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A wave-rotor cycle is described that avoids the inherent problem of combustor exhaust gas recirculation (EGR)
found in four-port, through-� ow (uni� ow) pressure-gain wave-rotor cycles currently under consideration for top-
ping gas-turbine engines. The recirculated hot gas is eliminated by the judicious placement of a bypass duct that
transfers gas from one end of the rotor to the other. The resulting cycle, when analyzed numerically, yields a mean
absolute temperature for the rotor that is 18% below the already impressive value (approximatelythe turbine inlet
temperature) predicted for the conventional four-port cycle. The absolute temperature of the gas leading to the
combustor is also reduced from the conventional design by 17%. The overall design-point pressure ratio of this
new bypass cycle is approximately the same as the conventional cycle. This paper will describe the EGR problem
and the bypass-cycle solution, including relevant wave diagrams. Performance estimates of design and off-design
operation of a speci� c wave rotor will be presented. The results were obtained using a one-dimensional numerical
simulation and design code.

Nomenclature
gc = Newton constant
L = length of rotor
Pm = mass � ow rate
p = pressure
PQ = heat addition rate
R = gas constant
T = temperature
t = time
x = axial position
c = speci� c heat ratio

Subscripts

c = corrected
wall = rotor passage wall
0 = stagnation state
01 = inlet stagnation state
04 = exhaust stagnation state
1 = inlet
4 = exhaust

Introduction

P RESSURE-GAIN wave rotors represent a promising technol-
ogy for use as high-pressure, high-temperature topping cy-

cles in gas-turbine engines.1¡3 Among their potential advantages
are rotor metal temperatures substantially below the combustor-

Presented as Paper 97-3140 at the AIAA/ASME/SAE/ASEE 33rd Joint
PropulsionConference, Seattle, WA, July 6–9, 1997; received Dec. 4, 1997;
revision received Nov. 17, 1998; accepted for publication Nov. 19, 1998.
Copyright c° 1998 by the American Institute of Aeronautics and Astronau-
tics, Inc. No. copyright is asserted in the United States under Title 17, U.S.
Code. The U.S. Government has a royalty-free license to exercise all rights
under the copyright claimed herein for Governmental purposes. All other
rights are reserved by the copyright owner.

¤Aerospace Engineer, Controls and Dynamics Technology Branch, M/S
77-1. Member AIAA.

†Assistant Professor, PurdueSchool of Engineering and Technology,Me-
chanical Engineering, SL 260. Senior Member AIAA.

discharge temperature, rotational speeds that are approximately
one-third those of conventional turbomachinery, a wide operating
range,4 and relatively simple rotor geometry. Recent research ef-
forts have focused largely on four-port, through-�ow, pressure-gain
cycles with axially aligned passages of uniform cross section. This
design, shown schematically in Fig. 1, is attractive in that it is rela-
tively easily integrated into existing gas-turbine engines as another
spool.5 While the transition ducts between partial and full annular
� ows are often a design challenge, past designs using reverse-� ow
and symmetrical-�ow cycles exacerbated this issue.

The terms through-�ow or uni� ow refer to the general tendency
for all of the � ow entering the wave rotor to completely traverse
the passage before exiting. In other words, the � ow comes in one
end and goes out the other. In contrast, reverse-�ow cycles draw
gas through one port and discharge it through another at the same
end of the rotor. For example, with reference to Fig. 1, air enters
through port 1 but, in a reverse-� ow cycle, is sent to the combustor
througha port located in theplaceof port 3. Eachgas streamentering
the passages thus tends to remain closer to one end of the rotor.
Symmetrical-�ow rotors have an even number of alternating cycles
that are mirror images of each other, requiring each type of port to
be placed at alternating ends of the rotor.

In principle,through-�ow designs take best advantageof the self-
cooling capabilitiesof wave rotors because each passage is washed
by hot and cold gas passing alternately over its entire length. The
short time scale of this temperature variation relative to the thermal
responsetime of the rotorwall implies that a time-mean temperature
pro� le will be established in the wall, which depends on the cycle
and on wall conductivity. Estimates of the rotor-wall temperature
in a conventional through-�ow wave rotor, designed for an overall
stagnationtemperatureratio (T04/ T01 in Fig. 1)of»2.2, indicatethat
it is relatively uniform along the entire passage and roughly equal
to the downstream turbine inlet temperature. For most wave-rotor
designs, this is 20–25% below the combustor-exitabsolute temper-
ature. In a representative application to a small gas-turbine engine,
this amounts to a 660±F (367±C) difference between rotor-wall and
combustor-exit temperature. This estimate was made using a one-
dimensional computational � uid dynamics (CFD) code developed
speci� cally for wave-rotor analysis.4 The port conditionspredicted
by the code have been validated using data from several wave-rotor
experiments.6

462



PAXSON AND NALIM 463

Fig. 1 Generic four-port, through-� ow wave rotor.

Fig. 2 Wave diagram of the conventional, four-port, through-� ow
wave-rotor cycle at the design point.

While this is an impressive degree of cooling, in many engine-
toppingapplications,the rotor temperatureswould still be unaccept-
able for a rotor composed of conventional materials. This cooling
limitation is related to the fact that a pressure-gainwave rotor with
equalmass � ows in the inlet and exhaustcannotcontain, in passages
of equal volume, equal masses of relatively hotter and colder gases
at different times. Consequently,each passageis only partially � lled
with fresh air in each cycle, and only partially exhaustedof hot gas.
Furthermore, this results in the conventional through-�ow design
containing a gas path in which the � ow going to the combustor is a
mixture of both fresh compressed air and recirculated hot gas from
the combustor.This is illustratedin Fig. 2, which shows a simpli� ed
wave diagram for the rotor passage as it rotates through a complete
wave cycle, i.e., an x –t diagram, where t represents either time or
circumferential position of a rotor passage. The solid lines in the
� gure represent the trajectoriesof selected wave fronts. The dashed
lines represent selected particle paths. At the top and bottom of the
wave diagram, the passage is � lled completelywith hot combustion
gas entering the rotor from port 3. Only a part of this hot gas is
discharged through exhaust port (4), leading to the downstream tur-
bine, indicated by a particle path for the last dischargedparticle. As
such, when a passage reachesport (2), leading to the combustor, the
remaining hot gas is discharged � rst, followed by the compressed
fresh air brought onboard from the inlet duct (port 1). Because of
compression, the discharged hot gas is locally even hotter than the
combustor exit temperature (port 3), and it presents a challenge in
designing the initial portion of the duct receiving it. These hot and
cold gases generally mix in the duct, and the resulting � ow can be
still too hot to cool the combustor liner.

This paperwill describea new through-�ow cycle that overcomes
theexhaustgas recirculationproblembyusinga simple, strategically
placed, bypass duct. The duct transfers some of the working � uid

(air) from one end of the wave rotor to the other, bypassingthe com-
bustor.The resultingcycle,after some repositioningof portlocations
and adjustment of the rotor speed to ensure proper wave timing, re-
places what was once hot combustor-exhaustgas in the wave-rotor
passage with cooler reinjected air. This, in turn, yields a rotor with
a lower mean wall temperature, equivalent performance, and only
relatively cold air going to the combustor.Details of the new design
will be presented. Numerical performance estimates will be shown
and compared with a conventional, four-port, through-�ow design
sized for the same mass � ow rate and the same overall temperature
ratio.Estimatedwall temperaturesand combustorinlet temperatures
will be compared.Finally, potential technical challenges associated
with this cycle will be discussed.

The results presented in this paper were obtained using a nu-
merical wave-rotor simulation that has been well documented in
the literature.4,6 The paper relies heavily on the reader’s familiarity
with the wave-rotor operating principles, which will not be pre-
sented here. Excellent descriptions can be found elsewhere in the
literature,7,8 and a short list of descriptive sources can be found in
Ref. 9.

Bypass Cycle Description
The basic version of the new cycle is illustrated in Fig. 3, which,

in the manner ofFig. 2, is a wave diagramfor a completewave cycle.
Freshair enters the rotor throughport1 and is compressedby a series
of shock and compressionwaves. Most or all of this compressed air
then exits the rotor via the port leading to the bypass duct, which is
separated from port 2 by a thin splitter plate. Depending on design
conditions,some fresh air may be split away through port 2 leading
to the combustor. Compressed air in the bypass duct is then routed
to the other end of the rotor and reinjectedvia a duct located just aft
of the hot-gas duct coming from the combustor (port 3). This air is
then expanded,alongwith the hot gas that came from the combustor,
by the strong expansion wave generated by the opening of port 4.
The accompanying out� ow process purges the hot gas from the
wave-rotor passage, but leaves the reinjected bypass air onboard.
With the subsequent compression wave process, the reinjected air
is now sent to the combustor through port 2 along with some fresh
compressedair. This air is then heated in the combustorand returned
to the rotor through port 3. The preceding version of the bypass
cycle will be referred to as the separated-bypasscycle. Note that the
amount of gas going to the bypass loop is adjustable in the design
process, during which port positions and rotor speed are matched
to the gasdynamics, and conservation laws are enforced. That is,
cycles may be designed such that some exhaust gas recirculation
(EGR) still exists, though not as much as shown in Fig. 2. The
particular cycle shown in Fig. 3 represents the elimination of EGR,

Fig. 3 Wave diagram of the through-� ow, bypass wave-rotor cycle at
the design point.
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Table 1 Post stagnation conditionsa

Bypass
(Conventional) p0 / p01 T0 / T01 Pm/ Pm1

Port 2 3.462 1.692 1.000
(3.257) (2.038) (1.540)

Port 3 3.078 2.900 1.000
(2.972) (2.821) (1.540)

Port 4 1.221 2.209 1.000
(1.203) (2.208) (1.000)

Port to bypass 3.418 1.504 0.925
Port from bypass 3.177 1.504 0.925

aAt the design point of conventional and bypass through-� ow wave
rotors sized for 4.8-lbm/s mass � ow rate.

or alternately, the maximum useful cold bypass � ow. Therefore,
all of the hot combustion gas entering at port 3 leaves the passage
through port 4 immediately. The cycle design process is similar to
that described in Ref. 3 and will not be presented here. Off-design
behavior is discussed later.

Comparing Figs. 2 and 3, several salient features may be ob-
served. First, that portion of the passage which, in the conventional
cycle, is � lled with hot recirculated gas from the combustor is now
occupied by relatively cool air from the bypass loop. This is the
primary mechanism leading to improved rotor cooling. Second, all
of the � ow going to the combustor is relatively cool air. The non-
steady � ows and the performanceof the wave rotor were computed
for this separated-bypasscycle and for the conventional cycle, for
a particular 4.8-lbm/s wave rotor described in the section labeled
Overall Performance.Table 1 lists the mixed, i.e., averagedover the
width of the port, stagnationpressureand temperature,and the mass
� ow rate in each port, relative to the inlet state, for both cycles. The
gas (substantially air) in port 2 of the bypass cycle is 17% cooler
than that in the conventional cycle.

It may appear from Fig. 3 that the gas paths allow for a clear dis-
tinctionbetweenthewavecompressorand wave turbinecomponents
of the cycle. As such, the information from Table 1 could be used to
calculatecomponentef� ciencies(adiabaticor polytropic). Suchcal-
culations would not be meaningful for several reasons. First, there
is signi� cant heat transfer from the rotor walls to the relatively cool
air, and from the hot gas to the rotor walls. The heat transfer leads
to apparent reductions in compression ef� ciency and increases in
expansion ef� ciency. Second, although the interfaces between hot
and cold gases appear sharp in Figs. 2 and 3, in reality this is not
the case. The behavior of hot/cold interfaces in a wave rotor is
a complex, multidimensional phenomenon.10,11 Even from an ele-
mentary perspective,it is clear that a wave-rotorpassagehas a � nite
width, which gives rise to a spreadingor smearingof interfaces.The
spreading may be compounded when the interface passes through
an expansionwave. The general result of interface spreading is that
some hot gas can enter ports intended for cold � ow, and vice versa.
Interface spreading that is a result of the gradual opening and clos-
ing of passages of � nite width is modeled in the CFD simulation
used for this paper. Therefore, these effects are seen in Table 1, and,
like the heat transfer phenomena, cause calculated compression ef-
� ciencies to appear reduced and expansion ef� ciencies increased.
(Modi� cations have been made to the boundary conditions of the
one-dimensional,CFD wave-rotor model of Refs. 4 and 6 used for
this investigation.These now allow computation when the passage
is simultaneously partially exposed to more than one port at one
end. This occurs, e.g., as the passage moves from port 3 to the port
leading from the bypass duct in Fig. 3. These modi� cations have
not been published as of this writing.)

Simpli� ed Bypass

When EGR is almost eliminated, the gas conditions in port 2 and
in the port leading to the adjacent bypass duct are relatively close
to one another. It may therefore be bene� cial to simplify the bypass
cycle by eliminating the duct wall that separates them and allow
the two gas (air) streams to mix. This con� guration is illustrated
in Fig. 4. The two streams coming from port 2 are mixed to an

Table 2 Post stagnation conditionsa

Simpli� ed bypass
(Separated bypass) p0/ p01 T0 / T01 Pm/ Pm1

Port 2 3.433 1.669 1.840
(3.462) (1.692) (1.000)

Port 3 3.057 2.876 1.000
(3.078) (2.900) (1.000)

Port 4 1.231 2.201 1.000
(1.221) (2.209) (1.000)

Port to bypass 3.418 1.504 0.925
Port from bypass 3.144 1.669 0.840

(3.177) (1.504) (0.925)

aAt the design point of separated and simpli� ed bypass wave-rotor
cycles sized for 4.8-lbm/s mass � ow rate.

Fig. 4 Wave diagram of the simpli� ed bypass wave-rotor cycle at the
design point.

average state (within the simulation this is done using a constant-
area mixing calculation9 ), and then split somewhere downstream,
prior to the combustor.The air mass � ow for the combustor(feeding
port 3) is required to match the turbine mass � ow (port 4), while the
remaining air, still cool but not as fresh, bypasses the combustor for
reinjection into the rotor. In this simpli� ed-bypass design, there is
only a single high-pressure duct, as in the conventional cycle. The
combustorsecondaryair� ow, its liner design,and the bypass air� ow
are integrated within a single pressure casing. The performance of
this cycle is nearly identical to the separated-bypasscon� guration
illustrated in Fig. 3. For reference, the gas states and port mass � ow
rates at the design point are listed in Table 2, in a manner similar to
Table 1, for the separated-bypassand simpli� ed-bypass cycles.

Reverse-Flow Cycle

Although the focus of this paper is primarily on through-�ow
cycles, it is noted brie� y that the bypass modi� cation can be im-
plemented in a reverse-� ow cycle as well. This is shown in Fig. 5
using the same technique as Figs. 2–4. The rotor dimensions, inlet
mass � ow rate, and value of overall stagnation temperature ratio,
T04/ T01 , used to design this cycle were the same as those used for
Figs. 2–4. The overall stagnationpressureratio, p04/ p01 , is the same
as the through-�ow cycle shown in Fig. 3. Unlike the through-�ow
cycle, a correctly designed conventionalfour-port, reverse-� ow cy-
cle exhibits no EGR phenomenon. Instead, in a pressure-gainwave
rotor with equal mass � ows in inlet and exhaust, a mass of gas is
perpetually trapped and oscillates within each rotor passage, but
never leaves.1 The composition of this mass at steady state may be
a mixture of air and combustion gas depending on port timings and
prior transients, but it will become increasingly hot as a result of
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Fig. 5 Wave diagram of the reverse-� ow, bypass wave-rotor cycle at
the design point.

Fig. 6 Simulation schematic.

viscousand shock dissipationuntil its temperatureis limited by heat
losses. It is equivalent to the mass that gives rise to EGR in a con-
ventional through-�ow cycle, and occurs for the same reason. The
bypass reverse-� ow cycle eliminates this problem, allowing all of
the gas that enters the wave rotor to eventually leave, and reducing
the rotor temperature.

Overall Performance
To assess wave-rotor performance realistically, speci� c � ow re-

quirements must be selected. Those selected for this paper were a
mass � ow rate of 4.8 lbm/s, a ratio of exhaust to inlet temperature
(T04/ T01 in Fig. 1) of 2.2, and inlet conditions corresponding to an
upstream compressorpressure ratio of 7.8. A conventionalthrough-
� ow and a separated-bypass cycle were designed, both using the
same rotor geometry and requirements, to allow direct performance
comparison. In fact, the rotor geometry, e.g., length, mean radius,
number of passages, etc., was taken from a previously published
four-port, through-�ow design.4,5 As such, no optimization of the
bypass cycle was performed in the manner of Ref. 3; only the port
positionsand rotor speed were varied to obtain correct wave timing.
The conventional and bypass rotors were both designed to be free-
wheeling,meaning that there is no independentdrive motor. Torque
is assumed to be generatedby changes in angular momentum as the
� ow in the inlet ducts is turned from the duct angles to follow the
walls of the rotor. Windage effects are neglected in the modeling;
however, they are expected to be low for the rotor speeds and ge-
ometries of most pressure-gainwave-rotordesigns. Friction arising
from bearings is also neglected. If the sum of the torque generated
by the two (or three) inlet ducts is zero, the rotor speed is constant.

A schematic of the simulation components used to predict the
wave-rotor performance is shown in Fig. 6. The components have
been documented in Refs. 4 and 6, except for the bypass loop,which
is discussed here. The inlet gas state, exhaust valve area, and heat

Fig. 7 Performance map for bypass and four-port conventional wave
rotors sized for 4.8-lbm/s design-point mass � ow rate.

additionrate, i.e., fuel � ow rate, werevariables.For theperformance
predictions, the inlet gas state was kept constant at the design-point
value.

The separated-bypass and conventional through-�ow perfor-
mance maps are shown in Fig. 7. Each curve on the map was gener-
ated using a � xed, speci� ed heat addition rate, whereas the exhaust
valve area was varied. The curves without symbols represent the
bypass cycle. The curves with symbols represent the four-port con-
ventional cycle. The design operating points for the two cycles are
also shown with a dark square symbol representing the bypass cy-
cle and a light gray square representing the four-port conventional
cycle. For each point on the map, the exhaust valve area was set and
the simulation was run until 1) the sum of the mass � ows from all of
the wave-rotor ports was zero; 2) the time rates of change for all of
the plena, i.e., combustor, bypass, rotor leakage cavity, were zero;
and 3) the net torque was zero. The horizontal axis of Fig. 7 is the
nondimensional corrected � ow rate, which is de� ned as

Pmc D ( Pm / p01 A1) RT01/ gc (1)

where p01 and T01 are the inlet stagnationpressureand temperature,
respectively, A1 is the inlet cross-sectionalarea at the rotor face, and
R is the gas constant for air. The correctedheat addition rate, which
is constant along each curve, is de� ned as

PQc D PQ/ p01 A1 RT01gc (2)

The vertical axis is the ratio of exhaust to inlet stagnation pressure
of the wave rotor (see Fig. 1). Because wave-rotor performance is
sometimes stated in terms of p04/ p01 vs T04/ T01 , the followingmay
be used:

T04

T01
D 1.0 C ( c ¡ 1)

c

PQ
Pmc

(3)

Figure 7 also shows an approximate steady-state operating line
exhibitedby the rotorwhen it is in the toppingcycle environment.1,4

Typically, the corrected PQc along this line ranges from 1.02 to 0.85
of the design value, representing100–43% engine power ratings. In
Fig. 7, it has been extended down to the value PQc D 0.50 of design
in order to obtain some indication of performancenear idle.5

It can be seen from Fig. 7 that the computed performance of
the bypass cycle is somewhat better than the conventional design
along the entire operating line. The improvement is most likely
because the bypass cycle is, fortuitously, a more optimal design.
Optimization of topping-cycle wave rotors is discussed in Ref. 3.
The present investigationdid not focus on optimization, and began
with a conventional-cycle design that had a rotor speed slightly
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higher than optimal becauseof an emphasis on minimizing leakage,
but was otherwise nearly optimal based on past experience. For
correct wave timing, the bypass cycle required a lower speed, more
nearly optimal, because the cooler temperaturesgenerally slow the
waves. The two cycles are expected to perform equivalently when
each is optimized, as long as leakage losses can be minimized.

The performance of the bypass cycle appears to drop off more
rapidly than the conventional cycle at the lower heat addition rates
when thecorrectedmass � ow rate is reduced.Numericalsimulations
have indicated that operation of the wave rotor in regions where the
slopes of the curves in Fig. 7 are positive may lead to instabilities.4

This observationmay mean that the bypasscycle is more susceptible
to unstable operation near idle conditions than the conventional
cycle;however,it is byno meansa de� nitiveconclusion.It shouldbe
noted that some regions of this map are disallowed by temperature
limitations and the heating value of typical fuels in air, but this
constraint was not included.

Rotor Cooling
The rotor-wall temperature is computed simultaneouslywith the

� ow, using the heat transfer model of the one-dimensional design
code.4 This model accounts for heat transfer between the passage
walls and the internal � ow using a semi-empirical correlation anal-
ogous to that used to model the momentum transport to the walls
(friction).12 The effect of friction on wave-rotor performance pre-
dicted by the model has been experimentally veri� ed.6 The model
also includes heat transfer between the walls and the housing cavi-
ties fed by leakage.It is noted that the wall temperatureestimatesare
based on the assumptionof radial heat transfer and conductiononly,
on the top and bottom walls of the passage.These are assumed ther-
mally thin and locally equal in temperature.No account is made for
heat conductionin the wall along the passage(in the axial direction),
resulting in the worst-case temperature variations and longitudinal
thermal gradients. It is acknowledged that a one-dimensional � ow
model inherently cannot directly compute convective heat trans-
fer in the transverse direction. Nevertheless, it is believed that
the predicted relative cooling effect, because of the reinjection of
colder bypass air in place of hot combustion gas, is substantially
correct.

The computeddesign-pointsteady-statedistributionsofwall tem-
perature along a passage are shown in Fig. 8 for the conventional,
separated-bypass,and simpli� ed-bypass cycles (all through-�ow),
and for the reverse-� ow bypass cycle. The wall temperatures have
been scaled by the exhaust-port stagnation temperature, T04. It is
seen in the � gure that all of the bypass cycles are signi� cantly
cooler than the conventional cycle, and far below the peak cycle
temperature listed for port 3 in Table 1. The average values of the
distributions in Fig. 8 are listed in Table 3. Note that, although the
reverse-� ow bypass cycle yields the lowest mean wall temperature,
it is clear from Fig. 8 that there is signi� cant variation from end
to end. In contrast, all of the through-�ow cycles have relatively
uniform temperature distributions.

Fig. 8 Design-point wall temperature distributions for a conventional
through-� ow cycle and several bypass cycles sized for 4.8-lbm/s mass
� ow rate.

Table 3 Mean design-point rotor-wall temperature estimatesa

Conventional Through-�ow Reverse-� ow Simpli� ed
four-port bypass bypass bypass

Twall/ T04 0.96 0.79 0.76 0.82
aFor a conventionalcycle and several bypass cycles sized for 4.8-lbm/s mass � ow rate.

Discussion
The resultspresentedin theprecedingtext indicate that the bypass

cycle, when compared with the conventional through-�ow cycle,
provides equal or improved aerodynamic performance throughout
the normal operating range, and also signi� cantly reduced temper-
atures in the rotor, ducting, and combustor. These bene� ts are sub-
stantial. In manyapplicationsthey may make the differencebetween
a wave rotor that is truly self-cooling,with metal temperatureswell
within the material limits of conventional construction materials,
and one that is merely cooler than the combustor exhaust gas. Nev-
ertheless, it is worthwhile to consider some possible challengesthat
arise from the bypass design, keeping in mind that such considera-
tions are preliminary. These are outlined next.

Ducting

A separated-bypass design may require more complex ducting
compared with the conventional design. It would appear, because
the pressures and velocities in the combustor and bypass loop ports
are nearly identical, that the two ducts could be continuouslyjoined
to one another, separated only by a single wall. For the simpli� ed-
bypass cycle, there is only one high-pressure duct as in the con-
ventional cycle, but it is cooler. By de� nition, however, the bypass
� ow does not pass through the combustor and must have a separate
path around it. This may somewhat complicate the integrationof the
wave rotor within an existing gas-turbine engine design. Note that
the combined volumetric � ow rate of combustor and bypass-loop
� ows in the bypass cycle is nearly identical to the combustor volu-
metric � ow in the conventional cycle. This implies that the volume
of ducting in the two designs is comparable.

Combustor Pressure Drop

A dif� culty of the bypass cycle is the large combustor pressure
drop,D p0 D p02 ¡ p03 , required to properlybalance the wave cycle
in the manner shown here. This has also been observed in reverse-
� ow four-port cycles. Table 1 shows that for the through-�ow, con-
ventional cycle the maximum tolerable combustor pressure drop
D p0/ p02 is 8.8%, whereas for the bypass cycle it is 11.1%. It may
be argued that the complex ducting of the wave rotor will incur a
larger loss than the usual 3–5% seen on conventional turbomachin-
ery combustor sections.Yet it is dif� cult to envision a value as large
as that allowed for the bypass cycle. Improved design methodolo-
gies could take advantageof the lower-than-allowedpressure drops
likely in well-designedcombustor and bypass � ow paths to improve
the overall performance of the wave rotor.

Interface Distortion

A thirdpotential issuewith the bypasscycle involvesthe structure
of the hot/cold interfaces. Those are the regions of the gas path
when hot � ow is contiguous with cold, which occur in both the
conventionaland bypass cycles. They can be seen in Fig. 2 between
the compressed air onboard the passage and the gas coming from
the combustor, and also between the combustor EGR gas and that
coming onboard the rotor from the inlet. In Fig. 3 they are seen
between the compressed � ow from the inlet and that coming from
thecombustor,andalsobetweenthe � owfrom thecombustorand the
� ow from the bypassduct. It has been observed in multidimensional
computations10 that this interface becomes highly distorted as it
traverses the passage, so much so that mass-averagedport pressures
and temperatures are different from values computed using one-
dimensional models. Whether the interface distortionsare worse in
the bypass than in the conventional cycle is an issue that requires
investigationboth computationallyand experimentally.
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Bleed Flow for Downstream Turbine Cooling

The questionof what is the best site on the wave rotor from which
to extractcooling � ow for downstreamturbomachineryis still unan-
swered. In some applicationsit may be practical to take this air from
the high-pressureregions of the cycle. In the conventional through-
� ow cycle, this air can only be accessed via strategicallypositioned
taps in the duct leading to the combustor. Furthermore, given the
precedingdescriptionof interfacedistortion,it is questionableif the
fresh air could be completely isolated from the recirculatedhot gas.
In the bypass cycle, however, high-pressure air is readily available
after it is broughtonboard through the duct leading from the bypass
loop. A tap located on the end plate could be used to extract the
required amount using a relatively weak expansion wave. An alter-
native coolant-extractionscheme would utilize the region between
ports 1 and 3 in Figs. 2 and 3. The bypass cycle then offers no ex-
tractionadvantageover the conventionalcycle, but this scheme may
not provide enough air at suf� cient delivery pressure.

Conclusions
A new bypass wave-rotor cycle has been described that appears

to solve the problems of exhaust gas recirculation and insuf� -
cient rotor cooling found in the conventional four-port pressure-
gain cycle. Such a cycle has been successfully designed using a
one-dimensionalnumerical simulation.Results from the simulation
show that the bypass cycle, when compared with the conventional
through-�ow cycle, yields an 18% reduction in average rotor-wall
temperature, a 17% reduction in combustor inlet temperature, and
equivalentor improved overall pressure ratio, p04/ p01. The allowed
combustor pressure drop is increased from 8.7 to 11.1% for cyclic
operation as predicted here, but an improved rotor design may re-
duce this value. Further experimental and numerical investigation
is needed and warranted, given the substantial cooling bene� ts pre-
dicted for the rotor, combustor, and ducting.
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