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Abstract

A series of tests has been performed on a four-port wave rotor suitable for use as a topping stage on a gas

turbine engine, to measure the overall pressure ratio obtainable as a function of temperature ratio, inlet mass flow,
loop flow ratio, and rotor speed. The wave rotor employed an open high pressure loop that is the high pressure inlet
flow was not the air exhausted from the high pressure outlet, but was obtained from a separate heated source,
although the mass flow rates of the two flows were balanced. This permitted the choice of a range of loop-flow
ratios (i.e., ratio of high pressure flow to low pressure flow), as well as the possibility of examining the effect of
mass flow imbalance. Imbalance could occur as a result of leakage or deliberate bleeding for cooling air.
Measurements of the pressure drop in the high pressure loop were also obtained. A pressure ratio of 1.17 was
obtained at a temperature ratio of 2.0, with an inlet mass flow of 0.6 1b/s. Earlier tests had given a pressure ratio of
less than 1.12. The improvement was due to improved sealing between the high pressure and low pressure loops,
and a modification to the movable end-wall which is provided to allow for rotor expansion.
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leakage parameter = 26/h
passage height

loss coefficient for heater loop
mass flow rate

rotor speed (rpm)

stagnation pressure

stagnation temperature

target temperature ratio for 7,/T}
mixed-out value of velocity
ratio of specific heats
temperature change due to heat transfer
gap between rotor and end-wall
efficiency

loop flow ratio (= rir3 /1y )
mixed-out value of density
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Subscripts

c compression
X expansion

1 Port 1

2 Port 2

3 Port 3

4 Port 4

I. Introduction

At NASA, wave rotors have been investigated for use as a topping stage for gas-turbine engines in order to
increase performance while maintaining temperatures in rotating parts at levels used in current technology. The
primary application considered is aircraft propulsion or auxiliary power. Calculations have shown that increases in
specific power of ~20 percent, and reductions in specific fuel consumption of ~15 percent are possible (refs. 1 and
2). The original intended use of the wave rotor was as a topping stage for ground-based power units (ref. 3) and it
has been demonstrated that large increases in efficiency and power are possible for that application (Zauner et al.)
(ref. 4). In the configuration used by Zauner et al., the power generated by the topping stage was extracted by an
additional power turbine, with its own shaft. Thus this power unit with a wave rotor topping stage is more complex
than a power unit without the topping stage.

For aircraft engines, a simpler, preferable, arrangement would be to have the extra power be produced by an
increased pressure at the turbine entrance. This arrangement is schematically illustrated in figure 1. In this scheme,
the wave rotor acts on a four-port cycle. Air from the engine compressor enters the wave rotor at port 1, and its
pressure is further increased inside the wave rotor by unsteady compression waves. The compressed air leaves the
wave rotor at port 2, and passes to the burner. Combustion therefore takes place at higher pressure than in the engine
without a wave rotor. From the burner, the gas re-enters the wave rotor at port 3, expands in expansion waves, and
leaves the wave rotor at port 4, passing to the engine turbine. This gas is now at higher pressure than the gas entering
the turbine in an engine without a wave rotor, even though the temperature is the same, due to the cooling in the
expansion. Consequently, more work can be extracted from the gas in the engine with the wave rotor.

An investigation of an application of a wave rotor topping stage to an existing aircraft engine, using a four-port
wave rotor cycle has been reported by Snyder and Fish (ref. 5). The performance of the engine with the wave rotor
topping stage depends on the performance of the wave rotor itself, which in this context means the pressure ratio
developed across the wave rotor as a function of the temperature ratio across it, i.e., P,/P; versus T,/T.

There appear to be only two investigations of four-port wave rotor performance, by Klapproth et al., (ref. 6) and
by Ruffles (ref. 7) (see figure 2, which also includes a one-dimensional calculation of wave rotor performance
(ref. 8). There is significant discrepancy between these two reports, and neither is very complete. Thus there is a
need for detailed measurements of four-port wave rotor performance. Such measurements are also needed to
validate numerical simulations. This paper gives the results of an experiment to measure four-port wave rotor
performance.

Burner

Compressor Turbine .

Figure 1.—Schematic arrangement of a wave rotor in a gas turbine engine.
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Figure 2.—Experimental results of Klapproth et al., and Ruffles, together with
predictions from a 1-D code calculation by Paxson (ref. 8).

I1. The Wave Rotor Cycle

As stated above, the
compression and expansion in
a wave rotor are performed by
waves. The rotor itself is a
cylindrical drum, with many
axial passages on its
circumference, and the waves
propagate within these
passages. A convenient way to
represent these processes is a
so-called x-t diagram, which
is a diagram showing the
position of the waves as a
function of time, i.e., as the
cylinder rotates. An example
is given in figure 3, showing
the temperature (fig. 3(a))
and pressure (fig. 3(b)), as
calculated with the one-
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Figure 3.—The space-time development of waves inside the wave rotor.
(a) Temperature. (b) Pressure.

dimensional wave rotor code (see ref. 8, and the appendix for details), for one of the runs in the test series. The
temperature and pressure are plotted along a passage of the wave rotor as it rotates around, passing the various ports,
and returning to its original position after one complete revolution. The relative width of a passage is indicated at the
top of the diagram. Also shown, as grey circles, are the probes in port 4. Starting at the bottom, the passage is fairly
uniform in temperature, except for a small region of cold gas at the right hand end. The pressure not quite uniform as
a shock wave is propagating from left to right, and is approximately two-thirds of the way along at time zero. At
time zero, the passage passes the leading edge of port 4 at the right hand end. Port 4 is at lower pressure than the gas
in the passage, so that an expansion wave propagates into the passage, traveling to the left, and reducing the
temperature. When this wave reaches the left hand side is when the passage has rotated until its left hand end is at
the leading edge of the inlet port. The pressure in the passage has been reduced by the expansion wave, and is lower
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than that in port 1, so cold inlet air flows in. As the passage continues to rotate, the right hand end passes the trailing
edge of port 4, and so is closed off. This generates a compression wave (hammer shock) to bring the flow to rest,
which propagates to the left, reaching the left hand end as the passage has rotated to the trailing edge of port 1,
trapping high pressure air in the passage, since it is closed at both ends. Next the passage rotates until the left hand
end is open to port 3. Port 3 is at high pressure and temperature, having come from the heater, so flow enters the
passage, sending a shock wave to the right, compressing the air in the passage even more. When this shock wave
reaches the right hand edge, the passage has almost rotated to the leading edge of port 2. The shock wave is reflected
from the wall, propagating back to the right, but is followed by an expansion wave, as the high pressure gas escapes
into port 2. The air in port 2 flows to the heater. Most of the air that entered from port 1 flows into port 2, but a
portion has not flowed out when the right hand end of the passage is closed by reaching the trailing edge of port 2.
Earlier, when the left hand end of the passage reached the trailing edge of port 3, this caused the flow to stop,
creating an expansion wave, propagating to the right. When this wave reaches the right hand end of the passage is
the time at which the passage has reached the trailing edge of port 2. The passage is now closed off again, and
reaches almost uniform conditions (except for the cold air trapped at the extreme right hand end) before the whole
process starts again. This is the so-called through-flow cycle, which has the advantage that the rotor is exposed
alternatively to hot gas and cold air, and thus is self cooled. Other cycles are possible, but this cycle was chosen as
appropriate for the application under consideration.

I11. Description of the Wave Rotor

The heart of a wave rotor is the rotor itself. The rotor used initially is shown in figure 4. It was 8 in. outer
diameter, 10 in. long, with webs 0.030 in. thick. The dimensions of the rotor were determined using an optimization
procedure (ref. 1), and the one-dimensional wave rotor computer code developed by Paxson (ref. 8). The rotor was
constructed from titanium. The
passages were first drilled, then
electric-discharge machined to
final shape. The web design
proved disastrous, as it failed
after about 2 hr of running. A
second rotor was built with more
robust webs, which were also
chemically etched to remove the
recast surface layer, and the root
areas shot-peened to put them in
compression (ref. 9). The webs
can be seen in figure 5, which
shows the rotor with the movable |
end-wall on top of it. A movable |
end-wall is provided between the
rotor and the fixed end-wall at
the outlet end. The purpose of
this feature was to provide for
thermal expansion of the rotor.
The end-wall had a fairly tight
clearance between it and the
rotor, and was located in a fixed _—
position on the rotor shaft Figure 4—The original NASA wave rotor.
relative to the rotor at the outlet end. The rotor was
fixed relative to the casing at the inlet end, so all thermal growth occurred at the outlet end. A fairly large gap was
designed between the movable and fixed end-walls at the outlet end to allow for this expansion. This gap was sealed
axially by a moustache seal on its rim, and circumferentially, i.e., to prevent flow from high pressure to low pressure
inside the gap, by spring vanes on the fixed end-wall. In addition, graphite seals were installed to prevent radial flow
from the rotor to the cavity around the rotor. These can not be seen in the cross-sectional view of the rig given in
figure 6, but were placed in the open squares seen at each end of the casing outside the rotor.

S 2
i S bt L
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Figure 6.—Cross-sectional view of the assembled wave rotor rig.

The rotor is housed inside a casing, between the end-walls, to which the port ducts are attached. A photograph
of the assembled rig is given in figure 7. The ducts bring the air in or out depending on the particular port, and are
set at the angle such that the circumferential component of the gas velocity is equal to the velocity of the rotor at the
radius corresponding to the centerline of the passages. A photograph of the port 1, inlet, duct is given in figure 8.
The ducts are transitions between the port shape, and the circular shape of the piping. The exit ducts, which are
simultaneously diffusers, are necessarily much longer.

The rotor is driven by a variable speed 10 hp electric motor, governed by a constant speed controller, with a
maximum speed of 12,500 rpm.

NASA/TM—2007-214488 5



Figure 8. —Photograph of the wave rotor inlet duct.

IV. The Experiment

In figure 1, the high pressure exhaust (leg 2), is fed to the burner, and from there back into the wave rotor at
port 3. Although the experiment was initially set up this way, it did not work, as the heater pressure losses were too
large. Instead, the experiment was run as an open loop. That is to say that the exhaust at port 2, after passing through
the diagnostic spool, and the orifice meter, was simply dumped to vacuum. A supply of high pressure air, after being

NASA/TM—2007-214488 6
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Figure 9.—Schematic diagram of the wave rotor experiment.

heated, was sent through the venturi meter, and to port 3. This is shown in figure 9. Both legs were equipped with a
valve to control the flow rate. In running the experiment, the operator adjusted the valves until the mass flow rates
were equal, and matched the value requested for any given run. This gave the ability to choose different values of A.
It was found that this ratio is related to the pressure drop between port 2 and 3. Thus, being able to vary A proved to
be an advantage as it permitted exploration of the effect of differing values of loop loss coefficient on wave rotor
performance. The loop loss coefficient is defined in the normal manner as:

ktoss = (P = P3)/0.5p, U2 (1)

The experiment differed from figure 1 in another respect. Rather than a burner, a Caloritech T90-2444, 350 kW
electric heater was available, and was used. Use of a heater has an advantage and a disadvantage. The advantage is
that the flow corresponds to currently available computer codes for calculating wave rotor performance (ref. 8),
which are limited to a single value of the ratio of specific heats. This is simultaneously its disadvantage, in that a
burner would produce a gas with a ratio of specific heats more appropriate to that produced in an engine, and
therefore more true to life. Another disadvantage became apparent after a few runs. The heater was designed for a
different experiment, involving similar mass flows, but at much higher pressures. When operated at the pressure of
the present experiment, the stagnation pressure drop across the heater was very large, which led to the decision to
use an open loop.

The experiment was run entirely at an input pressure P; of 7.5 psi, and an inlet temperature of 400 R. The latter
value was used to limit the temperatures necessary in the heater, while still providing temperature ratios up to
T4/ T, = 2.0. Different schemes for achieving this were considered (ref. 10), with the present arrangement being
selected based on the availability of a chilled air supply at NASA Glenn Research Center. The pressure was chosen
to reduce the forces on the rotor webs which had led to the failure of the original rotor, which was run at an inlet
pressure of one atmosphere.

V. Instrumentation

Figure 9 is a schematic view of the experiment. A diagnostic spool is installed at the outer end of each duct,
with three static pressure taps, plus a rake with five total pressure probes (each at a different radial location), and
two thermocouples. From these pressure and temperature measurements, the radial velocity distribution can be
found, and hence an average total pressure, at each duct. Similar ducts were provided at the entrance to, and exit
from, the heater. Tube-type combination pressure probes (ref. 11) are used in the inlet port to measure flow direction
and, in conjunction with wall static taps and the known inlet temperature, velocity. In the other ports, rakes with
three pitot probes, and two thermocouples, together with wall static taps, are used to give radial velocity and
temperature distributions. Four such rakes are used in the exit port 4, plus another rake with five pitot probes to give
a more complete radial velocity distribution. The resulting circumferential and radial velocity distributions are used
in a mixing calculation (ref. 12) to give the exit average total pressure and temperature. All pressure measurements
are recorded through an electronically scanned pressure (ESP) measurement system. The pressure measuring system
automatically self-calibrates every hour to maintain a 0.1 percent accuracy. In the exit leg, a temperature spool, with
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nine thermocouples, each sampling an equal section of the spool area, with the resulting signals electronically
averaged, is used to give the exit temperature 7. Thermocouple readings are corrected to total temperature readings
using the recovery correction factor of Glawe, Krause, and Dudzinski (ref. 13). The rotor speed is read by a once-
per-revolution proximity counter. All the above signals are fed to a computer, which takes 30 readings for each data
point, and then stores the average value.

Mass flow rates are measured by standard orifice meters on the inlet leg 1, and the outlet legs 2 and 4. The mass
flow rate from the heater is read by a venturi meter. Since venturi meters are more accurate than orifice meters, each
orifice meter was calibrated against the venturi meter, by arranging for flow to pass only through the venturi meter
and the orifice meter in calibration. The flows from ports 2 and 4 are very non-uniform in temperature. Each orifice
meter uses one thermocouple to monitor the temperature of the air passing through it. It is possible then that the
mass flow rate value could vary depending on whether the thermocouple sampled the hot portion of the flow, or the
cold portion. After some early runs showed considerable variation in results, a VORTAB© was installed upstream
of the leg 2 orifice meter, to provide significant mixing of the flow, thereby ensuring a single value of temperature.
This appeared to solve the problem.

VI. Data Corrections

Despite the best efforts of the operators, there was inevitably some imbalance in the high pressure loop mass
flows, and also for those runs in which a constant temperature ratio was required, some variation in temperature
ratio. Consequently, for any given series of readings, the data was entered into a statistical analysis which included
(rh3 [rin —1), and (Ty/T\—TR) as error parameters in addition to the parameters affecting the change in performance
being investigated. If the variation due to these errors was significant, the program would provide a multiplying
constant, which was then used to correct the data to give a value corresponding to zero error. The variation in rotor
speed was so small that there was no need to correct for any variation.

VII. Results

The test series consisted of three basic types of tests. These were (a) measurement of the ratio P,/P; at a fixed
inlet mass flow as the temperature ratio was raised, (b) measurement of the ratio P,/P; at a fixed value of 7,/T}, and
fixed values of N and A, as m; was changed, for different values of A, and (c) measurement of P,/P) at fixed 7,/T,

my and A, as N was changed.

A. Effect of Variation of Temperature Ratio
Runs were made in which the pressure ratio P,/P; was measured as 7/7T; was raised from about 1.6 to 2.0, at
various values of 7y niy =3 =1.081b/s , and a fixed N = 10,600 rpm. This is not representative of a real wave rotor

with port 2 connected directly to port 3. Such a wave rotor would have a pressure drop in the upper loop determined
by the pressure loss factor, i.e., kjoss, plus a pressure drop due to heat addition (ref. 14). The latter is given
approximately by:

(PP )00 /0.5p2 U3 =(T3/T5 —1) 2)

and is typically small compared with the pressure drop due to the pressure loss factor. Running the experiment at
constant ko5 would therefore correspond roughly to a real wave rotor. This was in fact the procedure for some very
early runs made with the present wave rotor. However, it was difficult to do, since this involved setting a different
value of A for each point as the temperature was raised. These runs had shown that the performance did not vary
much with variation in A, and so it was decided to fix the value of m, =mj in the present tests, as this made the
tests much easier to run. The value chosen, 1.08 1b/s, corresponds to the design value of A = 1.6 for an inlet mass
flow of 0.67 1b/s. The results of the tests are given in figure 10. The tests were run for a range of inlet mass flows,

from the maximum possible of 0.72 1b/s when the valve V4 is wide open, to the lowest value of 0.55 Ib/s. The lines
are least square fits to the data points, which are all of the form:

Py/ B =a+b(Ty/T3)+c(T4/T7 ) 3)
The values of a, b, and ¢ for each inlet mass flow rate are given in table 1. Also given in figure 10 is a curve of

pressure ratio versus temperature ratio for an inlet mass flow of 0.69 Ib/s calculated with the one-dimensional wave
rotor code, showing remarkably good agreement.

NASA/TM—2007-214488 8
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Figure 10.—P,/P, versus T,/T; at various inlet mass flow rates.
TABLE 1.—VALUES OF CONSTANTS IN EQUATION (3)
my 0.72 0.69 0.67 0.63 0.59 0.55
a -0.358 -1.662 -1.270 -0.663 0 0
1.192 2.645 2.326 1.768 1.041 1.03
c -0.233 -0.618 -0.554 -0.426 -0.226 -0.221

B. Effect of Variation of Inlet Mass Flow Rate
The inlet mass flow rate was varied for a fixed rotor speed, N = 10,600 rpm, at 7R = 2.0, for each of three
values of my =m3, namely 0.9, 1.08, and 1.2 Ib/s. The results are given in figure 11. Fits to the points are also

given. The performance increases rapidly at first as the mass flow is reduced from the maximum possible, then tails
off after the flow rate reaches 0.67 1b/s. The lowest value of m,used provides a lower performance. Lines of the
pressure drop in the high pressure loop, i.e., (P,—P3)/P, are also plotted in figure 11. The pressure drop increases
rapidly as m, decreases. It might be thought that a low drop is desired, but the situation is more complicated—to
obtain a high value of m,, a low pressure drop is required, so that the high pressure loop must have a low value of
kioss- In figure 12, A (closed symbols) and (P,—P;)/P, (open circles) are plotted against k.. Not surprisingly,
(Py—P5)/P, increases monotonically with k., whereas A decreases. Also indicated is the minimum combustor
pressure drop given by Lefebvre (ref. 14). For the points taken at 71y = 1.2 1b/s, ko is low, and the low pressure
drop required to achieve this is lower than the Lefebvre minimum loss. Thus this is not a realistic situation for a
practical wave rotor. The points taken with m, = 0.9 Ib/s, on the other hand, have a large ki, and resulting large
pressure drop, so can be a realistic configuration, but suffer from lower performance. For a practical wave rotor, the
burner loop should be designed to have as low a pressure loss as possible. In fact it is also necessary for the duct
from port 4 to the engine to have low loss. Studies of a potential duct design are given in reference 15.

NASA/TM—2007-214488 9
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C. Effect of Variation of Rotor Speed
Tests were run in which performance was measured as the rotor speed was varied at 7R = 2.0, for each of the
inlet mass flow rates used in subsection (B), with m, = m3= 1.08 1b/s. The results, given in figure 13, show bell-

shaped curves, with the speed of maximum performance increasing as the inlet mass flow drops, from 10,200 rpm
for the maximum inlet flow rate, to 10,900 for the lowest flow rate. Near the peak, however, all the curves are fairly
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Figure 13.—P,/P, versus N at T,/T, = 2.0, for various inlet mass flow rates.

flat, so that using a value of 10,600 rpm for all inlet mass flows, as was done in subsection (B), does not result in
much loss of performance. On the other hand, a speed below 10,000 rpm, or above 12,000 rpm, does cause a loss of
performance, particularly for the lower inlet mass flow rates.

D. Compression Ratio and Efficiency
It is of interest to see what compression ratio, i.e., P,/Py, is achieved in the wave rotor. This can be determined

from the results of subsection VII (B), and is plotted in figure 14, showing the compression ratio for the different
inlet mass flow rates, for each of the three values of my = m3. The compression ratio is seen to be between 2.75

and 3.2 depending on the inlet mass flow rate and the value of m, = 3. In figure 15, the corresponding
temperature ratio, i.e., 7»/T is plotted. If the adiabatic compression efficiency is calculated as:

ne =11(Po/2) Y 21T —1y) @)

a very low value, around 30 percent is obtained. Similarly, if the expansion efficiency (from state 3 to state 4) is
calculated, a value greater than unity is found. This is obviously incorrect. The explanation lies in the fact that the
process is not adiabatic. The hot gas entering at state 3 contacts the rotor, which is approximately at temperature 75,
and so is cooled while it is expanding, and the cold air entering at state 1 is heated by the rotor while it is being
compressed. Thus the temperature rise (7,—77) is partly due to work of compression, and partly to heat transfer. If it
is assumed that AT, is the temperature rise due to heat transfer to the cold entering air, and AT the temperature drop
due to heat transfer from the hot entering gas, then the compression efficiency is really

nc=T1[(P2/1’1)(Y71/Y)—1]/[T2—T1—ATc] )
and the expansion efficiency is;
e =[r3 -7~ a7/ i~ (2 ) ®

once the rotor has reached a steady state temperature, there is no net heat transfer to it, and so, since the mass flow
rate of hot air is larger than that of cold air,

AAT, =AT, (7)

NASA/TM—2007-214488 11
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Figure 15.—T,/T; versus inlet mass flow rate at TR =2.0, N =10 600 rpm.

without knowing the values of AT, or AT, the efficiencies can not be calculated. However a rough idea of their
values can be found by assuming they are equal. With this assumption, equations (5), (6), and (7) can be solved to
give 1. = N,. The results are plotted in figure 16 for the tests of subsection VII (B), and the efficiency is seen to be
around 0.66 to 0.74. This is in line with values for wave rotors given by Thayer and Zumdieck (ref. 16) (0.75),
Ruffles (ref. 7) (0.77), and Kollbrunner (ref. 17) (0.65 to 0.68). Kollbrunner’s result was for a direct measurement of
compression efficiency. Values of AT, range from 200 to 300 R.
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However, this still does not represent the compression efficiency due to waves alone. As was pointed out in
section II, and shown in figure 3, not all the air entering at port 1 exits at port 2; a portion of it is trapped on the rotor
and exits at port 4. Similarly the flow into port 2 has a mixture of air from port 1 and air from port 3. The values of
P,, and P, are thus mixed-out values of the two contributions to the port flows. The mixing inevitably also involves
loss, which is not separated out in the above calculation of compression and expansion efficiency.

E. ri1y/m3 Imbalance Tests

In an actual wave rotor, the high pressure flow out of the wave rotor at port 2 may not equal the high pressure
flow into the wave rotor at port 3, either due to leakage, or due to deliberate bleed at port 2 for cooling purposes. It is
of interest to see how this might affect performance. A test was run in which m3 was systematically reduced below
my and the performance measured. The test was run at the maximum inlet mass flow rate, TR = 2.0, and for each of
my =0.9, 1.08, and 1.2 Ib/s. The results are given in figure 17. As expected, the performance is reduced when
m3 <my The solid lines are least square fits to the data, while the dashed lines are approximate fits given by;

Py /Py = Py Py(ji, iy =1) +0.639N(1in3 / iny ~1) (8)
which seem to fit almost as well as the least squares fits.

VIII. Discussion

Reference was made above to earlier tests performed in July 1999. In figure 18, values of P,/P; for an input
mass flow rate of 0.6 Ib/s from those tests have been plotted versus 7,/7;. Also shown are the results of Klapproth
et al., (ref. 6) Ruffles (ref. 7), and the present tests, at an input mass flow rate of 0.59 1b/s (April 2006). The 1999
tests showed lower performance than that of Klapproth et al., and the code calculation, although better than that of
Ruffles. The current tests are clearly superior in performance. There are several contributors to this improved
performance. The first is reduced clearance gaps. Based on the conclusion by Wilson (ref. 18) that a leakage
parameter G < 0.010 will provide essentially leakage free performance, the gap between rotor and end-wall at the

NASA/TM—2007-214488 13
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together with results from Klapproth, Ruffles, and code calculations.

inlet end had been set to 0.010 in. (G = 0.008) and 0.020 in. (G = 0.015) between the rotor and the movable end-wall
at the outlet end for the early tests. These were considered to be sufficiently small. However, the gaps were reduced
to 0.004 in. at the inlet end, and 0.002 in. at the outlet end for the later tests. Secondly, there was evidence from tests
that the movable end-wall was tilting due to the asymmetrical pressure loading on its rear face. To reduce this tilting,
the movable end-wall was provided with a double bearing set for the 2006 tests. Thirdly, it was realized that there
was a considerable path for circumferential leakage in the space around the moustache seal. This was sealed with
RTYV glue in the last tests. Finally, seals were incorporated to prevent axial leakage into the cavity around the rotor.
In the 3-port wave rotor tests reported by Wilson (ref. 18), similar axial sealing was provided by brush seals, and
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proved very effective. It was not possible to obtain brush seals for the four port wave rotor, so graphite seals were
used instead. These were not available for the 1999 tests, but were in place in the 2006 test series.

Although the movable end-wall seemed a good solution to the problem of differential expansion between rotor
and casing, in practice it proved troublesome, as explained above. A better solution might be to not use a movable
end-wall, but to design a cold clearance equal to the anticipated difference in expansion. If the expansion proves to
be greater than anticipated, abradable material on the end-wall can provide the extra space needed. With this
technique very tight clearances may prove possible.

The results of subsection VII(B) indicate that wave rotor performance is linked to the losses in the high pressure
loop. A cycle designed on wave considerations alone implies a loss in this loop, and the loop must equal this loss or
the desired conditions will not be achieved.

IX. Conclusions

Wave rotor performance has been shown to be determined by many factors, namely temperature ratio across the
wave rotor, loop flow ratio, inlet mass flow rate, rotor speed, and also leakage paths. Loop flow ratio also affects the
pressure loss between ports two and three, and the operating point may be constrained by the loss in this leg. It is
important to reduce the leakage as much as possible. The observed pressure ratio of 1.17 at 7,/T} = 2.0 is very good,
although it might still be possible to get further improvement if leakage could be reduced more. Higher pressure
ratios can obviously be achieved at higher values of T,/T7.

Appendix

The CFD code used in this paper to simulate the wave rotor has been documented extensively in the literature
(see for example reference 8), and only a brief description will be provided here. It is a time accurate, quasi-one-
dimensional code which numerically integrates the equations of mass, momentum, and energy for a calorically
perfect gas, in a single passage of the wave rotor, as it rotates past the various ports governing the cycle. A second
order, Lax-Wendroff integration scheme is utilized which incorporates Roe’s approximate Reimann solver and a
flux limiter in order to ensure total variation diminishing behavior, while preserving sharp resolution of shock waves
and contact discontinuities. Source terms have been added to account for the effects of leakage between the passage
and the casing, wall friction, and wall heat transfer. The sub-models which comprise the source terms have been
developed using results from previous wave rotor experiments. They contain correlations which link their strength to
physical aspects of the experimental rig (e.g., rotor-to-endwall clearances, passage hydraulic diameter, Prandtl
number, etc.), and local fluid dynamics. Source terms are applied globally for wall friction and heat transfer, and
discretely (i.e., the first and last interior numerical cell) for leakage.

A robust, characteristics-based boundary condition algorithm has been developed which permits inflow or
outflow at any port, depending on the status of the passage flow and the specified port pressures. This allows
simulation of both on and off-design operation. Inflow losses due to incidence are accounted for using sub-models.
The code operates in the passage relative frame, while boundary conditions are specified in the absolute frame. The
boundary conditions routines account for this reference frame change as well.

In order to obtain meaningful limit cycle results with which to compare experimental results, two components
have been added to the code. The first is a simple cavity representing the casing volume not occupied by the rotor.
Leakage flow travels to and from this volume (via the code source terms) as the passage rotates. The amount and
direction of leakage depends on the state of the cavity, and the state of the passage cells where leakage is assumed to
occur. The gas state in the cavity is updated each revolution, or cycle, of the rotor. When the net flow to the cavity
over the course of a cycle is zero, a limit cycle has been reached.

The second additional component is a burner model, which links ports 2 and 3. It is again modeled as a simple
cavity; however, there is a heat addition term and a total pressure loss term added. The cavity state is governed by
the computed flows from port 2, and to port 3, as well as by the specified heat addition rate. The state is updated
each cycle via first order time integration. When the flow into the burner matches the flow out, and the burner state
is unchanged from one cycle to the next, a limit cycle has been reached.

For the results presented in this paper, endwall-to-rotor clearances are assumed to be 0.004 in. at the inlet end
and 0.002 in. at the exhaust end. Boundary conditions imposed are as follows. The measured stagnation pressure and
temperature are specified for port 1. Average static pressure is imposed for port 4. It is adjusted until the computed
inlet flow matches the experimentally measured value plus approximately 8 percent to account for blockage due to
the passage ‘webs’. These are not modeled in the code. Total conditions for port 3 and static pressure for port 2 are
supplied by the burner component model. The heat addition term and the total pressure loss terms are adjusted until
the computed and measured values of TR and A match.

NASA/TM—2007-214488 15



10.
11.
12.
13.

14.
15.

16.

17.

18.

References

Wilson, J. and Paxson, D.E., “Wave Rotor Optimization for Gas Turbine Engine Topping Cycles,” Journal of
Propulsion and Power, vol. 12, no. 4, pp. 778-785, 1996.

Welch, G.E., Jones, S.M., and Paxson, D.E., “Wave Rotor Enhanced Gas Turbine Engines,” Journal of
Engineering for Gas Turbines and Power, vol. 119, pp. 469—477, 1997.

Mayer, A., “Recent Developments in Gas Turbines,” Mechanical Engineering, vol. 69, pp. 273-277, 1947.
Zauner, E., Chyou, Y-P., Walraven, F., and Althaus, R., “Gas Turbine Topping Stage based on Energy
Exchangers: Process and Performance,” ASME 93—-GT-58, Gas Turbine and Aeroengine Congress, Cincinnati,
Ohio, 1993.

Snyder, P.H., and Fish, R.E., “Assessment of a Wave Rotor topped Demonstrator Gas Turbine Engine
Concept,” ASME Paper 96-GT—41, The International Gas Turbine and Aeroengine Congress and Exhibition,
Birmingham, England, 1996.

Klapproth, J.F., Perugi, A., Gruszynski, J.S., Stoffer, L.J., and Alsworth, C.C., “A Brief Review of the G.E.
Wave Rotor Program (1958-1963),” Proceedings of the 1985 ONR/NAVAIR Wave Rotor Research and
Technology Workshop, Shreeve, R.P., and Mathur, A, Editors, Report NPS—67-85—008, Naval Postgraduate
School, Monterey, CA, pp. 172—193, 1985.

Ruffles, P., in “Rolls-Royce Study of Wave Rotors 1965-1970,” presented by Moritz, R., Proceedings of the
1985 ONR/NAVAIR Wave Rotor Research and Technology Workshop, Shreeve, R.P., and Mathur, A, Editors,
Report NPS—-67-85-008, Naval Postgraduate School, Monterey, CA, pp. 116—124, 1985.

Paxson, D.E., “Comparison between numerically modeled and experimentally measured Wave Rotor Loss
Mechanisms,” Journal of Propulsion and Power. vol. 11, no. 5, pp. 908-914, 1985.

Carek, G. A., “Shot Peening for Ti-6A1-4V Alloy compressor Blades,” NASA Technical Paper 2711, 1987.
Wilson, J., “Design of the NASA Lewis 4-Port Wave Rotor Experiment,” AIAA Paper 97-3139, June, 1997.
Glawe, G.E., and Krause, L.N., “Miniature Probes for Use in Gas Turbine Testing,” NASA TMX-71638, 1974.
Foa, J.V., Elements of Flight Propulsion, John Wiley & Sons, New York, N.Y. pp. 161-166, 1960.

Glawe, G.E., Krause, L.N., and Dudzinski, T.J., “A Small Combination Sensing Probe for Measurement of
Temperature, Pressure and Flow Direction,” NASA TN D 4816, 1968.

Lefebvre, A.H., “Gas Turbine Combustion,” Taylor and Francis, Philadelphia, PA, 1999.

Welch, G.E., Slater, J. W., and Wilson, J., “Wave Rotor Transition Duct Experiment,” AIAA Paper 2007—1249,
January, 2007.

Thayer, W.J. Jr., and Zumdieck, J.F., “A Comparison of Measured and Computed Energy Exchanger
Performance,” Proceedings of the 13th International Symposium on Shock Tubes and Waves, Buffalo, N.Y.
pp- 735743, 1981.

Kollbrunner, A.A., “Comprex Supercharging for Passenger Diesel Car Engines,” SAE Paper 800884, SAE West
Coast International Meeting, Los Angeles, CA, August, 1980.

Wilson, J., “An Experimental Determination of Losses in a 3-Port Wave Rotor,” Journal of Engineering for
Gas Turbines and Power, vol. 120, no. 4, pp. 833—-842, October, 1998.

NASA/TM—2007-214488 16



REPORT DOCUMENTATION PAGE Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
February 2007 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Experimental Results of Performance Tests on a Four-Port Wave Rotor

WBS

6. AUTHOR(S
® 561581.02.07.03.02.01

Jack Wilson, Gerard E. Welch, and Daniel E. Paxson

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

National Aeronautics and Space Administration
John H. Glenn Research Center at Lewis Field E—15779
Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

National Aeronautics and Space Administration AGENCY REPORT NUMBER

Washington, DC 205460001
and NASA TM —2007-214488
U.S. Army Research Laboratory ARL-TR-4044

Adelphi, Maryland 20783-1145

11. SUPPLEMENTARY NOTES

Prepard for the 45th Aerospace Sciences Meeting and Exhibit sponsored by the American Institute of Aeronautics and
Astronautics, Reno, Nevada, January 8—11, 2007. Jack Wilson, QSS Group, Inc., 21000 Brookpark Rd., Cleveland, Ohio

44135; Gerard E. Welch, U.S. Army Research Laboratory, NASA Glenn Research Center; Daniel E. Paxson, NASA Glenn

Research Center. Responsible person, Jack Wilson, organization code RTT, 216—433-1204.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Categories: 02 and 07

Available electronically at http://gltrs.grc.nasa.gov
This publication is available from the NASA Center for AeroSpace Information, 301-621-0390.

13. ABSTRACT (Maximum 200 words)
A series of tests has been performed on a four-port wave rotor suitable for use as a topping stage on a gas turbine
engine, to measure the overall pressure ratio obtainable as a function of temperature ratio, inlet mass flow, loop flow
ratio, and rotor speed. The wave rotor employed an open high pressure loop that is the high pressure inlet flow was not
the air exhausted from the high pressure outlet, but was obtained from a separate heated source, although the mass flow
rates of the two flows were balanced. This permitted the choice of a range of loop-flow ratios (i.e., ratio of high
pressure flow to low pressure flow), as well as the possibility of examining the effect of mass flow imbalance. Imbal-
ance could occur as a result of leakage or deliberate bleeding for cooling air. Measurements of the pressure drop in the
high pressure loop were also obtained. A pressure ratio of 1.17 was obtained at a temperature ratio of 2.0, with an inlet
mass flow of 0.6 Ib/s. Earlier tests had given a pressure ratio of less than 1.12. The improvement was due to improved
sealing between the high pressure and low pressure loops, and a modification to the movable end-wall which is
provided to allow for rotor expansion.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Aerodynamics; Unsteady flows; Aircraft propulsion; Power; Aircraft propulsion 22

components system 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102











<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




