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This paper presents the design and experimental results of a new micro gas turbine archi-tecture exploiting 
counterflow within a single supersonic rotor. This new architecture, called the supersonic rim-rotor gas 
turbine (SRGT), uses a single rotating assembly incorporating a central hub, a supersonic turbine rotor, a 
supersonic compressor rotor, and a rim-rotor. This SRGT architecture can potentially increase engine power 
density while significantly reducing manufacturing costs. The paper presents the preliminary design of a 5 kW 
SRGT prototype having an external diameter of 72.5 mm and rotational speed of 125,000 rpm. The proposed 
aerodynamic design comprises a single stage super-sonic axial compressor, with a normal shock in the stator, 
and a supersonic impulse tur-bine. A pressure ratio of 2.75 with a mass flow rate of 130 g/s is predicted using a 
1D aerodynamic model in steady state. The proposed combustion chamber uses an annular reverse-flow 
configuration, using hydrogen as fuel. The analytical design of the combus-tion chamber is based on a 0D 
model with three zones (primary, secondary, and dilution), and computational fluid dynamics (CFD) 
simulations are used to validate the analytical model. The proposed structural design incorporates a 
unidirectional carbon-fiber-reinforced polymer rim-rotor, and titanium alloy is used for the other rotating 
compo-nents. An analytical structural model and numerical validation predict structural integ-rity of the 
engine at steady-state operation up to 1000 K for the turbine blades. Experimentation has resulted in the 
overall engine performance evaluation. Experimen-tation also demonstrated a stable hydrogen flame in the 
combustion chamber and struc-tural integrity of the engine for at least 30 s of steady-state operation at 1000K.

1 Introduction

Low cost and high power density are key characteristics for
portable and transportation power units such as aircraft auxiliary
power units, emergency generators, and range extenders for elec-
tric cars. Today’s gas turbines are expensive and piston engines
do not offer enough power density for high power applications
[1]. The SRGT can lead to high power density while maintaining
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low manufacturing costs by using a single supersonic rotating as-
sembly. The SRGT uses a single concentric rotating disk (as
shown in Fig. 1). The compressor and turbine rotors are located
inside a carbon fiber rim-rotor that keeps the components in com-
pression, to handle high centrifugal loads caused at high rotational
speed.

A supersonic impulse compressor comprised of a rotor (located
between the turbine rotor and the rim-rotor) and a stator increases
the air pressure in a very short distance. Subsonic combustion
takes place in an annular reverse-flow combustion chamber, with
the inlet and the exhaust on the same side of the rotating disk;
combustion products are expanded in the turbine stator. The high-
speed flow is then converted into torque by the impulse turbine
located beneath the compressor rotor. Finally, the mechanical
power can eventually be converted to electricity by a high-speed
generator.

Small high-speed turbomachinery using the rim-rotor architec-
ture present the potential for high power density, which makes it
interesting for many mobile applications [2,3]. The key concept of
these engine configurations is that the rim-rotor supports high cen-
trifugal loads and keeps rotating components in compression,
allowing the use of ceramic turbine blades. The mechanical prop-
erties of ceramics allow the maximum turbine inlet temperature
and rotational speed to increase, resulting in efficiency and power
density gains. The rim-rotor is a key component, which provides
the necessary strength to reach supersonic speed (Mach 2 and
higher) [4,5].

Small concentric counterflow turbomachinery has been studied
in-house, based on these configurations, but no known demonstra-
tion had been performed on such a configuration. The concentric
counterflow arrangement has fewer components than traditional
turbomachinery, which results in low manufacturing cost of a sin-
gle rotor [6–8] comprised of only a few distinct components. The
addition of a rim-rotor to the counterflow configuration has the
advantage of enabling supersonic compression while integrating
ceramic turbine blades in a single assembly. Moreover, the loca-
tion of the compressor between the turbine and the rim-rotor pro-
tects the latter from the high temperature of the exhaust gases [9].
No experimental research has demonstrated the potential of small
engine supersonic turbomachinery with single rotor counterflow
embedded in rim-rotor.

This paper presents the design process and experimental valida-
tion of a small scale SRGT prototype. The design process of the
aerodynamic layout, the combustion chamber, and the structure of
a 5 kW prototype are detailed. Analytical and/or numerical models
are used in all three aspects of SRGT design (aerodynamics, com-
bustion, and structural design). Finally, a test bench is designed to
characterize the SRGT prototype. Experimental results from a
5 kW prototype are presented.

Results from a steady-state test show that the proposed concept
can sustain the mechanical stresses caused by high rotational

speed with a turbine inlet temperature of 1000K. Ignition and sta-
ble combustion are demonstrated with hydrogen as a fuel. A com-
bustion efficiency of more than 85% was reached. An acceleration
from 102,000 to 117,000 rpm was demonstrated. Although it is
not possible to prove the production of indicated power during the
acceleration, a power gain of 1500W was measured.

2 Prototype Requirements

The main research objective is to study the feasibility of SRGT
turbine by attempting to demonstrate positive indicated power in
steady-state operation. This objective leads to specific objectives
for the aerodynamic and combustor designs. For the aerodynamic
design, the compressor must provide an air mass flow at a pressure
ratio of 2.75 to produce positive indicated power. To achieve the
desired pressure ratio, the compressor must reach a supersonic
velocity of Mach 1.4 at the compressor inlet.

For the structure, a rotational speed of 125,000 rpm is selected
to achieve supersonic compression. A turbine inlet temperature of
1000K in steady-state operation is set to allow the use of easy-to-
manufacture materials. The outside diameter of the prototype is
essentially fixed by limits imposed by the existing test bench and
the use of readily available materials.

For the combustor, the aim is to demonstrate that a hydrogen
flame can be ignited and stabilized in the combustion chamber.
Hydrogen is selected for its high laminar flame velocity and its
wide ignition range. A 30 s total operation time is targeted to
reach dynamic and thermal quasi-steady state of the rotor. Techni-
cal requirements that satisfy those objectives are listed in Table 1.

3 Proposed Design

The layout of SRGT system shown in Fig. 2 presents the major
components of inlet, compressor and turbine rotors and stators,
combustion chamber, and exhaust. The compressor stator is used
to convert dynamic pressure of the flow coming out of the com-
pressor rotor into static pressure. Because the flow coming out of
the rotor is supersonic, the stator uses oblique and normal shocks
to convert the dynamic pressure into static pressure. The turbine
stator converts the static pressure into dynamic pressure using a
converging–diverging nozzle. The combustion chamber has an
annular reverse-flow configuration, with the inlet and the outlet on
the same side.

The SRGT rotor is an assembly comprising the turbine rotor,
the compressor rotor, a thin aluminum ring, and the rim-rotor.
Both rotors and the aluminum ring are shrink fit inside the
rim-rotor. The turbine and compressor rotors are made of grade 5
titanium alloy to allow easy machining while providing good
structural strength at high temperature. The turbine hub is hollow
to fit the prototype on the starter shaft. Mass is added around the
center of the hub during dynamic balancing of the rotor assembly.
The rim-rotor is made of a high modulus carbon fiber impregnated
with polyetheretherketone, a high-temperature thermoplastic. The
rim-rotor preloads the inner components in compression, limiting
the stress levels caused by the high centrifugal field at high rota-
tional speeds (>100,000 rpm). The thin aluminum ring is fitted
between the compressor blades and the rim-rotor to distribute the

Table 1 Prototype requirements

Parameter Value

Power 5 kW
Relative inlet Mach number 1.4
Pressure ratio 2.75
Mass air flow 130 g/s
Combustion time 30 s
Fuel Hydrogen
Turbine inlet temperature 1000K
Outside diameter 72.5 mm

Fig. 1 SRGT
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load of the blades on the rim-rotor. Figure 3 shows a sectional
view of the engine with main dimensions.

4 General Design Process

The iterative design process used to develop the SRGT proto-
type is based on typical gas turbine design procedures as shown in
Fig. 4 [10]. From prototype specifications, a preliminary study
allows a thermodynamic cycle and the overall engine layout to be
selected. The engine performance map allows the selection of an
operating design point, from which aerodynamic and thermody-
namic models have been developed to design the engine compo-
nents geometry (intake, compressor, combustion chamber,
turbine, and exhaust). The mechanical design validated the struc-
tural engine integrity, and a test bench has been designed to meet
all the requirements for engine characterization. Finally, the first
set of experimental data presented in this paper validates the
SRGT gas turbine prototype performance and closes a first design
iteration loop.

5 Aerodynamic Design

5.1 Analytical Design. The analytical aerodynamic design
model includes component geometry, friction losses, heat transfer,
and windage losses. The compressor stage combines an air flow
inlet, a full supersonic impulse rotor, a supersonic stator with an
internal normal shock, and a diffuser. The turbine stage combines
a converging/diverging supersonic nozzle, a transonic impulse
rotor, and a diffuser.

The aerodynamic performance evaluation of the entire engine
is based on the performance evaluation of each component by dis-
cretizing the flow path at each station. Each component is simpli-
fied and modeled by an area change duct with a quasi-1D
assumption in steady state. Components with blading are modeled
by a cascade of identical area change duct with the same geometry

and mass flow. Each duct is modeled with the generalized 1D con-
tinuous flow equations [11] and is discretized in 1000 equidistant
control surfaces. The rotating frame is incorporated with the
frozen-rotor approach [12]. Boundary layers are considered
attached to walls with negligible displacement thicknesses. The
trailing edge of the blades is modeled with a 1D area change with-
out losses from the wakes.

The generalized 1D continuous flow equations [11] are used for
first-order evaluation because of simplicity, but yet take into
account heat transfer, wall friction, area change, molecular weight
changes, and variations of mass flow rate and/or mechanical
work. The generalized 1D continuous flow model neglects com-
plex physics such as multidimensional effects, boundary layer
interaction, and unsteady effects. The 1D continuous flow model
used in this work (Fig. 5) is an adaptation of the generalized
model.

Each flow is modeled with constant specific heat (cp¼ cst), mo-
lecular weight ( ~M ¼ cst), and mass flow rate ( _m¼ cst), and
without mechanical work done on the fluid in the rotating
frame. The fluids (air or combustion products) are modeled as per-
fect gases. Control surfaces within each duct are equidistant
(dx¼ cst) and are each defined by an area (A) and a hydraulic
diameter (Dh).

The following equation is used to compute the local Mach num-
ber (M) variation, the pressure (P), the temperature (T), and the
density (q) at each section of the 1D model:

Fig. 2 SRGT layout

Fig. 3 Section view of SRGTwith main dimensions Fig. 4 SRGT gas turbine design procedure
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(1)

where A is the cell area, dh is the enthalpy of reaction, dQ is the
heat transfer, and Cf is the Fanning friction factor. The Fanning
friction factor for all aerodynamic components in the model is
assumed to be between 0.005 and 0.010, which is up to twice the
typical friction factor for a supersonic flow in a constant area duct
[11]. This overestimation is an approach to compensate for effects
not incorporated into the model, such as the roughness, curvature
lines, and multidimensional effects.

The inlet stagnation flow conditions correspond to atmospheric
air. The inlet redirects a radial flow at a Mach number of 0.1 to an
axial flow at a Mach number of 0.5 just before entering the com-
pressor rotor. The compressor is an impulse type. The inlet of the
compressor rotor is supersonic with an oblique shock wave on
both side of each rotor blade. The rotor blade geometry is
designed using the method of characteristics [11] with the objec-
tive of avoiding shock waves reflection at the design speed. The
flow remains supersonic at relative constant Mach number
through the entire rotor. The flow ducts between blades redirect
the flow to a zero flow angle in the relative rotor frame. The com-
pressor stator inlet is similar to the compressor rotor inlet, with an
oblique shock wave on each side of each blade, without reflection.
A normal shock occurs just after the oblique shock and the flow
thereafter remains subsonic up to combustion chamber. The stator
blades curve the flow for a maximum deflection with an axial flow
at the stator outlet. The compressor diffuser is completely sub-
sonic and reduces the flow velocity to a Mach number of 0.1 at
the entrance to the combustion chamber. Figure 6 presents the
model of the compressor stage.

The combustion chamber is first modeled by evaluating the

thermodynamic properties of the combustion products. These are

evaluated from a combustion equilibrium solver at constant pres-

sure and enthalpy [13]. The total pressure loss in the combustion

chamber is estimated from a semi-empirical model [14]. Figure 7

presents a sketch of the 0D combustion chamber model.

The inlet flow at the turbine stator is assumed to be perfectly
axial at a Mach number of 0.25. The turbine stator redirects and
accelerates the flow in a converging subsonic nozzle until a sonic

throat. Downstream of the throat, the flow continues to accelerate
in a quasi-1D divergent supersonic nozzle. The turbine stator out-
let flow is uniform at a Mach number of 1.4 with a high tangential
velocity component. The turbine rotor inlet flow is transonic
with a relative Mach number between 0.9 and 1.1 depending of
the radial position. The Mach number difference is due to the
radial/tangential speed difference caused by the low hub-to-tip ra-
tio (� 0.6) of turbine blading. The turbine is an impulse type.
Similarly to the supersonic compressor, the rotor blade geometry
is designed using the method of characteristics [11] with the
objective of avoiding strong shock waves in the blade passage at
the design speed. The flow remains supersonic at relative constant
Mach number through the entire rotor. The turbine rotor blades
deflect the flow for a maximum power extraction. The turbine
rotor blades are designed with aerodynamic twist to match
variation in radial inlet flow angle and to minimize exhaust swirl.
The exhaust is a subsonic diverging diffuser matching the static
pressure with the atmospheric back pressure. Figure 8 presents the
flow model of the turbine stage.

The power of the compressor rotor ( _Wcompressor) and turbine
rotor ( _Wturbine) is directly evaluated with the total enthalpy differ-
ence (Dh0)

_W ¼ _mðDh0 þ dQÞ ¼ _mðh0;exit � h0;inlet þ dQÞ (2)

5.2 Windage Losses. The windage losses caused by the high
tangential speed of the rim-rotor are modeled using two different
models. The losses from the peripheral surface of the rim-rotor
are evaluated from those of a rotating cylinder with an empirical
model from Ref. [15]

_W cylindre ¼
0:455qLpr4x3

log10 2pr2x=�ð Þ
� �2:58

(3)

The windage losses associated with the sides of the rim-rotor
are modeled using a rotating disk geometry with the empirical
model from Ref. [16]

Fig. 5 Control volume of the 1D continuous flows model [11] Fig. 6 Model of the compressor stage
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In Eqs. (3) and (4), the gas properties are those surrounding
the rim-rotor, where L and r are length and radius of the rim-
rotor and Rer is the Reynolds number based on the radius.
The power loss predicted for windage losses is multiplied by a
factor of 1.35 based on correlations obtained from flywheel
experimentations [5].

5.3 Prototype. Figure 9 presents the geometry of compressor
and turbine prototype and their respective speed triangles eval-
uated at mean radius. The rotating assembly is 12.7mm wide. The

compressor rotor and stator have 36 blades each and the nominal
radius is 30mm. The hub–tip ratio of the compressor is around
0.90. The turbine rotor and stator have 18 blades each and the
nominal radius is 20mm. The hub-to-tip ratio of the turbine is
0.60. The anticipated performances for the aerodynamic compo-
nents at the design point are total-to-total isentropic efficiencies of
70% for the compressor stage and of 87% for the turbine stage.
These component efficiencies are realistic when compare to state-
of-the-art of axial supersonic compressors and turbines. Experi-
mental work on axial supersonic compressor stage has already
demonstrated the capability for a single stage to produce a pres-
sure ratio higher than 3.0 with isentropic efficiency higher than
75% [17]. Experimental work on axial supersonic turbine stage
has already demonstrated the capability to expand a pressure ratio
of 3.35 by turbine stage with an isentropic efficiency higher than
85% [18].

6 Combustion Chamber Design

The combustion chamber is first sized with empirical equations
from a 0D model. Then, the combustion chamber is modeled in
3D and full 3D CFD numerical analysis is performed. The 3D
model is used to optimize the dimensions of the combustion
chamber and to predict its performance at engine operating
conditions.

6.1 0D Model. Before starting the design of the combustion
chamber, the criteria on different performance parameters are set.
These criteria are not fixed with the aim of an optimal system per-
formance. The combustor requirements for the prototype are pre-
sented in Table 2.

The combustion chamber is designed using the Mellor design
process [19], where the combustor is split in four different zones:
the passages around the liner, the primary zone in the liner, the
secondary zone, and the dilution zone. Since the primary zone
anchors the flame, it must provide sufficient time, temperature,
and turbulence to achieve mostly complete combustion of the
incoming fuel–air mixture. The secondary zone then completes
combustion, and the dilution zone subsequently lowers and evens
the temperature of the combustion gases to a tolerable level for
the turbine blades.

The technique used in the 0D model is based on assumptions
on flow speed in the passages around the liner and in the primary
zone. The flow speed in the combustor primary zone (Vprimary)
should be limited between 6 and 12m/s and between 25 and 60m/
s in the passages (VP) around the liner [1]. For the 5 kW prototype,
the speeds are, respectively, set to 9 and 50m/s.

The first design step using the 0D model is to calculate the
mass air flow needed for each zone of the combustor. First, the
fuel mass flow for the combustor is calculated to get the average
outlet temperature needed. The mass air flow of the primary zone
is then calculated to get a stoichiometric ratio just over 1. The
mass air flow of the second zone is calculated to bring down the
stoichiometric ratio to 0.6, including the air of the first zone. The
remaining air is assigned to the dilution zone [14], since no blade
cooling is used in this small scale turbine.

In the second step of the 0D model, the main combustor dimen-
sions are calculated using the following equations: The liner cross

Fig. 7 Zero-dimensional combustion chamber model

Fig. 8 Model of the turbine stage

Fig. 9 Compressor and turbine geometries

Table 2 Combustor design requirements

Requirements Level

Pattern factor 0.2–0.5
Total pressure losses 4–8%
Average outlet temperature 1000K
Combustion efficiency >95%
Outlet Mach number 0.25
Fuel Hydrogen
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section area (AL) is computed using mass conservation (Eq. (5)),
using the thermodynamic properties of the first zone. The height
of the liner (HL) is then calculated with the pitch diameter (DL)
(Eq. (6)). The pitch diameter of the combustor is the average of
the pitch diameters of the compressor outlet and the inlet of the
turbine. Finally, the combustor length (LL) is computed based on
the target pattern factor (PF) at the outlet and from the anticipated
total pressure losses caused by the passage of air through liner
holes (DPL/qref) (Eq. (7)). The pressure loss caused by the liner
typically represents about 60% of the total pressure losses in the
combustion chamber. The pattern factor is fixed to a maximum
value of 0.25

AL ¼ _mC1

q2Vprimary

(5)

HL ¼ AL

pDL
(6)

PF ¼ 1� expð�20=½ðLL=HLÞðDPL=qrefÞ�Þ (7)

In the third step of the 0D model, the primary, secondary, and
dilution zone hole rows size and position are computed. For an an-
nular combustion chamber, the number of holes in the liner for the
primary and the secondary zone is recommended to be four times
the number of fuel injectors. The holes are split in two opposite
groups, relative to the internal and external walls of the liner. For
the dilution zone, the number of holes (ndilution) is determined
using the following equations (Eqs. (8) and (9)), where Cdilution is
1.25 for inline dilution injection and 5 for staggered injection
[14]. The parameter J is computed using Eq. (8), where the jet
subscript represents the properties of the gas passing through the
liner holes and the index g is for the properties inside the liner

J ¼
qjetV

2
jet

qgV
2
g

(8)

ndilution ¼
p

ffiffiffiffiffi

2J
p

Cdilution

(9)

The sum of the total area of all holes is first calculated using
mass conservation with a Mach number of 0.3 for the jet speed.
The initial diameter of each hole is then computed knowing the
number of holes for each combustor zone. Finally, the diameter of
each hole is corrected using Eq. (10), where Cd is a discharge fac-
tor of 0.55 [14], d is the hole diameter, and djet is the jet diameter
through the hole

Cd ¼
djet

d

� �2

(10)

The holes in the first zone are placed axially near the injectors
to promote vortices that improve the mixing of hot gas with enter-
ing fuel. The axial position of the holes for the second zone is
equivalent to the height of the liner from the injectors. The axial
position of the dilution holes is one and half times the height of
the liner from the outlet of the combustion chamber.

The last step of the 0D model is to determine the height of the
air passages around the liner. In the passages, a flow velocity at a
constant Mach number of 0.1 is to be set. To determine the height,
conservation of mass is used, neglecting wall friction. The height
is adjusted after each set of holes in the liner, according to the
decrease in the air mass flow in the passageways.

6.2 Numerical Model. A numerical model is used to evaluate
the combustor performance at the operating conditions. The pro-
cess of optimizing the geometry of the combustion chamber is

made based on the design criteria outlined in Table 1. During opti-
mization, the axial position, the diameter, and the number of the
holes in the liner are adjusted until all the criteria are met. The
dimensions of the passages around the liner are also adjusted to
produce the most uniform flow speed.

Numerical simulations are run with ANSYS FLUENT
TM

. Combus-
tion is modeled by the transport equation of the mixture fraction
using the nonpremixed combustion solver. This approach simpli-
fies the calculation by preprocessing the thermochemistry for dif-
ferent mixture fractions for look-up by the combustion solver. A
standard j–e model is used to model turbulence for its good com-
promise between computing economy and accuracy [20]. The
steady-state numerical model is solved using a coupled pressure-
based solver with a second-order upwind discretization scheme
for all field variables.

A tetrahedral mesh is used with a maximum cell dimension of
0.5mm. A mesh refinement is done near the liner holes to main-
tain sufficient accuracy. To allow for a better assessment of the
interaction of the fluid with the wall, a gradual inflation of mesh
size is added. A 36 deg axisymmetric sector is used as a computa-
tional domain (as shown in Fig. 10).

A periodic boundary condition is used at the two circumferen-
tial ends of the computational domain. Mass flow inlets are used
for both air inlet and fuel inlet. A static pressure is set for the out-
let. The outlet pressure is adjusted until all operating conditions at
the inlet are met. Walls are considered adiabatic to simplify the
simulation.

6.3 Prototype. Numerical evaluation of the 0D model was
sufficient for a first sizing, but multiple iterations on the combus-
tor geometry were needed before it met all the design criteria.
Table 3 shows the performance evaluation from the 0D model and
the final optimized model. Figure 11 shows the streamline and the
temperature contour plot for the optimized model. Figure 12
shows the main dimensions of the final combustion chamber
geometry for the 5 kW SRGT prototype design.

Fig. 10 Computational domain with the boundary conditions

Table 3 Comparison between the combustor 0D model and the
optimize model

Requirements Objective 0D model Final model

Pattern factor 0.2–0.5 0.66 0.33
Total pressure loss (%) 4–8 9.4 7.1
Average outlet temperature (K) 1000 1322 1052
Outlet Mach number 0.25 0.28 0.25
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7 Structural Design

The rotating assembly of the SRGT is comprised of four com-
ponents: a titanium turbine and compressor, an aluminum ring,
and an APC2/AS4 carbon fiber rim-rotor. The composite ring is
manufactured using an automated fiber placement process with in
situ curing. All the fibers are oriented in the hoop direction in
order to provide maximum circumferential stiffness. The titanium
and aluminum parts are machined using a conventional computer-
ized numerical control milling machine. These concentric parts
are then sequentially assembled into a single rotor using a shrink
fitting process as shown in Fig. 13.

The analysis of stresses and strains in the engine is based on
previous work by Rancourt [4] on the rim-rotor rotary ramjet
engine (R4E), a small gas turbine configuration that also uses a
rim-rotor. The assumption of 1D plane stress is made, and the car-
bon fiber ring is considered to have equal tensile modulus in both
radial and tangential directions. For the current geometry and lam-
inate, the latter assumption has shown to predict stresses within
15% of the values obtained using finite element simulations [21].
The radial displacements across the rotor are obtained by solving
for radial equilibrium of forces in axisymmetric bodies subject to
centrifugal forces

drr

dr
þ rr � rh

r
þ qrx2 ¼ 0 (11)

As presented in several textbooks [22,23], a solution to this dif-
ferential equation can be obtained by applying continuity of radial
stresses and displacements along the radius of the rotor. From
stress–strain relationships, expressions for radial and hoop stresses
as a function of radius can be obtained. It is important to mention
that, in the current study, the turbine and compressor blades are
assumed to carry only radial stresses, as their discrete nature does
not allow carrying tangential stresses (bar model). Thermal effects
are taken into account by considering the radial strains of the
components due to temperature (eDT¼ aDT). The mechanical
properties of the selected titanium and aluminum alloys are
also allowed to vary with temperature to account for the alteration
in stiffness under high thermal loads [24]. Meanwhile, the
properties of the carbon fiber laminate are assumed constant with
temperature and its thermal expansion coefficient is assumed to be
zero: a reasonable assumption providing the actual longitudinal
coefficient of thermal expansion for APC2/AS4 is equal to
�0.2� 10�6 m/mK [25].

The transient temperature analysis of each component is done
using a simplified thermal model representing a 30 s combustion
test at 125,000 rpm. Analysis showed that 30 s represent the
steady-state conditions of the rotor. Initially, the engine compo-
nents are assumed to be at a room temperature of 295K. The com-
pressor blades are then subjected to an airflow at a temperature of
360K and a convection coefficient of hconv,comp¼ 700W/m2 K
[26]. The turbine blades are exposed to the hot gases from the
combustion chamber characterized by a temperature of 1000K
and a convection coefficient of hconv,turb¼ 1000W/m2 K. The
computed average temperatures of the SRGT components after
30 s are shown in Table 4. It can be observed that the heat transfer
from the hot gases flowing in the turbine is heating the compressor
rim and blades which are directly adjacent to the heat source.
Through heat transfer effects, the protective aluminum ring and
carbon fiber rim-rotor also experience a slight temperature rise
over the timeframe studied.

Fig. 11 Combustor CFD results of the optimized model: (a)
streamline plot and (b) temperature contour plot

Fig. 12 Combustion chamber geometry

Fig. 13 SRGT interference fit assembly

Table 4 Mean temperature of each component after a combus-
tion of 30s

Component Temperature (K)

Turbine hub 755
Turbine blade 882
Compressor rim 607
Compressor blade 504
Aluminum ring 397
Carbon fiber rim-rotor 390
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As this engine is a part of an experimental setup, one of the crit-
ical design requirements is that the prototype must be able to oper-
ate anywhere between zero and 125,000 rpm for both cold tests
(no combustion) and hot tests (with combustion). In order to
ensure contact between of the components of the rotor, the radial
stresses at all the interfaces in Fig. 13 have to remain in compres-
sion, while remaining within the materials limit. The level of ra-
dial stress in the assembly is controlled by varying the amount of
interference between the components prior to shrink fit. Figure 14
depicts the radial stresses in the engine for both the cold condition
and after a 30 s combustion. For the cold condition, it is interest-
ing to note that the inner part of the hub and turbine blades are in
tension, with the radial stress shifting to compression at the inter-
face between the turbine blades and compressor rim, with a
slightly negative value of �9.5MPa. Heating of the components
induces compressive forces in the assembly, resulting in a maxi-
mum radial stress at the compressor blades of� 420MPa (corre-
sponding to a safety factor of 2.1). Therefore, the radial stress
between the turbine blades and compressor for the cold case is the
limiting factor for the maximum angular velocity of this prototype
as the addition of heat only ensures compressive forces at all
interfaces.

Figure 15 depicts the hoop stresses in the engine for both cold
and hot operating conditions. It can be noted that these stresses
are equal to zero in the blades as they carry only radial forces.
Again, the heat generated after 30 s of combustion induces

compressive stresses in the turbine hub, compressor rim, and alu-
minum ring. Meanwhile, the carbon fiber rim-rotor is subject to
tangential stresses as it must carry the radial compressive load
generated by the pressure from the interference fits, thermal
expansion, and centrifugal force. The maximum hoop stress in the
rim-rotor is equal to 986 MPa, which leads to a safety factor of
2.1 with respect to the specifications provided by the manufacturer
[27], assuming a maximum stress criterion in the hoop direction.

8 Experimental Results

8.1 Experimental Setup. The layout of the experimental
setup is shown in Fig. 16, where the air inlet and the exhaust are
both radial with a common wall. This configuration is a compro-
mise for rotor dynamic and system integration. A volute and a
heat shield are added at the inlet to prevent inlet air warm up and
exhaust gas recirculation. The tested SRGT prototype is mounted
on a Honeywell Garrett

VR
GTX28 automotive turbocharger, replac-

ing the compressor wheel, with the turbocharger capable to rotate
up to 190,000 rpm by blowing compressed air in the turbocharger
turbine. The rotating assembly is dynamically balanced under
GTX28 requirements (0.5 g mm) in two planes.

The rotational velocity of the prototype is monitored by an
infrared sensor (Monarch Instrument, Amherst, NH, IRS) and
mass air flow is measured at the inlet by a venturi tube. Hydrogen

Fig. 14 Radial stresses at 125,000 rpm Fig. 15 Tangential stresses at 125,000 rpm

Fig. 16 Experimental setup detailed cross section
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is injected at the back of the combustion chamber through 19 in-
jector holes of 2.4mm and is regulated by a mass flow controller
(Alicat, Tucson, AZ, MCR-1500). An MSD Blaster

VR
ignition in-

ductive system is used to provide high voltage to the spark igniter
in the combustion chamber. Total temperatures are measured at
stations (i 1, 2, 3, 4, and e) of the system with standard K-type
thermocouples. Static pressures are also measured with differen-
tial pressure transducers (SSI Technologies, Janesville, WI, P51
model) at the same stations of the system, using 1.5mm (1/16 in.)
O.D. tubes flush-mounted to the wall. The external temperature of
the carbon fiber rim-rotor is measured with an infrared sensor
(Omega, Stamford, CT, OS36).

8.2 Steady-State Test. Tests were performed to validate the
operation of the titanium SRGT prototype in steady state with
hydrogen combustion. The objectives of this test were to validate
the structural integrity of the prototype in steady state, to charac-
terize the combustion chamber, and try to produce indicated
power. After ignition, combustion is maintained for 30 s to allow
the prototype to accelerate to a constant speed and achieve an aer-
odynamic and thermal steady state.

During the test, the prototype was first accelerated using an
external starter up to a rotational speed of 102,000 rpm. The com-
bustion chamber was then ignited and the prototype accelerated to
a speed of 117,000 rpm (as shown in Fig. 17). Figure 18 shows the
curves of temperature and equivalence ratio as a function of time
during the test. The temperature curve at the turbine inlet is
hatched after 75 s due to thermocouple failure. Since the tempera-
ture of the outlet of the turbine remains constant after the 75-s
mark, it is possible to believe that the turbine inlet temperature
has kept the same trend. Oscillations after ignition come from the
flow rate adjustment of fuel to maintain an exit temperature of
1000K; upon ignition, the hot gases in the combustion chamber
created an increase in back pressure, causing a drop in air mass
flow in the compressor, requiring the fuel flow to be corrected. A
better fuel controller adjustment would be needed to shorten the
oscillation time. The average exit temperature observed during
steady state is 975K.

During the prototype acceleration without combustion, for
speeds under 40,000 rpm, experimental mass flow rates match
within 8% of the values obtained from the model. At 50,000 rpm,
the experimental mass flow rate is 15% under the model. At
speeds over 90,000 rpm, the mass flow rate error is greater than
40%. After ignition, during steady-state combustion, the air mass
flow never exceeds 60 g/s, instead of the 130 g/s anticipated at the
design point.

The significant lower mass flow suggests that the compressor
never started in supersonic mode, limiting the compressor to off-
design operation. The maximum pressure ratio obtained from the

prototype compressor was 1.38 with an isentropic efficiency of
45%. The lower experimental mass flow is probably due to bound-
ary layer separation on suction surface near the leading edge of
the rotor and stator compressor blades. The flow separation
reduces the effective area for the passage of air, which causes an
earlier choking than anticipated in the models. In turn, the lack of
air mass flow causes a mismatch between the blade geometries
and the operating velocity triangle, probably resulting in an unsta-
ble shock wave pattern. These effects explain the low isentropic
compression efficiency.

The nonstarted supersonic condition of the compressor also has
repercussion on the turbine since limitations on air mass flow and
pressure ratio will also force the turbine to operate unstarted and
off-design. This undesirable situation limits the interpretation of
the results to compare the performance of the turbine stage with
its analytical model.

Combustion efficiency is calculated by comparing the turbine
inlet temperature with the value obtained from an equilibrium
combustion solver at constant pressure and enthalpy. From this,
combustion efficiency is found to be at least 85%, considering
that the heat transfer to the walls and the bypassing gases from 3.5
to 1.5 in Fig. 2 are neglected. Further design optimization is
needed to minimize bypassing flow, but this first test demon-
strated quick ignition and stabilization of a hydrogen flame in the
combustor. The combustor total pressure losses measured in the
test were 4.3%, compared to the 4.7% estimated by the numerical
simulation at the same operating conditions. This shows good
agreement at this stage of SRGT development between the numer-
ical model and the experimental results.

The test also allowed the structural models used to be validated
during the design process. It was anticipated that the titanium
compressor and turbine imbedded in the carbon composite rim-
rotor should resist to rotational speeds of 125,000 rpm for 30 s
with a turbine inlet temperature of 1000K. After the test, besides
discoloration of the turbine, the prototype did not show any sign
of structural failure or heat damage.

The ignition tests have shown that for a constant starter me-
chanical power, the prototype accelerates and the compressor con-
tinuously consumes more power. The gain of instantaneous power
comes from a turbine gain efficiency of approximately
1000–2000W for the first half second after ignition. The experi-
mental instantaneous power gain is evaluated using the prototype
acceleration and its measured inertia of 10.13� 10�5kg m2. How-
ever, this experimentation could not demonstrate that the turbine
provided net power.

9 Summary and Conclusions

A new architecture of micro gas turbine using a single rotor su-
personic concentric counterflow, called SRGT, is designed and
tested to validate its potential to increase engine power densityFig. 17 Acceleration of the prototype after ignition

Fig. 18 Temperatures and equivalence ratio during combustion
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while significantly reducing the manufacturing costs. The SRGT
uses a single rotating assembly incorporating a central hub, a
supersonic turbine rotor, a supersonic compressor rotor, and a
rim-rotor. A supersonic impulse compressor increases the air pres-
sure in a very short distance using normal shock waves. Subsonic
combustion using hydrogen takes place in an annular reverse-flow
combustion chamber, with the inlet and the exhaust on the same
side of the rotating disk. Combustion products are finally
expanded in the supersonic turbine and then converted into me-
chanical power.

A first design iteration loop is done by designing and testing an
SRGT prototype. The aerodynamic layout, the combustion cham-
ber, and the structure of the prototype are all studied during this
first iteration. For the aerodynamic model, a quasi-1D model is
developed to size and estimate the performances of the different
components. The analytical model includes component geometry,
friction losses, heat transfer, and windage losses. The quasi-1D
model predicts an air mass flow of 130 g/s at 125,000 rpm with a
pressure ratio of 2.75. With a turbine inlet temperature of 1000K,
the prototype is projected to produce 5 kW of power.

The combustion chamber is first sized with empirical equations
from a 0D model using the Mellor [19] design process. The optimi-
zation process is then performed using a full 3D CFD numerical
analysis until all the design requirements are met. The proposed
combustion chamber design is an annular reverse-flow configuration,
using hydrogen as fuel. The average outlet temperature is predicted
to be 1052K with a total pressure loss in the combustor of 7.1%.

The rotating assembly of the SRGT is comprised of four com-
ponents: a titanium turbine and compressor, an aluminum ring,
and an APC2/AS4 carbon fiber rim-rotor. To estimate the stress,
strain, and displacement, a simple analytic model is developed.
The stresses and strains are solved using the assumption of 1D
plane stress in the components. The radial displacements across
the rotor are obtained by solving for radial equilibrium of forces
in axisymmetric bodies subject to centrifugal forces. For the cur-
rent geometry and laminate, the latter assumption has shown to
predict stresses within 15% of the values obtained using finite ele-
ment simulations. To estimate component temperatures, a simpli-
fied numerical model is used. Results from the different models
predict the structural integrity of the prototype at 1000K during
30 s at 125,000 rpm.

A prototype is fabricated to validate the results from the aero-
dynamic, structural, and combustion analysis. Results from a
steady-state test show that the proposed concept can sustain the
mechanical stresses caused by high rotational speed with a turbine
inlet temperature of 1000K for 30 s. Ignition and stable combus-
tion are demonstrated with hydrogen fuel. A combustion effi-
ciency of more than 85% is reached. An acceleration from
102,000 to 117,000 rpm was demonstrated. Although it is not pos-
sible to prove the production of indicated power during the accel-
eration, a power gain of 1500W was measured. The early
chocking and low isentropic efficiency of the compressor limited
the mass flow and pressure ratio necessary to reach the net power
expected. For the SRGT to produce net power, a refined study
using detailed CFD for both compressor and turbine would be
necessary to increase the accuracy of the performance predictions
and adjust the analytical model. Also, seals would be needed to
prevent hot gas recirculation.

Despite the fact that no indicated power was produced during the
steady-state test, power gain and structural integrity of the prototype
after 30 s prove that the SRGT architecture based on a carbon fiber/
polymer rim-rotor to be structurally viable. These results are
encouraging in the pursuit of the development of SRGT or design
derivatives that have the opportunity to increase the power density
of gas turbines while maintaining low manufacturing costs.

Acknowledgment

The authors would like to mention the important contribution
for the rim-rotor design and manufacturing of Ali Yousefpour and

Jihua Chen from the National Research Council Canada. The
authors would also like to thank Pierre-Yves Givreau, Benoit
Dupont, and Nicolas Courtois for their countless hours on the
experimental setup. This work was made possible thanks to the
financial support of the Natural Sciences and Engineering
Research Council of Canada (NSERC).

Nomenclature

A ¼ cross section area
C ¼ coefficient
Cd ¼ discharge factor
Cf ¼ Fanning friction factor
cp ¼ specific heat at constant pressure
d ¼ hole diameter
D ¼ diameter
h ¼ enthalpy
H ¼ height

hconv ¼ convection coefficient
J ¼ momentum-flux ratio
L ¼ rim-rotor length
_m ¼ mass flow rate
M ¼ Mach number
n ¼ number of holes
N ¼ angular speed
P ¼ pressure
PF ¼ pattern factor
PR ¼ pressure ratio
q ¼ dynamic pressure
Q ¼ heat
r ¼ radius
R ¼ individual ideal gas constant

Rer ¼ Reynolds number based on radius
T ¼ temperature
V ¼ flow velocity
_W ¼ power
x ¼ component length

Greek Symbols

a ¼ thermal expansion coefficient
c ¼ ratio of specific heat
e ¼ strain
� ¼ kinematic viscosity
q ¼ density
r ¼ stress
x ¼ angular velocity
Ø ¼ diameter

Subscripts

comp ¼ relative to the compressor
dilution ¼ about the combustor dilution zone

e ¼ exhaust station
g ¼ relative to gas properties inside the liner
h ¼ hydraulic
i ¼ intake station

jet ¼ relative to gas properties passing through the liner
holes

L ¼ about the combustor liner
P ¼ passages around the liner

primary ¼ about the combustor primary zone
r ¼ in radial coordinate

ref ¼ reference
rel ¼ station in rotating frame
RR ¼ relative to the rim-rotor
turb ¼ relative to the turbine

0 ¼ stagnation properties
1 ¼ compressor inlet station
2 ¼ compressor outlet station (combustion chamber inlet)
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3 ¼ turbine inlet station (combustion chamber outlet
station)

4 ¼ turbine outlet station
h ¼ in tangential coordinate
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