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Parametric Study of Simplex Fuel Nozzle
Internal Flow and Performance
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A numerical study is presented of the effects of changes in simplex nozzle geometry on its performance. A com-
putational model based on the arbitrary-Lagrangian-Eulerianmethod with an adaptive grid-generation scheme is
used. Three nondimensional geometric parameters are studied: the length-to-diameter ratio of the swirl chamber
Ly/D; and orifice l,/d, and the swirl-chamber-diameter-to-exit-orifice-diameter ratio D/d,. The variations in the
atomizer performance, caused by the changes in the geometric parameters, are presented in terms of the film
thickness at the exit of the orifice, the spray cone angle, and the discharge coefficient. Results indicate that these
geometric parameters have a significant effect on the internal flow and performance of simplex nozzles. With a
constant mass flow through the nozzle over the range of parameters considered, an increase in L;/D; produces
an increase in the film thickness at the orifice exit, a decrease in the spray cone half-angle, and a slight decrease
followed by an increase in the discharge coefficient. Conversely, increasing /,/d, decreases film thickness, spray
cone angle, and discharge coefficient. An increase in D;/d, results in a decrease in film thickness and discharge

coefficient and a decrease in spray cone angle.

Nomenclature

R = orifice area, m?

= total inlet area, m>

4 = discharge coefficient, ri1/[Ay /(2pAp)]
=inlet slot diameter, m

= swirl-chamber diameter, m

= exit-orifice diameter, m

= atomizer geometric constant, A ,/(D,d,)
= swirl-chamberlength, m

= orifice length, m

= vertex mass

= mass-flow rate, kg/s

= mean pressure, N/m?

= ambient pressure, N/m?

=radii of curvature, m

=radial coordinate, m

=time, S

= film thickness, m

= dimensionless film thickness, ¢,/ (d,/2)
= axial velocity, m/s

=radial velocity, m/s

= swirl velocity, m/s

= axial coordinate, m

= pressure differential, N/m?

= spray cone half-angle, deg

= dynamic viscosity, kg m/s

p = turbulent dynamic viscosity, kg m/s

= fluid density, kg/m®

= surface tension, N/m
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Subscript

av = average

Superscript

* = dimensionless quantities

Introduction

IMPLEX nozzles (pressure-swirlatomizers) producinghollow-

cone sprays are widely used in airbreathing gas turbine en-
gines because of their good atomization characteristicsand relative
simplicity. Double-annulardome combustorsusing simplex nozzles
with primary air swirlers are being used in advanced aeroengines
for cleaner combustion. In a simplex nozzle the fuel is forced under
high pressure to enter a swirl chamber through virtually tangential
inlet slots at the outer wall, forming an air core along the centerline
because of high swirl velocity. The fuel exits the nozzle 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
sheetthen becomes unstable and breaks up to form a spray. Because
the droplet size distribution and local fuel-to-airratios significantly
affectcombustionefficiency and emissions, it is importantto predict
the impact of atomizer geometry on these variables.

It is well established that mean droplet diameter and spray an-
gle are the two most important parameters governing nozzle per-
formance.! Many studies on fuel atomization have shown that the
mean droplet size is directly related to the thickness of the liquid
film emanating from the nozzle, with the mean drop diameter be-
ing roughly proportional to the square root of the film thickness >+
Therefore, the film thickness is also considered as an important pa-
rameter governing nozzle performance. For a given mass-flow rate
studies have shown that geometrical design of the simplex nozzle
is the primary factor that determines the internal flowfield and in-
fluences the nozzle performance parameters.! Despite the simple
geometry of the simplex nozzle, the flow phenomena within the
nozzle are complex. Assuming an inviscid flow through the nozzle,
Taylor* and Giffen and Muraszew® have shown that geometry ef-
fects on the characteristics of the liquid sheet emanating from the
nozzle canbe expressedin terms of an atomizer constant K (defined
as the ratio of the total area of the inlet ports to the product of the
swirl-chamber diameter and the discharge orifice diameter). How-
ever, in practice, viscous effects are present, which depend on the
form and area of the wetted surface, as expressed by ratio of length
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to diameter of the swirl chamber L,/ D and that of the orifice [,/d,
andratio of swirl-chamberdiameterand exit-orifice diameter D,/ d,,.
Therefore, these parameters also influence the performance of sim-
plex atomizers.! Elkotb et al.® made measurements of drop sizes
with a number of simplex nozzles, keeping pressure drop across the
nozzle constant. They found that with increasing L,/ D; mean drop
size first decreases then increases. The mean drop size was seen
to initially increase with increasing/,/d,, with virtually no change
beyond/,/d, =2. Rizk and Lefebvre’ found that the film thickness
decreases with decreasingd,,, inlet port diameter, and increases with
increasing D;. Only a weak dependence of film thicknesson /, and
L, was observed with film thickness decreasing with increasing
I, and decreasing L,. Suyari and Lefebvre® measured liquid-film
thickness at the nozzle exit and compared their measurements with
available correlations. Their measurements showed that film thick-
ness increased with increasing atomizer constant and the experi-
mental data were in good agreement with the predictions based on
Giffen and Muraszew’s analysis. Jones’ has proposed a correlation
for the discharge coefficient for large-scale nozzles, which includes
the effect of nozzle geometry parameters. He found that the dis-
charge coefficient increases with atomizer constant K, L,/ D, and
D,/d,, and decreasesslightly with/,/d,. Recentresultsof Benjamin
et al.!° show that these effects are sensitive to the range of parameter
values considered. They have presented correlations for discharge
coefficient, film thickness, and spray angle for large-scale simplex
nozzles. They found that /,/d, has a weak influence on C,, with
a trend opposite of that reported by Jones.® They showed that the
discharge coefficient increases with [,/ d,,, at higher values of [,/ d,,.
Both the atomizer constantand D;/d, were shown to have a strong
influence on film thickness and spray cone angle.

Only recently have computational studies of the flow in a sim-
plex atomizer been carried out. The main difficulty in the numerical
simulation of the flow in a simplex nozzle is the accurate track-
ing of the liquid/air interface. Yule and Chinn'' used commercially
available software (Fluent) to solve for the liquid flowfield in a
simplex nozzle. They determined the position of the interface with
an approximate method and restricted their simulation to laminar
flow. Recently, we have developed a computational model to track
accurately the liquid/air interface and predict the flow in a simplex
nozzle.!? This was accomplished by using the arbitrary-Lagrangian-
Eulerian (ALE) method."® Our numerical model was validated by
comparing computational predictions and experimental measure-
ments of the variations of film thickness, spray cone angle, and dis-
charge coefficient with atomizer constant, as well as the shape of the
gas/liquid interface.'? Excellent agreement between computational
and experimental results was observed, thereby confirming that the
ALE method can predict accurately the shape of the interface, film
thickness,cone angle, and discharge coefficient. The effect of atom-
izer constant K on the flow in a simplex nozzle was investigated.
With decreasing K the film thickness decreases, spray cone angle
increases, and discharge coefficient decreases. A decreasein K can
be achieved by reduction in the inlet swirl slot area. For a given
mass-flow rate this causes the swirl velocity, and correspondingly
the centrifugal force, to increase, thereby increasing the spray cone
angle and decreasing the film thickness. In this paper we have in-
vestigated the effects of three other geometric parameters (L,/ Dy,
l,/d,, and D,/d,) on the flow in a simplex nozzle. The computa-
tional model based on the ALE method is used. The variations of
film thickness, spray cone angle, and discharge coefficient are ob-
tained. The mass-flow rate through the nozzle is kept constant for
all cases. We have coveredarangeof L,/ D, from0.1 to 1.5, arange
ofl,/d, from 0.2 to 2.0, and a range of D,/d, from 3.5 to 6.5.

Computational Model

A schematic of a typical simplex atomizer is shown in Fig. 1.
The liquid fuel enters the swirl chamber and exits through the small
circular orifice. Because of the high swirl velocity, the liquid is cen-
trifuged toward the walls, and an air core is formed along the cen-
terline of the nozzle. The computational domain is restricted to the
liquid phase because shear stress acting on the gas/liquid interfaceis
negligiblebecauseofthe very small density and viscosityratios of air
to liquid investigated here. The position and shape of the interface,
however, are not known a priori and must be determined as a part of
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Fig.1 Schematic of a simplex nozzle.
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Fig.2 Mesh plot of the computational domain.

the solution. The flowfield is considered axisymmetric and is calcu-

lated by solving the continuity and the Navier-Stokes equations. A

sketch of the computational domain with the adaptive grid is shown

in Fig. 2. As the flowfield is considered axisymmetric, only half of

the flow cross section is shown in the figure. Also, notice the clus-

tered grid structurein the regions where high gradientsare expected.
The governing equations in cylindrical coordinates are
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Here u, is the eddy viscosity coefficient determined by using the
Baldwin-Lomax model.!* The no-slip condition is specified at the
solid boundaries, and the radial and angular velocities are specified
at the annular inlet slot. The flow properties at the end of the liquid
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are extrapolated from interior grid points. At the liquid/air interface
the normal stress balance is p = po, + o(1/R, + 1/ R,), where pq,
is assumed to be constant.

The governingequationsand boundary conditionsare discretized
in a finite volume fashion. A staggered grid structure is used for
pressureand velocitycells. The ALE methodis used with anadaptive
grid technique to track the moving interface. The ALE method'? is
divided into two stages. In the fully Lagrangian stage of the ALE
method, the cells move with the same velocity as that of the fluid, and
thereisno mass interchangebetweenthe cells. A predictor-corrector
method is used to solve the governing equations. The predictor first
determinesthe temporary velocity increment for node (i, j) foreach
time step based on a temporary new pressure field p*. The velocity
increment is calculated as

At [ .
AV =——¢r dA (5)
i,j Js

where s is the surface area of the momentum cell, m; ; is the cell
mass, and At is the time step. The velocities and positions of the
nodes are updated as

* __ yN

Vii =V T AV, ©)
* N *

X =X, + VAL 7

The updated cell mass is then calculated based on the temporary
volume. If the updated mass does not match with the mass of the pre-
ceding time step, then the corrector step uses the conjugate-gradient
methodto find a new pressurefield. The position, velocity,and pres-
sure values are set when the cell mass converges. The solution was
considered to be converged if the maximum relative error in cell
mass between two iterations was less than 1077.

In the second stage of the ALE method, a new grid is generated
adaptively to the new interface. Mass and momentum fluxes caused
by movingthe cells fromtheir Lagrangianpositionsto their positions
in the new grid are calculated using a donor-acceptor method. Then
the velocity components at the new grid points are calculated for the
new time. The free surface position moves toward its steady-state
position with each computational time step. Steady state is reached
when the normal velocity componentat the interface diminishes to
zero.

The computationalresults were obtained with a grid of 91 points
in theaxialdirectionand 41 pointsin the radialdirection. To test grid
independenceof the solutions, results for two cases (with the maxi-
mum and the minimum values of the atomizer constant) were calcu-
lated by doubling the number of grid points in both directions. The
results for film thickness,spray cone angle, and the discharge coeffi-
cient were essentially unchanged(< 1%). With a changein the num-
ber of grid points from 91 X41 to 181 X 81, for K =0.17 and 0.3,
dimensionless film thickness, spray cone half-angle, and discharge
coefficient changed from 0.237,44.26,0.182t0 0.234,44.32,0.184
and from 0.273,38.66, 0.243 to 0.272, 38.68, 0.244, respectively.

Model Validation

Experimental measurements of internal flowfield, film thickness,
andconeangle were carriedout to validate the computationalmodel.
A large-scale prototype nozzle (exit-orifice diameter of 18 mm) was
used in the experiments as detailed measurements of the internal
flowfield are practically impossible on small-scale nozzles (exit-
orifice diameter ~1 mm) typically used in aircraft engines. Water
was used as the working fluid in the experiments. The computa-
tional model assumes the flow to be axisymmetric. This assumption
requires determination of an equivalentannular inlet slot instead of
the finite number of slots present in the real nozzle. The width of the
annularslot as well as the radial and tangential velocities at the inlet
are calculated by matching the angular momentum, total mass-flow
rate, and the kinetic energy of the liquid at the inlet ports with those
of the experiments. The body of the nozzle is made of optical quality
plexiglass, and the velocity measurements were made by a particle
image velocimetry (PIV) technique. The illuminated PIV probe is
provided by a 6-W coherent argon-ion laser. The laser beam passes
through a mechanical chopper operated at 2000 Hz. This chopped
light train is then guided through several mirrors and a laser sheet
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Fig. 3 Comparison of swirl velocity profiles at three different cross
sections of the swirl chamber.

generator, which producesa horizontalsheetof 100 mm in widthand
1 mm thickness, and then passes through the nozzle for PIV mea-
surements. Silver-coated seeding particles (approximately 11 pm
in mean diameter with specific gravity of 1.26) are injected into
the large-scale nozzle. The PIV images are taken at 1/500 s shutter
speed. Four images for each seeding particle are obtained in each
photograph. The velocities are then determined by image process-
ing. The details of the experimentalsetup and techniqueare available
in Holtzclaw et al."”

Figure 3 shows a comparisonof swirl velocity measurementsand
predictions at several axial locations along the nozzle, with mass-
flow rates of 0.47 and 0.95 kg/s [7.5 gal/min (GPM) and 15 GPM],
respectively.For a 0.47 kg/s flow rate the computational predictions
are slightly higher than the measurements, whereas for a 0.95 kg/s
flow rate the two are practically indistinguishable. The difference
between the computational and experimental results at the lower
flow rate can be attributed to uncertainty in mass-flow rate deter-
mination in the experiments. Also, as mentioned earlier, detailed
comparisons of computational predictions and experimental mea-
surements of the variations of film thickness, spray cone angle, and
discharge coefficient with atomizer constant, as well as the shape of
the gas/liquid interface, were reported in Jeng et al.'> The computa-
tional predictions were seen to agree well with the measurements,
thereby validating the numerical model. The dimensionless flow
parameter that governs the flow phenomena in the nozzle is the
Reynolds number.'® The range of the Reynolds number based on
the average axial velocity at the nozzle exit and the exit diameter
was 2.7 X 10° to4 X 10° in the large-scale experiments. This is sim-
ilar to the range of the Reynolds number encounteredin small-scale
practical nozzles. Therefore, the preceding agreements validate the
computational model at both large and small scale.

Results and Discussion

The validated computational model is used to investigate the ef-
fects of nozzle geometric parameters on the flow and performance.
While studying the effects of changes in L/ Dy, only L; is varied,
whereas all other dimensions are kept constant. Similarly, /, and
D, are varied to change /,/d, and D,/d,, respectively. Although
the other two parameters remain unchanged when L,/ D; orl,/d,
are varied, both L,/ D, and the atomizer constant K [=A/(D,d,)]
change with changing D, in D;/d,. Therefore, to isolate the ef-
fects of D,/d,, L, and Ap are varied such that K and L,/ D, re-
main constant while changing D, in D,/d,. When one parameter
was changed, other parameters were kept constant at L,/ D; =1,
l,/d, =0.5, and D,/d, =4.22. The angle of the tapered section
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Fig.4 Variation of film thickness at the exit, spray cone half-angle,and
discharge coefficient with L/D;.

connecting the swirl chamber to the exit orifice was 45 deg for all
casesstudied. For each case the variationin the film thicknessat exit,
the spray cone half-angle,and the discharge coefficient are reported.
The results are obtained with a constant mass-flow rate through the
nozzle.In many experimentalstudiesavailablein the literature, mea-
surements of film thickness and spray angle have been carried out
with a constantpressuredrop across the nozzle. The variationsin the
nozzle performance parameters obtained with a constant mass-flow
rate are likely to be different from those obtained with a constant
pressure drop across the nozzle.

Effect of Ly/Dg

The variations of film thickness (made dimensionless by exit-
orifice radius), discharge coefficient, and spray cone half-angle with
L,/ D, are shown in Fig. 4. There is a limit on the minimum value
that L,/ D, can take because L, geometrically cannot be less than
the width of the annularinlet slot. Figure 4 shows that starting from
an L,/ D, of 0.1, up to 0.25, there is a steep increase in the thick-
ness, while the trend diminishes beyond that point. The discharge
coefficient, which is inversely proportional to the square root of
the pressure drop, is seen to first slightly decrease then increase
with L,/ D;. For a given swirl-chamber diameter, with larger swirl-
chamber length, the frictional losses in the nozzle increase. This
reduces the swirl in the swirl chamber and the exit orifice and in-
creases the film thickness. Because the mass-flow rate is kept con-
stant throughout the study, from conservation of mass, we have

m = pugn{(d,/2)* = [(d,/2) — 1,]*} ®)

Therefore, for a given mass flow the average axial velocity u,, de-
creases as the film thickness increases. With the increasing flow
cross-sectional area at the exit caused by the increased thickness
and reduced axial velocity, the discharge coefficient increases. The
behaviors of increase in film thickness and discharge coefficient
with increasing L, are consistent with the trends reported by Rizk
and Lefebvre’ and by Jones.? The increase in L, appears to have
a stronger influence on the swirl velocity compared to that on the
axial velocity. The average swirl velocity decreases faster than the
average axial velocity, and as expected, this decrease in the swirl
velocity componentleads to areductionin the spray cone angle. It is
evident from these results that the effect of changein L/ D, on the
performance variables is more significant at lower L/ D;, whereas
it diminishesat L,/ D, > 1.

Effect of 1,/d,

Figure 5 shows the variations of dimensionless film thickness
(tF =2t,/d,), discharge coefficient, and spray cone half-angle with
l,/d,. The figure shows that the film thickness decreases with in-
creasing [,/d,. This trend of increase in film thickness with exit-
orifice length is opposite of that obtained by Rizk and Lefebvre.
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Fig.5 Variation of film thickness at the exit, spray cone half-angle,and
discharge coefficient with /,/d,.

The differencein results presentedhere and those in Ref. 7 is caused
by the differentboundary conditions(constantmass flow vs constant
pressure drop) in the two studies. For a given /, the value of /,/d,
increases with decreasing d,. Therefore, for a large /,/d, nozzle,
to maintain the same mass flow as a small /,/d, nozzle the fluid
has to be squeezed through a long narrow orifice requiring a much
larger pressure differential across the nozzle. This increased pres-
sure leads to higher axial velocities and lower film thickness at exit.
Conversely, if the pressure drop across the nozzle is kept constant,
the mass-flow rate will decrease with increasing [,/ d,,, resulting in
lower axial velocity and higher film thickness. Therefore the behav-
ior of film thickness with exit-orifice length observed here and in
Ref. 7 is consistent with the respective boundary conditions. Similar
to the variation of thickness with L/ Dy, the trend is rather steep
at lower [,/d,, whereas its gradient decreases at higher /,/d,. As
the pressure drop across the nozzle increases with increasingl,/d,,
there is areductionin the dischargecoefficient with increasingl,/d,,.
This behavior is similar to the trend observed by Jones’; however,
the effect is somewhat larger, indicating that [,/ d, is an important
parameter in determining the pressure drop across the nozzle.

The principle of conservationof mass dictates that the variation of
the average axial velocity at exit must have a trend opposite to that
of the film thickness. Therefore, the axial velocity increases with
l,/d,. The swirl velocity on the other hand has a less steep variation
compared with u,,, which causes a decreasein w,,/u,,. As the ratio
of the average swirl to axial velocity atexitis the primary parameter
that determines the spray cone angle, a decreasein w,,/ u,, leads to
smaller spray cone half-angle.

Effect of Dy/d,

The variations of dimensionless film thickness, spray cone half-
angle, and discharge coefficient with changing D;/d, are shown in
Fig. 6. As D;/d, is increased, the fluid is being squeezed through a
narrower orifice compared to the swirl chamber. This flow situation
is similar to a sudden contractionin a pipe flow, where the pressure
drop increases significantly as the contraction ratio is increased.
This increase in pressure drop across the nozzle results in a reduc-
tion in the discharge coefficient. With a constant mass flow across
the nozzle, the increase in the applied pressure leads to an increase
in the axial velocity and the film thickness that the nozzle exit de-
creases. In this case both the swirl and the axial velocities increase
with D,/d,. However, their relative change leads to the ratio of the
swirl and axial velocity to decrease, and the variation of spray cone
angle follows the behavior of the ratio of swirl to axial velocity and
decreases with increasing D;/d,. The difference in the increase in
swirl and axial velocitiesis likely to be caused by the nature of flow
distributionin the nozzle. Holtzclaw et al.!> have shown that in the
swirl chamber large axial velocities are confined to a region close
to the liquid/air interface, whereas the swirl velocity is significant
in the entire cross section of the swirl chamber as shown in Fig. 3.
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Fig.6 Variation of film thickness at the exit, spray cone half-angle,and
discharge coefficient with Dg/d,,.

Therefore a change in D; has a smaller effect on the axial velocity
distribution compared with that on the swirl velocity distribution.
Hence to maintain a constant mass flow, an increase in the applied
pressure across nozzle with high D;/d, causes the axial velocity to
increase more significantly than the swirl velocity.

Conclusions

A computational parametric study of the internal flow and perfor-
mance of a simplex nozzle has been carried out. For constant mass-
flow rate the effects of three geometric parameters (L,/ Dy, I,/d,,
and D,/d,) on simplex nozzle performance were investigated. For
the range of parameters considered here, D, /d, appears to have the
most influence on the performance variables studied. An increase
in D/d, results in a decrease in the film thickness at the exit and
an increase in the pressure drop in the nozzle, giving a monotonous
decreasein the dischargecoefficient. The spray cone half-anglealso
decreases with increasing D;/d,,.

The effects of an increase in L,/ D; are a larger film thickness at
the exit, lower average axial and swirl velocities at the exit, a slight
decrease followed by an increase in the discharge coefficient, and a
decrease in the spray cone half-angle. When changing L,/ Dy, the
pressure drop changed by only 20% and the spray cone half-angle
by only 3%.

As is the case for L,/ Dy, the effects of [,/d, on the studied vari-
ables are more pronouncedat low [,/d,, whereas the trends become
more gradual as /,/d, increases. The effects of an increase in /,/d,
are a decrease in film thickness at the exit, an increase in average
axial and swirl velocities at the exit, a significant decrease in the
discharge coefficient, and a decrease in the spray cone half-angle.
The overalleffect of the changein/,/d, is larger than thatof L,/ D;.
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