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Numerical Simulation of Nonswirling and
Swirling Annular Liquid Jets

Stephen G. Chuech*
Delavan, Inc., West Des Moines, Iowa 50265

A numerical simulation method is described for analyzing the fluid dynamics of nonswirling and swirling
annular liguid jets. In the present theoretical study, a general mathematics model for simulating these two types
of annular film jets has been established using a curvilinear coordinate system conforming to the film
boundaries. The study involves the derivation of governing equations, numerical solutions for annular film flow
structure of both nonswirling and swirling cases, and model validation with available measurements. The
solutions of flow structure consist of jet velocity, film thickness, and jet trajectory. The present model can
predict the ‘“transition’’ phenomenon of jet-shape formation from nonswirling ““bell’” to swirling ‘‘hollow
cone.”’ In verification studies, first the model is validated against other measurements and analyses of non-
swirling bell-like jets. The second case includes a validation study on spray angle of swirling conical sprays and
a comparison of fuel spray configuration of a pressure atomizer. The assessment results are encouraging and

indicate a good capability of the current model.

Nomenclature

= area

= mass flux

= diameter of annular film

= friction force

= friction coefficient functions

= gravity term of momentum equation

= gravity acceleration

= bell length

= mass flow rate

= static pressure

= second principal radius of curved surface

e = Reynolds number

= first principal radius of curved surface or radial
distance in the y direction
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S  =viscous term of momentum equation

s = streamwise distance in the ¢ direction

u = streamwise velocity in the £ direction
V= control volume

v = normal velocity in the » direction

w = swirling velocity

X = axial coordinate in cylindrical system

Y =radial coordinate in cylindrical system

6 = film thickness

¢ = tangential coordinate in curvilinear system
n = normal coordinate in curvilinear system

60 = angle between £ coordinate and X coordinate
p = viscosity

¢ = streamwise coordinate in curvilinear system
P = density

¢ = surface tension

¢ = angle of curve As

Subscripts

c = index of the film cross section

f =liquid film

g  =gas phase
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s = index of the film circumference

¢ = tangential component in curvilinear system
7 = normal component in curvilinear system

£ = axial component in curvilinear system

0 = initial or jet exit condition

Introduction

NONSWIRLING annular liquid jet is a liquid film issuing
from an annular orifice and is also called a ‘liquid
curtain.”’’-* When the liquid curtain velocity is low, surface
tension acting on the circumferential surfaces causes the film
to coalesce after a short distance and then to continue with a
full ““solid’’ cross section. This type of jet has been of aca-
demic and practical interest since the 19th century. Boussinesq*
first proposed a mathematical model for water bells. Then the
concept of water bells was used to determine the surface
tension of water, mercury, and other liquids. Later, more
studies of water bells were done by many researchers,’® in-
volving the effects of gravity, surface tension, and pressure
difference between the inside and outside of the bell.
Recently, attention on this subject has grown due to the
concept of utilizing a liquid annular jet as confined chemical
reactors' and inertial confinement laser fusion reactors.? The
main purpose of using annular liguid jets or liquid curtains for
these chemical reactors is to alleviate problems associated with
toxic reaction, protection system, and pollution control. The
chemical reactors based on annular liquid jets have been de-
scribed and mathematically modeled by Hovingh,!® Hoffman
et al.,!! and Ramos.!2 However, these Lagrangian models!-210:11
still used the equations similar to those for water bells origi-
nally derived by Boussinesqg.*

Swirling Jet

For a swirling annular liquid jet, there exists an additional
centrifugal force to interact with surface tension, pressure,
and gravity. When the swirling velocity is increased, the cen-
trifugal force gradually becomes dominant, and then the lig-
uid curtain opens up with an angle. This is known as the
“‘hollow cone” in spray flows. The hollow cone has been used
for spray and atomization processes in combustion systems,
agriculture and aerosol production, and others. In the case of
a gas turbine, such a hollow conical film is produced by
injection of the liquid fuel and disintegrates into ligaments and
droplets in the combustion chamber. Therefore, the hollow
cone film has an important impact on the spray characteris-
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tics,!2 such as drop formation rate, drop velocity, drop size
and spatial distribution, and spray angle, etc.

Over the past decade, although many computational fluid
dynamics (CFD) tools have been useful during the combustor
design and development phases, their capability to provide
accurate predictions is strongly dependent on the empirical

spray characteristics as input conditions for a given combus-'

tion system.!*! In general, the applicability of experimental
information describing spray characteristics for a certain de-
sign is obviously questionable for others.

Furthermore, for predicting spray combustion in gas tur-
bines, currently existing CFD codes and models all neglect the
presence of the hollow cone film and assume instantaneous
atomization at the nozzle exit. Past studies!'>!* indicate that
predicted results are very sensitive to the assumed atomization
characteristics. To remove these drawbacks, an analytical model
to simulate the hollow cone phenomenon is needed to provide
a fundamental basis for spray characteristics predictions.

General Remarks

Both nonswirling and swirling annular liquid jets are of vital
importance to practical applications for liquid chemical reac-
tion and fuel combustion. In the present study, a general
mathematical model has been developed to simulate non-
swirling and swirling annular liquid jets. The fundamental
equations governing the liquid film flow, including a set of
continuity and three momentum equations, were derived in a
curvilinear coordinate system. These equations were integrated
over a discretized control volume and numerically solved for
liquid film trajectory, thickness, and velocity components.
The analysis involved swirling hollow cone cases, as well as
liquid curtain problems in which the swirling velocity van-
ished. The present model involves the effects of gravity, sur-
face tension, pressure difference across the film, and friction
effects on the film surface. For testing the model, the present
predictions were compared with available measurements.

Mathematical Model
In the present model, it is assumed that a swirling film with
an angle 4, shown in Fig. 1, is a one-dimensional, steady-state
flow with no pressure gradient in the £ (streamwise) and ¢

(circumferential or ‘tangential) directions. Viscous forces

within the liquid are neglected, but the viscous friction forces
at the gas-liquid interfaces are accounted for. Past studies on
the general conservation form of equations in curvilinear co-
ordinates have been reported in the literature.'>!6 In the pre-
sent work, the scalar equations are obtained by taking the
inner product of the conservation form with unit vectors of
curvilinear coordinates. Then, using the transformation law
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Fig. 1 Annular liquid film jet in the cylindrical coordinate and curvi-
linear coordinate systems.

for the covariant and the contravariant unit vectors, as well as
aforementioned assumptions, the simplified equations govern-
ing the annular liquid flow in a curvilinear coordinate system
can be formulated, including a set of continuity and three
momentum equations:

Continuity:

3:(Cy) =0 1)
Streamwise momentum:
BE(CEt:f) — Cowysind/r = 8¢ + G )
Normal momentum:
Ciu;8,(0) — Cewr cosf/r = —3,(py) + G, 3)
Tangential momentum:
3:(Cywy) + Ceug sind/r = S; “

where d;, 9,, and 9, are partial differential operators with
respect to £, 9, and ¢{. It would be desirable to solve for the
liquid streamwise velocity uy and swirling velocity w, simulta-
neously by coupling Egs. (2) and (4) via the centrifugal and
Coriolis forces.

The viscous terms S; and S; are accounted for through the
interfacial friction forces on both sides of the film. The gen-
eral forms of the friction forces are

Fy = 0.5p,f(ug — us)lug ~ url -
Fr=0.5 ppfe(w, — wr)lwy — wyl

According to Rizk and Lefebvre,!” the interfacial friction fac-
tors are given by

Je=0.79(1 + 1508/r)(Re;) =02
©)
Je=0.79(1 + 1508/r)(Re) =02

where the Reynolds numbers Re; = p,Dlu, — usl/p, and

~ Rep=p,DIw, — wel/p,.

"When the normal y-direction momentum equation, Eq. (3),
is in an integrated form, the pressure term becomes the pres-
sure difference Ap; between the outer and inner surfaces,
which can be related to capillary pressure!'® and gas pressure
difference Ap, and is given as

Aps = Ap, — 20(cos 6/r = 1/R) @)

The plus sign in front of 1/R is applied for the negative d6/d¢
case, and the minus sign is for the positive d6/d¢ case. By
substituting Eq. (7), the normal momentum equation, Eq. (3),
becomes

prAu} (0 — 6%) — psVwicos 0/r
=ApA; — 20(cos 8/r = 1/R)A; — psgV sin 6 8)

where the control volume V = réAs, the cross-sectional area
of the control volume A. = ré, and the surface area of the
control volume A; = rAs. Note that the superscript * repre-
sents the value of the previous calculation step in space.

In the present formulation of the surface conforming sys-
tem, the normal velocity to the surface is zero, vy = 0. Instead,
the film angle and thickness become unknown. Equation (8) is
used to calculate the film angle # along the X axis, whereas the
film thickness § is solved through the continuity equation, Eq.
(1). Furthermore, the other variables for the film location and
shape (i.e., r, R, and X) can be determined from geometric
relationship of film trajectory. Figure 2 illustrates the geomet-
ric relationship for a moving film in the cylindrical system.
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Fig. 2 Illustration of geometric relationships for a moving film in the
cylindrical system.
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Fig. 3 . Axial variations of film thickness for nonswirling annular
water jets with different flow rates.

The expression for the two principal radii of curvature, r and
R, can be easily obtained (where ¢ = 8§ — 6*):

R =As/1¢l ®)
r=r*+ |12R sin(¢/2)Isin(@* + ¢/2) 10)

Also, space marching in the axial direction of the cylindrical
system is given as '

X = X* + 12R sin(¢/2)lcos(0* + ¢/2) (11)

In the present model, when the swirling velocity of the
liquid film is set to zero, the entire model is simplified and
becomes applicable for the nonswirling liquid curtain case.

‘ Results and Discussion
Nonswirling Jet
The measurements of Baird and Davidson’ have been se-

lected to validate the present model. In the measurements, the
mean diameter of the annular orifice was 1.241 cm, and the

initial film thickness was 0.029 cm. The annular water jet was
injected vertically downward so that the initial film angle 8, is
zero. Four test conditions were selected for the current analy-
ses, and the flow rates were 13.09, 19.13, 25.50, and 31.88 g/s,
respectively. _

Predicted dimensionless variations of film thickness and
streamwise velocity have been plotted as a function of axial
distance in Figs. 3 and 4. The results show that, for a non-
swirling annular jet, film thickness and streamwise velocity
increase as the axial distance is increased. After emerging from
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Fig. 4 Axial variations of streamwise velocity for nonswirling annu-
lar water jets with different flow rates.
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Fig. 5 Influence of liquid flow rate on the bell shapes of nonswirling
annular jets.
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the annular orifice, the annular film starts to contract toward
the centerline due to surface tension. To satisfy the continuity
equation, the film thickness and velocity have to be increased.
Note that the water velocity is also accelerated by the gravity
effect, but the surface tension effect is more dominant in the
present case. Higher flow rate cases have smaller growth rates
for film thickness and velocity, shown in Figs. 3 and 4. This is
because higher flow conditions have higher inertia to over-
come the contraction effect due to surface tension.

Figure 5 shows predicted shapes of the water bell jets at the
same conditions as Figs. 3 and 4. The predicted film is curving
toward the centerline and coalesces to become a cylindrical jet,
as observed in past studies.’-® From the bell shape variations,
it can be seen that higher flow rate cases possess slower radius
and angle variations, again due to higher inertia effects. The
contraction effect on annular film decreases gradually with an
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Fig. 6 Bell lengths of nonswirling annular jets with different flow
rates.
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Fig. 7 Influence of swirler angle on the spray shape; swirler angle in
degrees: a) 0, b) 1.5, ¢) 5, d) 10, e) 20, f) 30, g) 45, h) 60, and i) 80.
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Fig. 8 Spray angles of swirling annular film jets with various flow
rates.
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Fig. 9 Axial variations of film angle for swirling annular film jets at
different operating conditions.

increase of the water flow rate. Figure 5 also indicates that the
bell shape is elongated when the water flow rate is increased.

The bell length was defined as the distance below the orifice
at which the external radius of the annular jet reached 0.2 cm.?
The predictions of bell length Ly by Baird and Davidson® can
be expressed as

Lpen = 0.5Do[pfuf2060(1 — r/rg)/d]%3 (12)

During the present study, Eq. (12) was also used to calculate
the bell length, and the results were compared with predictions
of the present model, as well as the measured data of Baird
and Davidson.® The comparison is presented in Fig. 6, in
which dimensionless bell lengths of a nonswirling annular
water jet are given as functions of flow rate. The present
predictions agree well with measurements and exhibit a better
agreement than the predictions of Baird and Davidson.?

Swirling Jet
To examine the effects of swirl on the shapes of the annular
liquid film, the geometry of a Delavan nozzle with various '
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fuel-port angles was adopted for the analysis. The fuel-port
angle is called ‘‘fuel swirler angle’’ in the present study. The
fluid properties of tested fuel include density ps = 765 kg/m3,
viscosity pr=9.2x 10~* kg/m-s, and surface tension o=0.025
N/m. The fuel with a constant flow rate rn = 0.01777 kg/s was
injected into still air. One quarter of the prefilmer width was
taken as the initial film thickness 6, = 0.1524 mm. The initial
film thickness was also assumed to be constant for different
fuel swirler angles. Predicted film shapes for fuel swirler an-
gles of 0-80 deg are shown in Fig. 7. The present predictions
indicate that when swirl is added to the bell jet, the bell
surfaces are pushed outward in the radial direction, and the
film becomes a hollow cone. As the swirler angle is further
increased, the conical film angle becomes larger. The present
model can predict this ‘“transition’’ phenomenon from the bell
jet to conical film.

Spray angle is one of the important characteristics influenc-
ing combustion performance. It has a strong effect on igni-
tion, stability limits, and exhaust smoke. To date, the spray
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Fig. 10 Axial variations of film thickness for swirling annular film
~ Jets at different operating conditions.
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Fig. 11 Axial variations of streamwise velocity for swirling annular
film jets at different operating conditions.
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Fig. 12 Axial variations of swirling velocity for swirling annular film
jets at different operating conditions.

angle has not yet been well defined.!? In the present study, the
maximum value of the film angle 6 along the conic film
trajectory is simply taken as the spray angle. As the flow rate
increases, the conical spray should open to a larger spray
angle. To verify the variation of spray angle with various fuel
flow rates, the annular film issuing from a nozzle with a fuel
swirler of 30 deg was analyzed at five test conditions (i.c., fuel
flow rates ri1 = 17.76, 30.24, 40.82, 55.69, and 79.13 g/s). In
Fig. 8, the predicted spray angle and experimental data of
these cases are plotted as a function of fuel flow rate. The
predictions agree with measurements but overestimate them
slightly.

To observe detailed structure of swirling annular jets, three
additional cases at different fuel pressure conditions are ana-
lyzed and shown in Figs. 9-12. The variation of the film angle
along the axial direction is shown in Fig. 9. The film angles at
the two higher pressures initially increase faster than the low-
est condition due to larger centrifugal effects. Although the
film angles remain almost constant downstream, the spray
shape at the lowest condition is curving downward to the
centerline. For the lowest pressure, surface tension and gravity
effects are more significant due to weaker inertia than the
other two cases. '

It is important to analyze the variation of the film thickness
along the film trajectory for spray analysis because of its
influence on drop size.!® Figure 10 presents the predictions of
film thickness for various fuel pressures. An essential feature
of mass conservation is that the film becomes thinner when the
radius of the conical film is increased due to centrifugal force.
In contrast to nonswirling cases, without centrifugal force, the
film thickness of the nonswirling film increases due to the
contraction effect of surface tension (see Figs. 3 and 5). Past
studies!? indicate that the thinner a film thickness is, the
smaller the spray drops will be. From Fig. 10, the film thick-
ness at a higher pressure tends to decrease faster than in the
lower pressure case. This trend implies that drops produced at
higher fuel pressures could be smaller than those at lower
conditions, as observed in past studies.!® '

Figures 11 and 12 present predictions of axial variations of
streamwise and swirling velocities of the film flows. From
these two figures, the film flow accelerates in the streamwise
direction and decelerates in the swirling direction as the film
moves downstream. The film velocity components are impor-
tant because they have a critical impact on drop breakup and
trajectory. The solutions of these velocity components need to
be further validated against measurements.
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Conclusions

The major conclusions of the present study are as follows:

1) A general mathematical model for nonswirling and
swirling annular liquid jets was formulated and the nonlinear
system of governing equations was solved for jet velocity, film
thickness, and trajectory of both types of jets.

2) The present model can predict the ‘“transition’’ phenom-
ena of jet-shape formation from nonswirling bell to swirling
hollow cone.

3) For nonswirling jets, the inertia effect due to increased
flow rate reduces the contraction phenomenon and elongates
the bell length. For swirling cases, the centrifugal force con-
tributed by swirl effects interacts with surface tension to cause
a variety of jet-shape formations.

4) For nonswirling annular jets, film thickness and stream-
wise velocity increase as the axial distance is increased due to
the contraction effect of surface tension. However, for
swirling cases, the streamwise velocity increases along the
streamwise direction, but the film thickness decreases as a
result of cone divergence due to centrifugal force.

5) To validate the model, our analyses were compared with
measurements for nonswirling and swirling annular liquid
jets. The comparisons showed good agreement between pre-
dictions and measurements for different fluids and a variety of
test cases, including bell length, spray angle, and jet-shape
transition. The comparison indicates that the current curvilin-
ear coordinate formulation used for annular film dynamics
can predict accurate results and can provide a good baseline
for the further analysis of liquid curtain reactors and swirling
conical sprays.
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