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A three-dimensional fluid-thermal-structural coupled analysis for a radial inflow micro gas turbine is conducted. First, a fluid-
thermal coupled analysis of the flow and temperature fields of the nozzle passage and the blade passage is performed by using
computational fluid dynamics (CFD). The flow and heat transfer characteristics of different sections are analyzed in detail. The
thermal load and the aerodynamic load are then obtained from the temperature field and the pressure distribution. The stress
distributions of the blade are finally studied by using computational solidmechanics (CSM) considering three cases of loads: thermal
load, aerodynamics load combined with centrifugal load, and all the three types of loads. The detailed parameters of the flow,
temperature, and the stress are obtained and analyzed. The numerical results obtained provide a useful knowledge base for further
exploration of radial gas turbine design.

1. Introduction

Micro gas turbines are energy generators whose capacity
ranges from 15 kW to 300 kW. In recent years, micro gas
turbines have been widely studied and used because of
their typical advantages such as variable speed, high speed
operation, compact size, simple operability, easy installation,
and low maintenance. In 2003, Johnston et al. [1] built
and tested a microscale, high-speed compressor impeller
(12mm diameter; 800,000 rpm) for feasibility in regard to
aerodynamic performance. The results from a CFD code
agreed with measured data very well, suggesting that that
design method combined with CFD techniques could be
used to develop rotors for a microscale, gas turbine engine.
In the work by Ribaud [2], a thermodynamic model was
developed and applied to study heat transfer characteristic
in an ultra-micro turbine at different situations. McDonell
et al. [3] studied the performance of a micro gas turbine
at various conditions, and optimum operating parameters
were obtained. Further, Rodgers [4] investigated flow char-
acteristics and aerodynamic performance of a micro gas

turbine. It was reported that the main factors that affected
the gas turbine performance were speed ratio, rotor blade
tip clearance, and outlet flow angle. Onishi et al. [5] used
a full three-dimensional Navier-Stokes solver to design and
study aerothermodynamics of a micro gas turbine. Losses
due to the heat transfer to walls and skin friction were
estimated, and the effects of turbine exhaust geometry and
the number of blades on turbine performance were also
studied. Fu et al. [6] performed numerical investigations
on the aerothermodynamic design, geometrical design, and
overall performance prediction of a millimeter-scale radial
turbine.

In the design ofmicro gas turbines, the heat-flow coupling
method is widely used to obtain the temperature distribution
of the gas turbine blades. In the investigation by Bohn and
Kusterer [7], a cooling configuration with cooling fluid ejec-
tion through two rows of holes at leading edge was numer-
ically studied by applying a heat-flow coupling method.
Bohn and Heuer [8, 9] presented a conjugated aerodynamic
and thermal numerical investigation of a convection-cooled,
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high-pressure turbine nozzle guide vane. A heat-flow cou-
pling simulation was conducted for the C3X and MarkII
blade. Other applications of heat-flow coupling method for
the investigation of the heat transfer in micro gas turbine
can also be found in the works of Bohn et al. [10, 11].
Hill et al. [12] presented a model which takes into account
the formation of oscillation notches on a steel surface. The
authors presented a model to couple the flux flow with the
heat transfer. Besides, equations correlating the temperature
field in the steel and flux with the geometry of the lubricating
layer are derived. Further, Wu et al. [13] developed a single
domain enthalpy control volume method to solve coupled
fluid flow and heat transfer with solidification problem
arising from the continuous casting process. They found that
their numerical method was robust in capturing the rapid
change of temperature in the solidification region. The rapid
change of fluid velocity near the solid-fluid interface could
also be obtained.

The stress analysis for a micro gas turbine is usually
necessary for safety and reliability. The load on a radial
turbine consists of thermal load resulting from the tem-
perature gradient, centrifugal load caused by the turbine
rotation, and aerodynamic load. Thus, in stress analysis of
thermal stress, centrifugal stress and the stress caused by
the aerodynamic force should be analyzed. Ho and Paull
[14] described a method to implement aerodynamic heating
models into a finite element code for thermal-structural
and thermal-structural-vibrational analyses of a hypersonic
engine. A combined effect of varying dynamic pressure
and thermal loads was considered, and thermal-structural-
vibrational response of an engine was studied. Shen et al. [15]
conducted a fluid-thermal-structure coupled analysis and an
optimization of a turbine mortise/disc. In their work, a com-
plete multidisciplinary method containing fluid-thermal-
structure of the mortise/disc was formed, taking influence
of the fluid flow and heat transfer into account. Recently,
Krishnakanth et al. [16] carried out finite element analysis for
the structural and thermal analysis of gas turbine rotor blades.
They found that the temperature had a notable effect on the
overall stresses in the turbine blades. Other relevant works
involving multidisciplinary analysis and optimization design
of gas turbines can be found in [17–21].

In this paper, the ANSYS 11.0 software is used for a
fluid-thermal-structural coupling analysis of the micro gas
turbine. At first, a heat-flow coupling analysis is conducted
to obtain temperature distribution of a gas turbine blade and
the aerodynamic force on the turbine blade. After obtaining
the temperature distribution of the micro gas turbine, a stress
analysis is then conducted considering three cases of loads:
thermal load, aerodynamics load combined with centrifugal
load, and all the three types of loads. Unlike the previous
studies, this paper systematically studied the three cases to
ensure the safety and reliability of the gas turbines.

2. Heat-Flow Coupling Method

2.1. Numerical Method. Usually the heat-flow coupling
method is used to obtain temperature distribution of gas
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Figure 1:The data exchange of the couplingmethod at the interface.

turbine blades. This method is much better than the decou-
pling simulationmethod because it can obtain more accurate
temperature field by solving the heat convection equation
in the fluid domain and the heat conduction equation in
the solid domain simultaneously. In this method, a Navier-
Stokes (NS) solver for the fluid flow and a finite element
analysis (FEA) for the heat conduction in the solid are used.
Figure 1 shows the data exchange of the couplingmethod at an
interface. For the fluid-thermal-structural coupled analysis
of the gas turbine, the imposed aerodynamic force and
temperature distribution on the turbine are obtained from the
heat-flow coupling analysis. In the fluid-thermal-structural
coupled analysis, the FEA mesh used for stress analysis is the
same as the mesh used for the heat-flow coupling analysis. As
a result, the aerodynamic force and temperature distribution
on the turbine obtained from the heat-flow coupling analysis
can be directly imposed on the mesh that is used for fluid-
thermal-structural coupled analysis.

The convective heat transfer equation is used at the
interface for the data exchange of the coupling method, and
it can be expressed as follows:
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where 𝑇
𝑖
is the temperature at the center of the element mesh

in the solid domain, 𝑇
𝑗
is the temperature at the center of

the element mesh in the fluid domain, 𝑑
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centerline of the two elements in the solid domain, and 𝑑
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is
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the length of the centerline of the two elements in the fluid
domain.

The commercially available CFD package CFX is used for
the heat-flow coupling analysis of the micro gas turbine. In
the analysis of aerodynamic performance and heat transfer
characteristics, the numerical interpolation method is used
for the energy coupling at the interface between the flow and
solid domains. To obtain the stress distribution of the turbine,
a thermostructural analysis is carried out with the aerody-
namic parameters and heat transfer parameters applied using
the finite element package ANSYS. The nonadiabatic flow is
calculated by solving the 3D steady Navier-Stokes equations,
which are expressed in detail as follows.

Continuity equation is given as follows:

∇ ⋅ (𝜌u) = 0. (3)

Momentum conservation equation is given as follows:

∇ ⋅ (𝜌uu) = −∇𝑝 + ∇ ⋅ 𝜏. (4)

Energy conservation equation is given as follows:

∇ ⋅ (𝜌u(𝑒 + 𝑝
𝜌
)) = ∇ ⋅ (𝜏u) − ∇ ⋅ q, (5)

where 𝜏, 𝑒, and 𝑞 are defined as follows:

𝜏 = −
2

3
𝜇 (∇ ⋅ u) I + 1

2
𝜇 (∇u + (∇u)𝑇) ,

𝑒 = �̂� +
1

2
(u ⋅ u) ,

𝑞 = −𝑘∇𝑇.

(6)

Hydrostatic equation in the solid domain is given as
follows:

𝐾𝑎 = 𝑃
𝑓
+ 𝑃
𝑆
+ 𝑃
𝜀0
, (7)

where 𝑃
𝑓
is the volume force, 𝑃

𝑆
is the surface force, and 𝑃

𝜀0

is the thermal stress caused by the variation in temperature.
In this paper, the thermal load 𝑃

𝜀0
caused by the initial strain

𝜀
0
is also considered, which is usually ignored in the previous

studies.

2.2. Geometry Model of the Turbine. The geometry of the
micro radial inflow gas turbine is shown in Figure 2, and the
flow domain is shown in Figure 3. Table 1 shows the structural
parameters of the stator cascade, and the rotor blade passage
is shown in Figure 4.

2.3. Mesh Generation. The commercially available ANSYS
ICEM is used for the structured mesh generation. Figure 5
shows themesh for a single stator blade. AnO-topologymesh
is applied to model the blade, and the mesh around the blade
is refined. For a single stator blade, there are totally 6.9 × 104

Figure 2: Geometry of the micro gas turbine.

Figure 3: Fluid domain of the micro gas turbine.

Table 1: The structural parameters of the stator cascade.

Structural parameters Unit Value
Blade height mm 12.6
Blade cascade mm 24.79
Blade chord mm 32.9
Axial chord length mm 15.5
Flow inlet angle ∘ 35
Average diameter mm 196.23
Number of blades of the whole cycle 23

and 2.0 × 104 cells in the fluid domain and the solid domain,
respectively.

Figure 6 shows themesh for a single rotor blade. A refined
O-topology mesh is also applied around the rotor blade.
Considering the tip clearance effects on the flow, the mesh
in the tip clearance is also refined. Finally, there are 1.84 × 105
nodes in the flow domain for a single rotor blade. The mesh
for the rotor blade in the solid domain is shown in Figure 7.
As observed, the mesh at the blade root and the leading and
trailing edge of the blade is refined for accurate simulation
results. There are 4.1 × 104 nodes in the solid domain for a
single rotor blade. Totally, there are 5.19 × 106 nodes in the
computational domain.
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Figure 4: The rotor blade passage of the micro gas turbine.

Figure 5: Mesh for a single stator blade.

2.4. Boundary Conditions and Validation Study. In the heat-
flow coupling analysis of the micro gas turbine, four compu-
tational domains are used: flow domain of the stator blade,
solid domain of the stator blade, flow domain of the rotor
blade, and solid domain of the rotor blade. The inlet total
temperature and pressure are 930∘C and 342037 Pa, respec-
tively, and the outlet pressure is 109920 Pa. Computations
were carried out at a design condition of 800,000 rpm and at
the test condition of 60000 rpm.

In the simulation, the general grid interface (GGI) con-
nection is used for the interface between the flow domain
and the solid domain, and the general connection method
is used for the interface between the outlet of the stator

Figure 6: Mesh for a single rotor blade.

Figure 7: Mesh for the rotor blade in the solid domain.

blade flow domain and the inlet of the rotor blade flow
domain. The solid boundaries are assumed to be adiabatic,
and a no-slip boundary condition is applied along the solid
boundaries. Only conduction and convection are taken into
account. Radiation is neglected since differences in surface
temperatures are small.The SST turbulencemodel with 𝛾-Re

𝜃

transition model developed by Menter [22] is used in all the
computations.

The heat-flow coupling method used in this paper has
been validated by simulating the experimental study of
surface heat transfer distributions of a turbine vane with film
cooling by Hylton et al. [23, 24]. The simulation is conducted
for theC3X turbine vane at the experimental condition of Test
5422. Figure 8 shows the dimensionless pressure distribution
along the vane surface. As observed, our computational result
agrees with the experimental results by Hylton et al. [23, 24]
very well.

2.5. Results andDiscussions. In this section, the flow field and
temperature field in the blade passage are analyzed by heat-
flow coupling method. The flow pattern and heat transfer
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Figure 8: Dimensionless pressure distribution along the vane sur-
face.

characteristics are investigated. Figure 9 shows the velocity
distribution and streamline in the middle section of the
stator blade. It can be observed that the flow velocity at the
inlet is quite uniform, and a notable change in flow velocity
distribution occurs in the blade passage. After entering the
blade passage, the flow direction changes and a stagnation
zone can be observed at the pressure surface around the
leading edge. The stagnation point is located at 10% chord
from the leading edge. The flow area decreases along the
blade passage, leading to an increase in the flow velocity. A
maximum flow velocity of 500m/s is observed at 40% chord
from the leading edge. The flow velocity at the outlet of the
stator blade is relatively high and uniform.

Figure 10 shows the pressure distribution in the middle
section of the stator blade. A significant increase in pressure is
observed at the pressure surface around the leading edge.The
pressure gradient at the suction surface around the leading
edge is relatively high, and the pressure decreases from about
320000 Pa to 220000 Pa. The minimum pressure is observed
at 40% chord from the leading edge.

The blade profile of the turbine varies along the blade
height. Three typical sections along the blade height are
chosen for a better investigation of the flow pattern and heat
transfer characteristics. To study the flow pattern around the
blade, the velocity distribution and local streamline for the
sections of 10%, 50%, and 90% blade height are shown in
Figure 11. In the section of 10% blade height, flow separation
around the blade is observed, and the stagnation point is
located around the leading edge of the pressure surface,
where a vortex can be observed. The decrease in pressure
and increase in flow velocity result in a maximum velocity
of 350m/s around the trailing edge, where notable velocity
gradient can be observed. At the suction side, the flow is
q steady, and the variation in the flow velocity is relatively
smooth. No flow separation can be found at the suction side

except for the counter-rotating vortex pair at the trailing edge.
In the section of 50% blade height, a higher maximum flow
velocity of 420m/s is observed, and there is no vortex at the
leading and trailing edge of the blade. In the section of 90%
blade height, the tip clearance has notable effects on the flow,
leading to the inhomogeneous flow around the blade.

Figure 12 shows the pressure distribution for the section
of 10%, 50%, and 90% blade height. A relatively high pressure
gradient is observed at the inlet. In the section of 10% and
50% blade height and in the section of 90% blade height,
the distribution of the isopiestic line is quite different. At the
leading edge, a significant pressure gradient occurs, and the
flow state changes dramatically. This can be attributed to the
tip leakage flow caused by the tip casing scraping flow and
pressure difference in the tip clearance [25].

The dimensionless pressure and temperature are used
to analyze the flow field. The dimensionless pressure and
temperature are the ratios of the pressure and temperature
of the rotor blade surface to the inlet pressure and temper-
ature of the rotor stage, respectively. Figure 13 shows the
dimensionless pressure distribution on the turbine blade. A
maximum dimensionless pressure of 0.62 can be observed at
the leading edge of the pressure surface. The surface pressure
decreases in the flow direction. The dimensionless pressure
at the pressure surface is basically higher than 0.42, and the
dimensionless pressure at the suction surface is relatively
lower with a maximum value of 0.4 at the inlet. Besides,
the pressure gradient at the pressure surface is relatively
high, and the minimum dimensionless pressure occurs at the
trailing edge. At the trailing edge of the suction side, a notable
pressure gradient in the radial direction is observed, resulting
from the increase in blade height and blade twist.

The analysis of blade temperature is very important
because it has a notable effect on the thermal stress cal-
culation and blade life prediction. Figure 14 shows the
dimensionless temperature distribution on the turbine blade.
As observed, the dimensionless temperature at the inlet
is relatively high because of the convection heat transfer
between the blade and hot gas. In the blade passage, the gas
does work by expansion, leading to a decrease in the pressure
and temperature along the blade passage. A maximum
dimensionless temperature of 0.89 is observed at the inlet,
and the minimum dimensionless temperature occurs at the
blade root around the trailing edge.

3. Coupled Fluid-Thermal-Structural Analysis

3.1. Boundary Conditions and Solution Methods. The com-
mercially available FEM package ANSYS 11.0 is used for
the stress analysis of the rotor blade, based on the heat-
flow coupling analysis above. The FEM mesh used for stress
analysis is obtained from the results of the heat-flow coupling
analysis; thus, it is the same as the mesh used for heat-flow
coupling analysis, as shown in Figure 15.

The load on the radial turbine in this paper consists of
thermal load resulting from the temperature gradient in the
turbine, centrifugal load caused by the centrifugal force, and
aerodynamic load.
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Figure 9: Velocity distribution and streamline in the middle section of the stator blade.
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Figure 10: Pressure distribution in the middle section of the stator blade.
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Figure 11: Velocity distribution and local streamline for the sections of (a) 10%, (b) 50%, and (c) 90% blade height.



Mathematical Problems in Engineering 7

Pr
es

su
re

 (P
a)

21

20

19

18

17

16

15

14

13

12

11

10

×10
4

(a)

Pr
es

su
re

 (P
a)

×10
4

22

21

20

19

18

17

16

15

14

13

12

11

10

(b)

Pr
es

su
re

 (P
a)

×10
4

21

20

19

18

17

16

15

14

13

12

11

10

(c)

Figure 12: Pressure distribution for the sections of (a) 10%, (b) 50%, and (c) 90% blade height.

3.2. Results and Discussions. Three cases are considered to
analyze the effect of different loads on the overall stress of
the turbine, as shown in Table 2. For strength analysis, the
dimensionless equivalent stress is used, which is the ratio of
the equivalent stress to the maximum equivalent stress in the
turbine. Figure 16 shows the dimensionless equivalent stress

distribution on the rotor blade. The dimensionless thermal
stress distribution for Case 1 is shown in Figure 16(a). A
maximum thermal stress of 133MPa occurs at the blade tip of
30% chord from the leading edge. As observed, a stress con-
centration region occurs at the blade root of 60% chord from
the leading edge.This is consistent with the high temperature
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Table 2: Different cases considered for stress analysis.

Cases Centrifugal
load

Aerodynamic
load

Thermal
load Results

Case 1 No No Yes Thermal
stress

Case 2 Yes Yes No Centrifugal
stress

Case 3 Yes Yes Yes Total stress

gradient in this region obtained in the heat-flow coupling
analysis. Figure 16(b) shows the dimensionless equivalent
stress distribution for Case 2. A maximum equivalent stress
of 347MPa occurs at the blade root of 40% chord from the
leading edge. Besides, the dimensionless equivalent stress
decreases with the increasing blade height. The equivalent
stress distribution for Case 3 is shown in Figure 16(c). As
observed, the stress distribution is quite similar with that in
Case 2, and two stress concentration regions occur on the
blade. One is located at the blade tip of 30% chord from the
leading edge, and the other is located at the blade root of
40% chord from the leading edge. The yield strength of the
turbine material is higher than 700MPa, and the maximum
equivalent stress is 406MPa, indicating that the micro gas
turbine is safe and reliable in operation.

Figure 15: Mesh for the rotor blade in the solid domain.

4. Conclusions

In this paper, the three-dimensional flow pattern and heat
transfer characteristics in a micro gas turbine are studied by
using the heat-flow coupling method. The stress distribution
of the turbine is also investigated based on the results of
the heat-flow coupling analysis. The main conclusions are
summarized as follows.

(1) The flow in the stator blade passage is smooth. For
the rotor blade passage, a vortex occurs at the leading
edge of the pressure surface, and a counter-rotating
vortex pair occurs at the trailing edge of the blade.The
flow is much smoother at a higher blade height.

(2) In the section of 90% blade height, the tip clearance
has notable effects on the flow, leading to the inho-
mogeneous flow around the blade tip. The variation
in the impeller temperature is relatively smooth,
the maximum temperature occurs at the inlet, and
the minimum temperature occurs at the blade root
around the trailing edge.

(3) A maximum thermal stress of 113MPa is obtained
when only considering the thermal load, indicating
that the effects of thermal stress cannot be neglected.
When considering the effect of centrifugal load and
aerodynamic load, a maximum equivalent stress of
347MPa is obtained.With a consideration of thermal
load, centrifugal load, and aerodynamic load, a max-
imum equivalent stress of 406MPa is obtained.
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0.001 0.112 0.223 0.335 0.445 0.556 0.668 0.782 0.887 1.000

(a) Distribution of dimensionless equivalent stress with thermal
load considered
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(b) Distribution of dimensionless equivalent stresswith centrifugal
load and aerodynamic load considered
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(c) Distribution of dimensionless equivalent stress with centrifu-
gal load, aerodynamic load, and thermal load considered

Figure 16: Distribution of dimensionless equivalent stress on the turbine blade.
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