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The breakup process in quiescent atmosphere and high-speed cross-flow is numerically simulated. Three-dimensional
RANS equations with the K-ε turbulence model are solved using commercial CFD software. Different droplet breakup
models, namely, TAB, ETAB, Ritz-Diwakar, and KH-RT models are studied to assess their predictive capability in char-
acterizing spray in high-speed cross-flow. The validation test cases include liquid injection into quiescent atmosphere,
and subsonic and supersonic cross-flow. Computed droplet velocity, droplet size, and spray penetration are compared
with the experimental/numerical data available in the literature. For diesel injection in quiescent atmosphere, computed
spray penetration matches reasonably well with the experimental data. For subsonic cross-flow, although the penetra-
tion height is underpredicted, SMD distribution and particle velocity match reasonably well with the experimental
data. The ETAB model captures the SMD values at different locations and velocities better with experimental data in
comparison to the TAB model. For the supersonic cross-flow case, penetration height and SMD have a good match
with the experimental data. The Stokes drag model performs better than the high-Mach and dynamic drag models.
Droplet drag law for supersonic flow needs to be revised to have better predictive capability of spray characteristics in
high-speed flow.
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1. INTRODUCTION

Modeling of liquid atomization is important in various engineering applications including aerospace propulsion sys-
tems, automotive engines, food processing, inkjet printing, etc. For liquid fuel combustion such as rocket engine,
automotive engines, and industrial furnaces, the fuel spray characteristics are critical to determine the engine perfor-
mance such as combustion efficiency, fuel consumption rate, exhaust emissions.

Turbulent spray includes multiscale physical processes. In the liquid core region, the dense liquid column is
affected by aerodynamic interaction causing instability of liquid surface and creating ligaments. The breakup process
starts at the liquid jet surface by stripping liquid fragments and forming liquid droplets (primary breakup). This
instability at the jet surface led to the formation of acceleration waves which deform and flatten the liquid column.
The liquid column eventually disintegrates into ligaments and the droplets form sprays (secondary breakup). The final
droplet production is greatly dependent on primary breakup, but it is difficult to know what is actually occurring in
the primary breakup region.

Jet inertial and aerodynamic forces along with surface tension play an important role in ligament and droplet
formation. Several parameters such as momentum flux ratios, Weber number, and Ohnesorge number are also very
important in droplet breakup process.

Experimentally, observation of this dense and small region with high spatiotemporal resolution is extremely
difficult. Masutti et al. (2009) depicted the flow features of the jet breakup process in the presence of high-speed
cross-flow which is reproduced in Fig. 1. The dynamic force of the air cross-flow causes the jet to flatten and bend
towards the direction of the air stream. The clumps and ligaments that are formed undergo secondary atomization.
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NOMENCLATURE

a radius of parent parcel
ap acceleration of droplet
A droplet surface area
Bo model coefficient for droplet size
Cc Cunningham correction factor
Cd drag coefficient
Cd,sphere drag coefficient of sphere
CL Levich constant (i.e., 5.7)
Cp specific heat
d particle diameter
dmp/dt rate of evaporation
do reference nozzle diameter
FD drag force
h convective heat transfer coefficient
hfg latent heat
H total energy
m mass
P pressure
Pr Prandtl number
r droplet radius
rstable new radius for the stable droplet
R universal gas constant
Re Reynolds number
S Sutherland constant
Sh energy source term
Sm mass source term
tbr characteristic breakup time
T temperature, also Taylor number

u velocity
We Weber number
Z Ohnesorge number

Greek Symbols
ρ density
λ thermal conductivity
δ molecular mean free path
τik turbulent shear stress
µ dynamic viscosity
τ breakup time
Λ wavelength of most unstable wave
Ω growth rate of most unstable wave
τRT frequency of the fastest growing

wavelength of R-T wave
σ liquid surface tension

Subscripts
l liquid phase
g gas phase
L laminar
T turbulent
ref reference value
p particle phase
∞ continuous phase
KH K-H wave
RT R-T wave

FIG. 1: General flow topology of jet injection in compressible crossflow

Droplet stripping from the jet sides may also occur before the point of column fracture. The appearance of a separation
shock and separation bubble further forces the liquid jet to mix with the air upstream of the injection under subsonic
conditions. Column breakup and the surface breakup are two basic mechanisms of formation of droplets.
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Several experimental studies (Wu et al., 1995, 1997; Kitamura and Takahashi, 1996; Lin et al., 2004; Schetz and
Padhye, 1977) are reported to analyze the primary breakup region to understand its physics. Kitamura and Takahashi
(1996) showed that decrease in the jet to the cross-flow momentum flux ratio caused a decrease in breakup length. So
far, the entire physics has not been unveiled by experiments and further efforts are continuing.

Numerical simulations are also performed to explain droplet breakup phenomena. Because of the severe resolu-
tion requirement for high Weber and Reynolds numbers, it is difficult to simulate the primary breakup phenomena
accurately. Among the existing atomization models, the Kelvin-Helmholtz instability model of Reitz (1987) (BLOB
model) and the Taylor analogy breakup (TAB) model of O’Rourke and Amsden (1987) remain very popular because
of their easy implementation in multidimensional CFD solvers. Different modifications of these models, namely,
ETAB of Tanner (1997, 2003), the cavitation model of Nishimura and Assanis (2000), etc., are also applied to study
different atomization processes in spray modeling. Trinh and Chen (2006) included the effect of turbulence in the
BLOB and TAB models to study the effect of primary and secondary breakup. Balasubramanyam and Chen (2008)
incorporated the finite-conductivity spray evaporation model and improved drag coefficient correlation to study liquid
jet breakup in high-speed flow.

Yang et al. (2009) performed three-dimensional large eddy simulation (LES) to simulate the experimental condi-
tions of Stenzler et al. (2003). Although computed spray penetration depth matches reasonably well with experimental
data for several variants of liquid-gas momentum flux ratio; computed SMD distributions differ. Wang and Rutland
(2003) have performed two-dimensional direct numerical simulation (DNS) in the Eulerian-Lagrangian framework
using the S3D code (Kennedy and Carpenter, 1994) of Sandia National Laboratory. Different submodels of droplet
such as the breakup model, distortion model, evaporation model, collision model, etc., were validated and their effect
on the turbulence structure of isotropic flow was investigated. Since DNS and LES studies require submicron and
picosecond level of spatial and temporal resolution to predict the atomizing sprays in high-velocity cross-flows, their
applications in practical engineering problems are very limited. Hence, the engineering analysis and design of liquid
spray devices still rely on the phenomenological engineering model. However, before putting these models in a design
exercise, it is necessary to validate different simplifying assumptions by comparing them with reliable experimental
data. A validated model will lead to better predictions of spray characteristics such as initial droplet size distribution,
spray angle, and jet structure. In the present work, the predictive capabilities of different phenomenological engi-
neering models available in the commercial CFD software were assessed to predict droplet breakup characteristics
in three different flow regimes, namely, (1) in quiescent atmosphere, (2) in the presence of subsonic cross–flow, and
(3) in the presence of supersonic cross-flow. Simulations are performed using CFX 14.4 (2012) with TAB, ETAB,
and RD models for the quiescent atmosphere and subsonic cross-flow test cases; while the KH-RT model is used for
supersonic cross-flow test cases with Fluent 14.5 (2012).

2. ANALYSIS

2.1 Governing Equations

The system of governing equations describing the conservation of mass, momentum, energy, and species transport
equations of compressible gas flows are written as
Conservation of Mass equation:

∂ρ

∂t
+

∂

∂xl
(ρul) = Sm; l = 1, 2, 3. (1)

The sourceSm is the mass added to the continuous phase from the dispersed second phase (for example, due to
vaporization of liquid droplets).
Conservation of Momentum equation:

∂

∂t
(ρui) +

∂

∂xl
(ρuiul) +

∂P

∂xi
=

∂ (τil)

∂xl
+ Fi, i, l = 1, 2, 3, (2)

whereP = ρRT , τ is the turbulent shear stress, andF is the external body forces (arising from interaction with the
dispersed phase).
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Conservation of Energy equation:

∂

∂t
(ρH) +

∂

∂xl
(ρulH) = −∂ (ujτjl)

∂xl
+

∂ql
∂xl

+ SH , j, l = 1, 2, 3, (3)

where total energy (H = CpT ) and energy sources (SH ) include heat transfer between the continuous and the discrete
phase. Properties of air are varied with temperature. The heat fluxql is calculated asql = −λ∂T/∂xl; λ is the thermal
conductivity.

2.2 Turbulence Transport Equations ( K-ε Turbulence Model)

Turbulent kinetic energy (k) equation:

∂

∂t
(ρk) +

∂

∂xl
(ρulk) =

∂

∂xl

[(
µL

Pr
+

µT

σk

)
∂k

∂xl

]
+ Sk. (4)

Turbulent eddy dissipation (ε) equation:

∂

∂t
(ρε) +

∂

∂xl
(ρulε) =

∂

∂xl

[(
µL

Pr
+

µT

σε

)
∂ε

∂xl

]
+ Sε, (5)

whereµ = µL + µT is the total viscosity;µL, µT being the laminar and turbulent viscosity and Pr is the Prandtl
number. The source termsSk andSε of thek andε equation are defined as

Sk = τil
∂ui

∂xl
− ρε and Sε = Cε1τil

∂ui

∂xl
− Cε2

ρε2

k
,

where turbulent shear stress is defined as

τil = µT

(
∂ui

∂xl
+

∂ul

∂xi

)
. (6)

Laminar viscosity (µL) is calculated from Sutherland law as

µL = µref

(
T

Tref

)3/2 (
Tref + S

T + S

)
, (7)

whereT is the temperature andµref , Tref , andS are known coefficients. The turbulent viscosityµT is calculated as

µT = Cµ

ρk2

ε
. (8)

The coefficients involved in the calculation of turbulent viscosity (µT ) are taken from Launder and Spalding (1972)
as

Cµ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3, σc = 0.9.

2.3 Particle Trajectory Calculation

The particle transport model is capable of modeling dispersed phases which are discretely distributed in a continuous
phase. The modeling involves separate calculation of each phase with source terms generated to account for the
effects of the particles on the continuous phase. In this approach, the continuous phase is modeled in an Eulerian
framework. In the dispersed phase, each particle interacts with the fluid and other particles discretely. The dispersed
phase can exchange momentum, mass, and energy with the fluid phase. The most widely applied method available
to determine the behavior of the dispersed phase is to track several individual particles through the flow field. Each
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particle represents a sample of particles that follow an identical path. The behavior of the tracked particles is used to
describe the average behavior of the dispersed phase. The force balance equates the particle inertia with the forces
acting on the particle and can be written as

dup

dt
= FD (u⃗− u⃗p) +

g⃗ (ρp − ρ)

ρp
+ F⃗ (9)

whereFD is drag force per unit mass acting on the particle andF incorporates additional forces that can be important
depending on application such as buoyancy force, forces due to domain rotation, virtual mass force, pressure gradient
force, etc. Integration of time in the above equation yields the velocity of the particle at each point along the trajectory
and the trajectory itself is predicted by

dx

dt
= up (10)

2.4 Heat Transfer to the Droplet

The heat transfer from the continuous phase to the discrete phase is computed by examining the change in thermal
energy of a particle as it passes through each control volume. The droplet temperature is updated according to a heat
balance that relates the sensible heat change in the droplet to the convective and latent heat transfer between the
droplet and the continuous phase.

mpcp
dT p

dt
= hAp (T∞ − Tp)−

dmp

dt
hfg (11)

whereCp = droplet heat capacity (J/kg·K), Tp = droplet temperature (K),h = convective heat transfer coefficient
(W/m2·K), T∞ = temperature of continuous phase (K),dmp/dt = rate of evaporation (kg/s), andhfg = latent heat
(J/kg).

For high vaporization rates, the effect of the convective flow of the evaporating material from the droplet surface
to the bulk gas phase becomes important. The convection/diffusion controlled evaporation model is used following
the work of Miller et al. (1998) and Sazhin (2006) to calculate the rate of evaporation,

dmp

dt
= kcApρ∞ ln (1+Bm) (12)

wherekc = mass transfer coefficient (m/s) andBm is the Spalding mass number given by

Bm =
Yi,s − Yi,∞

1− Yi,s
,

whereYi,s = vapor mass fraction at the surface andYi,∞ = vapor mass fraction in the bulk gas. The mass transfer
coefficientkc is calculated from the Sherwood number correlation given by Ranz and Marshall (1952).

2.5 Droplet Breakup Model

For the numerical simulation of droplet breakup, the statistical breakup approach is used. In this framework, it is
assumed that if a droplet breaks up into child droplets, the particle diameter decreases. The particle number rate is
adjusted so that the total particle mass remains constant (mass of parent droplet= mass of child droplets). Using
this assumption, it is not required to generate and track new droplets after breakup, but to continue to track a single
representative particle.

The Taylor analogy breakup (TAB) model is a classic method for calculating droplet breakup, which is applicable
to many engineering sprays. The TAB model by O’Rourke and Amsden (1987) is based on an analogy between an
oscillating and distorting droplet and a spring-mass system. The restoring force of the spring is analogous to the
surface tension forces. The external force on the mass is analogous to the gas aerodynamic force. The damping forces

Volume 27, Issue 1, 2017



66 Bhandarkar, Manna, & Chakraborty

due to liquid viscosity are introduced to this analogy. The enhanced TAB model (ETAB) by Tanner (2003) uses the
same droplet deformation mechanism as the standard TAB model, but uses a different relation for the description
of the breakup process. It is assumed that the rate of child droplet generation is proportional to the number of child
droplets.

The breakup model (RD model) of Reitz and Diwakar (1987) distinguishes between two breakup regimes: bag
breakup and stripping breakup. Breakup occurs when the particle Weber number exceeds the critical value (called
critical Weber number). The primary and secondary breakup is modeled using a linear stability analysis for liquid
jets. This method is capable of predicting the intact core length as well as various regimes of breakup due to the
action of different combination of liquid inertia, surface tension, and aerodynamic forces on the jet. The limitations
include one characteristic size dimension for blob and the inability to predict drop size distribution and time between
breakups. Independent of the breakup regime, it is assumed that during breakup the following relation describes the
reduction of the particle radius,

drp
dt

= − (rp − rstable)

tbr
, (13)

whererp is the droplet radius prior to breakup,rstable is the new radius for the stable droplet, andtbr is the charac-
teristic breakup time.

The KH-RT breakup model (Patterson and Reitz, 1999) combines the effects of Kelvin-Helmholtz waves driven
by aerodynamic forces with Rayleigh-Taylor instabilities due to acceleration of shed drops ejected into free-stream
conditions. The model assumes that a liquid core exists in the near-nozzle region. Child droplets are shed from this
liquid core and are subjected to sudden acceleration when they are ejected into the free stream and Rayleigh-Taylor
instability becomes the dominant effect. The length of the liquid core is obtained from Levich (1962) theory,

L = CLd0

√
ρl

ρg
, (14)

whereCL is the Levich constant (i.e., 5.7) anddo is a reference nozzle diameter. In the K-H mode, the model
postulates that the radius of the newly-formed droplets (r) is proportional to the wavelength of the fastest-growing
unstable surface wave on the parent parcel with radius,a, such that

r = Bo ΛKH . (15)

Bo is a model constant for droplet size and equal to 0.61 based on the work of Rietz (1987).ΛKH is the wavelength
corresponding to the most unstable K-H wave given by the dispersion relationship. This relation is derived from the
linearized hydrodynamics equations for the liquid and gas and is given as follows,

ΛKH

a
= 9.02

(
1+ 0.45Z0.5

) (
1+ 0.4T 0.7

)(
1+ 0.87We1.67

g

)0.6 , (16)

whereZ is the Ohnesorge number andT = Z
√

Weg is the Taylor number. During the breakup, the parent parcel
reduces in diameter due to the mass stripped from the parent parcel surface. Thus, the rate of change of the droplet
radius in a parent parcel is given by

da

dt
= − (a− r)

τ
, (17)

whereτ is the breakup time defined asτ = 9.02[(3.726B1r)/(ΛKHΩKH)].
TheB1 is a breakup time constant which determines how quickly the parcel will lose mass. Therefore, a larger

number means that it takes longer for the particle to lose a given amount of mass. A larger number forB1 in the
context of interaction with the gas phase would mean that the interaction with the subgrid is less intense. The breakup
time constant,B1, is set to a value of 1.73 as recommended by Liu et al. (1993). Values ofB1 can range between 1
and 60, depending on the injector characterization.ΩKH is a growth rate corresponding to the most unstable wave,
which is given by

ΩKH

(
ρla

3

σ

)0.5

=

(
0.34+ 0.38We1.5

g

)
(1+ Z) (1+ 1.4T 0.6)

. (18)
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The R-T breakup model also determines when and how droplets will break up by predicting the fastest growing
disturbances. The fastest growing wavelength,ΛRT , is given by

ΛRT = 2πC1

√
3σ

ap (ρl − ρg)
, (19)

whereap is the acceleration of the droplet andC1 is an adjustable constant depending on nozzle conditions. The
associated breakup time scale, calculated from the frequency of the fastest growing wavelength, is given by

τRT =

√
σ0.5 (ρl + ρg)

2

(
3

ap (ρl − ρg)

)1.5

. (20)

When enough time has been passed, the breakup is allowed to occur. The radius of the newly formed parcel is defined
as

r = 0.5ΛRT . (21)

Outside the liquid core, both KH and RT effects are calculated and both are considered for breakup. Typically,
the RT instability grows faster when droplet acceleration is high and this effect dominates for high Weber number
sprays. Mass is accumulated from the parent drop at a rate given by Eq. (17), until the shed mass is equal to 5% of
the initial parcel mass. At this time, a new parcel is created with a radius given by Eq. (15).

2.6 Droplet Drag Force Models

Accurate determination of droplet drag coefficients is crucial for accurate spray modeling. Various drag models are
discussed below. Many droplet drag models assume that the droplet remains spherical throughout the domain. With
this assumption, the drag of a spherical object is determined by Liu et al. (1993) as

Cd,sphere =

 0.424 Re> 1000
24
Re

(
1+

1
6

Re2/3

)
Re≤ 1000

. (22)

However, as an initially spherical droplet moves through a gas, its shape is distorted significantly when the Weber
number is large. In the extreme case, the droplet shape will approach that of a disk. The drag of a disk, however,
is significantly higher than that of a sphere. Since the droplet drag coefficient is highly dependent upon the droplet
shape, a drag model that assumes the droplet is spherical is unsatisfactory. A method that dynamically determines the
droplet drag coefficient considers the variations in the droplet shape. The dynamic drag model accounts for the effects
of droplet distortion. It linearly varies the drag between that of a sphere and a disk. The drag coefficient is given by

Cd = Cd,sphere (1+ 2.632y) , (23)

wherey is the droplet distortion. It is determined from the solution of

d2y

dt2
=

Cf

Cb

ρg

ρl

u2

r2
− Ckσ

ρlr3
y − Cdmµl

ρlr2

dy

dt
(24)

This equation is obtained from the TAB model of droplet breakup to calculate the droplet distortion. In the case of
high Reynolds number for no distortion (y = 0), the drag coefficient of a sphere [i.e., 0.424 as given in Eq. (22)]
will be obtained, while at maximum distortion (y = 1) the drag coefficient corresponding to a disk (i.e., 1.54) will be
obtained.

High-Mach-number drag law (Clift et al., 1978) is similar to the spherical law with corrections to account for a
particle Mach number greater than 0.4 at a particle Reynolds number greater than 20. Stokes-Cunningham drag law
(Ounis et al., 1991) is for submicron particles. In this case, drag force (FD) is defined as

FD =
18µ
ρpd2

p

CdRe

24
, (25)
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whereRe is the relative Reynolds number defined as

Re =
ρdp |u⃗p−u⃗|

µ

Here,u⃗ is the fluid phase velocity,⃗up is the particle velocity,µ is the molecular viscosity of the fluid,ρ is the fluid
density,ρp is the density of the particle, anddp is the particle diameter.

2.7 Droplet Collision and Coalescence Model

O’Rourke’s (1981) method is a stochastic estimate of collisions, which assumes that two parcels may collide only if
they are located in the same continuous-phase cell. The algorithm of O’Rourke uses the concept of a collision volume
to calculate the probability of collision. Rather than calculating whether or not the position of the smaller droplet
center is within the collision volume, the algorithm calculates the probability of the smaller droplet being within the
collision volume. It is known that the smaller droplet is somewhere within the continuous-phase cell of volumeV .
If there is a uniform probability of the droplet being anywhere within the cell, then the chance of the droplet being
within the collision volume is the ratio of the two volumes. Thus, the probability of the collector colliding with the
smaller droplet is

P1 =
π (r1 + r2)

2
vrel∆t

V
(26)

Once it is determined that two parcels collide, the outcome of the collision must be determined. In general, the
outcome tends to be coalescence if the droplets collide head-on, and bouncing if the collision is more oblique. In the
reference frame being used here, the probability of coalescence can be related to the offset of the collector droplet
center and the trajectory of the smaller droplet. The critical offset is a function of the collisional Weber number and
the relative radii of the collector and the smaller droplet. The critical offset is calculated by O’Rourke using the
expression

bcrit = (r1 + r2)

√
min

(
1.0 ,

2.4f
We

)
(27)

wheref is a function ofr1/r2, defined as

f

(
r1

r2

)
=

(
r1

r2

)3

− 2.4

(
r1

r2

)2

+ 2.7

(
r1

r2

)
. (28)

The value of the actual collision parameter,b, is

b = (r1 + r2)
√
Y

whereY is a random number between 0 and 1. The calculated value ofb is compared tobcrit, and if b < bcrit, the
result of the collision is coalescence. The properties of the coalesced droplets are found from the basic conservation
laws.

3. RESULTS AND DISCUSSIONS

Droplet breakup process in three different flow regimes, namely, (1) in quiescent atmosphere, (2) in the presence of
subsonic cross–flow, and (3) in the presence of supersonic cross–flow, are simulated. The computed flow characteris-
tics in terms of spray penetration depth and droplet distributions are compared with experimental and other theoretical
results. Simulations are performed using CFX-11 (2014) with TAB, ETAB, and RD model for the quiescent atmo-
sphere and subsonic cross-flow test cases; while the KH-RT model is used for supersonic cross-flow test cases with
Fluent 14.5 (2012).
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3.1 Atomization in Quiescent Atmosphere

Droplet breakup of liquid diesel in quiescent nitrogen atmosphere is considered as the first case for validation. The
experimental data of Hiroyasu and Kadota (1974) is used for the present study. A 6.9 g/s liquid fuel at a pressure
of 9.9 MPa is injected through a single nozzle of diameter 0.3 mm into quiescent nitrogen gas at room temperature
but having higher pressure (1.1 MPa) than the ambient. The same results were used by Kim et al. (1994) for their
numerical validation of droplet breakup models. The simulation is performed with the TAB and RD breakup model
using CFX-11 (2014). A domain of 120 mm (axial)× 20 mm (radial)× 125.6 mm (circumferential) size is discretized
with 100× 55× 40 grids, respectively. Figure 2 compares the spray structure for the two different breakup models
at the end of 2.5 ms and qualitatively both are in good agreement with the other numerical (Kim et al., 1994) results.
The computed penetration lengths with different blob sizes (20 blobs, 50 blobs) and different grids 100× 55× 40
and 120× 70× 80 are compared with experimental (Hiroyasu and Kadota, 1974) and other computational (Kim et
al., 1994) results for TAB [Figs. 3(a) and 3(b)] and RD [Fig. 3(c)] breakup models. The spray penetration is defined
as the largest transverse distance attained by a given spray plume. The results match well with the experimental data
except towards the end where it is underpredicting the penetration by about 9%. Nonconsideration of coalescence in
the present simulation is conjectured to be the cause of this deviation. Effect of blob size is seen to be marginal in
penetration length prediction and results are independent of grids.

3.2 Atomization in Subsonic Cross-Flow

To study droplet breakup in subsonic cross-flow, the experimental condition of Wu et al. (1997) is simulated with
TAB and ETAB models. In the experiment, a water jet of 0.5 mm diameter and velocity of 12.8, 19.3, and 29 m/s is
injected upwards into an air stream of Mach numbers 0.2, 0.3, and 0.4. The density of air is 1.633 kg/m3. These test
conditions yield the momentum flux ratios of 5.3 to 59.1.

The domain used for the simulation is of 406 mm length, 125 mm width, and 75 mm height. Three different
grids (Grid 1= 400× 75× 60, Grid 2= 500× 100× 80, and Grid 3= 650× 140× 100) are employed along the
length, width, and height, respectively, to study the atomization in subsonic cross-flow. It may be noted that Grid 3
is 5 times more dense than Grid 1. The results of the SMD and particle velocity as shown in Figs. 4(a) and 5(a) are
almost identical for Grid 2 and Grid 3 demonstrating the grid independence of results.

FIG. 2: Spray structure at the end of 2.5 s: (a) TAB model; (b) RD model
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FIG. 3: Spray tip penetration vs. time: (a) effect of blob size in TAB model; (b) effect of grid in TAB model, and (c) RD model

FIG. 4: Comparison of SMD distribution between experiment, TAB, and ETAB models forV j = 19.3 m/s,M = 0.3 at different
axial locations: (a)X/d = 200, (b)X/d = 300, and (c)X/d = 500
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FIG. 5: Comparison of particle velocity distribution between experiment, TAB, and ETAB models forV j = 19.3 m/s,M = 0.3
at different axial locations (a)X/d = 200, (b)X/d = 300, and (c)X/d = 500

The computed Sauter mean diameters (SMDs) and particle velocity of the water jet injected atV j = 19.3 m/s
into Mach 0.3 air flow at three axial stations ofx/d = 200, 300, and 400 (d is orifice diameter) are compared with
experimental data (Wu et al., 1997) in Figs. 4 and 5, respectively. The ETAB model has shown better prediction of
spray cross section, SMD, and particle velocity compared to the TAB model.

Effect of injectant velocity on radial profile of SMD and particle velocity atx/d = 300 (forM = 0.3) is plotted
in Figs. 6 and 7, respectively. The location of the spray core shifts upward and the SMD value decreases asV j
increases. Smaller droplets were observed near the bottom wall in the experiment. These droplets are generated by
surface breakup and are stripped away from the periphery of the column by aerodynamic forces. The ETAB model
predicts the SMD distribution better than the TAB model.

The limitation of the TAB model is that only one oscillation mode can be tracked. The droplet breakup cal-
culations require additional information for deformation and oscillation that can be determined by Eq. (24) for the
acceleration of the droplet distortion parameter. It is observed that the TAB model predicts a small ratio of child to
parent droplet. This is mainly caused by the assumption that the initial deformation parameters are zero upon injec-
tion, which leads to short breakup times. The largely underestimated breakup times in turn lead to an underprediction
of global spray parameters such as the penetration depth, as well as of local parameters such as the droplet size distri-
bution. To overcome this limitation, Tanner (1997) proposed to set the initial value of the rate of droplet deformation
to a negative number. The effect of setting to a negative number is to delay the first breakup of the large initial droplets
and to extend their life span, which results in a more accurate prediction of spray properties.

The effect of cross-flow Mach number on SMD and particle velocity profiles atx/d = 300 (forV j = 19.3 m/s)
is shown in Figs. 8 and 9, respectively. The SMD decreases, whereas the particle velocity increases with the increase
in the cross-flow air velocity. Average SMD and particle velocity (Up) were calculated across the spray cross-section
plume to provide a global droplet size (SMD) and particle velocity (Up) for each test condition. Results are plotted
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FIG. 6: Effect of injectant velocity on SMD distribution atX/d = 300,M = 0.3: (a)V j = 12.8 m/s; (b)V j = 29 m/s

FIG. 7: Effect of injectant velocity on particle velocity distribution atX/d = 300,M = 0.3: (a)V j = 12.8 m/s; (b)V j = 29 m/s

FIG. 8: Effect of cross-flow velocity on SMD distribution atX/d = 300,V j = 19.3 m/s: (a)u = 69 m/s; (b)u = 137 m/s
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FIG. 9: Effect of cross-flow on particle velocity distribution atX/d = 300,V j = 19.3 m/s: (a)u = 69 m/s; (b)u = 137 m/s

in Figs. 10 and 11 for different cross-flow air velocity and jet velocity, respectively. SMD was found to decrease as
cross-flow velocity increases. The reduction may be explained by considering the generation of a larger number of
smaller droplets because of larger momentum flux ratio and Weber number. The same is observed with increase in jet
velocity. The particle velocity increases with increase in the cross-flow as well as jet velocity. This may be due to the
decrease in the drop size.

The effect of the collision model in the spray characteristics is determined by simulating the atomization in the
subsonic cross-flow case with and without the collision model and comparing the results in Fig. 12(a). It is observed
that higher droplet collision rates are achieved in locations where relative velocity is higher. At the outer periphery of
the spray, collisions result into the coalescence giving larger size droplets. A continuous increase of the droplet Sauter
mean diameter is observed along the spray due to the coalescing collisions. On the contrary, for no collision, bigger
droplets are observed in the central zone of the sprays, and droplet size reduces towards the periphery of the spray.

The number of blobs indicates the number of representative particles injected and tracked per unit time. Paramet-
ric studies are carried out with different blob sizes (15, 30, and 50 equals the number of blobs injected per unit mass
flow rate) to study its effect in the spray behavior of the subsonic cross-flow case and the SMD profiles are compared
in Fig. 12(b). The computed SMD with 30 and 50 blobs shows almost similar results; while the SMD with 15 blobs
gives a smaller droplet size mainly because of a lower collision rate. For the case of 15 blobs per unit mass flow rate,
the average number of representative particles is 30 with the standard deviation of 25. This number reduces as the

FIG. 10: Flux averaged (a) SMD and (b) particle velocity for different air velocity atX/d = 300,V j = 19.3
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FIG. 11: Flux averaged (a) SMD and (b) particle velocity for different jet velocity atX/d = 300,M = 0.3

FIG. 12: Effect of (a) collision model and (b) number of blob sizes on SMD profile for subsonic cross-flow atomization

number of parcels per unit mass flow rate increases. For the case of 50 blobs, the average number of representative
particles is 10 with the standard deviation of 9.

3.3 Atomization in Supersonic Cross-Flow

3.3.1 Validation Test Case 1

Yang et al. (2012) used the particle field holography (PFH) technique to experimentally investigate the spray structure
very close to the injector orifice and to characterize primary atomization of liquid jets in supersonic cross-flows. Water
is injected transversely through 0.5- and 0.3-mm diameter holes into a supersonic air stream of Mach 2 and 2.5 with
total temperature of 300 K and variable total pressure.

The rectangular domain of 1600 mm length, 200 mm width, and 68 mm height is discretized with 1000× 150×
80 structured grid with good skewness and orthogonality. The grid is very fine near the wall and injector orifice with
y+ of the order∼1.0. Comparison of the calculated and experimental measured droplet Sauter mean diameter for the
M = 2 injection with 0.5 mm injector diameter and 182 kPa pressure (dynamic pressure ratio is 31) is depicted in
Fig. 13.Bo is a model constant for droplet size. The higher the value ofBo, the bigger the droplets will be obtained.
The predicted SMD by present simulation (with default value ofBo = 0.61) is higher than the experimental data.
Yang et al. (2012) varied theBo and found a better match with a value of 0.15 instead of the default value of 0.61.
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FIG. 13: Averaged SMD along axial direction forM = 2 injection case with 182 kPa pressure

Simulations with parametric variation ofBo revealed that a value ofBo = 0.22 gives a very good match of the
simulation results with the experimental data. Computed spray penetration height at two different axial locations
(x/d = 50 andx/d = 100) for different dynamic pressure ratios are compared with experimental data and other
simulation results (Yang et al., 2012) in Fig. 14. Simulation results withBo = 0.22 show a good match with the
experimental results.

3.3.2 Validation Test Case 2

Experimental investigation of water injection intoM = 1.94 cross-flow by Lin et al. (2004) is considered for the sec-
ond test case of validation for atomization in supersonic cross-flow. The same problem was studied computationally
by Balasubramanyam and Chen (2008) and Yang et al. (2006) for fuel atomization and combustion in a scramjet. The
inlet boundary conditions of static pressure of 29 kPa, static temperature of 304.1 K, and flow velocity of 679 m/s
are taken (Lin et al., 2004) for the present study. The injection velocity of the spray is determined based on jet-to-air
momentum ratio of 3, 7, 10, and 15. Water is injected at a temperature of 300 K from a nozzle of diameter 0.5 mm,
located at a distance of 139 mm from chamber inlet.

The computational domain is rectangular with 700 mm length, 150 mm width, and 125 mm height. Two block
structured grids with 700× 120× 100 and 740× 140× 120 cells along the length, width, and height, respectively,

FIG. 14: Penetration length vs. momentum flux ratio at (a)X/d = 50; (b)X/d = 100
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are employed to discretize the domain. The results of the SMD distribution remain unchanged for two different grids
as shown in Fig. 15 which depicts the grid independence of results. The grid is very fine near the wall and injector
orifice withy+ of the order∼1.0.

The computed axial distribution of spray tip penetration for theq = 7 case with different drag models [dynamic
drag law by Liu et al. (1993), high-Mach-number drag law by Clift et al. (1978), and Stokes-Cunningham drag law
by Ounis et al., (1991)] are compared with experimental data and numerical results of Balasubramanyam and Chen
(2008) in Fig. 16. The jet penetration increases rapidly in the vicinity of the injector exit near the wall region and then
becomes gradual due to the increase in the velocity of the air stream in the core region. The Stokes drag law matches
jet penetration well with the experimental data compared to other drag models. It is to be noted that the Stokes drag
model is developed for the submicron particles. In case of high-Mach drag law the particle is considered spherical and
for the high Reynolds number, a fixed drag coefficient (i.e., 0.424) is obtained. The dynamic drag model calculates
the droplet distortion from the TAB model, which is applicable for low Weber number flows. It overpredicts the drag
force for supersonic cross-flow.

Figures 17(a) and 17(b) show the effect of various drag force models on the prediction of droplet diameter for
dynamic ratios of 7 and 15, respectively. Stokes-Cunningham drag law by Ounis et al. (1991) is comparing with the
experimental results in the far-field region while the high-Mach-number drag law by Clift et al. (1978) is predicting
the near-field characteristics better. The computed SMD distributions for the coarse grid (700× 120× 100) and fine
grid (740× 140× 120) are compared in Fig. 17(b) for Stokes drag law and the results remain unchanged for these
two grids. The number of blobs for the supersonic cross-flow case is fixed based on the study of the subsonic cross-
flow case. No separate studies are carried out to find out the effect of number of blobs for supersonic case. Generally,

FIG. 15: Radial distribution of SMD profile for two grids atX/d = 100 forq = 15

FIG. 16: Spray tip penetration for various drag force models forq = 7

Atomization and Sprays



Assessment of Droplet Breakup Models in High-Speed Cross-Flow 77

FIG. 17: Radial distribution of SMD profile atX/d = 100 for (a)q = 7; (b) q = 15

the droplet drag coefficient is a function of relative Reynolds number, relative Mach number, and Knudsen number.
However, if the relative Reynolds number is near unity and the relative Mach number is near zero, the Knudsen
number Kn becomes almost zero and the drag coefficientCd can be expressed by the Stokes drag coefficient. The
average relative particle Reynolds number observed is about 5 for the supersonic cross-flow case. The high-Mach drag
law performs better for the particle Reynolds number higher than 20. It is observed that in some of the locations high-
Mach drag law performs well but overall Stokes drag law has given a better SMD distribution. Further improvement
in drag law to account for the high-speed effect was found to be necessary to account for supersonic acceleration of
the droplets. Figure 18 shows the normalized spray tip penetration as a function of momentum flux ratio. Fairly good
match (maximum difference is within 12%) is obtained between the experimental data and present simulation for the
penetration height.

4. CONCLUSIONS

Various droplet breakup models available in commercial software are explored numerically to predict their capability
in characterizing spray. Three-dimensional RANS equations with theK-ε turbulence model are solved using com-
mercial CFD software. The validation test cases include liquid diesel injection into quiescent nitrogen atmosphere,
subsonic cross–flow, and supersonic cross-flow of air. Grid independence of the results is demonstrated by perform-
ing simulations with different grids and comparing the results. Computed droplet velocities, droplet sizes and spray

FIG. 18: Spray tip penetration vs. momentum flux ratio
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structures are compared with the reported experimental/numerical data. The results of penetration match reasonably
well with the experimental data for diesel injection in quiescent atmosphere. The small mismatch (∼9%) towards the
end may be due to nonconsideration of the coalescence/collision models. For subsonic cross-flow, it is observed that
the penetration height is underpredicted, while the SMD distribution and particle velocity are matching reasonably
well with the experimental data. The ETAB model predicts better spray characteristics compared to the TAB model.
The effect of blob size is seen to be marginal in penetration length prediction. For droplet breakup in supersonic cross-
flow, Stokes drag law matches jet penetration and radial distribution of SMD profile better with the experimental data
compared to other drag models.
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