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Abstract Advanced and precise manufacturing is

presented for two key components: a compressor and a

turbine impeller (Ø 20 mm) for an ultra miniature gas

turbine system as fuel-based power generation system. The

total system fits in a cylinder with a diameter of 110 mm

and a length of 120 mm. At this scale, major components

such as turbine and compressor are subjected to challenging

requirements such as high rotational speed (500,000 rpm),

high turbine inlet temperature (1,200 K) and efficiency. The

choices of material and manufacturing technique are criti-

cal. The components must endure the operational require-

ments and should be fabricated in high accuracy. In order to

withstand the high centrifugal stress, a high-strength tita-

nium alloy is used for the compressor. Using micro-milling,

a three-dimensional complex and accurate structure is

obtained. The turbine is made of a Si3N4–TiN ceramic

composite to sustain the combination of elevated stress

and temperature. A scrupulously developed process chain

combines electrical discharge machining and grinding as

manufacturing processes, which not only just preserve the

surface integrity and the related material strength but also

provide an adequate dimensional and geometrical accuracy.

1 Introduction

In the last decades, there are increased demands for a

portable microsized power source in applications such as

unmanned aerial vehicles, autonomous robots and other

mobile devices in military. Despite recent advances in

battery technology, the gap between the required and

available power is still increasing. Hydrocarbon fuels

burned in air have 20–30 times the energy density of the

best current lithium chemistry-based batteries, so that

fuelled devices with moderate size and modest efficiency

can bridge the gap. Given the need for high power density

energy conversion in very small packages, a millimetre-

scale gas turbine is an obvious candidate. Because this

concept was first explored in the mid 1990s, two different

turbine size ranges are mainly investigated: a micro-range

mainly based on MEMS approaches (Epstein 2004; Sun

et al. 2005; Kang et al. 2004) and a mesoscopic range

(Kang et al. 2003; Matsuo et al. 2003; Isomura et al. 2005;

Schneider et al. 2005; Peirs et al. 2004). Due to the limited

material choice, design freedom and wafer thickness in

MEMS technology, a pancake rotor design is usually

obtained which restricts the target power output to 1–10 W,

though very small components can be precisely manufac-

tured. In contrast, the latter has the major advantages of just

providing not only a large design freedom using various

processing techniques such as micro-milling, micro-

electrical discharge machining (EDM), and micro-moulding,

but also a large range of applicable materials such as

ceramics and nickel alloys. With an overall unit size in the

range of 1 dm3, the electrical output can achieve 100 W to

1 kW. The micro-gas turbine discussed in this paper fits

into the upper power segment aiming at 1 kW electrical

power output. In the following paragraphs, the major

components—compressor and turbine—and design issues

are presented. The next two subsections firstly discuss the

general layout and the thermodynamic cycle, followed by

an introduction of the optimisation and material selection

of each component. Secondly, the detailed fabrication
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procedures of these components are presented in Sects. 2

and 3. Finally, conclusions are drawn in Sect. 4.

1.1 General layout

The mesoscopic gas turbine discussed in this paper does

not differ structurally from macroscopic gas turbine gen-

erators. When scaled down to millimetre size, the gener-

ated power of a meso-scale gas turbine is usually only tens

of watts instead of in the order of 100 MW for macroscale

turbines if the power per unit of air flow is maintained.

Such power density requires combustor exit temperatures

of 1,200–1,600 K; rotor peripheral speeds of 300–600 m/s

and thus rotating structures centrifugally stressed to several

hundred MPa. In order to obtain a functional system and

maximise power output and efficiency, all components

have been redesigned and new concept have been used.

In Fig. 1, the general layout of this system is presented.

Similar to all large gas turbines, the system consists of a

compressor, recuperator, combustion chamber, turbine, and

electrical generator. In total, it has a diameter of around

110 mm and a length of 120 mm. In contrast to macroscale

gas turbines, the rotor only takes a small part of the total

volume, while the combustion chamber is relatively large.

In order to accommodate the relatively large volume of

both the combustion chamber and the recuperator in a

compact way, an annular design is opted for both

components.

As a consequence of the adopted layout, the hottest part,

the combustion chamber, is enclosed by the recuperator on

the outside and by the exhaust diffuser on the inside. This

allows for recycling of heat losses from the combustion

chamber. In order to avoid the demagnetisation of the

generator, it is positioned to the most left side of the shaft

to keep away from the high-temperature components.

Additionally, the inlet air is led through channels in the

generator stator for providing extra cooling. An exhaust

diffuser is added to create a sub-ambient pressure at the

turbine exit, such that more power can be extracted.

Though certain problems are introduced due to this design

comparing to the use of two separated shafts (a high-speed

compressor shaft plus a low-speed generator shaft), the

single shaft design is still preferable due to its simplicity

(Peirs et al. 2007).

1.2 Thermodynamic cycle and efficiency

The thermodynamic considerations for the micro-gas

turbine have no difference at micro than at macroscale. But

the physics and mechanics influencing the design of the

components do change with scale, so that the optimal

detailed designs can be quite different (Peirs et al. 2007).

The main difference between a small and large gas turbine

is the amount of fluid submitted to an almost unchanged

thermodynamic cycle. Hence the velocity and pressure

level remain the same when scaling down a gas turbine;

only the dimensions are smaller. The work exchange

between compressor or turbine and fluid is proportional to

the peripheral speed, such that the rotational speed should

be scale inversely proportional to the shaft diameter.

In this case, the thermodynamic cycle has been deter-

mined and optimised in an iterative way. Fixed values are

the compressor diameter (Ø 20 mm), nominal shaft speed

and maximum turbine inlet temperature (TIT). The maxi-

mum TIT is set by material limits to 1,200 K. The nominal

shaft speed is set to 500,000 rpm as models predicted that

with the given compressor diameter, a pressure ratio of 3 is

achievable. Below this value, efficiency drops sharply,

while higher values offer smaller efficiency improvements

(Peirs et al. 2007). When running at maximum rotation

speed and with nominal mass flow of 20 g/s, the overall

cycle efficiency when applying the recuperator is around

20% and total output is around 1 kW without taking into

account bearing friction, thermal loses, pressure drops, and

electrical losses.

1.3 Compressor and turbine optimisation

The geometry for both compressor and turbine are opti-

mised by the von Karman Institute for Fluid Dynamics

(Verstraete et al. 2007). A new multidisciplinary design

method (Verstraete et al. 2008) is used to find a compro-

mise between the conflicting demands of high efficiency

and low centrifugal stresses in the blades. SimultaneousFig. 1 Gas turbine generator layout
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analyses of the aero performance and stress predictions

replace the traditional time consuming iterative design

approach. It aims for improved performance while

respecting the mechanical constraints and shortening the

design time and effort. A computerised design system,

based on a genetic algorithm, an artificial neural network, a

database, a three-dimensional Navier–Stokes solver to

predict the aerodynamic performance, and a FEA tool for

the stress calculation, has been used to optimise the three-

dimensional compressor and turbine geometry. Both

impellers have complex blade geometries. The compressor

has seven main blades and seven smaller splitter blades.

The blades have a thickness of 0.3 mm at the shroud and

up to 0.6 mm at the hub. A fillet with radius 0.25 mm is

placed between blades and hub to reduce stress concen-

tration. The radial turbine impeller has eight blades and

almost zero exit swirl at design point. In order to generate

solid models, the final geometry is imported into CAD/

CAM software Unigraphics NX3, in the form of basic

curves defining blade, shroud, and hub geometry. These

curves are imported as point series, through which third-

order splines are fitted. Blade surfaces are defined as ruled

surfaces between two splines: one on the hub side and one

on the shroud side. Hub and shroud are similarly defined as

revolved bodies based on the imported splines. Finally,

three-dimensional volumetric models of the whole com-

pressor and turbine are produced, as shown in Fig. 2.

1.4 Material selections

As mentioned before, the gas turbine components are

subjected to extreme conditions, such as TIT temperatures

of more than 1,200 K, high centrifugal stresses for both

compressor and turbine of 500 MPa or even higher because

of the high blade tip speed (524 m/s) in comparison to

large turbines (300–400 m/s). This is a general trend in

micro-turbines caused by the reduction in efficiency with

the decreasing Reynolds number and the relatively larger

clearances between rotating and stationary parts because of

the reduced manufacturing accuracy. Therefore, not just

material strength but the strength-over-density ratio is

important. Given the very high temperature ambient in the

whole system, all the materials are required to resist ther-

mal shock.

For the compressor, titanium alloy grade 5 (Ti-6Al-4 V)

as alternative of high-strength steel is chosen as manufac-

turing material due to its high strength-to-density ratio to

address centrifugal stress. Furthermore, its low mass den-

sity compared to high-strength steel is beneficial for rotor

stability, as a low rotor mass increase the critical speed of

the rotor suspended on air bearings.

The material load is even more severe for the turbine;

especially the combination of high strength at high tem-

perature puts severe constraints on the material choice. In

large turbines, metal blades are used at much higher tem-

peratures thanks to the application of thermal barrier

coatings, internal blade cooling, and air film cooling.

However, the miniaturised structure does not allow the

implementation of these techniques. High-temperature

high-strength alloys quickly lose their strength above

1,100 K. Noticeably, engineering ceramic such as silicon

carbide (SiC) and silicon nitride (Si3N4) have long been

recognised as attractive candidates for gas turbine com-

ponents due to their high strength, low density, good

thermal stability, and good oxidation resistance. Their use

has been limited, however, by the lack of technology to

manufacture flaw-free structures; especially those having a

monolithic design and strict requirements on high geo-

metric accuracy and optimal surface finish. As conse-

quences, traditional ceramic processing techniques such as

casting and injection moulding are ditched because of the

difficulties in producing complex shapes, accurate com-

ponents, and smooth surface, especially at micro/meso-

scale. Recently, research has proved that by adding 30–40

vol. percent of a secondary TiN phase into Si3N4

(Herrmann et al. 1993), the fracture toughness, the flexural

strength and the wear resistance of the ceramic composite

are improved; meanwhile the electrical resistivity of

the ceramic composite is largely reduced and a non-

conventional machining method such as EDM can be

applied for precise three-dimensional manufacturing.

2 Manufacturing of compressor

2.1 Blank preparation and tool path generation

The blank is produced on a lathe and already has accurate

shapes for the coupling shaft, generator shaft, thrust bear-

ing, 20 mm compressor rim and inlet nose rim. These rims

have to be perfect as they serve later on as measuring

surfaces for rotor vibration monitoring. Tolerances are in

the order of 1 lm. The compressor itself is approximated

by two coaxial cylinders: one is containing the blades and
Fig. 2 Three-dimensional volumetric models of the compressor and

turbine impellers
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one is containing the nose. With a CNC lathe a more

complicated blank geometry could be used, following the

outside envelope of the blades (shroud geometry).

The compressor has a complex 3D blade geometry

requiring five-axis milling, which can only be efficiently

programmed by CAM software. In this case Unigraphics

NX3 is used. An important issue is the collision avoidance

between tool (and tool head), machine, and the long gen-

erator shaft, which poses severe restrictions on the tool path.

In order to avoid collisions between the tool (and tool head)

and the machine table, a check geometry is used representing

the nut and the collet of the machine table, and the tool holder

is included in the tool model. Table 1 gives an overview of

all required milling operations, in machining order. A total of

108 milling operations are required. Figure 3 shows different

stages in the production process.

2.2 Compressor milling

Milling is performed on a Kern MMP micro-milling machine

with a maximal spindle speed of 40,000 rpm. The machine is

equipped with a state-of-the-art Heidenhain TNC 530i con-

troller. Figure 4 shows the five-axis micro-milling process.

Full carbide tools from DIXI are used. The compressor blank

is mechanically clamped and glued onto a brass cylinder to

increase the distance from the fixating nut and consequently

reduce the risk for collisions. Figure 5 shows the completed

titanium compressor. In this particular prototype, the gen-

erator shaft is omitted, but the same tool paths are used as for

the compressor including a shaft.

The milling scallops visible in the close-up view are all

oriented along the direction of the air flow. Therefore, these

scallops do not harm the aerodynamic performance and

could even have a stabilising effect. Some small imper-

fections are visible at the bottom of the blades’ leading

edges, and a small step is present on the shaft just in front

of the blades. These errors are caused by the crossing of the

rotary axes. This error is now compensated in the machine

control and will not appear in future impellers. Finishing of

the corners between blades and hub with a Ø 0.5 mm ball

mill is skipped on this titanium prototype, leaving a fillet

radius of 0.5 mm.

3 Manufacturing of turbine

3.1 Micro-EDM of ceramic composite

A specific problem with micro-EDM of Si3N4–TiN cera-

mic composite material is the formation of a foamy surface

Table 1 Milling operations for producing the compressor, in machining order

Operation Roughing/finishing No. of axis No. of operations Tools

Outside geometry Roughing 4 2 Cylindrical mill Ø 6.0 mm, DIXI 7242

Cylindrical mill Ø 4.0 mm

Blade top Finishing 5 2 9 7 blades Ball mill Ø 1.0 mm, DIXI 7045

Cavity milling Roughing 3 3 9 7 cavities Cylindrical mill Ø 1.0 mm, DIXI 7238

Blade front surface Finishing 5 2 9 7 blades Cylindrical mill Ø 1.0 mm, DIXI 7238

Blade back surface Finishing 5 2 9 7 blades Ball mill Ø 1.0 mm, DIXI 7045

Cavity bottom Finishing 3 1 9 7 Ball mill Ø 1.0 mm, DIXI 7045

5 2 9 7 Ball mill Ø 1.0 mm, DIXI 7045

Inlet diameter Finishing 4 1 Ball mill Ø 1.0 mm, DIXI 7045

Blade corner Finishing 5 3 9 7 Ball mill Ø 0.5 mm, DIXI 7047

Total 108

Fig. 3 Different stages in the production of the compressor

Fig. 4 Five-axis milling of the titanium compressor on the Kern

MMP
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layer. This phenomenon is not related to the choice of

EDM machine and dielectric (Liu et al. 2008), but caused

by chemical reactions at high temperature: the decompo-

sition of Si3N4 and TiN, and the oxidation of TiN. Both

reactions lead to the generation of a large amount of

nitrogen gas bubbles that prevent the formation of regular

sparking craters. The topography and the cross-sections

after EDM are shown in Fig. 6, respectively. Even with

EDM discharge energy reduced to the limits of the

machines, this phenomenon persists and the minimum

surface roughness obtained is around 0.82 lm Ra. Fur-

thermore, reduced discharge energy also means a lowered

machining speed, while the tool wear also increases which

is not preferable for preserving the geometrical accuracy.

However, it is discovered that this phenomenon exists

when applying relaxation discharge pulses which are nor-

mally equipped on micro-EDM machines. On the contrary,

using a particular type of iso energetic discharge pulses

with high peak discharge current and short discharge

duration, which are often used on macromachines to pro-

vide higher power, material removal mechanisms in the

form of melting and evaporation are enhanced and the

foamy layer is eliminated (Liu et al. 2009) as shown in

Fig. 7. On the other hand, because iso energetic pulses

always give higher energy input than relaxation pulses,

micro-cracks are left on the surface and lead to a strength

degradation. Though the three-point flexural strength

degrades, still it satisfies the requirement of the application

as a turbine impeller. A surface roughness around 0.8 lm

can be easily obtained. Most importantly, machining speed

used for obtaining this surface quality is 100 times faster

than using a relaxation pulse as mentioned in the previous

paragraph, despite the very high tool wear ratio (TWR).

The comparison of machining performances in the form of

material removal rate (MRR), TWR, surface roughness Ra

and Rt, and three-point flexural strength using these two

types of pulses are listed in Table 2. As can be seen, the

flexural strength (average [ 700 MPa) after EDM is suf-

ficient as required for the turbine impeller.

3.2 Production chain design

Due to the different functions of the surfaces on the gas

turbine impeller, variable machining procedures are

required. Though all the features can be manufactured by

micro-EDM, further surface optimisation is still essential

especially on those which have direct contact with the

bearings or function as coupling surfaces with the com-

pressor. Thus, it is decided to use grinding as a post-

processing step to improve surface finish in order to

maximise the material strength and provide precise

geometries. In order to obtain high geometrical and shape

accuracy, shaft, coupling, thrust plane and blades are

preferably machined in the same set-up. Unusually, the

shaft from the turbine impeller itself is not used for

clamping. Therefore, a universal clamp is produced which

is having reference features and can be used on all the

manufacturing steps. Because it only requires one-time

clamping, the systematic error is significantly reduced.

The schematic views of all the manufacturing steps are

illustrated in Fig. 8. The ceramic blank is first preshaped by

wire EDM with an extra T-shape connecting feature. Then

the blank is mounted on the universal clamp. Diverse

Fig. 5 Titanium compressor for the turbo-shaft set-up, diameter

20 mm

Fig. 6 Topography and cross-

section views after EDM using

relaxation pulse
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cup-shape graphite electrodes are turned on a precision

lathe to EDM the internal shaft, external shaft and thrust

plane. Blends and chamfers are added between the shaft

and thrust-bearing surfaces to ensure the grinding quality in

further steps; they are also helping to avoid sharp corners

on the ceramic piece to reduce stress concentrations. All

these features are EDMed with a couple of hundred

micrometers allowance which is removed in a grinding

step. Fine and accurate shaping of the shroud surface is

done by machining with four half-shape electrodes in the

lateral direction.

Grinding of shaft and bearing plane is performed on the

Kern MMP five-axis micro-milling machine. The clamp

holding the turbine is mounted on an in-house developed

rotary air-bearing table, having an axis of rotation error of

50 nm. According to the surface geometry and require-

ments on surface finish, different shapes and grit sizes of

grinding tools are applied. The detailed grinding strategies

and process parameters are listed in Table 3. Coupling

features inside the internal shaft are EDMed after grinding

without harming the surface. At last, so-called blade cav-

ities are produced, consisting of pressure, suction and hub

surfaces from two adjacent blades. The negative shape of

these cavities is machined on a graphite electrode by

micro-milling and sunk from the side into the turbine set-

up by sinking EDM. In order to obtain eight blades, four

roughing electrodes are used to remove the bulk material in

a minimum amount of time using relaxation pulses as

mentioned in Table 2, followed by eight fresh electrodes

for each cavity using a relaxation finishing regime to obtain

the required geometry and minimise the thickness of the

Fig. 7 Topography and cross-

section views after EDM using

iso energetic pulse

Table 2 EDM performance comparison with variable discharge pulse

Pulse/regime MRR (mm3/min) TWR (%) Ra (lm) Ra (lm) Three-point flexural strength (MPa)

Relax. roughing 13.78 3.29 2.91 22.73 709 ± 26

Relax. finishing 0.03 25.50 1.54 13.12 773 ± 21

Iso energetic finishing 1.79 22.39 0.93 7.66 729 ± 61

Fig. 8 A schematic view of the production chain for manufacturing

the ceramic turbine impeller
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affected layer. As a last step, fresh electrodes using an iso

energetic regime are applied to achieve the required surface

finish and flexural strength. As this regime suffers from

high tool wear, only a couple of tens of micrometres is

removed. In total, 20 electrodes are used for manufacturing

the turbine blades; the operation time for micro-milling

these electrodes are approximately 20 h (1 h/electrode) and

EDM hours are more or less the same.

3.3 Quality control

The finished turbine impeller quality control is conducted

on the set-up with the universal clamp which also provides

features for referencing. The surface roughness of fin-

ished features is examined on a Taylor–Hobson surface

profilometer (Talysurf). Dimensional and geometrical

quality control is conducted on a Mitutoyo coordinate

measurement machine (CMM) (Fig. 9). Table 4 presents

an overview of accuracy and surface quality for shaft and

thrust-bearing surfaces after grinding. As can be seen in

this table, all the features achieve the design requirement

and are within tolerance: dramatically reduced surface

roughness assures the flexural strength; high shape accu-

racy such as roundness of external shaft guarantees the

performances of the bearing.

As for the turbine cavities, a probe with a 0.7 mm

diameter stylus is applied during the measurement.

17 probe postures in total are used in order to correctly

engage the cavities without any collision. On pressure,

suction and hub surfaces of each cavity, 400 evenly spread

points are collected according to the extracted coordinates

from the CAD model. By combining the probe posture and

measurement direction which is closely perpendicular to

the surface profile tangent, no collision or mis-touching

are observed during the entire measurement. The collected

data points corresponding to each cavity are meshed and

combined as a whole to compare with the original CAD

model. After six degree-of-freedom fitting, the deviation

maps are plotted in variable views in Fig. 10. As shown in

these figures, all the turbine cavities are fully symmetric.

The maximum deviation of 45 lm is found at the point

with highest curvature of the turbine blade, and it is very

repeatable on all the blades. Among the statistic results,

more than 90% of the points lie within a deviation range of

±30 lm. The final turbine impeller still sitting on the

clamp and an enlarged view of the cavities are shown in

Fig. 11. Furthermore, the assembled compressor and tur-

bine impellers with air bearings are presented in Fig. 12.

4 Conclusion

A miniaturised gas turbine power generation system is

developed with the total unit size of Ø 110 mm by 120 mm

in length. The optimised compressor and turbine impeller

designs provide a total cycle efficiency around 20% and an

Table 3 Grinding tools and

strategies used for grinding the

bearing and coupling surface for

ceramic turbine impeller

Turbine drawing Tool Dimension Grit size 
Grinding 

surfaces 
Regime 

A 

B 

C 

D E 

F 

Machining settings: 

Spindle rotational speed:  

20,000–40,000 rpm 

Feed rate: 25–100 mm/min 

Depth of cut:  

1–2 µm, roughing 

0.25–1 µm, finishing 

Ø 6 mm × 6 mm D90 B, C, D Rouging 

Ø 4 mm × 6 mm D90 A Roughing 

Ø 3 mm × 6 mm 
D15 (resin 

bond) 
B Finishing  

Ø 8 mm D30 C, D Finishing 

Ø 5 mm × 1.5 mm D30 B 
Semi-

finishing 

Ø 5 mm × 1.5 mm D30 A Finishing 

Ø 3 mm D30 E, F  
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electrical output aiming at 1 kW when the diameter of the

impeller is set to 20 mm and the mass flow maximised

towards 20 g/s. The required rotational speed and elevated

working temperature challenges the design and material of

turbine and compressor, as well as the respective manu-

facturing techniques. Five-axis micro-milling of a titanium

alloy compressor is conducted; despite small imperfec-

tions, accurate blades with air-flow stabilising scallops

are produced. A Si3N4–TiN ceramic composite turbine

impeller is machined combining EDM and grinding

because of strength and accuracy requirements as a con-

nector to the air-bearing and the compressor. The tolerance

on the shaft diameter is machined within the order of

±1 lm. Though the surface roughness of the turbine blades

is moderately high (*0.82 lm), flexural strength of more

than 700 MPa is guaranteed to bear the centrifugal stress.

Fig. 9 Schematic views of turbine impeller measurement on CMM

Table 4 Dimensional and geometrical accuracy of the bearing and coupling surfaces after grinding process

Feature Accuracy

Shaft external (bearing radial) Diameter (mm) 7.999

Roundness (lm) 0.223

Ra (lm) 0.110

Shaft internal (coupling hole) Diameter (mm) 6.000

Roundness (lm) 0.301

Ra (lm) 0.080

Thrust plane Flatness (mm) 0.005

Ra (lm) 0.060

Fig. 10 Deviation maps of the

measured impeller comparing to

the CAD model in different

views
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With these satisfactory machining results, the compressor

and turbine impeller prototypes are ready for performance

tests.
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