results from
inviscid cases were taken as guess values for the viscous cases.
Also, when air swirl is present, guess values were taken from the
corresponding nonswirling cases. The nondimensional parameter
space consists of the axial Weber numbers We;, We,, and We;; the
swirl Weber numbers Weg and We,; the Reynolds number Re;
the gas/liquid density ratios p; and p,; the ratio of inner and outer
radii &; the axial wave number k; and the azimuthal wave number
n. Given the flow conditions, fluid properties, and liquid film ge-
ometry, we solve for the root with the largest imaginary part, which
represents the growth rate of a disturbance. The effects of liquid
viscosity (Reynolds number), axial velocity (axial Weber number),
and swirl velocity (swirl Weber number) on the growth rates of both
the axisymmetric and helical modes are investigated.

III. Results and Discussion

Because the axial velocity of the liquid sheet is much lower than
that of either the inner or outer airstreamin a practical airblastatom-
izer, the value of axial Weber number based on liquid velocity, We,,
iskeptasa constantof 37. This value correspondsto aliquid velocity
of 1 m/s, a density of 1000 kg/m?, a surface tension of 0.073 kg/s,
an inner radius R, of 2.5 mm, and a film thickness of 0.2 mm.
Hence, by varying the axial Weber number of the airstreams, we
can understand the effect of the relative axial velocity between the
gas and liquid phases on the instability of the liquid sheet. Also, in
this study, air/liquid density ratio and ratio of inner/outer radii are
taken as 0.00129 and 0.90, respectively. Note that values of flow
parameters considered here are within the range of practical operat-
ing conditions. For example, based on an airblast atomizer with an
orifice diameter of 5 mm and liquid surface tension of 0.073 kg/s?,
a 30-m/s air speed corresponds to an air Weber number of approx-
imately 40. Therefore, we have presented results with air Weber
number up to 40. Effects of flow parameters on growth rates of
the axisymmetric and helical modes are compared and examined in
detail under both nonswirling and swirling flow conditions. Effect
of liquid viscosity on the growth of various modes has also been
investigated.

A. Without Air Swirl

Effect of axial velocity of the two airstreams on the growth rate
of the axisymmetric and helical modes is shown in Fig. 3, a dis-
persion diagram showing the variation of growth rate with wave
number. With both inner and outer air moving axially, the liquid
sheetbecomes unstable to a finite range of wave numbers with posi-
tive growth rates. Indeed, there exists a dominant wave number with
the highest growth rate. This has been observed in previous experi-
ments and can be explained as follows. The instability mechanism
can be thoughtof as a frequency-selectiveamplifier. The mean flow
is its energy supply, and its gain and frequency characteristics de-
pend on flow parameters, fluid properties, and boundary conditions.
Figure 3a is the dispersion diagram, when axial relative velocity
is very low. Note that the axisymmetric mode (n=0) has much
higher growth rates than helical modes and, thus, dominates the
competition of disturbance growth. As the axial velocity increases,
as shown in Figs. 3b and 3c, both the maximum growth rate and
the range of unstable wave numbers increase. Meanwhile, the cor-
responding most unstable wave number shifts to a higher value. As
demonstrated in a recent study,'® the higher the maximum growth
rate is, the shorter the breakup length is. That study also revealed
that the larger the most unstable wave number is, the smaller the
size of droplets formed is. Therefore, increasing the relative axial
velocity between the airstream and the liquid sheet significantly en-
hances the instability of the liquid sheet and, thus, improves the
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performance of airblast atomizers. A number of experimental mea-
surements reported in literature!’~!° confirm this behavior.

We also note that, as the relative gas axial velocity increases,
the importance of the first two helical modes becomes comparable
to that of the axisymmetric mode. This implies a noncircular ap-
pearance of the annular liquid sheet at the breakup location under
high-speed nonswirling flow conditions. However, as long as air
swirl is absent, the axisymmetric mode remains to be the dominant
mode and controls the breakup of the liquid sheet. Therefore, it is
importantto investigate how the maximum growth rate and the most
unstable wave number of the axisymmetric mode are affected by the
axial Weber number.

The maximum growth rate and the most unstable wave number
are plotted against the axial Weber number in Figs. 4a and 4b, re-
spectively. The results presented correspond to three different flow
conditions, that is, with only inner air moving, with only outer air
moving, and with both inner and outer air moving. It is found that
the relationship between the maximum growth rate and the axial
Weber number is essentially nonlinear when axial Weber number is
smaller than 10, as shown in Fig. 4a. More important, we found that
a combinationof the inner and outer airflows leads to higher growth
rates than only the inner air or only the outer air. Also the growth
rate caused by the inner air is higher than that caused by the outer
air. Figure 4b shows that the most unstable wave number has the
largest value when both the inner and the outer airflows are present.
Hence, a combination of the inner and the outer air is more effective
in enhancing the instability of the liquid sheet than a single airflow
and, thus, leads to a shorter breakup length.

The effect of liquid viscosity on the growth rates of the first three
unstable modes is presented in Fig. 5. It is evident that both the
maximum growth rate and the most unstable wave number decrease
as liquid viscosity increases (or Reynolds number decreases). This
indicates that liquid viscosity has a stabilizing effect on the liquid
sheet. In addition to the damping eftect, liquid viscosity also shifts
the dispersiondiagramtoward long wavelength (or small wave num-
ber). This shiftingeffecton a higher mode is strongerthan on alower
mode, leading to an overlap of dispersion diagrams corresponding
to different Reynolds numbers in the small wave number region as
shown in Figs. 5b and 5¢. However, the axisymmetric mode has the
highest growth rate among all unstable modes.

To betterillustrate how liquid viscosity affects the breakup of the
liquid sheet, the maximum growth rate and the most unstable wave
number of the axisymmetric mode are plotted against Reynolds
number in Figs. 6a and 6b, respectively. As the Reynolds number
increases (or liquid viscosity decreases), both the maximum growth
rate and the mostunstablewave numberincreasedramatically at first
and then gradually approachthe values correspondingto the inviscid
case. This trend reveals the damping effect of liquid viscosity on the
growth of unstable waves. It also demonstrates that our previous
inviscid model'® can be recovered from the present theory in the
limit of large Reynolds number.
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Wavenumber k
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Dispersion diagrams corresponding to three different axial Weber numbers.
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B. With Air Swirl

1. Inner Air Swirl Effect

To stabilize the flame and enhance air/fuel mixing inside a gas tur-
bine combustor, swirl is imparted to the inner and outer airstreams
as well as to the liquid fuel. The eftectof liquid swirl on the instabil-
ity of the liquid sheet emanating from a pressure-swirlatomizer has
been consideredin a recent paper.'> Therefore, the present paper is
mainly focused on the effects of the air swirl on the growth rates of
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various unstable modes in the presence of liquid viscosity. Effec-
tiveness of the inner and outer air swirl in promoting the breakup of
the liquid sheet has also been investigated.

Figure 7 is the dispersion diagram for the flow condition where
swirlis added only to the innerair. We find that features of the disper-
sion diagram have changed significantly from those corresponding
to nonswirling flow condition. For nonswirling cases, the axisym-
metric mode has the highest growth rate and dominates the breakup

The dispersion diagram is shown in Fig. 8 when only outer air
is swirling. It is found that the outer air swirl also switches the
dominant mode from the axisymmetric mode to a helical mode.
Furthermore, the outer air swirl increases the growth rate of a higher
helical mode more significantly than the axisymmetric mode. This
demonstrates that the outer air swirl also enhances the instability of
the liquid sheet and improves the performance of airblast atomizer.
However, with an increase in the outer air swirl strength, the growth
of the axisymmetricmode is decreased. Therefore, the outer air swirl
inhibits the growth of the axisymmetric mode while it promotes the
helical modes significantly.

3. Both Air Swirl Effect

Features of the dispersion diagram for the case where both inner
and outer air swirl are present are shown in Fig. 9. Because of the
contributionfromboth swirling airstreams, growthrate of the second
helical mode is much higher than that of either the axisymmetric or
the first helical mode. This demonstrates that a combination of the
inner and outer air swirl is much more effective in promoting the
instability of the liquid sheet than a single stream with air swirl
and will lead to significant improvement of airblast atomization.
Furthermore, it was revealed by the experimental study'® that a
combinationof corotating inner airstream and counterrotatingouter
airstream with respect to the rotational direction of the liquid sheet
producesthe finest spray. However, for the axisymmetric mode, the
combined air swirl effect is to reduce the growth rate in the small
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wave number region while increasing the growth rate in the large no swirl, only inner air swirl, only outer air swirl, and both inner and
wave number region. This combined effectis due to the competition outer air swirl. As shown in Fig. 10a, for the axisymmetric mode,
between the inner and outer air swirl in enhancing or inhibiting the the inner air swirl increases the growth rate in the large wave num-
growth of that mode. ber region, whereas the outer air swirl reduces it within the unstable

range. The net effect of the combined air swirl on the axisymmetric
mode is to inhibitit in the small wave number region while promotes

To elucidate the effectiveness of air swirl in promoting the insta- itin the large wave number region. For the helical modes, however,
bility of the liquid sheet, growth rates of the first three modes are the combined air swirl is more effective than a single air swirl in
comparedin Fig. 10 underthe four differentflow conditions, that is, enhancingtheir instability,as shown in Figs. 10b and 10c. The inner

4. Comparison of Air Swirl Effectiveness
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Fig. 10 Comparison of swirl effectiveness for the first three modes.

air swirl is more effective than the outer air swirl. In summary, to
improve the airblast atomization process significantly, swirl should
be imparted to both the inner and outer airstreams.

IV. Conclusions

An advanced stability model has been developed to predict the
instability of an annularliquid sheet downstreamof an airblastatom-
izer. Features of the model include three-dimensionaldisturbances,
liquid viscosity, inner and outer air swirl, and annular liquid sheet
with finite thickness. The air swirl profile considered in the model
is a combination of solid body rotation and free vortex type. Effects
of flow conditions and liquid viscosity on the growth of the first
three modes are investigated. It is observed that the relative axial
velocity between the liquid and the gas phases promotes the breakup
of the liquid sheet by increasing the maximum growth rate and the
most unstable wave number. At low velocities, a combination of the
inner and outer airstreams is more effective in disintegratingthe lig-
uid sheet than only the inner or only the outer airstream. Without air
swirl, the axisymmetric mode is the dominant mode in the breakup
process of the liquid sheet. Liquid viscosity not only reduces the
growth rates of unstable modes, but also shifts the dispersion dia-
gram toward long waves. The shifting effect of liquid viscosity on
a higher helical mode is stronger than on a lower helical mode. As
Reynolds number increases, both the maximum growth rate and the
most unstable wave number increase dramatically at first and then
gradually approach values corresponding to the inviscid case. Air
swirl not only increases the maximum growth rate and the most
unstable wave number, but also switches the dominant mode from
the axisymmetric mode to a helical mode. The enhancement of a
helical mode is more significant than the axisymmetric mode. A
combination of the inner and outer air swirl is more effective than a
single air swirl in enhancing the instability of the liquid sheet and in
improving airblast atomization, whereas the inner air swirl is more
effective than the outer air swirl.
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