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New Insights From Conceptual
Design of an Additive
Manufactured 300 W Microgas
Turbine Toward Unmanned
Aerial Vehicle Applications
Owing to the high energy density of hydrocarbon fuels, ultramicrogas turbines (UMGT)
with power outputs below 1 kW have clear potential as battery replacement in drones.
However, previous works on gas turbines of this scale revealed severe challenges due to
air bearing failures, heat transfer from turbine to compressor, rotordynamic instability,
and manufacturing limitations. To overcome these obstacles, a novel gas turbine archi-
tecture is proposed based on conventional roller bearing technology that operates at up
to 500,000 RPM and an additively manufactured monolithic rotor in cantilevered config-
uration, equipped with internal cooling blades. The optimum turbomachinery design is
elaborated using diabatic cycle calculation, coupled with turbomachinery meanline
design code. This approach provides new insights on the interdependencies of heat trans-
fer, component efficiency, and system electric efficiency. Thereby, a reduced design pres-
sure ratio of 2.5 with 1200 K turbine inlet temperature (TIT) is identified as most suitable
for 300 W electric power output. In following, a review of available additive manufactur-
ing technologies yields material properties, surface roughness, and design constraints for
the monolithic rotor. Rotordynamic simulations are then conducted for four available
materials using a simplified rotor model to identify valid permanent magnet dimensions
that would avoid operation close to bending modes. To complete the baseline engine
architecture, a novel radial inflow combustor concept is proposed based on porous inert
media combustion. computational fluid dynamics (CFD) simulations are conducted to
quantify compressor efficiency and conjugate heat transfer (CHT) analysis of the mono-
lithic rotor is performed to assess the benefit of the internal cooling cavity and vanes for
different rotor materials. It is demonstrated that the cavity flow absorbs large amount of
heat flux from turbine to compressor, thus cooling the rotor structure and improving the
diabatic cycle efficiency. Finally, the results of this conceptual study show that ultrami-
crogas turbine with electric efficiency of up to 5% is feasible, while energy density is
increased by factor of 3.6, compared to lithium-ion batteries. [DOI: 10.1115/1.4048695]

Keywords: ultramicro gas turbine, gas turbine architectures, additive manufacturing,
ceramic materials, conjugate heat transfer analysis, rotordynamics analysis, reduced
order modeling

Introduction

In civil applications, aerial drones are commonly used in enter-
tainment, transport, and field operations, such as mapping, search
and rescue, agricultural, or construction purposes [1]. The military
drone market value is mainly constituted of large combat drones
for high altitude long endurance and medium altitude long endur-
ance missions [2]. However, small drones for surveillance and
transport are steadily becoming an essential part of modern mili-
tary technology, improving soldier safety, and enabling logistic
supply of remote units. Therefore, this expanding market of small-
and medium-sized unmanned aerial vehicles (UAVs) is generating
a growing interest in small scale, high energy density power sup-
ply, outperforming current battery technologies. According to a
recent survey, drone providers see battery life enhancement as a
key growth driver for the drone market [3].

In the scope of the present effort, ultramicrogas turbines
(UMGTs) with an electric power output below 1 kW are proposed
as battery replacement systems due to the high energy density of

hydrocarbon fuel that surpasses off-the-shelf lithium polymer bat-
teries by up to factor of 100. UMGTs would use this energy den-
sity potential by establishing same thermodynamic cycle as large
gas turbine engines, but with reduced pressure ratios, turbine inlet
temperatures (TITs), and component efficiencies. Thus, despite
low conversion efficiency of small-scale gas turbines, the resulting
system energy density still has the potential to surpass standard
lithium batteries by far, specifically addressing UAV applications
with maximized flight time demands. Compared to piston engines
of similar scale, UMGTs offer superior reliability, reduced noise
and vibrations, and high power to weight ratio.

In order to specify an appropriate UMGT power output range,
20 drones with a takeoff weight of up to 6 kg are compared in
terms of required battery power. This survey, tabulated in
Appendix A and summarized in Fig. 1, indicates that a power out-
put level in the range of 100-500 W covers the majority of UAV
applications below 6 kg. However, as the drone field operation
and transport applications are expected to expand, a target wattage
of 300–500 W can be selected for the present microgas turbine
system, resulting in a takeoff weight between 3 and 6 kg with
approximate payload of 1–2.5 kg. The typical battery weight of
this drone class ranges from 1 to 2.5 kg.
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Review of Previous Work

Development of UMGTs was originally initiated by an Massa-
chusetts Institute of Technology (MIT) research group that pro-
posed micromanufactured gas turbines based on silicon wafer
material [4]. The thermodynamic target values were a TIT of up to
1600 K and a pressure ratio of above 4 [5]. However, although such
high values resulted in high ideal Brayton cycle efficiency, they
imposed excessive rotational speeds and unacceptable heat transfer
rates from turbine to compressor. To sustain the angular velocity
demand, flat air bearings with a radial gap of 15 lm were investi-
gated in depth [6,7]. In these studies, the bearings could not provide
stable operation beyond several minutes. Moreover, turbomachi-
nery components’ efficiency dropped rapidly due to low Reynolds
number effects and heat flux on the compressor side [8]. Overall,
these obstacles prevented successful operation on a system level.

Despite the observed difficulties, the MIT project has inspired
several research groups to develop other UMGT concepts. The
first self-sustained UMGT-scale Brayton cycle was demonstrated
in Tohoku University. Following a feasibility analysis [9], the
design pressure ratio was set to 3, with TIT of 1323 K and rota-
tional speed of 870,000 RPM. Although target turbine and com-
pressor diameters were 10 mm, during the project the values had
to be increased to 17.4 and 16 mm, respectively [10]. Components
were produced by conventional computer numerical control
machining and a hydro-inertia bearing system, which relies on
auxiliary air supply, was developed to sustain the high rotational
speeds [11]. In order to improve rotordynamic performance, the
generator was located between the compressor and the turbine,
with the bearings placed on both sides of the generator. The proto-
type did not exceed 360,000 RPM due to whirl instability of the
hydro-inertia bearings, which resulted in reduced pressure ratio,
and subsequently, no electric power output was generated.

The second functioning UMGT prototype was demonstrated by
a research group from Korea Institute of Machinery and Materials,
who developed a recuperated gas turbine toward 500 W power output
at 400,000 RPM [12–15]. Rotordynamic tests and heat transfer studies
were presented in subsequent publications, however a system level
engine model was not considered in the preliminary stage. The bear-
ings were located before the generator and behind the compressor in
direct proximity to the hot turbine side. The three-dimensional turbo-
machinery structures were manufactured by conventional computer
numerical control milling. Stable combustion was demonstrated
using liquefied petroleum gas and the prototype reached 280,000
RPM in self-sustained operation. However, due to bearing insta-
bility, no electric energy output was produced. In a later design,
only 30 W output was reached at 50% design speed, while higher
speeds had to be avoided as maximum TIT was surpassed.

Other groups contributed to UMGT research on component
level, without developing a functioning prototype. A group from
von Karman Institute for Fluid Dynamics conducted theoretic
cycle research on a recuperated gas turbine concept with an

enhanced output target of up to 1000 W [16]. A target pressure
ratio of 3 at a mass flow rate of 20 g/s was defined for a rotational
speed of 500,000 RPM. The preliminary design disregarded
global interdependencies between heat transfer effects, component
and cycle efficiencies and rotordynamic behavior, which were
addressed separately. In following, to allow high TITs, a 20 mm
diameter turbine wheel was manufactured from silicon nitride by
electric discharge machining. Subsequent conjugate heat transfer
(CHT) studies revealed that due to heat flux from turbine to com-
pressor, compressor efficiency may drop by 2% [17]. Despite
intensive experimental investigations and application of different
bearing configurations [18], only 240,000 RPM were reached due
to low bearing stiffness, whirl instability and very tight air bearing
clearance. System level testing was not accomplished, with main
drawbacks being the bearing instability and the multipart rotor,
which introduced additional imbalance and complexity.

In 2003, a group from Stanford University published their
efforts toward UMGT with a monolithic ceramic rotor, manufactured
by gel casting [19–22]. The system was designed to use air bearings
to reach rotational speed of 800,000 RPM at TIT of 1273 K. Canti-
levered configuration was chosen to place the bearings next to the
generator on the engine cold side. In a cold gas test, the rotor was
equipped with conventional roller bearings and reached 420,000
RPM before facing rotordynamic instability. Monolithic ceramic
rotor has a significant advantage as no connecting bolts, threads, or
press-fits are needed during assembly, rotor balancing is simplified
and assembly of high speed parts is avoided. However, the proposed
manufacturing technology was not viable since individual fugitive-
wax mold assemblies and solder-masks needed to be machined and
aligned for each part. This not only resulted in time-consuming and
high cost processes, but also bore the risk of geometrical inaccuracy
due to mold assembly misalignments.

In addition to these experimental works, a research group from
Office National d’Etudes et de Recherches A�erospatiales pub-
lished preliminary estimations on the heat transfer effects in a gas
turbine with 10 mm rotor diameter. A novel two-stage turboma-
chinery configuration with a central combustion chamber was
investigated [23]. Subsequent computational and experimental
efforts focused on a single-stage UMGT system with 2D turboma-
chinery geometry, aiming for 50–100 W power output [24]. The
target rotational speed of 840,000 RPM necessitated aerodynamic
gas bearing development and to the best knowledge of the authors,
air bearing operation has not been demonstrated yet.

The various prior studies and the reasons behind their discontin-
uation are summarized in Table 1. In light of previous research,
three major obstacles can be identified on the path toward success-
ful UMGT development:

(1) Previous projects addressed cycle efficiency, heat transfer,
component efficiencies, and rotordynamics separately dur-
ing the preliminary stage, and constraints were formulated
on a component level rather than on a system level. Thus,
in all reviewed contributions, pressure ratios of 3 and above
were selected without considering the interdependency
between the desired output power, component efficiencies,
and rotordynamics. Moreover, in most cases, generator
design was also not integrated in the preliminary stage.

(2) The bearing technology was selected to provide high rota-
tional speeds for pressure ratios of at least 3. To avoid
rotordynamic instabilities, one bearing was usually placed
close to the hot turbine side, necessitating air bearing tech-
nology to simultaneously sustain high speed and tempera-
ture. However, the literature review shows that despite low
friction losses and enhanced engine lifetime, air bearing
technology was unsuitable for UMGT development as all
prototypes failed to reach design speeds.

(3) The used manufacturing methods resulted either in low com-
ponent efficiencies and volumetric flow rates for 2D turboma-
chinery structures, or in excessive manufacturing costs and

Fig. 1 UAV weight versus average battery power
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unreliable or time-consuming processes for 3D designs. Thus,
a different manufacturing technology must be sought.

Motivation

In an attempt to alleviate these issues, the present UMGT devel-
opment effort proposes several strategies to generate a viable
conceptional engine design. Critical engine parameters, and par-
ticularly mass flow-dependent component performance, need to
be addressed in a preliminary stage. Instead of striving for highest
feasible pressure ratio, optimum pressure ratio evaluation is pro-
posed based on system level constraints. To highlight parameter
interdependencies, an analytic engine model is developed to
include thermodynamic cycle, heat transfer, component effi-
ciency, and rotordynamic analyses. In addition to that, in order to
avoid the complications imposed by air bearings, the sustainable
rotational speed of conventional ball bearings is set as a system
constraint. As this technology requires reduced shaft temperatures
for sufficient bearing lifetime, a cantilevered configuration must
be chosen. Finally, toward efficient reduction of bearing tempera-
ture as well as heat flux from turbine to compressor, additive man-
ufacturing is proposed to create an internal rotor cooling system.
The current stage of additive manufacturing technology for small
scales allows to produce monolithic UMGT rotors at reduced pro-
cess complexity and cost. To the best knowledge of the authors,
the geometrical flexibility of additive manufacturing has not been
investigated for UMGT production and implied constraints and
benefits have not been evaluated before.

Bearing Technology System Constraint

The rotational speed of previous UMGT concepts directly
resulted from a design point in cycle analysis, desired output
power, and optimum compressor work and flow coefficients.
Therefore, the rotational speed was, in certain limits, not regarded
as a system constraint parameter, leading to excessive speeds and
selection of unreliable bearing technology. Hence, an inverse
approach was chosen in the scope of the present project.

Modern ball bearing technology is widely used in dental appli-
cations, where speeds are reaching up to 500,000 RPM. In this
operating setting, lifetime lubrication is commonly provided by
specifically developed grease. However, high speed dental bear-
ings cannot operate at elevated temperatures due to synthetic bear-
ing cages. Therefore, before proceeding with UMGT cycle
design, bearing system constraints are defined in coordination
with a precision bearing manufacturer. According to bearing life-
time analysis (described in detail in the Appendix B), continuous
operation of over 100 h at rated speed can be ensured if the shaft
is cooled to approximately 80 �C.

This constraint necessitates cantilevered engine configuration
and advanced heat transfer management. While the stator bearing
casing can be cooled by the compressor inlet air, the rotor shaft
temperature rise is driven by heat conduction from turbine to com-
pressor. Therefore, a massive monolithic ceramic rotor would
experience unacceptable shaft temperatures [22]. Thus, additional
internal cooling of the rotor is necessary and will be addressed by
additive manufacturing of internal cooling structure. Overall, the
constraints for conceptional UMGT design that stem from
selected ball bearings are:

� Cantilevered engine configuration,
� Design point speed: 500,000 RPM,
� Shaft surface temperature: 80 �C
� Shaft diameter: 4 mm.

Holistic Thermodynamic System Design

In the scope of the present project, the system-level constraints
serve to determine the component design for maximum electric
efficiency and rotordynamic stability. To provide a reliable predic-
tion of component polytropic efficiency, commercial meanline turbo-
machinery design software (ANSYS VISTA) is coupled with the diabatic
cycle calculation to form an analytic engine model. The diabatic
thermodynamic simulation is described in detail in Appendix C. The
amount of heat addition to compression and expansion is a fixed frac-
tion of the polytropic process enthalpy change, determined based on
literature data. In combination with the thermodynamic cycle model,
the meanline software provides compressor and turbine geometries
with optimum efficiency for the desired inlet temperature, pressure,
mass flow rate, and rotational speed. Several parameters are fixed to
ensure comparable design for different volume flows. For the com-
pressor, the inlet hub radius is set to 4.5 mm, the back-sweep angle is
45 deg, and 14 blades (seven main and seven splitter) are selected
with a tip clearance of 0.1 mm.

The inlet data are prescribed by ambient conditions and inlet
pressure drop, while the total to total pressure ratio changes with
the cycle analysis. Turbine blade speed ratio, incidence angle,
diameter ratio and blade height ratio are selected in agreement
with radial turbine design guidelines, using a tip clearance of
0.2 mm [25,26]. Turbine inlet conditions stem from the compres-
sor outlet pressure and pressure drop in the combustor, as well as
TIT, while the outlet pressure loss and the ambient conditions
define the expansion ratio. Starting with initial guesses for compo-
nent efficiencies, the specific electric power output is determined,
and subsequently, the necessary mass flow rate to reach the
defined electric power is calculated. The new mass flow rate is
then imposed in the coupled meanline component software to

Table 1 Summary of previous UMGT projects

Research
group

Design
speed

(kRPM)

Achieved
stable

speed (kRPM)

>Manufacturing
technology

and material

Configuration (x¼ bearing,
C¼ compressor,

T¼ turbine, G¼ generator,
cc¼ combustor) Reasons for discontinuation

MIT 2000 — Deep reaction ion etching
(Silicon, 2D)

Rotor outer diameter
as air bearing

Heat transfer, manufacturing,
bearing instability

Tohoku 870 360 Conventional machining (Titanium alloy, 3D) CxGxTcc Hydro-inertia bearing
instability (whirl)

Korea Institute of
Machinery
and Materials

400 280 Conventional machining (Inconel 718, 3D) xGCxTcc Air bearing imbalance,
system start-up

von Karman Institute
for Fluid Dynamics

500 240 Electric discharge machining
(Silicon nitride/Titanium alloy, 3D)

xGCxTcc Air bearing instability

Stanford 800 420 Gel casting (Silicon nitride, 3D) xGxCTcc Rotordynamics, manufacturing

Office National
d’Etudes et de
Recherches
A�erospatiales

840 500 Conventional machining
(No material specified, 2D)

CxxTcc Air bearing development,
manufacturing
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determine polytropic performance for the given parameters. By
iterating this process, polytropic efficiencies and electric power
converge into a realistic estimation of electric system efficiency.
The results of this coupled cycle analysis show the importance of
global design approach during preliminary UMGT development.

Figure 2 charts the compressor efficiency for different cycle
pressure ratios in a 300 W system. Each line represents the cycle
analysis results for a certain TIT. The polytropic total to total effi-
ciency ranges from 58% to 75% depending on the mass flow rate.
Looking at this data, it becomes clear that reduction of pressure
ratio and TIT increases compressor efficiency and vice versa. This
is due to the relatively low operational speed and mass flow rate
that result in low compressor flow coefficient. The turbine effi-
ciency is much less dependent on mass flow rate, with the effi-
ciency range of 71–74% in all calculated cycle points.

The cycle calculation results for a 300 W UMGT are depicted
in Fig. 3, where peak attainable electric efficiency is approxi-
mately 6.5%. Different TITs do not have a significant impact on
cycle efficiency. This can be explained by a higher specific power,
which consequently results in a lower mass flow rate for same
wattage and thus lower compressor efficiency. The electric effi-
ciency has a distinctive peak at a pressure ratio of 2.5, and thus,
even though component efficiency for a pressure ratio of 2 is
higher, the aggregate effect of low pressure ratio on cycle effi-
ciency turns the balance and reduces the electric efficiency.

Increasing electric power output to 500 W also enhances the
compressor flow coefficient and hence component efficiency rises.
Figure 4 shows that this directly results in higher cycle efficiency
at higher pressure ratios. For low TIT, electric efficiency is
slightly higher for a pressure ratio of 3 compared to a pressure
ratio of 2.5. However, as TIT increases, specific power output
rises accordingly, resulting in lower mass flow rate and decreased
compressor efficiency at higher pressure. Moreover, when com-
paring the 300 W and 500 W cases, it is noticeable that the electric
efficiency drop for reduced pressure ratio of 2 is much larger in
the 500 W system. This can be explained by reduced efficiency

gain from higher mass flow rates as the compressor efficiency for
a pressure ratio of 2 drops due to an excessive flow coefficient.

The results of this section imply that a system-level design
approach can reveal a more realistic optimum cycle efficiency,
when compared to a pure thermodynamic investigation. The
findings relevant for UMGT development can be summarized as
follows:

� Increasing pressure ratio beyond 2.5 does not result in signi-
ficant performance improvement,

� Increasing TIT above 1300 K will reduce mass flow rate, but
will not improve electric efficiency.

As a 500 W electric power output results in a larger combustion
chamber and generator, a 300 W system with a pressure ratio of
2.5 and TIT of 1200 K was selected for further evaluation and
conceptual design. This configuration is then calculated to have a
mass flow rate of 5.2 g/s with estimated polytropic compressor
and turbine efficiencies of 68% and 72%, respectively. Compres-
sor and turbine diameters are 17 and 17.2 mm, respectively.

Materials and Manufacturing Technologies. After specifying
rotational speed and obtaining geometry constraints for a 300 W
UMGT system, different materials and manufacturing technolo-
gies can be considered for the gas turbine rotor. Due to centrifugal
forces, maximum technical work of a turbomachine (wtec;max) is
limited by the square root of tensile strength over density of the
used material, denoted as reduced specific strength [5]

wtec;max �
ffiffiffiffiffiffi
TS

q

s

It is desirable to use materials with high specific strength, as this
results in lowered centrifugal stresses for the same turbomachi-
nery work input. Along these lines, Fig. 5 compares ceramic
materials available or in advanced development for additive man-
ufacturing and metal alloys frequently used in aerospace applica-
tions [27–30]. As commonly accepted, ceramic material strength
is described by flexural strength instead of tensile strength. The
data demonstrate that ceramic materials have similar reduced
strength values as modern super alloys and may even outperform
them in high temperatures.

Ceramics are not commonly used as blade or disk material in
conventional turbomachinery due to statistically distributed mate-
rial defects that result in low survival probability of large parts.
However, ceramics are suitable for small-scale turbomachinery
due to the reduced part volume which dramatically increases sur-
vival probability and reliability [21]. Same authors also developed
a rapid prototyping technique for ceramic monolithic rotors [22].
However, this technology is not considered suitable for mass pro-
duction or prototype development as several sacrificial wax mold
components need to be machined and aligned for each part, result-
ing in costly and inaccurate production of individual rotors.

Fig. 2 Compressor efficiency for 300 W UMGT

Fig. 3 Cycle analysis for 300 W UMGT

Fig. 4 Cycle analysis for 500 W UMGT
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In contrast to this, dense ceramic parts can be produced effi-
ciently and accurately by lithography-based ceramic manufactur-
ing (LCM). In this process, frequently used in industrial and
medical applications, the green body is generated by a UV-light
mask, projected unto the build plate to solidify a thin layer of pho-
topolymeric binder mixed with ceramic powder. Subsequently,
the green body is debinded and sintered in a thermal process that
is fine-tuned according to the desired material properties. Today,
LCM is a well-proven industrial standard for alumina and yttria-
stabilized zirconia [31], while pure silicon nitride technology is
being developed [32]. Silicon nitride offers high strength, temper-
ature and corrosion resistance, high thermal shock resistance, low
density [33] and has already been implemented in radial turbine
geometries [34]. However, according to international service pro-
viders, the process maturity of additive manufacturing is still low
due to green body deformation and crack formation during the
sintering process.

Zirconia is a technical ceramic, commonly stabilized with addi-
tion of yttria to yield high room temperature strength, very low
heat transfer coefficient and similar to steel heat expansion coeffi-
cient. The high strength of this material results from a transforma-
tion toughening mechanism that prevents crack propagation and
thus creates a more ductile behavior [35]. At high temperatures,
this effect is reduced and a phase change with associated volume
increase occurs depending on the yttria mole fraction. Zirconia
thermal shock resistance is better than alumina and may be suffi-
cient for small-scale parts. Printing zirconia with LCM technology
is a mature process, reaching material properties similar to con-
ventional ceramic manufactured components [32].

Alumina is commonly used in environments of up to 1600 �C,
but suffers from thermal shock susceptibility. However, this effect
is mitigated with scale and therefore alumina has also been sug-
gested as rotor material for UMGTs [4]. Furthermore, thermal
shock is usually tested by quenching hot parts in water, a proce-
dure that is not representative for gas turbine operation. Instead, a
study on thermal shock of alumina in heated air atmosphere by
Panda et al. indicates that millimeter scale alumina parts may

withstand a shock temperature gradient of up to 700 K [36]. Simi-
lar to Zirconia, LCM of alumina parts is a well-known process,
that is widely applied in industry and can reach high surface qual-
ity and dimensional accuracy.

Common lateral resolution of LCM printers before sintering is
25 lm with a layer height of 10 lm [31]. Minimum feature size
for commercial LCM technology is 0.1 mm and less. The surface
roughness is reaching values below 1 lm Ra and dimensional
accuracy of LCM is usually around 62%, with a minimum of
60.1 mm. Higher accuracy can be achieved by iterative process
optimization for a selected geometry.

Beside the specified ceramics, Inconel 718, a common material
in turbomachinery applications, is also available for additive man-
ufacturing via selective laser melting (SLM) process. The effects
of SLM manufacturing parameters on Inconel material properties
are reviewed in Ref. [37]. Despite open pores, hollow cavities,
material inhomogeneity and bonding defects, in some cases, the
properties of SLM manufactured Inconel 718 can outperform the
values of cast parts. However, commercially available SLM proc-
esses typically produce relatively low surface roughness and
require large minimum feature size [38]. Alternatively, microlaser
sintering (MLS) is known to have precision of 65 lm, resolution
of 15 lm and layer height as low as 5 lm, while also offering out-
standing surface roughness and minimum feature size when work-
ing with stainless steel [39]. However, this technology is not yet
available for Inconel 718.

The potential materials for manufacturing UMGT rotors, along
with their minimum feature size, resolution, and surface rough-
ness are summarized in Table 2.

When applied to UMGT development, the following conclu-
sions can be drawn from the materials and manufacturing technol-
ogies review:

(1) Lithographic-based ceramic manufacturing is a mature pro-
cess for alumina and zirconia—two materials, which are
not typically used in turbomachinery applications. Applic-
ability for small scales has to be proved. High accuracy and
surface finish can be achieved, and with iterative process
adaption, postprocessing might be unnecessary to reach a
tip gap of 0.1 mm. Minimum blade thickness can be as low
as 0.1 mm.

(2) Selective laser sintering currently offers high temperature
resistant material, but poor surface quality, feature size and
accuracy. Blade thickness must exceed 0.3 mm and sand-
blasting is necessary. To reach turbine and compressor tip
gap of 0.1 mm, additional postprocessing of the contour
may be essential.

(3) LCM for silicon nitride as well as MLS for Inconel 718
have great potential for micro gas turbine applications, as
in both cases, superior material properties are combined
with high manufacturing performance.

Despite the enhanced geometrical flexibility of additive manu-
facturing, the layer-by-layer processing imposes constraints on the
gas turbine rotor structure, which are reflected in design guide-
lines [40,41]. The maximum contour slope is limited in the direc-
tion of manufacturing to ensure stability of the overhung material.
Maximum overhung angles depend on the layer height and pro-
cess parameters and usually should be below 40 deg–60 deg, with-
out additional supports. Using support structure is a solution to

Fig. 5 Comparison of specific strength for ceramics and
metals [27–30]

Table 2 Available materials and processes

Process Minimum feature size (mm) Resolution (lm) Surface roughness (lm Ra) Process maturity

Alumina LCM 0.1 25 0.4-0.6 Industrial standard
Zirconia LCM 0.1 25 0.3 Industrial standard
Silicon nitride LCM 0.1 25 0.3 In development
Inconel 718 SLM 0.3 40 6.5 Industrial standard
Inconel 718 MLS 0.05 5 1 Not yet available
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this constraint, however it significantly impacts surface quality
and thus flexural strength of ceramic structures. Besides limited
slope, additive manufacturing also requires a flat surface at the
build plate. The suggested monolithic impeller geometry is
designed in accordance with these limitations. To ensure build
plate adhesion, the radial turbine trailing edge is cut back, estab-
lishing a flat surface at the lower end of the rotor.

The described guidelines are also considered for the monolithic
turbine rotor geometry with internal bladed cooling cavity. This
shaft architecture has several system benefits. The internal flow
generated by reduced outlet pressure decreases turbine to com-
pressor heat flux and cools the bearing and generator surfaces.
The latter effect is essential to realize the proposed conventional
bearing technology, which requires low shaft temperature. More-
over, the shaft stiffness is improved as material is removed from
the middle and shifted to the outer diameter of the rotor. This
way, the bending mode frequency is increased, enabling operation
below bending modes. In addition to that, the internal flow creates
structural cooling of the turbine, easing material requirements.
Finally, the internal cavity results in less material agglomeration
and enables a more homogeneous sintering process. The resulting
rotor geometry is presented in Fig. 6.

Rotordynamic Performance. To evaluate the effect of poten-
tial materials and manufacturing methods on UMGT performance,
alumina, zirconia, silicon nitride, and Inconel 718 are assessed in
a comparative rotordynamic study. Figure 7 shows the simplified
rotordynamic model used to investigate the effect of geometric
parameters on mode frequencies. The rotor suspension is modeled
by using roller bearing stiffness at operating speed, as provided by
the manufacturer. To avoid critical modes during operation, the
mode frequencies should have a safety margin of 20% from the
operating frequency. The modal analysis was conducted using
ANSYS Modal toolbox.

The permanent magnet dimensions are estimated using an ana-
lytic optimization [42] (described in detail in Appendix D).
Starting from a baseline geometry, the magnet length (L) and
diameter (D) are varied according to seven valid ratios calculated
with the generator design code. To ensure operation without
excessive vibrations, the bending modes of the structure must be
avoided by scaling the generator within the allowed geometry
resulting from this calculation.

Usually, the first bending mode is critical for overhung rotors
as the free end is deformed close to the bearing causing fatigue
load on the shaft [43,44]. The analysis results show that the first
mode is a rigid body mode due to the relatively low bearing stiff-
ness at high speed. The second mode (first bending mode) occurs
at approximately 50% of the operating frequency and transitions
into a rigid body mode for lower length over diameter ratio and
for higher material stiffness over density ratio. For longer shafts,
this mode may turn into a bending mode as well. The third mode
of the system is a structural bending mode of the rotor. Figure 8
describes the second and third modes for a zirconia rotor with a

permanent magnet length to diameter ratio of 1.68. This setup is
marked as reference point in Fig. 9, which summarizes the find-
ings of the rotordynamic analysis for different materials. It is
obvious that while the second mode may be crossed during start-
up, the third mode must be avoided due to excessive shaft
deformation.

Figure 9 shows the second mode forward whirl and third mode
backward whirl frequency progression for different length over
diameter ratios and materials. The third mode frequencies are
observed to be affected stronger than the second mode. With
increased L=D ratio, the third mode frequency is reduced as the
bearing distance is longer. Furthermore, the material stiffness to
density ratio has a great impact on the resulting bending mode fre-
quencies. The results also show that the second bending mode is
far above the operating frequency range for alumina and silicon
nitride due to their high stiffness and low density. Compared to
this, zirconia and Inconel 718 show bending mode frequencies
closer to the operating range. Therefore, a lower length to diame-
ter ratio must be selected for Zircoina and Inconel to avoid inter-
ference with the second bending modes during operation.
However, this approach is limited, as the stress at the permanent
magnet inner radius rises quadratically with the outer radius [45],
necessitating a tight fit between the permanent magnet and the
containing sleeve [46]. This requires a thicker sleeve which in
turn reduces generator efficiency. Moreover, the bearing distance
should be as large as possible for practical reasons of the balanc-
ing procedure. It is therefore desirable to keep the L=D ratio as
high as possible, resulting in a conflict of objectives with the
rotordynamic performance.

To this end, the L=D ratio values differ from material to mate-
rial and are selected to be as large as possible, but without inter-
fering the safety margin, Table 3. It can be summarized that
silicon nitride and alumina are at this point most desirable materi-
als from a rotordynamic and generator design perspective.

Combustor Concept. Different combustor concepts have
already been demonstrated in prior UMGT development efforts.
In the scope of this work, premixed combustion in a porous inert
media is used to establish a high power density burner. Porous
media combustion of liquid and gaseous fuels has been suggested
for microgas turbine systems due to high energy density, favor-
able turn-down ratios, and stable burning. The porous material
causes turbulent flow, which contributes to stable combustion
even at higher flow speeds [47]. When facilitating premixed com-
bustion, the low equivalence ratios necessary for the desired TIT
in a range of 1100–1400 K are challenging. Porous media

Fig. 6 Preliminary rotor design

Fig. 7 Simplified rotordynamic engine model and relevant
dimensions
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combustion offers a viable solution to this problem, as the radia-
tive heat transfer within the material preheats the reactants and
subsequently allows higher flame speed and lower equivalence
ratios. Equivalence ratios as low as 0.3 with resulting outlet tem-
perature of 1100 K have been demonstrated experimentally with
porous media burners for liquid and gaseous fuels [47–52]. Radial
burners have advantage over axial burners, as the flow speed
varies with radius. This results in a stable flame front, with experi-
mental data suggesting flow speed of about 8 m/s for stoichiomet-
ric conditions [47].

However, if high amount of excess air is to achieve tempera-
tures below 1300 K, the bulk flow velocities must be in the range
of 1–3 m/s [49]. This is challenging in a microgas turbine applica-
tion as diffuser exit flow velocity is usually an order of magnitude
higher. Moreover, high velocity flow through the porous media
results in excessive pressure drop, conflicting with the design
guidelines formulated in the cycle sensitivity analysis (described
in detail in Appendix E). Therefore, the porous media inlet area
must be significantly increased to ensure stable combustion and
low pressure drop. This can be achieved by a radial inward-
directed flow that is wrapped around the porous material.
The fluid exiting the compressor is directed to a recirculation
jacket, similar to the design proposed by MIT [4]. In this channel,
the air is partially preheated as it passes next to the hot porous

media. As the porous material creates flow resistance, the fluid
enters the combustor with homogeneous velocity distribution. For
a discharge density of 2 kg/m3 and a mass flow rate of approxi-
mately 6 g/s, the necessary surface area is 1000 mm2.

Regarding the pressure drop, estimations can be made based on
a flat flame burner [50], where total inlet pressure loss of 2% was
measured at a flow velocity of 2 m/s and porosity of 50%. 5%
pressure drop assumption is therefore in line with experimental
data for low velocity flow.

Conceptional Ultramicrogas Turbines Design. At this point,
the turbomachinery geometry as well as the bearing positions,
shaft dimensions, and permanent magnet geometry are determined
via the preliminary design process and the system layout of the
engine configuration is portrayed in Fig. 10. The premixed air and
fuel enter the engine radially through the intake and are com-
pressed in the centrifugal compressor. During subsequent diffu-
sion, heat from the combustor is transferred to the flow to preheat
the mixture. The porous media combustor is then enclosed by the
incoming mixture and a flame at the outer radius of the porous
material (region of the lowest flow velocity) is established.
The hot gases propagate radially inward toward a hollow cavity
prior to entering the guide vanes of the radial turbine. The flow is
then further heated by the additional mixture that enters the
porous media from the inner radius.

To provide sufficient cooling for the radial bearings, as well as
compressor and turbine structure, cooling flow enters the hollow
rotor at ambient conditions in front of the generator.

Fig. 8 Second (left) and third (right) mode deformation

Fig. 9 Rotordynamic behavior of the simplified geometry for
different materials

Table 3 Selected L/D ratio for different materials

Material L/D ratio

Inconel 718 1.68
Silicon nitride 2.2
Alumina 2
Zirconia 1.68

Fig. 10 Conceptual UMGT engine architecture
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Subsequently, heat exchange takes place with the structure and
material temperatures are reduced.

In comparison to previous research projects, the following nov-
elties and advantages are presented in the current design:

� Rotor design that exploits full potential of additive manufac-
turing technologies,

� New cooling strategy by internal flow,
� Reliable and well-known bearing technology,
� Rotordynamic stability due to enhanced shaft stiffness,
� Optimized pressure ratio with respect to cycle performance,
� Premixed porous combustor architecture.

Preliminary Computational Fluid Dynamics Results. To
evaluate the validity of the preliminary stage assumptions, compu-
tational fluid dynamics (CFD) simulations and CHT calculations
are performed using ANSYS CFX solver. CFD analysis is conducted
for the meanline radial compressor geometry at rotational speed
of 500,000 RPM, pressure ratio of 2.5 and mass flow rate of 5.2 g/
s. To reduce the root stresses, the blades are designed with a hub
fillet of 0.15 mm radius. As minimum wall thickness of SLM pro-
cess is limited to 0.3 mm, the blade root thickness varies from
0.44 mm to 0.55 mm. The clearance between casing and compres-
sor is set to 0.1 mm. The compressor has elliptic leading and trail-
ing edge geometries, as suggested in Ref. [53]. The diffuser
geometry is optimized within the boundaries of geometrical
guidelines [54], based on a screening method. A radial intake is
integrated in the model according to the engine architecture.

The ANSYS CFX internal wall function model is applied in combi-
nation with k-e turbulence and a yþ value of 30—an approach pro-
posed and validated in Ref. [55]. The k–e turbulence model is
known to have good agreement with experimental data for meso-
scale turbomachinery [20]. ANSYS TURBO-GRID is used for discreti-
zation, resulting in a compressor rotor section mesh with 640,000
elements and diffuser section mesh with 440,000 elements. The
two domains are interfaced by a mixing plane model, conserving
total pressure. Inlet total state and outlet mass flow are selected as
boundary conditions. Heat capacity and transport properties are
implemented as function of local temperature. To evaluate the
applicability of proposed additive manufacturing methods, differ-
ent sand grain size values are set on the rotor surface to simulate
roughness according to Ref. [56].

Computational fluid dynamics findings for the compressor stage
are charted in Fig. 11 in terms of velocity contours, while the
results of all simulations are summarized in Table 4. The compari-
son of sand grain sizes associated with the proposed additive

manufacturing techniques shows that compressor efficiency is
reduced by approximately 1% for an SLM process value of
34.5 lm Ra, when compared to the very smooth surface of LCM
technology. Therefore, LCM technology is most desirable but not
crucial for sufficient compressor efficiency. Moreover, the pres-
sure ratio is hardly affected by surface roughness change. Finally,
the compressor polytropic efficiency is predicted with reasonable
accuracy by the meanline software (68% for a pressure ratio of
2.5 and a mass flow rate of 5.2 g/s). This value can surely be
reached with additional rotor and diffuser optimization, which are
out of this paper’s scope. In similar fashion, turbine CFD calcula-
tions yield polytropic total to static efficiency of up to 72%.

In following, CHT analysis is conducted in ANSYS CFX to evalu-
ate the temperature distribution within the hollow rotor. The
model, depicted in Fig. 12, consists of three domains for rotor
structure, cavity flow and gap flow. Solid and cavity domain are
full models with unstructured meshes of 235,000 and 620,000 ele-
ments, respectively. The gap fluid domain is a 5 deg section with a
structured mesh of 50,000 elements. To capture the boundary
layer heat transfer from solid to fluid domain, inflation layers are
applied to reach yþ of 1 at the fluid-solid interfaces. As fluid and
solid meshes are not matched, the solid mesh is refined at the
boundary to reduce interpolation error. Since this paper focuses
on the internal heat exchange between cavity and solid, the heat
transfer at turbine and compressor surface is simplified by apply-
ing the Sieder–Daast equation with averaged temperatures and
heat transfer coefficients. This approach was demonstrated to be
in good agreement with a full conjugate model in a microgas tur-
bine scenario [17].

The cavity inlet conditions are prescribed by ambient total pres-
sure and static temperature. At the cavity domain outlet, the tur-
bine exhaust flow causes an entrainment effect on the internal
cavity, owing to the lower static pressure induced by high turbine
outlet velocity. To capture this effect, the outlet conditions of a
separate radial turbine simulation are interfaced with the cavity
domain. Outlet pressure and temperature of the cavity domain are
set according to ambient conditions. The gap flow domain is inter-
faced with the solid domain at the outer contour of the shaft. In
this simulation, the parallel gap width is set to 0.1 mm, represent-
ing highest achievable manufacturing accuracy.

Inlet total pressure and outlet static pressure of the gap domain
are found from compressor and turbine CFD simulations. Another
boundary condition of this domain is the outer wall temperature.
In a full CHT analysis of a UMGT (including stator and rotor) the
gap wall temperature ranged from 600 to 750 K [57]. Therefore, a
conservative value of 750 K is applied at the outer wall of the gap
fluid domain. The conductivity of the used solid materials is
implemented as a function of temperature. The CHT analysis is
then conducted for the four selected materials and the results of
the study are summarized in Table 5 in terms of generator shaft
temperature and heat fluxes. The fluid and solid temperature fields
for a sample material (Inconel 718) are visualized in UMGT cross
section in Fig. 13.

The results indicate that the shaft temperatures are relatively
high with respect to the limiting value of 80 �C, which is
demanded for 100 h of continuous bearing operation. While the
findings for zirconia and Inconel 718 indicate sufficient cooling of
the shaft, alumina and silicon nitride may reduce bearing lifetime.
Absent of cavity cooling, the solid shaft geometry would
significantly increase shaft temperature. Therefore, additive man-
ufacturing is considered not optional, but rather an essential tech-
nology to realize the proposed engine architecture.

Beside shaft temperature, heat fluxes in the compression and
expansion processes are important as they affect the cycle effi-
ciency. Heat flux values are very similar for alumina, silicon
nitride, and Inconel 718. For these three materials, the heat trans-
ferred to the internal cavity is approximately half of the heat
transferred to the compressor. Inconel 718 presents a slightly
lower compressor heat flux value, which can be explained by the
material’s thermal conductivity that rises with temperature.

Fig. 11 CFD results for the compressor stage—velocity
contours

021006-8 / Vol. 143, FEBRUARY 2021 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/143/2/021006/6621729/gtp_143_02_021006.pdf by Elyachar C
entrl Library user on 19 January 2021



Compared to this, heat flux is significantly reduced for zirconia
due to its low thermal conductivity. This has positive impact on
cycle efficiency, but at the same time, structural temperatures
are increased.

Using the compressor efficiencies tabulated in Table 4, the
resulting cycle efficiencies are evaluated based on the analytic
engine model. According to the preliminary investigation, pres-
sure ratio and TIT are set to 2.5 and 1200 K, respectively. Other
cycle properties such as combustor pressure drop, inlet pressure
drop, and electric and mechanic efficiencies are prescribed
according to the reference point cycle analysis (described in detail
in Appendix F). The turbine polytropic efficiency is set to 72%.
The obtained electric efficiencies are 5.1% for alumina, silicon
nitride and both SLM- and MLS-manufactured Inconel 718, and

5.2% for zirconia. Zirconia has a small advantage due to low com-
pressor side heat flux and high surface quality. It can also be noted
that Inconel 718 printed with current SLM technology is competi-
tive with silicon nitride and alumina, despite the lower component
efficiency, as its compressor heat flux is reduced by approximately
15%.

Material Stress Estimation. In order to study the ability of dif-
ferent materials to withstand material stresses that develop in the
UMGT model, an FEM simulation is conducted on the prelimi-
nary geometry using temperatures obtained from CHT analysis.
The results are summarized in Table 6 in terms of turbine blade
root stresses. Zirconia and Inconel 718 have comparatively high
density, resulting in linearly growing centrifugal stresses. Com-
pared to this, alumina and silicon nitride offer low density, result-
ing in minimum stress values. Moreover, the high thermal
conductivities of alumina, silicon nitride, and Inconel 718 result
in lower structural temperature on the turbine side, which is bene-
ficial from a stress perspective. In contrast to this, zirconia shows
higher structural temperature. Therefore, while low thermal con-
ductivity is beneficial to reduce bearing shaft temperature, it may
impose excessive thermal loads on the turbine.

The resulting stresses and temperatures are compared to mate-
rial data for tensile strength of alumina [58], 3% yttria-stabilized
zirconia [59], silicon nitride [60] and Inconel 718 [28]. The pre-
cise stress limits of the ceramic materials are difficult to predict
based on literature data, as they depend on part geometry and sin-
tering process. Thus, the values presented here are considered as
conservative estimation for relevant temperatures. According to
these data, alumina is unsuitable for the current geometry, as the
maximum stress exceeds the tensile strength limit. Additional
optimization is therefore necessary to facilitate this material. Zir-
conia is a viable option as a safety margin of almost 100 MPa can
be expected. Silicon nitride outperforms all materials due to its
low density and high temperature strength. Beside ceramics,
Inconel 718 also shows sufficient safety margin.

Further FEM investigations on the entire rotor geometry show
that compressor side stresses in the cavity currently surpass tensile
strength of zirconia, alumina and Inconel 718 for the presented
baseline geometry. However, multiparameter optimization of the
internal cavity geometry is expected to significantly reduce stress

Table 4 Compressor CFD results for different materials

Material and
process

Equivalent sand
grain size (lm)

Stage polytropic
efficiency

Pressure
ratio

Alumina (LCM) 3.2 65.2% 2.48
Zirconia (LCM) 1.6 65.3% 2.47
Silicon nitride (LCM) 1.6 65.3% 2.47
Inconel 718 (SLM) 34.5 64.2% 2.43
Inconel 718 (MLS) 5.3 65.1% 2.45

Fig. 12 Conjugate heat transfer simulation model

Table 5 Shaft temperature and heat fluxes for different materials

Material Shaft temperature Turbine (W) Cavity (W) Gap (W) Compressor (W)

Alumina 99 �C 110.1 �34.7 �6.5 �68.9
Zirconia 72 �C 58.2 �25.0 �5.7 �27.5
Silicon nitride 94 �C 118.5 �37.6 �12.9 �68.1
Inconel 718 83 �C 117.7 �39.3 �19.5 �58.9

Fig. 13 Temperature distribution in fluid and solid domain for Inconel 718
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for these materials. Therefore, it is appropriate at the current stage
to consider turbine blade root stress as a limiting factor.

Discussion

The preliminary design process of the monolithic gas turbine
rotor reveals the effect of different manufacturing processes and
materials on system level engine performance. At the current
stage, silicon nitride is the most desirable material due to its excel-
lent high temperature and strength capabilities. Moreover, the
high stiffness and low density result in bending mode frequencies
far from the operating range. This allows using a slim permanent
magnet, which will reduce sleeve stresses and enhance generator
efficiency. However, a silicon nitride rotor may result in elevated
shaft temperature and thus reduced bearing lifetime. Moreover,
additive manufacturing of this material is currently not available
for the proposed complex geometry. Besides silicon nitride, zirconia
offers a viable alternative with some compromises in the bending
mode safety margin and maximum stresses. Due to its low thermal
conductivity, the shaft temperature is reduced, and excellent bear-
ing lifetime can be expected. Furthermore, cycle efficiency is
increased. Inconel 718 shows high potential due to its high-tensile
strength and lowered conductivity at high temperature, which
results in acceptable shaft temperature. However, a large perma-
nent magnet diameter is necessary to avoid bending mode fre-
quency, which in turn will reduce generator efficiency. The study
also suggests that alumina is not applicable to the current geome-
try due to its low tensile strength.

After elaborating on the UMGT design, the system weight can
be predicted in a reasonable range. As the proposed technology is
in competition with lithium-ion batteries for UAVs, a power den-
sity comparison is conducted based on the presented engine archi-
tecture. To that end, a hybrid electric energy supply system is
envisioned to provide electric power output for a UAV, Fig. 14.
As it is desirable to run the gas turbine at constant load, a battery
buffer is connected to the UMGT. This way, electric energy pro-
duced can be stored and extracted on demand.

To estimate the battery buffer weight for a 300 W output sys-
tem, the demanded time of autonomous flight in case of engine
shutdown is set to 1 min. Suitable batteries, which weigh around
40 g, are commonly available for model aircraft applications. The
overall system mass is estimated to be 291 g, with distribution
according to Fig. 15.

Now, using the cycle efficiency, hydrocarbon energy density,
and system weight, the energy density of the proposed system can

be determined and compared to modern UAV lithium-ion battery
technology. Energy density of a typical UAV battery with suitable
power output is 150 Wh/kg and stored energy per unit mass can be
considered to rise linearly [61]. In contrast to this, the UMGT sys-
tem has an offset in stored energy due to the system weight. The
additional stored energy is then increasing according to the energy
conversion efficiency and fuel specific energy. As mentioned
before, the expected UMGT cycle efficiency is 5.1% at a system
weight of 291 g and a fuel energy density of 14.9 kWh/kg.

The resulting comparison in stored energy progression as a
function of weight is depicted in Fig. 16. For the microgas turbine,
energy density is a function of system weight due to the initial off-
set. Thus, in the evaluated design, an energy density enhancement
factor of 3.6 can be reached in a 1 kg system, when compared to
conventional lithium-ion batteries.

Conclusions and Future Work

The aim of this paper is to present in detail the preliminary
design process of additively manufactured ultramicrogas turbines
with conventional bearing technology. For the design of a 300 W
microgas turbine, a system-level engine model is elaborated to
highlight interdependencies between thermodynamic cycle, heat
transfer, component efficiency, and rotordynamics. This analysis
proves that mass flow-dependent turbomachinery component effi-
ciencies result in significantly reduced optimum pressure ratio for
maximum cycle efficiency. Based on the constraints implied by
conventional bearings and desired electric power output, the opti-
mum pressure ratio is determined to be 2.5.

A preliminary rotordynamic model is then used to optimize
generator dimensions such that bending modes are avoided while
the desired electric power output and efficiency are reached. Pre-
mixed porous media combustion is evaluated as a viable strategy
to facilitate a high energy density burner. Finally, based on addi-
tive manufacturing limitations and material constraints, a novel
hollow rotor architecture with internal cooling blades is presented.

Preliminary CFD results reveal the effect of manufacturing sur-
face roughness on compressor efficiency, concluding that per-
formance does not deteriorate severely for the investigated
technologies. To estimate the impact of heat transfer on cycle effi-
ciency, a conjugate heat transfer analysis for the hollow rotor
structure is carried out for four different materials. It shows that
depending on the material, electric efficiency of up to 5 percent
can be reached. The study also suggests that while silicon nitride
may be the most desirable material for the monolithic rotor, zirco-
nia and Inconel 718 may offer viable alternatives.

The positive conclusions of the present effort present a clear
path toward future multiparameter optimization of the monolithic

Table 6 Stress and temperature at the turbine blade root

Material
Average blade

root temperature
Estimated

tensile strength
Turbine blade

root stress

Alumina 685 �C 260 MPa 290 MPa
Zirconia 704 �C 540 MPa 442 MPa
Silicon nitride 681 �C 720 MPa 233 MPa
Inconel 718 679 �C 920 MPa 588 MPa

Fig. 14 Hybrid electric energy supply system Fig. 15 System mass distribution
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rotor with respect to component efficiency, heat transfer, rotordy-
namics and structural stresses. Moreover, the preliminary data
gathered in the scope of this research allow for additive manufac-
turing of monolithic rotors from relevant materials, which would
then be subjected to cold and hot gas tests. It is the hope of the
authors that the combination of present findings and the future
works will culminate in a demonstration of a functional additively
manufactured gas turbine prototype with 300 W electric power
output.
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Nomenclature

Symbol Units

cp ¼ heat capacity at constant pressure ðJ=kgKÞ
D ¼ diameter ðmÞ
h ¼ specific enthalpy ðJ=kgÞ
L ¼ length ðmÞ
P ¼ pressure ðN=m2Þ
q ¼ specific heat ðJ=kgÞ

rq ¼ heat flux ratio
T ¼ temperature ðKÞ

TS ¼ tensile strength ðMPaÞ
v ¼ specific volume ðm3=kgÞ
w ¼ specific work ðJ=kgÞ
gp ¼ polytropic efficiency
q ¼ density ðkg=m3Þ

Subscripts

c ¼ compressor
dia ¼ diabatic

max ¼ maximum
qc ¼ compressor heat flux ratio
qt ¼ turbine heat flux ratio

t ¼ turbine
tec ¼ technical

Abbreviations

CHT ¼ conjugate heat transfer
FAR ¼ fuel to air ratio
LCM ¼ lithography-based ceramic manufacturing
MLS ¼ micro laser sintering
SLM ¼ selective laser melting
TIT ¼ turbine inlet temperature

UAV ¼ unmanned aerial vehicle
UMGT ¼ ultramicrogas turbine

Appendix A: Unmanned Aerial Vehicle Weight and

Battery Power Summary

The models and the relevant parameters of the drones used to
chart Fig. 1 are summarized in Table 7. One of the UAVs (Power
Vision’s Power Eye) is relevant to both entertainment and field
operation sectors and shows twice in the chart.

Appendix B: Bearing Lifetime Calculation

In order to estimate device efficiency, friction losses must be
considered. Previously, dental bearings operating at 500,000 RPM
were already used toward the development of a high speed gener-
ator with 100 W electric power output [46,62–64]. The mechani-
cal bearing losses were evaluated experimentally at this speed to
be approximately 10 W [63]. This value is also in line with the
loss calculations for the selected bearings provided by the manu-
facturer. According to lifetime calculation done by bearing manu-
facturer, prescribing boundary conditions according to Table 8
results in a value of above 100 h.

Fig. 16 Stored energy versus weight comparison

Table 7 UAV models and characteristics

Make Model Sectora

Maximal
take-off

weight (gr)
Battery

power (W)b

Yuneec Typhon H3 E 1985 218
Yuneec Mantis Q E 480 58
Yuneec H520 E 1633 192
Yuneec Typhon H Plus E 1645 171
Yuneec Tornado H920þ F 5000 445
DJI Matrice 200 F 5800 450
DJI Mavic 2 F 907 115
DJI Spark E 300 63
DJI P4 Multispectral F 1487 198
DJI Inspire 2 E 4250 434
DJI Phantom 4 RTK F 1391 178
Parrot Anafi E 285 49
Parrot Bluegrass Fields F 1800 238
Parrot Anafi Thermal F 315 47
Ingegneria Dei Sistemi IA-3 Colibri F 5000 300
AeroVironment RQ-11B Raven M 1900 250
EMT Aladin M 3200 260
Microdrones MD-1000 T 6000 360
Power vision Power Eye E, F 3950 400

aE—entertainment, F—field operation (inspection, mapping or surveying),
M—military, T—transport
bTypically, not specified by manufacturer, estimated instead from specified
flight time.
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Appendix C: Diabatic Cycle Analysis

A thermodynamic cycle analysis program is developed to high-
light the effect of different parameters on UMGT performance.
The program evaluates well-known ideal gas relations, as well as
first and second law equations for changes of state. NASA polyno-
mials are used to address the temperature dependency of heat
capacity [65]. The program is separated into compressor, combus-
tor, and turbine modules. The aerodynamic performance of tur-
bine and compressor is determined using total to total polytropic
efficiencies. Inlet and outlet pressure losses are considered as well
as combustor pressure drop, combustion efficiency, mechanical
efficiency, and generator efficiency. Adiabatic calculations are
validated using data from Refs. [66–68]. To account for diabatic
effects, heat flux in compressor and turbine is modeled as a con-
stant fraction of the polytropic compression and expansion
enthalpy change.

In small-scale gas turbines and turbochargers, heat flux from
turbine to compressor results in performance deterioration. Heat
flux as a function of pressure progression has a significant impact
on component efficiency, as the compression work is increased
due to diverging isobaric lines on T-S diagram. As pointed out in
Ref. [69], the integration path of the diabatic process changes
the temperature progression and with it the associated compres-
sion or expansion work. Introducing heat at a low pressure has a
pronounced impact on compression efficiency, as more work is
needed to pressurize high temperature fluid [70]. Therefore,
compression at a higher temperature results in more work input
than at low temperature. In contrast, adding heat flux at the end
of the compression process is less harming to component effi-
ciency, as most of the pressure change has already been accom-
plished. This effect is reversed for the turbine, where decreasing
fluid temperature by cooling reduces available shaft work
output.

This paper follows the approach applied in Ref. [71], where
compression and expansion processes are divided into several
steps. Thus, heat addition can be modeled as a function of pres-
sure change. Along the streamline coordinate of the compressor,
the wetted disk surface area, and hence heat flux, rises quadrati-
cally with the radius. Following Euler equation, total pressure is
proportionate to the square of rotational velocity and thus also
increases quadratically with the radius:

Adisk � q � r2 (C1)

Pt � u2 � r2 (C2)

This way, linear heat addition with pressure rise can be justified,
assuming constant temperature difference and heat transfer
coefficient

dqi � dPt;i (C3)

The diabatic change of state is now separated into incremental
adiabatic compression with subsequent heat addition steps. The
differential change of state can be discretized as

dhdia;c ¼ dwc þ d-q ¼ vdP

gp

þ d-q (C4)

dhdia;ic ¼

ðiþ1

i

vdP

gp|fflfflfflffl{zfflfflfflffl}
dwc

þ dqi Pið Þ (C5)

Similar formulation is used for the turbine, where the static outlet
pressure is prescribed from ambient conditions and outlet pressure
drop

dhdia;it ¼
ðiþ1

i

vdP|fflfflfflffl{zfflfflfflffl}
dwt

�gp þ dqi Pið Þ (C6)

To ensure comparability of specific heat flux, global component
heat flux is given as a fraction of the polytropic pressure change in
the components

qglobal;c ¼
ð2total

1total

vdP � rqc (C7)

qglobal;t ¼
ð2total

1total

vdP � rqt (C8)

Using this formulation, higher pressure ratios, as well as higher
inlet temperatures, result in more heat flux from compressor to
turbine. This is in agreement with turbomachinery design, as
higher pressure ratios cause higher tip speeds and hence larger
diameters for the same rotational speed. Moreover, a lower pres-
sure ratio enhances the mass flow rate necessary to reach a certain
power output and hence the specific heat flux is reduced. How-
ever, this approach simplifies the highly complex conjugate heat
transfer effects and should be fine-tuned iteratively. Consulting
two prior publications on microgas turbine heat transfer [17,57] as
well as looking at the preliminary conjugate heat transfer results,
values of heat flux ratios rqc and rqt are estimated as 0.3.

In each incremental step, the next temperature is calculated
according to the combined enthalpy change

Tiþ1 ¼ Ti þ
dhdia;i

cp Tið Þ
(C9)

To calculate the work added or extracted during the pressure
change, the incremental steps of compression or expansion are
added up

wt=c ¼
XN

i¼1

dwc=t (C10)

The specific work output and electric efficiency can then be found
from

wel ¼ wt � 1þ FARð Þ � wcð Þ � gm � gel (C11)

gel ¼
wel

qfuel

(C12)

Iterative calculation of the cycle is conducted to provide sufficient
convergence of combustion heat input and resulting turbine fuel
ratio.

Appendix D: Analytic Calculation of Generator

Dimensions

The review of previous efforts showed that rotordynamic insta-
bility is a major hurdle toward successful UMGT operation. As
the generator dimensions have a significant impact on mode

Table 8 Ball bearing lifetime calculation parameters

Parameter Value

Operating speed 500,000 RPM
Shaft temperature 80 �C
Axial preload 2 N
Axial load 5 N
Radial load <1 N
Lubrication Grease
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frequencies, an analytic sizing of the high speed generator is
implemented based on design guidelines for a slotless brushless
DC motor [42]. To find an optimum generator configuration, the
outer motor radius, electric efficiency, phase angle, and field
amplitude of the model are varied within reasonable ranges, sum-
marized in Table 9. To exclude invalid designs, a maximum cur-
rent density is defined and compared with the wire cross section
and the resulting current. The inner diameter of the hollow cylin-
der magnet is limited by the bearing inner diameter (4 mm). The
stator magnet made of Sm2Co17 is implemented in the model with
corresponding material properties.

Figure 17 shows the permanent magnet external dimensions for
valid generators with an output of 300 W and efficiency of above
93%. To address rotordynamic stability analysis, a simplified
engine model is designed from the geometrical information of
meanline turbine and compressor design as well as the generator
permanent magnet. This way, the system-level interdependency
between thermodynamic cycle, turbomachinery design, and rotor-
dynamics is established.

Appendix E: Thermodynamic Cycle Sensitivity Analysis

A sensitivity analysis is conducted to show the effect of differ-
ent cycle parameters on electric efficiency. TIT and cycle pressure
ratio alike have significant impact. Considering UMGT design, it
is therefore most critical to not fall below the design values for
these two parameters. This conclusion was also observed in previ-
ous efforts, where the design pressure ratio was not reached, or
the TIT was reduced due to heat transfer effects.

The parameters used in the sensitivity study are summarized in
Table 10, while the findings of the study are presented in Fig. 18.
The data suggest that turbine and compressor heat flux factors do
not create major impact on the cycle design point when compared
to other parameters. Besides this, the combustor pressure drop is a
driving parameter for cycle efficiency and the effect of a 3%
change is more significant than changing the pressure ratio value
by 0.3 or doubling compressor heat transfer. Therefore, reducing
combustor pressure drop is paramount during UMGT develop-
ment effort. In contrast to this, changing combustor efficiency by
2% does not cause a severe effect on cycle efficiency. Generator

and mechanical efficiencies have direct impact on the shaft power
and should therefore not be neglected. To summarize, the UMGT
design guidelines stemming from case studies and sensitivity anal-
ysis are:

� To maximize turbine and compressor aerodynamic
efficiency,

� To maximize TIT,
� To avoid excessive pressure ratio for low TITs due to

reduced benefit,
� To reduce compressor and turbine performance deterioration

by mitigating heat flux,
� To optimize combustor pressure drop.

Appendix F: Thermodynamic Cycle: Reference

Scenario

In this section, the cycle analysis results are discussed to high-
light a baseline scenario for component efficiency and heat trans-
fer rates. The values for generator efficiency, mechanic efficiency,
and pressure drops are kept constant as summarized in Fig. 19.
The compressor polytropic efficiency is approximated as 68%, the
turbine polytropic efficiency is 72% and the heat flux fraction of
compressor and turbine is 0.3.

The effect of heat addition on cycle performance is considered
according to previous equations. It can be seen that for low TITs,
the optimum pressure ratio is rather low at a value of 3 for

Table 9 Generator model input

Input parameters Values Input parameters Values

Operating speed 500,000 RPM Air gapþ sleeve thickness 1 mm
Target efficiency 90–99% Coil filling factor 0.6
Shaft diameter 4 mm Stator iron saturation 0.1–0.765 T
Generator diameter 20–30 mm Generator back

electromotive force
18 V

Phase angle b 0.2–0.5 Maximum current density 10 A/mm2

Fig. 17 Generator analytic model results

Table 10 Sensitivity analysis parameters

Lower limit Reference Upper limit

Turbine efficiency 69% 72% 75%
Compressor efficiency 65% 68% 71%
Turbine inlet temperature 1100 K 1200 K 1300 K
Pressure ratio 2.2 2.5 2.8
Turbine heat flux factor 0.4 0.3 0.2
Compressor heat flux factor 0.4 0.3 0.2
Combustor pressure drop 8% 5% 2%
Combustor efficiency 96% 98% 100%
Generator efficiency 90% 95% 100%
Mechanic efficiency 90% 95% 100%
Inlet pressure drop 1% 0.5% 0%
Outlet pressure drop 1% 0.5% 0%
Mechanic efficiency 90% 95% 100%

Fig. 18 Thermodynamic cycle sensitivity analysis
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1100 K. This results from the diabatic processes and the low com-
ponent efficiencies, which mitigate the resulting shaft power for
higher pressure ratios. At a TIT of 1000 K, the optimum pressure
ratio for highest efficiency is already 2.5. Further increase leads to
reduced cycle efficiency and work output. This leads to the con-
clusion, that a direct connection between cycle analysis and com-
ponent design is necessary during an early stage of UMGT
development, in order to avoid issues faced by previous projects.
There, high pressure ratio was set as an objective, leading to high
speed bearing issues and preventing successful UMGT operation.
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