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Abstract
Wave rotor is expected to increase the
performance level of ultra-micro gas turbine when it
is used as a topping cycle, nevertheless wave rotor
itself may be affected by downsizing. Apart from the
immediate effect of viscosity on the flow dynamics
when the size reduces, the effects of heat transfer
become more noticeable in small wave rotors. This
work presents numerical investigations of heat
transfer effects on the internal flow dynamics and
consequently on the charging and discharging
processes of wave rotor cells as the size reduces. A
series of sizes scaled from a specified micro wave
rotor is analyzed by three-dimensional numerical
simulation. The results show that the initial state of
compression process is much affected by heat
transfer, which yields weaker shock waves in
compression process and changes in charging and
discharging of gas and air. According to the
comparison between the results of different sizes,
heat transfer effects on the charging and discharging
processes grow significantly when the size is reduced
from 1X size whose surface-area-to-volume ratio is
1.18 mm-1. As regards heat transfer effects in small
sizes of 1/3 and 1/10 (surface-area-to-volume ratio >
3.53 mm-1), the change in charging and discharging
conditions related to low pressure ports are the most
noticeable. These considerable changes caused by
heat transfer imply that much more attention to heat
transfer effects is necessary for the design and
investigation of such small wave rotors.
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Introduction
Although small power systems like micro and
ultra-micro gas turbines have attracted researchers
over the last decades, it is difficult for such small gas
turbines to achieve high cycle performance because
of great losses (e.g. friction loss).1-3 Wave rotor is a
promising device that can enhance micro or ultramicro gas turbine performance.
A wave rotor is a thermo-fluid device that
directly exchanges energy between air and
combustion gas by travelling pressure waves. Figure
1 shows a schematic arrangement of wave rotor
components. Basically, a wave rotor consists of a
series of cells (straight tubes) arranged around the
shaft and several ports responsible for charging and
discharging of fluids. Through rotation, cell ends
open to the ports of different pressures alternately,
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and thereby pressure waves are generated and travel
in the cells.
Wave rotor can be incorporated with an
existing Brayton cycle system as a topping cycle
component, as shown in Fig. 2. The maximum
temperature and the total pressure ratio can be
drastically enhanced, yielding higher turbine inlet
pressure with the same turbine inlet temperature. This
is an important feature especially for micro gas
turbines, since the maximum temperature and overall
pressure ratio are relatively low in small gas turbines.
Wave rotor cell is designed to open and close
to the ports at definite timings to ensure that the
internal flow field develops as expected. Figure 3
shows a schematic wave diagram, in which the
characteristic lines of pressure waves and flows are
depicted to represent the development of unsteady
flow field in wave rotor cells. A full wave rotor cycle
consists of compression and expansion processes.
Initially (θ = 0°: at the top in the figure), the
cell is filled with low pressure fluid. As the cell
moves downwards (θ ↑), its left end opens to Gas
High pressure port (GH), and the primary shock wave
is generated by the pressure difference between GH
and the cell. This shock wave propagates rightwards,
compresses the fluid initially in the cell, drives the
rightwards fluid motion, and arrives at the right end.
The shock wave is reflected at the right end and the

reflected shock wave propagates leftwards,
compressing the fluid in the cell again. At the same
time of this shock wave reflection, the right end of
the cell opens to Air High pressure port (AH), and the
compressed fluid in the cell starts to flow into AH.
When the reflected shock wave arrives at the left end,
the left end shuts. This shutting causes a series of
expansion waves by the inertia of inflow, which
reduces the pressure in the cell. During opening to
GH port, hot gas flows into the cell and the contact
front (contact interface) between the hot gas and the
fluid originally in the cell moves rightwards. The
right end of the cell shuts when the expansion wave
by the GH shutting arrives at the right end. As a
result of this process, the fluid initially in the cell is
compressed by the primary and reflected shock
waves and it is completely scavenged into AH port.
Then the compression process is finished.
Sequentially, the cell moves on and undergoes
the expansion process. In this process, the right end
opens to Gas Low pressure port (GL) to discharge the
combustion gas, and an expansion wave is generated
by the pressure difference between the cell and GL
port. When this expansion wave arrives and reflects
at the left end, the pressure in the cell becomes low
enough and fresh air flows into the cell from Air Low
pressure port (AL). A compression wave is generated
by stopping the outflow with GL shutting, and AL
shuts when this compression wave arrives at the left
end.
In the cells, the working fluid inevitably
exchanges heat energy with the lateral walls. Such
heat exchange affects the temperature distribution in
the cells, and consequently affects the whole wave

·
(a) Components and configuration

(b) Thermodynamic cycle

Fig. 2 Wave rotor topped gas turbine

Fig. 3 Schematic wave diagram
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diagram in Fig. 3.
In the past numerical researches, the lateral
walls were mostly treated as adiabatic or in a steadyflow manner, and those treatments are applicable for
wave rotors of conventional size. However, it is
conceivable that the heat transfer effects on the
internal flow dynamics become greater in smaller
cells, owing to greater surface-area-to-volume ratio,
as in the conventional turbo machineries, although
the heat transfer effects in wave rotors have not been
clarified yet in detail.4-8
Therefore, the objective of this study is to
investigate numerically the heat transfer effects on
the internal flow dynamics and resultant changes in
the fluid charging and discharging in micro wave
rotors. First, heat transfer effects on the internal flow
dynamics are discussed by comparing the heat
transfer case with the adiabatic case. Then, heat
transfer effects in different sizes are compared and
discussed to find out the trends of heat transfer
effects as the size reduces.

house code has been successfully developed and
applied to a variety of steady and unsteady flows.9-13
Three-dimensional unsteady heat conduction
equation is also solved in the solid wall. The
conjugate interface temperature is applied on both the
lateral boundaries of flow passage and the internal
surfaces of solid wall (Fig. 4). To calculate the
conjugate interface temperature, the heat conduction
in fluid as well as in solid has to be solved, and the
heat conduction equation is modified to treat variable
material properties.14-15 This numerical scheme is
consistent with that in the authors’ previous study.16
The upper and lower sides of clearance gap
region are connected to the surroundings, and the
circumferential sides are treated as non-slip walls.
The exact Riemann solver, which calculates the flux
by Riemann invariance, is used to calculate inlet and
outlet boundary conditions at the interface between
the ports and calculation region.4, 17 The temperature
on the end faces of solid walls are fixed as 890 K,
and the external surfaces of solid wall and stationary
end plates are treated as adiabatic (Fig. 4).
Table 1 General description for fluid domain

Numerical Approach

Governing equations
In this study, a single rotating cell of wave
rotor is considered, which consists of flow passage,
solid wall and conjugate interface between cell fluid
and solid wall (Fig. 4). The calculation region for
fluid includes cell and clearance gap. The threedimensional compressible Navier-Stokes equations
with Baldwin-Lomax turbulence model are used to
solve the flow passage, as shown in Table 1. This in-
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Table 2 Starting degrees of opening and shutting
θ
GH

Port

AL

Solid wall

AH

Rotating

GL

Fig. 4 Modeling of boundaries of flow passage
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Open
Shut
Open
Shut
Open
Shut
Open
Shut

10X, 3X & 1X
0.00°
50.0°
117°
164°
21.6°
66.0°
85.0°
131°

Size
1/3
0.00°
50.0°
117°
166°
22.0°
66.6°
81.0°
128°

1/10
0.00°
49.0°
118°
166°
21.6°
66.0°
80.0°
128°
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on the right side. Every 180° finalize a wave rotor
cycle. As the cell rotates clockwise around the axis,
the left end of cell opens to GH and AL ports, and the
right end opens to AH and GL ports, sequentially.
The starting degrees of opening and shutting are
listed in Table 2. Slight degree adjustments are
applied when the size is reduced, in accordance with
the flow field difference due to the effect of viscosity
in downsized cells. These adjustments were
calculated by the preliminary numerical simulation
with adiabatic wall treatment.
The port conditions enumerated in Table 3 are
assumed to be uniform and constant. The values are
normalized by corresponding ones in AL port (total
pressure of 0.30 MPa and total temperature of 440 K).

6 and the dimensions relating to the cells are shown
in Table 4. As shown in this table, 10X, 3X, 1/3 and
1/10 are geometrically scaled from 1X of original one.
The gap size (x g ) between cell and end plate (Fig. 4)
is also specified in Table 4, and the rotation speed is
specified in Table 5.
The three-dimensional orthogonal structured
grid of fluid domain is shown in Fig. 7, and it has
201×101×101 grid points in x, r and θ directions.
Ideal gas is used in the fluid domain. In the solid wall,
from the conjugate interface to external surfaces, the
depth coordinates of grid points are shown in Fig. 8;
the grid spacing grows rapidly for the concern of
great momentary heat flux near the interface.
Stainless steel whose material properties are listed in
Table 6 is used in the solid wall domain.

Table 3 Port conditions
Charging
side
Discharging
side

P0
3.1
1.0
3.4
1.2

GH
AL
AH
GL

T0
2.8
1.0
2.1
2.2

Verification of Conjugate Interface Temperature
Since the interface temperature is used as the
boundary condition for both flow and solid domains,
it is necessary to verify the numerical solution of the

Normalized by 0.30 MPa or 440 K

Wave Rotor Cell and Grid
Five different sizes scaled from the cell of a
micro wave rotor, which is designed to be integrated
into a micro gas turbine of 1-10 kW output,9 are
investigated to compare the heat transfer effects in
different sizes. The geometry of cell is shown in Fig.

Fig. 7 Grid of fluid domain

Fig. 6 Geometry of micro wave rotor cell
Table 4 Dimensions of micro wave rotor cell
D
L
W
H
θW
DH
δ
xg

10X

3X

1X

1/3

1/10

470
690
39.2
30.0
9.56
34.3
10.0
1.00

141
207
11.8
9.00
9.56
10.3
3.00
0.30

47.0
69.0
3.92
3.00
9.56
3.43
1.00
0.10

15.7
23.0
1.31
1.00
9.56
1.14
0.333
0.0333

4.70
6.90
0.392
0.30
9.56
0.343
0.10
0.01

Unit
mm
mm
mm
mm
°
mm
mm
mm

Fig. 8 Depth coordinates of grid points in wall
(normalized by wall thickness δ)
Table 6 Material properties of solid
Parameter
Thermal conductivity
Density
Specific heat

Table 5 Rotation speed of cell (in RPM)
Ω

10X

3X

1X

1/3

1/10

3,100

10,050

30,000

88,000

264,000
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Value
25
8,000
500

Unit
W/(m·K)
kg/m3
J/(kg·K)
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interface temperature by comparing with analytical
solution. For verification, an infinite plate with initial
temperature T 0,1 , and the infinite medium with an
initial temperature T 0,2 < T 0,1 are considered. The
plate is then cooled by heat conduction, and the timedependent interface temperature can be obtained by
the analytical solution,18 as follows.
𝛩𝛩intf =
2𝐾𝐾𝜖𝜖

1+𝐾𝐾𝜖𝜖

𝑇𝑇intf −𝑇𝑇0,2
𝑇𝑇0,1 −𝑇𝑇0,2

=

𝐾𝐾𝜖𝜖

1+𝐾𝐾𝜖𝜖

−

𝑛𝑛−1
∑∞
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑛𝑛=1(−𝐻𝐻)

𝑛𝑛𝑛𝑛

(𝛼𝛼1 𝑡𝑡)1/2
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Results and Discussions
Heat Transfer Effects on Internal Wave Dynamics
in 1/10 Size
When heat transfer is taken into account,
periodicity of both internal flow and wall temperature
are confirmed in all results (both L2 residual of flow
field and maximum residual of wall temperature are
less than 1e-5), so that the cyclic flow field, heat flux
and wall temperature can be discussed. To address
the heat transfer effects on internal wave dynamics,
the results of adiabatic case and heat transfer case of
1/10 size are compared in this section as an example,
because the greatest effects are observed in this size.
During a cycle, the wall temperature changes
little (the oscillation amplitude is less than 0.01 in
normalized temperature), and the axial distribution of
wall temperature, which is the average of interface
temperature on the four wall surfaces at each xposition, is shown in Fig. 10 for the moment of θ = 0°
as a representative. The wall temperature falls in the
range of 2.0~2.1. Compared with the temperatures of
charging ports in Table 3, the wall temperature is
close to the average temperature of charging ports.

(1)

Here, Θ is dimensionless temperature, subscript intf
denotes interface. Further information related to the
analytical solution can be found in the literature.18
The verification of interface temperature
treatment in a relatively long period is fulfilled in
order to understand the accumulative difference in a
long run of numerical simulation of many wave rotor
cycles that may be necessary before a periodic
solution is obtained (for example, for 1X size wave
rotor to be introduced in the next section, the time of
a wave rotor cycle corresponds to the Fourier
number, Fo1=4.4×10-3). Since the density in the flow
passage varies in wave rotor cell, the situations
involving the smallest density and the greatest
density are calculated and compared for verification.
In both cases, the temperature distribution at
Fo 1 =3.6×10-2 (Fig. 9 (a)) or Fo 1 =0.18 (Fig. 9 (b))
calculated by the analytical solution18 is used as the
initial field of numerical simulation. The differences
of the interface temperature in analytical and
numerical results are no more than 1×10-4.
Considering the possible temperature range (2.8-1.0)
× 440 K = 792 K (see Table 3), the absolute
temperature difference is 1×10-4× 792 K < 0.1 K, a
limited small difference.
In addition, considering that the thermal
boundary layer is extremely thin behind a
propagating shock wave, corresponding short-term
response has been verified, and the differences
between numerical and analytical results are
confirmed to be negligible. As a result of both longterm and short-term verifications, the present
numerical method of interface temperature is
sufficient for the present research.

(a) Greatest density

Fig. 10 Axial distribution of wall temperature
(1/10 size, normalized by 440 K)
Figure 11 shows the distribution of heat flux in
a wave rotor cycle from 0° to 180°, each point in the
wave diagram denoting the average heat flux on the
four wall surfaces at each axial position x and degree
θ. Similar to the schematic wave diagram in Fig. 3,
contact fronts, shock waves, compression waves and
expansion waves are depicted on this wave diagram,
and it is also divided into “air” and “gas” regions by
contact fronts. As a consequence of T w = 2.0~2.1,
during opening to GH and AL, the hot gas from GH
port loses much heat to wall (red zone near GH) and
the cold air from AL port absorbs much heat from
wall (blue zone near AL). Great heat flux (positively
or negatively) is also found behind the pressure
waves.
The wave diagram of total pressure of the heat
transfer case is shown in Fig. 12. For specific and
precise comparison between heat transfer case and

(b) Smallest density

Fig. 9 Time history of interface temperature
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(a) θ = 0°

(b) θ = 14.4°

(c) θ = 35.3°

(d) θ = 117°

Fig. 11 Wave diagram colored in heat flux (1/10
size; ports only show their locations)

Fig. 13 Axial distributions of total pressure at
selected degrees (1/10 size; PSW: primary shock
wave; RSW: reflected shock wave)

Fig. 12 Wave diagram colored in total pressure
(1/10 size; ports only show their locations)
adiabatic case, axial distributions of total pressure at
several degrees are selected and exhibited in Fig. 13.
Because the cold air is persistently heated after being
charged into the cells (blue zone to the left of contact
front in bottom-left region of Fig. 11, about 120° ~
180°), the total temperature of air at 0° (180°) is
higher in the heat transfer case than that in the
adiabatic case (Fig. 14), and the total pressure of air
is also higher in the heat transfer case (Fig. 13 (a))
owing to such heating. However, the pressure
difference is smaller than the temperature difference
due to the leakage from the clearance gap.
The difference in the initial state at 0° leads to
further differences in total pressure in the cells.
Figure 13 (b) shows the axial distribution of total
pressure when the primary shock wave (PSW) is
propagating rightwards. The pressure ratio of PSW is
smaller in the heat transfer case than in the adiabatic
case, i.e. PSW is weaker in the heat transfer case.
This is because the initial pressure in the cell is
higher in the heat transfer case as mentioned above,
while the pressure in GH is set as constant.

Fig. 14 Axial distributions of total temperature at θ
= 0° (1/10 size)
Figure 13 (c) shows the pressure distribution
when the reflected shock wave (RSW) is propagating
leftwards, and RSW is also weaker in the heat
transfer case. Besides, the total pressure of the fluid
behind RSW, which relates to the pressure in AH
port, is lower in the heat transfer case.
Furthermore, during the expansion process
(80.0°~166°), the total pressure is higher in the heat
transfer case (Fig. 13 (d)), which is caused by heating
during opening to GL port (blue color in 80.0°~128°
in Fig. 11), in addition to the pressure difference in
the compression process.
Heat Transfer Effects on Charging and
Discharging in 1/10 Size
Since the pressure waves are affected by heat
transfer, the charging and discharging processes are

6
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The differences in mass flow rate at the cell
ends Δ a q m (Fig. 17) reveal that 1) charging from GH
is enhanced because the pressure in cell is reduced
whereas the state in the port is constant, and
discharging to AH is lessened for the same reason; 2)
charging from AL is decreased and discharging to
GL is increased because the pressure in cell is
increased whereas the state in port is constant.

subject to change. Figure 15 shows the degree (i.e.,
time) history of the total pressure at a cell end during
charging or discharging when it is exposed to a port.
Due to the lower total pressure in the cell during the
compression process (Fig. 13(b), (c)), the discharging
total pressure to AH port is lower in the heat transfer
case (Fig. 15 (a)). On the other hand, when the left
end opens to AL port in the expansion process, the
total pressure during charging becomes higher in the
heat transfer case (Fig. 15 (b)).
To discuss the overall effect, the difference
between adiabatic case and heat transfer case is
calculated by

0.10
0.05
0.00

Δa = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

-0.05

The differences in total pressure Δ a P 0 during
charging and discharging for corresponding ports are
shown in Fig. 16. It is clear that the total pressure
during compression process (opening to GH or AH)
is lower in the heat transfer case, while it is higher
during the expansion process (opening to AL or GL).

-0.15

(2)

-0.10
∆aqm
GH

∆aqm
AH

∆aqm
AL

∆aqm
GL

Fig. 17 Differences in mass flow rate when opening
to ports (1/10 size; normalized by q m of AL)
Heat Transfer Effects across Sizes
To find out the trend of heat transfer effects on
the charging and discharging, relative differences (Eq.
(3)) in total pressure and mass flow rate at cell ends
for all the sizes investigated (10X, 3X, 1X, 1/3, and
1/10) are summarized in Fig. 18 and Fig. 19. To
6%

4%

10X

3X

1/3

1/10

1X

2%
(a) For AH port

(b) For AL port

0%

Fig. 15 Degree history of total pressure at the right
end of cell during opening to AH or AL ports (1/10
size)

∆r P 0
GH

∆r P 0
AH

∆r P 0
AL

∆r P 0
GL

0.10

Fig. 18 Percentages of differences in average total
pressure when opening to ports for various sizes

0.05

12%

0.00
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1X

-0.05
-0.10

4%
∆aP0
GH
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AH

∆aP0
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0%

Fig. 16 Differences in average total pressure when
opening to ports (1/10 size; normalized by P 0 of AL)

∆r q m
GH

∆r q m
AH

∆r q m
AL

∆r q m
GL

Fig. 19 Percentages of differences in mass flow
rate when opening to ports for various sizes
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understand the scale of the sizes, the surface-area-tovolume ratio is listed in Table 7 as a reference.
Δr = �
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(3)

Table 7 Surface-area-to-volume ratio of all sizes
investigated (in mm-1)
10X
3X
1X
1/3
1/10
A/V 1.18×10-1 3.53×10-1 1.18×100 3.53×100 1.18×101
In regard to the differences in total pressure
Δ r P 0 (Fig. 18), the difference rises dramatically from
1X size to 1/3 size during opening to low pressure
ports AL and GL. Besides, for the total pressure
during opening to low pressure ports AL and GL,
Δ r P 0 is relatively notable in 1/3 and 1/10 size
compared with those in larger sizes. Concerning the
difference in mass flow rate Δ r q m (Fig. 19) related to
the low pressure ports AL and GL, drastic increase is
also found from 1X size to 1/3 size, and relatively
noteworthy ones also occurs in 1/3 size and 1/10 size.
Hence, it can be inferred that the heat transfer
effects in sizes smaller than 1X size, i.e. the size
whose surface-area-to-volume ratios is greater than
1.18 mm-1, would require much more attention.

Conclusions
In the present study, numerical simulations are
carried out for wave rotors of various size in order to
investigate heat transfer effects in micro wave rotor,
and the following conclusions were obtained.
1) The fresh air is heated after being charged into
the cells, and consequently the total pressure and
total temperature in the cells before compression
process are raised by heat transfer. This causes
further changes in the internal flow dynamics
and charging / discharging of gas and air.
2) When the size is reduced from 1X size (i.e.,
surface-area-to-volume ratio is larger than 1.18
mm-1), heat transfer effects on charging and
discharging related to low pressure ports (AL
and GL) grow drastically. Especially, when the
surface-area-to-volume ratio is larger than 3.53
mm-1, those heat transfer effects become so
significant, therefore much more attention to the
heat transfer effects is necessary for the design
and investigation of such small wave rotors.
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