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ABSTRACT

This study evaluates the open-source CFD solver InterFoam for simulating multiphase
flow in a 2D axisymmetric pressure-swirl atomizer using water and air. Motivated by the
computational and experimental constraints of 3D studies, the research investigates two
atomizer dimensions under a laminar flow assumption. The Volume of Fluid (VOF)
method and Continuum Surface Force (CSF) model are employed for interface tracking
and surface tension. Qualitatively, the solver accurately captures key flow features,
including air-core formation, swirling sheet emanation, and characteristic low-pressure
distributions. Quantitatively, interFoam shows excellent agreement with experimental
data for Case 1, with average swirling velocity errors of 6.11% at the inlet and 7.18% at
the exit. However, Case 2 resulted in significant errors (49.05% and 14.43%) because the
laminar assumption is invalid at the high Reynolds number (Re = 74,246) present. This
highlights the necessity of turbulence modeling for high-Re pressure-swirl flows. Finally,
the solver’s performance in predicting the flow number, discharge coefficient, and spray
cone angle outperformed literature findings based on inviscid analysis and maximum
flow theory. The results suggest that accurate representation of swirling velocity profiles,
alongside the swirl number, serves as a critical indicator for when turbulence models
must be adopted.
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Introduction simplest configuration of a pressure-swirl atomizer, consists

A liquid sheet emanating from a pressure-swirl atomizer has
the most significant surface-to-volume ratio among
atomizers, including circular, planar, and cylindrical. This
feature makes the simplex atomizer the best choice for a wide
range of applications, including aircraft and marine engines,
spray coating systems, chemical processing units, and
desalination plants. The simplex atomizer, which is the

of a cylindrical chamber followed by a conical chamber and
an exit orifice. The liquid is injected into the conical chamber
using one or more tangential ports. Once the fluid enters the
conical chamber, it experiences a high inertial force relative
to its surface tension. As a result of this high angular
momentum inside the cylindrical chamber, a gas core starts to
form inside the chamber. Moreover, the high centrifugal
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force acting on the liquid inside the conical chamber causes
the exiting liquid sheet to assume a hollow-cone shape. The
conical sheet emanating from the atomizer orifice is subject
to strong aerodynamic forces, leading to instability of the
sheet surface. Downstream, the sheet begins to disintegrate
into ligaments, which is known as primary atomization.
Further downstream, the formed ligaments disintegrate into
smaller droplets, a process known as secondary atomization.
Given its wide range of applications, many studies have
examined the internal and external characteristics of the
pressure swirl atomizer (PSA). The internal characteristics of
PSA include gas-core stability and formation, as well as the
boundary-layer thickness. On the other hand, the external
characteristics include the sheet thickness, breakup length,
spray cone angle, and discharge coefficient [1].

The investigation of PSA flow characteristics can be
conducted either experimentally or numerically. The
experimental investigation of flow within the pressure-swirl
atomizer can be costly and challenging because many critical
physical phenomena occur in small spatial regions at
extremely high speeds, which require high-resolution and
high-speed measurement equipment [2]. On the other hand,
numerical simulation is an alternative technique for studying
the atomizer's flow characteristics. Yet, achieving high
fidelity in 3D numerical simulation is extremely expensive in
terms of computational cost [3]. Moreover, the complexity of
the flow field in which two incompressible phases coexist is
not intuitive. The discontinuity of properties across the phase
interface, along with the need for an accurate representation
of local curvature and surface tension, requires a large
number of computational cells. For example, (Lei et al.,
(2019)), conducted 3D numerical simulations of flow in a
pressure-swirl —atomizer to investigate the velocity
distribution at the atomizer exit. In their study, 5 million grids
were used in the simulation. They managed to visualize the
breakup mode of the conical sheet in high resolution. (Julio
Ronceros et al., 2024) They also conducted a 3D numerical
simulation of a pressure-swirl atomizer to compare it with
their theoretical model of PSA flow. In their simulation, 3.5
million computational cells were used. Although the results
from their theoretical model match pretty well with those
from their numerical simulation, the conical sheet emanating
from the atomizer is highly diffusive.

Taking advantage of the symmetry of the atomizer
configuration, (Milan Maly et al., (2019)), reduced the total
computational cells by one-fourth of the total mesh using
periodic boundary conditions. They achieve a sharp interface
with a good representation of the velocity fields inside the
atomizer.

Many researchers have adopted reducing the 3D
configuration to a 2D axisymmetric configuration due to the
high computational cost of the 3D case. For example, (Nouri
Borujerdi et al., (2012)), implemented a 2D axisymmetric
mesh to investigate laminar and turbulent flow within the
pressure-swirl atomizer. In their study, the number of
computational cells used in the simulation was significantly
reduced (to 150,000 cells). Moreover, they visualized the
flow within the atomizer, with vortices in the conical
chamber well captured.

In another study, (Onur Baran et al., (2019)), conducted an
experimental investigation and numerical simulation of a
coaxial pressure-swirl atomizer. They used 2D and 3D
computational domains.  Although the number of
computational cells used was not reported, the models
achieved comparable results for the mean swirl and axial

velocity profiles, indicating the validity of the 2D
axisymmetric model.
Although reducing the 3D pressure-swirl —atomizer
configuration to a 2D axisymmetric configuration can
significantly reduce computational expense, numerically
simulating such a flow remains challenging, primarily due to
the complex interactions between the two phases. Accurately
representing the interface requires a Eulerian method, such as
the Volume of Fluid (VOF) approach (Hirt and Nichols,
1981). However, discontinuities in the VOF fraction can lead
to numerical diffusion unless specialized interface
reconstruction schemes are employed. Furthermore, accurate
computation of the surface tension force is crucial for
atomization (Brackbill et al., 1992). .

Over the last decade, the interFoam solver in the open-source
CFD software OpenFOAM has gained significant popularity.
It utilizes an algebraic VOF advection algorithm that offers a
good balance between computational cost and interface
resolution. However, its effectiveness has been assessed; for
instance, Deshpande et al. (2012) found that interFoam
performs well in inertia-dominated flows but shows
limitations in accurately modeling surface-tension-dominated
regimes. Recent studies have demonstrated the use of
interFoam and its coupled variants for PSAs, including large-
scale 3D simulations (D. Fernnando et al., 2021) and
enhanced 2D axisymmetric models (A. Salem., 2023). More
advanced study by (Austin Han., 2025)) used the volume of
fluid and large eddy simulation to investigate the near-nozzle
characteristics of the fuel emanating from the pressure-swirl
atomizer. Their study matched the experimental results in
calculating the breakup length, spray cone angle, and liquid
film thickness. Another study conducted by (Ertunc et al.,
2025) used 2D and 3D numerical simulations of liquid in a
pressure-swirl atomizer. Their studies concluded that Golter
vortices in the liquid sheet negatively affect the quality of
sheet atomization.

Despite these advancements, a comprehensive and accessible
validation of the standard interFoam solver for simulating the
key performance characteristics of a 2D axisymmetric PSA
against experimental data is still needed.

The primary objective of the present study is thus to
numerically investigate the internal flow characteristics of a
well-documented pressure-swirl atomizer using the standard
interFoam solver in OpenFOAM. This work uses a 2D
axisymmetric domain to improve computational efficiency. It
focuses on validating the numerical model's ability to
accurately predict the discharge coefficient C,;, flow number
Fy, and spray cone angle 8°. Furthermore, the tangential
velocity (angular velocity responsible for angular momentum
and the formation of gas core) at different locations will be
investigated and compared with results obtained from
experiment conducted by Zhanhua Ma [14].

Numerical Setup

In this section, the solver setup will be addressed. As
mentioned earlier, interFoam uses the volume-of-fluid
method to capture the interface. The solver adopted an
algebraic approach to advect the phase interface [22]. This
approach gained popularity due to its ability to reduce
computational cost and conserve mass compared with
approaches that reconstruct the geometrical interface. To
maintain numerical stability and ensure the boundedness of
the phase fraction field, the advection of the volume fraction
is solved using the MULES (Multidimensional Universal
Limiter with Explicit Solution) algorithm with temporal sub-
cycling [11]. Furthermore, the surface tension force that
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drives the atomization of the liquid sheet is modeled using
the continuum surface model [10].

The schematic of the atomizer to be numerically simulated is
shown in Figure 1.
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Fig. 1: Schematic of the Pressure Swirl Atomizer [14]

In our study, two different configurations of the
atomizer are considered, as shown in Table (1). The two
phases used in the simulations are water and air,
respectively.

Table 1: The dimensions of the two different configurations
considered in the study

Case A, L L, D, D,
mm?  mm mm mm mm

1 406 89 42 76 21

203 89 42 76 21

Governing Equations
For incompressible, isothermal, nonreacting, and immiscible
of two-phase flow, the flow is governed by the continuity and
momentum equation as flows [11]:
V.U=0 1)
dpU
it +V.(pUU) = @)

—Vpg — Vpg.X + V. (uVU) + (VU). Vu + okVy

Where U is the velocity field, p, is the dynamic pressure, p is
the density, X is the vector position, u is dynamic viscosity,
o is the surface tension coefficient, y is the volume fraction
field, and Kk is the local curvature of the interface.

The interface in interFoam is updated using the advection
equation of the volume fraction as follows [11]:

0
V.U +V.[UyA -] =0 ©

Where U, is the relative velocity of the phase interface,
the third term in Eq.3 represents the counter flux
which compresses the diffusive interface into a sharper
one. The relative velocity can be calculated as follows
[11]:

U, =ngmin| C,

@ ol
5_f| , max (m> 4)

Where, ng is cell normal flux, |S£| is the magnitude of the
f

velocity, ¢ is the cell face volume flux, and S is the cell face
surface area, C, is a user-specified compression factor which
can vary from O to 1.

The viscosity and the density in each computational cell are
calculated as follows [11]:

w=yu+A-yu )
p=yp+1—-y)p (6)

The Physical Model of 2D Axisymmetric
The physical domain of the 2D axisymmetric pressure swirl
atomizer is shown in Figure (2).

Fig. 2: The 2D physical Model of pressure-swirl atomizer
The angle of symmetry was chosen to be less than 5°

(particularly4”),which is expected to reduce the computational cost

by factor of 32—? =90

To achieve the equivalent flow field of the 3D case in 2D
axisymmetric geometry, the angular momentum, kinetic
energy, and fluid injection thickness must be matched. Thus,
the axial velocity w; is obtained by matching the angular
momentum as follows [15]:

w=2|

Ds — Do
5 ™

Where Q is the total volume flow rate, D, as shown in Figure
(1) is the chamber diameter, D, is the orifice diameter, and
A, is the port cross-sectional area.

The radial velocity v; is obtained by matching the kinetic
energy as follows:

2
v = <A£) —wf (®)

p

To conserve the equivalent volume flow rate, the thickness t
at which the fluid flows is given by:

r=—2 ©

D w;

Flow condition

In our study, we chose water and air as the two phases in the
atomizer to ensure the simulation is compatible with the
experiment conducted by Zhanhua Ma [14]. Moreover, we
applied two different flow conditions for each case, as shown
in Table (2). Furthermore, we inserted the Reynolds and
Weber numbers for each case in the table, which can be
calculated as follows, respectively:

vian
Re = —— 10
3 (10)
V4L 11
we <P (11)
o

Where, v;,, is the velocity inlet to the port of the atomizer, L
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is the hydraulic length, and o is the surface tension
coefficient.

Table 2: flow rates, Weber, and Reynolds Numbers for the two
different cases

Case Flow rate; Reynolds Weber
Gallon/minutes number number

1 10 35253 760.38
20 70528 3043.51

2 7.5 37294 1207.35
15 74246 4827.6

The high Reynolds number in all cases justifies the use of
interFoam to model the high-inertial flow inside the atomizer.
However, we consider the laminar-flow case in our numerical
simulations, since the exact Reynolds number is not well-
defined; some studies use the inlet-port hydraulic diameter as
the characteristic length, while others use the swirl-chamber
diameter [16].In their study, Xie et al. [15] applied both the
laminar and Reynolds stress model (RSM) to their numerical
simulation of the 2D axisymmetric pressure-swirl atomizer at
a high Reynolds number of 21196. Both models captured the
atomizer's flow characteristics, which justifies the
implementation of laminar flow in the simulations. Thus, the
simulation in this study will be limited to laminar flow only.
Computational Domain

The computational domain was created using BlockMesh
utility in OpenFoam. The utility generated a structured
hexahedral mesh. The total number of computational cells in
the study was chosen to be 127100 cells, as shown in Figure
(3).

To ensure that the number of computational cells is
sufficient, we test grid sensitivity by summing the average
volume fraction within the computational domain (where x
<= 0.131, the region inside the swirl chamber and orifice,
aligned with the axial flow). In this context, we used three
different numbers of grids, particularly 55800, 127100, and
254200 cells. We test the grid sensitivity by adding the
following piece of code at the end of the interFoam source
code (interFoam.C) as follows:

Fig. 3: The computational domain of the 2D axisymmetric atomizer

scalar total = 0.0;
scalar n =0.0;

forAll (mesh.C(), celli)
{

if (mesh.C()[celli].component(0) <= 0.131)

; total += alphal[celli]
n++;
}
}

scalar average = total / n;

Info << "\nThe average value of alphal inside the atomizer is: " <<
average <<endl;

Info << "End\n" << endl;

The average volume fraction in the computational domain for

the three cell counts is shown in Table (3).

Table 3: The average volume fraction of three different numbers of
grids

The total number of
computational cells

The average volume
fraction inside the atomizer

55800 0.7355993
127100 0.7428154
254200 0.7419312

Thus, the number of computational cells of 127100 is fairly
sufficient.

The flow chart of the numerical algorithm of the interFoam
solver is shown in Figure (4).

The boundary condition

In the simulations, we implement the following boundary
conditions for the pressure, velocity, and volume fraction
fields, as shown in Table (4)

Initialization of
P, M, P Y

Solve Advection Equation for |
Volume Fraction (y) at t+At

v

Predicted Velocity

Momentum Predictor:
Solve Momentum Equations for

v

Enforce Continuity

(V-U = 0) and Solve for
Corrected Pressure

Pressure Poisson Equation: No

'

Correct Velocity and
Flux Fields

Tolerance
Achieved?

Fig. 4: The numerical algorithm of interFoam solver

Table 4: The boundary condition used in the simulations

Field Inlet walls Atmosphere
Velocity Fixed Value No slip Pressure inlet outlet
pressure Fixed Flux pressure Zero Gradient Total pressure

Volume fraction Fixed value

Zero Gradient InletOutlet
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Results and discussions

Visualization of the volume fraction in the pressure swirl
atomizer

As mentioned above, the results of the numerical simulation
will be compared with those of the experiment conducted by
Zhanhua Ma in 2002 [4]. The experimental results of the
atomizer are shown in Figure (5).

Figures (6) and (7) show the volume fraction distribution in
the pressure-swirl atomizer obtained by numerical simulation
for the first case, with volume flow rates of 10 and 20 gallons
per minute, respectively.

Figures (8) and (9) show the volume fraction distribution in
the pressure-swirl atomizer obtained by numerical simulation

alpha.water
-32¢-05 02 03 04 05 06 07 08
— 4 5 oy

e e g e

e I - "

Fig. 5: The experimental result of PSA [14]

for the second case, with volume flow rates of 7.5 and 15
gallons per minute, respectively.

1.0e+00
L e—

Fig. 6: The volume fraction distribution for 10 gallons/min

Fig. 7: The volume fraction distribution for 20 gallons/min

Fig. 8: The volume fraction distribution for 7.5 gallons/min

t

- Water
—
alpha.water
-7.5e-06 0.2 03 04 05 06 0.7 0.8 1.0e+00
- Water
R
alpha.water
-1.2e-04 0.2 0.3 04 05 0.6 0.7 0.8 1.0e+00
— ]
- Water
B A
alpha.water
-3.3e-04 0.2 03 04 05 0.6 0.7 0.8 1.0e+00
d = 2 I 2 L
- Water
—

Fig. 9: The volume fraction distribution for 15 gallons/minute

From the numerical simulation results, we observed that the
interFoam solver effectively captures the phase interface
sharply, particularly in the atomizer, where inertial forces are
exceptionally high, leading to a stable air core. Furthermore,
compared with the experiment, the radius of the air core
obtained by simulations for case one, as shown in figures 6
and 7, is relatively consistent with that shown in figure
4. However, the swirling sheet emanating from the atomizer
is highly diffusive because the surface tension force is weakly

represented.

Pressure distribution

Figures (10) and (11) show the dynamic pressure
distributions obtained from numerical simulations of the first
case (volume flow rate of 20 gallons/minute) and the second
case (volume flow rate of 15 gallons/minute). It must be
noted that p_rgh in the Figures is the dynamic pressure
measured in Pascal.

From the numerical simulation results, we observed that low-
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pressure regions form within the atomizer where the air core
is generated. The radial pressure gradient increases and
smears out near the phase interface.

Swirling velocity distribution

Figures (12) and (13) show the angular velocity distribution
obtained by numerical simulation for the first case, where the
volume fraction is 20 gallons per minute, and the second
case, where the volume flow rate is 15 gallons per minute.
From the numerical simulations, the swirling velocity

p_rgh
10000 20000 30000 40000 50000 60000 70000 8.0e+04
4 k A d © o —

-6.50+03

(Tangential velocity) is at its maximum near the air core (in
the water phase) with a maximum value of 7.2 m/s, and a
negative velocity with a value of -0.24 m/s was observed,
which indicates the reverse flow of the air phase from outside
(atmosphere) to the inside of the atomizer. Furthermore, the
existing sheet has the maximum swirling sheet. The
formation of vortices inside and outside the atomizer can also
be observed.

Fig. 10: The pressure distribution in the atomize for case 1 with 20 gallons/minute

p_rgh
40000 60000 80000
J | - —

-1.2e+03
—

1.1e+05

Fig. 11: The pressure distribution in the atomize for case 1 with 20 gallons/minute

Fig. 13: The distribution of the swirling velocity for the second case with 15 gallons/minute

3.4 Angular Velocity at the inlet and outlet

To better assess interFoam's performance, the numerical
simulation results for angular velocity at the inlet and outlet
along the radial distance of the atomizer are compared with
experimental results [14].

Figures (14) and (15) show the angular velocity profiles
along the radial distance for case 1 with volume flow rates of
20 gallons/minute at the inlet and outlet, respectively.

It can be observed that the interFoam for the 2D
axisymmetric pressure-swirl atomizer model reasonably
predicts the swirling wvelocity, comparing well with the

experimental results, particularly close to the axis of
symmetry. However, as we approach the radius of the
swirling chamber, r sub s, the numerical results begin to
deviate from the experimental results.

Figures (16) and (17) show the angular velocity profiles
along the radial distance for case 2 with volume flow rates of
7.5 gallons/minute and 15 gallons/minute at the inlet and
outlet, respectively.

Wadi Alshatti University Journal of Pure and Applied Sciences, vol. 4, no. 1, January-June 2026

Page 30



Salem, et al.
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ig. 14: The angular velocity profile at the inlet for case 1 with 20
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Fig. 15: The angular velocity profile at the outlet for case 1 with 20

gallons/minute
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The angular velocity profile at the outlet for case 2 with 15

gallons/min

From Figures (15) and (16), we observe that the numerical
simulation results for case 2 deviate sharply from the
experimental results. If we define the average error as:

1 i=N — 5
I _ _Z \/(Xi,exact Xi,smulation) (12)
error — N . X
i=1

i,exact

Where N is t number of data, X;eyactiS the exact value
obtained from experiment, and X;smylation 1S the data
obtained from simulation.

By applying Equation 7, the average errors of 6.11% and
7.18% for case 1 with volume flow rates of 20 gallons per
minute at the inlet and outlet were obtained, respectively. For
the case 2, we obtained average error of 49.05% and 14.46%
with volume flow rate of 15 gallons per minutes at inlet and
outlet, respectively. The large error number observed in case
2 could be attributed to the failure of the laminar-flow
assumption in that case and underscores the need to
implement turbulence modeling or direct numerical
simulation for high-Reynolds and high-Weber-number cases.
Flow characteristics of pressure-swirl atomizer

To further assess the performance of the interFoam, we
compared the flow characteristics, such as the flow number,
spray cone angle, and discharge coefficient obtained from the
numerical results with those obtained from the experiment
and the literature of the inviscid flow analysis and maximum
flow theory explored by Rizk [17] and Benjamin [18].
Moreover, an additional flow rate for each case reported in
the experiment was included: 15 gallons per minute for case
1 and 10 gallons per minute for case 2 [14].

Figures (18) show the flow number as a function of the
volume flow rate, obtained experimentally, by numerical
simulation, and from the literature findings, for cases 1.

The state 1 at A=406mm?

0.00016 : - ,
Simulation —6—
Experiment —@—
—~ 0.00015 Rizk
= Benjamin —A—
@ 0.00014
o
E
=}
Z 0.00013
2
o
% 0.00012 |
0.00011

10 12 14 16 18 20
Flow Rate Q(gal/min)

Fig. 18: Flow number obtained by experiment, simulation, and

literature for case 1

It is clear from Figure (18) that the numerical simulation is
closer to the experimental results than those obtained from
the literature.

Figures (19) show the discharge coefficient as a function of
the volume flow rate, obtained experimentally, by numerical
simulation, and from the literature findings, for case 1.

It can be observed that the discharge coefficient obtained by
numerical simulation is closer to the experimental results
than those obtained in the literature.

Figure (20) shows the spray cone angle as a function of the
volume flow rate, obtained experimentally, by numerical
simulation, and from the literature findings, for case 1.
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The state 1 at A=406mm?
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Fig. 19: Discharge coefficient obtained by experiment, simulation,
and literature for case 1
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Fig. 20: Spray cone angle obtained by experiment, simulation, and
literature for case 1

It can be observed that the spray cone angle obtained by
numerical simulation is very close to the experimental results
from those obtained from the literature's findings.

Figure (21) shows the flow number as a function of the
volume flow rate, obtained experimentally, by numerical
simulation, and from the literature findings, for case 2.

The state 2 at A=203mm?
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R Simulation —6—
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Fig. 21: Flow number obtained by experiment, simulation, and
literature for case 2

It can be observed that the discharge coefficient obtained by
numerical simulation is closer to the experimental results
than those obtained in the literature.

Figure (22) shows the discharge coefficient as a function of

the volumetric flow rate, obtained experimentally, from
numerical simulations, and from the literature, for case 2.
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Fig. 22: Discharge coefficient obtained by experiment, simulation,
and literature for case 2

It can be observed that the discharge coefficient obtained by
numerical simulation is closer to the experimental results
than those obtained in the literature.

Figure (23) shows the spray cone angle as a function of the
volume flow rate, obtained experimentally, by numerical
simulation, and from the literature findings, for case 2.

It can be observed that the results obtained by numerical
simulation are comparable to those obtained by the Rizk
formula and in better agreement with the experimental results
than those obtained by Benjamin and Jones.

It can be clearly noticed that the interFoam solver can
represent the flow characteristics, such as the discharge
coefficient, flow number, and the spray cone angle, better
than the analytical methods that rely on inviscid analysis and
maximum flow theory, which indicates the importance of
representing the viscous force and shear stress within the
flow of a pressure swirl atomizer.
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Fig. 23: Spray cone angle obtained by experiment, simulation, and
literatures for case 2

Conclusion

In this study, we conducted numerical simulations of a 2D
axisymmetric pressure-swirl atomizer using the interFoam
solver, considering two distinct cases with different inlet
dimensions. InterFoam effectively captured the flow within
the pressure-swirl atomizer, where an air core formed and a
swirling sheet emanated from the atomizer. Moreover,
interFoam qualitatively captures the pressure distribution
inside and outside the atomizer. Furthermore, the swirling
velocity at the inlet and the exit of the atomizer was analyzed.
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We concluded that, for case 1, in which the inlet port area is
larger than in case 2, the interFoam results are very close to
the experimental data, with an average error of 6.11%.
However, the interFoam solver failed to predict reasonable
swirling-velocity results at the inter and exit locations of the
atomizer, compared with the experimental data for case 2.
Furthermore, the deviation from the experimental results was
significant, with an average error of 49.05%, underscoring
the importance of adopting turbulence models for very high
Reynolds numbers to capture near-wall velocity field
behavior. Regarding the flow characteristic, namely the flow
number, discharge coefficient, and spray cone angle,
interFoam provides reasonable results in comparison with
those obtained by the analytical solution that relies on
inviscid flow analysis and maximum flow theory. The study
ignored the effect of swirl number on the flow within the
atomizer. Thus, Future studies will investigate the
relationship between the swirl number and the transition to
turbulence. Moreover, the atomization and breakup modes as
a function of the injected pressure will be studied in the
future.
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