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An Overview of Liquid Spray Modeling Formed by High-Shear
Nozzle/Swirler Assembly
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A multi-dimensioanl model is being increasingly used to predict the thermo-flow field in the
gas turbine combustor. This article addresses an integrated survey of modeling of the liquid

spray formation and fuel distribution in gas turbine with high-shear nozzle/swirler assembly.

The processes of concern include breakup of a liquid jet injected through a hole type orifice into

air stream, spray-wall interaction and spray-film interaction, breakup of liquid sheet into
ligaments and droplets, and secondary droplet breakup. Atomization of liquid through hole

nozzle is described using a liquid blobs model and hybrid model of Kelvin-Helmholtz wave and

Rayleigh-Taylor wave. The high-speed viscous liquid sheet atomization on the pre-filmer is

modeled by a linear stability analysis. Spray-wall interaction model and liquid film model over

the wall surface are also considered.

Key Words : Liquid Spray Modeling, Gas Turbine with High-Shear Nozzle/Swirler, reakup of
Liquid Sheet, Spray-Wall Interaction

1. Introduction

Gas turbine engines are mainly used for aircraft
thrust and power. Gas turbine engines are also
used for industrial power generation. Two major
challenges to gas turbine engineering are the
demands for increased specific fuel consumption
and reduced pollutant emissions. Several advan-
ces in fuel injection/combustor assembly system
are proposed to meet these increasingly deman-
ding next generation gas turbine combustor re-
quirements. Atomization of liquid fuels and sub-
sequent mixing between air and fuel are key issues
for obtaining homogeneous fuel-air mixtures in
gas turbine combustor. To enhance the mixing of
fuel droplets with air in gas turbines, prefilming
air blast atomizers with swirl cups assembly are
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often used for advanced combustion chambers
since they deliver a very fine spray almost in-
dependently of the fuel flow rate (Mansour et al.,
2000 ; Aigner and Wittig , 1987).

The various atomization processes in gas tur-
bine with high-shear nozzle/swirler assembly are
illustrated in Fig. 1. Fuel is discharged from a
number of orifices, and liquid jet emanating from
the fuel orifices is directed toward the pre~filmer
surface, on which a liquid film is formed (Cohen
and Rosfjord, 1993). Two radial-inflow inner
swirlers and an outer swirler which have counter
swirl directions are used to atomize the fuel at the
pre-filmer lip. The inner swirler air jet flows
along the liquid film and generates waves on its
surface. The outer swirler air jet acts on the liquid
film at the edge of the pre-filimer surface. The
performance of this type of atomizer is affected
mostly by the shear stress between the air jets that
swirl in opposite directions. Such a counter-
current interaction allows reduction of the air
flow rate. A dome swirler is additionally used to
provide good spray patternation and adequate
droplet dispersion. Once vaporization occurs, the
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Fig. 1 Schematic of a swirl-stabilized injector in gas
turbine

fuel and air mix and burn in the shear layers form-
ed at the edges of the central and outer recircula-
tion zones.

Comprehensive modeling of liquid spray can
be found in several references, for example, Reitz
(1994), Amsden (1989) and Lin and Reitz (1998),
however, each modeling was not integrated for
gas turbine spray. This article is devoted to an
integrated modeling of spray formation from a
liquid jet in a swirl-stabilized injector of the gas
turbine engine. The model considers liquid injec-
tion through a circular hole, spray impingement
on the wall, fuel filming and secondary breakup
processes.

2. Breakup Model

Atomization regime is divided into complete
spray regime and incomplete spray regime depen-
ding on whether or not deformation process of the
liquid column vanished (Hiroyasu et al., 1990).
As Reynolds number increase in the atomization
regime, liquid column may be disintegrated di-
rectly due to internal factors which may be ori-
ginated from turbulences and/or cavitations in-

side a nozzle. Breakup in the atomization regime
is thought to be a result of aerodynamic forces
and jet-flow/nozzle conditions.

Aerodynamic theory involves unstable wave
growth on the liquid jet surface, on ligaments, or
on the windward surface of larger droplets that
initially broke off from the main liquid jet. The
surface wave perturbation grows with time, driven
by the Kelvin-Helmholtz, or the Rayleigh-Taylor
instability. The Kelvin-Helmholtz (K-H) insta-
bility arises due to a relative shearing motion at a
common interface of a two fluids where one fluid
flows over another. Ligament and droplet detach-
ments from the surface are brought about by the
fastest growing of the unstable surface waves.
Droplet sizes are related to the unstable wave
length. The Rayleigh Taylor (R-T) instability
occurs in the fluid interface when a body force is
directed from more dense fluid to the less dense
fluid. Any perturbation of this interface tends to
grow with time. A liquid sheet (or drop) which is
being accelerated by air pressure acting on its
surface is subject to possible R-T instability at the
sheet (or drop) windward surface.

2.1 Liquid injection

The first stage in the modeling of gas turbine
spray formed by high-shear nozzle/swirler as-
sembly is injection of the liquid fuel which is
discharged from a number of hole type nozzle
orifices. The initial conditions for the calculation
of the liquid injection is considered here. Liquid
jet breakup is the result of competing, unstable
hydrodynamic forces acting on the liquid jet.
Hydrodynamic stability theories were applied to
study spray atomization using Kelvin-Hemlholtz
instability by Reitz (1987). The disintegration of
liquid jet was simulated by injecting parcels of
liquid in the form of “blobs” that have a charac-
teristic size equal to the nozzle hole diameter,
instead of assuming an intact liquid jet at the
nozzle exit. The blob size is equal to the nozzle
hole diameter, db, i.e.,

dm=db (1)

Figure 2 shows the conceptual liquid flow struc-
ture at the nozzle exit for hole type nozzle. The
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Fig. 2 Conceptual liquid flow structure at the nozzle
exit for hole type nozzle (Reitz and Diwakar,
1987)

number of blobs injected per unit time is deter-
mined from the mass flow rate. Each blob is
assigned with an initial radial velocity component
Vo=Ustan{8/2), where the spray angle, 6, is
assumed to be uniformly distributed between O
and @, with

tan %:AIAK—HQK—H/ Us (1

Us is the injection velocity given by Cov2AP/ 01
where AP is pressure difference and o, is density
of the liquid. A; is a constant equal to 0.188 for
a sharp entrance nozzle with a length to diameter
ratio of 4-8 (Reitz and Bracco, 1979). Ax_x and
Lx_u can be determined from linearized hydro-
dynamic equations.

The maximum growth rate, £2x_x, which is the
frequency of the fastest growing Kelvin-Helm-
holtz wave, and the corresponding wave length,
Ag_u, are determined as follows.

(140.452%% (14+0.4T°)

Ae-n=00 = Co gy warey ¢ ¥
_ (0.3440.38 Wez®) o _\°s
Cr = 2 (141.4T <pla3> @

where Z= Wel*/R.: is the Ohnesorge number,
Wes=p.U%a/ o, the gas Weber number which is
the ratio of the disruptive hydrodynamic force to
the surface tension force define, and T =ZWe3®
is the Taylor number. ¢ is surface tension of
liquid, a is the blob radius and U is relative
velocity. between liquid and gas. The subscripts |
and 2 denote the liquid and gas phases, respec-
tively.

Without blob injection method, the initial drop

sizes are assumed to have a size distribution with
a SMD given by the correlation.

Az(f
02 Ug

where A; is arbitrary constant of order of unity.

SMD=

2.2 Liquid (Blob) breakup using K-H wave
model

The next step is a breakup process of the
injected liquid column from the hole type nozzle
in the high-shear nozzle/swirler assembly. The
breakup of liquid droplet moving in a gaseous
environment is assumed to be caused by aero-
dynamic liquid-gas interactions {i.e., shear-flow-
induced waves and drag-deceleration-induced
waves). The wave model is based Kelvin-Helm-
holtz type of waves forming on the surface of a
cylindrically symmetric liquid blob. The liquid
(blob) breakup is modeled by postulating that
new drops are formed (with drop radius, 7) from
a parent drop (with radius, @) with

r=Collk-n (Collg-y= d) (5)

r=min[ (37a*U/282x-u)"®, 3@ Ax-u/4)"®]

6
(Col\k-u > a, one time only) (6)

where (, is a constant taken equal to be 0.61
(Reitz, 1987).

Figure 3 shows schematic diagram showing
surface waves and breakup on a liquid blob. In
Eq. (5), it is assumed that drops are formed with
size proportional to the wave length of the fastest
growing or most unstable surface wave. In Eq.
(6), drops larger than the jet are allowed to pro-
duce one time for each injected parcel to prevent
product drops from undergoing further unrealistic
size increase, and the larger droplet after breakup
acts as a new parent drop. The breakup of drops
into larger new parent or smaller child drop is
determined by tracking the change in the radius of
the parent droplet and collecting the mass that
would have been shed due to wave stripping and
assigning this mass to the child drop. Drop size is
determined from the volume of the liquid con-
tained under one surface wave.

As droplets are stripped from the parent parcel,
the size of parent parcel is reduced due to the loss
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Fig. 3 Schematic diagram showing surface waves
and breakup on a liquid blob (Reitz, 1987)

of mass and its characteristic size changes. The
rate of change of drop radius in a parent parcel is
assumed to obey the following equation.

da__la=r). )

where a is the size of the parent drop, 7 is the

Tk-H

equilibrium droplet size (equal to the child drop
size), which is proportional to the most unstable
Kelvin-Hemlholtz wavelength found in Eq. (3),
k- =3.726Cia/ Ax-uQ%-n with C; being an ar-
bitrary breakup time constant, which is suggested
to be between 10 and 60.

2.3 Hybrid liquid breakup model using
K-H and R-T wave model

Chang et al. (1995) suggested transient break-
up model and compared their model with Phase
Doppler measurements where hybrid breakup
model was suggested using Kelvin-Hemlholtz
(K-H) wave model and Rayleigh-Taylor (R-T)
wave model. When a liquid sheet which has uni-
form thickness is accelerated by air pressure
acting on its upper surface, the behavior of the
upper surface of a sheet of heavier density can be
described by R-T instability. The amplitude of
the disturbance on the unstable fluid surface for a
vertical downward acceleration at any time is
given as follows (Taylor, 1963),

= 88 01— 02 :
7 770COSh\/2kS & oo (8)

where 7 is initial amplitude of the disturbance,
k is wave number (k=27/A), & is the liquid
sheet or droplet acceleration in the direction of
travel and g is the acceleration due to gravity in
the direction of travel. The subscript 1 and 2
designate liquid and gas phase. The most rapidly
growing frequency is given by

2 [(gtg) (o1—pz) ] 12
_r= 9
Ger={ 55 i b )
The corresponding wave number is given by
— 1/2
= Late) (m—pr)] (10)

(30.) 1/2

Upon replacing the acceleration term with the
dimensionless Bond number and using the charac-
teristic time constant as r=1/8, the dimension-
less breakup time, Tx_r, can be defined and writ-
ten as follows (Simpkins and Bales, 1972).

TR—thR—TM (11)
a
1

Tr-r=31Bo™ 7 (12)

where fz_r is dimensional time, Bo is bond num-
ber, which is the ratio of the acceleration induced
body force to the surface tension force, giving
Bo=p1g4°/ ¢ where a is the diameter of drop. The
Bond number is expressed in terms of drag
coefficient and Weber number using the drag
force relation.

BOZ%CDWQZ (]3)

Beforeis fz_r reached, K-H instability or boun-
dary layer stripping is applied at the edge of
the flattened parcel. After fz-r is reached R-T,
instability is applied. Once the effects of R-T
instability manifest themselves, fragmentation oc-
curs extremely rapidly because the growth rate of
the surface waves is exponential.

The radius of the new equilibrium or stable
droplet based on R-T instability is given by
y—aCo

AR—T
where C; is arbitrary constant and which is sug-
gested to be between 0.1 and 0.3 (Xin et at,
1998). Figure 4 shows the comparison of sim-

(14)

ulated transient droplet velocities with experi-
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tal data

mental data obtained by PDPA at 30 mm from
nozzle tip in the gas pressure of 2.17 MPa. Fig-
ure 5 shows the comparison of simulated transient

droplet sizes with experimental data obtained by
PDPA at 30 mm from nozzle tip in the gas pres-
sure of 2.17 MPa. Droplets produced from R-T
instability breakup model ranges small sizes to
large sizes. Droplets produced from R-T insta-
bility is consisted of droplets from leading edge of
the main column and separated large droplets.
The parcels which are separated from the main
column are subject to the subsequent breakup
process. Droplet produced from K-H instability
breakup model, which is only applied to the jet
column for surface stripping, ranges only to small
sizes.

2.4 Drop breakup using wave model

Droplet breakup models can be classified into
three categories {Bower et al., 1988) ; deformation
induced breakup (bag breakup}, boundary layer
stripping (BLS), and surface instabilities (K-H
and R-T instabilities). Pilch (1981) modeled the
drop breakup depending on Weber number. Dro-
plets break up due to the bag breakup mechanism
when

25> Wep>6 (15)

Remind We; is gas Weber number based on gas
density, droplet radius, and relative velocity.

Deformation of liquid drop is made by the
non-uniform dynamic pressure distribution on
the drop surface, and then a thin hollow bag in
the center forms and grows while it is attached
to a more massive toroidal rim. Bag disintegration
and rim disintegration form a large number of
small fragments. Droplets break up due to the
sheet striping mechanism (Pilch BLS) when

175> We, > 50 (16)

In sheet striping, no bags are formed ; instead,
a thin sheet of liquid is swept along the windward
surface to the drop equator, where the sheet
detaches and is carried into the wake. Beyond the
sheet stripping regime, Droplets break up due to
the wave crest stripping and catastrophic mec-
hanism when

We: > 175 (17)

In wave crest stripping, short-wave length, lar-
ge-amplitude waves are formed on the windward
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surface of the drop and continuously eroded by
the action of the flow field over the surface of the
drops. In catastrophic breakup, long-wave length,
large-amplitude waves penetrate the drop, and
then create several large fragments before large
portion of drop mass is reduced by wave crest
stripping. Pilch (1981, 1987) insisted that R-T
instability plays a dominant role in the accelerat-
ion driven environments.

Ranger and Nicholls (1969) suggested another
criteria for boundary layer stripping mechanism,
where boundary layer is stripped from the peri-
phery of the droplet due to the shearing action of
the high speed gas on the droplet surface. For a
given flow, droplets break up by a boundary layer
stripping mechanism (Ranger-Nicholls BLS ; R-
N BLS) when

Wes//Res >0.5 (18)

where the Reynolds number Re;=2Ua/v», and
vz is the kinematic viscosity of the gas. Now
consider bag breakup and BLS breakup. The life-
times of unstable drops are

trag=Div 018/ 0 (19)

and
tBLs:Dz%\/ 01/ 02 (20)

for the bag and BLS modes, respectively. The
constants Dy and D, are of order unity (Nicolls,
1972).

In the wave model, droplets are shed from the
parent droplet throughout the parent droplet life
time. New parcels of droplets can be added each
time step if the condition is satisfied. The stability
criteria Egs. (15) and (18) are checked each drop
parcel at each time step. For a lifetime given by
Egs. (19) and (20), if either of the two criteria
continued to be met, a new drop size of parcel is
specified using either Eq. (15) or Eq. (18). The
rate of change of drop radius with time is as
follows.

@: _ (a— Vstable)

dt T
where 7 is lifetime of unstable drops. For a bag
breakup, 7=t and #starie=60/0:U? For a

BLS breakup, 7=tfgs and #seasie=02/202U%v5s.

2.5 Talyor analogy for drop breakup

TAB (Talyor Analogy Breakup) model was
proposed by O’Rourke and Amsden (1987), in
which droplet behavior is compared to an oscil-
lating spring-mass system. The external force
acting on the mass, the restoring force of the
spring, and the damping force are analogous to
the gas aerodynamic force, the liquid surface
tension force, and the liquid viscosity force, re-
spectively. The TAB model has several advan-
tages. Most of the breakup models use a critical
Weber number to decide the occurrence of the
droplet breakup. But experiments have shown
that there is no unique critical Weber number and
the occurrence of breakup depends on the history
of its velocity relative to the gas. The history
effects are included in the TAB model by solving
the transient equation for drop oscillation. Mor-
eover, the effect of viscosity is important for small
drops and it is included in the TAB model.

Let x be the displacement of the equator of the
drop from its equilibrium position. The dimen-
sionless oscillation parameter, y=2x/7, is cal-
culated by solving the spring-mass analogy equa-
tion,

d’y _2 pg U 8o

_ S dy
or? dt

(21)

dr? K] o1 #? ,017’3
where U is the relative velocity between the gas
and droplet, #» is droplet radius, and ¢ is ligquid
surface tension.

If U is constant, the solution to the above
equation can be obtained as,

We_ ., o vl
=qp=e™ (y(o) —ﬂ) S wt+y<—0)+—lzsin o| (22
12 ® wls
where We=p,U?»/a, which is Weber number,
td=2§;:2, which is viscous damping time, w is

oscillation frequency defined by @?= 3
oy

%4 O'Rouke and Amsden (1987) argued that
d

when the value of y exceeds unity, the droplet
breaks up into smaller droplets with the distribu-
tion of sizes specified as described below.
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In order to check for the occurrence of breakup,
the above parameters are evaluated at several
stages. Depending on the sign of w? breakup
occurs or not. If @w?<0, it occurs in case of over-
damped condition for small drops, the oscillation
of the droplet is negligible and breakup is un-
Then,

likely to occur. the parameters y and

j/( Zl,t ) are set to zero. If >0, the amplitude

of the undamped oscillation is calculated. The

amplitude is given by the following expression.

) (%)
2—(,_ e B

A~—< ) T (23)
If (We/12+A) < 1.0, the value of y will never
exceeds 1.0 and thus breakup will not occur. The
value of y and y are updated using the following

expressions. Most droplets will pass the test ( We/
12+ A)<1.0.

, W@ s T

= +e‘ Alitg) {(y We)coswAt+~(yn smwAt) (24)
% _VM) yn_ﬂ

fan= t—Jr g Wt tdu )coswAi—w(,\"——)amwA! (25)

If (We/12+A) > 1.0, breakup is possible in the
current time. In this case, the breakup time is
calculated as the smallest root of the following
equation

L26+A coslw(t—#" +¢]=1 (26)

where cos ¢=X—_2Vﬁ (27)
N
and sin ¢ Aw (28)

If the breakup time is greater than time fz41, no
breakup occurs in the current time step and hence
the ¥y and y values in Eq. (24) and (25) are
updated. If the breakup time is greater than £, and
less than f£,41, then breakup occurs in the current
time step and y is evaluated at breakup time. The
radius of product droplets can be determined
from the energy balance between parent droplets
and product droplets. The radius of product
droplet is chosen randomly from y-square distri-

bution. The Sauter mean diameter (73) of the
product droplet is calculated by the following
expression

v
- 2
Va2 l.*.i o7 (29)

378 ¢ 7

The direction of the product drop is randomly
chosen in a plane normal to the relative velocity
vector. Following breakup, the displacement and
distortion of the product drop is set to zero.
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Fig. 6 Comparison of wave model and TAB model
for the fuel droplets in high speed air stream
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Hwang and Koo (1997) compared droplet be-
havior which is injected in the high speed cross
flow using the wave break model and TAB break
model. As shown in Fig. 6, wave break model
represents experimental drop behavior better than
TAB break model because TAB break model
overestimate the droplet drag coefficient. But at
low air stream velocity two model showed almost
same trajectory.

3. Impingement Model

Liquid jet emanating from the fuel orifices in
Fig. 1 is directed toward the pre-filmer surface
and impinged on the wall of the pre-filmer. Some
of the impinged spray on the wall are bounded,
stick, and form a liquid film. Spray-wall interac-
tion model and liquid film model are surveyed
here.

3.1 Drop-wall interaction model

The impact of droplets on walls may produce a
wide variety of consequences, depending on the
size, velocity and material of the impacting ele-
ments and the nature of the surfaces. Droplets
may adhere, bounce or shatter. The liquid de-
posited on the surface may retain its droplet form
or merge into a liquid film. For a gas turbine
spray, which is formed by a prefilming airblast
injector, a collection of drops impinge onto the
wetted surface successively. A train of drops with
a known frequency exists such that each imping-
ing drops feel the effects of its neighboring drops.
The collision of a drop with a liquid surface,
where the wall temperature (7,) is less than the
liquid boiling temperature (7p)., may result in
sticking, bouncing, spreading, or splashing de-
pending on incident drop Weber number. The
followings are based on the paper of Stanton and
Rutland (1996, 1998)

3.1.1 Stick regime

The stick regime occurs when an impinging
drop adheres to the film surface in nearly a sp-
herical form. The transition criteria for the stick
regime is Wey<5, where the Wey is calculated
using the normal velocity of the incident drop.

Weq= B_d-d;/g,n

(30)
where dy is a diameter of impinging drop. A drop
that is in this regime is assumed to coalesce
completely with the liquid film.

3.1.2 Rebounding regime

The rebound regime occurs when the impinging
drop bounces off the film when the impact energy
is low. The transition criteria for the rebounding
regime is 5< Wey<10. In this regime, the re-
bound drop velocity magnitude and direction
need to be determined. The normal and tangential
components of the droplet post-impingement
rebound velocity relative to the wall are given by

Vg,n:_ean,n (31)
Vg.tzet Vd.tn (32)

where 175,,, is the rebounding drop normal velo-
city : Vﬁ,, is the rebounding drop tangential velo-
city ; V%, is the incident drop normal velocity ;
and 175,[ is the incident drop tangential velocity.
The normal and tangential restitution coeffi-
cients, ¢, and e, are determined from the fol-
lowing equation (Matsumoto et al., 1970).

€2=0.993—1.760+1.56*—0.4p®°  (33)

where @ is the incidence angle of impingement
measured from the wall surface.

e:=5/17 (34)

3.1.3 Spreading regime

The spreading regime is similar to the stick
regime but occurs at higher We, The droplet
spreads out along the wall surface creating a wall
film (in the case of a dry wall) or merging with
an existing film on a wetted wall. The transition
criteria for spreading is

1
10< We<18.02a’d(%>zﬁf% (35)

where p, 0, v, and f are the drop density, surface
tension, kinematic viscosity, and drop frequency,
respectively. The drop frequency, f, is known as
the splashing threshold for multi-drop impact
with a thin liquid film and it is calculated by :
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_ Vae

The droplet loses its velocity component normal
to the wall, and its post-impingement velocity
relative to the wall is:

Vi=Va, (37)
Vd.tz Vd_ vd,n (38)

where Vg is the incident droplet velocity.

3.1.4 Splashing regime

The splashing regime occurs at high impact
energy. Upon impact, a crater is formed with a
crown at the periphery where liquid jets become
unstable and breakup into many secondary dro-
plets. The transition criterion for the splashing
regime is

1
Weq>18.0°d, (%)ﬂﬁf% (39)

Details of the splashing calculations can be found
in the appendix of the SAE paper 980132 (Stan-
ton and Rutland, 1988).

3.2 Liquid film model

The liquid film model is based on the physics
involved with a fuel film flow over a solid surface.
The major physical processes affecting the liquid
film are shown in Fig. 7. The continuity and mo-
mentum equations are applied to each wall film
cell. The liquid film is assumed to be thin enough
so that the incompressible boundary layer ap-
proximation can be applied and reduced to a two
dimensional film flowing across a three-dimen-
sional surface. The mass flux due to incident
drops that impinge is averaged over the wall
surface cell area. The lost tangential momentum
of impinging drops is added to the film tangential
momentum. The velocity profile in the cross-film
direction is prescribed to be either laminar or
turbulent, and the temperature profile is pres-
cribed to be piecewise linear (Stanton and Rut-
land, 1996 and 1998 ; Bai and Gosman, 1966 ;
Foucart et al., 1988).

After integrating in the cross—film, the continu-
ity equation becomes

Impinging
Fuel Drop

Splashing Droplets

al Film Thickness

(Exaggerated)
Shear Force "o =
2 —

4

Fig. 7 The physical processes on the lquId film flow
(Stanton, 1996)

ah 1 Nsige —, .
o -1 wail E (Vi #) chil;
— Sa + Mvap

plIQwall .quwall

(40)

where Auqu is the wall cell area, 17; is the film
velocity, /; is the length of side 7, o, is the film
density, /. is the film thickness at side 7. Sy is a
source term, which is the mass flux of drops that
impinge upon the film or secondary droplets that
leave the film which result from splashing, and
M ap is the rate of fuel vaporization.

The momentum equation is transformed into
the following form :

Nside —

3k Vf)

b 2 Vi (Vi

wall =1

Nsige Nside 41

Seind e Seal “n
- pﬂwall +ghl pLAwall pu4wall +ah
where

__ ! __6 1
h h

The displacement thickness, J:, and the mo-
mentum thickness, .. in Eq. (42) can be cal-
culated once the velocity profile in the cross-film
direction has been chosen.

The pressure term, P, includes the dynamic
pressure, pg, which results from the incident drop
impingement and splashing effects, and the free
-stream pressure (gas pressure), Pwau.

P=pwall +pd (43)
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Narop —»

Da=p01 g V%znA

Nspiash
+pl 2 ngAwal[ (44)

where Vd,n is the normal component of velocity
incident drop and I7d_nj is normal component of
velocity of the j-th secondary droplet resulting
from splashing.

The tangential momentum contributes to the
film as a result of spray impingement and
splashing of secondary droplets.

Narop — Nspiasn —
(miVan) — 2 (m; Vi) (45)

=1 J=

Mtang:
The viscous film term is calculated as follows

Ne
Zd.f (7.4 = 2 (Zoageilts l) + FuarAwau+ TrigrarAuau (46)

where Teage: 15 the viscous shear along the edges of
the film cell, Zwau is the wall shear, and Ty a:r is
the shear at the liquid-gas interface.

The liquid film Egs. (40) and (41) can be
numerically solved using a predictor-corrector
scheme.

4. Impinging Liquid Sheet

The initial thickness of the film formed by an
impinging liquid jet on the pre-filmer can be
alternatively calculated by other methods instead
of using a liquid film model. The liquid jet im-
pinging on an inclined wall was considered by
Taylor (1966) and Naber and Reitz (1988). The
film sheet thickness for an impinging jet at
angular position ¢ was assumed to be given by

i ($) =hre’0-3) (47)

where 7 is decay parameter.

Figure 8 shows the sheet formed by impinging
jets. If the sheet thickness is obtained from the two
impinging liquid jets, half thickness can be con-
sidered as the impinging thickness on the solid
wall or pre~filmer of the gas turbine. The initial
sheet thickness (%;) formed by impinging jets
with impinging angle 2( has the following form
(Ibrahim and Przekwas, 1991).

(yd; sin 0) e’1-%)
2(e”—1)

hi(¢)= (48)

1
v

Fig. 8 Sheet formed by impinging jets

2 EXP (Taylor, 1960)
o 0=60°
287y, O 0=45 !
) 244 .‘:‘ A =30 |
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P O —0=60
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-4+ ——m . |
0 50 100 150 200

Fig. 9 Variation of liquid sheet thickness

where d; is the diameter of the jet, @ is the
half-impinging angle, ¢ is the angular position
coordinate, and 7y is the decay factor. The decay
parameter, y, can be determined from the mass
which
can, be calculated from the following equation

and momentum conservation equations,

using the Newton-Raphson technique

cos 9=< Z:J: ){ l+(7lr/y)2] (49)

The thickness of an attenuating sheet, %, is as
follows (Ibrahim and Przekwas, 1991):
h :< di/2 ) 1
hi (@) sind
where 7 is the radial coordinate originating from
the impact point. Inspection of Eq. (50) indicates
that the sheet thickness is inversely proportional
to the distance from the impinging point. Figure

(50)
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9 shows the variation of dimensionless thickness
parameter, h-y/d?, predicted by Eq. (50) and
obtained by experimental method (Taylor. 1960).

5. Breakup of Liquid Sheet

The liquid sheet formed on the pre-filmer in-
teracts with the swirling air and forms ligaments
and droplets. The breakup of the liquid sheet into
ligaments and drops is governed by the balance of
the forces which are caused by pressure, surface
tension, liquid inertia, and viscosity. The time for
the disturbance wave to grow to its maximum
value at breakup is determined from the resulting
equation of motion (Fan and Reitz, 2000).

Dombrowski and Johns (1963) derived a dis-
persion relation for the growth rate of long waves
on the surface of liquid sheet. They identified the
wavelength with the largest growth rate and as-
sumed that this wave breaks the sheet into li-
gaments at half wavelength intervals. The li-
gaments then break up into drops according to
Weber’s theory for cylindrical liquid column.
Figure 10 shows successive stages in the idealized
disintegration of a liquid. Senecal et al. (2000)
derived a simplified dispersion relation between
growth rate and wavelength for sinuous waves of
thin, viscous liquid sheet in a gas. This dispersion
relation is used to predict the maximum unstable
growth rate and wavelength, the sheet breakup
length and the resulting droplet sizes for pre-
filming airblast injector. The long wave regime is
dominant for low-speed sheet atomization, while
short waves are responsible for breakup in the

Fig. 10 Successive stages in idealized disintegration

of a liquid sheet

case of high speed sheets.

5.1 Ligaments in long wave regime and
short wave regime
Suppose a liquid sheet of thickness 2/ is mov-
ing with relative velocity U in an inviscid incom-
pressible gas. When low gas Weber numbers, We,

(:%h—) is less than % long waves tends to

grow on the interfaces and the liquid sheet is bro-

ken up by the long waves. The viscous dispersion
relation between w and k& is

2 2

o2y Ja 2, QUM _ ok

wr 2unk +v 4k + 7 ouk

where % is wave number, @=p,/01. % is the

half thickness of the sheet, U is the relative

velocity, and w; is the grow rate. Subsripts 1 and

(51)

2 designate liquid and gas, respectively.

In this regime, the effect of viscosity is unim-
portant. The analysis of inviscid and viscous flow
leads to almost the same result as that of inviscid
flow for long waves. According to the inviscid
analysis, the most unstable wave number is

_eU?
ks—‘jaf (52)

and the dimensionless maximum growth rate is

Ligaments are assumed in short wave regime
for high-speed sheets (We is greater than 27/16)
and Q<K(1. Short waves produce maximum growth
rate. Most liquid fuel spray in the propulsion
system are high enough that the Weber number is
above the critical value. The viscous dispersion
relation between w and £ is

ok®

Wwr=—2uk+ /4ka4+ QUkz“‘T (54)

v

The maximum growth rate (£2;) and correspond-
ing wave length (As=2x/ks) can be calculated
via Muller’s method (Muller, 1956).

5.2 Breakup time

In order to predict the onset of ligament for
short wave growth, a sheet breakup length should
be calculated. Before reaching the breakup length,



An Overview of Liquid Spray Modeling Formed by High- Shear Nozzle/ Swirler Assembly 737

the liquid sheet from the prefilming lip represents
an intact sheet, consisting of discrete blob, which
has a characteristic size equal to the thickness of
the sheet. After reaching the breakup length, the
liquid sheet breaks up to ligaments, which are
subsequently disintegrated into drops.

At low sheet velocities (i.e., small Weber num-
bers in the Rayleigh breakup regime), it is rea-
sonable to assume that disruption of the sheet
occurs when the amplitude of the dominant wave
is equal to the half thickness of the sheet at
breakup. The breakup time r can be evaluated
via:

1 .
7o= 10 exp (£s7) i@:m <%> (55)

where 7, and 7, are the initial wave amplitude
and wave amplitude at breakup, respectively.

Thus, the sheet will breakup at the length given
by

L= Vz=?‘/; In ( Z” ) (56)

where s is the maximum growth rate obtained
from Eqs (51) and (54) as a function of £. The

quantity 1]’1(%) has been determined experi-

o
mentally to be roughly equal to 12. V is the
absolute velocity of liquid sheet.

For an attenuation sheet like 2=]/¢, where J
is a constant, the thickness is inversely propor-
tional to the radial distance from the injector
nozzle. The growth rate must be integrated over
time, such that the total growth is used to predict
the breakup length for long waves. The expres-
sion for the breakup length of the sheet is

— 78 % ]/U 3
L=v () [(gh,)” o

5.3 Drop size

In the long wave regime, it is assumed that the
ligaments are formed from tears in the sheets
twice per wavelength, and the resulting diameter
of ligament is given by

dL:\/f (58)

where £s is the wave number corresponding to the
maximum growth rate £ and it is determined

from Eq. (52) In the short wave regime, it is
assumed that ligaments are formed from tears in
the sheet once per wavelength and the resulting
wavelength becomes

di=/ ’Z‘ (59)

where ks is determined from Eq. (54)
The breakup occurs when the amplitude of the

unstable waves is equal to the radius of a li-
gament, and one drop will be formed per wavel-
ength. A mass balance then gives the drop size,

2
a’g :LZUIL (60)
L

where %; is determined from

_ L 3#1 1/2
deL—[ RETeA m} (61)

Substitution of Eq. (61) into Eq. (60) gives

where Oh= g/ (p10d;)"? is the Ohnesorge num-
ber.

The actual drop size is chosen from a specific
drop size distribution such as the Rosin-Ramm-
ler, log-normal , or Chi-square distribution. At
the point of primary breakup of the liquid sheet,
droplets are tracked using the Lagrangian ap-
proach, a parcel of physically similar drops (i.e.
similar kinetic and thermodynamic properties)
can be used to simplify the numerical treatment.

Recently Zuo et al. (2002) applied this liquid
sheet break model to the spray in the cross flow
for the gas turbine combustor. Zuo et al. (2002)
compared the spray structure of the liquid jets
atomized in subsonic crossflows with the experi-
mental data of Wu et al. {(1997). Simulated spray
distribution agrees well with the experimental
shadowgraph. Zuo et al. (2002) did not modeled
the wake flow behind the liquid jet column and
then his application of sheet breakup model to
cross flow is quite reasonably agreeable with the
experiments except behind liquid column.

The large droplets formed from a liquid sheet
may disintegrate into smaller droplets when
instability conditions are satisfied. Two types of
secondary droplet breakup can be considered as
explained in section 2. The one is wave models



738 Ja Ye Koo

which are based on the instability of wave. The
other is TAB (Taylor Analogy Breakup) model
which is based on Taylor’s analogy between an
oscillating and distorting drop and a spring-mass
system. At high speed air stream wave model is
better than TAB model as shown in section 2.

Summary

The performance of swirl type of atomizer in
gas turbine is affected mostly by the shear stress
between the air jets that swirl in opposite direc-
tions. A dome swirler is additionally used to
provide good spray patternation and adequate
droplet dispersion in the combustor. The spray
formed by high-shear nozzle/swirler assembly
has several characteristics such as liquid column
injection, wall impingement, wall film, liquid
sheet breakup, and secondary droplet breakup.
Part of the spray models were validated with
experimental data.

For the initial calculation of liquid jet from a
hole type nozzle in high-shear nozzle assembly of
the gas turbine, liquid blob breakup can be
modeled using Kelvin-Helmholtz, Rayleigh-tay-
lor instability, or hybrid liquid breakup model.
Hybrid model showed good agreement with the
experimental data obtained by PDPA. On the
wall of the pre-filmer of the combustor, droplet-
wall interaction model and liquid film model can
be applied. A linear stability analysis is introduc-
ed for high-speed viscous liquid sheet atomiza-
tion on the pre—filmer of the gas turbine. A larger
droplet from a liquid sheet may disintegrate into
smaller droplet and this can be modeled using a
wave model or TAB model. At high air stream,
wave model is better than TAB model, but at low
speed air stream wave model or TAB model both
can be applied. The liquid sheet breakup model
could be successfully applied to the spray in
crossflow which is found in the gas turbine en-
gine.
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