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Abstract

The increasing demand for micro structures and micro parts requires micro tools and precision machines. Furthermore, tool
spindles with a very high rotational speed and low run out error are needed to get feasible cutting conditions while machining micro
structures and micro parts. The research described in this paper investigates a parameter performance study on an air turbine for
a high frequency air bearing spindle, taking into account the inlet nozzle diameter, the air turbine diameter and the gap size
between air turbine and housing. The study was performed by computational fluid dynamic (CFD) simulations of the air turbine.
The influence of each parameter was analysed and compared to each other. This resulted in a parameter combination that

provides the highest power output for the tool spindle.
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1. Introduction

The growing demand on micro structures and micro
parts requires suitable series production systems and
processes with high economic feasibility. Hence, an
enormous need for research on the development of cost-
efficient manufacturing processes for an inexpensive
production of micro structures and parts [1]. A partition of
these manufacturing processes is micromachining. To
produce forms and structures with micromachining, tools
with diameters in the micron range are required. The
efficiency of these tools depends on a high rotational speed
and a low run out error of the machining spindles [2]. To
meet the high demands of rotational speed and run out
error, high speed air bearing spindles with rotational
speeds above 100,000 rpm are primarily used for
micromachining. Spindles are driven by two different
concepts, being either driven by electric motors or driven
via air turbine, both currently applied. Air turbine driven
spindles have the advantage of less installation space, and
requires no electric motors, when compared to the electric
driven one. The control of the rotational speed and torque is
basically a function of the mass flow rate adjusted by a
valve. Additionally, the air turbine components are relatively
inexpensive to manufacture, so high frequency tool
spindles for micromachining, driven by air turbines, have
been developed, e.g. by Jahanmir et al., and Waumans et
al.. Nevertheless, the air turbines of these spindles have yet
not been examined in detail [3,4]. Jackson et al. simulate
air turbines for high speed spindles with steady state
computational fluid dynamic simulations (CFD) [2].
Thereby, several turbine- and housing geometries were
simulated at rotational speeds from 500,000 rpm up to
5,000,000 rpm. The results of these CFD simulations are
only available as static pressure coefficients, and cannot
determine the torque and power of the air turbines.

Some promising aspects of air turbine design for high
speed spindles yield from dental turbine studies, which are
used to drive dental drills. These turbines are also driven
via compressed air and reach rotational speeds above

300,000 rpm. Moreover, the size of these turbines, from 3.5 -
5 mm, are similar to that of high speed spindles. Experimental
studies have been carried out by Dyson et al. regarding
reachable torques, drive power and efficiency at different
rotational speeds [5,6]. Seto et al. investigated the influence of
further design parameters, e.g. nozzle diameter and turbine
housing of dental turbine torque and power with an
experimental testing system [7]. Chiang et al. used CFD
simulations to model the performance of high speed dental air
turbines blade rotation [8].

The research presented in this paper shows a Design of
Experiments (DoE) based parameter performance study of an
air turbine for a high frequency air bearing spindle by means of
CFD simulations. It was taken into account the parameters, inlet
nozzle diameter, air turbine diameter and the gap size between
air turbine and housing. By using DoE, the key design
parameters which influence the performance of the air turbine
can be further improved.

2. High frequency tool spindle

To achieve a high rotational speed in combination with a
low run out error a novel air bearing tool spindle was developed
by the Institute for Manufacturing Technology and Production
Systems (FBK) [9] (Fig. 1). For that matter, a monolithic rotor
tool is guided radially by a journal air bearing and axially by
thrust air bearings. Therefore, the air bearings act as a
precision interface.
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Fig. 1. High frequency tool spindle



The rotor module is driven by an air turbine and it
allows a high rotational speed in combination with a run out
error < 1 ym. The combination of these properties affords
the use of micro end mills and micro grinding tools with a
diameter < 100 pm.

Air Turbine Design

The air turbine is shrink fitted on the front end of the
rotor module and forms the thrust bearing washers on both
sides. With the thrust bearings at the front end, the thermal
influence is reduced. While machining with micro tools the
air turbine must provide enough power, so calculations with
Petroff's equation, which estimates the friction loss in air
bearings, show that the air turbine must provide 8.8 W at
300,000 rpm to ensure the processing power for a 100 um
micro end mill [9]. Thereby, over 95 % of the power applied
by the turbine is used to compensate the friction loss of the
air bearings. To run high rotational speeds in combination
with a low run out error, turbine geometry is limited to
simple geometries that allow increased balancing quality.
Additionally, the turbine must provide enough power at the
subsonic inlet mass flow in order to generate less axial
vibratory excitation from loading the thrust air bearing with
unbalanced forces. CFD simulations were performed by
using design of experiments (DoE) to evaluate the influence
of the crucial parameters, inlet nozzle diameter, air turbine
diameter and gap size between air turbine and housing.

3. Theoretical Model

3.1 Reynolds averaged Navier-Stokes Equations
Continuity equation, momentum equation and energy

equation are time averaged to allow numerical computation.

These results in the Reynolds-averaged Navier-Stokes

Equations are given by [11,12]:
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3.2 Finite Volume Method

By using the finite volume method (FVM), values are
calculated at discrete places in a meshed geometry (see Fig. 3).
Therefore, the conservation laws are applied. The FVM has high
accuracy in unstructured meshes. Additionally, it provides
results of high accuracy in discontinuous sections, e.g. pressure
surges [11].

3.3 Turbulence Model

The flow field in the turbine has Reynolds Numbers
between 1-10* and 1-105, which characterizes a turbulent flow
and must be considered within a turbulence model. In this
research the shear stress model SST-k-w, which is a
combination of the k-w and the k-¢ model, is used. The k-w
model describes the turbulent kinetic energy (k) and the
turbulent frequency (w) with two partial differential equations.
The k-€ model describes the turbulent dissipation (€) rate and
the turbulent kinetic energy (k). The SST-k-w turbulence model
combines the advantages of k-€ model in the core flow with the
advantages of the k-w model at the near-wall regions.
Particularly the higher accuracy of the SST-k-w model at near-
wall regions, when compared to other models, is required, since
high velocity gradients are expected at the area of the inlet and
the turbine. The increased stability of the SST-k-w model makes
another reason for choosing it as the model [13].

3.4 Torque and Power Calculation
The turbine torque is the momentum force which
generates the rotation of the rotor module. The torque can be

calculated by the turbine blade surface force and the radial
position of the blades:

T=F~r=J'J.pabsdA'dr (4)

Thereby, F is the blade surface force and r is the radius
of the air turbine. The turbine power is calculated by
computing the product of torque and rotational speed:

P=T-o=T-2xn (5)
4. Numerical Simulation
4.1 Geometry and Grid

The computer-aided model (CAD) of the air turbine was
used to establish the 3D fluid model, which is simplified into

different blocks and meshed with structured and unstructured
cells.

Outlet

Outlet

Fig. 2. Air Turbine fluid geometry



Fig. 2 shows one half of the flow geometry with 15
turbine blades and the two inlet nozzles and outlets. Due to
the symmetrical structure of the turbine only one half of the
model is used for the simulation. As a result simulation
times may be reduced.

Fig. 3 shows the mesh of the fluid geometry with
unstructured hexahedron cells at the two inlet nozzles,
outlets and angularly parts of the turbine blades with
inflation layers at the inlet walls.

Fig. 3. Mesh of the fluid geometry

The inflation layers are used to get better results at
the near wall geometry. The more complex rounded parts of
the turbine blades were meshed by an unstructured
tetrahedron mesh.

4.2 Moving Reference Frame

In this research the numerical simulations were solved
by using the moving reference frame feature in fluent. The
moving reference frame method was developed to simulate
flows with moving parts, e.g. turbo machinery. Thereby, the
transport equations are modified with the inertial forces of
the rotation in which the moving reference frame is selected
(Fig. 4).

time discretization. To solve the equations the pressure based
SIMPLE-algorithm (Semi-Implicit Method for Pressure-Linked
Equations) was applied. The time step size of the transient
simulation is set on At=10""s. When the inlet flow is set to
subsonic, the Courant number (CFL) can be calculated with the
equation (6) [11]:

CFL=a (6)
Ax

Considering the sound speed of a = 343.11 m/s at room
temperature (20 °C), the smallest mesh size (length of the
smallest ceII)Ax 0.01 mm =10"°m, and the chosen time step
size At = 10" s, the calculated Courant number is 3.43. Due to
the chosen implicit method for time discretization, the Courant
number should be less than 10; this was achieved threefold. To
get stationary solutions, 10 turns of the turbine are simulated.
With a time step size of At = 10~ s and 20,000 time steps, an
overall simulation time of 0.002 s results from it. Table 1 and
Fig. 5 both give an overview of the chosen boundary conditions:

Table 1: Overview of boundary conditions

Boundary Condition
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Fig. 4. Fluid geometry with selected moving reference frame
4.3 Numerical Method and Boundary Conditions

The simulations were calculated as transient to get
more accurate results. For space discretization the finite
volume method with second-order-upwind (2n Order
discretization) principle was used. Therefore an increased
simulation stability is able to be achieved in cases of
discontinuity. The first order implicit method was used for

mass flow inlet with subsonic velocity of
330 m/s and 2 bar at 293 K
pressure outlet: 1 bar (abs. pressure)
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Fig. 5. Fluid geometry with boundary conditions
5. Design of Experiments Parametric Study

Design of Experiments techniques provides a method to
determine simultaneously the individual and interactive effects
of multiple input variables on an output variable (response).
Within the DoE, a central composite experimental design (CCD)
was used to minimize the simulation effort and explore the
relationship between the parameters:

* Nozzle diameter
* Turbine diameter
» Gap size between turbine blades and housing

In this study, each parameter has five coded levels
(-1.682,-1,0, 1, 1.682) as shown in Table 2. A detailed
description of this method is presented by Siebertz et al. and
Kleppmann [14,15].



Table 2: Coded and non-coded parameters

Parameter nozzle turbine gap
coded diameter | diameter size
X1 X2 X3
-1.682 0.4 mm 5.3 mm 0.15 mm
-1 0.6 mm 6 mm 0.3 mm
0 0.8 mm 7 mm 0.5 mm
+1 1.0 mm 8 mm 0.7 mm
+1.682 1.15 mm 9.6 mm 0.85 mm

According to a central

rotatable design with 3
simulations were conducted with the combination of values

shown in Table 3.

composite-second-order
independent variables, 15

Table 3: Experimental design with coded parameters

Configuration Nozzle Turbine Gap
No. diameter diameter size
X1 X2 X3
1 -1 -1 -1
2 -1 -1 +1
3 -1 1 -1
4 -1 1 +1
5 +1 -1 -1
6 +1 -1 +1
7 +1 +1 -1
8 +1 +1 +1
9 -1.682 0 0
10 +1.682 0 0
11 0 -1.682 0
12 0 +1.682 0
13 0 0 -1.682
14 0 0 +1.682
15 0 0 0

6. Simulation Results and Discussion

6.1 Velocity and pressure profiles

Fig. 6 shows results for the velocity in configuration 14

and 2
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Fig. 6. Calculated velocity in m/s of configuration 14 (left) and 2
(right), after 20,000 time steps (10 revolutions)

The maximal velocity is achieved in the space between the
turbine and the inlets due to air expansion. After impact of the
inlet flow on the air turbine, the velocity of the gas is
insignificantly higher to the turbine rotating speed. Therefore, a
large part of the kinetic energy of the flow is transmitted to the
turbine by impulse forces.
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Fig. 7. Calculated static pressure (left) and total pressure (right) in pa
of configuration 14, after 20,000 time steps (10 revolutions)

Fig 8 shows the velocity profile of the inlet flow at one
turbine blade. It can be seen that the inlet flow is deflected
almost 180 degrees. This is an indication for good impulse
transmission.

Fig. 8. Velocity profile in m/s of the inlet flow at the turbine blade

6.2 Evaluation of DoE

Fig. 9 shows the simulated results for the 15 different
configurations (see Table 3). The configuration no. 8 (+1 +1 +1)
gives out the best performance (10.9 W). The worst
configuration is no. 9 (-1.682 0 0) with a power of 2.1 W.

With the results of the 15 simulations, a quadratic
regression with single interactions was performed according to
the equation (7) [7].

V=Bt Bixi+ By xy + By xy+ fyxxy +

=y=Xx-p (7)
Bs XXy + B - x, -x3+ﬂ7-x12+ﬂ8~x22+ﬂ9~x32



Thereby, X is the design matrix, and B, are the
regression coefficients. To obtain regression coefficients,

equation (8) can be solved by:

p=X"y=X"-X)"-X"y

The values in table 4 are the regression coefficients
calculated according to equation (8):

Table 4: Regression coefficients

(8)

No. | Design parameter B,inW
0 - 7.257
1 x, 2.376
2 X -0.118
3 %, 0.141
4 XX, 0.118
5 XX, 0.406
6 X, X 0.218
7 . -0.404
8 X -0.384
9 X’ 0.065

Fig. 9 shows an overview of the simulated results and
the design points given by the regression. Only a small
deviation of the design points to the simulated results can
be seen. Consequently, there is a good adaption of the
design points to the simulated results.

12
A * Simulated Points
10+ oo e [ |+ Design Points
. . . & *
¥ o % :
z 8 i ¥ 1 % |
= :
== *
B 6 (R w 4
2 [ 4
e ! *
4t gk 1
2t e ]
0 1 ! | I L L ! | . ! i P P j i
01 2 3 456 7 8 9 10 11121314 15

Configuration Number

Fig. 9. Simulation results and design points of regression for

different configurations

6.3 Response surface plots

Fig. 10, 11 and 12 show the response surface plots of
the two different variables by a constant third variable. On
Fig. 10 it can be seen that the nozzle diameter (x1) has the
highest influence on the power of the air turbine. By
increasing nozzle diameter, the mass flow rate increases as
does the energy given to the air turbine blades.

=

Power in W
O N b O @

Fig. 10. Effect of turbine- and nozzle diameter on air turbine power at

A turbine diameter (x2) of 7.5 mm ensures the maximum
power. This maximum is a result of the inflow velocity, which is
confined to the subsonic flow. By increasing the diameter of the
turbine, the circumferential velocity increases. Thereby, the
subsonic flow cannot generate enough pressure on the turbine

blades.
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Fig. 11. Effect of gap size and nozzle diameter on air turbine power at
constant turbine diameter (7 mm)
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Fig. 12. Effect of gap size and turbine diameter on air turbine at

constant nozzle diameter (0.5 mm)



Reducing the gap between air turbine and housing
increases the power of the air turbine, because at the same
time the fraction of flow passing through the turbine blades
without interaction decreases (Fig. 12). The resulted
regression function can be used to find a design
configuration with maximum drive capacity. This
configuration has the following code values of x1=1.682,
x2=0.7, x3=-1.6, and a drive capacity of about 12 W.

7. Conclusions and Outlook

The research described in this paper investigates the
impact of geometrical air turbine parameters on the power
output of a high frequency tool spindle. Therefore, the
geometrical parameters, inlet nozzle diameter, air turbine
diameter and gap size between air turbine and housing was
varied. The results show that all of the investigated
parameters contribute to the performance of the air turbine.
The optimal parameters within this study are 1.15 mm for
the nozzle diameter, 7.3 mm for the air turbine diameter
and 0.1 mm for the gap between turbine and housing. The
simulation results will be verified by a high frequency tool
spindle with the best air turbine parameter combination. To
capture data such as power output, run out error and
rotational frequency, a test rig will assembled to test the
new air turbine drive geometry in the existing spindle.

Nomenclature
CFL courant no. -
c heat capacity at in J/kg/K
P constant volume
k Speqﬂc turbulent in m2/s?
kinetic engergy
n rotational speed 1/s
P power in W
Prin kinetic pressure in Pa
Dt static pressure in Pa
in kg
q, heat flow mz/s?
T temperature in K
t time ins
u,v,w velocity in m/s
X. V.2 cartesian )
24 coordinates
T friction tensor in N/m?
T turbulent friction in N/m2
t tensor
A heat conductivity W/m K
P density kg/m?
\Y4 nablaoperator -
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