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ABSTRACT
Wave rotors are periodic-flow devices that provide dynamic pressure exchange and efficient energy

transferthrough internal pressure wavesgenerated due to fast opening and closing of ports. Wave
turbines are wave rotors with curved channels that can produce shaft work through change of angular
momentum from inlet to exit. In the present work, conservation equations with averagingin the
transverse directions are derived for wave turbines, and quasi-one-dimensional model for axial-channel
non-steady flow is extended to account for blade curvature effects. The importance of inlet incidence is
explained and the duct angle is optimized to minimize incidence loss for a particular boundary condition.
Two different techniques are presented for estimating the work transfer between the gas androtor due to
flowturning, based on conservation of angular momentum and of energy. The use of two different

methods to estimate the shaft work provides confidence in reporting of work output and confirms internal
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consistency of the model while it awaits experimental data forvalidation. The extended waveturbine
model is used to simulate the flow in a three-port wave rotor. The work outputis calculated for blades
with varying curvature, including the straight axial channel as a reference case. The dimensional shaft
work is reported forthe idealized situation where all loss generating mechanisms except flow incidence
are absent, thus excluding leakage, heat transfer, friction, port opening time and windage losses. The
model developedin the current work can be used to determine the optimal wave turbine designs for

experimental investment.

1. INTRODUCTION

Oscillatory and pulsatile flows are ubiquitousin nature, and the potential for
using unsteady flowsin a wide range of engineeringapplications haslong been
recognized. One of the earliest uses of pulsatile flow was during the World War Il in the
making of the German V-1 Flying “Buzz” Bomb. The V-1 used a pulsejetengine witha
resonant design that maintained cyclicjet discharge, filling, and firing withoutignition.
However, the potential of unsteady flow devices has largely been neglected due to the
substantive improvementsin conceptually simple semi-staticdevices, steady-flow
devices or crypto-steady devices, e.g. turbomachines[1]. Understanding and exploiting
such unsteady flows would enable significantimprovement of enginesand
thermodynamiccycles for various applications.

Shock tubes and pulsed combustors (including pulse detonation engines) are
well-known examples of unsteady-flow devices. Alesswell-known exampleisthe wave
rotor, a technology that has shown unique capabilitiesto enhance the performance and

operating characteristics of a variety of enginesand machinery utilizingthermodynamic
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cycles. Wave rotors utilize non-steady but periodicflow in multiple channels or
passages to generate internal pressure waves that can perform efficient energy transfer.
Due to their mechanical simplicity, self-cooling, and fast time response, wave rotors can
be usedin a wide range of applications. An additional benefitis the production of shaft
work due to flow turning in non-axial wave rotor channels, which can be used to power
other devices, forexample a fan or compressorin a gas turbine engine.

In general, a wave rotor consists of a row of shrouded blades (forminga set of
channels) mounted on a rotating drum. A stationary plate at each end of the drum
closely sealsthe channels exceptfor port openings forinflow and outflow of channel
gases to and from corresponding stator ducts. The number of ports per cycle of
operation depends on the application; for example, a three-port wave divider has one
inflow and two outflow ports, a three-portjoinercycle has two inflow and one outflow
port, and afour-port pressure-exchange wave rotor has two inflow and two outflow
ports. As the drum rotates, the gas in the channelsis exposedto these portsin turn. The
instantaneous openingof a port to a channelinitiates a pressure wave that draws the
gas intothe rotor through an inflow port or pushesthe gas out through an outflow port.
In addition, the pressure differential between the portand the channel eitherdrivesa
shock wave that compresses the gas inthe channel or an expansion fan that expands
the gas in the channel, and the end walls cause wave reflections that further change the
pressure. A well-designed wave rotor operating at design speedis theoretically highly
energy efficient due the fact that energy exchange occurs through preciselytimed

waves instead of mechanical components; however, the complex gas dynamics present
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some challenges foroptimized design and practical use with predictable performance.
For example, flow separation can occur at the channel inletand across curved blades in
the case of non-axial channels, but the effect can be mitigated by optimized design of
the inletduct and limiting curvature. Another potential issue is controlling thermal
expansion and cooling of wave rotor channels. At typical operating conditions, the
cycling frequencyis high and channel walls reach a predictable equilibrium temperature
distribution that is constant and moderate relative to peak gas temperature. This allows
thermal managementand clearance control to accommodate heating and expansion
effects. In spite of the practical challenges, the efficient pressure and energy exchange
along with simultaneous shaft work production set the wave rotors apart from standard
turbomachinery.

The wave rotor concept originated around 1928 with the filingof a patentin
Germany to use a wave rotor as a dynamic pressure exchange device[2]. The Brown
Boveri Corporation (BBC) implemented the wave rotor in locomotive gas turbines and
diesel engine superchargers. The most successful commercial implementation of wave
rotors was the Comprex®, a supercharger developed by BBC used in Mazda diesel
engine cars[3]. The wave rotor ‘superheater’ high-enthalpy high-Mach wind tunnel
made by Cornell Aero Labs was useful intesting spacecraft models for atmosphere re-
entry. In the mid-1950s, the Ruston-Hornsby turbine company designed a wave rotor
with helical channelsto provide a turbine effectand generate internal shaft work. The
rotor was tested over a wide range of operating conditions and was reported to produce

35 hp of shaft work. Later, General Power Corporation developed a pressure-exchange
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wave turbine for Ford Motor Company[4]. A thorough review of the history of wave
rotor developmentand applicationisgivenin Reference[1].

Over the past 25 years, there has beenrenewed interestand research on wave
rotors using progressively more advanced manufacturing and modeling capabilities[5—
8]. Inthe 1980s Mathur et. al. developed afirstorder finite difference scheme to
perform wave rotor cycle analysis[9]. Inthe early 1990s, significant progresson wave
rotor development, both computationally and experimentally, was made by researchers
at NASA GRC. A quasi-1d (Q1d) numerical model was developed to simulate the flow in
axial-channel wave rotors[10]. The modelincludes multiple ports on each end with
subsonicor supersonicinflow and outflow, partially open channelsand inflow that is
incidenton the channel at a non-zero angle. Subsequentversions of the modelincluded
source terms to account for end-gap leakage, wall friction, heat transfer, turbulenteddy
diffusion, fuel stratification and internal combustion[11]. Due to limited computational
resources available at the time, most of the wave rotor simulations have been quasi-1d.
A limited number of 2-D simulations were conducted[12]. Detailed simulation of wave
rotor cyclesin multi-dimensionsis even now computationally expensive, time-
consuming, and requires the use of multiple processors. Therefore, a quasi-1d
simulation with empirical or semi-analytical models to capture effects of turbulence,
heat transfer, friction, mass leakage, flow incidence, and partially open end effects was
developed, allowing for efficient simulation of multiple cases with varying wave rotor

geometry.
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The model has been validated overa wide range of operating conditions by
NASA GRC[13] and Nalim et. al[8] as shown on Figure 1. The model developmentwas
complemented by experimental efforts at both NASA GRC and Purdue University. A
wave rotor with a three-portflow-divider cycle was developed at NASA for investigation
of fundamental wave rotor physics and for calibration of the Q1d model for different
loss mechanisms such as port openingtime, friction, leakage and heat transfer[14]. With
accurate calibration of such losses, the model can then be adapted to simulate any wave
rotor with arbitrary port configurations. The three-port cycle acts as a flow divider
where a certain fraction of the incoming flow undergoes compression to leave the rotor
at a high pressure while the remaining flow undergoes expansionto leave the rotor at a
low pressure. The internal gas dynamics of a three-port wave rotor are illustratedin
Figure 2. The wave rotor can also be designed as a reacting flow device, resultingin pre-
compression, mechanically confined constant-volume combustion and expansionina
single device. Nalim and co-workers have studied internal combustion wave rotors
extensively through both computational and experimental work[8, 15-27].
The previous experimental and numerical work on wave rotor development focused on
characterizing the wave processes that resultin pressure exchange and on internal
combustion, and therefore mostly concentrated on axial channels. As discussed earlier,
a second major advantage of the wave rotor isthe production of shaft work when
curved channelsare used, but little work has been done on developingor simulating
such wave turbines. Experimental testing of multiple wave turbines with varying blade

and stator duct geometries can be extremely costly. Therefore, the development of the
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numerical modelis critical for efficient analysis of loss mechanisms, investigation of the
wave dynamics for designing optimal port timings, and testing with a range of blade
shapes, duct angles, and boundary conditions. The model can then be usedto
determine the optimal wave turbine designs for experimental investment.

In the current work, the Q1d numerical model was extended to account for
blade curvature and the equations were modified to use the same numerical integration
scheme as the axial flow model. A model to estimate losses due to flow incidence at the
channelinlet[11] was alsoimplemented. Then, a methodology for estimatingthe shaft
work due to flowincidence and flow turning along the blades was developed. Finally,
the extended model and the methodology for estimating shaft work was usedto
simulate a three-portdividercycle with axial and curved channels. The three-port
dividercycleis chosen as a firsttest case due to the extensive priorstudies onthis cycle
performedat NASA, and also because it provides a case with both compression and
expansionina single device. The modelis first used to simulate the three-portcycle
with axial channelsand the inletduct designis determined to minimize incidence loss
and incidence torque. The optimalinletduct angle calculated for the axial channel is
then incremented or decrementedin subsequentsimulations for curved channelsto
arrive at an optimal duct design for the non-axial channel. The shaft work is then

estimated for the curved channel case, with minimal incidence torque.
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2. NUMERICAL MODEL

The available quasi-1d numerical model for wave rotors was limited to axial
channels. Following priorwork at NASA GRC[28,29], the conservation equationsare re-
derived and implementedinthe model to allow for blade curvature. A model for
incidence loss at the wave rotor inlet[11] isalso implemented. Finally,two methodsfor
estimating shaft work are developed based on conservation of energy and of angular
momentum.

2.1 Conservation Equations for a Wave Turbine

In this section, the re-formulation of the conservation equations to account for
blade curvature is presented. First, the original model equations developed foraxial
channels are discussed, followed by derivation of the passage-averaged equations for
non-axial channels. Finally, the passaged-averaged equationsare algebraically

manipulated so they can be solved usingthe numerical scheme developedforaxial flow.

2.1.1 Conservation Equations for Axial Channel Wave Rotors

The conservation equations used inthe quasi-1d code for axial channels with

variable axial cross-section A(x) and constant mean radius are given by[18]:

! ! p,AC’u,
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where the prime notation denotesa non-dimensional variable. The current work is
focused on non-reacting flow, therefore the conservation equations for chemical
speciesare notincluded here but are givenin[18]. In general, the source vector ¥
includes contributions from two categories of loss mechanisms: 1) friction, heat transfer
to the wallsand turbulent eddy diffusion effects throughout the length of the channel,
and 2) radial and circumferential leakage only at the two ends of the channel[17]. A
third category of loss mechanisms, which include end-region flow separation during
periods of partial (gradual) opening of channelsand due to flow incidence, are builtinto
the application of boundary conditions, and thus not included inthe source term. In the
presentwork, we neglectthe first and second category of losses that is provided forin
the source vector ¥ in order to verify energy and angular momentum balance in

treating the main effect of blade curvature.

2.1.2 Conservation Equations for Non-Axial Channel Wave Rotors

The conservation equationsin (1) cannot be used for non-axial channels
because they do not include blade forces and fluctuations along the spanwise and
pitchwise directions which arise due to suctionand pressure along the top and bottom
surfaces of the blade. To account for these effects, the conservation equationsfora
channel of arbitrary curvature in the tangential and radial directions are averaged over
the channel cross-section to reduce the number of spatial variablesto one, hence

reducing the three-dimensional equations to quasi-1d equations. The averaging of the
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governing equationsis presentedin detail by Welch et. al.[28], and the final channel

averaged equations (notincludingloss source terms) [29]are given by:

PAC ; lf PACT 1| 0
ot [PAUS? + 5 [PACTL 8 + DA | = e 2)
pAces | Ay | ¢

The overbarin the governingequations denotes an unweighted passage average and
the double overbar denotes a density-weighted passage average[29]. The geometries
for slanted and curved channelsare illustratedin Figure 3 and Figure 4, respectively. The
momentum equation involves axial, radial and tangential components, where the
tangential and radial velocity components are written in terms of the axial component.
This leaves a blockage term inthe momentum equation. In general, the blockage term

is a function of the blade angle and meridional angle and is writtenas §2 = 1 +

tan {2 + tan ¢2 [29]. The angle { is the local blade angle measured inthe plane tangent
to the axial-azimuthal (x-0) surface, relative to the rotor axial direction (x), and the angle
¢ is the meridional angle measuredin the plane tangent to the axial-radial (x-r) surface,
relative to the rotor axial direction (x). As shown in Figure 4, { is measured with respect
to the rightward horizontal, with counter-clockwise taken to be positive. The blade
angleis constant for the slanted or “staggered” straight blade case and varies along the
axial direction for the curved blade case.

The source terms Fg and F, representblade forcesand momentum correlation
terms, respectively, and Qcrepresents heat flux correlation[28]; note that these terms

are separate from the source terms in ¥ due to frictionand heat transfer between the
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gas and the channel walls. The momentum source term F, and heat fluxterm Q. contain
the correlation terms obtained from averaging the three-dimensional gas momentum
and energy equations which are non-zero when there are spanwise and pitchwise flow-
field variations due to entropy gradients, local acceleration and wave refraction.
However, in the one-dimensional model these terms can be neglected without
obscuring the basic physics of the problem[29].

The momentum source term Fj is due to the blade force, which is important
whenthere ischange inangular momentum due to flow turning. The source term can

be expressedintermsof pressure (p), area (A.) and blade angle[29]:

5 (x) (Tx) Ac 952 4 5a[Ra(tan@®) | 8 Gan@)

FB = =
2 0x R(6p — 05) (Rt —Rp)

(3)

2.1.3 Simplified Equations for Non-Axial Channel Wave Rotors

To solve the equations as writtenin (2), the entire numerical scheme used for an
axial flow wave rotor would need to be altered as the equationsin (2) are substantially
differentfromthe equationsin (1) for axial flow. In the current work, the passage-
averaged equations are manipulated algebraically such that the additional terms from
blade curvature inthe momentum equation are movedto the source vector and the left
hand side of the equation becomesidentical to (1). This will allow the model to retain
the numerical scheme used for axial channels by simply adding extra terms to the

source vectorin the code.
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The first stepinvolves expressingthe change in blade angle ({) and meridional
angle (¢) in terms of the change in cross-sectional area along the axial direction,

reducing Eq. (3) to the simplerform:

p (u__x) (u:x) Ac 982 _0A,

Fp = 2 6X+p6x

(4)

The averaged pressure in the momentum equation can be written interms of the axial

velocity componentand rotational speed as

—2
P=(-1) |/‘ - “")52+< )| >
p= Pl € > ) /
where the local specificrothalpyis given by
= = 5
hy=¢e +=
I I ) (6)

Substituting Eq. (3-6) into Eq. (2) and normalizing using reference conditions for
pressure (P/P*), temperature (T/T*), velocity (V /V*), density (p/p* ), area (A/L*?)
and rotational speed (1L*/a*). The reference velocity is the speed of sound at a
reference temperature of 300K. The reference lengthis the length of the channel which
is 31 inches and the reference pressure is 101325 Pa. The conservation equations can be

writtenin the simplified form

9
o0 Wi+

0
(W] =x+

(7)
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Once again, the use of prime variablesin Eq. (7) indicates non-dimensional
quantitiesand should not be confused with fluctuation terms usedin turbulence
models. The reference conditions fornormalizingthe differentvariables are obtained at
ambient conditions of 14.7 psi and 520° Rankine. It is assumed that the channels have a
constant mean radius about which the hub and tip shroud are symmetric, the mean
meridional angle iszero (tan ¢ = 0), and the blockage term can be writtenas 62 = 1 +
tar17. When the rotor wheel speed Mach numberis low, due to gradual openingof the
channelto the port, thereis flow distortion at the fluid contact interface which is
moving behind the shock. At very high Mach numbers, there is radial distortion of this
fluid contact interface due to the centripetal effect. An intermediate wheel speed Mach
number ischosen so that both the gradual openingtime effectand the centripetal

effect can be minimized[30]. Therefore, the assumption of neglectingradial distortionis
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reasonable. For perfectly axial channels,tan { = 0 and §2 = 1, thus reducingthe
governing equationsto the classical quasi-1d equationsin (1).

The equationsin (7) have additional terms in the momentum and energy
equationsas a result of the blade force due to flow turning and therefore could be
difficulttoimplementinthe original numerical scheme used to solve the equationsfor
the axial flow case. To addressthis issue, the additional terms can be movedto the
right-hand side of the momentum and energy equations through careful algebraic
manipulationsthat account for how the equationsare coupled. The terms are then
combined with the source vector, leaving the left-hand side of the equationsidentical to
(1), so that the numerical integration scheme used for axial channels can be used
without change in the quasi-one-dimensional code. The final form of the conservation
equations with new definitions of the variablesw, f (w), and y, obtained after the

algebraic manipulations described above is given by:

0

0w+

Py 7 S WI=x+y 8)
Za A,
_p A,C: - = pA./
p AUy (p'AC u, + yc )
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- 1 C - ux
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The terms due to blade curvature have been moved to the right hand side as part of the
source vector and the left-hand side isidentical to that of Equation

(1). The modified blade-force source vector y isadded to a modified loss source
vector i to produce an overall source term vector. The contributions due to mass
leakage, wall shear stress and heat transfer are not considered in this work; thus, the
modified source vector i is not described here. Eq. (8) represents the general quasi-1d
model for a wave turbine with curved blades of arbitrary profile.

The numerical model presentedin thiswork is a single passage model and quasi-
1d. It may not be able to capture the strong gasdynamicinteraction betweenthe rotor
and port flow fields whichis multidimensional. The incidence loss at the inflow plane is
solved usinga model that treats the incidence separation as a converging diverging
nozzle. This is highly simplified, and does not considerthat the separation bubble may
extend a significantlength into the channel. The blade force model developedin this
work ignores some of the correlation terms that arise from averaging the conservation
equations. The validity of ighoring these terms will need to analyzed by including these
terms and modelingthem appropriately. Even with these modelingassumptions, the
Q1d solverhas beenshown to predict the wave rotor performance with reasonable

accuracy[13]. In addition, the Q1d model has correlations for its source terms that have

FE-17-1279 Bane 15


https://journaltool.asme.org/Authors/Author/Paper/102799/History

ASMEJournal of Fluids Engineering

been calibrated with previous experiments and therefore provide confidence in
prediction with respect to experimental results, although notused in the present work.
Itis recognizedthat the incidence loss model requiresimprovement, possibly with the
use of multidimensional transient modeling of small scale separation phenomenathat
will be substantially more expensive thanthe current model.

2.1.4 Numerical Integration Scheme

This conservation equations for curved channels givenin (9) are solvedina
manner similarto the equationsfor an axial channel wave rotor using an explicit
second-order Lax-Wendroff total-variation-diminishing (TVD) scheme with Roe’s flux-
averaging technique to capture discontinuities. A total of 200 computational cells are
used for the current work, which provides a non-dimensional computational cell size of
0.005. A short study was conducted to verify that the results are independent of cell size
(for grid sizes of 200 cellsand larger), details are givenin Section 3. The non-dimensional
time step was set to 0.001 to maintaina Courant numberof 0.2 for numerical stability of
the model.

In prior work by NASA GRC, Eq. (2) and (3) were used intheir model. This would
mean the numerical integration scheme developed foraxial channel had to be changed
to account for additional terms due to blade curvature. In the current work, Eq. (2) and
(3) were modified to Eq. (8) and solved using the same numerical scheme as axial
channels. The modified equations fora wave turbine were verified against numerical
predictions from NASA GRC[29] for the specificcase of an expansion wave originating at

one end of a non-axial channel, traveling through the length of the channel and
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reflectingat the end wall[19]. The results confirmed that in a non-axial channel the
arrival of the wave after reflectionfromthe end wall is delayed, consistent with the
increased length of travel for the wave. Therefore, the port timing should be optimized
for the specificgeometry of the channel, includingits length. For a straight, slanted
channel, the gas axial velocity was verified to be proportional to the cosine of the blade
angle, consistent with the wave strength for a given expansion pressure ratio. Further
verification was also performed by settingthe blade angle { to zero and verifying that

the axial channel results could be reproduced.

2.2 Incidence Loss at the Wave Rotor Inlet

The gas flow intothe rotor channelin the channel frame of reference israrely
aligned and most often enters at an angle with respectto the channel, called the
relative frame inflow angle,i. The flowincidence leads to stagnation pressure loss at the
inletand flow separation may form a venacontracta as illustratedin Figure 5. As the
flow turns to align with the channel directionit generatesan incidence torque. Inthe
case of a non-axial channel wave rotor, itis important to distinguish betweentorque
contributions from incidence and from blade curvature. Sinceincidence resultsin total
pressure loss, it is usually desirable to design the inlet duct to minimize the contribution
due toincidence, i.e. minimize the relative-frame inflow angle. However, incidence can
usually be minimized only on average over a given port and for a given operating
condition, since the channelinletvelocity typically varies over the port and its
distribution changes with operating conditions. In the current work, the relative frame

inflow angle is estimated as:
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and the optimal duct angleis achieved whenthe relative frame inflow angleis zeroinan
average sense.

The incidence turningis implemented in the wave rotor model by treating the
vena contracta created by the flow separation bubble as a backward-facing step[11]
occurring within a negligibly short distance from the inlet plane. The inlet stagnation
pressure, stagnation temperature, and duct angle are provided as input boundary
conditions, with the initial conditionsinthe first computational cell also known, while
the flow velocity entering the channel from theinletduct both inthe channel frame of
reference and stationary frame of reference are unknown. An initial guessis made for
the static pressurein the duct and used in two ways to calculate the velocity entering
the first cell after flow re-attachment in the channel. First, the velocity is found using
conservation of mass, momentum and energy (entropy generation), by assuming
isentropicnozzle flow from the inlet stagnations conditions to wall-parallel flow at the
step, followed by reattachment. The height of the vena contracta and the downstream
velocity is obtained based on whetheror not the nozzle is choked. Second, the initial
guess for the static pressureis used to calculate the velocity into the first computational
cellusing Roe’s approximate-Riemann flux-averaging method, similarto the method
usedto calculate the velocity betweenthe interiorcellsin the channel. Any difference
between the two values of velocity requires correction of the initially assumed static

pressure by iteration until the two velocities are equal. Details of the method are given
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in Ref.[11]. The flow conditions determined through this iterative process are then used
for the flowin the duct. Using the calculated flow conditions, the duct angle, and the
rotational speed, the flow velocity inthe stationary frame of reference and relative
frame inflow angle, i can be calculated. The incidence torque and the rotor torque can
be calculated using the flow conditions at the wave rotor inletand exit using the

methodology described in the followingsection.

2.3 Shaft Work Estimation

The gas undergoes changes inangular momentum due to flow incidence at the
inletas well as flow turning along the curved surface of the channel, resultingin work
beingtransferred into or out of the gas to satisfy conservation of angular momentum.
The gas alsodoes work on the bladesleadingto a change in the stagnation enthalpy. If
the system, consisting of a wave rotor blade channelin this case, is considered to be
adiabatic with no heat transferthrough its walls then the change in stagnation enthalpy
must be equal to the work beingtransferred into or out of the gas to satisfy
conservation of energy. Therefore, work transfer estimated through conservation of
energy and conservation of angular momentum should be equal. Note that although the
flow within the wave rotor is non-steady, itis periodicand so there isno net
accumulation of angular momentum or energy over a complete cycle. Comparing the
work transfer calculated usingthe two different methods providesaninternal
consistency check in the modeling, while validation of the model itself awaits

experimental research.
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2.3.1 Shaft Work Estimation using Conservation of Angular Momentum

The net rotor torque, which isthe sum of incidence torque and torque due to
flow turning, is calculated from the Euler work equation as the difference inangular
momentum from the rotor inletto the outlet, and the torque is multiplied by the rotor
speedto get work rate or power. Because the velocity componentsand mass flux
calculated usingthe computational model are non-dimensional, itisimportant to non-
dimensionalize the torque in a similar manner. The contributionto the angular

momentum flux, JF, for one channel over one cycle can be written as:
tey

]F=RACJ; puc.dt (10)

Using reference density p*, reference speed of sound a*, channel axial length L and
reference time po to respectively non-dimensionalize density, velocity, channel radius

and time in Eq. (10), the angular momentum flux can be written as:

ZnRh**ZL tCy,I,,,
F= N P (E)L 5 R'p'u’c.dt

(11)

where N isthe number of channelsin the rotor, R the channel mean radius, h is the
channel height and L the channel length. The term inside the integral is the non-
dimensional angularmomentum flux through one port for a single channel over one
cycle. The angular momentum flux can be expressedintermsof the non-dimensional

flux, JF':

F_ZT[Rh cq*[2 TF
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The net torque for all ports over n.,, cycles per revolution, 7, is the difference in angular

momentum flux from the inletto the outlet:

Nn 2nRh
v= () T prat 12 [IF (Portyy) — IF' (Porty)]

t N (13)

21
Writing the time for one revolution of the rotor as ry and normalizingthe rotational

speed using L/ a*givesthe final expressionforthe net torque:
T = Rhp*a*’LQ’ [JF' (Port;,) — JF' (Portoy)Ingy (14)
The shaft power Pjpis the product of rotor torque and angular velocity:
Pir = R h p*a”*Q'2 [JF'(Porty,) — JF'(Portey)ng, (15)

If the torque T and rotational speed () are of opposite sign, work is transferred from the
rotor to the gas similarto a compressor, and if they are of like sign, work is transferred
from the gas to the rotor as inthe case of a turbine.

2.3.2 Control Volume and Velocity Calculation

The work equation describedin (15) requires calculation of tangential velocity
components at the inletand exit of the rotor. However, unlike traditional
turbomachines, in the case of wave rotors a mean value for velocity cannot be used for
calculating work because the flow inside the wave rotor is non-steady. The presence of
ports creates internal pressure waves leading to non-uniformvelocity at the inletand

exit. Therefore, the instantaneous rate of work is estimated as a function of angular
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position of the channel and integrated across a cycle of rotation to calculate overall
work transfer.

The flow work is estimated usinga control volume approach with velocity
triangles at the inletand exit. The control volume, shownin Figure 6, encompasses the
entire wave rotor and is assumed to have adiabatic walls with no external heat transfer
in the present work. Velocity triangles are shown in

Figure 7 for general cases of positive and negative ¢ that may occur at either
end of the channel. In the velocity triangles, c is the velocity in the stationary frame of
reference, w isthe velocityinthe channel frame of reference, ¢, and w; are the
tangential component of velocity in the stationary and channel frame of reference,
respectively, u isthe axial component of velocity, and £2 and R are the rotational speed
and channel mean radius of the rotor. The vector algebra of velocity trianglesisapplied
at each end of the channel and for each computational time step as the channel
completes one cycle of rotation. The duct angle £, blade angles {,., {; and rotational
velocity ()R are specified as design conditions. From the known conditionsand the
channel axial velocity distribution obtained atthe end of simulation, the unknown
velocity componentsin the velocity triangle can be calculated at each time step. When
the flowis enteringthe channel (illustrated forthe case of entry at the leftendin Figure

7), the velocity components are calculated as follows:

_u
© 7 cos(®
(16)
c; = utan(p)
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Wt:Ct_QR

The angle i, the relative frame inflow angle previously definedin Eq. (9), must be equal
to zero on average to avoidincidence loss. When the flowisleavingthe channel
(illustrated forthe case of exitat the right end in Figure 7), the velocity componentsare

calculated using:

we = u tan(() (17)

Ct =.QR+Wt

c=+ W2+ (c)?

2.3.3 Shaft Work Estimation using Conservation of Energy

A numerical model must satisfy physical laws, be internally consistent, and
ultimately validated through experiments. Many sub-modelsinthe current model such
as friction, heat transfer and mass leakage are based on empirical relationships
calibrated from previous experimental research. Although these loss mechanisms are
omittedin the current work, they will be needed infuture efforts to provide the realism
neededfor experimental validation. The current model is passage-averaged to solve the
governing equationsin one dimension. Experimental testingis also needed to quantify
the errors from this simplification in estimation of shaft work, mass flow rate, and other
performance parameters. There are no reported experiments with non-axial wave
rotors with details of boundary conditions to validate the present model. The present

work includes a check of the internal consistency of shaft work calculation. In the
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previous section, the shaft work was estimated using the principle of conservation of
angular momentum. A second estimate of the shaft work can be obtained using
conservation of energy. If the numerical model is developed correctly, the two
approaches should agree.

The second approach for calculating the shaft power uses the enthalpy change
and conservation of energy. The conservation of energyfor an arbitrary control volume

is:
Q -W= (Thho)out - (mho)in (18)

and assuming the control volume to be adiabatic and gas to have a constant specific

hear, the equation can be rewritten as:

-W = (mho)out - (mho)in (19)

CZ
h, = CpTe + ?

The energy equationin (19) is non-dimensionalized ina manner similarto the torque

equation. The work output for one channel over one cycleis given by:
2nRh <L>< 1 ) fey ( y—1
e [ (1)) [ e
[ N ap a*/ \y —1/Jy 4 € 2 ¢ (20)

The terms inside the integral can be written as the non-dimensional enthalpy flux, EF’

which reduces Eq. (20) to :
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1
W =T (m) [EF'(Port, ) — EF’ (Port,)] 21
The net shaft work output from conservation of energy for all the channels over one

revolutionisgiven by:

1 22
Per=Rhp*a>Q <m) [EF'(Portoy:) — EF'(Portiy)In,, (22)

The computation of angular momentum and stagnation enthalpyis made in the
stationary, inertial frame of reference. The stagnation temperatureis T with subscript e
denotestemperature in stationary frame of reference. The power calculated from Eq.
(15) and Eq. (22) should match if the numerical modelisformulated and implemented
correctly. The sign conventionin Eq. (22) gives positive powerif work is transferred from
the gas to the rotor in the stationary frame of reference. The reference power usedto
convert from non-dimensional formto dimensional formisR h p*a*3and issamein

both the angular momentum formulation and conservation of energy formulation.

3. MODELING OF WAVE TURBINE OPERATING CYCLE

The extended model presentedin Section 2 was used to simulate a three-port
dividercycle wave rotor, a simple cycle that combines both compressionand expansion
and that has beenstudied extensivelyin priorwork[14]. The model input parameters
such as the pressure ratios, port openingand closing time and rotor speed were kept
constant for all simulationand are givenin Table 1. All loss mechanisms were neglected

exceptthe flowincidence loss, inorder to isolate the contributions of the blade forces
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to the overall work transfer. First, a three-port cycle with axial channels was simulated,
and brief grid independence study was conducted. The flowincidence angle, and hence
the incidence loss and torque, was then minimized in the axial configuration by changing
the inletduct angle. The optimal duct angle foundin the axial case was then translated
to the case with curved blades and the shaft powerwas estimated. The wave processes
are also briefly described and analyzed in both the axial and non-axial channel cases.
Achievingarepeatingidentical ‘limit’ cycle solutionis based on netzero mass
accumulation over a cycle with no furtherchange inthe mass fluxes of ports. It is
observedthat constant port fluxes of mass usually ensuresthat fluxes of any other
guantity like enthalpy and momentum becomes a constant over one cycle and the time-
history of the cycle repeats exactly, making it periodic. A mass flux difference of 0.01%

betweeninflow and outflowis usedto check for a repeatingcycle.

3.1 Effect of Computational Grid Size

To study the effect of grid density on the wave rotor gas dynamics, calculations were
performed using both a low grid density (200 computational cells) and a high grid
density (800 computational cells). The time stepsfor both cases were chosento
maintaina Courant number of 0.2. The mean channel pressure was calculated at every
time step and is plotted for both grids in Figure 8. The difference in mean pressure for
200 and 800 computational cellsis lessthan 1% indicating that the solutionis highly grid
independent. Further, the pressure at the middle of the channelis plottedin Figure 9 for

both 200 and 800 computational cells. The mid-channel pressure for both grid densities
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are within 1%, indicatingthat 200 computational cells are sufficientforthe current
work. Based on this brief grid study, 200 computational cells were used for the studies
describedin thissection, with a non-dimensional computational cell size of 0.005 and a
non-dimensional time step of 0.001, corresponding to a nominal Courant number of 0.2.
In the case of non-reacting flow, only the contact interface needsto be resolved which
can be done with 200 cells, but for wave rotors with reacting flow a highergrid density
may be required to predict the speedand thickness of the flame front. It is noted that
with shock-capturing numerical methods such as Roe’s method, the accurate prediction

of shock and pressure wave speeds has beenaccomplished with relatively coarse grids.
As the wave rotor rotates and the channel aligns itself with the ports, pressure waves

are generated through instantaneous opening and closing of the ports. Choosing an
appropriate computational time step is critical to accurately capture the waves. If the time
step istoo large then the waves are not captured accurately, but a time step that is too
small will require unnecessarily high computational resources. In the current work, the
time step used for the full cycle simulation of the wave rotor is 0.001 to maintaina
nominal Courant numberof 0.2, as stated above. To verify that this time step is
sufficiently small to capture the waves, two simulations with shorter time steps were
conducted with the same computational cell size of 0.005. The velocities atthe inletand
outletare plottedin Figure 10 and Figure 11, respectively, forthree time steps: 0.0001,
0.0005 and 0.001. As expected, as the time step is decreased the temporalrise in
pressure and velocity across any shock is sharper. However, as the time step is

increased, the timing of travel is not noticeably changed. The code captures shocks and

FE-17-1279 Bane 27


https://journaltool.asme.org/Authors/Author/Paper/102799/History

ASMEJournal of Fluids Engineering

predicts wave speeds consistently; forexample, even the sharp expansion wave at the
inletend around 162° is essentially unchanged. Therefore, atime step of 0.001 is

sufficientforthe presentsimulations.

3.2 Three-Port Axial Channel Wave Rotor

The inletduct needsto be designed to produce minimum possible incidence loss.
In the simulation, the duct angle isan input parameter and can be varied to obtain the
minimum incidence usinga manual trial-and-error process. For an axial channel wave
rotor, the only source of torque is through inflow incidence, as the outflow is axial and
creates no torque, and therefore a duct angle designed to produce net zeroincidence
torque can be considered as the definition of the minimum incidence duct angle. The
minimum incidence duct angle calculated for an axial channel servesas a starting point
for minimizingincidence loss forthe non-axial channel wave turbine.

To simulate an axial channel wave rotor usingthe wave turbine model, the blade
angle was setto zero at both the inletand outlet. The inlet duct angle was initialized at
0° and then increased in increments of 5° until the relative frame inflow angle i with
respect to the channel reduced to zero, indicating minimum incidence loss. The shaft
work associated with flow incidence in each channelis calculated as a function of its
angular position over one cycle using both methods described in Section 2.3, and then
integrated to get the overall torque and shaft power due to incidence mismatch for one
cycle of rotation of the wave rotor. The shaft power is negative for small duct angles,

indicatingwork beingdone on the gas by the rotor due to incidence. The shaft power
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becomesless negative as the duct angle is increased and reaches zero for a particular
duct angle, indicatingthat there is minimum incidence loss on average for the entire
cycle. Furtherincreasingthe duct angle will resultin positive shaft power where work is
transferred from the gas to the rotor.

In the presentcase, the duct angle where the shaft powerreduces to zero for
the boundary conditions specified in Table 1 was found to be 38.1° as shown on
Figure 12. The relative frameinflow angle, i, is also calculated from Eq. (16) as a
function of angular position of the channel from inletopeningangle to inletclosing
angle and is plottedin Figure 13 for every 10° change in duct angle. For a duct angle of
38.1°, the relative frame inflow angle is negative for the first half of the port opentime
and positive for the remaining half, providing 0° incidence on average at the design-
point operating condition. This optimal duct angle is dependent onthe operating
conditions of the wave rotor, and thus a fixed ductangle will be optimal only at its
design-point condition. A more sophisticated inlet system could include variable-angle
inletguide vanesand a control system to vary the duct angle based on the particular
operating conditions.

To illustrate the predicted flow over one cycle of operation, an x — t diagram of
temperature and pressure within the channel and an axial velocity plot at the inletand
exitplane are shown in Figure 14. The non-dimensional axial velocityisindicated by a
red dashed line forthe right-side (outlet) ports and with a solid blue line for the leftside
(inlet) port. The low-pressure outflow port opens at 0° at the right end wall, initiatingan

expansion wave to accelerate and vent gas out through the port. The port then closes
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at 51.5° generatinga compression wave. The intermediate pressure inlet portopens at
108° and closes at 162° on the leftend wall, where the propagation of shock wave pulls
fresh gas into the rotor. The shock wave increases the pressure of the gas in the channel
as itis pushedthrough the high-pressure port between 136.36° and 178.42° at the right
end wall. At the close of the high-pressure port another shock wave is generated which
undergoes multiple reflections at both leftand right end walls. The shock and its
multiple reflectionsincreasesthe pressure as the channel alignsitself with the low
pressure exhaust port. These gas dynamics throughout one cycle (from 0 to 360°) can be

observedin the contour plot of temperature and pressurein Figure 14.

3.3 Three-Port Wave Turbine

In a wave rotor with non-axial blades, the shaft power or work rate transfer
between the gas and the wave rotor has two components: work transfer from flow
turning due to inletincidence and work transfer due to angular momentum change
through the length of the wave rotor channel. In an axial channel with no net flow
turning, the only contributing componentisfrom inletincidence. Asshownin the
previoussection, designingtheinlet duct at an optimal angle can minimizeinlet
incidence and work transfer. For the case considered here (three-port cycle with
operating conditions givenin Table 1), the work rate of the axial-channel wave rotor
reduces to zero at an inlet duct angle of 38.1°. A similar procedure must be followed for
the non-axial channel case to find the duct angle that produces minimumincidence,i.e.

the net torque due to incidence iszero. Using thisoptimum duct angle, the overall shaft
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work calculated will be due only to the flow turning along the length of the curved
channel.

Considera wave turbine where the channels follow a parabolicblade profile with
a left-end blade angle of {; and a right-end blade angle of {,, as illustratedin Figure 4.
The values of {,-and {; then uniquely determine the blade shape. Both values set to zero
degrees will produce an axial channel.In the current work, one specificblade shape
usedis parabolic and symmetric and so the exitand inletangles are equal with opposite
sign, although the model can handle any complex blade shape. The optimal inlet duct
angle calculated for the axial channelis used as an initial guessforthe optimal duct
angle for the non-axial (parabolic) channel. The duct angleis changed in small
increments or decrements depending on a positive or negative inlet blade angle until
the relative-frame inflow angle i matchesthe left-end blade angle {; on average over
the inlet port opentime. The duct anglesthat minimize incidence fordifferentinlet
blade angles, {;, for the particular pressure boundary conditionin Table 1 were
estimated and shown in Table 2. The relative frame inflow angle i with respect to
channel directionand as a function of angular position of the channel for a +30° at the
leftto -30° at the right symmetricblade angle case is shown in Figure 15. Similarto the
relative frame inflow angle for the axial channel case (Figure 13), the curved channel
case also has a angle for the earlier part of the inlet port opentime and positive angle
for the later part, givingan average incidence of -0.12° over the entire inlet port open

time. The incidence angle at the port openingand closingboundariesis oftensharply
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higheror lowerbecause the axial velocity component becomeslocally very small,
resultinginsharply differentvelocity direction.

An x — t plot of temperature, pressure and axial component of velocity for a
symmetric +30° to -30° parabolic channel isshown in Figure 16. The port timingis
identical to the timingin the axial channel case and the gas dynamics interms of
compressionand expansion waves are similarto the axial channel. However, one
noticeable difference isthatthe axial velocity componentis lowerfor the non-axial
channel compared to the axial channel. In the curved channel case, the tangential
component of velocity contributes towards work transfer, which effectively causesa
reductionin kineticenergyin the flow inthe stationary frame-of-reference asit passes
through the channels. In addition, the curvature of the blade increases the length of the
channel and therefore the waves takes longer to travel the entire length of the channel.

The duct angle that minimizesincidence lossis calculated for the differentblade
anglesusing the methodology mentioned above. With the optimal duct angleslistedin
Table 2, pressure boundary conditionin Table 1 and the corresponding blade angles, the
effect of flow turning on shaft work is now analyzed. Since the blades are symmetric, as
the inletblade angleis varied from 0° to 30° an overall flow turningangle of 0° to 60° is
obtained. The overall shaft poweris estimated usingthe methods describedin Section
2.3 for each of the blade anglesand a plot of shaft power vs. blade angle is shown in
Figure 17. The non-dimensional shaftworkincreases from O for the axial channel wave
rotor to 0.16 for the 30° symmetricchannel wave rotor. The positive signindicates that

work is beingdone by the gas on the rotor and the shaft power increases with blade
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angle due to the increase in flow turning and angular momentum change from the inlet
to the exitof the channel.

According to Eq. 16 and 23, the shaft poweris normalized using th*a*3. An
experimental axial channel wave rotor[8] is used to obtain these reference conditions,
with the expectation that this rig could be redesigned to accommodate a wave rotor
with curved channels. In the experimental design, the meanradius R is 0.19 m, the
passage heightis 0.07 m, the reference speed of sound isa* = 338.40 m/s and the
reference densityis p* = 1.22 kg/m3. Using the reference values, the dimensional shaft
work for the 30° symmetricblade angle is foundto be 100 kW or 135 hp. If we assume a
turbomachine that expands flow from high pressure to low pressure, such that the
pressure ratio is equal to the ratio betweeninlet portand low pressure port of the
three-port wave rotor and works with the same mass flow rate then the turbomachine
provides 210 kW. If we compare the wave rotor work with the turbomachine work, then
the three-port wave turbine is capable of providing 52% of the turbomachine work. It
should be noted that this poweris calculated while neglecting heat transfer, frictional
loses, leakage effects, finite port openingtime and windage loses. Including these
effects could lowerthe shaft work produced by flow turning inside the wave rotor. On
the other hand, the port timings that were optimized foran axial channel may be
suboptimal for the curved channel, and more optimal timing may improve the work

output. These effects will be studied in future work.

FE-17-1279 Bane 33


https://journaltool.asme.org/Authors/Author/Paper/102799/History

ASMEJournal of Fluids Engineering

4. CONCLUSION

A wave rotor is a device that uses non-steady but periodicflow in multiple
channels or passages to generate internal pressure waves that can perform efficient
energy transfer. In wave rotors with non-axial channels, the flow turning generates
shaft work which can be used to power otherdevicesin the system. Previous effortson
modelingthe flowin a wave rotor resulted in development of a quasi-1d numerical
model for wave rotors with axial channels. In the present work, this numerical model
was extended to wave rotors with non-axial channels. First, the conservation equations
were averaged over the channel cross-section using Favre averaging to develop quasi-1d
transient flow equations for non-steady flow in slanted or curved channels. The
resulting flow equations for curved channels have additional termsin the momentum
and energy equations due to blade forces. These additional terms were allocated to the
right side of the equation as quasi-source terms, preservingthe form of the equationsin
the code originally developed foraxial channels. The conservation equations were then
solved usinga Lax-Wendroff scheme and Roe’s method of flux averaging to capture all
flow discontinuities like shocks and expansion waves. The wave turbine model was
validated using prior work for an expansion fan propagating through a non-axial channel
and for an axial-channel wave rotor undergoinga three-portdividercycle.

Design of the inlet flow duct to produce minimum flow incidence intothe
channelis important to minimize incidence-related torque, whichis a dissipative loss
mechanism. Therefore, a model for losses due to inletflow incidence was implemented

in the extended wave rotor model and a procedure was developed fordeterminingthe
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duct angle that minimizesincidence loss fora particular set of boundary and initial
conditions. Finally, two methods for estimating the shaft work generated due to flow
turning in a non-axial wave rotor were presented.

The extended model was then used to simulate a three-portdivider wave rotor
cycle with both axial and curved channels. The resultingtransientflow field and wave
patterns were analyzed using x — t diagrams of temperature and pressure as well as
plots of the flow velocity at the inletand exit planes. The flowincidence torque was
minimized by varying the inlet duct angle and the shaft power for the rotor was
estimated for differentblade angles. The shaft power was shown to increase with blade
angle due to increase in flow turning and hence change in angular momentum. An initial
estimate of dimensional shaft work for an experimental wave rotor with effective
camber of 60° is predicted to be about 100 kW in the ideal scenario where all loss
generating mechanisms such as heat transfer, friction, leakage and windage are absent.
These effects will be studied during the next phase of work.

The model developedinthe current work provides a foundation for the design of
wave turbinesfor differentengineeringapplications, including wave turbine combustors
for power generation and aeropropulsion. Designing a wave turbine for experimentsis
challenging because the port and blade geometry must be designed very precisely to
match the arrival of pressure waves. For a successful wave rotor experiment, porttiming
and duct angle selection are critical. Incorrect timing of the ports can resultin reverse
flow, and if the duct angle is not designed correctly, it can cause incidence loss at the

inlet. Therefore, an accurate predictive numerical modelisinvaluable forefficientand
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cost-effective design of wave turbines for experimental testing. The extended wave
rotor model developedinthe current work will next be usedto explore the implications
of differentloss mechanismsto develop approaches for design optimization, a critical

nextstep towards implementing wave turbinesinreal engineeringapplications.
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Figure 1 : Experimental measurements and computational predictions of pressure ratio

for a four-port wave rotor[13]
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Figure 2 : Unwrapped view of the three-port wave rotor withinternal wavesand velocity

diagrams[14]
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Figure 3: Schematic of a slanted or “staggered” straight wave rotor channel
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Figure 4: Schematic of a “non-staggered” symmetrically curved wave rotor channel
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Figure 5 : Schematicillustratingthe relative frame inflow angle of the flow at the wave

rotor inlet[11]
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Figure 6 : Control volume used for estimating work output for the wave rotor and the
channel geometry
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Figure 7 : Velocity trianglesfor (a) positive and (b) negative blade angle
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Table 1: Three-Port Divider Cycle Parameters for Axial and Non-Axial Channel Cases

Parameter Value (Non-Dimensional)

High Pressure Ratio 1.8

Low Pressure Ratio 0.7

Channel Opening Time 0

Inlet Blade Angle 0

Exit Blade Angle 0
Inlet Port Opening Time 1.89
Inlet Port Closing Time 2.83
High Pressure Port Opening Time 2.38
High Pressure Port Closing Time 3.11

Low Pressure Port Opening Time 0
Low Pressure Port Closing Time 0.9
Rotor Speed 0.5

Radius 1
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Figure 8 : Mean channel pressure as a function of angular position of channel for

differentgrid densities
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at differentgrid densities
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Figure 10 : Velocity at inletfor three computational time steps. Zoomed-inview

shows the shock wave timingat 108° and expansion wave profile at 159-162°
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Figure 11 : Velocity at the outlet for three computational time steps.

FE-17-1279 Bane

50


https://journaltool.asme.org/Authors/Author/Paper/102799/History

ASMEJournal of Fluids Engineering

0.2
0.1
El
£
z
2 0.0
£
5
Z
-
501
&
<
<
n
—0.2

Calculation Technique
+— Angular Momentum

+—+ Knergy Conservation

e

//

10

20 30 40 o0
Duct Angle at Inlet 3(Degrees)

Figure 12 : Shaft power due to incidence mismatch for an axial channel
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Figure 14: Axial velocity, temperature and the logarithm of pressure for an axial-channel
three-port wave rotor with optimal duct angle
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Table 2: Optimal Inlet Duct angle for the differentinletendblade angle, {;

Inlet End Blade Angle (Degrees) | Duct Angle (Degrees)
0 38.1
5 43.1
10 46.4
15 48.7
20 51.6
25 55.4
30 58.4
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Figure 15: Relative frame inflow angle with respect to channel inlet angle for +30° to -
30° symmetricblade wave turbine
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Figure 16: Axial velocity, Temperature and Log of Pressure (all non-dimensional) for
three-port wave turbine with +30° to -30° symmetric parabolicblade and optimal duct
angle
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Figure 17 : Shaft power due to flow turning in a wave turbine with
symmetric blades
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NOMENCLATURE

m Mass flow rate

p Density

u Velocity

Fg Blade force

F, Momentum correlation source terms

Q. Passage averaged effective heat flux term
h; Local specificrothalpy

R Radius of the rotor

Q Angular speed

p Pressure

T Temperature
Cp Specificheat at constant pressure

1) Blade angle factor
A, Channel area

X Source vector due to blade forces

Y Source vector due to leakage, friction and heattransfer
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o Meridional flow angle

¢ Blade angle

B Duct angle

i Relative frame inflow angle
y Specificheat ratio

T Torque

P Shaft power

= Density weighted passage average

Unweighted passage average

Ay Pitchwise difference

A, Spanwise difference

Prime superscript indicates non-dimensional variable

* Star superscriptindicates reference state conditions
Subscripts
X Axial component
t Tangential component
T Right side of the rotor
l Left side of the rotor
JF Angular Momentum Flux
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EF Enthalpy Flux
p Rotor passage leadingblade surface
S Rotor passage trailing blade surface
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Figure Captions List
Experimental measurementsand computational predictions of pressure ratio for
a four-port wave rotor[13]

Unwrapped view of the three-port wave rotor with internal waves and velocity
diagrams[14]

Schematic of a slanted or “staggered” straight wave rotor channel

Schematic of a “non-staggered” symmetrically curved wave rotor channel

Schematicillustrating the relative frame inflow angle of the flow at the wave rotor
inlet[11]

Control volume used for estimating work output for the wave rotor and the
channel geometry

Velocity trianglesfor(a) positive and (b) negative blade angle

Mean channel pressure as a function of angular position of channel for different
grid densities

Pressure at middle of the channel as a function of angular position of channel at
different grid densities

Velocity at inlet for three computational time steps. Zoomed-in view shows the
shock wave timing at 108° and expansion wave profile at 159-162°

Velocity at the outlet for three computational time steps.

Shaft power due to incidence mismatch for an axial channel

Relative frame inflow angle as a function of angular position of the channel for
an axial channel three port wave rotor

Axial velocity, Temperature and Log Pressure for an axial channel three port
wave rotor with optimal duct angle

Relative frame inflow angle with respect to channel mlet angle for +30° to -30°
symmetric blade wave turbine

Axial velocity, Temperature and Log of Pressure (all non-dimensional) for three-
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angle

Shaft power due to flow turningin a wave turbine with symmetricblades
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Table Caption List

Table 1 Three-Port Divider Cycle Parameters for Axial and Non-Axial Channel Cases

Table 2 Optimal Inlet Duct angle for the different inlet end blade angle, ¢;
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