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Amodified sheet breakup model was applied to a thin, viscous liquid film generated by a swirl injector similar to

that installed in a liquid propellant rocket engine combustor. The sheet breakup model consists of three steps:

determination of the swirl injector characteristics for the prediction of initial sheet conditions at the injector exit as

input, linear stability analysis for primary sheet breakup, and the Taylor analogy breakup model for final drop

formation. Under atmospheric pressure, the liquid sheet breakup occurs under a long-wave regime, sometimes

according to simple theoretical analysis. But in high ambient pressure conditions, like a liquid propellant rocket

engine combustor, the sheet breakup regime changes from a long wave to a short-wave regime due to a high gas

Weber number (We2 > 27=16), although the same injector was used. The sheet breakup model was, therefore,

modified to be applicable to both long- and short-wave regimes and validated by the comparison of breakup length

and Sauter mean diameter to experimental results. In both experimental and computational results, the spray cone

angle and breakup length decreased as the ambient pressure increased, even though the pressure difference of the

injector was constant. Local Sauter mean diameters, predicted by computation, were smaller at high ambient

pressures. The comparative results show that the computational model is able to accurately predict sheet breakup

length, spray cone angle, local Sautermean diameter, and overall spray shape. Therefore, themodel can be used as a

design tool, ahead of analyzing spray characteristics of an injector in both atmospheric and high ambient pressure

conditions.

Nomenclature

A = area
B = ratio of swirl arm to tangential entry radius
CD = generalized equivalent discharge coefficient
D = droplet diameter
d = diameter
f = liquid mass fraction
h = (a half) thickness of sheet
i = number of tangential entry
K = geometrical characteristic constant
Keq = generalized equivalent geometrical characteristic

constant
Ks = most unstable wave number
k = wave number
L = breakup length
LK = length of vortex chamber5

N = parcel number
Oh = Ohnesorge number
P = pressure
Q = density ratio (��2=�1)
Re = Reynolds number
RK = radius of vortex chamber
rp = radius of tangential entry
rr = radius of gas core at discharge nozzle
r0r = radius of gas core at discharge nozzle exit
r0 = radius of discharge nozzle

SB = dimensionless radius of gas core at the injector exit
t = time
U = sheet-gas relative velocity
V = absolute sheet velocity
We = Weber number
� = spray cone angle
�P = liquid injection pressure differential
�K = energy loss due to friction in the swirling chamber
�V = grid cell volume
" = jet deformation coefficient
� = wave amplitude
� = friction factor
�k = friction coefficient
� = coefficient of kinetic viscosity
� = density
� = surface tension
	 = breakup time
�s = maximum growth rate
! = growth rate

Subscripts

amb = ambient
b = breakup
D = discharge or deformation
eq = equivalent
i = ith grid cell
in = inlet
liq = liquid
n = nth droplet
noz = contracting part of injector
sum = summation
0 = initial or discharge nozzle exit
1 = liquid phase
2 = gas phase

I. Introduction

SWIRL injectors are widely used in industrial furnaces, agri-
cultural sprays, automotive, gas turbine, and liquid propellant
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rocket engines (LPREs). Advantages of swirl injectors include
improved atomization, lower combustion instability, and wider
operating range, due to their alteration of hydraulic spray charac-
teristics [1,2]. In particular, a liquid–liquid coaxial swirl atomizer
is known to efficiently generate high performance in LPREs (for
example, the RD-107, RD-108, and RD-0110 engines installed in
the booster, main core, and upper stage of Soyuz launch vehicles,
respectively [3–5]).

A pressure-swirl atomizer generates a thin liquid sheet, spreading
radially by a circumferential flow, which can be generated by using a
screw or tangential entries in a vortex chamber. As the circumfer-
ential flow approaches the discharge orifice, it is accelerated by the
converging part between the vortex chamber and the discharge
orifice. Because of high tangential flow velocity, a gas core is formed
around the injector centerline to balance the static pressure of the
working fluid with the ambient pressure. At the injector exit, the
liquid sheet is injected at a specific tangential angle corresponding to
the ratio of the axial and tangential velocities. As the liquid sheet
travels downstream from the injector exit, it becomes thinner and
more unstable due to the amplification of the surface wave distur-
bance. When this disturbance reaches the most unstable state,
fragmentation occurs abruptly. Fragmentation of the injected liquid
into smaller fluid elements and their subsequent mixing and evapo-
ration are of critical importance to combustion. The character-
istics of the resulting spray field have a significant impact on the
combustion stability as well as on the propulsion efficiency.

It is important to accurately predict initial sheet thickness, spray
angle, and injection velocity, because those parameters are related to
spray characteristics like downstream Sauter mean diameter (SMD)
and spray distribution width. As an experimental study, Rizk and
Lefebvre [6] showed a correlation between sheet thickness at the
injector nozzle exit and downstream SMD for an air-blast atomizer
with coflow. Bayvel and Orzechowski [1] and Lefebvre [2] theo-
retically derived a relation between spray characteristics and injector
geometry from steady inviscid hydrodynamic analysis. However,
inviscid hydrodynamic analysis over/underestimates the initial spray
characteristics, due to the absence of friction losses [7]. According to
Zong and Yang [7], inviscid theory overpredicted the spray cone
angles by almost 25% and underpredicted the film thickness by a
maximum of 30%. Borodin et al. [8], Dityakin et al. [9], and Bazarov
et al. [10] derived a general relation based on inviscid analysis that
considered viscous effects. Inamura et al. [11] determined initial
sheet thicknesses and spray angles of several conical sheets using
the boundary layer theory and compared them to experimental
results. Davy and Loustalan [12] determined sheet breakup length
experimentally by a void fraction analysis and compared experi-
mental results with predictions obtained by three breakup models.
They suggested that the prediction of breakup length was very
sensitive to the velocity coefficients used in the various breakup
models.

Macroscopic theoretical research has been performed to invest-
igate the spray characteristics of a pressure-swirl atomizer, and the
fragmentation phenomena of liquid sheets was theoretically and
experimentally examined to understand breakup mechanisms [13].
Dombrowski and Johns [14] have speculated that drop sizes may
be related to the wavelengths that grow on the sheet surface. They
derived a dispersion relation for the growth rates of long waves
with infinitesimal amplitude, which included the effects of surface
tension, aerodynamic forces, and liquid viscosity. Their analysis
identified the wavelength with the largest growth rate, assuming
that the wave broke up the sheet at half-wavelength intervals into
ligaments. Such ligaments are broken up into droplets, according to
Weber’s theory for cylindrical liquid columns [14]. Stapper et al. [15]
have reported the existence of two sheet breakup mechanisms:
a stretched streamwise ligament breakup regime occurring at low
liquid velocities associated with coflowing air and a cellular breakup
regime occurring at higher relative liquid velocities. In the latter
regime, both streamwise and spanwisewaves exist, and the spanwise
waves caused the sheet to break into ligaments. This spanwise wave
breakup process is similar to that suggested by Dombrowski and
Johns [14] and Senecal et al. [13].

Early researchers assumed the fluid was inviscid. Dombrowski
and Johns [14] used a one-dimensional liquid film model, based on
inviscid theory simplified by long-wave assumptions. Dombrowski
and Hassan [16] and Jones [17] have emphasized that, for low-
viscosity liquids, simple inviscid analysis provides a basic under-
standing of the flow characteristics of pressure-swirl atomizers and
gives a reasonable guide to discharge coefficients and cone angles.
Han et al. [18] andRen andNally [19] applied thismodel to a hollow-
cone spray. Binnie and Harris [20] showed that, although the motion
in the bulk of the fluid can be considered irrotational, the viscous
effect of the retarded boundary layer cannot be regarded as negli-
gible. Moreover, long-wave assumption leads to inaccurate predic-
tions on the sheet stability of modern atomizers under the conditions
of high injection pressure and high ambient pressure [13].

A linear stability analysis is very useful to understanding the
breakup phenomena of liquid columns or sheets. Sterling and
Sleicher [21] and Reitz and Bracco [22] conducted analyses of
cylindrical liquid jets, and Senecal et al. [13] derived a liquid sheet
breakup formulation for a swirl atomizer using linear stability theory,
including the viscosity effects between the surrounding gas and
liquid. Their model can be readily implemented in multidimensional
simulations of transient sprays. Li and Tankin [23] developed
a general dispersion relation, including the effects of viscosity.
However, it is somewhat cumbersome to use in multidimensional
models, because their viscous-based results required the numerical
solution of a complex nonlinear equation. The most commonly used
analysis for the onset of liquid jet atomization is based on the linear
theory, which only considers a disturbance growing with time
(temporal linear theory). However, Lin [24] recently developed a
linear theory considering a disturbance evolving in space and time
(spatiotemporal linear theory). This new linear theory predicted con-
vective instability well, which is incorrectly predicted by temporal
linear theory. Therefore, he insisted that it was necessary to consider
spatial disturbances as well as temporal disturbances.

Linear stability analysis is already known: it was implemented by
many researchers as mentioned previously, but the applications of
linear stability analysis by computational fluid dynamics were
mainly used to analyze the spray characteristics of diesel engines or
gasoline direct ignition engines [13,18,19]. These injectors, installed
in automotive engines, generate wavy sheets with short-wave
regimes because of high injection velocity (a few hundred meters per
second) due to the pressure difference of the injector. On the other
hand, swirl injectors installed in LPREs with a gas generator cycle
usually have a small injection pressure difference (10� 15 bar) and
a small injection velocity (several tens of meters per second); long-
wave regimes, as well as short-wave regimes, may be found in
accordance with test conditions. To predict the spray characteristics
in a noncombusting environment (e.g., hydraulic injector test), both
regimes should be considered. Therefore, this study focused on the
extension of the application of the linear stability analysis, although
many researchers have studied and applied it. Also emphasized in
this study was the accurate prediction of initial characteristics of
wavy sheets (film thickness and spray-cone-angle-considering
friction losses, etc.) as input by using injector design procedure and
viscous theory [8–10]. These considerations are commonly used
when simplex swirl injectors are designed with databases
constructed by Russian rocketry. The accurate prediction of inlet
characteristics of wavy sheets is especially important in affecting the
characteristics of the spray disintegrated from a wavy sheet. When
LPRE combustor is designed, several injectors are considered in the
preliminary design phase. Because all of the designed injectors
cannot be tested, an injector designer should choose two or three
injectors, having good performance, by analyzing the spray
characteristics of the injectors: this is the aim of developing this
model. There are two aims of the present study: extending the
application of the linear stability analysis from automotive engines to
LPRE and accurately predicting the inlet conditions of the spray field
by using common injector design theory, considering energy losses
due to viscosity.

In the present study, to investigate the spray characteristics of a
swirl injector, a modified sheet breakup model was applied to a thin
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viscous liquid film generated by a swirl injector installed in a liquid
propellant rocket engine combustor. For accurate prediction of initial
film thickness, spray cone angle, and injection velocity, a viscous
theory for the swirl injector design procedure by Borodin et al. [8],
Dityakin et al. [9], and Bazarov et al. [10] is adopted. Also, the
simplified linear stability analysis suggested by Senecal et al. [13] is
adopted to model the dispersion of the spray after being injected. To
validate the usefulness of the sheet breakup model from low to high
gas Weber numbers, defined as the liquid Weber number multiplied
by the density ratio of gas to liquid, the computations in various
ambient pressures were performed. First, the spray characteristics in
atmospheric condition (such as the breakup length, spray cone angle,
and the SMD) were computed for various pressure differences of the
injector and compared with the experimental results for validation.
Second, based on the model validation in the atmospheric condition,
the computations at various ambient pressures were performed at a
fixed pressure drop of the injector and compared with the experi-
mental results with respect to breakup length and spray cone angle.
Also, the SMD was predicted by this model.

II. Numerical Approaches

A. Prediction Methodology for Initial Spray Characteristics

In the KIVA (internal combustion engine simulation code) pro-
gram, the initial spray characteristics are treated as input by an exter-
nalfile [25]. Therefore, the initial spray characteristics (such as input)
should be based on experimental data. But it is difficult to predict
those characteristics as input if there are no experimental data for new
injectors. That is cumbersome for injector designers. In the present
study, to eliminate the cumbersome calculations, the geometrical
information, the mass flow rate, and the target pressure difference of
the injector are needed. The procedure for calculating the initial spray
characteristics was implemented inside the KIVA program to predict
more accurate inlet conditions at the injector exit.

1. Definition of Main Parameters of Swirl Injector Using Inviscid Theory

A simplex atomizer model is presented in Fig. 1 and consists of
several parts: the length of the vortex chamber Lk, the radius of the
vortex chamber rk, the radius of the tangential inlet rp, the radial
location of the tangential entry R� rk � rp, the radius of the orifice
r0, the radius of the gas core in the orifice rr, and the radius of the gas

core at the orifice exit r0r. In the region of the swirl chamber, the
motion consists of a potential vortex caused by a negative source for
which the position coincides with the apex of the transient cone at the
cylindrical discharge orifice exit. In the cylindrical discharge orifice
region, there is a potential vortex along with an axial motion. All
velocities (i.e., axial u, circumferential v, and radial w) should be
considered, but radial velocity w is negligible because it is signifi-
cantly lower than the others. The geometric constant K, which
determines the swirling strength of the injected fluid, is defined as
K � A0R=Ainr0, with the orifice area A0 and the total area of the
tangential inlets Ain. According to the conservation laws of energy
and the angular momentum for an inviscid flow in a maximum flow
principle, injector geometric constantK can be expressed as [1,8–10]

K � �1 � ’�
���
2
p

’
���
’
p (1)

where the coefficient of passage fullness ’ is defined as [1,8–10]

’� 1 �
�
rr
r0

�
2

(2)

The spray cone angle is determined by the ratio of the tangential to
the axial velocities at the injector exit. Applications of the Bernoulli
equation and the law of angular momentum conservation for an
inviscid flow show that spray cone angle is a function of a discharge
coefficient CD, a geometric constant K, and a dimensionless vortex
radius at the injector exit SB��r0r=r0�, as determined by [1,8–10]:

tan
�

2
� 2CDK�����������������������������������������
�1� SB�2 � 4C2

DK
2

p (3)

Film thickness h0 is defined by the coefficient of passage fullness ’
as [1,8–10]

h0 � r0 � rr � r0�1 �
������������
1 � ’

p
� (4)

Liquid jets flowing through tangential entries impingewith the liquid
rotating inside the swirl chamber. As a result, the liquid jets con-
tract. There is a simultaneous increase of swirl radius, as shown in
Fig. 1b, which leads to a decreased discharge coefficient CD [1,8,9].
If liquid jet deformation is considered, the geometric constant should
become [8,9]

KD �
K

"
(5)

The jet deformation coefficient " is the ratio of the swirl radius at the
tangential entry to the swirl radius in the swirling chamber. Dityakin
et al. [9] found that " was a function of the parameter B� R=r0.
In this study, " was obtained by fitting to the Dityakin et al. curve
(Fig. 2) [9].

Fig. 1 Simplex atomizer mode: a) processes of sheet disintegration and

b) schematic of liquid sheet deformation.
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Fig. 2 Coefficient of inlet jet deformation " according to r0=R��1=B�.
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Equations (1–4) are basic parameters to design and determine
characteristics of a swirl injector. The definitions and forms of each
parameter will not change, even when liquid viscosity is considered.

2. Viscous Liquid Theory and Energy Loss

Friction coefficients and hydraulic parameters of injectors can be
affected by liquid viscosity. The higher the viscosity, the higher the
discharge coefficient and the lower the spray angle. To calculate an
exact discharge coefficient, a friction coefficient due to viscosity
in the swirling chamber should be considered. Dityakin et al. [9]
obtained a friction coefficient, which depends on the Reynolds
number of a tangential entry, as a result of tests with water and water/
glycerin mixtures, with geometric constants varying from KD 1.5 to
9.0. Water was used in the current study, and the friction coefficient
�k was determined by [9]

�k �
(

24:6
Re0:75

in

; �Rein � 2:3 	 103�
1:22
Re0:36

in

; �Rein > 2:3 	 103� ; Rein �
Vind

�1
(6)

The tangential entry Reynolds number Rein is defined by the inlet

velocity Vin, and the equivalent inlet diameter is given by d�
��
i
p
dp.

Because of swirling chamber friction, initial angular momentum
decreases as flow approaches the orifice. Borodin et al. [8] and
Bazarov et al. [10] implemented an angular momentum ratio to
consider the friction between the tangential entry and the vortex
chamber end by using angular momentum conservation. Therefore,
the injector equivalent geometric constant Keq, considering friction,
should be expressed as

Keq �
KD
1� ��

�1 � ’c�
���
2
p

’c
�����
’c
p ; �� �k

2
KD

�
rK
r0
� 1

�
(7)

Also, Borodin et al. [8] implemented energy loss caused by friction
force acting on the vortex chamber end wall. The energy loss can be
expressed as

�E� �1Q
2

2
2r4c
�K (8)

Considering energy loss [Eq. (8)], the discharge coefficient can be
expressed as [8]

CD �
1���������������������������������������������������������������


K2
eq=�1 � ’c�� � �1=’2c� ��K

q (9)

where

�K �
�K
�2

�
1

�

�
1 � 1

CK

�
� �K

��
KD
2
� 1

2� � �K

�

	
�
2

�
� KD

2
� 1

2� � �K

�
� 3

2�2
ln
�2� � �K�KDCK

2

��

� � 1

KD
� �K

2
CK; CK �

rK
r0

(10)

Hydraulic loss related to the swirling chamber length should be
considered if the length is long. It was implemented by angular
momentum conservation [9]. Hydraulic loss related to the swirling
chamber length was determined as

�L �
K2
D

2CK
�1� �prKDCK�

�
1 � 1

�1� �
CK=�CK � 1�� �� � �LK�2

�

��� 1:0; �LK �
LK
DK

(11)

Here, �pr is a function of Kpr, defined as Kpr � KD � CK . Further,
Kpr is represented as

Kpr � �1 � ’pr� � 20:5=’1:5pr

Therefore, �pr can be obtained from

�pr � 
’3pr=�2 � ’pr��0:5

where �� is the ratio of friction coefficient at the vortex chamber side
wall to the vortex chamber end wall. According to Dityakin et al. [9],
the consideration of loss, in accordance with the length of the vortex
chamber, affects the discharge coefficient seriously if the friction
factor � is over approximately 0.25 [Eq. (7)]. When this loss was
not considered, the discharge coefficient was overpredicted by a
maximum of 56% when compared with experimental results. But if
the loss is considered, the deviation of the discharge coefficient
between the calculated and the experimental results can be reduced to
18%. However, it overpredicts also: the reason is the assumption that
��� 1. According to Dityakin et al. [9], this assumption was exces-
sive. Because the friction coefficient at the vortex chamber side wall
cannot be obtained, it is assumed that the coefficient at the vortex
chamber side wall is equal to the friction coefficient at the vortex
chamber end wall �k [9]. Obtaining the factors related to the friction
coefficient according to vortex chamber length will be another
research project.

3. Other Friction Losses

According to Borodin et al. [8], Dityakin et al. [9], and Bazarov
et al. [10], there are several hydraulic losses in the injector, which can
affect spray characteristics. These losses cannot be handled by
viscous liquid theory, because they depend on the design of swirl
injector. But in order to accurately predict film thickness, spray cone
angle, injection velocity, and downstream SMD, energy losses
related to the tangential entry (�in) and the converging part (�noz)
should be considered [8–10]. Energy loss occurring at the tangential
entry may be determined by

�in � �in
K2
D

C2
; C� R

r0
(12)

where �in is an inlet resistance coefficient and a function of the
Reynolds number in the tangential inlet. The inlet resistance
coefficient is similar to the loss coefficient in a pipe flow from the
viewpoint of definition [1]. Therefore, the inlet resistance coefficient
should be obtained from experimental data. In the present study, the
inlet resistance coefficient was obtained by averaging the experi-
mental data from Borodin et al. [8].

Hydraulic loss in the converging part of the injector [8,9] was
determined by

�noz �
�noz
’2�

(13)

where �noz is the hydraulic resistance related to the contraction part
angle; �noz � 0:11 at  � 90 deg and �noz � 0:16 at  � 120 deg.

The typical angle of the converging part is from 90 to 120 deg, and
the hydraulic resistance is almost linear in this range [8,9].

Themajor losses of energy by frictionwere considered. Therefore,
a generalized equivalent geometric constantKeq, considering energy
losses, is

Keq �
KD

1� �f1� 
CK=�CK � 1�� �� �LK�
� �1 � 
��

���
2
p


�
�����

�
p (14)

The discharge coefficient CDeq, corresponding to Eq. (14), is [8–10]

CDeq �
1

f�1=’2�� � 
K2
eq=�1� ’��� ��sumg0:5

�sum ��K ��in ��noz ��L (15)

where the total energy loss due to friction�sum is the sum of the local
frictional losses [Eq. (15)].

In real circumstances, the thin film produced by the swirl flow
is distorted at the injector end due to centrifugal force (Fig. 1).

270 MOON, KIM, ANDYOON



If centrifugal force is considered, film thickness at the injector exit
should be acquired from SB instead of ’�. SB can be obtained by
numerically solving Eq. (16) [8–10]:

CDeq � �1 � C2
DeqK

2
eq� � SB�S2B � C2

DeqK
2
eq�0:5

� C2
DeqK

2
eq ln

1� �1 � C2
DeqK

2
eq�0:5

SB � �S2B � C2
DeqK

2
eq�0:5

(16)

Film thickness at the injector end can then be defined as

h0 � r0�1 � SB� (17)

The spray cone angle can be calculated by replacing CD and K by
CDeq andKeq, respectively, in Eq. (3). However, the spray cone angle
is difficult to predict accurately, because it is strongly related to the
injector geometry and the definition of the spray cone angle in the
atomized spray field. Through the viscous liquid theory, a trend of
the spray cone angle will be predicted. According to Bayvel and
Orzechowski [1], the discharge coefficient considered in Eq. (12)
agreed well with the experimental results. But, as shown in Eq. (12),
the length of the tangential entry was not considered in the energy
loss. Also, Bayvel andOrzechowski [1] pointed out that the length of
tangential entry affects the spray cone angle severely in some cases. It
is indicated that the discharge coefficient is less sensitive than the
spray cone angle. This shows the difficulty of finding the accurate
spray cone angle by a simplified analysis. If the boundary layer
theory is used, some losses will be considered, and a more accurate
spray cone angle will be obtained, like Inamura et al. [11] and Zong
[26]. But it is impossible tofind every loss acting on the swirl injector.
Hence, a spray cone angle acquired from the modified Eq. (3) should
be corrected by Fig. 3 [21].

Injection velocity is important, because the maximum growth rate
of a liquid wave is a function of injection velocity. Actual injection
velocity is different from theoretical velocity because of friction
losses [1], as well as geometrical characteristics and pressure
differences [2]. The ratio of real to theoretical velocity is the velocity
coefficient. According to Lefebvre [2], the velocity coefficient is
related to the discharge coefficient, film thickness, and spray cone
angle. However, Davy and Loustalan [12] pointed out that deter-
mining sheet velocity using a velocity coefficient could yield
unexpected results, such as predicting breakup lengths shorter than
experimental results. To exclude the potential effects of velocity
coefficients, sheet velocity was calculated using the discharge
coefficient, the film thickness, and the spray cone angle, including
frictional losses [1]. Hence, film axial velocity is defined as [1,8–10]

u�

�����������������������������
1 �

4C2
DeqK

2
eq

�1� SB�2

s ����������
2�P

�

s
(18)

Injection velocity may be obtained by the definition

V � u

cos��=2� (19)

Because the liquid sheet has a tangential velocity due to swirl, the
tangential velocity must be considered. As the injection velocity
and the spray cone angle are known from Eqs. (18) and (19), the
tangential velocity can be obtained easily as follows:

v� V sin��=2� (20)

B. Linear Stability Analysis

Senecal et al. [13] implemented dispersion relations between the
growth rate ! and the wave number k for the cases of sinuous and
varicose waves, respectively. Their dispersion relation for sinuous
waves was

!2
tanh�kh� �Q� � !
4�1k2 tanh�kh� � 2iQkU�

� 4�21k
2 tanh�kh� � 4�21k

3L tanh�Lh� �QU2k2 � �k
3

�1
� 0

(21)

Here, L2 � k2 � !=�1.
Based on the liquid sheet inviscid analysis of Senecal et al. [13],

the maximum sinuous wave growth rate would always be greater or
equal to the maximum varicose wave growth rate in the present
study. Also, if the density ratio (Q� �2=�1) is near unity (e.g., �2 

0:25�1), thevaricosewave is less stable and plays an important role in
the breakup of the liquid sheet [27]. However, in a LPRE combustor
environment, Q has an order of magnitude between 10�3 and 10�2.
When Q is significantly less than one, it is assumed that sinuous
waves dominate. In the present study, a sinuous wave for breakup is
considered.

The Dombrowski and Johns [14] assumption on growth rate with
long waves was acceptable for low gas Weber numbers We2�
�2U

2h=�, but it was not appropriate for high gas Weber numbers.
Therefore, a long or short-wave determination criterion was needed.
Senecal et al. [13] suggested that the criterion We2 was 27=16. In
the present study, if We2 � 21=16, the long-wave assumption is
selected; if not, short waves are assumed. In general, a coaxial swirl
injector installed in a LPRE combustor is operated by small injector
pressure differences, because the LPRE system is restricted by turbo
pump unit discharge pressure. In an atmospheric pressure environ-
ment, the long wave dominates the sheet characteristics generated
by a swirl injector, due to low injection velocity and low gas phase
density; however, the short wave dominates in a high-pressure
environment, such as a LPRE combustor, because of high gas phase
density, even when predicting sheet characteristics at both low and
high ambient pressure. In the present study, both long and short-wave
assumptions were applied.

The liquid sheet inviscid analysis presents guidelines for under-
standing sheet dispersion relations. However, to describe sheet
prediction relations accurately, the effect of viscosity must be con-
sidered. In Eq. (21), the second-order viscosity terms can be ignored
following an order-of-magnitude analysis using typical values of the
most unstable wave number KS and the maximum growth rate �S

from the inviscid solutions [13]. Thus, for the sinuous mode, the
growth rate of the simplified Eq. (21) becomes

!r��
2�1k

2 tanh�kh�
tanh�kh��Q

�
�������������������������������������������������������������������������������������������������������������������������������
4�21k

4tanh2�kh��Q2U2k2�
tanh�kh��Q���QU2k2��k3=�1�
p

tanh�kh��Q
(22)

For long waves, two assumptions are applied to Eq. (22) [13]. The
first assumption is that long waves grow on the interfaces, so that
tanh�kh� � kh, and the second is Q� kh. After applying these
assumptions, Eq. (22) reduces to
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Furthermore, if short waves are assumed for high gas Weber
number sheets and Q� kh, Eq. (22) reduces to [13]

!r ��2�1k2 �

����������������������������������������������
4�21k

4 �QU2k2 � �k
3

�1

s
(24)

C. Sheet Breakup and Drop Formation

To predict drop size by primary breakup, the sheet disintegration
mechanism proposed by Dombrowski and Johns [14] is adopted. As
shown in Eqs. (23) and (24), whereas long-wave growth rate depends
on the sheet thickness, short-wave growth rate is independent of
the sheet thickness. Therefore, in short waves, the onset of ligament
formation can be predicted using a sheet breakup length formulated
and based on an analogy of the prediction of the breakup length of
the cylindrical liquid jets [22]. The breakup time 	 and the length L
are [13]

	 � 1

�s

ln
�
�b
�0

�
(25)

L� V	 � V

�s

ln
�
�b
�0

�
(26)

The quantity ln ��b=�0� is given the value of 12, suggested by
Dombrowski and Hooper [28].

For attenuating sheets, the long-wave sheet thickness is pro-
portional to the radial distance from the injector nozzle and, thus,
h in Eq. (23) changes with time [13]. Therefore, the growth rate must
be integrated over time as [13]

ln
�
�

�0

�
�
Z
t

0

! dt0 (27)

Senecal et al. [13] reported that the effect of viscosity wasminimal
for Squire’s regime (i.e., for We2 < 27=16; long-wave growth).
Instead of Eq. (23) to predict the breakup length for the long-wave
regime, the simplified growth rate can be calculated as

!r �
�����������������������������������
QU2k2 � �k3=�1

kh

r
(28)

Figure 4 shows that sheet thickness along the radial distance can be
expressed geometrically. Hence, the local sheet length is l� Vt:

h� h0�d0 � h0�
d0 � h0 � 2Vt sin��=2� (29)

By substituting Eq. (29) into Eq. (28) and integrating Eq. (27), the
sheet breakup length L� V	 can be expressed as
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2
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�

2
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s

� �d0 � h0�3=2
�
2=3

(30)

The vertical breakup length zb can be expressed as

zb � L 	 cos
�

2
(31)

Ligaments are assumed to be formed at the breakup point as
determined by either Eqs. (26) and (30), and their diameter can be
obtained bymass balance. For short waves, ligaments are assumed to
be formed from tears in the sheet, once per wavelength, and the
resulting diameter is [13]

dL �
��������
16h

KS

s
(32)

where the most unstable wave number KS is determined from
Eq. (24). For long waves, it is assumed that the ligaments are formed
from tears in the sheet, twice per wavelength, with the resulting
diameter given by [13]

dL �
������
8h

KS

s
(33)

where the most unstable wave number KS for long-wave growth is
given by [13]

KS �
�2U

2

2�
(34)

The primary breakup into drops occurs when the unstable wave
amplitude is equal to the ligament radius, and that one drop will be
formed per wavelength [14]. To calculate the most unstable wave
number for a ligament,Weber’s result for the breakup of a cylindrical,
viscous liquid column was used [13]. Thus, the diameter of a drop
that is broken from a ligament is

dD � 1:88dL�1� 3Oh�1=6 (35)

where Oh is the Ohnesorge number and defined as Oh�
�1=��1�dL�1=2.

III. Experimental and Numerical Setup

A. Experimental Setup

The experimental swirl injector (Fig. 5) was designed according to
the hydraulics of Bayvel and Orzechowski [1]. The orifice diameter
d0 was 2 mm, and the tangential inlet had three 1-mm-diam holes dp
at 120 deg intervals. The injector was a closed type with a separate
vortex chamber and orifice. The converging diameter ratio of the
vortex chamber to the orifice was three. To investigate the effects of
ambient gas pressure and injection velocity on spray characteristics,
the high-pressure chamber system was used, as shown in Fig. 6.

Spray angle and breakup length were measured from instant-
aneous spray images taken by indirect photography. A stroboscopic
light with an illuminating time of � 4 �s was shone through
translucent paper located behind the gas curtain (Fig. 6). The
exposure time of a digital camera (Canon EOS 20D, 3504 	 2336)
was identical to the flash interval of the stroboscope and set to take
one image per flash without additional synchronization. The spray
angle was the angle between the injection axis and the connecting

Fig. 4 Schematics of sheet thickness change in an annular liquid sheet.
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line of the orifice exit. The detected spray edgewas determined using
an in-house code [29]. Several criteria for breakup length have been
defined in the literature; the present study defined breakup length as
the continuous sheet length measured from the nozzle exit to the
point where breakup occurred. To reduce breakup length uncer-
tainties, measurements were performed at the same radial location of
the spray center. To determine spray angle and breakup length, values
acquired from 60 instantaneous images for each experimental case
were averaged. Deviations of data were less than 10% from their
mean values.

Tomeasure the drop size of the spray, an image processingmethod
was used [30]; the magnified images of spray drops were acquired
using a high-resolution digital camera, a 180 mmmacro lens (Canon
EF 180 mm f=3:5 L macro-ultrasonic motor), and two 2	 tele-
converters (VivitarMC 2	). The spatial resolution of each imagewas
2:03 �m=pixel, and 200 images were taken and averaged for each
experimental case. The acquired information was postprocessed
through an in-house code, as shown in Fig. 6 [30]. During the post-
processing procedures, nonspherical drops resulting from distortion
or overlap were eliminated, and out-of-focus droplets were elimi-
nated based on the gradient indicator of gray level at the droplet
boundary. The detailed procedures are described in [30].

Diffraction of the lens imposed a fundamental resolution limit
when a very small aperturewas pursued to achieve a very small depth

of field. To confirm the optical system of the present method, a
calibration test was performed using a test reticle, on which four
groups of circular shapes were arranged by size. The measured sizes
of the circular shapes on the calibration reticle were compared with
its known sizes. In the present case, the accuracy is in the order of few
tens of microns, and this is confirmed by the apparent accuracy of the
sizing technique for particles larger than 45 �.

B. Numerical Setup and Calculated Conditions

The present model used KIVA-3V code to perform the compu-
tations [25]. Drop collision and coalescence were computed
according toO’Rourke [31].According to Schmidt andRutland [32],
the KIVA collision model is very sensitive to grid size and coor-
dinator. But when a sheet is injected, the collision cannot obviously
occur in the sheet itself. Therefore, the collision model applied to
only product droplets [33]. The effect of the collision model was
observed by the comparison of turning on/off from the viewpoint of
the SMD and the spray width. The results of turning off the collision
model were almost the same when compared with the results of
turning on near the observation point. The originalKIVAevaporation
model was used for consistency of physical phenomena. In real
circumstances (e.g., real propellants and very high ambient pressure
over 60 bar), the original KIVA evaporation model would not be
valid. A new evaporation model considering supercritical conditions
or real gas effect should be adopted. But in the present study, the
working fluid is water; water has a very high critical point
(Pc� 220:6 bar and Tc� 647 K). The experimental conditions
were a temperature of 293 K and a maximum ambient pressure of
40 bar (Table 1). Under these conditions, the quantity of vaporized
droplets is negligible. Therefore, the original KIVA evaporation
model rarely affects the results. To consider turbulence drop dis-
persion and gas turbulence modulation, the renormalization group
(RNG) k-"model [34] was used. A secondary droplet breakupmodel
was calculated using the Taylor analogy breakup (TAB) model [25].
At the points of the primary and secondary breakups, the actual drop
size was chosen from a Rosin–Rammler distribution [18]. Gas phase
equations were solved using the arbitrary Lagrangian–Eulerian
algorithm [25].

To reduce computing time, a two-dimensional axisymmetric grid
was computed in a domain with a radius of 25 cm and a length of
100 cm, as shown in Fig. 7. This computational domain corres-
ponded to the interior dimension of the high-pressure chamber used
in the experiments. Before starting to compute, the grid dependency
was checked by preliminary computations with several grid sizes
(10 	 10 mm, 5 	 5 mm, 2:5 	 2:5 mm, and 1:25 	 1:25 mm). As
shown in Fig. 8, the grids with 5 	 5 mm and 2:5 	 2:5 mm showed
almost same SMD level. Moreover, the grids with 5 	 5 mm and
2:5 	 2:5 mm showed the same spray width. But the grid with
1:25 	 1:25 mm showed that the spraywidthwas shifted. The reason
was that the coarse grids did not capture the inner recirculation zone,
even though the inner vortex existed; on the contrary, the fine grid
captured the inner recirculation zone well. Actually, the calculated
center of the inner recirculation zone (2:5 	 2:5 mm) existed 13 mm
further upstream than the result with the 1:25 	 1:25 mm grid.
Because it was not enough to check the independency of the grid,
a finer grid (0:625 	 0:625 mm) was needed. As a result, the com-
puted center of the inner recirculation zone with the finest grid
showed almost the same position of the result with the 1:25 	
1:25 mm grid. The grid size, however, could not be adopted as
1:25 	 1:25 mm, because the Lagrangian–Eulerian approach’s limit

d0 = φ2mm
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Water inlet

Section A-A

dp = φ1mm

dk = φ6mm

Fig. 5 Schematics of coaxial swirl injector.
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Fig. 6 Schematic diagram of high ambient pressure test for

measurement of spray characteristics.

Table 1 Experimental conditions and parameters

Simulant

Ambient pressure,
bar

Ambient gas Pressure difference,
bar

Mass flow rate,
g=s

For measuring SMD 1.0 Air 3.55, 4.29, 5.79 19.99, 21.91, 25.51

For high ambient pressure
1.0, 2.0, 5.0, 10.0,

20.0, 40.0 Nitrogen 5.79 25.51
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on the liquid mass fraction per cell should be considered. According
to Karlsson [35], the liquid mass fraction, defined by the ratio liquid
mass to the total mass per grid cell, should not be over 0.5. In the
present calculations, the results with the 1:25 	 1:25 mm grid were
over 0.5 near the main spray stream. Therefore, mesh spacing was
nonuniform with fine resolution mesh cells in the centerline and the
injector exit in order to capture the inner recirculation zone with rare
spray and to predict the spray field itself well with Karlsson’s [35]
guide. As a result, the smallest cell was 1.8mmwide by 1.2mm long,
which is similar to a grid size with 1:25 	 1:25 mm. The total
number of computational cells was 13,000. The computation was set
to finish at 200 ms, and initial transient results acquired in the first
10 ms were excluded in order to obtain steady-state results.
Additionally, the particles impinging on the wall were excluded in
the calculation, in order to reduce excessive particle stacking in a
computational cell. The present model was validated by comparing
the computed SMD results with the experimental results performed
by Kim et al. [29]. The injection pressures were 3.55, 4.29, and
5.79 bar in an ambient pressure of 1 bar. To predict the characteristics
of the spray field in high ambient pressures, the injection pressure
was fixed at 5.79 bar. The detailed conditions are shown in Table 1.

IV. Results

A. Model Validations at Atmospheric Condition

The computed root spray half angle, by using themodified Eq. (3),
Fig. 3, and the vertical breakup length [Eq. (31)], compared with
experimental results, are as shown in Fig. 9. The computed root spray
half angles [Eq. (3)] agreed closely with the measured values 5 mm

downstream from the injector exit. Themeasured spray half angles at
this location would be assumed similar to root spray angles, because
it is difficult to accurately measure the spray root angles in an
experiment, due to sheet deformation at the injector exit. Zong and
Yang [7] pointed out that inviscid incompressible analysis over-
estimated the spray half angle when compared with experimental
results. In the present work, the viscous effect was considered, and
the predicted spray angle was corrected by Fig. 3 [9]. Also, the
computed spray half angles without correction were compared with
the experimental results. As shown in Fig. 9a, the results without
angle correction overestimated approximately 8%; this means that it
is difficult to consider all friction losses as accurately predicting
spray angle. Therefore,many researchers [1,2,8] suggested empirical
correlations obtained by experiments for calculating spray angle. As
a result, spray half angles could be predicted accurately by such
correction. The computed breakup lengths slightly overestimated the
experimental results; however, deviations between computed and
experimental values werewithin 5%.Also, decreased breakup length
computed by quantitatively increasing We2 agreed well with the
experimental results. As mentioned earlier, the discharge coefficient
was overpredicted, although friction loss according to the vortex
chamber length was considered when the friction factor � was over
0.25. If the discharge coefficient is overpredicted, then the injection
velocity, the spray cone angle, and the breakup length are affected
seriously. In the present study, the friction factor � was near
0:15� 0:17. Therefore, the discharge coefficient was not seriously
affected by friction loss due to vortex chamber length, and injection
velocity, spray cone angle, and breakup length were not affected by

Fig. 7 Grids and boundary conditions for the computational domain.
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friction loss related to the vortex chamber length. This was another
reason for accurately predicting breakup length and spray cone angle
as well.

The SMD 50 mm downstream was calculated using time
averaging in order to apply the same experimental method. Maxi-
mum size and main distribution width of computed SMD agreed
closely with the experimental results, as shown in Fig. 10. There
exists a recirculation region in the inner side of the hollow-cone spray
due to the swirl of liquid, and small drops are entrained into the center
of the injector. In the experiments, themeasuring positionwas 50mm
downstream from the injector exit. In the calculation, the grid size is
2:8 	 3:2 mm near the measuring position. This is not an appro-
priate size to predict recirculation of the gas field and capture the
floating drops by entrainment. This is a significant limitation of the
Lagrangian–Eulerian approach and causes computed spraywidths to
be narrower than experimental results.

B. Model Validations at High Ambient Pressure Conditions

On the basis of the successful computational validations described
previously, similar computations at higher ambient pressures (1 to
40 bar) were performed (Table 1). The computed results compared
with experimental results at each ambient pressure are shown in
Fig. 11. The right half of each image in Fig. 11 shows the experi-
mental results and the left side shows the computed predictions. The
computed results are vertical sectioned images to illustrate the
hollow-cone structure of the spray. The agreement between experi-
ment and computation is qualitatively good; in particular, the
narrower spray widths and the shorter breakup lengths at higher

ambient pressures were successfully captured by the computations.
Injection pressures were the same for all cases; however, at higher
ambient pressures, breakup length was shorter. According to linear
stability analysis, an increased We2 of high ambient pressure will
result in a decreased breakup length, because the breakup time 	 is
small due to an increased �s [Eqs. (25) and (26)]. A liquid sheet
cannot penetrate a dense gas field and breaks into ligaments near the
injector due to a decreased breakup length. The momentum of this
decreased breakup length is not sufficient to drive an ambient gas
field. On the contrary, the liquid field is driven by an ambient gas
field. This results in a narrower spray width at higher ambient
pressure. It is also difficult to observe the wavy motion of liquid
sheets in experiments as the ambient pressure is increased (Fig. 11).
The gas Weber number is increased as the ambient pressure is
increased. Then, the breakup length is shortened dramatically by
experimental observation. It is impossible to observe the wavy
motion of liquid sheets because of the much shortened breakup
length. To explain the reason, Eqs. (23) and (24) need to be recast in
nondimensional forms. The dimensionless growth rate!rh=U can be
expressed by the dimensionlesswave number kh,We2, viscosity, and
the density ratio Q. In the long-wave region, the growth rate is
dominated by �Qkh�0:5. Also, in the short-wave region, the growth
rate is dominated by �Qk2h2�0:5. It indicates that the maximum
growth rate of short waves increases faster than that of long waves.
The faster increasing maximum growth rate shortens the breakup
length abruptly [Eq. (26)].
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Fig. 10 Comparison of SMD calculations with experimental results in

an ambient pressure of 1 bar and injection pressures of a) 3.55 bar and

b) 5.79 bar.

Fig. 11 Comparison of spray field calculations with experimental
results with injection pressure of 5.79 bar and ambient pressures of
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Figure 12 shows gas field vectors induced by an injected spray for
ambient pressures of 1 and 40 bar. At 1 bar, the vortex driven by the
sheet exists inside the spray, which appears to be related to swirl flow
and the long breakup length of the liquid sheet. In the 40 bar analysis,
there are swirl flows driven by the liquid sheet and very short breakup
lengths. It seems that the inner vortex disappears. But an inner vortex
will exist because of the swirl component of liquid flow; however, a
low grid resolution cannot capture it, as shown in Fig. 12. If the inner
vortex at high ambient pressure could be captured, grids with high
resolution must be used to calculate the spray field; however, this is
more expensive. Also, the Lagrangian–Eulerian approach has a
limitation, such that a fine grid is not applicable due to droplet size, as
described earlier [35]. Additional research is needed to efficiently
capture the inner vortex at high ambient pressure.

Predicted breakup lengths and local spray half angles at high
ambient pressures are compared with experimental results in Fig. 13.
The predicted breakup lengths were obtained the same way as
described in the experimental setup. When We2 (Pamb � 1 bar) is
approximately 0.84, the computed breakup lengths agreed well with
the measured results. However, at higherWe2 values, the computed
values underestimated the breakup lengths when compared with the
measured lengths. According to Davy and Loustalan [12], sheet
breakup occurswithin a fewmillimeters of the nozzle exit: a region of
the spray that is too dense to allow the use of conventional laser-based
measurement techniques. Moreover, the use of conventional photo-
graphic lighting techniques may produce misleading results in this
region of the spray. Therefore, it is difficult to distinguish a sheet
region from a dense spray field at a high ambient pressure. Hence, the
measured breakup length valuesmay include both sheet and ligament
regions. Figure 13a shows that computed breakup lengths, which
included a ligament region, agreed with experimental results when
compared with the computed breakup length, excluding a ligament
region. Figure 13b shows the comparison of predicted and experi-
mental values of the spray half angle at 10 mm downstream from the

injector exit. To define the computed local spray half angle, the liquid
mass fraction per ith cell volume
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was used. First, at the axial location 10 mm downstream from the
injector exit, the distribution of liquid mass fraction was checked.
Then, the spray angle at 80% of the maximum value was calculated.
In reality, it was observed that the gradient of the liquid mass fraction
was decreased abruptly in the region fi;liq < 0:8< fi;max. Therefore,
the criterion of the spray angle was determined as 80% of the
maximum liquid mass fraction at the axial location 10 mm
downstream from the injector exit. In all cases, the initial spray half
angle was 37.14 deg, because the same injector pressure differences
were used. However, as the spray progresses downstream, the spray
angle decreased, because the spray curved inside due to ambient gas
flow effects on the spray field [29]. Furthermore, under high ambient
pressures, downstream spray angles became narrower due to fast
atomization related to short breakup lengths (Fig. 11). These
observations agreed with those of Kim et al. [29]. But, as shown in
Fig. 13b, the local spray half angles were overpredicted in ambient
pressure over 5 bar but still within measurement deviation. At
ambient pressures 1 and 2 bar, the liquid sheet existed at 10 mm
downstream, as shown in Fig. 13a. But, if ambient pressure was over
5 bar, the sheet broke into ligament, and the ligament broke into
droplets very quickly. Schmidt et al. [36] performed numerical
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simulation on pressure-swirl atomizers, and they reported that the
same results were experienced. They indicated several reasons for
overprediction of spray cone angle: the experimental error, less
numerical dispersion than experimental data, and an underestimate
of turbulent drop dispersion. As mentioned previously, the spray
cone angles agreed well with the experimental data at ambient
pressures of 1 and 2 bar; that is, the prediction of the liquid sheet
spray cone angle was valid. For the secondary breakup of droplets,
the TAB model was used. According to Papageorgakis and Assanis
[37], due to the empirical nature of the TAB model, predicted spray
behavior has often not been in satisfactory agreement with experi-
mental results. However, the differences were small (within 5%)
when compared with the experimental results. At 10 mm down-
stream from the injector exit, the spray field was not affected
seriously by the ambient gas field [29]. In this study, there were no
large differences between the measured and the predicted initial
values. The computed and measured angles were quantitatively
similar within the measurement deviations.

In high ambient pressures, SMD was predicted 50 mm down-
stream from the injector exit, as shown in Fig. 14. Figure 14a shows
that at high ambient pressures lower than 5 bar, the predicted SMD is
smaller. On the contrary, SMD was larger at ambient pres-
sures higher than 5 bar. At high ambient pressures, fast atomization
can result in the generation of small drops near the injector exit.
Senecal et al. [13] pointed out that secondary drop breakup was
found to be important in high ambient pressure case. Also, they
reported that the effect of increased ambient pressure and densitywas

very significant: the short breakup length and small dropletswere due
to the high growth rate, and Eq. (24) indicated that high density ratios
created faster wave growth [12]. In the results of this study, a similar
qualitative trend could be observed experimentally and computa-
tionally. As shown in Fig. 11, the experimental downstream spray
fields at an ambient pressure of 10 bar or higher were too dense to be
penetrated by a light source. That’s the reason why Kim et al. [29]
could not obtain SMDdata under high ambient pressure. Because the
measured SMD was absent, the predicted SMD was not validated,
but the decreased breakup length was consistent with the experi-
mental results. Such dense spray can increase collision and coa-
lescence activities between droplets. Figure 14b shows the computed
SMDaccording to the axial position in an ambient pressure of 40 bar,
and it shows that SMD increases as the axial measuring position
moves further from the injector exit. This suggests that the collision
and coalescence processes are more dominant than the breakup
process at high ambient pressures. In our high ambient pressure
experiments, it was difficult to measure SMD precisely by using the
photographic techniques adopted by this study, because the spray
was too dense, as mentioned earlier. At an ambient pressure of
40 bar, it was impossible to recognize droplets in the dense spray
field in experiments. But as Schmidt and Rutland [32] pointed out,
the original KIVA collision model is very sensitive to grid size. As
mentioned earlier, although the grid independency was fulfilled,
a more accurate collision model is needed. To minimize the uncer-
tainties related to collision in the results from experiments and
computations, a new technique formeasuring SMD in high pressures
should be developed. To investigate the collision process numeri-
cally, a new model (like the recent collision process models [38,39])
should be considered for such computations.

V. Conclusions

A sheet breakup model using linear stability theory was improved
by liquid viscous theory for obtaining the initial liquid sheet pro-
perties as spray inlet conditions. The initial characteristics of the
liquid sheet, including film thickness, spray cone angle, and injection
velocity, were predicted by using swirl injector design procedures,
considering pressure losses due to friction. At low gas Weber
numbers (i.e., low ambient gas pressures), the sheet broke up as long
waves. At high ambient gas pressures,Weber numbers are higher due
to high gas density, although the initial characteristics of the swirl
injector have not changed. Using these observations, simplified
dispersion relations for the two breakup regimes were applied to
predict characteristics of a swirl injector installed in a LPRE.

To validate the sheet breakup model, a single swirl injector with
various pressure differences was tested at various ambient pressure
conditions. For the SMD comparison of predicted values with
experimental results, two different injection pressures performed
at atmospheric conditions were adopted. Agreement between the
predicted and experimental results was good for SMD, breakup
length, and spray distribution.

To compare the predicted characteristics of spray in high-pressure
conditions, the injector (with the same injection velocity) was tested
as the ambient pressure increased. As gasWeber numbers increased,
the predicted breakup lengths were shortened. These predictions
agreed closely with experimental results, both qualitatively and
quantitatively. Throughout these high ambient pressure compar-
isons, the measured breakup lengths included both ligaments and
sheets, because it was difficult for photographic techniques to
recognize the breakup length precisely in our high-ambient-pressure
experiments.

Although the six different gasWeber numbers had the same liquid
Weber number, the spray cone angle changed due to ambient gas
flow. This phenomenon was observed, qualitatively and quantit-
atively, in both predicted and experimental results. The prediction of
SMD indicated that, as ambient pressure increased, the predicted
SMD decreased at 50 mm downstream of the injector exit. However,
at high ambient pressures, the predicted SMD increased. In this
experimental condition, collision and coalescence were more com-
mon than breakup. This observation should be validated using a
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Fig. 14 Predictions of SMD distribution: a) along radial distance
at 50 mm downstream for each ambient pressure condition, and

b) according to axial position from injector exit at an ambient pressure of

40 bar.
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detailed collision model, and further collision experiments at high
ambient pressures should be performed.

Appendix

Dityakin et al. [9] considered hydraulic loss related to the swirling
chamber length. To find the hydraulic loss, a liquid element volume
with the element length dLwas adopted. A liquid element volume is
defined by dV � 
�r2k � r2r�dL. The frictional force acting on the
external surface of this element can be expressed as

dF� ��
4

�V2

2
2
rkdL (A1)

Here,�� is a friction coefficient andV is a liquid velocity. Energy loss
for the liquid element volume can be presented in the form:

dE� ��
4

2rk
r2k � r2r

�V2

2
ds (A2)

Here, ds is a length of liquid element path. Then, Eq. (11) will be
obtained by integrating Eq. (A2)with assumption 1) an axial velocity
is assumed constant; therefore, a tangential velocity is affected by the
frictional force; and assumption 2) rk � rr � 2rk because of small
film thickness. More details are represented in [1,8–10].
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