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A computational analysis of flow in simplex fuel atomizers using the arbitrary-Lagrangian-Eulerian method
is presented. It is well established that the geometry of an atomizer plays an important role in governing its
performance. We have investigated the effect on atomizer performance of four geometric parameters, namely,
inlet slot angle, spin chamber convergence angle, trumpet angle, and trumpet length. For a constant mass flow
rate through the atomizer, the atomizer performance is monitored in terms of dimensionless film thickness, spray
cone half-angle, and discharge coefficient. Results indicate that increase in inlet slot angle results in lower film
thickness and discharge coefficient and higher spray cone angle. The spin chamber converge angle has an opposite
effect on performance parameters, with film thickness and discharge coefficient increasing and the spray cone
angle decreasing with increasing convergence angle. For a fixed trumpet length, the trumpet angle has very little
influence on discharge coefficient. However, the film thickness decreases, and spray cone angle increases with
increasing trumpet angle. For a fixed trumpet angle, the discharge coefficient is insensitive to trumpet length. Both
the spray cone angle and the film thickness are found to decrease with trumpet length. Analytical solutions are
developed to determine the atomizer performance considering inviscid flow through the atomizer. The qualitative
trends in the variation of film thickness at the atomizer exit, spray cone angle, and discharge coefficient predicted

by inviscid flow analysis are seen to agree well with computational results.
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Nomenclature T = radial distance from axis to inlet slot
A, = aircore area at orifice exit To = orl.ﬁce radius, d, /2
A, = orifice area Ts = spin chamber radius, D, /2
A, = total swirl slot area Tt = 4,2 )
A, = the trumpet end area S@) = surfacg enclosing cc_)ntrol volume V (z)
An = air core area at the trumpet end o= film thickness at exit
C, = discharge coefficient, m/A,(2Ap/p)%3 t = dimensionless film thickness, 7/(d,/2)
D, = spin chamber diameter U = average total velocity at the end of orifice
d, — orifice diameter U = arbitrary velocity vector for the control volume V (¢)
d, = trumpet diameter at atomizer exit u = axial-velocity component
f = body force u = velocity vector _
K = atomizer constant, A,/(D,d,) i, = average ax1.al Veloc1ty at.the f:n.d of orifice
K, = A,/(Trry) u,, = axial velocity at the liquid—air interface
K\ = A,/(r,ry) . at the end (?f orlﬁce.
L, = spin chamber length u; = average axial velocity at the end of trumpet
1 = orifice length u, = axial velocity at the liquid—air interface
1 = trumpet length at the end of trumpet
p = static pressure V(t) = control .Volume .
0 = volume flow rate w = tangential velocity component
w; = average tangential velocity at the inlet
- w = average tangential velocity at the end of orifice
Presented as Paper 2002-3710 at the AITAA/ASME/SAE/ASEE 38th Joint wza — tange;gltial Vgelocity at the l}ilqui d—air interface
Propulsion Conference, Indianapolis, IN, 7-10 June 2002; received 9 June at the end of orifice
2003; revision received 16 June 2004; accepted for publication 29 June _ . .
2004. Copyright © 2004 by the American Institute of Aeronautics and Wy = averagg tangent{al Veloc‘tY at.the .en.d of trumpet
Astronautics, Inc. All rights reserved.Copies of this paper may be made for w, = tangential velocity at the liquid—air interface
personal or internal use, on condition that the copier pay the $10.00 per-copy at the end of trumpet
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, X = AJ/A,
MA 01923; include the code 0001-1452/04 $10.00 in correspondence with X = An/A;
the CCC. B = inlet slot angle
*Ph.D. Student, Department of Mechanical, Industrial, and Nuclear Ap = pressure drop across the nozzle
En§[i§1€eripg' Prof D ¢ Mechanical. Industrial. and Nucl 0 = spray cone half-angle
*Professor, Department of Aerospace Engineering and Engineering Me- 9’, = tmmpet angle
chanics. Member AIAA. 0 = difference between spray cone half-angle
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ITechnology Team Leader, Gas Turbine Fuel Systems Division. Member o = density
ATAA. T = viscous stress
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Subscripts

i = parameter at the inlet

o = parameter at the end of orifice

oa = parameter at the liquid—air interface at the end
of orifice

t = parameter at the end of trumpet

ta = parameter at the liquid—air interface

at the end of trumpet

Introduction

RESSURE-SWIRL atomizers (simplex atomizers) are widely

used for liquid fuel atomization in gas turbine engines for
propulsion and power generation applications.! Figure 1 shows a
schematic of simplex atomizer geometry. In a simplex atomizer, the
fuel is forced under high pressure to enter a swirl chamber through
inlet slots at the outer wall. An air core is formed along the center-
line as a result of high swirl velocity of the fuel. The fuel exits the
atomizer through a small orifice with even higher swirl velocity that
forces the liquid to disperse radially outward to form a hollow cone.
The thin liquid sheet then becomes unstable and breaks up to form
a spray of droplets.

The flow inside a simplex atomizer is turbulent, unsteady, and
contains regions of recirculating flow. Additionally, the shape and
the location of the liquid—air interface is unknown and must be de-
termined as part of the solution. This poses significant difficulties in
computational modeling of the flow in a simplex atomizer. Because
of these difficulties, early studies of simplex atomizers employed
analytical and/or experimental methods. Giffen and Muraszew? car-
ried out an inviscid analysis of the flow in a simplex atomizer.
They showed that the atomizer constant, which is the ratio of in-
let area to the product of swirl chamber diameter and exit orifice
diameter, is the most important geometric parameter of the atom-
izer. They derived expressions for liquid film thickness, spray cone
angle, and the discharge coefficient in terms of the atomizer con-
stant. In a practical atomizer, the flow is viscous, and other geo-
metric parameters also influence the atomizer performance. Fur-
ther developments on the effect of other geometric parameters were
primarily based on experimental measurements. As described in a
review by Lefebvre,! several semi-empirical correlations were de-
veloped that took into account the effect of length and diameter
of the spin chamber and that of exit orifice. However, there is no
unanimity in the predictions of film thickness and spray cone angle
made by the available correlations.** Furthermore, not all geomet-
ric parameters of the atomizer have been considered in the available
correlations.

As stated earlier, the high swirl velocity in pressure swirl atom-
izers results in an air core at the centerline of the atomizer and
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Fig. 1 Schematic of a simplex atomizer.

the position and geometry of the gas—liquid interface is not known
a priori. The challenge in modeling such interaction of two fluid
phases is to track their interface accurately. Modeling of motion of
a liquid—gas interface is relevant to many engineering applications,
and a number of methods have been used for this purpose. One ap-
proach is to treat the entire computational domain as single phase
and then guess the interface by joining grid points where pressure
is found to be atmospheric.® Solution is recalculated by creating a
new grid using the calculated interface and treating the interface
as a “with-slip” boundary. However, the condition of normal stress
balance is not applied at the interface. Such an approach has been
employed using commercially available Fluent code by Yule and
Chinn.’ The volume-of-fluid (VOF) method is another widely used
method in flow simulations with multiple phases.® In this method
the interface is represented by the fraction of cell volume occupied
by the liquid. As the grid points do not exactly lie on the interface,
the interface has to be reconstructed using volume fractions for each
cell. In general, the accuracy strongly depends on the grid resolution
around the interface, and the method can be computationally very
expensive. Hansen and Madsen’ have used this approach to simulate
the flow in a simplex atomizer with commercially available CFX-
4.3 code, and Dash et al.3 have developed a code incorporating the
VOF method.

To achieve accurate tracking of the interface without numerical
smearing, a promising approach is to use a fully Lagrangian scheme.
In this scheme each node point moves with its velocity so that the
same cell mass is followed in time. Therefore, in a Lagrangian ap-
proach node points on a two-phase interface always remain on the
interface, and the motion and shape of the interface can be evaluated
very accurately. Such a method works well for well-behaved flows.
For domains that include shear, fluid separation, and recirculation,
such as the problem at hand, a Lagrangian scheme would lead to a
highly distorted grid very quickly. When differential operators are
calculated on a highly distorted mesh, the approximations gener-
ally lose accuracy. Furthermore, obtaining converged solutions for
a complex flow on a highly distorted grid would be virtually im-
possible. To achieve accurate Lagrangian tracking of the interface
and yet maintain mesh quality and obtain convergent solutions, we
have adopted the arbitrary-Lagrangian—Eulerian (ALE)° method.
The ALE method comprises two computational steps that com-
bine the Lagrangian tracking with Eulerian regridding. The first
step is a Lagrangian step, in which the computational grid ver-
tices move with the same velocity as the fluid. Therefore there is
no mass exchange among computational cells. The continuity and
momentum conservation equations are solved using a predictor-
corrector numerical scheme. The second step is an Eulerian step, in
which a new adaptive grid is generated. The mass and momentum
for each new cell are calculated based on the motion of new grid
vertices from their Lagrangian positions. The Lagrangian step en-
sures that the points on the interface remain on the interface, and
thus the interface is tracked accurately. The Eulerian step ensures
that the grid does not get distorted, thereby maintaining solution
accuracy.

We have developed a computational code to model the flow in
the atomizer and to track the liquid—air interface using the ALE
method.!? To validate the developed code, experimental measure-
ments of flowfield in the atomizer are required. However, typical
pressure-swirl atomizers used in gas turbine engines are very small
(exit diameter < 1 mm), and measurements of flowfield inside the
atomizer are extremely difficult. To overcome this difficulty, we
conducted flowfield measurements in a large-scale transparent pro-
totype atomizer.'®!! The large-scale prototype was designed such
that parts of the atomizer could be changed to vary atomizer geom-
etry. The experimental data for velocity field inside the atomizer,
spray cone angle, film thickness, and discharge coefficient for a
number of atomizer geometries were used to validate the developed
code.'®!" Experimental studies available in literature have consid-
ered four geometric parameters, namely, atomizer constant, spin
chamber length-to-diameter ratio, exit orifice length-to-diameter ra-
tio, and the ratio of spin chamber diameter to the exit orifice diameter.
The validated computational model was used to conduct parametric



2410 XUE ET AL.

studies on the influence of these dimensionless geometric parame-
ters, under constant mass flow rate'! and constant pressure drop'?
conditions.

With the advent of new manufacturing techniques, simplex at-
omizers with different geometries can be produced easily. However
to design such atomizers, the effect of all geometric parameters on
the performance of the atomizer must be well understood. Newer
designs of simplex atomizers can include inlets that are not per-
pendicular to the axis, and the inlet slot angle (angle g in Fig. 1)
might not be 90 deg. The geometry can include a trumpet at the
end of the exit orifice to limit the spray cone angle. We note that,
to achieve rapid fuel air mixing, airflow can be introduced around
the fuel injector through a swirler cup. In such an arrangement, it
is desired to impinge the atomized fuel on the wall of a swirler cup
to undergo further atomization caused by shearing action of airflow
along the swirler cup wall. Therefore, in such configurations a par-
ticular spray angle is desirable rather than the maximum possible
spray angle. Hence a trumpet is introduced in the atomizer geometry
to limit the cone angle of the spray. Also a particular trumpet length
might be needed to inject the atomized fuel at the right location in
the airflow for rapid mixing. The internal convergence angle (angle
0. in Fig. 1) might be different from 45 deg. These geometrical pa-
rameters have not been considered in studies available in literature,
and the effect of variation in these parameters on the performance
of simplex atomizers has not been reported in literature. None of
the available semi-empirical correlations address these geometric
parameters, and as such the present correlations do not provide any
guidance about these parameters to atomizer designers.

The knowledge of flow in a pressure-swirl atomizer and the ef-
fect of geometric parameters on the characteristics of the liquid sheet
emanating from the atomizer are extremely important to design a
fuel injector. The characteristics of the liquid sheet emanating from
the atomizer depend on the geometrical parameters of the atomizer,
which can be expressed in dimensionless form as atomizer con-
stant K, ratio of length to diameter of the swirl chamber L /D,
that of the orifice /,/d,, ratio of swirl chamber to orifice diameter
D, /d,, inlet angle B, trumpet length, trumpet angle, and the con-
vergence angle. As described earlier, several experimental studies’
and numerical studies'""'> have investigated the effect of first four
parameters just listed. An atomizer designer must choose a combi-
nation of geometric parameters to achieve the desired spray angle,
film thickness, and discharge coefficient. Therefore, it is important
to know how each geometric parameter affects the atomizer perfor-
mance. Semi-empirical correlations have been developed by vary-
ing the atomizer constant L,/Dj, [,/d,, and D;/d, and measuring
their effect on atomizer performance parameters. Also, the influ-
ence of K, L;/Dy, l,/d,, and D,/d, on atomizer performance has
been studied computationally.'~!> However, no studies that pro-
vide any guidance on the change in atomizer performance with a
change in inlet slot angle, spin chamber convergence angle, trum-
pet angle, and trumpet length are currently available. In this paper,
we have considered these four geometric parameters. The effects
on atomizer performance caused by variation in these geometric
parameters are computationally predicted and are shown in terms
of variations of dimensionless film thickness at the atomizer exit,
spray cone half-angle, and discharge coefficient. Also, analytical
solutions are developed based on inviscid approximation to deter-
mine the film thickness, spray cone angle, and discharge coefficient
for the atomizer.

Computational Method and Validation

As describe earlier, we have developed a computational code
using the arbitrary-Lagrangian—Eulerian method. The conservation
equations governing the flow are

Du
p— =—VP+V.-t+pof (D

V-u=0,
Dt

Integrating Egs. (1) over a control volume V (¢) with a surface S(z)
that moves with an arbitrary velocity and applying Leibnitz rule and

Table 1 Results for two different grid densities

Parameter Grid 1 (80 x 21) Grid 2 (159 x 41)
t, mm 0.5378 0.5322

Uay, M/S 24.20 24.51

Way, M/S 19.15 19.32

Cq 0.4350 0.4505

0, deg 38.35 38.25

Table 2 Comparison of computational results with
experimental measurements

Case Parameter Experimental CFD
1 t, mm 2.68 2.633
0, deg 42.90 41.26
Cq 0.2781 0.2678
2 t, mm 2.68 2.544
0, deg 39.35 42.26
Cq 0.2821 0.2517
3 t, mm 2.64 2.542
0, deg 40.35 42.40
Cq 0.2721 0.2504

Reynolds transport theorem, the equations become

/ U—-u)-d§=0

A
d
p&f//u'dV—//pu(U—u)-ndS
V(t) A(r)
+//fVPdV—//r~dS=O 2)
V() A(n)

Equations (2) provide the form in which the equations are used to
develop the computational code. The finite volume method is used to
discretize the governing integral equations, and the Baldwin—-Lomax
turbulence model is used to evaluate the effective viscosity.'?

To ensure grid independence of results, the code was run for
several flow conditions with different grid densities. Two sets of
results for the same flow conditions and geometry are shown in
Table 1 with 80 x 21 and 159 x 41 grid points, respectively. The
difference in results between the two grids is small and indicates
that an 80 x 21 or similar grid is sufficient to get accurate results.'?

The developed computational-fluid-dynamics (CFD) model
based on the ALE method was validated by comparison with exper-
imental data for a velocity variation inside the atomizer as well
as measurements for spray cone angle, film thickness, and dis-
charge coefficient using a large-scale atomizer. Typical pressure-
swirl atomizers used in gas turbine engines are very small (exit
diameter < 1 mm), and measurements of flowfield inside the atom-
izer are extremely difficult. To overcome this difficulty, we con-
ducted flowfield measurements in a large-scale transparent proto-
type atomizer.'®!! The large-scale prototype was designed such
that parts of the atomizer could be changed to vary atomizer
geometry.'%!!# The particle-image-velocimetry technique, charge-
coupled-device camera, and ultrasonic sensors were used for mea-
surements of velocity field, spray cone angle, and film thickness
at the atomizer exit, respectively, in large-scale prototype atomiz-
ers. The uncertainty in the measurements is about 5% for discharge
coefficient, about 2 deg in spray angle, and less than 10% in film
thickness measurements. Table 2 shows a comparison of computa-
tional predictions of film thickness, spray angle, and discharge co-
efficient with experimental measurements for three cases. It is seen
that the computational results agree very well with the experimen-
tal measurements within experimental accuracy. The geometric and
flow parameters for the three cases were L, =89 mm, D, =76 mm,
d, =21 mm,,=5mm, A, =406 mm?, and 8 =90 deg. Flow rate
in case 1 was 0.95 kg/s, 0.95 kg/s for case 2, and 1.25 kg/s for case 3.
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Results and Discussion

We have investigated the effect of four geometric parameters,
namely, inlet slot angle §, spin chamber convergence angle 6., trum-
pet angle 6,, and ratio of trumpet length to orifice diameter /, /d,, on
the performance of pressure-swirl atomizers. The variation in the
atomizer performance is presented in terms of the dimensionless
liquid film thickness at the exit of the orifice ¢*, spray cone half-
angle 6, and discharge coefficient C,. All cases were run keeping
mass flow rate constant. When one parameter was changed, all other
geometric parameters were held constant.

Effect of Variation in Inlet Slot Angle 3

Toinvestigate the effect of inlet slot angle, we used an atomizer ge-
ometry without a trumpet. The dimensionless film thickness, spray
cone half-angle, and discharge coefficient are plotted in Figs. 2a
and 2b with variation in inlet slot angle. The film thickness was
determined from the CFD results at the orifice exit. In the numerical
method used here, the interface between liquid and gas is tracked as
a sharp interface, and therefore the CFD results directly provide the
film thickness. The discharge coefficient is calculated based on the
pressure drop between in inlet and exit of the atomizer obtained in
the numerical solution. With a fixed mass flow rate through the at-
omizer, a change in inlet slot angle results in a change in the ratio of
inlet axial to swirl velocity components. With 8 =90 deg the fuel
has no axial-velocity component at the inlet. Hence for the same
mass flow rate, 8 =90 deg gives greater swirl velocity compared to
B =40 deg case.

Figure 2a shows that with an increase of 8 from 40 to 90 deg, di-
mensionless thickness t* decreases about 25%, discharge coefficient
C, decreases about 35%, and spray cone half-angle 6 increases by
about 15%. The higher swirl velocity that corresponds to a higher
inlet slot angle pushes the liquid to the atomizer walls, and the lig-
uid film thickness in the exit orifice decreases. The spray cone angle
is governed by the ratio of axial-to swirl-velocity components at
the exit. The cone angle is seen to increase with inlet slot angle.
This is because of the larger centrifugal force caused by the higher
swirl-velocity component. As the mass flow rate is kept constant,
thinner liquid film in the exit orifice section corresponds to higher
axial velocity. A combination of increased swirl and axial velocity
leads to a higher pressure drop across the atomizer, and the dis-
charge coefficient decreases. As evident from Fig. 2a, the changes in
spray cone angle, discharge coefficient, and film thickness are large,
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Fig. 2b Comparison of results for /,/d, = ,1and----,0.5.

indicating that inlet angle is an important parameter that significantly
influences the performance of the atomizer. Empirical correlations
available in the literature do not include the inlet slot angle and are
unable to predict its influence on atomizer performance.

Analysis can be carried out using inviscid theory to examine the
effect of the inlet slot angle. We have modified the inviscid analysis
of Giffen and Muraszew? to include the inlet slot angle. The details
are given in the Appendix. Only the final equations are given here:

K* = (x*/32)[(1 = X)*/ X*1(ri/r,)* sin’ B ©)
Ca=[01-X)"/(A+X)1" “)

From the definition of X, we get

t"=1-vX 5)

. (/2)CysinB [ r;
0= —————| — 6
sin (1 «/_) (r;) (6)

Equation (4) is similar to one obtained by Giffen and Muraszew;
however, the effect of inlet slot angle is apparent in Eq. (3). The
results of Egs. (3), (4), and (6) are plotted in Fig. 2a using dashed
lines. For film thickness, comparing with the CFD results, it is seen
that the analytical inviscid solution provides the correct qualitative
variation but predicts lower values. This is to be expected as the
inviscid theory does not account for the viscous effects that would
tend to decrease the velocity and increase film thickness.

Equation (4) predicts lower values for the discharge coefficient
than the computational results. Giffen and Muraszew? also observed
this trend in comparison with available experimental data. They
modified their equation by introducing a coefficient A as shown
next and suggested A = 1.17 based on experimented data:

Ca=Al(1 = X)’/(1 + X)) (7

Itis seen in Fig. 2a that our computational results match well with
this modified equation [Eq. (7)].

There is a significant difference in the prediction of spray cone
angle using inviscid approximation and numerical results. The nu-
merical results are based on the solution of Navier—Stokes equations,
which fully account for viscous forces. Because of the accounting
of viscous forces, difference in the predictions of CFD results and
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those with inviscid approximation (theoretical results) is to be ex-
pected. Furthermore, the spray angle is governed by the ratio of
the average swirl to the average axial velocity at the atomizer exit.
More precisely, it is related to the tan inverse of the average swirl-
to axial-velocity ratio. A change in this ratio will change the spray
angle. For the cases considered here, the decrease in swirl veloc-
ity compared to inviscid prediction is larger compared to the de-
crease in the axial velocity. Hence the inviscid results overpredict the
spray angle. Our earlier experiments!® also show considerable dif-
ference between experimental measurements and inviscid analysis
for spray angle, with inviscid theory overpredicting the spray angle
compared to experimental measurements, consistent with the CFD
results.

The equations derived using inviscid approximation [Egs. (3-6)]
do not account for variation in all geometric parameters. For exam-
ple, the ratio of length to diameter of the swirl chamber L,/ Dy, that
of the orifice [, /d, influence the spray angle; however, these param-
eters do not appear in Egs. (3-6) at all. Numerical results obtained
with a different values of L,/ D; (or l,/d,) will be different, but the
inviscid predictions will remain the same. Therefore, for different
values of L,/ D; (or l,/d,) the difference between numerical results
and inviscid approximation will be different. This is seen in Fig. 2b,
where results for spray cone angle, discharge coefficient, and film
thickness at exit are presented for /,/d, =0.5 and /,/d,=1. We
note that the variations in atomizer performance parameters with 3,
for the two values of /,/d,, are essentially parallel. This makes the
results very useful in designing simplex atomizers.

Effect of Variation in Trumpet Angle 6;

Note in this study the length of the trumpet /; has been held con-
stant as 6, is varied. Figure 3 indicates that as 6, increases from 10 to
40 deg, dimensionless thickness * decreases about 42%, spray cone
half-angle 6 increases from 22 to 40 deg, but discharge coefficient
C, remains almost constant. This shows that the trumpet can be very
effective in controlling the spray cone angle and the film thickness
without significantly affecting the pressure drop across the atomizer.
As pressure drop across the atomizer remains relatively steady, the
axial velocity at the end of the exit orifice is expected to exhibit little
variation. However, trumpet diameter d, increases with increase in
6, so that the film thickness #* decreases when the flow rate through
the atomizer is kept constant.
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Considering inviscid flow through the atomizer, we have devel-
oped analytical solutions for film thickness, spray cone half-angle,
and the discharge coefficient for an atomizer geometry with trum-
pet. Detailed analysis and a schematic of the geometry are provided
in the Appendix. The final equations are

(Ao/A)?[1/cos*0,(1 = X,)* + (1/ KX, ) (ri/r,)* sin® B] =1/ C]

(¢
where
X, = An/A;, K, =A,/mrmry
= (1= /X, )(r/r,) cos6, )
0=0+6 (10)
where

tan’ = [2(1— /X, ) /K. /r,) sin B cos6,

Results using Eqs. (8—10) are shown in Fig. 3 with dashed lines.
Once again the trends shown by the analytical solutions are seen
to match well with computational results. Similar to Fig. 2, the an-
alytical inviscid solutions give lower values of film thickness and
discharge coefficient and higher values of spray cone half-angle. The
results of Eq. (4) underpredict the discharge coefficient. The mod-
ified Eq. (7) provides improved match with the numerical results.
As stated earlier, the differences in inviscid solutions and numerical
results can be attributed to omission of viscous forces in the invis-
cid treatment. Compared to inviscid flow through the atomizer, the
decrease in average axial velocity as a result of viscous forces is
less than the reduction in average swirl velocity resulting in lower
values of spray cone half-angle.

Effect of Variation of Dimensionless Trumpet Length /;/d,

To study the effect of variation trumpet length, both orifice diam-
eter d, and trumpet angle 6, are held constant as /; is varied. Figure 4
indicates that with an increase in /,/d, dimensionless thickness
t* decreases about 14%, discharge coefficient shows virtually no
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Fig. 4 Variation of atomizer performance parameters with ratio of
trumpet length to orifice diameter /,/d,.
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change, whereas spray cone half-angle decreases about 9% for the
range of dimensionless trumpet length considered here. For con-
stant flow rate across the atomizer, the pressure drop across the
atomizer and the axial velocity at the end of the exit orifice are
not expected to change significantly with a change in the trumpet
length. As such, the discharge coefficient shows very little change
with trumpet length. However, as the trumpet length increases, to
keep the flow cross-sectional area relatively constant the film thick-
ness decreases. Also, as the trumpet diameter increases, the prin-
ciple of conservation of angular momentum dictates that the liquid
swirl velocity would decrease as it moves along the trumpet length.
Therefore, the spray cone angle is seen to decrease with increas-
ing trumpet length. Equations (8—10) just outlined provide atomizer
performance parameters for inviscid flow through the atomizer. Al-
though the trumpet length does not directly appear in Egs. (8-10),
we note that for a fixed trumpet angle X, is a function of the trum-
pet length. The effects of variation in trumpet length for inviscid
flow are plotted in Fig. 4 with dashed lines. Similar to inviscid flow
solutions for variations in inlet slot angle and trumpet angle, the
values for film thickness and discharge coefficient predicted with
computational model are higher than analytical solutions, and those
of spray angle are lower than analytical solutions. The results for
discharge coefficient using a modified Eq. (7) are significantly closer
to computational results.

Effect of Variation in Spin Chamber Convergence Angle 6,

In this case, the geometry of the atomizer is one without trum-
pet, and all geometric parameters have been kept fixed except for
.. As seen from Fig. 5, for the atomizer configuration considered
in this study, with an increase in 6, from 45 to 90 deg, dimension-
less thickness #* increases about 16%, C, increases about 34%, and
spray cone half-angle 6 decreases about 9%. Earlier studies have
shown!®!2 that the flowfield inside a simplex atomizer has a region
of recirculating flow. The majority of the liquid entering from the
inlet slots flows through a region close to the liquid—gas interface
and enters the orifice. The location and size of the recirculating flow
affects the axial-velocity variations in the spin chamber and conse-
quently in the exit orifice. As the convergence angle changes, the
recirculating region in the spin chamber can change considerably.
This is illustrated in Figs. 6a and 6b, which show flow streamlines
for two atomizer geometries with convergence angle 60 and 90 deg,
respectively. As the flow structure changes, the velocity variation
in the atomizer is altered, and consequently the film thickness at
the exit, spray cone half-angle, and discharge coefficient change.
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Fig. 5 Variation of atomizer performance parameters with conver-
gence angle 6,.
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Fig. 6 Streamlines for flow inside the atomizer for different 6,. Inlet
slot angle 3 =90 deg.

Although the spray angle is lowest and the film thickness is largest
at convergence angle of 90 deg, this geometry might be preferred in
some cases as it is easier and less expensive to manufacture com-
pared to the geometry with smaller convergence angle. The effects
caused by changes in spin chamber convergence angle cannot be
predicted by inviscid analysis.

Conclusions

We have used a computational model based on the arbitrary-
Lagrangian—Eulerian method to predict the flow in a simplex atom-
izer. The effect of four geometric parameters on the atomizer perfor-
mance was investigated. The four geometric parameters considered
were the inlet slot angle, trumpet angle and length, and the spin
chamber convergence angle. The atomizer performance is shown
in terms of variations of dimensionless film thickness, spray cone
half-angle, and discharge coefficient. Results indicate that increase
in inlet slot angle results in lower film thickness and discharge coef-
ficient and higher spray cone angle. The spin chamber convergence
angle has an opposite effect on performance parameters. With an in-
crease in convergence angle, film thickness and discharge coefficient
increase, whereas the spray cone angle decreases. The trumpet angle
has very little influence on discharge coefficient. However, the film
thickness decreases, and spray cone angle increases with increasing
trumpet angle. The discharge coefficient is insensitive to trumpet
length, whereas both the spray cone angle and the film thickness
decrease with increasing trumpet length. The effect of the geomet-
ric parameters has not been reported in the literature, and as such
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the results presented here will provide useful guidance in designing
simplex atomizers.

Appendix: Inviscid Analysis for Pressure
Swirl Atomizers

The analysis closely follows the development by Giffen and
Muraszew? with appropriate additions for the new geometric pa-
rameters considered here. First we consider the effect of inlet slot
angle for an atomizer without trumpet. Here we consider a more
general case where the inlet is not necessarily at r =r, as shown in
Fig. Al.

In pressure swirl atomizer, the liquid flow can be considered as a
spiral motion as a result of an axial flow being superimposed on a
free vortex.

For a free vortex,

wr = w;r; = constant (Al)
where
w; =0 sin :B/Ap (AZ)

According to Bernoulli’s equation, the total pressure (injection
pressure) in the liquid flowing through the orifice is

AP =p+ %,ou2 + %,ow2 = constant (A3)
where p is the static pressure. At the air core, p =0. So,
AP = pul + 3pwl, (A4)

and the axial velocity can be calculated as

Uog = Q/(Ao - Aaa) (AS)
According to Egs. (A1) and (A2),
Woa = M (A6)
A[)r()d

Substituting into Eq. (A3) u and w from Egs. (AS5) and (A6),

2 2
_Ul(e Y, (gusing
AP - 2p|:(Aa - Aoa) + ( Aproa ) i| (A7)

From the definition of C,, we get

0 = C4A,2AP/p)* (A3)

To

Foa Gas/Liquid interface

Fig. A1 Schematic of pressure swirl atomizer.

™
( N
dOd
[ a ]
ay

Fig. A2 Schematic of orifice with trumpet.

Substitution of Q from Eq. (A8) into Eq. (A7),
1/Ci =1/ =X+ (1/K}X)(r;/r,)* sin> B (A9)
where
X = An/A,, K\ = A,/nmr,r,

Assume that the size of the air core in the orifice will be such as
to give maximum flow. That means C, is maximum:

d(1/c: -x° ()
(d/x 2) ZO:KE:%C—') sin? B (A10)

Iy
Substitute Eq. (A10) into Eq. (A9):
Ca=101-X)/10+ X1 (A1D)
K =A4,/dd, = K = (7/4K, (A12)
Substitute Eq. (A12) into Eq. (A10):
K? = (@*/32)[(1 — X)*/X?1(r; /r,)* sin® B (A13)
From the definition of X, we get
r=1-vX (A14)

Following Giffen and Muraszew,” for the spray cone half-angle 6
we have

tand = w,/ii, or  sinf=w,/U (A15)
-0 =CyA,U = U = Q/C4A, (A16)

At the exit, the total angular momentum in the orifice

/ro (2nrpﬁudr)f—; sin g = 2P0 Q:":r” “o) Gn g (A17)
The total mass flow in the orifice
pito(Ap — Aoa) (AIB)
= mean tangential velocity at the exit
o 27 Qri(r, — roa) SIN B (A19)

Ap (AU - Aoa)

Substituting Eqs. (A16) and (A19) into Eq. (A15), we get

. (1/2)CqsinB (r;
p=—""""_= A20
sin K(1+ _X) <rs> (A20)

Now we consider an atomizer geometry with trumpet, as shown in
Fig. A2.
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Following the foregoing analysis, consider the air core at the
trumpet end, and we have

PR (A21)
(A, — Ap) cos b,
Wy, = M (A22)
Aty

2 2
1 0 07, sin
:AP_Z'()[((A,—AQ)COSG,) +< At )] (A23)

Substitution of Q from Eq. (A8) into Eq. (A23),
(Ao/A)[1 [cos6,(1 = X,)°

+(1/K7X,)(ri/fr)?sin B] = 1/C (A24)
where
X, = Au/A;, K, =A,/mrrg
= 1" = (1= /X, )(r,/r,) cos6, (A25)
For the spray cone half-angle 6, approximately we have
0=0+06 (A26)
where
’ lZ),
tanf' = — (A27)
Uy

the mean velocity along with the trumpet direction at the trumpet
end

u, = Q/(A, — Ap) cos b, (A28)

At the trumpet end, the total angular momentum

27 pit, cos 6, Qri(ry — ) .
si

r ) .
/;a Q2mrpu, cos 6, dr)f‘?—pr sin f = A, np
(A29)
The total mass flow at the trumpet end
pit, cos6,(A; — Aw) (A30)
= mean tangential velocity at the trumpet end
= 27 Qri(r; — ryp) sin B (A31)

Ap (At - Ala)

Substituting Eqs. (A28) and (A31) into Eq. (A27), we get

tan' = [2(1 — /X,) /K,](ri /1) sin B cos 6, (A32)
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