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ABSTRACT

DESIGN CONSIDERATIONS FOR MICRO WAVE DISC ENGINES

By

Marco Vagani

With the increasing trend towards technological miniaturization, the demand for

micro-scale power generation has been growing steadily. However, the downscaling of

internal combustion and gas turbine engines has been hindered by losses in cycle

efficiency at smaller scales. This thesis presents two concept micro wave disc engines

which are specifically designed for micro-scale power generation.

A wave disc is an unsteady pressure exchange device that has a proven potential

for gas turbine enhancement. It employs shockwaves within rotating micro-channels to

directly transfer energy between two fluids. The first concept engine presented is the

External Combustion Wave Disc Engine, which employs a wave disc to replace the low

efficiency turbomachinery components in a micro gas turbine engine. The second concept

engine is the Internal Combustion Wave Disc Engine, with combustion occurring within

the micro-channels of the rotor.

The first part of this work discusses the operation principles for both wave disc

engine concepts and the wave patterns developed for them using gas dynamics relations.

The second part describes the numerical Simulation of wave discs and the design

methodology employed. For this purpose, an automated tool was developed to model and

simulate wave disc operation using FLUENT. Finally, an approach for modeling and

simulating the internal combustion wave disc engine is proposed.
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CHAPTER 1: INTRODUCTION

The development Of micro power generation engines employing Micro Electrical

Mechanical Systems technology has been strongly intensified in recent years. However,

the creation Of such devices has been largely hindered by losses in cycle efficiency at

smaller scales. The scaling Of conventional engines such as internal combustion and gas

turbine engines faces major difficulties with heat loss, component efficiencies, fi'iction,

sealing, fabrication and assembly.

This work proposes two concept engines, micro wave disc engines. They are a

novel idea for micro-scale power generation. In such devices, external or internal

combustion is used to generate shockwaves that can enhance combustion and allow for

compression and expansion ofthe Operating gases.

Chapter 2 is a review Of the benefits Of micro-scale power generation and its

applications, focusing also on the MIT micro gas turbine project. It also contains a review

Of wave rotor technology and the development Of the wave disc for micro gas turbine

enhancement.

Chapter 3 presents the concept Of a Wave Disc Engine, which uses wave disc

technology to replace the steady-state turbomachinery components in micro gas turbines.

Two separate concepts are developed, with external combustion and internal combustion.

The External Combustion Wave Disc Engine uses a pressure-exchange wave disc to

compress and expand the working fluids. The Internal Combustion Wave Disc Engine is

a novel concept that includes combustion within the channels Ofthe wave disc.



Chapter 4 explains the wave patterns developed for wave disc technologies. Two

different patterns are presented for wave discs as pressure exchangers. The first pattern is

greatly simplified to reduce calculation time. The second pattern is much more accurate

than the first, introducing various gas dynamics principles that were not taken into

account in the Simplified version. In order tO solve the improved wave pattern, a 1-D

design code was developed. This chapter also explains the wave pattern and similar code

developed for an internal combustion wave disc.

Chapter 5 introduces the need for numerical simulations in order to validate and

improve on the results of the 1-D design code. An automated Simulation tool was

developed to perform these numerical analyses using FLUENT, a common computational

fluid dynamics software. The tool’s geometric and meshing parameters are explained,

along with the solver setup and simulation process.

Chapter 6 first introduces the new design methodology for wave discs that was

developed. This methodology would not be possible without the 1-D design tOOls

described in Chapter 4 and the 2-D numerical simulation tool described in Chapter 5.

This chapter then proceeds to apply this design methodology on a wave disc design. Both

of the wave patterns developed in Chapter 4 are simulated, and their results are combined

to produce a final, more effective wave disc design.

Chapter 7 outlines directions for future work. This includes the possibility Of

using optimization software to improve the results Of the numerical simulation code. It

also provides a possible approach tO modeling and Simulating the Internal Combustion

Wave Disc Engine. Finally, Chapter 8 summarizes the conclusions drawn form this work.



CHAPTER 2: BACKGROUND

2.1 MICRO-SCALE POWER GENERATION

Modern technological society has an increasing need for smaller power generation

devices. With the developing trend towards the miniaturization Of electronic and

mechanical devices, the demand for high efficiency power generation units is growing

steadily. This demand is largely focused on finding a viable alternative to chemical

batteries.

The demand for smaller, lighter, highly efficient systems and devices requires the

integration Of both electrical and mechanical systems in progressively smaller devices.

This field, called Micro Electrical Mechanical Systems (MEMS), appeared towards the

end of the 20‘h century through the creation Of integrated sensors and actuators. MEMS

combines electrical and mechanical engineering concepts with micro-fabrication

technology to create fully integrated systems on Silicon chips. Currently, the field has

expanded to a variety Of applications, from audio-Visual implants tO complete fluid

micro-systems, including power generation.

The development Of MEMS has Spurred research in the energy field, directed

towards reducing the scale of common power sources. This led to the design of rnicro-

heat engines such as internal combustion engines, gas turbines, and steam turbines. This

field iS called MEMS Power Systems, or Power MEMS [8]. The Objective Of this field is

to create smaller, sub-centimeter scaled engines that produce 10 to 100 watts with power

densities and performances comparable to their larger-scale counterparts.



Power MEMS engines provide a huge advantage over common chemical

batteries. The liquid fuels used in such engines have a much larger energy density than

most batteries, as Shown in Figure 1. Even only at 5% efficiency, a small octane engine

would have a comparable energy density to that of a battery [10]. This means that devices

powered by a micro-scale engine can be lighter and smaller than an equivalent battery

powered device. They could Operate for a longer period of time and may even be

refueled. This even reduces the manufacturing and waste disposal costs associated with

chemical batteries.
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Figure 1. Specific energy for hydrocarbons and several battery technologies [10]

The most anticipated application for Power MEMS engines is the creation of

portable power generation. With small, efficient power sources, it would be possible to

replace or enhance batteries in most common applications. This includes laptop

computers, cell phones, and other common electronic devices. Micro-engines built into

these devices could provide a constant source Of power that could outlast the common



batteries used. Alternatively, they could be used to recharge the battery when its charge is

tOO low, running only for short periods Of time. [25,38]

The largest field Of applications for Power MEMS engines is in the defense

industry. Unmanned air vehicles (UAV) and micro air vehicles (MAV) are being

developed Of increasingly smaller Sizes [13,30]. Three important factors in the

development Of these vehicles are the size, weight and range Of the design. Micro-scale

engines would be able to improve on these three issues while still providing the power

necessary [37]. The small size and lightweight materials used in micro-heat engines

provide a big improvement over traditional power sources, and their high efficiency and

energy density will allow the vehicle to have a much larger range than one powered by

battery cells. An additional electric flight concept includes micro-engines within the

aircraft wings creating both electrical power and additional lift [22].

Furthermore, the increasingly high-tech devices used by soldiers and

reconnaissance vehicles require them to carry bulky, heavy battery packs around for

portable power [14,12]. The light weight of a micro-engine would provide a vast

improvement for soldier packs, making them smaller and lighter. Also, the higher energy

density Of liquid fuels would allow them tO carry smaller fuel reservoirs rather than large

batteries.

Currently most MEMS devices draw power from macroscopic power supplies

such as external batteries. This limits their fimctionality in many applications [20].

Integrating MEMS micro sensors and actuators with micro-heat engines will improve the

scope and application range Of such devices. Bulky and inefficient energy storage devices

may be eliminated. Additionally, a power-independent MEMS device does not require



electrical connections to external power sources, giving it improved mobility and

autonomy.

Another benefit Of micro-scale power includes the possibility Of having multiple

backup power sources when the main source fails. This would be ideal for applications

where certain components must retain functionality afier a power shortage. Multiple

small or micro-scale engines could power these components, making them independent

Ofthe main power generator or grid.

The promise for flexible, energy-independent, multiple-application devices has

led micro-scale power generation tO become a forefiont research topic in the energy

industry. There have been significant recent attempts to miniaturize conventional

combustion engines for small-scale application, using MEMS or other fabrication

methods, to create micro-scale power generation devices. Well publicized among these

are the MIT micro gas turbine engine [7,8], the UC Berkeley mini rotary engine [11,31],

and the Georgia Tech and Honeywell-U. Minnesota fi‘ee-piston engines [1].

The MIT Micro Gas Turbine Engine Project was begun in 1995 with the Objective

Of using it for power generation and small aerial vehicle propulsion. A cross-section

schematic Of the engine is Shown in Figure 2. The basic design is composed Of a

supersonic, radial compressor and turbine, with an annular ring combustion chamber. The

compressor includes diffuser vanes, and the turbine includes swirl vanes. They are

connected by a hollow shafl. The high rotational speeds Of the rotor required gas film

bearings in order tO reduce fiiction. The previously existing MEMS dry-friction bearings

would not have an acceptable Operating life at the required speeds [5]. The final design

included a journal and thrust gas film bearings. Hydrogen gas is the fuel used, injected



directly after the compressor vanes. A motor-generator is built within the engine in order

to start the rotor and produce electrical power. The built-in motor provides the advantage

of reducing the number of parts and bearings necessary. The engine is designed to

produce 20 kW of electrical power when using pre-compressed inlet air [8].
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Figure 2. MIT micro gas turbine engine generator [8]

Initially, the material chosen for micro-fabrication was silicon, but later research

proved that a layer of silicon carbide would strengthen the material and allow it to

withstand higher temperatures. The turbine and compressor were designed radially to

ease the micro-fabrication process, which prefers structures with an extruded 2-D cross-

Section. Two examples of micro-fabricated rotors produced by MIT on a silicon wafer are

shown in Figure 3. The entire engine assembly consists of nine micro-fabricated wafers

(layers), bonded together. A cutaway ofthe bonded assembly is Shown in Figure 4.



 

 

 

  
Figure 3. Micro-turbine (left) and micro-compressor (right), produced by MIT,

etched out of a silicon wafer, With diameters 0” mm and 8 mm [7]

 

 

 

   
Figure 4. Cutaway of the micro gas turbine engine assembly [7]

The MIT engine attempts to scale the compressor, combustor, and turbine of a

conventional gas turbine engine using micro-fabrication methods. The functional

principle and thermodynamic cycle are the same as conventional gas turbines. Turbo-

component performance, however, suffers due to the downsizing effect. It was shown

that the polytropic efficiency of conventional steady-state turbomachinery decreases with

size [7]. The increased influence of wall effects decreases the turbo-component’s

efficiency, since flow velocities remain similar while the channel dimensions are

reduced. The continuous flow combustor suffers from increased heat loss at micro-scale,

where the rate of heat loss is larger than the rate Of heat production through combustion.



With lower component efficiencies, the overall thermal efficiency of the micro turbine

engine is significantly decreased. One possibility for enhancing this engine is the addition

Of a micro wave rotor [16,17].

2.2 PRESSURE EXCHANGE WAVE ROTOR TECHNOLOGY

A wave rotor is an unsteady flow device that utilizes the concept Of direct

pressure transfer between fluids through waves. It is used as a pressure exchanger,

employing shockwaves to transfer energy fiom a high energy fluid tO a low energy fluid.

In most applications it is utilized to increase the pressure Of a low temperature, low

pressure gas (the driven gas, usually air) using the energy provided by a high

temperature, high pressure gas (the driver gas, usually exhaust gas).

A wave rotor typically consists of a rotating drum with straight channels

throughout the length Of the rotor. It lies between two fixed endplates, which are used to

seal the channels from the manifold. The fixed plates contain ports, which allow the

channels tO be periodically exposed to the driver and driven gases. The sudden exposure

to these gases initiates shockwaves or expansion waves within the channels. A schematic

Of a wave rotor is presented in Figure 5. The channels are exposed to a high pressure,

high temperature gas at the Exhaust Inlet port (E1) and to low pressure, low temperature

air at the Air Inlet (AI) port at the inlet side Ofthe rotor. After the energy exchange within

the rotor is complete, the outlet side Of the channels is opened to release the pressurized,

low temperature air at the Air Outlet (A0) port, and the expanded, high temperature gas,

at the Exhaust Outlet (EO) port.
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Figure 5. Schematic model of a through-flow wave rotor and porting

The Operating principle of the wave rotor allows it to compress the inlet air while

expanding the exhaust gas. In this manner, the wave rotor acts as both an air compressor

and a gas turbine, but Within a single rotating part This is achieved using lower flow

velocities and a smaller rotational Speed than traditional turbomachines. The periodic

exposure to hot gas and cool air allows the rotor to maintain lower Operating

temperatures, having a “self—cooling” effect.

Multiple applications have been found for wave rotor technology. Figure 6 Shows

two wave rotors, the first of which was produced and tested by NASA as a performance

enhancer to a gas turbine engine [35]. The second wave rotor depicted was produced by

Brown Boveri Corporation. This wave rotor, named the Comprex®, has been used

commercially in the Mazda 626 Capella as a supercharger for the internal combustion

engine, which sold more that 150,000 units [21].



 

 

A wave rotor may be used to enhance the performance Of a gas turbine engine.

The rotor would Operate in parallel to the combustion chamber, using the pro-compressed

air from the traditional compressor as its inlet air, its driven gas. This air would be

compressed further and sent to the combustion chamber. The combustion chamber

exhaust would be the driver gas, and the rotor would then supply pro-expanded exhaust to

the turbine.

The wave rotor may be driven by an external motor or may be designed to be self-

driven, using the momentum Of the flow to rotate the rotor. The Operation principle is

analogous to the Operation of a supercharger or turbocharger in an automotive engine.

The wave rotor increases the pressure Of air entering the combustion chamber and

expands the exhaust gas leaving it. This has the effect Of increasing the total work output

Of the engine.



 
Figure 7. Schematic for a wave rotor enhanced gas turbine engine in

a) through-flow and b) reverse-flow configurations

Figure 7 depicts the cycle schematics for two possible configurations of the wave

rotor for gas turbine engine topping. In the through-flow configuration, the two flows

travel the length Of the rotor in the same direction, so that the rotor has an inlet side and

an outlet side. In the reverse flow configuration, the two flows exit fi‘om the same side

that they enter. This results in a hot side and a cold side.

In both configurations shown above, the inlet air (0) is initially compressed by the

compressor. It then reaches the air inlet (AI/1) port on the wave rotor, where it is ingested

into the rotor channels. Once it comes in contact with the hot exhaust gas (El/3), a

Shockwave is created which further compresses the flesh air. This air is then evacuated

from the channel and is sent to the combustion chamber (AO/2). Finally, the exhaust gas

is evacuated by means Of the expansion waves created by the sudden closing Of the

channel’s inlet ports (BO/4). This exhaust gas, which loses some pressure in the process,

is then supplied to the turbine for work extraction (5).
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Figure 8. Temperature-Entropy diagram for a gas turbine engine with and without wave rotor topping

The advantage provided by the wave rotor is apparent when comparing a wave

rotor enhanced cycle with a baseline cycle. The two cycles, Shown in Figure 8, are

compared for equivalent compressor pressure ratios and turbine inlet temperatures. The

amount Of heat addition in the combustor is the same for both cycles, and the combustion

pressure loss is Shown for both.

The pressure increase provided by the wave rotor allows combustion to occur at a

higher pressure than for the baseline engine. After the pro-expansion Ofthe exhaust gas in

the wave rotor, the exhaust enters the turbine at a higher pressure than for the baseline

cycle. In fact, the pressure increase provided by the wave rotor allows the turbine inlet

pressure to be higher than the pressure at the outlet Of the compressor. The larger pressure

ratio across the turbine results in added work extracted from the flow. The work output

increases while the input work to the compressor remains the same. This improves the
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cycle’s thermal efficiency. The wave rotor topped gas turbine engine extracts more work

and is more efficient than the baseline engine.

The potential improvement of the gas turbine engine cycle provided by the

implementation Of a wave rotor makes it an ideal candidate for micro-scale power

generation. For micro-scale applications, it is necessary to achieve high thermal

efficiency. With a higher efficiency, the wave rotor topped engine can output more power

while taking up the same space and weight. The following two designs were proposed to

enhance a micro gas turbine engine similar to the MIT Micro Gas Turbine Engine [17].

The first design uses a conventional wave rotor configuration, as a rotating drum

with channels running along its length, as shown in Figure 9. The wave rotor drum is

attached to the outer radius of the rotating compressor/turbine assembly. The combustion

chamber continues to be an annulus, on the outside edge Of the micro-engine. Being a

through-flow design, the fresh air from the compressor enters the wave rotor channels

and travels through the rotor to the turbine Side of the engine. The compressed air is then

ducted into the combustion chamber, mixed with fuel and ignited. The combustion gas

re-enters the rotor, is expanded, and exhausts to the turbine.
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Figure 9. Schematic for a wave rotor enhanced micro gas turbine engine design



In this configuration, the wave rotor produces the desired pressure boost for the

engine, but also has a few more advantages. With the wave rotor attached to the end of

the rotating turbine/compressor disc, there is no need for a separate drive for the wave

rotor itself. Additionally, the self-cooling characteristic Ofthe wave rotor helps isolate the

rotating parts in the center Of the engine fiom the heat produced by the combustion

chamber.

However, the drawbacks of this design include the fact that it requires a small

increase in diameter in order to accommodate for the wave rotor. Furthermore, the wave

rotor configuration is not ideal for micro-fabrication. Its surface to height ratio is very

small, having a very narrow 2-D surface that is extruded for a long length. This requires

much more complicated micro-fabrication methods in order to ensure accurate sizes and

straight channels.

The difficulty in creating a wave rotor using micro-fabrication processes led to the

creation Of the radial-flow wave rotor, otherwise called a wave disc [27]. The wave disc

has channels that are located radially along a rotating disc. In this configuration, the

porting is placed on the inner and outer radii Of the rotor. The large surface area and short

height Ofthe rotor made it ideal for the micro-fabrication process. TWO halves Ofthe rotor

would be fabricated from two wafers and bonded together. One more added benefit Of the

wave disc over the wave rotor is the radial configuration allows the design to take

advantage Of the centrifugal forces present in the channels. These forces allow the rotor

to be scavenged more thoroughly if the exhaust outlet port is placed on the outer radius of

the rotor. One possible configuration for a micro wave disc is shown in Figure 10.
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Figure 10. Micro-scale wave disc, the bottom showing a cutaway view ofthe rotor channels

The second topped micro gas turbine engine design includes the implementation

of the wave disc, as is shown in Figure 11. It is located above the combustion chamber,

on the compressor side of the engine. The inlet air is fed directly fiom the compressor,

and travels through the disc to the combustion chamber. After combustion, the exhaust

gas is again expanded through the rotor and ported to the turbine.
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Figure 11. Schematic for a radial wave disc enhanced micro gas tInbine engine design

In this configuration, the wave disc provides a few advantages over the wave

rotor. While still producing the same pressure boost, the disc is much Simpler to
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manufacture in micro-scale. The radial Shape Of the wave disc allows the micro—engine to

occupy the same diameter as the baseline engine. The disc does not have to be attached to

the main shaft, and can be self-driven by using the momentum Ofthe flow through it. The

improved scavenging provided by the centrifugal forces in the disc allows it to attain a

lower average temperature than the wave rotor, where exhaust gas recirculation has been

shown to create concentrated, high-temperature areas that negatively affect its

performance [23].

Another added benefit Of the radial wave disc is the possibility Of using it to

extract energy from the flow. In gas turbine engine topping applications, it is sufficient

for the wave disc to extract enough energy from the flow to become self-driven.

However, by using angled porting, the rotor may be capable of extracting more energy

than is needed to drive it. This energy could be harnessed to generate power. Modifying

the channels so that they are curved, rather than the traditional straight channel design

could improve the energy extraction ofthe wave disc even firrther.
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CHAPTER 3: WAVE DISC ENGINE CONCEPTS

The possibility Of extracting energy from the flOW using only a wave disc has

Opened a promising new research area, Wave Disc Engines (WDE). The following

sections present two different WDE concepts. The first replaces the turbine and

compressor with a wave disc. The combustion chamber remains separate from the rotor;

therefore it is designated as an External Combustion (EC) Wave Disc Engine. The second

concept engine requires combustion to occur within the channels Of the wave disc. This

concept is named the Internal Combustion (IC) Wave Disc Engine.

3.1 EXTERNAL COMBUSTION WAVE DISC ENGINE

The wave disc enhanced gas turbine engines presented in the previous chapter

effectively combine traditional, steady-state turbomachinery with unsteady, Shockwave

compression. This leads to a higher thermal efficiency compared to the baseline MIT gas

turbine engine. However, the low efficiency Of the compressor and turbine at the micro-

scale is a limiting factor to the engine’s overall efficiency.

The basic concept behind External Combustion Wave Disc Engines is to simply

replace the turbomachinery components with a single pressure exchange wave disc [26].

The thermodynamic cycle remains the same as that Of traditional gas turbine engines, as

shown in Figure 12. The wave disc alone provides the compression and expansion needed

for the cycle to be completed. It also is designed to produce torque on its own, SO not

even the turbine is required. The wave disc itself acts as a compression, decompression

and torque generation unit, but all in a single rotating part.
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The efficiency Of Shock wave compression is not as affected at micro-scale as that

Of traditional steady-state turbomachinery components [15]. Therefore, the wave disc has

a higher efficiency for the compression process, reducing the work requirement. Another

added benefit Of the wave disc is its self-cooling feature. The channels are periodically

cooled by the fresh inlet air, so the rotor remains at a lower temperature than a gas turbine

engine with an equivalent compressor pressure ratio. The wave disc can therefore handle

a much higher peak temperature from the combustion chamber. Both of these effects can

be seen in the thermodynamic cycle Shown below. The overall efficiency Of the wave

disc engine is higher than that of the gas turbine engine.
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Figure 12. Temperature-Entropy diagram for an external combustion wave disc engine

The wave disc engine uses only one rotating part. Using an external drive would

increase the overall size of the engine and introduce losses. Instead, a generator-starter is

integrated within the engine itself, following the conceptual design developed by MIT

[7,9]. This completely eliminates the mechanical losses associated with shaft
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transmission. Additionally, the wave disc engine rotates at much lower smds than a

comparable compressor-turbine unit. This greatly reduces fiictional losses and simplifies

the bearing and the electric generator design.
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Figure 13. External combustion wave disc engine configuration

The EC wave disc engine shown in Figure 13 contains all of the features

mentioned previously. Fresh air enters the center of the engine and is ported into the

wave rotor channels. Shockwaves compress the air and send it to the combustion

chamber, placed parallel to the disc. The hot exhaust gas is then redirected to the wave

disc. After expansion, they are released through the bottom of the engine. Figure 14 is a

better representation of the flow within the rotor. In the case depicted, the wave disc uses

a reverse-flow configuration. This disc contains two cycles per revolution. The

combustion chamber is split in half, using a separate combustion chamber for each cycle

in the rotor.
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3.2 INTERNAL COMBUSTION WAVE DISC ENGINE

The External Combustion Wave Disc Engine uses a typical Open combustion

chamber, where combustion occurs at a nearly constant pressure. However, the constant

pressure combustion used for gas turbine engines and the wave disc engine is much less

efficient than the confined combustion that occurs in Internal Combustion (IC) engines.

This is a constant volume process, where both the temperature and pressure increase. The

IC wave disc engine takes advantage Of the confined combustion process by using the

closed space within the rotor channels as a combustion chamber. During combustion,

both ends Ofthe channel are closed, so the process occurs at constant volume.
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Figure 15. Temperature-Entropy diagram for internal and external combustion wave disc engines

Constant volume combustion provides a huge thermodynamic advantage. Figure

15 compares the cycles for the two types Of wave disc engines. For the same peak

temperature and compression ratio, the pressure after combustion is much higher for the

IC wave disc engine. AS a result, the pressure ratio during the expansion process is much

larger, producing a significant increase in the extracted work by the engine.

The Operation Of the IC wave disc engine is very different from that Of the EC

wave disc engine. For this engine, only two ports are necessary. The inlet port intakes

fresh air/fuel mixture, while the outlet port releases the burnt gas produced by the

combustion. A schematic showing the Operation principle Of this engine is shown in

Figure 16.
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Figure 16. Schematic for the internal combustion wave disc engine

The channel begins with a fresh firel/air mixture. It is closed on both ends, is

rotating with the disc, and the fluid within it is at rest. The fuel/air mixture is then ignited,

and the combustion process occurs at constant volume. This produces a large temperature

and pressure rise within the channel.

After combustion is complete, the channel reaches the exhaust outlet port. The

sudden opening of the boundary creates two effects. The high pressure within the

channel, when suddenly released, has a “jet propulsion” effect which generates extra

torque for the rotor. It also creates an expansion wave, which will travel the length of the

channel and expand the exhaust gas within it. The expansion wave will force the exhaust

gas out of the rotor.

When the expansion wave reaches the inlet side Of the channel, the inlet port is

Opened. The flow created by the expansion wave will ingest fresh firel/air mixture Item

that port. At this point, both ends of the channel are open, so the loading of flesh mixture
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and scavenging Of exhaust gas is taking place. Additionally, the centrifugal forces within

the channel aid the scavenging and loading process.

The last step in the process is the compression Of the fresh air/fuel mixture. Once

the channel is fully scavenged, the exhaust port is closed. The sudden deceleration Of the

flow creates a Shockwave that travels into the channel. The Shockwave compresses the

firel/air mixture, preparing it for ignition. It also brings the fluid within the channel to

rest. The closing ofthe inlet port is timed for when the Shockwave reaches it. The channel

is then completely closed again and is filled with flesh, compressed mixture. The cycle is

complete and the channel is ready to be ignited tO begin once again.

A few Options are available for the compression process. The strength Of the

Shockwave created by the sudden closing Of the outlet port is dependant on the velocity

of the flow through the channel at the moment it is closed. AS explained above, it is

possible tO wait until the entire channel is scavenged before closing the exhaust outlet.

However, if a stronger Shockwave is required, it is possible to close the channel earlier in

the cycle. This will create a stronger Shockwave, but some exhaust gas will remain in the

channel. This is called Exhaust Gas Recirculation (EGR). This may be beneficial to the

combustion process, using the EGR gas to increase the temperature Ofthe firel/air mixture

before ignition and limiting combustion to a smaller portion ofthe channel [34].

The Internal Combustion Wave Disc Engine takes advantage of the high

efficiency Of confined combustion, while having the high power density and low

maintenance characteristics Of continuous flow machines. It is physically Simple and

compact, using only one rotating part with a simple extruded 2D geometry. This will lead

to a much lower unit cost compared to other competitive technologies.
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CHAPTER 4: WAVE PATTERNS AND l-D DESIGN CODE

4.1 SIMPLE WAVE PATTERN

The wave rotor and wave disc Operate by transferring energy between two fluids

using a set Of shockwaves and expansion waves. These waves are created within the

channels by the Opening and closing Of the inlet and outlet ports. These events are timed

to ensure the correct wave pattern is formed within the rotor. The design of wave rotors

and wave discs consists of determining the timing for each port based on their

thermodynamic conditions. From the pressure and temperature conditions at each port, it

is possible to develop a wave pattern for the flow within the channels. From this pattern,

it iS then possible to determine the timing Of each port and design the porting for the

device.

Multiple wave patterns have been developed for both trough-flow and reverse-

flow wave rotors. The wave pattern presented in Figure 17 is based on the pattern

developed by NASA for a four port, thorough-flow wave rotor [36]. The horizontal axis

represents the position within the channel, and the vertical axis represents time. This

pattern may be applied to both axial wave rotors and radial wave discs. Since the pattern

depends only on the length of the channel and the timing Of the ports, it provides a good

initial design. However, the pattern does not take into account the added centrifugal

forces that are present within the wave disc.
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Figure 17. Simple wave pattern for a through-flow wave rotor

The porting for the through-flow wave pattern is clearly divided into an inlet side

and an outlet side. In addition, the wave pattern is also divided into a high pressure (HP)

part, and a low pressure (LP) part. The exhaust inlet port (El) supplies high pressure, high

temperature exhaust gas, while the air inlet port (AI) supplies low pressure, low

temperature air. The air outlet port (A0) will be supplied with air at a higher pressure

than the E1 port, but only a Slightly higher temperature than the AI port. The exhaust

outlet port (E0) will be supplied with exhaust gas that is at a pressure between the AI and

EI ports. The temperature at the E0 port will be slightly lower than that ofthe El port.

The pressure exchange process, as shown above, begins with a moving channel,

filled with low pressure, low temperature air (Zone I). At this point, the through-flow

velocity of the channel is zero. Once the E1 port is Opened, the pressure difference

between the channel air and the port gas creates a Shockwave (SI), which propagates
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towards the outlet Side, into the channel. As S. moves into the channel, it compresses the

air within it to same pressure as the El port, with only a slight raise in temperature (Zone

Hair). The shockwave also induces a flow behind it, causing hot exhaust gas from the E1

port tO enter the channel (Zone Ilgas). The velocity induced by the Shockwave is less than

the velocity Of the Shockwave itself, producing a clear division between the gas and air in

Zone 11. This is called the gas/air interface.

The first Shockwave reaches the end of the channel and reflects, creating a second

Shockwave (S2). The Opening of the AO port is timed to match this reflection. This new

Shockwave moves back into the channel and compresses both the air and gas in Zone II to

a higher pressure, the pressure Of the AO port, creating Zone Illa:r and Zone IIIgas. The air

and gas continue to move through the channel. The air, now at its desired pressure, is

outlet through the AO port.

Once the second Shockwave reaches the inlet side Of the rotor, the BI port is

closed. This prevents further gas from entering the channels. In addition, the sudden

closing Of the port creates an expansion wave (E) that moves into the channel. The

expansion wave decreases the pressure Of the gas, but also Slows the flow down SO its

velocity is zero. The A0 port is closed once the E. reaches the end Of the channel. With

this timing, the velocity in the entire channel is zero, and the exhaust gas is partially

expanded (Zone IV).

The channel next reaches the low pressure part of the wave pattern. The flow is

again initiated by the Opening Of the E0 port. This sudden Opening generates a new

expansion wave (E2), which reduces the pressure Of the exhaust gas to its final state

(Zone Vgas). E2 also increases the velocity Of the fluid, forcing it out Of the E0 port.
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When the expansion wave reaches the inlet side Of the channel, the AI port is also

opened. Due tO the induced velocity by the expansion wave, the air from the port moves

into the channel (Zone Vair). The gas/air interface appears again, and moves towards the

outlet side Ofthe channel, scavenging the exhaust gas from the rotor.

Once the exhaust gas has been completely removed from the channel, the E0 port

closes. Due to this sudden closing, a weak Shockwave (S3) is created. 83 increases the

pressure of the inlet air, but also reduces its velocity to zero. Once the Shockwave reaches

the inlet Side Of the rotor, the AI port is closed. This results in a channel full of flesh air

with zero velocity (Zone I). The channel is now at the same initial conditions as the

beginning of the wave pattern, and is ready to begin the cycle again.

Once the wave pattern has been established, it is possible to calculate the port

timings and other design variables. The port timings will largely be dependant on the

time required for the shockwaves and expansion waves to travel across the rotor. The gas

dynamics behind the operation Of the wave disc are governed by the following set Of

equations [3]. Using these equations, it is possible to calculate the flow velocities and

port timings for the wave pattern.

Shockwave relations:
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Where: 1 — conditions in front of the Shock, 2 — conditions behind the shock, w —

velocity Of the Shockwave, up — induced velocity Ofthe flow behind the wave.

Expansion wave relations:
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Where: 1 — conditions in front Of the wave, 2 — conditions behind the wave, w —

velocity Of the Shockwave, uhead —velocity Of the head Of the wave, um“ — velocity Of the

tail Of the wave.
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4.2 IMPROVED WAVE PATTERN

With the wave pattern presented in the previous section, the calculations involved

are not tOO complex or time consuming, 80 they may be carried out by hand. However, in

order to do this, that pattern has some major simplifications. A computer code was

envisioned to solve for the wave pattern. This code reduces calculation time and is

capable Of solving more complex equations. This enabled the production of an improved

wave pattern. The new pattern is more accurate and uses fewer simplifications than its

predecessor.

The basic wave pattern calculated by the code is similar to the simple pattern

presented in the previous section. The improved wave pattern is shown in Figure 18. It

adds some significant changes to the gas/air interface and the low pressure portion Of the

rotor.

The first major enhancement consists Of the change of speed Of the shockwaves

and expansion waves when they cross the gas/air interface. The waves move fi'om a low

temperature medium to a high temperature medium, or Vice versa. Also, the exhaust gas

has a different specific heat ratio, y, than the air. From the aforementioned gas dynamics

equations, the Speed of the wave depends on both the temperature and the specific heat

ratio Of the air. In general, the waves will move at a higher velocity in the exhaust gas

than in the air. This can be noticed on the wave pattern by the change in slope Of the

waves as they cross the gas/air boundary.

The second improvement on the wave pattern is a more accurate calculation Ofthe

position Of the gas/air boundary. The flow within the rotor is mainly dependant on the

Shockwaves and expansion waves. Shockwaves induce the channel flow in the same
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direction as they propagate. Expansion waves have the opposite effect. As a result, when

any wave crosses the gas/air boundary, it should speed it up or slow it down. For

example, when the second Shockwave crosses the gas/air interface, it slows it down, since

it is moving in the opposite direction than the boundary itself. This can be again seen by

the change in slope of the boundary in the wave pattern. When this is taken into account,

it produces a much more accurate prediction ofthe position ofthe interface.
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Figure 18. Improved wave pattern for a through-flow wave rotor

Using this more accurate prediction for the gas/air interface, it is possible to

notice that in a majority Of cases, the compressed air fails to frilly exit through the AO

port before it is closed. Therefore, in zone IV, when the channel is at rest between the A0
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and E0 ports, a portion Of the channel is still taken up by flesh air. This air then exits the

rotor through the E0 port, in the low pressure section Ofthe rotor.

A number of important changes were made to the wave pattern in the low

pressure section Of the disc. For the Simplified pattern, all the reflected waves within the

low pressure portion were ignored. When an expansion wave reaches a boundary, it may

either reflect as an expansion or a pressure wave. In this pattern the reflections of the

second expansion wave, E2, are taken into account in order to improve the porting design

in the low pressure part. The enhanced pattern provides better scavenging Of the exhaust

gas before the E0 port is closed.

Due to the considerable dissimilarity between the two patterns, the improved

wave pattern is again explained in detail, starting flom Zone IV, where the channel is at

rest between the A0 port closing and E0 port opening. As before, when the E0 port

Opens, a strong expansion wave (E2) is created, traveling to the inlet side Of the rotor.

Because this is a strong wave, both the head and the tail Of the wave are taken into

account. The AI port is not opened until the tail Of the expansion wave reaches the inlet

Side of the channel.

When E2 sees the closed boundary at the inlet Side, it is reflected as a weak

expansion wave (E3). This wave expands the gas in the channel to a lower pressure, and

also slows it down (Zone V). When E3 arrives to the E0 port, it is reflected as a pressure

wave (PI). The pressure ratio across the E0 and AI ports is not large enough to create

shockwaves. The first pressure wave travels across the channel, increasing the pressure Of

both the exhaust gas and air (Zone VI). It also has the effect Of Slowing down the flow,

Since it is moving in a direction Opposite to the flow.
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This process is repeated one more time, creating expansion wave E4, pressure

wave P2 and Zones VIII and IX. The closing Of the AI port is timed with the arrival Of the

last pressure wave (P2) to the inlet side Of the rotor. This creates the final expansion wave

(E5), which decelerates the flow in the channel to zero velocity (Zone X). When this final

expansion wave reaches the outlet Side Of the rotor, the E0 port is closed and the charmel

is completely at rest. This channel is then used at the beginning Of the next cycle.

Multiple waves cross the gas/air interface in the low pressure portion. Each Of

these waves has the effect of reducing the speed within the channel. As a result, the

gas/air interface is repeatedly slowed down, and may not be able to reach the E0 port

before it is closed. If this occurs, an amount of exhaust gas will remain in the channel

after the wave pattern is complete, and the next cycle will not start with a clean channel

firll Of flesh air.

That is the final important enhancement for the new pattern. It allows for

recirculation tO occur, if necessary. Therefore, the channel may begin the new cycle with

the final portion taken up by exhaust gas. The exhaust gas then exits the rotor through the

A0 port. Depending on the design, it may not be possible tO avoid this phenomenon, and

some recirculation will occur regardless Of the Operating conditions chosen for the rotor.
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4.3 l-D DESIGN CODE FOR WAVE DISC

In order tO SOlve for the wave pattern and port timings, a 1-D design code was

developed at the MSU Turbomachinery Lab [28,29]. This code was developed using

MATLAB for a wave rotor used to enhance a gas turbine engine. It was then possible to

modify it to apply for a pressure exchange wave disc.

The 1-D design code requires a few inputs which need to be determined before it

is executed. The inputs depend largely on the application for the wave rotor or wave disc

that needs to be produced. The length Of the channel is an important input parameter.

This will depend on the overall size Of the device. Also, the pressures and temperatures at

the two inlets Of the rotor have to be supplied. The desired pressures at the two outlets

must also be given.

Among the outputs of the code, the most important are the port timings and the

flow velocities along the inlet and outlet ports. The code also outputs mass flow rates and

an ideal rotational speed for a wave rotor, but these results cannot be applied to the wave

disc due tO their different geometries. The flow velocities, however, can be used tO

determine the ideal angles for the inlet and outlet porting.

The port timings are used to determine the porting geometry for the wave disc.

The wave pattern in the disc remains the same, so the port timings also remain the same.

From these timings, it is possible to calculate the porting angles for the wave disc

separately. In order tO do this, a rotational speed must be assumed. In most cases, it is

calculated flom the number Of cycles required for the disc. For example, if the disc has

four cycles, all the porting angles must fit between 0° and 90°. Usually, though, it is best
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to leave some space between different cycles on the disc, so the rotational speed is

decreased slightly to allow this.

Furthermore, the code creates a plot displaying the wave pattern and velocities at

the inlet and outlet ports. This allows for a quick, visual analysis Of the results. Two

sample operating points are given in Table l, with their outputs shown in Figure 19. The

output on the left Shows a wave pattern without EGR, where the gas/air interface exits the

rotor through the E0 port. The output on the right shows a wave pattern with EGR, where

the rotor is not fully scavenged. The exhaust gas exits the channels at the A0 port at the

beginning of the cycle instead.

Table 1. Sample operating points for 1-D design code, results shown in Figure 19

 

 

 

 

 

 

 

    

Operating Operating

Point 1 Point 2

L 0.093 m 0.093 m

Pl 0.98 bar 0.99 bar

P2 2.40 bar 1.88 bar

P3 1.80 bar 1.50 bar

P4 1.02 bar 1.01 bar

T1 300 K 300 K

T3 1100 K 1100 K
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Figure 19. Wave pattern outputs for two operating points.

Left — Fully scavenged rotor. Right — EGR Present.

The wave pattern and porting design created by the 1-D code are a good starting

point for numerical modeling. This preliminary design provides a good approximation for

the wave pattern in the rotor. However, it still does not take into account important

effects such as centrifugal forces and leakage. The preliminary design produced by the 1-

D code needs tO be simulated more accurately, improved, and validated.

4.4 WAVE PATTERN FOR INTERNAL COMBUSTION WAVE DISC ENGINE

The external combustion wave disc engine uses a pressure exchange wave disc,

which can be designed by the code mentioned in the previous section. The internal

combustion wave disc engine uses a completely different wave pattern. It was necessary

to develop a separate wave pattern and l—D code only to be used for an IC wave disc

engine.
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Only two ports are present in an IC wave disc engine: the air/fire] mixture inlet

and the exhaust outlet. The wave pattern is designed to completely scavenge the rotor

before a new cycle begins. No EGR should be present in the channel when combustion

occurs. For the inlet, the mixing of the two fluids occurs before the inlet port, and is

assumed to be Of even, constant concentration. This fiIel/air mixture is near atmospheric

pressure. The exhaust outlet pressure is higher than the air inlet, but significantly lower

than the combustion pressure.
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Figure 20. Wave diagram for a wave disc with internal combustion

The wave pattern developed is shown in Figure 20 and Figure 21. The first is

shown in a relative reference flame. The horizontal axis represents the position within the
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channel, and the vertical axis represents time. The second figure uses an absolute

reference flame. The same wave pattern is presented, but shown for a radial wave disc. In

this case, the Shockwaves are curved, following the motion Ofthe rotating channels.

The wave pattern begins after the combustion process. At this point, the rotor is

filled with combusted gas with a through-flow velocity Of zero. Furthermore, the channel

is now at the highest temperature and pressure in the cycle (Zone II). The outlet side Of

the rotor is then Opened to the exhaust port, which is at a lower pressure than the channel.

This creates a strong expansion wave (E), which travels into the channel. The expansion

wave produces two effects. First, it expands the gas in the channel to a lower pressure.

Second, it induces a fluid flow in the direction Opposite to that in which it is traveling.

This forces the expanded combustion gas out ofthe channel (Zone 111).

When the first expansion wave reaches the inlet Side of the rotor, it is reflected as

another expansion wave (E2). At this time, the inlet port is Opened, allowing the flesh

air/fuel mixture into the channels. E2 expands the exhaust gas to the same pressure as the

inlet air. Both the expanded gas and the inlet air travel into the channel. The gas/air

interface becomes visible in this area (Zone IV).

When E2 reaches the open exhaust port, it is reflected as a pressure wave (Pl).

This pressure wave compresses both the gas and mixture inside the channel, but also

Slows it down (Zone V). The pressure wave then reflects as an expansion wave on the

Open inlet side of the channel. This reflection process continues with the same effects

until the exhaust gas is completely scavenged out Ofthe rotor.

When the gas/air interface reaches the outlet side Of the rotor, the channel is

entirely filled with flesh air/fire] mixture (Zone VII). At this point, the last pressure wave
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(P2) is allowed to reach the inlet side of the channel. Once the pressure wave reaches the

inlet and reflects as an expansion wave (E4), the inlet port is closed, preventing any flow

flom entering the rotor. A low pressure area is created in the wake of the wave (Zone

VIII).

At this point, compression is necessary to pressurize the air/fuel mixture to the

conditions necessary for combustion. The exhaust port is closed when the last expansion

wave reaches the outlet side Of the channel. The sudden closure of the port forces the

flow to come to a rest, which creates a strong Shockwave (SI). This Shockwave moves

through the charmel, compressing the mixture and decelerating all the flow to a velocity

of zero. The wave pattern is complete and the channel is at rest. It contains a compressed

air/fuel mixture (Zone I). This mixture can then be ignited, increasing both the pressure

and temperature of the channel (Zone II). This returns the channel to the conditions at

which the wave pattern can begin again.

 

Exhaust

      

 

    

 

Inlet (Air + Fuel) I;

 

   
Figure 21. Wave diagram for an internal combustion wave disc shown in absolute reference flame
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The biggest challenge with modeling this wave pattern concerns how to model the

combustion process accurately. Combustion occurs in a constant volume, confined

channel. It provides not only a temperature increase, but also a pressure increase. The

fuel chosen was hydrogen. The combustion process was modeled using a constant

volume adiabatic flame temperature calculation. The flame temperature calculation

assumes complete combustion of the reactants, and is capable Of calculating a flame

temperature at rich, lean, or stoichiometric conditions. For the stoichiometric calculation,

the following reaction balance is used:

H2 + %(02 + 3.76N2) —> H20 +1.88N2 (9)

The adiabatic flame temperature can be Obtained flom the first law of

thermodynamics, simplified for an adiabatic, constant volume process. With no exchange

of heat or work, the internal energy ofthe reactants must be equal to that Ofthe products.

Q — W = AU (10)

U.<T.-,n)=U,,(Tf,Pf) (11)

This can be put in terms Of enthalpy, keeping in mind the pressure rise occurring

within the closed system.

Hr—Hp—V(P,-—Pf)=0 (12)

Using the ideal gas law, this can this can be further simplified tO

h,—R,~T,- =hp—Rfo (13)

Where: r — reactants, p — products, T,- — initial temperature of the reactants, Tf—

adiabatic flame temperature.
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The pressure rise caused by the combustion process is calculated using the ideal

gas law. For a closed volume system, the equation is simplified to:

P R T

_f.=_L_-[_ (14)

Pi RiTi

Where: i — conditions before combustion,f— conditions after combustion.

Using predefined enthalpy values for a range Of temperatures [33], the adiabatic

flame temperature can be calculated using an iterative numerical method. The lean and

rich calculations are performed in the same manner, the only difference being the reaction

balance that is used. Finally, the flame temperature is scaled with the mass of flesh

air/fuel mixture in the channel. In this manner, if EGR occurs, the flame temperature is

reduced tO compensate for it.

Both the wave pattern and combustion process must be solved numerically. A

MATLAB code was developed to automatically solve for the wave pattern, port timings,

and combustion results. The code requires a set of input parameters flom the user. The

first is the length and height Of the channels. The pressure and temperature of the inlet

air/fuel mixture is necessary, and the desired outlet pressure for the exhaust gas may be

specified.

After calculation, the code outputs a complete flow pattern, including complete

port timings and velocities. The adiabatic flame temperature for combustion is solved,

along with its corresponding pressure rise. The flow pattern is also displayed visually. An

example is Shown in Figure 22. This sample is created for the Operating point given in

Table 2. The output shows a wave pattern without EGR, where the rotor is fully

scavenged at the beginning of each cycle.
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Table 2. Sample operating point for internal combustion wave disc engine, result shown in Figure 22
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Figure 22. Wave pattern output for an internal combustion wave disc engine
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CHAPTER 5: AUTOMATED WAVE DISC SIMULATION CODE

5.1 NUMERICAL SIMULATIONS OF WAVE DISCS

Numerical simulations are necessary to validate the results Of the 1-D design

codes. Computational Fluid Dynamics (CFD) software models the flow and wave

patterns present in the disc. In order to work effectively, the 1-D algebraic codes do not

take into account various processes that occur within the rotor. In order to confirm the

results Of the l-D codes and progress in the design, the wave disc needs to be simulated

fully using CFD software.

The simulations must take into account any important parameters that were not

included in the 1-D code and might have an effect on the solution. This includes the

effects of the secondary waves created by the pressure and expansion waves in the low

pressure section Of the disc. The centrifugal forces acting on the disc need tO be taken

into account, as they could provide to be helpful in scavenging the rotor. The CFD

models also include a gap between the porting and rotor which allows for leakage. The

algebraic code only allows for inlet and outlet velocities to be perfectly radial, while the

CFD models allow the air to enter and exit the rotor at an angle. Backflow may be present

at the inlet and outlet boundaries and should be taken into account. Viscous forces might

have an effect on the design, as well as heat transfer through the channel walls. Finally,

the 1-D code always assumes straight channels. The 2-D models may use curved

channels to help the rotor extract energy flom the flow. All Of these effects are present

within the 2-D CFD Simulation, producing a much more realistic solution.
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In addition to validating the l-D algebraic code results, the results Of the 2-D

numerical Simulations are analyzed and used to further improve the wave disc design.

Most of the time, this produces changes to the design that need to be verified. These need

to be modeled through a completely new simulation. Often multiple iterations are

completed for a single design. The majority of the design changes lead to a change in its

geometry, requiring the entire process for obtaining a solution to be repeated. This needs

to be done even for the smallest changes in the geometry Of the design. Completing a

Single Simulation by hand, including the modeling, solving and post-processing, would

require a few days. Using this method a complete wave disc design could take anywhere

flom weeks to months.

In order to improve and speed up the design process for the wave disc, a

MATLAB code was developed to automate the numerical simulation process. The code

is capable of performing a full Simulation given a set of input matrices. The input

matrices define geometric parameters, meshing parameters, solver settings, and boundary

conditions for a Single simulation. The code then creates and meshes the geometry, sets

up and runs the Simulation, and completes some post-processing.

MATLAB is used to interface with GAMBIT 2.3 and FLUENT 6.2. The

MATLAB code passes commands to both programs through the use of journal files.

These files are text files that contain either GAMBIT or FLUENT Specific commands.

The journal files are created every time the code is run, with different commands

depending on the code’s input variables. MATLAB then activates the required program

and gives it a Specific journal file tO run. The program then runs through all the

commands in the journal file and quits. In this manner, MATLAB is used to create and
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mesh the geometry and domains in GAMBIT. It then is used to setup and run the

Simulation in FLUENT, and post-process the FLUENT results.

5.2 GEOMETRY

The initial Step to Simulating a wave rotor is defining the geometry. GAMBIT 2.3

was used to perform this task. GAMBIT is a pro-processing program used mainly for

FLUENT. Its purpose is to create the geometry, mesh, and domains that will be used by

the CFD solver. The geometry in this program is defined as a series of vertices (points),

connected by edges (lines or curves), which in turn make up faces. In order to create the

geometry, the MATLAB code is required to give GAMBIT the commands to create these

vertices. MATLAB also has tO give GAMBIT the commands to connect the lines

correctly and create the faces.

An algebraic code was created in MATLAB to calculate the geometric points

required by GAMBIT. The code has a certain set Of input variables that are used to

calculate the shape and Size ofthe wave disc porting and Ofthe individual channels. A list

Of the input variables required to create the porting geometry is given in Table 3 and

shown schematically in Figure 23. The list of input variables required to create the

channel geometry is given in Table 4 and shown in Figure 24 and Figure 25.

The MATLAB code is flexible in order to accommodate for many different

designs. By changing the input variables, the geometric points required by GAMBIT are

be recalculated tO match. This in turn changes the edges and faces Of GAMBIT to match

the changes in the inputs. The input variables were chosen based on experience with

wave disc design.
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Figure 23. Schematic of the input variables necessary for the porting geometry
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Table 3. Input variables necessary for generation of porting geometry

  

 
 

  

  

  

  

  

 
 

          

time, Inner radius 0f rotor OE, open Exhaust inlet port opening angle

gapinncr Size of gap on rotor inner radius 95' close Exhaust inlet port closing angle

Lint“,r Length ofporting on inner radius 9A] Open Air inlet port opening angle

route, Outer radius of rotor 9A] close Air inlet port closing angle

gapouter Size ofgap on rotor outer radius 9A0 open Air outlet port Opening angle

Louter Length of porting on outer radius 9A0 close Air outlet port closing angle

OE] Angle Of exhaust inlet porting 950 open Exhaust outlet port Opening angle

9A] Angle of air inlet porting GEO close Exhaust outlet port closing angle

9A0 Angle of air outlet porting c Number Of cycles per revolution

950 Angle of exhaust outlet porting

 

For the porting geometry, the input variables define the Size of the rotor and ports,

the opening and closing Of the ports, and the angles Of the ports relative to the radial

lines. It also allows the user to Specify gap size between the rotor and porting and the

length Of the ports themselves.

The user may also choose any number Of cycles per disc, 0, starting flom one. If

only one is chosen, there will be one cycle per full revolution using the defined porting

angles, and the ports will remain closed for the rest of the revolution. If two cycles are

chosen, the cycle will repeat after 180°. For four cycles, there will be one every 90°. For

rotors that have more than one cycle per revolution, each cycle will repeat the exact same

geometry and wave pattern as the others. As a result, only one of the cycles needs to be

modeled for CFD. This helps reduce the computation time required to complete the

simulation.

The channel geometry is defined in a different manner than that Of the porting.

The channels may be straight or curved, and may take on any curvature required. The

channel shape is defined by a set of points Spanning the length Of the rotor. Each Of these
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points is at a dimensionless distance flom the inner edge of the rotor. Each point also has

a relative angle from a horizontal reference which is used to define the curvature. Since

GAMBIT uses a NURBS curve interpolation to create the channel walls, the more points

are defined, the more accurate the GAMBIT model will be to the desired curve. The user

may input as many points as necessary, with a minimum oftwo. Another input variable is

the total number Of channels in the rotor. From this variable, the size Of the channel unit,

A(D, which consists Of a Single channel and a single wall, can be calculated. Within the

channel unit, the user can Specify how much Of the unit is taken up by the channel, or, and

how much is taken up by the wall. This needs to be done for every point specified for the

channel curvature.
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Figure 25. Schematic ofthe input variables necessary for a curved channel

Table 4. Input variables necessary for generation of straight and cm'ved channels

Number ofchannels in full

NChannClS rotor

r/AR 0 (Ir/Ad)

fl 91 I

1'2 92

1'3 93

1‘4 94

1‘5 95

PM 9N4

m 9N 
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Figure 26. Close-up of inner gap for a structured grid, aligned with geometric features
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5.3 MESH

porting. This type ofmesh will produce numerical errors during the simulation process.

semi-structured grid, in which the grid attempts to align with the geometry, but does not

flexible enough to work for multiple types of geometries. This can be seen by comparing

and to the shape of the channel, which is straight. The mesh in the second figure uses a

create the mesh. Several Options are available for meshing. However, in order for the

mesh to adapt to multiple, different designs, it was necessary to use a structured grid with

a fixed number of mesh points. Using any other type of meshing Option would not be

Figure 26 with Figure 27. The first mesh is a structured grid, in which the mesh size and

shape adapts to the wave rotor features. It aligns to the shape Of the port, which is angled,

have a constant number of mesh points. The uneven mesh points cause the grid to

become very skewed in certain areas, in this case in the gap between the rotor and

Once the geometry is defined, a mesh nwds to be created. GAMBIT is used to



and shape of the wave disc.
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number of radial and tangential grid points to be used for meshing. The number of radial

In order to compensate for thiS
3
the user has control over the

The number of mesh elements and their Size will change depending on the size

may become larger, which occurs in both the channel and port meshes.

may only be as large as the gaps themselves. As the grid moves further flom the gaps it

the entire geometry, the grid points within and around the gaps

limiting factor is the size of the gaps. S'11108 the gaps have the

To reduce the computational solution time
’
the number of elements in the mesh

geometry has to be meshed individually before the faces can be meshed.

and re-align to the new geometry. In order to achieve such a grid, each edge in the

aligned with the porting and channels. With any design variations, the mesh would adapt

In order to avoid meshing errors, the grid is made up of quadrilateral elements,

Figure 27. Close up of inner gap for a semi-structured grid, with skewed mesh within gap
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the thickness of each element. The more points, the thinner therminesgrid points dete

elements will become. A rotor with more cycles will take up a smaller radial Space than a

'a1 grid points. Similarly, the number ofglessth fewer cycles, requrrmwirotor

tangential grid points determines the length of each element. A rotor with a longer

channel will require more points than one with a shorter channel. Because of the varied

w,mt is up to the user to define these two v 'ables. Shown beloIgns, Inature of the dos

Figure 28 and Figure 29, are two examples of different grids on the same geometry.
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a coarse mesh,ithhigh pressure zone w

with 270 radial mesh points and 50 tangential mesh points

8. Close-up ofigure 2F
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Figure 29. Close-up of high pressure zone with a fine mesh,

with 540 radial mesh points and 100 tangential mesh points

The last step to meshing is defining the domains and boundaries to the mesh.

Each edge needs to be defined as a wall, an inlet or an outlet. The fluid zones of the rotor,

gaps and ports also need to be specified. The edges that connect the rotor fluid zone to the

gap fluid zones nwd to be defined as interfaces. Also, the top and bottom edges of each

gap need to be linked and defined as periodic edges.

Once the meshing is complete and the boundaries and domains are defined, the

mesh is exported and saved. An example, shown in Figure 30, labels all the boundaries in

a 4-cycle wave disc. The single cycle occupies 90° of the rotor. For this example, the

mesh is coarse, and the geometry has both angled porting and curved channels. The full

wave disc is shown in Figure 31. The completed mesh can then be imported and used by

the CFD solver.
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Figure 30. Complete mesph for a 4-cycle wave disc with curved channels and angled porting
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Figure 31. Full model ofthe 4-cycle wave disc with curved channels and angled porting

5.4 PRE-PROCESSING SETUP

The CFD software used to model the flow and wave patterns in the rotor is

FLUENT 6.2. It is a commercial package that has proven to accurately model the

unsteady flow created by the wave disc. Its 2-D, double precision solver is used to run the

simulations. When a mesh is imported into FLUENT, the simulation needs to be pre-

processed in order to run. The MATLAB code created takes care of the solver settings

and initializes the solver automatically.
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For wave disc simulations, the segregated, implicit solver was chosen. The

segregated solver was chosen in order to avoid numerical errors during the transient start-

up of the wave disc. During initialization, the entire rotor is at ambient conditions, while

the exhaust inlet and air outlet ports are at very high pressures. The high pressure at the

air outlet creates shockwaves that induce the flow fiom the port into the rotor. However,

this is an outlet port, so it causes backflow to occur across the pressure outlet boundary.

The solver needs to allow backflow to occur. After enough cycles, the transient waves

will die out and the normal wave pattern will control the flow.

The coupled solver does not handle this problem correctly. The backflow through

the pressure outlet boundary is at a much lower velocity than it should be. Due to the

error in backflow velocity, the port air does not flow into the channels as it should.

Instead, the radial velocity around the outer radius of the rotor is very small, while the

tangential velocity matches the tip speed of the rotor. This results in a numerical pressure

error in that region. The high tangential velocity, combined with the erroneously low

radial velocity, creates a stagnation point on the trailing edge of the air outlet port. This

increases the pressure in that region to unrealistic values. This is illustrated in Figure 32.

In the region where backflow should occur, the numerical error causes the pressure to

increase drastically, and is an order of magnitude larger than the pressures within the rest

of the model. The radial velocity contour also shows that backflow is not occurring

within the channels. This problem does not occur with the segregated solver, which

calculates the backflow correctly.
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Pressure contours during transient startup

t = 60 us
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Figure 32. Numerical error present in coupled solver during transient start-up

The implicit and explicit solvers both work effectively for this type of problem

[16, 18]. The implicit solver requires a fixed time-step, and completes multiple iterations

between each step. The explicit solver uses an adaptive time step, and does not iterate

between each step. However, the explicit solver requires a smaller time step than the
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implicit, and the step size changes continually. If the program is run for a set number of

iterations, there is no way to calculate or guess how much simulation time would have

passed. Consequently, it would not be possible to program the simulation to run for a set

period of time. The implicit solver was chosen because it allows the code to specify

exactly how much time needs to pass in the simulation.

An inviscid solver was chosen for the automated code. The 1-D design code does

not take viscous forces into account, so the simulation should match in order to validate

the design. In addition, the size of viscous forces will depend on the scale of the rotor.

Large rotors will see very limited and negligible viscous effects, while micro-scale rotors

will be more affected. Even then, the effect of viscous forces will not be as large as for

steady-state turbomachinery [15]. In order to complete the design, an inviscid approach

should be taken. If necessary, the viscous forces should be added on the very last step of

the design process, in order to verify that the design will still be effective.

The MATLAB code is then used to set up the boundary conditions. The code

requires a set of user input variables which are used to set the inlet and outlet conditions.

The rotational speed of the rotor is also an input. A complete list of inputs is shown in

Table 5. The periodic interfaces are linked together automatically. The wave disc is

modeled without heat transfer occurring between the walls. In most cases, this should not

affect the solution, but should be confirmed once the design is complete.
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Table 5. Input variables necessary for FLUENT pre-processing setup and simulation

 
 

 
 

 
 

 
 

 
 

 
 

    
 

grid unit Specify units for geometry PE] Pressure of exhaust inlet port

Pref Reference pressure (atmosphere) TEI Temperature ofexhaust inlet port

(1) Radial velocity ofrotor PM Pressure of air inlet port

At Simulation time step size TA] Temperature of air inlet port

Atitmfions Maximimmnutmlmbggggiterations PA0 Pressure of air outlet port

Ncycles Number :qulllztcgjles to be TAO Temperature of air outlet port

P50 Pressure ofexhaust outlet port

 

T50 Temperature of exhaust outlet port    
5.5 SIMULATION

In order to begin the simulation, the entire rotor is initialized at the air inlet

temperature and pressure. Each port is then patched at its corresponding temperature and

pressure. Since the exhaust inlet port is at a higher pressure than the rotor channel,

shockwaves will propagate into the channels, as is expected. However, the air outlet port

is also patched at an even higher pressure. Due to this, shockwaves will propagate into

the channel in the opposite direction of the flow. This creates an initial backflow, during

the transient startup of the rotor.

After a certain amount of time, the transient startup of the rotor ends. At this point

the wave disc is operating at steady state. The process is still unsteady, but the wave

pattern, inlet and outlet conditions do not change with time. It is therefore possible to

claim that the rotor as a whole is operating at steady state. The time required to reach

steady state depends on the size and speed of the rotor.

An implicit solution was chosen for the iterative method, which requires a fixed

time step size, At. The size of the time step was left as an input for the user. The smaller
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the time step is, the longer it will take to reach a solution. However, the time step cannot

be chosen at random. It must be less or equal to a maximum value in order for the

solution to converge. The maximum value of the time step can be determined through the

Courant—Friedrichs-Lewy (CFL) criterion [4,16]. This criterion states that the time step

size, At, cannot be grater than the time required for a sound wave to travel between two

adjacent grid points. Since the size of the grid changes within the rotor and porting, this

criterion should be valid for all of the grid points in the mesh. Therefore, the limiting grid

points are those closest together, which occur at the gaps between the rotor and porting.

The grid size will change depending on the user inputs, so it was determined that the user

should calculate and input the time step size to be used in the simulation.

In order to account for the transient startup the simulation needs to be run until the

rotor reaches steady state operation. Since the flow within the rotor is unsteady it is not

possible to use the residual values from FLUENT to determine when the simulation is

complete. It is therefore necessary for the user to input the number of fill] cycles to be

completed before the rotor reaches steady state, Ncycles. The code then calculates the

number of total time steps required to complete the simulation, Nsoiwion, using Equation

(15). This depends on the rotor speed, co, the number of cycles per revolution, 6, and the

time step size, At, all ofwhich are input variables defined by the user.

27W
cycles

Nsolution = cht (15)

The following figures illustrate the transient start-up and steady-state operation of

an example wave disc. The first figure shows the initial pressures for a wave disc and

porting. The second figure shows the pressure contours of the rotor soon afier the
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simulation is started. The shockwaves moving into the channel fi'orn the air outlet porting

can be seen clearly. The next figure is still within the transient start-up, but the wave

pattern has begun to develop. The last two figures show the pressure contours afier six

full cycles. The wave pattern in both figures is clearly defined and does not change with

time. For most cases, the rotor usually reaches steady—state before ten full cycles.
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Figure 33. Wave disc pressure contours during initialization, transient start-up, and steady-state operation
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5.6 POST-PROCESSING

Most of the post-processing may be done by the user once the code has completed

the simulation. In this manner, the user can choose what to display and cater the output to

his liking. The MATLAB code performs some post-processing firnctions before it allows

the user access to the FLUENT solution files. Most of these functions are involved with

the display features in FLUENT. The code automatically sets and saves the correct view

for contour and vector plots. Also, if the rotor has more than one cycle per revolution, the

code sets the periodic repeats for the rotor so that the full rotor can be seen when plotting.

Wave disc operation is unsteady, so it is common to create videos of the unsteady

wave pattern in the disc for analysis. The videos give a better idea of the wave pattern

and timing in the rotor. However, the video generation tool provided by FLUENT is very

tedious and time-consuming. It is very prone to errors and ofien the output is not

fimctional. Making the videos also requires large amounts of disc space. As a result, a

separate MATLAB interface was developed with the purpose to quickly and easily

produce videos of the wave pattern within the rotor.

The video post-processing interface has the capability of creating videos of any

9unsteady process within FLUENT. The videos are created fi'om the contour plots for

each time step within the desired time flame. The contour plots may be of a variety of

properties available to FLUENT. In order for the code to work, the user must have all the

case and data files for the time steps that are to be included in the video. FLUENT may

be set up to save these files automatically as it runs a simulation.

The MATLAB code has a graphical user interface that allows the user to specify

which files the video should be created fi'om, what properties need to be recorded, the
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range of values for each of those properties, and the time We of the video. The

interface is shown in Figure 34.
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Figure 34. Graphical user interface for FLUENT post-processing interface

The user may define specific ranges for the properties selected, or use FLUENT’S

auto-range feature, where it automatically calculates the maximum and minimum values

for each property. However, the auto-range feature in FLUENT has the drawback that the

scale within the video will change every time step. This may result in confusing video

patterns, where the colors and range in the plot change continuously. In most cases, it is

preferable to create a first video using the auto-range feature. This video will allow the

user to see what the maximum and minimum property values for that plot should be. The

user may then create a second video with a specified, fixed range. In this manner, the
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colors and range will remain the same throughout the video, making it much easier to

view and understand.

In order to make the video, MATLAB creates image files of every time step for

each property necessary. It saves these files in JPEG format, in order to occupy less hard

drive space. The image files are then complied into a video. The image files may then be

deleted after the video has been created.
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CHAPTER 6: DESIGN METHODOLOGY AND RESULTS

6.1 DESIGN METHODOLOGY

The 1-D design code reported in Chapter 4 and the 2-D simulation code reported

in Chapter 5 are necessary for the implementation of a new design methodology for radial

wave discs. Previously, the development process was largely based on a single design

calculated from the governing equations presented in Chapter 4. The wave pattern was

simplified with assumptions in order to simplify the calculations. The design would then

be modeled using CFD software, only to validate if it was feasible or not. Usually, only

small adjustments would be made using the simulation results. This was due to the long

time required to model and solve each design.

The new software developed allows the modeling and simulation to be completed

in much less time. As a result, this process may be repeated numerous times, in order to

improve the final solution and produce the best design possible. The new methodology

takes advantage of this fact.

A flowchart for the new design methodology is presented in Figure 35. The first

step is to develop the initial concept. This includes the operating pressures and

temperatures for the wave disc its overall dimensions. This is largely dependant on the

application for the new disc. Once that initial concept is set, the l-D design code is used

to create a preliminary design. From this design the necessary parameters for the 2-D

simulation code can be extracted. This is a required step, since the 2-D code requires a

more developed design than the initial concept required by the 1-D code.
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The 2-D Simulation code is then executed, and the results are analyzed. From this

analysis, some design changes are recommended, and the design parameters are modified

to reflect these changes. The new parameters are then executed once more by the 2-D

code, and the results are again analyzed. This step is repeated as many times as necessary

until it produces a satisfactory design that does not require any more changes. Once this

design is agreed upon, the last possible step is the creation of a prototype for testing and

final validation.
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Figure 35. Flowchart ofdesign methodology
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6.2 NUMERICAL COMPARISON AND VALIDATION OF WAVE PATTERNS

The design methodology and numerical simulation code were used to study the

effectiveness of the wave patterns developed for pressure exchange wave rotors. The two

wave patterns presented in Chapter 4 were tested and the results were used to develop a

more effective wave pattern and porting geometry. This process was completed for a

millimeter-scale wave disc, to be used for second stage compression in a wave disc

engine or gas turbine engine. The general geometry and operating conditions for this

application are given in Table 6.

Table 6. General geometry and operation parameters for numerical comparison ofwave patterns

  

  

  

 
 

  

     
 

 

 

 

Geometry Parameters Operating Conditions

rim“ 5 m N 350000 rpm

rm,tcr 8 mm PE; 400000 Pa

gaps 0.03 mm TE] 1589 K

C cycles/rgvolution PM 150000 Pa

TM 435 K

PAC 450000 Pa

TAO 542 K

P50 162000 Pa

T50 1500 K     
For the purpose of this analysis, three simulations were completed. The first

simulation uses the porting geometry produced by the Simple wave pattern. The second

simulation uses the geometry produced by the 1-D MATLAB code using the improved

wave pattern. The last iteration uses the results from the two previous analyses to create a

final, improved design. A complete set of geometric parameters and Operating conditions

are given for each simulation in the Appendix.
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The first simulation presented is modeled using the porting geometry calculated

by the simplified wave pattern. The porting angles calculated are given in Table 7. The

simulation results are presented in Figure 36. The results are presented in the form of

pressure and temperature contours for one cycle in the wave disc, once it is operating at

steady-state.

The pressure contours are used to display the wave pattern, while the temperature

contours are used to display the gas/air boundary and the flow of each fluid through the

rotor. From the pressure contours, it is possible to identify the shockwaves and expansion

waves in the rotor by the sudden changes of pressure within the channels. The

Shockwaves create a very sudden and well defined boundary, while the expansion waves

create a more gradual change of pressure.

From the temperature contours, it is possible to see the gas/air interface. It is

marked by a sudden increase in temperature. The high temperature exhaust gas and low

temperature air do not mix, creating a visible boundary between them. The motion of the

interface also indicates the velocity of the flow within the channel. EGR may be noticed

if high temperature exhaust gas remains in the rotor afier the E0 port closes. The EGR

gas continues to rotate with the channels until the AO port opens in the next cycle.

Table 7. Porting angles calculated using simple wave pattern

 
 

  

  

  

9E1 open 0° 9A0 open 9°

951 close 16° 0A0 close 26°

9A1 open 39° 050 open 28°

9Ai close 58° 950 close 42°      
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Figure 36. Pressure and temperature contours for a wave disc using the simple wave pattern
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The pressure contours in Figure 36 show a clearly defined wave pattern. The first

two shockwaves and the first expansion wave are all present in the high pressure portion

of the disc. At the end ofthe AO port, it is also possible to identify an additional pressure

wave which was not expected from the wave pattern. This wave is created by the

reflection of the expansion wave at the AO port. In the original wave pattern, this port

should close at the moment the expansion wave reaches it. Instead, it is open when the

expansion wave reaches the outlet side of the channel, reflecting it as a pressure wave. It

is therefore necessary for the AO port to close sooner, to avoid this reflection.

The low pressure portion of the wave disc follows the wave pattern as predicted.

After the closing of the AI port, it is possible to see some very weak expansion waves

traveling across the channel. These waves are mostly negligible and die out before the

cycle begins again.

The temperature contours prove that this wave pattern is not effective at

scavenging the exhaust gas from the rotor. The high temperature gas enters the rotor at

the El port, and travels across the channel to the E0 port. This is seen from the gas/air

boundary. However, only a portion of the exhaust gas leaves the rotor though this port.

Approximately half the channel remains filled with exhaust gas, which then continues

onto the next cycle and exits the AO port. This indicates that the E0 port needs to remain

open for a longer time and that the low pressure portion of the wave pattern needs to be

modified, to reduce the EGR. The improved wave pattern calculated by the 1-D design

code should negate this issue.
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Figure 37. Pressure and temperature contours for a wave disc using the improved wave pattern
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The second simulation was carried out using the porting geometry developed

using the 1-D design code and improved wave pattern. The porting angles calculated are

given in Table 8. The simulation results are presented in Figure 37.

Table 8. Porting angles calculated using l-D design code and improved wave pattern

  

  

  

  

      

0131 open 0° 0A0 open 4.5°

95! close 19° 0A0 close 23 .5°

9A1 open 47° 050 open 39°

9A. close 765° 950m, 85°
  

In the pressure contours for this geometry, the two initial shockwaves in the cycle

are easily identified. However, the pressure profiles in the high pressure portion are not as

well defined as those for the simple wave pattern model. In Zone 111, between the second

Shockwave and the first expansion wave, the pressure in the channel drops significantly.

The A0 port opens too early, before the first Shockwave can reach the outlet side of the

channel. This creates an expansion wave that decreases the pressure in the channel in

Zone 111. The A0 port must be opened at the exact time the Shockwave reaches it in order

to avoid this effect.

The extra reflected pressure wave that was seen in the previous simulation is also

present in this one. Again, the AO port closes too late, reflecting the expansion wave as a

pressure wave. The rest of the wave pattern matches the algebraic prediction for the low

pressure portion of the disc.

The temperature contours for this geometry show a minimal amount of EGR. At

the end of the cycle, the channel is mostly filled with air. However, the gas/air interfaces

are not as clearly defined for this model as for the simple wave pattern model. The

unexpected expansion waves present in the high pressure zone try to induce the flow in
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the Opposite direction than the shockwaves. These opposing forces allow the two fluids at

the gas/air interface to mix, so the boundary is not as clearly defined. However, the

majority of the exhaust gas in the channels is released through the E0 port, with only a

minimal amount remaining in the channel during the next cycle.

The temperature contours also Show an area of unexpected backflow at the

beginning of the AI port. The expansion wave that is created at the opening of the E0

port should induce the flow into the channels. Expansion waves travel trough the channel

at a relative speed equal to the speed of sound of the fluid within it. Due to the incorrect

port timing in the high pressure part, the channel has a large amount of low temperature

air present at the moment this expansion wave is created. This slows down the expansion

wave, so it does not reach the AI port at the time it Opens. Without the expansion wave,

the flow is not induced into the channel, but instead flows out into the port.

The final iteration of the wave pattern is developed by combining the results from

the previous two simulations. For the high pressure portion of the disc, the porting is

returned to the geometry developed from the simple wave pattern. This geometry

predicted the opening of the AO port more accurately, eliminating the unwanted

expansion waves in the high pressure portion of the disc. Additionally, the time during

which the AO port remains open is reduced. In this manner, the reflected pressure wave

at the end ofthe high pressure zone is removed.

The low pressure portion of the rotor uses the same geometry developed from the

improved wave pattern. This takes advantage of the improved scavenging properties of

the second simulation. Figure 38 presents the simulation results for this geometry, the

porting angles ofwhich are given in Table 9.
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Figure 38. Pressure and temperature contours for a wave disc using final wave pattern iteration
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Table 9. Porting angles determined for final wave pattern iteration

  

  

  

  

      

951 open 00 9A0 Open 90

91—31 close 16° 9A0 close 23°

9A1 open 47° 050 open 39°

9A] close 765° 050 close 85°
  

The final design for the porting geometry proves to be more effective than both

previous designs. The wave pattern has been modeled correctly and the scavenging ofthe

rotor is ideal. The shockwaves and expansion waves are well defined in both the high

pressure and low pressure portions of the pressure contours. Zone III does not have a

pressure drop, so the timing of the AO port is correct. At the end of the high pressure

portion, there is no significant reflected pressure wave.

The temperature contours for this geometry show the important improvement

achieved with this last design. All the exhaust gas is scavenged out of the rotor before

each cycle. The gas enters the El port and penetrates the channels much further than in

the other geometries. By the time the AO port closes, the channel is almost completely

filled with exhaust gas. In the same manner, all the exhaust gas exits the rotor, and when

the E0 port closes the amount of exhaust gas remaining in the channel is negligible.

Although some mixing of the fluids still occurs, it is very limited and the gas/air interface

is very clear. Finally, the outflow at the beginning of the AI port continues to be present.

However, it is much reduced from the previous simulation, and does not affect the

operation of the disc.

One final simulation was performed in order to validate the final wave pattern

developed. In the three simulations presented previously, an inviscid solver was used.

The wave patterns calculated in Chapter 4 all use the assumption Of inviscid flow. It is
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simpler to begin the design of the wave disc by ignoring viscous effects, in order to

develop an effective porting design. Once this design has been reached, though, the result

should be validated using the viscous solver in FLUENT. This is even more important at

small scales, where the size of the viscous boundary layer will be more significant than

for large rotors. The Simulation results shown in Figure 39 were obtained using a laminar,

constant viscosity model for the final porting geometry developed above.

The pressure contours for this simulation Show the exact same pattern as the

inviscid results. The temperature contours from the two simulations are very similar, but

a viscous boundary layer can be seen at the walls of each channel. The viscous forces do

not have a large effect on the operation ofthe wave disc. The rotor is still firlly scavenged

by the end of each cycle. However, with the viscous model, the gas/air interface reaches

the outlet side too soon, and some exhaust gas is leaving the rotor through the AO port.

Although this also occurred in the inviscid model, it was minimal. This is not ideal, but

may be prevented by closing the AO port sooner.

Additionally, the velocity throughout the rotor has been reduced slightly by the

viscous effects. Table 10 contains the mass-flow averaged velocity magnitudes at the

inlets and outlets for both the inviscid and laminar simulations. As expected, the viscous

simulation has consistently lower values.

Table 10. Comparison of velocity magnitudes at the inlets and outlets ofthe inviscid and laminar models

  

  

  

  

  

    

Inviscid Model Laminar Model

Velocity Magnitudes Velocity Magnitudes

Air Inlet 115.99 m/s Air Inlet 114.54 m/s

Air Outlet 242.93 m/S Air Outlet 222.12 m/s

Exhaust Inlet 416.38 m/S Exhaust Inlet 403.73 m/s

Exhaust Outlet 327.55 m/S Exhaust Outlet 322.74 m/s    
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Figure 39. Pressure and temperature contours for final wave pattern iteration using a laminar solver
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6.3 ENERGY CONSIDERATIONS

In the previous section, a wave disc design is developed and validated for a rotor

with straight channels and straight porting. However, this is an inefficient configuration

in terms of energy. After the successful modeling and validation of the wave pattern, it is

then necessary to investigate the energy requirements of the rotor. These are affected by

both the porting angles and the shape ofthe rotor.

In order to rotate, the wave disc must either extract energy from the fluid or have

is supplied by a motor. This amount of energy may be determined from the FLUENT

simulation results. In order to do this, Euler’s turbomachinery equation must be used. It is

derived from the law of conservation of angular momentum [6]. The rate at which the

rotor does work on a fluid is

r-co=rir(U2c92 -U1691) (16)

where the blade speed is U = car, and the subscripts indicate 1 — inlet and 2 — outlet. The

ca term represents the tangential velocity component of the flow. This equation can be

modified to give the work done on the fluid per unit mass, the specific work.

W

AW =;n.—=w(r2c92 —r1cm) (17)

If the equation results in a positive value, the rotor adds energy to the flow. In this case,

the rotor needs to be driven by a motor. If the equation results in a negative value, the

rotor extracts energy from the flow. In this case, the rotor would generate torque,

allowing it to drive a generator or other device.

Using FLUENT, it is possible to determine the specific work done on or by the

fluid. The rotational speed of the rotor is known, and the tangential velocities at the rotor
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inlet and outlet can be computed. These are computed as mass-weighted averages on the

inner and outer boundaries of the rotating disc.

In the following section, the energy requirements ofthree separate wave discs will

be calculated. First, the final simulation from the previous section will be analyzed. The

second design will include angled porting, while maintaining straight channels. The third

design will use curved channels in an attempt to extract energy fiom the flow. The port

timing for all three designs will be the final port timing developed in the previous section.

The operating conditions will also match.

The first design consists of straight channels and straight ports. The pressure and

temperature contours for it were Shown in Figure 38. The specific work is calculated

using Equation (17) and the values shown in Table 11. The two tangential velocity values

were determined by FLUENT. The resulting specific work for this simulation is 57.2

kJ/kg. The value is positive, implying that the disc would have to be driven by an external

motor.

Table 11. Values and resulting specific work for final porting design with straight channels and ports

 

Calculation Values
 

 

 

r1 0.005 m

r2 0.008 m

091 35.04 m/s

 

092 249.72 m/s

(0 31400 rad/s

Result

AW 57.2 kJ/kg

 

  
     

With straight channels and ports, the previous design does not take into account

the tangential velocity of the rotor at the inlets and outlets. The straight ports assume that

79



the flow entering and exiting the channels is completely radial, which is not the case.

Since the channel is rotating, the flow also has a large tangential component. The second

design in this section uses angled porting to take this into account. In this design, the

porting angles are calculated so that the inlet and outlet flows have a tangential velocity

component equal to the tangential speed of the channel. The relative velocity angles of

the flow at each port are equal to 90°, matching the channel wall shape. The calculated

inlet and outlet angles are given in Table 12. With this configuration, the channels do not

need to increase the tangential velocity of the flow at the inlets. This should reduce the

work required to spin the rotor.

Table 12. Inlet and outlet port angles for a straight channel rotor, shown in Figure 40

 

 

 

 

 

Porting Angles

051 30°

0A1 54°

0A0 58°

9130 51°     

The numerical simulation for this porting configuration uses the same port

geometry and operating conditions as the final example in the previous section. The only

difference is the slant in the ports. The simulation results are shown in Figure 40. The

specific work for this design is calculated using Equation (17) and the values shown in

Table 13.
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Figure 40. Pressu-e and temperature contours for a wave disc with angled porting

81

 



Table 13. Values and resulting specific work for wave disc with straight channels and angled ports

 

Calculation Values

r; 0.005 m

r2 0.008 m

cm 134.39 m/s

092 228.99 m/s

co 31400 rad/s

Result

AW 36.4 kJ/kg

 

 

 

 

 

  
     

The work requirement of the rotor is significantly decreased by using the

calculated angled porting. Since the inlet air already contains a significant tangential

velocity component, the rotor had to do less work on the flow. Additionally, the pressure

contours are not altered between this design and the previous with straight porting.

The temperature contours present an increase in the amount ofEGR present in the

rotor. While the previous design was very successful at scavenging the rotor, this design

fails to remove all the exhaust gas before the E0 port closes. The port timing and channel

geometry remain the same, and so do the boundary conditions at the inlets and outlets.

The velocities in the rotor, however, have decreased.

As with traditional turbomachinery, the channels in the wave disc are imparting

energy to the flow. This causes an increase to the kinetic energy of the flow. The design

with straight porting increased the energy of the fluid more than the design with angled

porting. As a result, the fluid velocities within the rotor are higher in the first design. In

this configuration with angled porting, the fluid velocities are lower, resulting in larger

amounts of EGR.
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The final iteration of the wave disc uses curved channels to improve the energy

extraction within the rotor. The objective of this design is to be able to extract energy

from the flow, while remaining in the same operating point. In order to do this, the

curvature of the channel was calculated so that the exhaust outlet would have a tangential

velocity component of zero. The curvature developed decreases the tangential velocity of

the flow between the inlet and outlet, extracting energy fi'om the flow.

Two important factors have to be taken into account when designing a wave disc

with curved channels. The first factor is the increase in channel length. For a disc with

equal inlet and outlet diameters, curved channels have a longer arc length than straight

channels. This has to be taken into account for the porting design. The first possible

solution is to redesign the porting with the increased length. The second, more simple

solution is to decrease the outer radius of the rotor until the curved channel has an equal

arc length to the original straight channel.

The waves present in the rotor will follow the shape of channels as they travel

across them. The resulting wave motion is very different from that of the previous discs.

The shockwaves reach the end of the channel in the same amount of time, but due to the

curvature, that point is now different than for a straight channel. To correctly design the

port timing, the porting on the rotor outlet needs to be offset by an amount equal to the

difference in angle between the leading edge and trailing edge ofthe channel.
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Figure 41. Pressure and temperature contours for a wave disc with curved channels
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The final simulation presented includes all of the above conditions. The inlet

porting is angled, increasing the tangential velocity at the inlet. The channels are curved

to decrease the tangential velocity of the flow to zero at the outlets. It uses a smaller outer

radius in order to use the same porting design as the previous simulations. The outlet

porting is also offset to allow for the curvature of the channels. The results of the

simulation are shown in Figure 41. The values used and the results of the specific work

calculation are shown in Table 14.

Table 14. Values and resulting specific work for wave disc with curved channels

 

 

 

 

 

 

  
   

Calculation Values

r] 0.005 m

r2 0.00765 m

cm 63.99 m/s

c9; 27.10 m/s

a) 31400 rad/s

Result

AW -3.5 kJ/kg
  

The work extracted by the rotor is found to be 3.5 kJ/kg. The negative Sign in the

result indicates that the energy is extracted from the flow. While this is a relatively small

amount, the rotor itself is very small compared to traditional turbomachinery. This is

enough for the rotor to be self-driving, requiring no external work input.

The pressure contours from this model show the pressure and expansion waves

following the channel shape. The wave pattern, however, remains the same. The same set

of Shockwaves and expansion wave are present, they just follow a more curved path. The

temperature contours Show the same characteristics present in the previous simulation.
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Since the channels no longer add energy to the flow, its velocity is less than that of the

previous designs. This results in increased EGR and increased backflow at the AI port.

For micro power generation, the energy extraction for the rotor could be increased

even further by improving the channel curvature and the inlet porting angles. The port

timing could be improved further to decrease the outflow in the A] port and the amount

of EGR. Furthermore, the solution could be optimized to find the maximum power

generation for a Single design.

As with radial flow turbines, it is much more challenging to extract energy fiom

the flow when it is flowing from the inner radius to the outer radius. The higher blade

speeds at the outer radius make it easier to extract energy if the flow enters fiom there.

However, the simulation results prove that even for this flow configuration, the wave disc

can extract energy from the flow while still maintaining the correct boundary conditions.
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CHAPTER 7: SUGGESTIONS FOR FUTURE WORK

7.1 OPTIMIZATION FOR NUMERICAL SIMULATION CODE

The 2-D numerical code has proven to be a very effective tool toward the creation

of successfirl wave disc designs. The code also has a large potential benefit towards

creating an automated optimization process. Currently, the multiple iterations of the

numerical code are analyzed and initiated by an engineer. The iterations are repeated until

a satisfactory design is complete. It would be even more beneficial if this process could

be automated until an optimum solution is achieved.

The 2-D numerical simulation code is set up so that this may be an option for the

future. All the code requires is a set of input matrices, and without any other input fiom

the user, it runs through the modeling, meshing, and simulation processes. This flexibility

is ideal for optimization software. One such program available is HEEDS. This software

may be used to automate the deign methodology presented in the previous chapters. It

may even be used to improve the designs further than what can be done manually.

The optimization may be completed with various goals. The software may be

used to find the best solution for porting angles, where the most accurate outlet and inlet

velocities are obtained. More importantly, though, it may be used to develop the best

solution for channel curvature. The software could be programmed in such a way that it

will Optimize the size and curvature of the channels in order for the rotor to produce the

maximum amount ofpower output possible.
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7.2 CFD SIMULATIONS OF INTERNAL COMBUSTION WAVE DISC ENGINE

Currently there exist three major challenges for micro-scale internal combustion

wave disc engines [2, 32]. The first deals with mixing processes. Long mixing times, due

to the laminar flow in the channels, result in an uneven mixture of fire] and air. The

second challenge is micro-scale combustion and its residence time. The fuel/air mixture

must remain in the channel long enough to combust completely. Preliminary

experimental and numerical investigations for micro-scale combustion issues have been

performed using stationary channels [23,24]. The last issue is with heat transfer and heat

loss. The temperature gradients in the device are much larger due to the smaller size of

the engine components. The larger gradients result in larger amounts of heat lost to the

environment. This decreases the thermal efficiency ofthe combustion process.

The effect of the described issues on the feasibility of the wave drsc engine needs

to be studied. Numerical simulation ofthe IC wave disc engine will be necessary. For this

purpose, the 2-D simulation code developed may provide a good starting point. The

geometry for the IC wave disc will be very similar to that of a pressure-exchange wave

disc, and most of the simulation process as well.

With combustion occurring within the channels themselves, the shape of the

channels becomes a major influence to the engine’s effectiveness. The multiple different

processes occurring within the rotor all have different requirements. The fresh air must

enter the rotor and be compressed before combustion. For the combustion process, it is

preferable to have an even distribution of fuel and air and a larger channel. After

combustion the exhaust gas must be scavenged while extracting energy in the form of

usable work.
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One of the benefits of the 2-D simulation code developed is that it has no

constraints on the channel geometry. It is possible to use it to create a channel with any

curvature, even one that is made up of two or three separate curves. The inlet and outlet

sides of the channel may be curved, allowing for compression and expansion of the air.

The center of the channel may be straight and larger than the inlet and outlet sides,

providing a larger width for better combustion. Also, the thinner walls in the combustion

zone might improve combustion efficiency by keeping that area hot. The thicker walls in

the rest of the channel will help keep wall conduction low in those areas. One such

example geometry with its corresponding mesh can be seen in Figure 42.

The channel mesh shown below was developed using the 2-D code presented in

Chapter 5. Before the IC wave disc may be modeled some major modifications must be

made to the code. The first is the removal of the two extra ports present in the pressure-

exchange wave rotor. The second and most challenging change will involve the modeling

of the combustion process.
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Figure 42. Possible geometry and mesh for the channels of an internal wave disc engine

There are multiple ways to model combustion in FLUENT. The simplest of these

to implement would be to simply add heat to the channels at the point where combustion

would occur. To create a more accurate model, it would be necessary to take partial

combustion and heat losses into account. A simplified method to do this would be to

define separate areas within each channel where combustion is expected to occur. The

heat addition could then only occur in those areas. Such an example is shown in Figure

43.
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Figure 43. Heat addition zone for internal combustion wave disc modeling

 

 

The modeling process for the wave disc engine would have to be unsteady. The

channels rotate, and the fluid within them only nwds to combust once every cycle. At

any point in time, only a few of the channels will have heat addition activated, and the

rest will not. As the time step changes, some of the active areas turn off, and some of the

deactivated areas must turn the heat addition on.

There is no feedback from FLUENT to the MATLAB code. The code cannot

interact with FLUENT; it can only give it commands. As a result, the timing of the heat

addition to each channel has to be determined by MATLAB before the simulation is nm.

In order to control this process correctly, MATLAB must tell the FLUENT simulation

which channels will have heat transfer and which will not for each time step. The large

number of channels and the large number of time steps for a single simulation will

require some major modifications to the simulation code.

Finally, the combustion in the channels could be modeled using FLUENT’S

species transport and reaction modeling. The air/firel mixture in the channel may be

defined using molar percentages during pre-processing. The channels could then have an

intermittent, high temperature igniter modeled within them. This igniter would follow the
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same timing as the heat addition process explained above. The FLUENT model will then

calculate the heat released by the reaction in a more realistic manner than just simple heat

addition, including heat losses and partial combustion of the fuel.
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CHAPTER 8: CONCLUSIONS

Two concept engines are presented, the Internal Combustion and External

Combustion Wave Disc Engines. This work presents a design methodology for wave

discs, which are the main component in these engines. Wave patterns for each engine

type have been developed and numerical simulation and validation has been completed

for pressure-exchange wave discs.

The automated simulation code developed successfully creates and runs FLUENT

simulations for wave discs. The geometry definition and meshing process is flexible

enough to adapt to multiple different applications. The time required to complete a single

simulation has been reduced significantly. Additionally, the process is completely

automatic; it only requires the user to change the input variables to match the desired

design.

The 1-D design code has been proven to develop a good initial design for wave

disc porting. The improved wave pattern has proven to be more effective at scavenging

the rotor than the Simple wave pattern. However, it uses many simplifying assumptions,

and should only be used as a starting or initial design for numerical simulations.

The iterative design methodology presented is a successful method of studying

and developing wave disc designs. It would not be possible to use this methodology

without the development of the l-D design code and the automated numerical simulation

code.

Finally, the wave disc energy requirements have been simulated for a set of discs.

It has been proven that using angled porting with straight channels, the amount of energy

required to drive the rotor may be reduced. Additionally, using curved channels would
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allow the rotor extract energy from the flow. The wave disc may be successfully designed

to be self-driven or to generate energy.

Using the correct combination of angled porting and channel curvature, it would

be feasible for the wave disc to extract enough energy to run a generator. The wave disc

operating point is not modified, though. It provides the same compression to the inlet air

and the same expansion of the exhaust gas. This proves that the Wave Disc Engine

concepts presented are feasible, using the wave disc as a compression-expansion and

power generation device.
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APPENDIX

Table 15. Geometric and operating conditions for wave disc simulation of simple wave pattern.

 

 

 

 

 

 

 

 

 

 

 

 

  

  

           
 

 

 

 

    
 

  

  

  

  

  

  

     
 

Results shown in Figure 36.

rinner 5 mm 9E1 open 0°

gapinner 0'03 mm 9El close 160

I«inner 0'97 mm 9A] open 39°

lIouter 8 mm 0A1 close 58°

gapouter 0'03 mm eA0 open 90

Louter 0'97 mm 0A0 close 26°

9E] 0° 0E0m 28°

9A1 0° 950 close 42°

0A0 0° c 4 cycles/revolution

050 0°

Nchannels 120 channels

I/AR 0 (p/Aq)

0 0° 0.8889

1 0° 0.8889

grid unit mm PE] 400,000 Pa

Pref 101,325 Pa TE] 1589 K

Q 350000 rpm = 36650 rad/s PA] 150,000 Pa

At 2.5 x 10.3 s TN 435 K

Atiterations 20 PAO 450,000 Pa

Ncycles 6 TAO 542 K

PEO 162,000 Pa

T50 1500 K   
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Table 16. Geometric and operating conditions for wave disc simulation of improved wave pattern.

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

    
 

 

 

 

     

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

Results Shown in Figure 37.

1Tuner 5 mm 9El open 00

gapinner 0'03 mm 0131 close 19°

Linner 0'47 mm 9A1 01"?“ 47°

1'outer 8 mm 9A! close 76.5°

gapouter 0'03 mm 9A0 open 4.5°

Louter 0'47 mm 9A0 close 235°

9El 00 0130 open 39°

9A1 0° 950 close 85°

0A0 0° c 4 cycles/revolution

050 0°

Nchannels 120 channels

r/AR 0 tp/Ad)

0 0° 0.8889

1 0° 0.8889

grid unit mm PE] 400,000 Pa

Pref 101,325 Pa TE. 1589 K

I) 300000 rpm = 31420 rad/s PA, 150,000 Pa

At 2.5 x 10'8 s TM 435 K

Atiterations 20 PA0 450,000 Pa

Ncycles 6 TAO 542 K

PEO 162,000 Pa

T50 1500 K
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Table 17. Geometric and operating conditions for wave disc simulation of final iteration ofwave pattern.

Results shown in Figure 38 and Figure 39.

 
 

 
 

 
 

 
 

  

  

 
 

 
 

          
 

 

 

 

 

    
 

 
 

 
 

 
 

 
 

 
 

 
 

     
 

rinner 5 mm 0131 open 00

gapinner 0'03 m 9E] close 160

Linncr 0.47 mm
0A1 open 470

I'Outer 8 mm 9A1 close 76.5°

gapouter 0'03 mm 9A0 open 9°

Louter 0.47 mm 9A0 close 230

9El 00 050 open 39°

0A: 0° 050.10.. 85°

0A0 0° c 4 cycles/revolution

050 0°

Nchannels 120 channels

r/AR 0 (p/A<D

0 0° 0.8889

1 0° 0.8889

grid unit mm PEI 400,000 Pa

pref 101,325 Pa TE. 1589 K

9 300000 rpm = 31420 rad/s PA] 150,000 Pa

At 2.5 x 10‘8 8 TM 435 K

Atiterations 20 PA0 450,000 P3

Ncycles 6 TAO 542 K

PEO 162,000 Pa

T50 1500 K   
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Table 18. Geometric and operating conditions for wave disc simulation with angled porting.

Results shown in Figure 40.

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

    
 

 

 

 

     

 

 

 

 

 

 

   
 

 

 

 

 

 

 

 

 

rinner 5 mm 6El open 00

gapinner
0.03 mm

0B] close
I60

I«inner 0'47 mm 9A] open 47°

route 3 mm GA. 0.05., 76.5°

gapouter 0‘03 mm 9A0 open 9°

Louter 0'47 mm 9A0 close 23°

0El 300 9E0 open 39°

9A] 540 9130 close 850

0A0 58° c 4 cycles/revolution

0130 51°

Nchannels 120 channels

r/AR 0 (p/Ad)

0 0° 0.8889

l 0° 0.8889

gfid unit mm PE] 400,000 Pa

Pref 101,325 Pa TE] 1589 K

0 300000 rpm = 31420 rad/S PA] 150,000 Pa

At 2.5 x 10'8 5 TN 435 K

Atiterations 20 PAC 450,000 Pa

Ncycles 6 TAO 542 K

P50 162,000 Pa

T50 1500 K
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Table 19. Geometric and operating conditions for wave disc simulation with curved channels.

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

     
 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

Results shown in Figure 41.

rinner 5 mm 9El open 00

gapinner 0'03 mm 9El close 160

Lime, 0.47 mm 9“ open 470

l'outer 7'65 mm 9A] close 7650

gapouter 0'03 mm 0A0 open 1°

Louter 0'47 mm 9A0 close 150

9131 30° 050 open 31°

9A1 573° 950 close 77°

0A0 19.7° C 4 cycles/revolution

050 0°

Nchmels 120 channels

r/AR 0 (p/Ad)

0 0° 0.8889

0.1 0.4120° 0.8889

0.2 0.4789° 0.8889

0.3 0.2506° 0.8889

0.4 -0.2414° 0.8889

0.5 -0.9795° 0.8889

0.6 -1.9579° 0.8889

0.7 -3.1836° 0.8889

0.8 -4.6790° 0.8889

0.9 -6.4908° 0.8889

1.0 -8.71 12° 0.8889

grid unit mm PE] 400,000 Pa

pref 101,325 Pa TE. 1589 K

(2 300000 rpm = 31420 rad/s PA, 150,000 Pa

At 2.5 x 10'8 s TM 435 K

Atiterations 20 PAC 450,000 Pa

Ncycles 6 TAO 542 K

P50 162,000 Pa

TEO 1500 K
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