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The design of a wave rotor requires an understanding of the pressure wave dynamics in the cells (rotor passages).
The present paper describes a two-dimensional numerical simulation and an experimental visualization of the wave
rotor compression process. First, a unique experimental apparatus with fixed cells and rotating ports was
constructed for the visualization and direct measurements; this arrangement is opposite to the conventional setup.
Next, experimental and numerical results were compared to verify the simulation modeling, particularly with regard
to the propagation velocity of pressure waves in the cells. Last, the effects of gradually opening the cell to the ports and
leakage through the clearance, which are considered to be dominant factors in the wave rotor operation, on the
pressure wave dynamics were carefully investigated. The results showed that the gradual passage opening greatly
influences the primary shock wave, whereas leakage mostly influences the reflected shock wave. Moreover, it was
revealed that the leakage generates an extra pressure wave during the compression process due to the interaction

between adjacent cells.

Introduction

HE wave rotor is a promising device that can drastically

improve gas turbine performance [1-4]. It consists of arotor and
ducts, as shown in Fig. 1, and has multiple straight passages (cells) in
which the energy of a combustion gas is directly transferred to air at a
lower energy by means of unsteady pressure wave propagation. The
ducts, hereafter referred to as “ports,” are connected to the gas turbine
components for charging and discharging the cells with fresh air and
combustion gas, respectively.

Figure 2 shows the basic compression process of the “four-port
reverse flow type” wave rotor cycle; the characteristic lines of the
pressure waves are indicated by solid lines. An explanation of the
entire working process can be found in the literature [S]. At the
beginning of the cycle (top of the figure), the cell is filled with low
pressure air from the compressor. Gas high pressure port (Gas-HP) is
used to charge the combustion gas from the burner, and the pressure
ratio of gas to air is greater than a suitable value (about 2.0 in [5]) for
generating a shock wave (primary shock wave) when the cell is
opened to Gas-HP. This shock wave is reflected at the opposite end of
the cell, thereby generating another shock wave (reflected shock
wave). Air high pressure port (Air-HP) is opened to the cell
immediately after the reflection of this shock wave so that the high
pressure air in the cell, which was compressed by these two shock
waves, flows out to Air-HP. When the reflected shock wave reaches
the end of the cell, Gas-HP is closed and an expansion wave is
generated by the inertia of the inflow gas. Air-HP is closed when the
tail of this expansion wave reaches the end of the cell and the flow
discharge is halted. Because the contact surface between the gas and
air does not reach the end of the air side, the fluid in Air-HP is pure
compressed air. The basic compression process of other wave rotor
cycles [6,7] is very similar to this; however, some other applications
use different compression process [8]. As seen in the aforementioned
compression process, the ports should be opened and closed to
coincide precisely with the pressure wave arrivals at the end of the
cells. Therefore, the propagation velocity of the pressure waves in the
cells must be predicted carefully, because the inner flow dynamics of
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the wave rotors differs greatly from those of an ideal shock tube
because of some characteristic loss factors mentioned later.

A number of studies have aimed to develop an effective wave rotor
design. These studies have employed analytical cycle calculations
[4,9-12], one-dimensional (1-D) full-cycle simulations [13-15],
two-dimensional (2-D) and three-dimensional (3-D) numerical
analyses [16,17], and various experiments [18,19]. Experimental
examinations [18,19] have revealed that the loss factors of the wave
rotor performance can be classified as follows: gradual passage
opening, (wall) friction, leakage (clearance), heat transfer, and so on.
Here, gradual passage opening implies that the cells are gradually
opened and closed to the ports; this is in contrast to an ideal shock
tube in which the diaphragm is ruptured instantaneously.

These dominant factors are believed to influence significantly the
process of pressure wave dynamics. For example, the primary shock
wave may be a compression wave at the beginning of propagation
because of the gradual passage opening effect. The compression
wave is gradually strengthened during propagation, thereby leading
to anonlinear change in the propagation velocity; this contrasts with
the observations obtained with an ideal shock tube. In addition, the
reflection of the primary shock wave is not perfect because air flows
out through the clearance gaps between the rotor and the end wall at
the ends of cell; hence, it is difficult to analytically predict the
condition of the reflected shock wave. Therefore, for developing an
effective design technique, it is important to understand how these
dominant factors affect the pressure wave dynamics.

As mentioned, one of the important points is the propagation
velocity of the shock waves; however, experimental work employing
optical visualization to investigate the generation and propagation
process of shock waves has hardly been carried out. Therefore, both
numerical simulations and experiments were performed to examine
the effects of the gradual passage opening and leakage on the wave
rotor compression process in the present study. In the experiments,
shock wave visualization and direct pressure measurements were
simultaneously carried out to clarify the generation and propagation
of pressure waves. For comparison with the experimental results, a
2-D numerical simulation was performed on a peripheral plane
located at the mean rotor radius.

Experimental Approach
Equipment
The shock waves in a wave rotor were visualized by using a new
type of test equipment (Fig. 3) [20,21]. In this equipment, the cell is
held stationary while the ports rotate. Hence, the reflecting schlieren
method can be applied, and wall static pressure measurements can be
directly performed without much difficulty. Thus, the effects of
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Fig. 1 Schematic diagram of wave rotor.
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Fig. 2 Compression process of wave rotor.

rotation such as centrifugal and Coriolis forces were not taken into
account; however, according to the 3-D numerical analysis, this
effect will appear on the contact surface rather than the pressure
waves [17]. With regard to the incidence loss between the rotating
ports and fixed cells, the inflow angle from Gas-HP will be less than
10 deg thus making the loss insignificant [22]. It should be noted that
the rotors shown in Fig. 3 indicate the rotating ports used for charging
and discharging the working gas. These rotors were connected to a
bevel gear and driven by an electric motor, and the test section can be
replaced depending on the purpose of the experiments. The design
specifications of this equipment are listed in Table 1. The initial
design was made considering the theoretical propagation velocity of
pressure waves, and then it was carefully adjusted according to the
results of several test runs. The concept of this equipment was
adopted for easy measurements and setting to make it suitable for the
purpose of the present experiments and not for examining its
performance as a fluid device. This is because of a limited number of
cells that cannot deal with the full operation of the wave rotor.

The present design specifications were chosen mainly because of
the tolerance available for the setup of the rotating parts. A
comparison with the other wave rotors of previous studies
[5,7,14,19,23] with regard to three nondimensional parameters that
express the dominant loss factors of gradual passage opening, wall
friction, and leakage is presented in Table 2. The three parameters are
expressed as follows:

Gradual passage opening:

t = (Passage Opening Time)/(Wave Travel Time)
=(Wea/rw)/(L/a)

Wall friction: L/D,,

Leakage: 26/H

W.en 1s the cell width; r, the mean rotor radius; w, the angular speed
of the rotor; a, the speed of sound; L, the cell length; D, the
hydraulic diameter of the cell; 6, the axial clearance gap between the
fixed end wall and the rotor, and H_;, the cell height. The larger the
value of these parameters, the larger is the performance loss. In
the case of the cells with a width of 8 mm, 7 does not differ much from
the others; however, 7 has the maximum value in the case of those
with a width of 16 mm. The value of L/ D), yields identical values in
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Fig. 3 Equipment for shock wave visualization.

the present design. As for 2§/ H ., for a 0.5 mm clearance, the value
appears fairly equal, whereas it is extremely large for a clearance of
1.0 mm.

Working Gas Charge and Discharge

The opening and closing timings of the ports are listed in Table 3.
The origin (0.0 deg) indicates the beginning of a rotating cycle (i.e.,
Gas-HP opening). The four-port reverse flow cycle was adopted for
the port configuration; this cycle is identical to that of the practical
wave rotor for supercharging diesel engines [5]. Therefore, the gas
side rotor, as shown in Fig. 3, has Gas-HP and gas low pressure port
(Gas-LP), whereas the air side rotor has Air-HP and air low pressure
port (Air-LP).

In this experiment, compressed air, hereafter referred to as gas,
was supplied to Gas-HP. The pressure ratio of the gas to low pressure
fresh air was 2.6, and their temperatures were equal to the room
temperature. Gas pressurization was achieved using a screw
compressor. The gas passed through a hollow rotating shaft and into
the cell through Gas-HP. Shock waves were generated by the high
pressure gas, which then flowed out into the atmosphere through
Gas-LP of the gas side rotor. On the other hand, fresh air flowed into
the cell through Air-LP, and it was compressed by the shock waves.

Table 1 Design specifications

Cell length 186 mm

Cell height 16 mm

Cell width 8 mm or 16 mm
Rotor mean radius 60 mm
Rotating speed 4200 rpm
Pressure ratio of Gas-HP and Air-LP 2.6

Wall thickness between cells 1.0 mm
Clearance 0.5-1.0 mm (variable)
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Table 2 Comparison of wave rotor configurations

NASA (3-port) NASA & Allison Kentfield G.E. Comprex® (ABB) Visualization Test Rig

(This work)

Length, L, m 0.23,0.46 0.152 0.28 0.3 0.0932 0.186

Mean Radius, r, m 0.15 0.0815 0.102 0.058 0.048 0.06

Cell width, W, m 0.00635, 0.0127 0.00875 0.0168 0.01* 0.009 0.008, 0.016

Cell height, Hj;, m 0.0102 0.022 0.0559 0.0231 0.01 0.016

Clearance, §, mm 0.127-0.381 0.13 0.18 0.64 0.15 0.5-1.0

Rotating speed, rpm 1850-7400 16,800 5500 19,000 14,000 4200

T 0.08-0.35 0.194 0.35 0.0982° 0.467 0.554,1.108

L/D,¢ 20-58 12.1 10.5 21.5 9.8 17.4,11.6

26/H oy 0.025-0.075 0.0118 0.006 0.0554 0.03 0.0625-0.125

“Wall thickness between the cells included.
®Calculated with atmospheric value.
¢D,,: hydraulic diameter.

Table 3 Port design

Port Opening timing, deg Closing timing, deg
Gas-HP 0.0 29.0
Gas-LP 60.0 158.0
Air-HP 13.0 39.5
Air-LP 77.2 132.2

Subsequently, air flowed into Air-HP and then to the atmosphere
through the rotating shaft of the air side rotor.

Optical and Pressure Measurements

Optical observation was performed using the reflecting schlieren
method. The path of the light beam was set horizontally and directed
downward by a mirror placed above the test section. Light passed
from the top of the test section to its bottom, and it was reflected by
another mirror placed below the test section. To avoid mechanical
vibrations, the test section and mirrors were isolated from the rotating
parts such as the bevel gear, bearings, and oil seals, as shown in
Fig. 3. In this experiment, a high speed CCD camera with a shutter
speed of 500 ns was used to capture schlieren photographs. The
trigger pulse, which marked the beginning of the cycle, controlled
the camera so that a series of pictures was recorded as tiff files
using a computer. For measuring the wall static pressure, seven holes
with flush-mounted dynamic pressure transducers were arranged
in the axial direction along each side of the top transparent plate.
The resonance frequency of the pressure transducer was 400 kHz,
and the frequency response of the dc amplifier was 0-100 kHz
with an attenuation less than 3 dB. In this experiment, signal filtering
was not employed and the data were obtained with a digital
oscilloscope that produced 5 mega samples per second for each
channel.

Figure 4 shows the details of the test section and the measuring
points. Leakage flows at the interface of the cells and ports can be
considered to occur in both radial and circumferential directions. The
leakage flow in the radial direction merely leaks out to the ambient
air, whereas that in the circumferential direction causes an interaction
between the adjacent cells. Therefore, the test section was arranged to
have three cells, and optical and pressure measurements were carried
out at the central cell for observing the interaction between the cells.
The top and bottom walls of the central cell were made of transparent
acrylic resin. For examining a single passage, the gas and air were
supplied only to the central cell by changing the end walls that
support both the ends of the test section. In addition, a 16 mm wide
test section (single passage only) was also used to examine the effect
of gradual passage opening.

Numerical Approach
Solution Method

In the present study, a 2-D analysis was performed at the mean
radius plane (developed in the cell axis and rotating directions) by

focusing on the dynamics of the primary and reflected shock waves in
the compression process [20,21]. As easily seen from the relation
between the calculation plane and the rotating axis, the effects of the
centrifugal and Coriolis forces were not taken into consideration.
Two-dimensional Navier—Stokes equations considering laminar
viscosity were used as the governing equations. The solution scheme
was based on the finite difference method of discretization by
incorporating Chakravarthy—Osher’s third-order upwind total
variation diminishing (TVD) scheme with van Leer’s differentiable
limiter [24,25]. Jameson—Baker’s four-stage Runge—Kutta scheme
(fourth-order accuracy) was employed for time integration [26]. The
time step was estimated from the maximum CFL number, which was
set to 1.0. This numerical scheme has been improved and applied for
a long time in various types of flowfields [27-33]. It was also
validated by the results of the ideal shock tube problem by using the
Exact Riemann Solver [34].

Calculation Region

Figure 5 illustrates the mesh used for simulating the cell-to-cell
interaction effect. This mesh covers the region of the three passages,
similar to the test section in the experiment, and each cell region
consists of 601 x 31 orthogonal grids. The specifications of each cell
were identical to those in the experiment, i.e., the cell widths for
examining the effect of gradual passage opening were 8 and 16 mm,
as listed in Table 1. The cells were connected to each other through
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Fig. 4 Test section and measuring points (unit: mm).
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Fig. 5 Calculation region (multipassage case).

the clearance region, which was delineated by the grids in the cell
region. The results obtained using clearances of 0.5 and 1.0 mm were
compared to investigate the leakage effect. Here, because the
condition in the port was assumed to be uniform and constant,
disturbances within the port arising from the multipassage effect
were not taken into account. In the single-passage simulation without
the leakage effect, only the cell region was considered; therefore, the
inflow and outflow boundary conditions were directly applied to the
cell ends. In contrast, in the presence of leakage without any
interaction effects, the clearance region was attached to each cell end,
and its length was equal to the cell width in the circumferential
direction. To investigate the effect of gradual passage opening, a
601 x 61 mesh (doubled grids in the circumferential direction) was
also employed in the case of the 16 mm cell width for maintaining the
same grid accuracy. All the calculation cases presented in this paper
are shown in Table 4.

Boundary Conditions

The inflow and outflow boundary conditions must be carefully
treated because the flow direction and flow velocity, supersonic or
subsonic, are not known a priori. Therefore, a phantom point was set
outside each boundary grid, and the local 1-D (axial direction)
Riemann problem was solved for this phantom point and its
corresponding boundary point by applying the Exact Riemann
Solver for obtaining appropriate boundary values [34]. First, the kind
of pressure wave (shock wave or expansion wave) that travels either
in the left or right direction from the interface was determined
according to the conditions of the internal and phantom points. Then,
the condition between these two (left and right running) pressure
waves was calculated using the relation for a shock or expansion
wave. Finally, the flux at the interface was obtained and applied as the
boundary condition. In this way, the boundary condition was
determined according to the direction of two characteristic lines of
the pressure waves from the interface.

The port states are imposed at the appropriate phantom points. In
the present simulation, the condition in each port was assumed to be
constant; otherwise, for the simulation, it would be necessary to solve
for all the cells simultaneously including the port region. Therefore,
the total and static pressures in Gas-HP were measured with a pitot
tube in the preliminary experiment to set an appropriate Gas-HP

Table 4 Calculation case

Case 1 Case 2 Case 3 Case 4 Case 5

Passage number 1 1 1 3 3
Width 8 mm 8 mm 16 mm 8 mm 8 mm
Clearance 0 mm 0.7 mm 0 mm 0.5 mm 1.0 mm

W
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Fig. 6 Density contours (Case 1).

boundary condition. Table 5 lists the port conditions for the
numerical simulation that were identical to those in the experiments.
Here, the circumferential velocity in Gas-HP was assumed to be the
same as the rotor peripheral speed at the mean radius, and it was
imposed directly at the boundary points. In addition, the opening and
closing timings of the ports were the same as those in the experiment.
The effect of gradual passage opening was simulated by gradually
replacing the wall boundary condition by the corresponding port
boundary condition; this is in accordance with the cell rotation.
Nonslip and adiabatic conditions were applied to the wall boundary
and the cell walls; therefore, the effect of heat transfer was not
considered in the present simulation. The initial condition of
pressure, temperature, and velocity in the cell was set as 0.1 MPa,
288 K, and 0 m/s, respectively.

In the simulation considering the leakage effect, the leakage flow
through the clearance region in the radial direction, i.e., normal to the
calculation plane, should also be considered. In the present

height that was identical to the value in the experiment. Then, the
fluxes at the top and bottom interfaces with the outside ambient air
were similarly calculated by the Exact Riemann Solver [34]. By
assuming the flow to be symmetric in both the inner and outer radial
directions, the amount of leakage flow was then taken into account at
each time step for calculating the new condition for the next time
step. At the boundary of the clearance region in the circumferential

Table 5 Port conditions

Gas-HP Air-HP
Total pressure, MPa 0.26 0.1
Total temperature, K 288 288
Velocity, m/s (axial) 160 0.0

Velocity, m/s (circumferential) 26.4 0.0
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Fig. 7 Schlieren photographs (single-passage case).

direction (top and bottom boundary of the clearance regions in
Fig. 5), the wall condition was adopted in the multipassage
simulations; this is because the periodic boundary condition in the
circumferential direction cannot be applied without solving for all the
cells that cover the entire cycle. This treatment was previously
confirmed to be appropriate by comparing the results of three- and
five-passage simulations in which no significant difference was
found. In the case of the single-passage simulation with the leakage
flow effect (Case 2 in Table 4), the boundary condition of the
clearance region in the circumferential direction was treated to be
open to the surroundings.

Results

Wave Visualization and Computed Density Contour

Figure 6 shows the time series of the computed nondimensional
density contours in the case of the single-passage simulation without
the leakage effect (Case 1). In this figure, delay time (DT) indicates
the time elapsed from the instant Gas-HP begins to open upward
from the bottom at the left cell end.

DT =100 4 s

DT =200 u s

DT =3004s

DT =400 i s

DT =500 u s

DT =600 (s

DT =700 u s

DT =800 4 s

DT =900 s

DT = 1000 i s

DT =1100us

DT=1200us

DT=1300us
Gas Side 1.0 25 Air Side
Fig. 9 Density contours (Case 3).

When Gas-HP begins to open, a compression wave and contact
surface are generated and they propagate to the air side. The shape of
this compression wave appears to be one-dimensional even at
DT = 100 pus, although Gas-HP is completely opened at DT=
303 us. Atthe instant Gas-HP begins to open, its shape is cylindrical
and becomes flat immediately. Then, the wave is gradually
strengthened during propagation and finally becomes a primary
shock wave. Regarding the contact surface, the inflow is attached to
the upper wall of the cell; thus, a region denoted as “captured gas” is
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Fig. 8 Experimental and simulated wall static pressure traces (single-passage cases).
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Table 6 Propagation velocity of shock waves

Primary shock wave Reflected shock wave

Experiment 358 m/s 218 m/s
CFD (Case 1) 368 m/s 253 m/s
CFD (Case 2) 368 m/s 236 m/s

formed near the upper corner of the cell entrance (DT = 200 us).
The primary shock wave then propagates and reflects at the end of the
air side (DT = 600 ws). At this instant, Air-HP is partially opened to
the cell (Air-HP begins toopen at DT = 516 ps), and a small amount
of compressed air flows out to Air-HP. The reflected shock wave
propagates against the inflow to the gas side to interact with the
contact surface. When it reaches the end of the gas side, Gas-HP
begins to close at DT = 1151 us, resulting in a low pressure area
(DT = 1300 pus).

Figure 7 shows the schlieren photographs obtained from the
single-passage experiments with a 0.5 mm clearance. As shown in
this figure, the primary shock wave is not observed at DT = 100 us
because the density gradient of the shock wave at this instant is not
sufficiently strong due to the effect of gradual passage opening. The
primary shock wave becomes apparent after DT = 200 us, and it is
reflected at approximately DT = 500 us. In addition, it can be

0.28

— P10 (Width 8 mm) N —
— P10 (Width 16 mm) /\L‘J ™
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Fig. 10 Static pressure time trace at P10 (experimental).
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clearly seen that the reflected shock wave propagates to the gas side at
a constant speed.

Comparison of Numerical and Experimental Results

Figure 8 shows a comparison of the numerical (Cases 1 and 2) and
experimental results for the wall static pressure traces in the single-
passage case. The numerical result considering the clearance
(Case 2) takes into account only the effect of the leakage flow to the
outside.

This comparison shows that the leakage flow to the outside
significantly influences the strength and propagation velocity of the
reflected shock wave. In contrast, the primary shock wave was not
noticeably affected. In terms of both the propagation velocity and
pressure ratio of the shock waves, the numerical results for the case in
which the leakage effect is considered show a better agreement with
the measurements than the case in which the leakage effect is not
considered. This indicates the practical importance of taking the
presence of the clearance into account. Table 6 presents a summary
of the propagation velocities of the primary and reflected shock
waves, which quantitatively supports the aforementioned finding.

Gradual Passage Opening Effect

In the present discussion, cells with widths of 8 and 16 mm were
tested to compare the results obtained by the numerical simulation
with those obtained experimentally. All the design and operating
conditions, excluding the cell width, were identical. Therefore, as
shown in Table 2, the value of t was doubled, revealing the
differences due to an increase in the effect of gradual passage
opening. Meanwhile, in the numerical simulation, the clearance was
set to zero to eliminate the leakage effect. Itis generally supposed that
7 should be less than 1.0, and it was less than 0.5 in the other
previously designed wave rotors. Therefore, a width of 16 mm for a
cell is too large and this extreme case was designed only to observe
the effect of gradual passage opening.

Figure 9 shows the computed density contours of the 16 mm wide
cell (Case 3). As seen in this figure, the primary shock wave cannot be
observed as clearly as in the case of the 8 mm wide cell shown in
Fig. 6; however, the reflected shock wave appears to be sufficiently
clear. This trend is also observed in the comparison of the wall
pressure measurements in the experiments of different cell widths
(Fig. 10). In the case of the 16 mm wide cell, the rate of increase in
pressure of the primary shock wave reduces, whereas that of the
reflected shock wave remains almost constant. Consequently, the

DT=8004s [nteraction Wave  Reflected Shock Wave

DT=900us

DT =1000 s

DT=1100 s Reflected Shock Wave

DT=1200us

DT=600us DT=1300us
E T
DT=7004s Reflected Shock Wave 10 2.5

Fig. 11 Density contours (Case 4).
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Fig. 12 Schlieren photographs (three-passage case, clearance 0.5 mm).

gradual passage opening has a greater influence on the primary shock
wave than the reflected shock wave.

Leakage Effect

The time series of nondimensional density contours of the
multipassage simulation (Case 4) is shown in Fig. 11. In this figure,
the origin of DT indicates the instant at which Gas-HP begins to open
with respect to the middle cell. In addition to the result for the single
passage (Fig. 6), it is observed that an extra wave, hereafter referred
to as the interaction wave, is generated in the middle cell. The
interaction wave then propagates to the gas side. This phenomenon is
also observed in the schlieren photographs in Fig. 12, which were
taken during the three-passage experiment. On the basis of the
generation timing and numerical results, this pressure wave appears

Interaction Wave

Wall

Reflected Shock Wave
(in the neighboring cell)

. e |
1.0 1.7
Fig. 13 Interaction wave generation (Case 4).

| Captured Gas Region |

| Single-passage case |

| Multi-passage case |

10 2.0

Fig. 14 Inflow difference between Cases 1 and 4.

to have been generated by the reflection of the primary shock wave at
the cell end of the neighboring cell (bottom) that had earlier opened to
Gas-HP (Fig. 13).

In addition, the state of the contact surface in the three-passage
simulation is very different from that in the single-passage simulation
owing to the difference in the inflow angle at the beginning of Gas-
HP opening (Fig. 14). In the single-passage case, the inflow direction
was almost axial; the flow was diverted by a vortex and finally
reattached to the upper wall, thus forming the captured gas region
(Fig. 6). On the other hand, in the multipassage case, the inflow angle
was greater because the flow direction around the leading edge was
almost circumferential. Therefore, the captured gas region is not very
evident in this case.

Figure 15 shows the numerical results for the wall static pressure
traces corresponding to clearances of 0.0, 0.5, and 1.0 mm (Cases 1,
4, and 5). Here, the clearance of 0 mm corresponds to the single-
passage simulation without the leakage effect. Further, note that a
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Fig. 15 Wall static pressure traces (Cases 1, 4, and 5).
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Fig. 16 Pressure traces for different clearances (experimental).

clearance of 1.0 mm yields an extremely large value of the leakage
parameter, which is used only to observe the limiting influence of a
large clearance. The strength of the reflected shock wave and
interaction wave were again observed to be greatly influenced by the
clearance width. In particular, when the clearance was 1.0 mm, the
strength of the interaction wave was almost the same as that of the
reflected shock wave; therefore, the interaction wave cannot be
neglected in the extreme case in which the leakage parameter is large.
This observation is also confirmed by the experimental results
(Fig. 16). Moreover, the propagation velocity of the interaction wave
changed at P5 and P12 due to interference with the primary shock
wave.

Figure 15 also reveals that a difference in the inflow angle resulted
in a difference in the initial increase in pressure at P1 and P§. Without
a clearance, a sudden decrease during the initial increase in pressure
at P8 is due to the captured gas region, which does not appear
otherwise. The influence of this difference in the inflow angle was
only local and was not observed at other measuring points. The
propagation velocities of the reflected shock wave are compared in
Table 7. The difference among the three clearance cases examined in
this study was found to be 20%.

To determine the influence of the number of cells, a simulation
with five cells was also performed. It was concluded that the
simulation with three cells is adequate for the present discussion.

Conclusions

In the present study, wave rotor inner flow dynamics were
investigated both experimentally and numerically. A unique
apparatus was constructed for the experiment, in which the
propagating shock and pressure waves within the cell passages were
visualized for the first time. Furthermore, the propagation velocities
were examined based on the time traces of the wall static pressure. In
the numerical analysis, a 2-D flow simulation was performed; the
results were compared with the experimental data in terms of the
propagation velocities and steepness of the shock waves, which are
critically important in wave rotor design. The principal results and
conclusions regarding the specific aspects of the wave rotor
operation are as follows.

1) The effect of gradual passage opening was clear in the steepness
of the primary shock wave and the state of the contact discontinuity,
whereas the reflected shock wave was not affected.

Table 7 Propagation velocity of reflected shock wave (numerical)

Case 1 Case 4 Case 5
Clearance 0 mm 0.5 mm 1.0 mm
Propagation velocity 253 m/s 236 m/s 214 m/s

2) The leakage effect can be considered as a leakage flow to the
surroundings and the interaction between neighboring cells. The
leakage flow appeared to affect the pressure ratio of the reflected
shock wave, whereas the primary shock wave did not seem to be
affected.

3) The cell-to-cell interaction effect appeared as an interaction
wave, which was generated by the reflection of the primary shock
wave at the end of an adjacent cell. When the clearance was increased
to an extreme, the strength of this interaction wave became almost
equal to that of the reflected shock wave. Therefore, this effect can be
significant in such a configuration.

4) The inflow angle of the high pressure gas is significantly
affected by the leading edges of the cell walls; this significantly
influences the contact surface states with regard to the formation and
structure of the flow circulation at the cell entrance.
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