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In this paper, an analytical scientific approach is presented for the design and analysis of an air-turbine-driven
paint spray spindle, and it is used to improve further the design concept of the existing spindle applied in auto-
motive coating and paint spraying applications. The current spindle on the market can operate at a maximum
speed of 100,000 rpm and features a maximum bell size of 70mm diameter. Given the increasing demands for
high automotive coating/painting quality and productivity in assembly, the design and development of a paint
spray spindle with a speed of 145,000 rpm or higher is needed. Computational fluid dynamics (CFD)-based sim-
ulation is applied in the approach. Accordingly, CFD simulation-based design and analysis are undertaken, cover-
ing the characteristic factors of velocity, pressure of the air supply, rotational speed of the air-turbine, and torque
and force reaction on the turbine blades. Furthermore, the turbine blade geometric shape is investigated through
the simulations. Three geometrical concepts have been investigated against the original model. The results on
Concept_03 verified the higher angular velocity speeds against the theoretical model. The pressure and velocity
effects in the blades have been investigated. The results show that the pressure and velocity of the air supply driv-
ing the turbine are critical factors influencing the stability of turbine spinning. The results also demonstrate that
the force acting on the blades is at the highest level when the adjacent face changes from a straight surface into a
curve. Finally, changing the geometrical shape in the turbine likely increases the tangential air pressure at the
blades surface and relatively increases themagnitude of the lateral torque and force in the spindle. Notwithstand-
ing this condition, the analytical values surpass the theoretical target values.
Copyright © 2018 Tianjin University. Publishing Service by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The impact of precision manufacturing is increasingly realized by
manufacturing companies. They consider this variable in both long-
term and short-term strategies due to the growing demand for high-
precision products, machinery, and components and their applications
in dental healthcare, automotive and aerospace manufacturing, and
consumer goods. The creation of a high-speed spindle is required for
the air-bearing system development. Hybrid air journal bearings are
widely used in precision engineering applications due to their compel-
ling advantages, such as high motion accuracy, extended maintenance
servicing, and frictionless surface contact.1,2 Moreover, a significant ad-
vantage can be gained for hybrid air bearings with ultra-high speed re-
quirements at 100,000 rpm and beyond.3 Air-bearing-supported
spindles provide high rotational speed that can exceed 250 krpm with
high accuracy in the printed circuit boarded (PCB) drilling industry.
High-precision machining is appropriate with air-bearing spindles. An
ani), kai.cheng@brunel.ac.uk

g Service by Elsevier B.V. on behalf of
ultra-precision aerostatic spindle is adopted to enable higher accuracy
in precision machining in terms of higher running accuracy, higher op-
eration speeds, and excellent thermal stability when compared with
other types of bearings. An aerostatic bearing can avoid the wear ther-
mal error, bearing failure, and additional lubrication system, thereby
qualifying as an anti-friction bearing.4 In the field of fluid mechanics,
the design of an air-turbine-driven high-speed paint spindle and air
bearing is aimed at achieving the highest operation speed, where the
air surface linear speed is an essential design functionality. Overall,
however, several issues of concern include the load carrying capacity,
which interacts with the paint fluid supply and the bearing parts.
Other matters that need to be considered are fluid flow efficiency, tool
behavior, and the geometry of the design. To address these issues, a sci-
entific approach is proposed to bridge the gaps between fluid flow, geo-
metrical design, and their interactions with the components and
identification of the key factors involved.Moreover, the newdesign pro-
cess is essentially required for the optimization and improvement of the
products and their implementations.5,6

Substantial research, both experimentally and theoretically, has
been published over the last decade; they studied the characteristics
and performance of air-bearing-supported applications, including the
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air-driven paint spray spindle. Domnick et al.7 demonstrated a compar-
ison methodology between a computational fluid dynamics (CFD)-
based and experimental study for a rotary bell atomizer paint spray,
with direct charging for a rotational speed range of 30,000–60,000
rpm. They observed that droplet charging exerts a direct effect on the
bell edges. Domnick8 also studied the effect of bell geometry on high-
speed bell atomization in the automotive industry based on the Newto-
nian clear coating liquid with three different bell geometries. The con-
clusion was that with a smoother surface bell, the film disintegration
will shorten the length of the paint film at higher bell speeds. Guettler
et al.9 investigated a numerical CFD-based on rotary bell atomization
for a high-quality paint spray with a maximum rotational speed of
60,000 rpm, and the results showed that such sprays for automotive
coating require significant axial shaping air velocity. Song et al.10 inves-
tigated the effect of a hybrid air journal bearing by solving the Reynolds
equation. The examination of the performance and accuracy of the air
bearing was based on a study of a high-speed spindle with a maximum
rotational speed of 150,000 rpm. The conclusionwasmade based on the
comparison of the CFD simulation and experimental results, where the
findings revealed that the effect of rotational speed on the discharge co-
efficients increases in the upstream inlet and decreases in the down-
stream one.

From a geometrical design point of view, several patents have been
published in this area. Schmitt11 invented an air-driven turbine spindle,
with the blades of the apparatus located in the radial face of the spindle
and geometrically possessing a wedge-shaped tapered turbine blade
side. The blades are specially designed tomaintain a rapid rotational ve-
locity. Herre et al.12 developed a similar device, and a new blade shape
was designed to increase the performance of rotational speed, with a
range of 15,000 rpm to 80,000 rpm being achieved. Kutnjak et al.13 de-
scribed a new radial turbine apparatus, where the blade shape is de-
signed in association with a blade channel that could prevent the air
brake in the inward direction at the exit flow passage. The cross-sec-
tional area of the driven air nozzle is widened in the flow direction of
the turbine blades. Brett et al.14 designed and developed a new rotary
atomiser drive spindle. The turbine blades were located axially in the
spindle, and at least one gas supply channel was designed for turbine
driving. The blade shape was a ring type. A radial nozzle was included
to direct gas flow toward the blades, which are defined as adjacent
pairs and comprise an outlet with a cross-sectional area of the gas pas-
sage. Two turbine exhausts are provided in this design for cooling pur-
poses due to their high rotational speed.

This paper presents an active investigation and analysis on an
existing model of an air-driven paint spray spindle with a maximum
rotational speed of 100,000 rpm and bell size of 70 mm, with the ro-
tational speed increased to 145,000 rpm. The study is executed by
employing a three-dimensional CFD-based methodology while in-
vestigating the performance and efficiency of the paint spraying pro-
cess in the automotive sector. A new concept design is also utilized to
investigate the influence of geometry on the blades, pressure, and
velocity of the air journal passage, axial effect of force, and torque
on a loaded and unloaded paint spray air-driven axial-impulse rotary
turbine.
Fig. 1. Air-turbine flow and axial-impulse diagram.
2. Design and analysis of the paint spray atomizer

2.1. Air-turbine-driven rotary atomizer spindle

Classically, an air-driven rotary atomizer spindle is a device that
was designed as an application of atomization, which transpires
through high-speed rotations of a hollow shaft. Such devices are
frequently used to spray materials in tiny forms onto an object mate-
rial from a source to a bell atomizer for the material and directs the
atomized material at the painting target. The air turbine in the
paint spray atomizer can be classified as an impulse type, where
the source gas impinges onto the blades, causing them to rotate
from the rotational axis.

In an axial-flow turbine, gas/liquid flows parallel to the machine
axes and enters in the axial direction, pushing the blades in a tangential
path. Fig. 1 shows the principle diagram of the air turbine. As shown in
the diagram, when the air flow strikes from the inclined nozzle to the
blade, the pressure decreases, and the velocity increases. The potential
energy of the gas/air will be converted into kinetic energy, whereas
the lateral force/torque will be distributed alongside the blade surface.
High air pressure and velocity are observed at the nozzle when the air
flow is released. However, as the kinetic energy of the gas/air is con-
sumed by the blade tangential surfaces, the velocity will simultaneously
decrease at the exit point. The velocity triangle shows that the nozzle
angle vector V plays a key role in the effectiveness of the lateral load U
and the magnitude of the force W.

The rotating atomizer drive spindle comprises a shaft that carries
a turbine and a body that includes one or more air conduits to supply
an external air flow through the turbine for rotary purposes. The ro-
tary action drives the shaft corresponding to the central axis of the
assembly body. The turbine is a structure comprising a ring or disc-
shaped rotary body section with multiple blades extruded from the
flat surface from one of the sides. The blades are similar in both
shape and dimension.14

2.2. Governing equation and fluid model

In a high-speed spindle, the air is regarded as perfect gas, and the
flow is thus turbulent. The turbulence can be determined as K-ε,
where K is the kinetic energy, and ε is the turbulent eddy dissipation.
The total heat transfer model is considered, as the kinetic energy effects
bear significance in the model. The boundary conditions were applied
and explained below.

Continuity equation is defined by the following:
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where ρ denotes the density, Ui is the Cartesian velocity component, p
represents the pressure, xi refers to the coordinate axe, and μeff is the ef-
fective viscosity.
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μeff can be defined as follows:

μeff ¼ μ þ μt; μt ¼ Cuρ
K2

ε
ð3Þ

where μt specifies the eddy viscosity, μ is themolecular dynamic viscos-
ity,Cu is a constant equal to 0.09,K corresponds to the turbulence kinetic
energy, and ε is the turbulence eddy dissipation.

The turbulence model is given by:
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where σk and σε are the K-ε turbulence model constants and are equal
to 1.0 and 1.3, respectively, Cε1 and Cε2 are equal to 1.45 and 1.92,
respectively.

The energy equation can be defined as follows:

∂ ρUihtotð Þ
∂Xj

¼
∂ λ

∂T
∂xj

 ! !

∂Xj
þ SE ð6Þ

where, T is the temperature of the fluid, λ is the thermal conductivity, SE
is the source term, which represents the work done by the viscous and
pressure forces, htot is defined as the specific total enthalpy, which is a
general case of variable properties, given in terms of the specific static
enthalpy, h, and computed as follows:

htot ¼ hþ 1
2
U2; h ¼ h p; Tð Þ ð7Þ

p ¼ ρRT ð8Þ

whereU is the velocitymagnitude, and R is the gas constant. Eq(8) is the
equation for an ideal gas state.15

The pressure coefficient is computed as follows:

pressure coefficient ¼ Pmax−Pmin

Pinlet
ð9Þ

where Pmax denotes the maximum pressure exerted by air on the rotor,
Pmin refers to the minimum pressure exerted by air on the rotor, and
Pinlet is the air pressure at the inlet. The maximum and minimum pres-
sure exerted by air can be obtained by CFX-Post.15
Table 1
Theoretical calculation and comparison between loaded and unloaded models.

Models Mass, m, (kg) Angular velocity,
ω (1/s)

Velocity, v (m/s) Kinet

Original model
100,000 rpm

Unloaded 0.2677 10,471.9 258.95 8,975
Loaded 0.3607 10,471.9 258.95 12,07

New model
145,000 rpm

Unloaded 0.2677 15,184.36 376.42 18,41
Loaded 0.3607 15,184.36 376.42 25,50
Table 1 illustrates the appropriate theoretical calculations for the
loaded and unloaded models. The driving force and torque are the
most critical investigation parameters in the simulation for this
research.

TheNaiver Stokes equation governs the air bearing used in this spin-
dle design. By simplifying this governing equation, mass flow rate is ob-
tained as follows:

_

ṁ ¼ ah3 p1
2−p2

2
� �
24ηRT1

¼ ρνA ð10Þ

where a is length, that is 0.074 m, ℎ represents the height of the air-
bearing film between the bearing and the shaft and is equal to
0.00001143 m, p1 is the pressure at the inlet of the air bearing (5 ±
0.5 bar), p2 refers to the pressure at the exhaust of the bearing (1 bar),
η corresponds to the air viscosity at 293 K= 0.0000183 Pa/s, R is a con-
stant (3.31 J/mol), T1 specifies the air-bearing operational temperature
(293 K), A is the cross-sectional area of the bearing film, ρ is the air den-
sity (1.2041 kg/m3), and ν is the velocity. Hence, the fluid flow in the air
bearing is turbulent.

In addition, the air bearing may experience failure due to vibrations
and thermal expansion of the shaft. When the turbine is rotating at high
speeds, the shaftwill vibrate at specific frequencies, and although the air
film is considered to be a frictionless medium of lubrication, in reality, a
frictionwith airmolecules persists andmay result in thermal expansion
of the shaft.

2.3. Geometric design of the paint spray spindle

For this project, the existingmodel data of a paint spray atomizer air-
driven spindle are drawn upon for research and design optimization.
The proposedmethod, using CFD techniques, is employed to investigate
and identify the characteristic issues and perform the problem-solving
for themodel geometrically. As illustrated in Fig. 2(a), the air-driven at-
omizer spindle consists of a bell, spindle body, bearing, shaft, spacer,
thrust plate, and back cap. The spindle includes two air supply inlets,
which are separated by 180 degrees from each other, to drive the tur-
bine machined on the front of the back cap. The high-pressurized air
supply flows through the inlet passing through the channel into the vol-
ume control chamber, as shown in Fig. 2(b), and through a nozzle in-
clined at an angle from the face of the bearing. The volume control
chamber and nozzle are machined on the bearing part item No.2 as
shown in Fig. 2(a).

The air supply then exits the nozzle and flows through the pathway
in between the adjacent blades, subsequently exiting the spindle by
passing through the six exhaust air slots of the thrust plate and finally
exiting the spindle entirely through the three exhaust air slots placed
on the back cap. The flow of air supply past the blade sections will in-
duce a torque on the turbine shaft, causing it to spin or rotate at speci-
fied speeds. As shown in Fig. 2(b), at the same time, paint flows
through the hollow part of the turbine shaft as it rotates at high speeds.
The paint itself is atomized as it passes through the shaft and the bell
and exits the bell as atomized charged paint particles. This condition al-
lows the paint to adhere to the spot as a uniform layer of paint with a
ic energy (J) Work input (W) Horse power (hp) Force, F (N) Torque, τ (N•m)

.3 14,958.85 20.34 42.95 1.062
4.58 20,124.3 27.36 59.87 1.430
9.96 30,699.93 41.74 62.99 1.511
4.56 42,507.6 57.79 87.21 2.090
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smooth surface. This process will provide the turbine shaft with a thin
layer of air, approximately 3–5 μm, that acts as a lubricant, as the shaft
is proposed to rotate at high speeds. Other exhaust holes are also ma-
chined on most of the air-bearing part.

The exhausts not only operate as an air dumping channel but also
cool down the shaft as it rotates at high velocities. According to the
Fig. 2. (a) Assembly of the current air-driven atomizer spindle; (b) Fluid passage channel towar
data provided, themodel developed in this project works at an angu-
lar velocity of 100,000 rpm with the bell attached (loading condi-
tion), and the paint delivery rate measured is currently at 0.5 L/
min. When the shaft rotates at speeds below 45,000 rpm, the paint
flowing through the shaft will fail to atomize. However, when the
bell is unattached, the maximum rotational speed that the current
d the air-turbine and air-bearing; (c) Volume control chamber and inclined air flow nozzle.
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design can achieve approximates 100,000 rpm. Hence, a higher ro-
tary speed can ensure and increase the paint delivery rate, and the
capability of the rotary in high rotational speeds under the loaded
condition should be investigated. An approximate increase in rota-
tional speed of up to 145,000 rpm and paint delivery of 0.6 L/min
or more are the initial targets. In this paper, three different geomet-
rical concept designs are modeled, and their influence on the design
is investigated.

3. CFD simulation

The fluid section is exported from the assembly and created as a part
using the CAD software Solidworks, whereas the model is simulated
using the CFD software available in ANSYS Fluent/CFX, R17. The objec-
tive is to simulate the interaction between the rigid body (represented
by the spindle blades) and the fluid volume that builds up in the sur-
rounding area. Fig. 3 illustrates the inlet domains of the three concepts
considering different geometries. As illustrated in Fig. 3(d), the fluid
from the source supply is inserted through the inlet, entering the vol-
ume control chamber and then exiting through the outlet.

The velocity of the fluid will presumably increase as it moves out of
the nozzle andheads toward the turbine blade. The interaction between
the fluid and the passage between adjacent blades will result in the for-
mation of pressure differentiation and forces acting on the turbine
blade, leading to the rotational velocity of the turbine about its axial di-
rection. The rigid body is enveloped by a fluid volume, which is air, at a
static temperature of 25 °C. The blades in the real position are part of the
shaft spindle and are kept floating by an air bearing.

The spindle blade (rigid body or wall), which is the pattern in the
fluid section, is given the initial rotational speed of 0 rpm and set as a
wall, prompting turbulence in the air flow. Given the variety of the
fluid domain, the subdomain, mesh motion of the domain, and
numerous other boundary conditions must be defined. The fluid
domain is extracted from the 3D CAD assembly design and imported
into the simulation model to extricate the torque and force values.
The outlet of the fluid model is recognized to be an opening that is
subjected to an atmospheric pressure of approximately 1 bar, and
the fluid domain is considered to be in a static state throughout the
simulation.
Fig. 3. CFD geometry shape meshing. (a) Concept_01, (b) Concep
The blade section is assumed to be a rotational wall rotating at 0
rpm. Thus, the force and torque in the turbine axial direction can be pos-
sibly obtained. The airflow throughout the fluid domain is considered to
be a steady-state flow when considering the near-wall parameters.
Based on a previous simulation carried out by Min,15 a rotational
speed of 100,000 rpm was achieved. In this research, the investigation
is carried out based on several approaches, including changing the ge-
ometry of the blades, modification of the angle of the inclined nozzle,
and changing the geometry of the cross-sectional area of the inclined
nozzle. Nevertheless, to obtain a rotational velocity of 145,000 rpm or
higher, the torque forces acting on the turbine blades still need to be
higher compared with the previous results.

In this study, three types of geometrical concept designs are ob-
tained. Fig.4 illustrates the geometrical designs in terms of comparison
between the original model (a) and the new concept design. Con-
cept_01 in Fig. 4(b) is modified as a straight direction inlet without
any brake fluid pathway, whereas Concept_02 in Fig. 4(c) includes a
narrowing fluid pathway before the volume chamber. Concept_03 in
Fig. 4(d) features a newgeometrical design in the turbine blade. The tur-
bine is formed as an axial-impulse turbine, and its rotational speed is
completely reliant on the governed geometry shape of the turbine
blade. Notwithstanding such condition, the distance between the con-
secutive blade arrangements and the number of blades should be kept
the same as the original model. The modifications are undertaken by
adding the curve on the adjacent face of the blade and filleting the
sharp edge. Table 2 shows the CFD modeling setup and boundary
conditions.

4. CFD result and discussion

The simulation results are obtained via the CFD Post, with a compar-
ison made in terms of the fluid domain behavior between the original
model and the concepts.

4.1. Effect of the pressure distribution

From the results, the pressure spreads throughout the fluid domain
of the spindle shaft. This finding implies the significantly high pressure
that enters through the nozzle. However, the pressure decreases
t_02, (c) Concept_03, and (d) Inlet and outlet fluid domains.
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steadily as it enters the volume control chamber and exits through the
inclined nozzles. The pressurized air travels at the highest speed when
it exits the inclined nozzle and hence, strikes immediately the surface
of the turbine blade. As discussed in previous section, owing to an in-
stantaneous increase in the pressure, the surfaces where the air hits
the blade are aligned with the nozzle blades.

The front curved surface and the straight side of the blade are the
most effective areas. The air is less effective and stagnant in the back
surface of the blade. High pressure values and kinetic energy conver-
sions are observed at the effective surfaces on the blade. Fig. 5 illustrates
the observed pressure distribution in the fluid domains for the original
and concept models. As observed from the models, Concept_01 and
Concept_02 yield the highest pressure values, which are significantly
higher when compared with that of the original model. This result is
due to the geometrical modification of the fluid direction made in the
fluid pathway channel before the volume control chamber. This abnor-
mality can cause the whole model to function in a highly vibrant and
unstable status.

The performance for Concept_03 shows a rational result compared
with that of the original model, given that the effective pressure
Fig. 4. Fluid domain (a) Original model, (b) Concept_01, (c) Concept_02, and (d)
Concept_03.
increases very steadily. As shown in Fig. 6, the pressure distribution is
triggered in local coordination at the positions of blades 01, 02, and
03, which are aligned with the inclined nozzle outlet from the volume
control chamber.

As illustrated in Fig. 6(a), blades 01 and 03 are aligned with the in-
clined nozzle, whereas blade 02 is located in the middle. However, for
more accurate results, the average pressure value is considered. In
such a case, blade 02 features an average tangential pressure distribu-
tion with steady-state performance and functionality.

4.2. Effect of the velocity vector

The results obtained from the CFD demonstrate that the pressure
spreads throughout the fluid domain of the spindle shaft. The pressure
is high as it enters through the inlet, decreases steadily as it enters the
volume control chamber, and exits through the inclined nozzles toward
the blades and turbine spindle. The fluid passage from this point toward
the blades should exhibit a steady-state behavior in terms of velocity. As
discussed in the previous section, the pressure distribution is abnor-
mally high in Concept_01 and Concept_02, and this finding is caused
by the modification of the geometrical design along the direction of
the fluid pathway channel before the volume control chamber. The
same scenario can be observed for the fluid velocity vectors in the
whole domain region of the FE model.

As shown in Fig.7, the highest velocity value in the global coordina-
tion is triggered in Concept_01 and Concept_02. Despite the enhanced
the velocity owing to the geometrical design of these particular models,
an unbalanced condition will occur in the turbine blade and ultimately
result in the spindle functioning in an unstable and uncertain state. Con-
cept_03 shows a more acceptable streamline velocity value when com-
pared with the original model. Fig. 8 shows the local average velocity
value that is believed to be located on blade 02, where themost resolute
state of the blade functionality should be encountered. The average ve-
locity indicated in blade 02 for Concept_03 shows the optimal value
when compared with the original model and other concepts.

4.3. Driving torque and force influence

Extracting the data from the FEM models proves that the kinematic
forces created from the fluid energy significantly influence the spindle
performance. The generated data from CFX-Post for force and torque
on the blades and overall domain, particularly in the X-axis, show that
geometrical modification of the shape of blades in Concept_03 influ-
ences the tangential forces on the blade surfaces. This result is due the
provision of more torque in the spindle axial direction.

The moments of inertia that the turbine shaft maintains as the
influencing parameters are involved in the simulations except for the
Table 2
CFD modeling setup and boundary conditions.

CFD modeling setup Boundary condition

Analysis type Steady state
Domain type Fluid domain
Domain material Air at 25 °C
Reference pressure 1 atm
Morphology Continuous fluid
Domain motion Stationary
Heat transfer Isothermal
Turbulence K-epsilon, 5% intensity
Wall function Scalable
Initial condition Velocity type, cartesian
Velocity component Automatic
Inlet Subsonic, 5 bar
Flow direction Normal to boundary condition
Outlet Subsonic, 1 bar
Wall No slip wall, smooth wall roughness
Solver Upwind, high resolution, 5 s physical timescale, RMS,

Global dynamic control



Fig. 6. Pressure distribution based on local coordination; resultant vector of blades 01, 02, and 03. (a) Original model, (b) Concept_01, (c) Concept_02, and (d) Concept_03.

Fig. 5. Pressure distribution through the whole model based on global coordination. (a) Original model, (b) Concept_01, (c) Concept_02, and (d) Concept_03.
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Fig. 7. Velocity vectors. (a) Original model, (b) Concept_01, (c) Concept_02, and (d) Concept_03.

Fig. 8. Velocity vectors based on local coordination; resultant vector of blades 01, 02, and 03. (a) Original model, (b) Concept_01, (c) Concept_02, and (d) Concept_03.
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forces from the paint itself, whichwill oppose the swirling effects froma
rotational shaft. The torque ratio calculated in the spindle is within the
target torque value for the unloaded condition of 145,000 rpm and is
evaluated as 1.511 N·m for the turbine based on a rotational speed of
145,000 rpm. Concept_03 shows the best torque and force values. How-
ever, Concept_01 andConcept_02 are neglected given their inconsistent
performances. Fig. 9 illustrates the unidimensional torque value ex-
tracted from CFD versus the accumulated time step. Fig. 9(d) shows
that the highest torque value affects the surface body of blade 1 in
Concept_03.

In this particular geometry, the CFD results prove that the original
model and Concept_03 are almost functioning in a steady state,whereas
Concept_01 and Concept_02 are in an unstable condition. However,
from the geometrical point of view, a small modification in the geome-
try of the blades in the original model features a significant and direct
effect on the spindle speed and performance. Fig. 10 shows a compari-
son of the torque generated in the blades between the original model
and the new Concept_03 FEM model.

4.4. Result comparison between the theoretical and CFD models

The CFD results must be compared with the theoretical calculation
for final proof and validation. The functional torque calculator has
been employed in ANSYS CFD Post to generate the actual value of the
torque in the blades for all of the concepts in the simulation. Table 3 il-
lustrates the total force and torque calculated in the blades and com-
pares the values between the theoretical calculation described above
and the CFD results from the FEM models of the original, Concept_01,
Concept_02, and Concept_03. As emphasized in the previous section,
the total force and torque slightly increase with Concept_03, with the
value approximating 1.76 N·m, which is higher than the calculated
value in the theoretical model (1.5 N·m).

For optimum understanding, Fig. 11 shows the scatter data curve
that illustrates how total torque and force increase, whereas the trend
exponentially ascends based on the geometrical shape and design.

5. Conclusions

• The pressure and velocity of the air supply driving the turbine are
critical factors influencing the stability of turbine spinning. Importantly,
the paint distribution rate and atomization are entirely reliant on the
angular velocity of the turbine. In the first stage of simulation, the re-
sults show that changing the geometrical shape in the turbine possibly
increases the tangential air pressure at the blade surface and relatively
increases the magnitude of the lateral torque and force in the spindle.
Notwithstanding such condition, the experimental values surpass the
theoretical target values.

• The geometrical design and modification before the volume control
chamber show enhancement of the velocity and pressure in the
blades. However, this event significantly unbalances the model, lead-
ing to unsteady functioning.

• The adjustments in the geometries of turbine blades will result in
changes in the driving forces acting on these blades.

• The force acting on the blades is at the highest levelwhen the adjacent
face changes from a straight surface into a curve.

• The blade shape is amended, and further modifications are made. Re-
garding the adjustments to the blade geometry, the results reveal that
the turbine generates the highest pressure and gradually increases the
torque value, far exceeding the theoretical value needed for the tur-
bine to rotate at 145,000 rpm.
Fig. 9. Global (axial) torque comparison of the blades between the original and three
proposed concepts.



Fig. 10. Torque comparison of the blades of Concept_03 and the original model.

Table 3
Theoretical calculation and CFD result comparison of the torque/force under the unloaded
condition.

Item Simulation CFD result comparison for 145,000 rpm spindle speed
under unloaded condition

Theoretical Original Concept_ 01 Concept_ 02 Concept_ 03

Total force (N) 62 65 61 62 66
Torque (N·m) 1.5 1.7 1.6 1.6 1.76
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Future research will concentrate on the investigation of the driving
force and torque measurement at the atomizer for the final design ver-
ification. Simulation with the transition method and contact interface
between the stationary and rotary components is highly recommended.
Furthermore, extensive research is required to investigate the paint rate
under the loaded conditionwith the effect of vibrations and thermal fac-
tors under high rotational speeds.
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