Available at: www.quasiturbine.com/QTPapiers/QTCromExhaustWP0612.doc
Published in Energy Central: www.energycentral.com/centers/knowledge/whitepapers/latest_by_topic.cfm 
A White Paper on
Engine Exhaust Heat Recovery with Quasiturbines

Offering Essential Efficiency Characteristics

Carol Crom (*)
txclc@verizon.net      March 2007
Summary

Today hybrid concepts with energy storage are ways to correct the poor piston engine efficiency at reduced power. There are at least 2 other ways to improve the piston engine efficiencies: exhaust heat recovery and detonation combustion mode. Exhaust heat recovery could further be used on today hybrid engines to further increase its overall efficiency. The energy components carried away by the exhaust, are primarily results of incomplete combustion, incomplete expansion, sensible heat, and latent heat of the water vapor created by burning of the hydrogen component of fuel. Heat recovery involves some lag time as more power is needed to produce more exhaust heat and lead to more recovery, but storage requirements can be suppressed as the power recovery allows for some near instantaneous main engine power reduction. This paper provides a simple analysis of a typical vehicle energy and power demand in acceleration and steady driving, and looks at the management of heat recovery energy and power, which could reach the 25% range in steady driving and much more in city driving (available energy increasing with decreased engine efficiency). Brayton and Rankin Quasiturbine systems are described as the best possible heat recovery techniques, which also could apply to geothermal, industrial processes, solar, biomass combustion… and to nuclear heat as well.  The extremely compact and efficient Quasiturbine technology is needed to accomplish these goals.
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1.0 Introduction

Considerable attention has been given recently to the energy savings that hybrid automobiles can provide. The Toyota Prius and others have proved that the hybrid electric concept can greatly improve fuel mileage. Unfortunately, all hybrids do not provide equivalent efficiency improvements over the non-hybrids and there is a lot of “hype” about the hybrid concept that is not technically sound.  Most hybrids improve fuel mileage because they store energy obtained at an efficient operating point of the engine and later use the stored energy when extra power is needed.  This generally allows a smaller engine to be used in a vehicle with performance equivalent to that of a much larger engine. For good mileage, hybrids that depend on energy storage must have engines that are very efficient at the operating power level where energy from the engine is stored.  Since the stored energy is derived from the engine, the average efficiency of the hybrid will always be less than the average efficiency of the basic engine.
A different type of hybrid which recovers part of the wasted heat energy from the engine can improve the efficiency over the basic engine efficiency without requiring energy storage. A typical internal combustion engine (ICE) uses only a small part of the energy available from the burned fuel to propel the vehicle.  The excess energy is wasted and goes out into the atmosphere through the exhaust gasses and the air of the cooling system. Some of this wasted heat energy can be recovered and converted into useful mechanical energy to help propel the vehicle. The purpose of this paper is to investigate methods for recovering some of exhaust gas heat energy, which is rejected by the typical ICE used in most automobiles, and converting the recovered energy into mechanical energy to help drive the load. Although the primary emphasis is directed toward automotive applications, the concepts are applicable to many other applications. 
A heat engine is required to convert the recovered heat energy into mechanical energy.  Heat engines generally require compression and expansion of a working fluid. The Quasiturbine (QT) is the most compact and efficient tool currently available for compression and expansion of most working fluids. Therefore, the QT will be used for all examples involving use of heat engines for converting recovered heat energy into mechanical energy.
Modern engines use catalytic converters (CAT) to burn excess fuel not burned in the combustion chamber of the engine and also to convert harmful compounds of the combustion process to compounds and elements that do not poison the air that we breath   For a gasoline engine, the hot gas entering the CAT needs to be at least 750 F degrees for the CAT to operate efficiently, and there is usually at least 50 degrees F temperature rise through the CAT.  Thus, the gas temperature leaving the CAT for a gasoline engine will be about 800 degrees F or more.  Since Diesel engines normally have significantly higher temperatures and have more waste products to burn than gasoline engines, the exhaust gas temperature entering the CAT for a Diesel engine will generally be higher than that for a gasoline engine.   The exhaust from the Diesel CAT may have temperatures as high as 750 C degrees (1292 F).  
For the most efficient engine heat recovery, the sequence would start with the radiator heat, then the residual exhaust heat of both primary and secondary movers, then the exit side of the CAT, the hottest point of the chain, where a compact heat exchanger (for the heat transfer fluid, compressible or not) would transfer all the excess heat from the exhaust gas to the working fluid.  Since the working fluid would initially be much hotter than the QT engine block some of the recovered energy would be used in heating the QT block.  Ideally the QT would be located so that the block would be heated by energy otherwise wasted.  However, practical constraints would dictate the location of the QT, and any heat removed externally form the QT block would inevitably be lost.

The maximum theoretical thermodynamic efficiency of an ideal heat engine is defined by the Carnot Cycle as outlined in Reference 1.  The available energy is defined by the temperatures of the source of energy and the refrigerator where heat is rejected.  The maximum ideal efficiency that could be obtained from the 800 F degrees exhaust energy from the Gasoline CAT would be is about 55 percent, and that from the 750 C degrees Diesel CAT would be about 68 %. In practice, the ideal efficiency cannot be achieved, but it is possible to obtain a significant amount of energy from the exhaust gas. 
Energy and power requirements for a typical automobile are addressed in section 2.  Section 3 discusses the heat energy from the exhaust gas.  Section 4 discusses means for converting the heat energy into mechanical energy.  Section 5 discusses the Quasiturbine implementation of the Brayton cycle and Section 6 discusses the Quasiturbine implementation of the Rankine cycle. Section 7 discusses packaging two Quasiturbines ina single package called the Binary QT..  Section 8 suggests other non-mobile applications for the heat recovery techniques which would be similar to those suggested for exhaust heat recovery, and Section 9 presents conclusions based on this investigation and suggests some recommendations for further studies. 
2.0 Automobile Power Requirements 

The power demand requirements for most modern automobiles vary greatly over the various driving conditions encountered. Detailed calculations will be provided which illustrate how the power requirements were derived.  The data are derived for a full sized sedan, such as the 2006 Ford 500, weighs 4000 pounds (lbs) with the driver, and has a 200 HP engine.  At highway speeds of 70 MPH, only about 33 HP are required to overcome air drag and tire rolling friction.  At 55 MPH only about 18 HP are required.  In much of city driving, the driving speed will be 40 MPH or less where the power requirement for overcoming air drag and rolling friction is only about 10 HP.  The 200 HP engine is needed to provide power for climbing hills, accelerating, and overall performance desired by the drivers.  Thus, the power requirement varies over a ratio of greater than 200 / 10 = 20.  A heavier car would require even more peak power to provide the performance demanded by most of the drivers, but very little extra power would be needed to overcome air drag and rolling friction.  

A modern gasoline piston engine can be designed to operate with efficiency greater than 40% at about one half of the maximum rated HP.  But at other power loads approaching the extremes of the power requirements, efficiency of an engine will generally be much less than 40%. If engine efficiency could be made to operate with 40% efficiency over the entire range of power requirements, the gas mileage would be much higher than now obtained.  For example, with driving conditions of 70 MPH and 40 MPH stated above, the gas mileage would be 53 MPG and 60 MPG respectively if 40 % efficiency could be obtained.  Of course additional power is required for the air conditioner radio, etc. But, it is clear that modern piston engines do not approach 40% over the entire operating range.      

2.1 Computations for Acceleration
First the power requirements for starting and stopping in city driving will be addressed.   The basic equations are:




KE = ½   (M V2)





1.
Where: KE is the kinetic energy in ft-lbs, V is the velocity in feet per second, and M is the mass in Slugs = weight (lbs) / 32.2.  

First, the energy required to accelerate the car to 40 MPH after complete stops, as in some city driving, will be determined.
Let,



N = number of stops per mile




S = speed in miles per hour




W = weight of vehicle in lbs



Sm = 40 MPH … The maximum speed 



Ta =12 sec …The time from a stop to reach the speed of 40 MPH




Ts= 5 sec … The time used to stop (40 MPH to 0 MPH). 
For a 4000 lb vehicle, the kinetic energy per stop is 




KEs = ½  (4000/32.2) x (40 x 5280 / 3600)2 = 213,775 ft-lbs.
Then, for N=8 stops per mile, the total kinetic energy required per mile would be:



KEt = 8 x 213,775 = 1,710,200 ft-lbs.



KE2 (btu) = 1,710, 200 / 778 = 2198 btu of energy per mile.
Since 1 gallon of typical gasoline contains about 120000 btu of energy, the miles per gallon for 8 stops per mile would be,



MPG = 120000 / 2198 = 54.6 MPG
Figure 1 shows the energy per mile required for a given number of stops, and Figure 2 shows the miles per gallon that a vehicle having 40% engine to wheel efficiency would get for different numbers of stops (N).
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Figure 1. Energy per mile for a given number of stops.
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Figure 2. Miles per gallon vs. Number of stops per mile.
2.2 Computations for Air Drag and Rolling Friction

Air drag produces a force opposing the vehicle motion that is proportional to the square of the vehicle velocity. Since the power is equal to the force multiplied by velocity, the power required to overcome the air drag is proportional to the cube of the velocity. The drag force is also proportional to the air density, the effective frontal area, and the drag coefficient. The frontal area is determined by the width times the height of a vehicle multiplied by a shape factor which is approximately 0.8 for most modern automobiles. The drag coefficient Cd  is estimated to be 0.35 for a full sized sedan like  the 2006 Ford 500.  By contrast the Toyota Prius has a drag coefficient of only 0.26.  At sea level and 70 degrees F., the approximate drag force is given by the following equation:
                                      Fd = 0.002558 x S2 Cd Ae    lbs                                     2.
Where, 
S is speed in miles per hour, and
Ae is the effective frontal area in square feet.

Force due to rolling friction is proportional to the weight of the vehicle, but is essentially independent of velocity.                                                  

The approximate rolling force for typical tires and dry pavement is given by:

                                      Fr = 0.015 W lbs                                                          3.
Where, W= the vehicle weight in lbs.
The power required to over come the force acting to resist the movement of the vehicle is the product of the resisting force and the velocity. The Horse Power (HP) for drag and rolling friction respectively are: 
                                    HPd = 0.002667 Fd  S                                                      4. 

                                    HPr = 0.002667 Fr  S                                                       5.  
For the Ford 500 class vehicle,
Ae = 26.7 sq ft.
W = 4000 lbs including the driver.
2.3 Total Power Requirement

Then, from equations 2, 3, 4, and 5 the power required for 70 MPH (Most Interstate Speed Limit) would be as follows:
From Equations, 2 and 3 

Fd  =  0.002558 x 0.35 x 26.7 x 702  = 117.1 lbs.
Fr = 0.015 x 4000 = 60 lbs.
HPd = 0.002667 x 117.1 x 70 = 21.86 

HPr = 0.002667 x 60 x 70 = 11.21 
Then, Total HP = 21.86 + 11.21 = 33.07 is the power to keep the reference sedan moving at 70 MPH.

Figure 3 shows the power required as a function of speed to overcome friction for a Ford 500 vehicle class.
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Figure 3. Power required to overcome draw and rolling friction vs. speed.
For a 100 % efficient engine, the miles per gallon (MPG) would be determined as follows:
2545 btu / Hr = 1 HP
For 33.07 HP, btu / Hr = 2545 x 33.07 = 84163 btu / Hr expended for 33.07 HP. 
Then, for 70 MPH, btu / Mile = 84163 / 70 = 1202 btu / Mile.

Then since one gallon of gasoline contains 120000 btu of energy,

MPG = 120000 / 1202 = 99.8.

If the reference car had an engine with efficiency of 40 %, at 70 MPH, the mileage would be 0.4 x 99.8 = 39.9 MPG.  This is about 42 % better than the rated highway mileage of 28 MPG for the Ford 500.
From the above analysis and discussion, it should be evident that for most of the driving time, only a small percent of the vehicle engine power is used. This is true for both highway driving speeds of at least 70 MPH and the lower speeds of city driving with several stops per mile.  Also, it is evident that the average efficiency of the reference car engine is well under 40% for most driving conditions. Thus, considerable energy is wasted for most driving conditions.  
3.0 Heat Energy Available From Exhaust Gas

The energy from the fuel supplied to an internal combustion engine is balanced primarily by the energy converted to mechanical energy, the heat lost to the cooling system, and the energy carried away by the exhaust system.  There are other heat losses, such as radiation loss, but these losses are small compared to the losses to the cooling system and that carried away by the exhaust system.  The energy lost will be referred to as wasted energy. A rule of thumb has been that the wasted energy carried away by the exhaust and by cooling system is about equal for the ICE.  Different engines and different operating conditions will cause some deviation from the “rule of thumb”.  The energy components carried away by the exhaust, are primarily results of incomplete combustion, incomplete expansion, sensible heat, and the latent heat of the water vapor created by burning of the hydrogen component of fuel. 
Most of the sensible heat can be recovered by a suitable heat exchanger located in the exhaust system.  The latent heat can only be recovered by lowering the temperature of the exhaust gas below the dew point of the water vapor contained in the exhaust gas.      
The quantity of sensible heat energy that could be extracted from exhaust gas with an ideal heat exchanger depends primarily on the exhaust gas temperature, atmospheric temperature and the mass flow rate of the exhaust gas. The chemical composition of the exhaust varies to some extent from vehicle to vehicle and with different fuels.  Thus, the thermodynamic properties of the exhaust gasses from all vehicles are not exactly the same.  However, the thermodynamic properties of these gasses do not differ greatly from that of air so the thermodynamic properties of air will be used for all computations.  Air is a near perfect gas and has the following properties:

R = 53.3            Gas constant

Cp= 0.2375       Specific heat at constant pressure (btu per lb per degree F)
Cv= 0.169         Specific heat at constant volume (btu per cu ft per degree F)
K = 1.405         Ratio of Cp to Cv 
3.1 Mileage Base Estimate

A simple method of determining the sensible heat of the exhaust gas is based on the gas mileage. With the gas mileage given, the weight of gasoline used per mile can be determined.  The weight of air can then be determined from the air/fuel ratio. 
Gasoline weighs about 6.25 pounds per gallon. Thus if a vehicle gets 28 MPG, the weight of gasoline used per mile is:

Glb# / mile = 6.25 / 28 = 0.22 pounds per mile.

A stoichiometric air to fuel mixture is one where the oxygen content of the mixture exactly matches that needed for complete combustion of the fuel. The stoichiometric air / fuel weight ratio is about 14.7 for gasoline.  However a stoichiometric mixture does not insure that the combustion will be complete, because the mixture may not be homogeneous. To minimize air pollution, a catalytic converter (CAT) which insures nearly complete combustion is added in the exhaust stream of the vehicle. From the fuel / air ratio of 14.7, the total weight of the exhaust gas emitted per mile can be computed for 28 MPG as follows: 

Wair = Glb / mile x 14.7 = 0.22 x 14.7 = 3.2 pounds / mile.  
The total weight of the exhaust gasses EGt will be the sum of the air plus the fuel.  
EGt = 0.22 + 3.2 = 3.42 pounds per mile.
3.2 Sensible Heat

It was previously assumed that the temperature of the exhaust gas form the CAT was 800 F.  Now if the atmospheric temperature is assumed to be 100 degrees F,  The total sensible heat energy of the exhaust gas would be:  
BTUwaste = Cp x 3.42 (800-100).  Thus,
BTUwaste = 0.2375 x 3.42 x 700 = 569 btu / mile.  
The latent heat of the water vapor created by hydrogen combustion would account for about 7-8 percent of the total energy supplied by the fuel.
The total energy used per mile from the fuel would be (1 / 28) x 120000 = 4286 BTU per mile.  Then, the ratio of the sensible heat energy of the exhaust gas to the total energy from the fuel would be:  569 / 4286 = 0.133 or 13.3 %.  It all the latent heat could be recovered, the sensible heat plus latent heat would be over 20 % of the total heat supplied by the fuel.
If traveling 70 MPH, the time required to travel a mile would be 1 / 70 Hr.  
Sensible heat per Hr would be 559 x 70 = 39130 btu / Hr. 
3.3 Carnot

Since 1 HP-Hr = 2545 BTU, 39130 / 2545 = 15.4 Hp could be ideally be derived from the exhaust gas if all the energy could be recovered and converted to mechanical energy.  This of course is not the case because of the efficiency of conversion of heat energy to mechanical is determined by the laws of thermodynamics, and other practical reasons. 

The Carnot Cycle (See ref.1) provides the maximum efficiency possible for a heat engine operating between temperature limits of Ts and Tr.  The Carnot cycle efficiency is given by:
ee = (Ts-Tr) Ts,  
where Ts and Tr are the source and refrigerator temperatures respectively.  
Fro an ideal heat exchanger, the source and refrigerator temperatures would be:
Ts = 800 + 460 = 1260 (abs), and 

Tr = 100 + 460 = 560 (abs).
Then ec = 700 / 1260 = 55.6%. 
Thus, the maximum HP that could be recovered from the exhaust gas of a vehicle having 28 MPG at a speed of 70 MPH  with an ideal heat engine and an ideal heat exchanger would be  0.56 x 15.4 = 8.6 Hp.

From Section 2.3 above, the reference vehicle would require 33 Hp to travel 70 MPH.  Thus, the ideal power of 8.6 Hp recovered from the exhaust energy would be about 26 % of that needed to propel the vehicle.  This 8.6 Hp would subtract from the 33 Hp required to propel the vehicle in a feed back loop manner – Less engine power meaning less heat to recover - but the total energy savings are kept unchanged, being shared between the reduced heat recovery power and the fuel savings of the main engine at reduced power.
The above discussion has assumed 28 MPG. When more engine power is required such as for acceleration and hill climbing, the mileage will go down considerably and therefore proportionally more exhaust energy would be available for recovery.

4.0 Heat Energy Conversion to Mechanical Energy  
Although several different heat engine cycles are possible, the Rankine and the Brayton cycles appear to be the best for conversion of exhaust gas energy to mechanical energy. The Brayton cycles uses gas, normally air, for the working fluid and the Rankine cycle uses vapor (normally water) for the working medium.  Both the Brayton and Rankine heat engine cycles are extensively used for major power plants.  The Brayton Cycle is also used for turbo jet aircraft applications. The prime mover for both cycles is normally a conventional turbine.  
4.1 The Brayton and Rankine cycles

The Brayton cycle is typically an ICE cycle, but it doesn’t have to be. Combustion can take place in some type of a burner and then most of the combustion heat can be transferred to the working medium through a heat exchanger. The Rankine cycle is typically a steam vapor cycle.   Figures 4 and 5 are block diagrams of the Rankine and Brayton cycles respectively. Figures 6 and 7 are the temperature vs. entropy (T-S) characteristics of both cycles.  See reference 1 for a discussion of T-S characteristics of various heat engine cycles.  As discussed in reference 1, the ideal Carnot Cycle has a rectangular T-S diagram. The area enclosed by the rectangle represents the mechanical energy that has been converted to heat energy.  The Carnot cycle provides the maximum possible efficiency that can be obtained by any engine operating between the same temperature limits.  The typical Rankine cycle follows the path ABCDE in figure 6 and the Brayton cycle follows path ABCD in figure 7. 

It is apparent that the T-S diagrams of both the typical Brayton and Rankine cycles differ significantly from a rectangle and hence will have efficiency less than the ideal Carnot cycle.  However, it is possible to design a Rankine cycle to follow path B1BCC1 in figure 6.  Examples will be provided for the efficiencies that can be achieved by both cycles. 
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Figure 4. Block Diagram of Basic Rankine Cycle.
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Figure 5. Block Diagram of basic Brayton cycle.
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 Figure 6. T-S Diagram for Rankine Cycle.         Figure 7. T-S Diagram for Brayton Cycle.
From the block diagrams of the cycles it is evident that both processes are similar.  However, the parameters involved are much different.  

4.2 Rankin Cycle Discussion
From figure 4, the feed water pump forces water into the boiler at pressure P1 from the condenser at pressure P2. In figure 6, this is represented on the T-S diagram by A-B.  The feed water pump requires some mechanical energy to pump the feed water from the low pressure to the high pressure, but the amount of energy required is relatively small compared to the energy produced by the prime mover because of the low volume of incompressible liquid.  As the fluid moves through the boiler, the fluid is evaporated from point B-C at a constant temperature.  As further heat is added, the working fluid becomes superheated to point D.  At point D, the fluid is adiabatically expanded from pressure P1 to P2.through the prime mover to point E in the condenser. This expansion provides the energy to the prime mover.  The fluid enters the condenser at point E which is generally only slightly below the saturation line of the fluid.  Heat is then rejected in the condenser at a constant temperature from point E to A where the cycle starts over. 

It would be possible to for the cycle to operate along the path B1-B-C-C1.  Then the efficiency would be the same as the ideal Carnot cycle.  Unfortunately, this would not yield desirable results in most cases, because the maximum temperature would have to be considerably below the critical temperature of 704.3 degrees F. (for water) at the dome of the T-S diagram. At the temperature corresponding to B-C, even the Carnot efficiency would be low compared to that with much higher temperatures.  Also the pressure of 3206 psia corresponding to the critical temperature would be much higher than that desirable for automobile exhaust energy recovery.  Above the critical temperature, the vapor state of water does not exist, and the steam functions as a gas. Thus, if fluid temperature is greater than 704.5 degrees, super heating is necessary. 
In large steam turbine power plants, both very high temperatures and pressures are utilized. The steam is usually expanded through a nozzle that gives a very high kinetic energy to the steam which in turn gives up most of the kinetic energy to the turbine. If condensation were allowed as the temperature drops from the expansion, the heavy particles of the condensed water droplets would rapidly erode the turbine blades.  To prevent this erosion, the dry steam is usually expanded only to the liquid line in the first stages of the turbine and then reheated for further expansion in later stages of the turbine. Several stages of reheat are often used.  Regeneration is also used so that part of the steam at various stages of the turbine is used to heat the feed water.  The result of reheat and regeneration improves efficiency by causing the Rankine cycle with regeneration and reheat to approach more closely the Carnot cycle. The process of using many stages of reheat and regeneration is considered impractical for automobile exhaust heat recovery.  Therefore, the examples involving computations of heat flow and efficiency will be limited the simple Rankine cycle.

From the previous discussion, the exhaust gas temperatures can be expected to be about 800 F.  Then, if 100 F degrees drop across the heat exchanger is assumed, the temperature of the working fluid would be about 700 degrees.   The boiler pressure and temperature together with the condenser pressure and temperatures will determine the maximum efficiency that can be obtained.  Steam tables have been developed that document the characteristics of water over a wide range of temperature and pressures.  Reference 4 provides an excellent set of steam tables for a wide range of temperature and pressure.   The Mollier Diagram included with reference 4 is one of the most useful steam charts for determining energy flow with vapors.  The chart provides plots of enthalpy (total energy) vs. entropy for various vapor properties such as pressure, temperature, moisture content etc. all on the same chart. Reference 2 provides a description of the Mollier Diagram and includes the diagram in the appendix.  Reference 4 provides a much larger Mollier chart which can be used for additional accuracy.  Both the steam tables and the Mollier chart will be used in the calculations for ideal efficiency that could be provided by the Rankin Cycle.  See the Mollier Chart figure 8 which shows graphically how the chart is used. 

 The Mollier presentation of data for vapors can be given in table form. In some cases the table form of the Mollier data can be more convenient than the chart form. The table presentation of the Mollier data is given in Reference 10. The graphic form in Fig. 8 generally provides for a better understanding of the processes involved in vapor cycles, but the table form can provide more accuracy.  
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Figure 8.  Mollier diagram for Simple Rankine Cycle.
The ideal efficiency that could be realized for a Rankine cycle with a boiler of a temperature Tb = 700 degrees F and boiler pressure Pb = 500 psia where steam si allowed to expand through the turbine to 3 psia in the condenser, can be determined as follows:  From the Mollier Diagram, the enthalpy hb = 1355 BTU / lb, and the entropy sb = 1.61 for the initial conditions in the boiler.  After expansion at constant entropy to 3 psia, the enthalpy of the gas entering the condenser is hce = 955 BTU / lb.  The vapor quality “x” at this point would be about 83.5 % (16.5 %) moisture. From the steam tables, the temperature in the condenser would be 141.8 F.  The temperature and pressure remain constant as the vapor is further condensed.  For saturated liquid at 141.8 F and 3 psia., the enthalpy hf = 109.4 BTU/lb.  The feed water pump returns the water to the boiler.  A small amount of work is required to pump the water from 3 psia .to 500 psia, but this work would be negligible compared to the work produced by the expansion. Also, the feed water pump energy is returned to the system and is not lost.  The net work supplied to the prime mover is represented by the difference in enthalpy as expansion takes place from point A1 to B1 in figure 8: 1355 – 955 = 400 BTU / lb.  The heat added by the boiler is hb – hf = 1355 - 109.4 = 1245 BTU / lb.  The ideal efficiency for the Rankine Cycle for the conditions given above would be 400 / 1245 = 0.32.

The efficiency for additional pressures can be calculated in the same way. The case for 150 psia is also shown in figure 8.  Vertical line A2B2 represents the work.  The efficiency for 150 pisa at 700 degrees in the boiler and 3 psia in the condenser is 330 / 1265 = 26 %.
The efficiencies of 32 % and 26 % can be compared to the ideal Carnot heat engine operating between the same temperatures.  Thus Carnot efficiency is (700 - 141.5) / (700 + 460) = 48 %. If we define the ideal machine efficiency as the ratio of the ideal for the cycle to the Carnot efficiency we have Ideal Rankine Cycle efficiencies are 54 % and 67 % for the 150 and 500 psia cases.  

It is evident that for other conditions being constant, higher boiler pressure provides higher efficiency.  There are trade offs with the higher pressure particularly for automotive applications.  In addition to the danger involved with the higher pressure, the volumetric expansion ratio is much greater at the higher pressure.  The volume ratios required can be calculated as follows using data from the steam tables:  The specific volume of the working fluid before and after the prime mover must be determined. The specific volume for the steam can be determined directly from the steam tables for superheated steam.  For 700 degrees F, v500 = 1.30 cu ft per lb and v150 = 4.53 cu ft per lb.  The specific volume after the expansion is a function of the quality of the vapor and must be calculated.  See reference 2.  Since the volume of the liquid in the vapor is very small compared to the gas in the vapor a very good approximate of the specific volume is:  vx = x * vg, 
where vg is found from the steam tables. Vg = 118.7 for 3 psia of the condenser.  
Then, vx150 = 0.835 * 118.7 = 99.1 cu ft per lb and vx150 = 0.925 * 118.7 = 109.8 cu ft per lb. 
Expansion ratio, for 500 psia = 99.1 / 1.3 = 76.23 and for 150 psia = 109.8 / 4.53 = 24.23.  The different expansion ratios are important because they can influence the choice of the prime mover in some cases.

With the Rankine cycle, all of the recovered energy doesn’t have to come from the exhaust gas.  Some energy could be extracted from the cooling system to heat the feed water.  
For modern cars, the cooling system temperature is controlled to about 250 F in the radiator.  For the examples given, the condenser temperature was 141.5 F, and could thus be heated by the cooling system water to nearly 250 degrees F, a temperature difference of 108.9 degrees F. One BTU raises one pound of water one degree F.  Therefore, about 108.9 BTU per pound would be added to the feed water if it were heated to the cooling system temperature.  Thus for the 150 psia case, about 108 BTU of the 1265 BTU can be supplied by the cooling system.  This corresponds to about 8.5 % more energy available for recovery than would be provided from only the exhaust heat energy alone. 
4.3 Brayton Cycle Discussion
Refer to figures 5 and 7.  With the Brayton cycle, air is compressed adiabatically from atmospheric pressure Pa to Pc (fig. 5) in the combustion chamber, along line A-B on the T-S diagram (fig 7.) The compression heats the gas to TB.  Heat is added from the fuel to raise the gas temperature to TC at a constant pressure.  The air is then expanded through the prime mover to atmospheric pressure and a temperature of TD which is generally considerably above atmospheric pressure.  The air is then cooled to atmosphere temperature.  The atmosphere is shown as a dotted block in figure 5 to show the function of the atmosphere. Thus a heat exchanger is not necessary to cool the air exhausted from the prime mover to atmospheric pressure.

Since air has properties of a nearly perfect gas, all the parameters involved in the cycle can be computed.  Thus, special tables are not necessary to determine efficiencies and other parameters for the cycle.  The necessary formulas are provided in references 1, 2 and 3.
The major portions of the calculations presented for the Brayton cycle were made with MathCAD 2000.  For convenience, the symbols used will be redefined as required to be consistent with the notation used in the MathCAD worksheets. 

Unlike the Rankine cycle that uses only a very small percent of the work generated by the prime mover, the Brayton cycle requires considerable power for the compressor.  This power must be considered in the calculations involving efficiency and net power output.  Most of the compressor energy is recovered (ideally all) during expansion, but a sizeable compressor is required for the compression. All parameters will be based on one lb of air for the initial computations.
4.4 Compressor
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All expressions are for isentropic (frictionless adiabatic) compression.  Unless otherwise noted, the temperature and pressures are absolute.  Pressure is in pounds per square inch (psia) and temperature is in absolute units (degrees F + 460).
Equation 1 above gives the volume of one pound the air volume at 14.7 psia, and temperature of 100 F (560 absolute).  For the conditions given Va = 14.1 cu feet.
Equation 2 gives the volume of one pound of air after compression by a ratio of CRC.  

Equation 3 gives the gives the temperature after compression.  For the conditions given, the temperature after compression is THC = 1075 absolute (615 F).  
Equation 4 gives the pressure after the isentropic compression.

The selection of the compression ratio of the compressor, CRC = 5, was not arbitrary. Since the exhaust temperature was assumed to be 800 F, the air temperature entering the heat exchanger after compression must be less than 800 F in order for any heat transfer to occur. The closer that THC is to 800 F, the more volume of air is required to for a given amount of energy to be transferred.  The efficiency of the Brayton cycle as with most other engine cycles, decreases with lower the compression ratio.  Therefore, a trade off between efficiency and volume of the air that the system has to handle must be made.  A larger volume of air requires a larger compressor and prime mover.  A CRC of 5 was used as a reasonable trade off for this application with the conditions assumed.
From equations 2 and 4 we calculate the volume and pressure respectively of one pound of air after compression to be: CRC = 14.1 / 5 = 2.82 cu ft., and Ph = 141.0 psia.
The work required to compress the one pound of air to 1 / 5 of the original volume can be calculated.  From references 2 and 3,
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                                                                  5.
where, Wc is the work in ft lbs  required to compress one pound of air from 14.7 psia to 141.0 psia. 
For the conditions given Wc = -9.516 * 104 ft lbs.  The negative sign indicates that power is added.
4.5 Air Engine

After the air is compressed into the heat exchanger, heat is added from the exhaust gas.  Then, the air is expanded isentropically from Ph to PL in the prime mover to produce work. The amount of work done by the expansion is given by equation 6.  See references 2 and 3.
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                                            6.
PL is the exhaust pressure of the air engine which should be near but slightly above Pa.  

For PL = 16, equation 6 yields We = 1.115 * 105 foot pounds.  Other parameters for 16 psia exhaust pressure are as follows:  Vh = 3.31; VL = 15.57; TLf = 212.8 F: Expansion Ratio = 15.57 / 3.31 = 4.7 
The net power, Wn, available to do external work is the sum of the compressor power, which is negative, and the air engine power. Thus, Wn = 1.115 * 105 - 9.516 * 104 = 16,340 ft lbs. 
Now, let “Win” be the work equivalent of the heat input energy “Qin”. The thermal efficiency is given by: e = Wn/Win. Qin is in BTU, so Win = 778 Qin  ft lbs.
Since heat is added at constant pressure, 
Qin = Cp (Th - Thc) = 0.2375 (1260 - 1075) = 43.9 Btu. 
Then, Win = 778 * 43.9 = 34051 foot pounds.
e = 16340 / 34051 = 0.479 (47.9 %).
The thermal efficiency for the Brayton cycle can be determined in a different way by equations derived for the temperatures involved.  See reference 2.  

e(Brayton) = (Thc - Ta) / Thc = (1075 - 560) 1075 = 0.479
It should be noted that the Brayton cycle has the same thermodynamic efficiency as the ideal Otto cycle efficiency.  (See reference 1). This of course, assumes complete expansion in the prime mover. When the maximum temperature approaches the compression temperature, the efficiency of the Brayton cycle approaches the Carnot cycle efficiency.  
For some conditions, it may not be practical to have complete expansion to atmospheric pressure.  This will lower the efficiency.  Table 1 below shows the efficiencies that would be obtained when complete expansion does not occur.
Table 1 
(Effect of residual pressure on efficiency)
Exhaust Pressure    Efficiency (%)
16                           47.9

18                           46.5
20                           44.6

25                           38.4

30                           31.0

It is important to understand that the efficiencies given above for the Brayton cycle are based on the heat energy extracted from the heat exchanger and do not include additional heat energy in the exhaust gas that passes through the heat exchanger to the tail pipe. Even with an ideal heat exchanger where the temperature drop across the coils is zero, there would be significant energy remaining in the exhaust gas as it leaves the heat exchanger.  The exhaust gas temperature leaving the heat exchanger could be no lower than THC. Thus, for the value of THC chosen, the exhaust gas leaving the heat exchanger is relatively hot, and a lot of exhaust heat energy would not is be recovered.   Let e(hc) equal the ratio of the energy extracted by the heat exchanger to that entering the heat exchanger. 
e(he) = (Th - THC) / (Th - Ta). 
The total efficiency including the heat exchanger would be:

e(total) = e(hc) * e(Brayton).

Then, for the example,
e(he) = (1260-1075) / (1260-560) = 26.4 % and

e(total) = .264 * .479 = 12.6 %. 
It is evident that a better choice of THC could have been made, which would lower e(Brayton) but would raise e(he) to maximize e(total).  

This discussion will be continued based on the value based on the value of THC previously selected.  It should be understood that a more optimum, values could have chosen for the compression temperature.
The Brayton cycle efficiency can be compared to the Carnot efficiency for the given conditions discussed:
Caront efficiency, 
e(Carnot) = (Th - Ta) / Th = (1260 - 560) / 1260 = 0.556 (55.6 %).  
The machine efficiency will be defined by  
e(Brayton) / e(Carnot) = 47.9 / 55.6 = 0.86 (86 %). 
The reason for this relatively high machine efficiency for the Brayton cycle discussed is due to the small temperature rise from THC to TH. 
4.6 Brayton Cycle compared to Rankine Cycle
From the analysis of the Rankine and Brayton cycles above, the machine efficiency of Brayton cycle (86 %) is much better than that of the Rankine cycle (67 % for 500 psia).  However, when the heat exchanger efficiencies are included, the Rankine cycle would allow more energy to be recovered than the Brayton cycle. The total efficiencies including the heat exchanger losses would have been about 32 % for the Rankine cycle compared to about 12.6% for the Brayton cycle. At pressures above 500 psia, the Rankine cycle efficiency would be greater than 32 % which would improve the advantage of the Rankine Cycle over the Brayton cycle, but, higher pressures would likely create additional complications and safety problems for automotive applications.

The heat exchanger for the Brayton cycle would likely be more complex than that for the Rankine cycle because a large volume of compressed air has to be delivered to the heat exchanger.  Also, the compressor for the Brayton cycle has to be much larger than the feed water pump needed with the Rankine cycle. On the other hand, the Rankine cycle requires a condenser whereas the Brayton cycle exhausts into the atmosphere. Water was assumed for the working fluid used for the Rankine cycle.  During winter time in most climates, the possibility of freezing would be a significant problem, so some other type of working fluid would have to be considered.
 5.0 Quasiturbine Implementation of the Brayton Cycle
Normally the Brayton cycle is associated with gas turbines or turbojet engines. The conventional turbine is traditionally used for these applications because of their large air handling capability and high power associated with the very high RPM.  In 1995, thermonuclear scientist, Dr. Gilles Saint-Hilaire invented the Quasiturbine (QT or Kyotoengine). The QT has some properties that are similar to the conventional turbine and makes an excellent machine for use in applications such as exhaust heat recovery and many other applications.  Unlike conventional turbines, the QT is a positive displacement machine and therefore can operate at very low RPM and over the wide RPM range consistent with the typical automobile engines.
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Figure 9. Diagram of Quasiturbine.
Figure 9 is diagram of the QT75SC Quasiturbine. This model was designed for compressed air and steam applications.  Other models are more suitable for internal combustion applications.  For detailed descriptions of the QT see References 5 and 6.  The QT can handle large volumes of air or steam.  Figure 9 shows the rotor in the top dead center position.  The rotor consists of four blades which are identical.  Each of the four blades produces two compression strokes per revolution which provides a total of eight compression strokes per revolution when used as a compressor.  When used as an air or steam, eight power strokes per revolution are provided.  The SC model has four ports.  Starting with the upper right port we will number the ports clockwise 1234.  Ports 1 and 3 are intake ports and ports 2 and 4 are exhaust ports.  For one complete rotation of the rotor, the total displacement is eight times the displacement of a one of the chambers.  Table 2 below gives the approximate theoretical sizing for QTs of different output horsepower. The theoretical values are based on a differential pressure of 500 psi with no cutoff and RPM of 1800. 
Table 2 
(Theoretical value of Quasiturbine scale-up)
Shaft Power      Rotor diameter       Rotor Thickness     Displacement/Revolution

 70 HP                     5 inches                 2 inches                       36.6 cu in
 530 HP                   10 inches                 4 inches                      293.9 cu in

4000 HP                   21 inches                 8 inches                    2343.0 cu in

Note that the displacement increases in direct proportion to the rotor thickness and approximately the square of the rotor diameter.

As indicated in Table 2, a lot of HP can be developed in a relatively small package. However, since the HP values in Table 2 are for no cutoff, the efficiency would be low because without expansion the internal heat energy of the compressed air would not be utilized.  Since efficiency is very important for exhaust recovery, a cutoff valve will be required so that a relatively small volume of high pressure air is allowed into the QT at constant pressure for the first few degrees of rotor rotation and then the input is cutoff to allow for near complete expansion. 

The shaft power, either with or without cutoff, is nearly proportional to RPM up to some high RPM where friction and other losses become significant factors. To determine the displacement needed, it is necessary to assume a value for RPM.  An RPM of 2000 RPM will be assumed which is consistent with the RPM of the Ford 500 reference vehicle at about 70 MPH. It is also necessary to assume the maximum HP that would be expected from the exhaust recovery system.  From previous discussions, the maximum HP that could be recovered with an ideal cycle would be 8.6 HP for the vehicle traveling 70 MPG with mileage of 28 MPG. However, when more power demands are made on the engine, considerably more energy would be available from the exhaust gas.  A maximum of 20 HP will be assumed, which is 10 % of the 200 HP engine rating of the reference vehicle engine.
From the previous discussion, Wn was the net energy in ft lbs per pound of air entering the compressor.  Since one HP = 33000 ft lbs per minute,

HP/lb-air = Wn / 33000 =16340 / 33000 = 0.495 lb per minute. 
Then, 20 HP would require 20 / 0.495 = 40.4 lb per minute.  The corresponding volume would be 14.1 * 40.4 = 569.6 cu ft per minute.
For 2000 RPM, the volume per revolution of the compressor would be 569.6 / 2000 = 0.285cu ft.   From Table 2 above, the displacement is given in cu inches; thus cu in per revolution = 0.285 * 1728 = 492.2 cu in displacement per revolution.
This rather large displacement is 492.2 / 293.9 = 1.68 times larger than the 530 HP QT air engine with out expansion.  The compressor for our ideal Brayton cycle engine would have to be scaled up from the 530 HP QT size. Since the QT displacement is proportional to the square of the of the rotor diameter, the rotor diameter would have to be 10 (1.68)1/2 = 12.96 inches, and the thickness would be 4 inches.

The weight of the air that has to be handled by the prime mover will be the same as that of the compressor, but the volume has to be greater because of the heat added in the heat exchanger.  For nearly full expansion (16 psia), the exhaust temperature will be TLf = 212.8 F and the volume, VL, will be 15.565 cu ft per pound.  Since the input volume to the compressor was 14.1 cu ft per pound, the displacement of the prime mover must be 15.565 / 14.1 = 1.1 times that of the compressor.  For the same rotor diameter, the thickness of the Prime Mover would be 1.1 * 4 = 4.41 inches. 
The compressor and air engine sizes calculated above assumes ideal QTs with zero clearance volume which is the ratio of the volume at top dead center to that at bottom dead center.  Since no compressor can be built with zero clearance volume, the compressor size will have to be larger than indicated above.  If the clearance ratio is assumed to be 1 : 10, one tenth of the total volume of the chamber is in the clearance volume.  At a rotor position where the input air has been compressed to one fifth of the maximum chamber volume, the pressure would be equal to Ph = 141.05, in the case considered above. A check valve would open at that point and pressure in the chamber would be constant until the rotor reached TDC.  At TDC, the air remaining in the chamber would be equal to that forced into the volume of the heat exchanger and any accumulator that might be necessary between the compressor and the heat exchanger. The energy required to compress the air into the clearance volume would be recovered, but the compressor displacement for a clearance volume of 1 : 10 would have to be about twice the displacement that would be required with zero clearance volume.  

The air expander does not have as great of problem with clearance volume as the compressor because the clearance volume at top dead center just before the chamber is open to allow the high pressure air in would be at the exhaust pressure (16 psia). The mass of the air in the clearance would be less than 10 % of the total after cutoff.

For the conditions given, the air compressor in the Brayton cycle would have to be doubled, but the prime mover air expander component would have to be increased by only about 10 % because of a clearance ratio of 10 %.  Then, the QT size adjusted to accommodate the 1 / 10 clearance ratio could be implemented by adjusting the rotor diameter and/or the thickness.  If the thickness of 4 inches for the compressor were used, the diameter would be 1.414 * 12.96 = 18.3 inches.  If the same rotor diameter were used for the expander and the compressor, the thickness for the expander would have to be reduced to about 4.41 / 2 = 2.21 inches. 
Intuitively, the expander would not be expected to have to be larger displacement than the compressor. But the clearance volume affects a single stage compressor more than a single stage expander.  If a higher compression ratio than 5 were needed, a two stage compressor would probably be more cost effective than a single stage compressor. For example, if the clearance and compressor ratios were equal, as in an ICE, no air could be delivered to the heat exchanger at all.  If a two stage compressor were used, an additional QT wouldn’t necessarily be required.  An intermediate stage air accumulator together with a valve arrangement could allow the same compressor to be used for the first and second stages. The compressor intake port would have to be switched between the accumulator and the atmosphere for a different number of revolutions of the compressor. Since the mass of air pumped into the accumulator and out of the accumulator would have to be equal, the number of compression strokes from the atmosphere would have to be greater than those from the accumulator.  If an additional QT were used for the second stage, the displacement of the second stage would be less (usually by 50 %) than the first stage.
Nearly full expansion is desired; therefore, the cutoff for the compressed air into the expander (prime mover) has to be accurately controlled.  As previously discussed, the expansion ratio for complete expansion to 16 psia, would be 4.7.  With an expander exhaust volume of 1.1 times the compressor intake volume, the exhaust volume per revolution has to be the 1.1 * 492.2 = 541 cu in/ per revolution. The total cutoff volume of air released into the expander per revolution then would be 541 / 4.7 = 115 cu in.  Since the total volume per QT revolution is eight times that of an individual chamber, the cutoff volume for each chamber would be 115/8 = 14 cu inches.  After cut off, the gas expands isentropically from Ph to PL.  For the QT, the compression stroke is only 90 degrees of rotation, so the cutoff valve would have to open very fast.  
The many parameters involved with the exhaust recovery system change greatly with operating conditions.  Therefore computer control would be necessary.
Figure 10 is a block diagram of the Quasiturbine implementation of the Brayton cycle.
[image: image21.jpg]£x-045 VT

AR QUASIT /R BN QUASITURBINE.

HEAT
EXCHANGER

Sy
<
\
TEmE pwp \
Fléssw(:-; Mooy ci ey by i Y et
£NSOR INFUT (S1-56)
V",““‘T}\—& €y CobThoL

LB (%)
Sysrem COMPYTER





Figure 10. Brayton Cycle Implementation of Exhaust Recovery System.
Control signals from the computer are indicated by “C” and the sensor signals to the computer are indicated by “S”. The mechanical coupling of the common shaft between the engine, the QT prime mover expander and the QT compressor is indicated by the dashed line.  A shaft position encoder is also coupled to the shaft.  

Computer controlled valves V1 and V2 are used at both the input and output of the compressor to control the volume temperature and pressure of the air delivered to the heat exchanger. The valves would be completely open or completely shut. Thus, there would be only minimum throttling effect. Valve 2 operates as a power controlled check valve.  When the pressure at the compressor output was greater than the HE pressure, the valve would be open.  V1 would normally be open, but when the demand for compressed air at the HE is satisfied, both V1 and V2 are closed.  
Exhaust gas passes through the heat exchanger.  The temperature at both input and output are monitored by S5 and S6.  Sensors, S2 and S3, send temperature and pressure signals for the compressed air entering and leaving the HE to the computer.

V3 is the cut off valve. The computer sends signals to open and close V3 based on the shaft position, to provide the desired temperature, T4, of the prime mover exhaust.   T4 is provided to the computer by sensor S4.
The computer insures that all the various parameters are controlled for optimum performance.
It is desired to determine the power that the recovery system can provide to boost the power of the primary engine. From previous discussions, the reference vehicle traveling on level road at 70 MPH, produced 3.42 pounds of exhaust gas per mile which corresponds to .0488 pounds per hour.  The total energy of the exhaust gas (relative to 100 degree atmospheric temperature) was 39130 BTU per hour.  Then since the total efficiency including the heat exchanger loss, was calculated to be e(total) = 12.6 %, the power provided to the shaft would be:

Power Boost (Brayton) = 0.126 * 39130 = 4930 BTU per hour (1.9) HP. 
The boost of 1.9 HP is about 5.9 % of the 33 HP required to propel the vehicle at 70 MPH. 

Earlier, it was noted that the selection of THC was not ideal for maximum total efficiency.  Optimal selection of THC would significantly improve the power boost.  There are other possibilities for decreasing the loss from the heat exchanger. The heat exchanger loss is due to the heat of isentropic compression pressure being only slightly less than the exhaust temperature. Isentropic compression was used instead of isothermal compression to avoid loss of the heat energy added by the compressor.  If isothermal compression were utilized, essentially all of the sensible heat and possibly some of the latent heat in the exhaust gas could be extracted with an ideal heat exchanger. It would seem that the additional heat recovered should more than compensate for the loss of efficiency due to the isothermal compression. The use of isothermal compression will be investigated in a later addendum to this paper.

6.0 Quasiturbine Implementation of the Rankin Cycle

A block diagram (not shown) of the Rankine cycle using the QT would be similar to that of the Brayton cycle, except the QT Compressor would be replaced with a small QT pump, driven by an electric motor for the feed water, and a condenser would be required for the Rankine cycle. With 500 psia pressure, the efficiency was calculated to be 32 %.  With the ideal heat exchanger there would be no heat exchanger loss; therefore, e(total) would be equal to 32 %.  The boost HP for our reference vehicle at 70 MPH would then be:  0.32 * 15.4 = 5 HP.  This is about 19 % of the 33 HP required to propel the vehicle at 70 MPH.  This appears to be a very worthwhile power boost.

The approximate size of a QT used for the Rankine cycle can be determined in the same way as for the Brayton cycle.  The work output of the prime mover was about 400 BTU per pound of steam.  Then, one HP would require 2545 / 400 = 6.36 pounds of steam per hour or 0.106 pounds of steam per minute.  A maximum HP of 20 HP would require 2.12 pounds of steam per minute.  For 2000 RPM, 2.12 / 2000 = 0.0016 pounds per revolution.  At 3 psia, the specific volume of the vapor is 98.8 cu ft per pound.  The required volume per revolution would be 0.0016 * 98.8 = 0.09 cu ft (179 cu inches) per revolution.  Using Table II, a 10 inch diameter by 4 inch thickness would have displacement of 293.9 cu in. If a single stage QT could be used for the prime mover, a 10 inch diameter and scaling the thickness, the required thickness for the QT would be 2.4 inches to provide the required displacement of 179 cu inches.  
From paragraph 4.2 above, an expansion ratio of 76.2 would be required for expansion down to 3 psia. This would not be practical for a single stage QT; therefore, two stages would be needed with each stage providing an expansion ratio of 8.7. The second stage would still have to have a displacement of 179 cu in per revolution, but the first stage would require much less displacement.
The output of the second stage would have a volume of 179 cu inches per revolution and would have an input volume of 179 / 8.7 = 20.6 cu inches per revolution. Since the output of the first stage would be the same as the input of the second stage,  the displacement of the second stage would then need to be 20.6 cu in per revolution. From Table II, a 5 in diameter by 2 in thick QT would have a displacement of 36.4 cu in. These dimensions can be scaled down to provide the required 20.6 cu in per revolution.  If a rotor diameter of 5 inches were maintained, the rotor thickness would be 2 / 1.77 = 1.3 in.     
The combine rotor thickness of the two stages would be only 3.7 inches plus about an inch or so for covers.  The maximum rotor diameter would be 10 inches.
The displacement used above were used considered to be the same as the maximum volume that would have to be handled, but the displacement requirements would be about 10% less, for QTs with clearance ratios of 10.
7.0 Binary Quasiturbine

The Brayton cycle requires at least two QTs - one for the compressor and one for the prime mover, with different displacements.  The two different QTs could be cascaded together on the same shaft to satisfy the requirement. Cascading of two QT on the same shaft would not be not difficult, but a more cost effective and compact unit of two QTs could be designed which would integrate two independent QTs into a single package.  This integrated package of two independent QTs will be called a binary QT.   

Fig. 9 illustrates the profile of a QT with the rotor installed.  Not shown in figure 9 are the two flanges (one on each end) that seal the rotor and provide the support for the rotor.  Bearings at the center of each blade run in grooves machined into the flanges. The rotor is completely self supporting and does not require any support from the main shaft or the coupling spokes that couple the rotor to the shaft. The Binary QT would be two QTs that share the same housing. The binary QT profile would be an insert that fits into or presses into the housing.  The housing would include all mounting provisions, cooling etc.  The binary QT profile would be a single piece with one QT profile on one side and another identical except for different width of the profile on the other side. The two profiles would be separated by a common flange which would be thick enough to accommodate the bearing grooves for the different width of rotors.  The outside flanges would be the same as a single QT.  The two rotors could be "clocked" at 45 degrees, if desired, to provide smoother operation. 
For some applications, the binary QT could be used as a single QT with a variable displacement.  For example,   a binary could be used for a two stage turbine. In another application, the displacement of one of the binary elements could be twice that of the other so that three levels of displacement modulation could be provided.  This would be particularly important for an ICE application.  Two binary QTs could be used to provide six levels of displacement modulation.  High efficiency could therefore be maintained for the different power level requirements by selecting displacement needed for optimum performance at a given load. As discussed in section 2.0, the engine power demand for an automobile engine could be 20 : 1 or greater. Use of l binary QTs would greatly reduce the power range over which each level of modulation would have to operate.  This could significantly improve the efficiency.

The Rankine cycle discussed above may require a vary large expansion ratio for the prime mover.  The binary QT could provide an efficient way of providing the required expansion ratio.
8.0 Other Applications

The purpose of this paper was primarily to address concepts for recovering some of the wasted exhaust energy from vehicles in order to improve overall energy efficiency.  However, similar techniques can be used for other applications.  Figure 11 illustrates the annual energy flow trends in the United States based on 2002 data.  The figure shows that of the large quantities of energy used in the world more than one half of the energy is wasted as illustrated.  The chart was developed by the Energy & Environmental Department at the University of California Lawrence Livermore Laboratory and shows   the sources and the relative quantities of useful and wasted energy. The energy units used in the chart are Exajoules (1018 Joules).  One Exajoule is equivalent to 9480 x 1012 BTU.   From the chart, the total useful energy is 37.1 Exajoules and the wasted energy is 59.3 Exajoules.

Much of the wasted energy is in the form of low grade heat energy.  Some of low grade heat energy could be recovered.  The recovery efficiency will depend on the temperatures involved of the wasted heat energy.  Although only a relatively small percent of the total wasted energy is recoverable to provide mechanical work, recovery of even a small percentage of the total wasted energy could reduce the burning of a considerable quantity of fossil fuel.  The techniques previously discussed for recovery of exhaust energy would be directly applicable to recovering low grade wasted energy from power plants and other sources.  
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Figure 11. Energy flow trends in U.S. 2002 (Source: http://eed.llnl.gov/flow/02flow.php)
In addition to the vast quantities of wasted energy illustrated in figure 11, significant quantities of low grade geothermal energy is available from some depleted deep oil wells.   The temperatures involved are often not much more than 300 degrees F, so the maximum efficiency of conversion to mechanical energy from a 300 F source would be only about 13 %. But, it would be possible to produce a significant amount of electrical power from geothermal energy available from the depleted oil wells.  

It should be noted that if the low grade energy were used for heating purposes instead of for conversion to mechanical energy, ideally 100 % of the low grade energy could be utilized.  For example, if low grade energy were used to preheat feed water for a large steam power plant, essentially all of the low grade energy could be utilized.

Converting solar energy to electrical energy is another example of how the energy recovery techniques previously discussed could be utilized.  Figure 12 suggests one concept for using the QT for converting solar energy to mechanical energy and then to electrical energy.
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Figure 12. Concept for Quasiturbine conversion of solar energy to electrical energy.
The solar concentrator collects solar energy which is focused on a heat exchanger to heat water for the QT flash steam system.  In a conventional boiler, the heat is captured in large quantity by the latent heat of evaporation prior to superheating, and none is captured later during expansion.  By contrast, in the flash steam system, water is heated to the saturation point at a high pressure, but is not evaporated.  Thus, most of the heat is captured while heating the flow of water in the liquid phase.  Also, some additional heat is captured from the engine bloc as evaporation and expansion takes place in the QT. For equivalent power and temperature conditions, more lbs of water flow per minute are required by the flash system than for a more conventional system because latent heat absorption from the source does not occur.  To get the most heat transfer in flash steam system, high pressure maintains a liquid water state in the feed line that prevents evaporation as heat is added. Both evaporation and expansion take place after a small quantity of water is metered into the QT.  The steam enters the QT in the saturated liquid state with zero quality, but after expansion at constant entropy, the steam quality will continue to increase until full expansion occurs.  Thus, when the water is released into the QT and expansion takes place, the pressure is reduced and the water begins to evaporate. The latent heat of evaporation begins to cool the vapor and also removes any excess heat from the engine block. 

In the conventional Rankine steam system using the QT, the water would be completely evaporated and superheated to some extent in the boiler. When steam enters the QT in the superheated or saturated vapor state, expansion begins to occur and any superheat will be given up first and then the steam quality decreases from 100% and continues to decrease until full expansion occurs.  The Rankine system will be more efficient than the flash system, but the flash system would be more compact. Also, in the flash system, some heat absorption from the QT engine will occur, and all of the heat energy picked up from the QT block will be used for expansion. 

 

Consider a water feed-line pressure of 1000 psia at the corresponding saturation temperature of 544 F.  If the water is entering at 100 F, then the liquid temperature rise would be 544 -100 = 444 degrees F, and energy of about 444 btu per pound of water could be extracted from the source.  For one HP output, 2545 / 444 = 5.7 lbs of water per hour would be required. If expansion was continued to atmospheric pressure, the specific volume of the vapor would be about 26.8 cu ft .per pound, or 26.8 x 5.7 = 153 cu ft per hour per HP. During the process, the hot engine bloc would provide some additional heat to the expansion process.

By contrast, allowing the water to boil and evaporate at 1000 psia would capture 2.7 times more heat than the liquid water (meaning a flow reduction) since the enthalpy of the saturated gas,  hg = 1192 btu per lb. Then, only 2545 / 1192 = 2.1 lbs water per hour per HP would be required, When expanded to atmospheric pressure, the volume of the vapor would be 26.8 x 2.1 = 56 cu ft water per hour per HP.  The thermal efficiency of the saturated case would be about 28.4 % for expansion down to atmospheric pressure and about 33% if allowed to expand to 3 psia in a condenser.

While the flash steam efficiency of the cycle is lower than the conventional Rankine cycle based system, the practically of the flash system may be much more suitable for some applications such as mobile vehicles because a dangerous pressurized steam reservoir and would not required, and the Quasiturbine to run cooler.

 
The QT has the capability to handle, without damage, both liquid and as gas in either the engine mode or the compressor mode. This capability can be very useful for low grade energy recovery when vapor cycles are used. If temperatures are maintained well below the critical temperature, vapor cycles can provide near Carnot efficiencies when operational states of the working fluid are kept between liquid saturation and gas saturation. Isentropic expansion along a constant entropy line from a saturated gas to a lower pressure and temperature of the condenser produces work.  This expansion would be represented by a vertical line on a T-S chart. Then the vapor is cooled along a horizontal constant temperature line and pressure line.  In the typical Rankine cycle, cooling continues until all the vapor is condensed into the liquid state. Then, the liquid is forced into the boiler along the saturated liquid line which approximates a straight line at a significant angle relative to vertical on the T-S chart. Very little power is required to force the liquid into the boiler. However, it is not necessary to reject g heat in the condenser all the way down to a liquid because the QT can compress a vapor mixture of liquid and gas.  Thus, if the condenser were allowed to reject energy only to a steam quality value corresponding to an entropy value which is the same as the saturated liquid at boiler pressure, the vapor could be compressed along the constant entropy line to the saturated liquid state.  This would be an isentropic compression as required by the Carnot cycle. The boiler then adds heat at a constant temperature until the vapor reaches the saturated gas state. The diagram of the cycle on the T-S chart would therefore be a rectangle and the efficiency of this particular Rankine cycle would approach Carnot efficiency. If the same conditions of source temperature and condenser temperature were used as above, the efficiency of the cycle would be about 43 % instead of 33 % for the conventional Rankine cycle. 

A QT compressor can compress the partially condensed vapor without any problems, but a steam quality sensor would be required and the condenser cooling would have to be controlled to achieve the required quality before compression. Of course the QT vapor compressor would have to be larger than the feed water pump used for the conventional Rankine cycle. It appears that the additional 10 % efficiency would justify the additional complexity. 
9.0 Conclusions

An overview of some of the key factors relating to exhaust gas energy recovery has been presented.  Topics covered power requirements, exhaust energy available, means for conversion heat energy to mechanical energy, and methods for implementing a heat recovery system for a typical full sized sedan.  The characteristics of a Ford 500 class vehicle were used as representative of typical full sized sedans. Both Rankine and Brayton heat engine cycles were discussed. The Quasiturbine was used in all evaluations for the prime mover and the compressor. Ideal heat exchangers were considered in the evaluations.  Engine friction and similar losses were also not evaluated. 

The power required to propel the reference vehicle at highway speeds of 70 MPH was shown to be only about 33 HP. If engine and drive train efficiency of 100 % could be achieved, the vehicle would have a mileage of nearly 100 MPG.  For city driving conditions with a speed limit of 40 MPH and eight complete stops per mile, the same 4000 lb vehicle could get 54.6 MPG.  

Of course 100% efficiency is not possible, but engines with at least 40 % efficiency can be achieved for relatively narrow power ranges.  Even with 40% efficiency, highway mileage would be about 39 MPG, and for city driving city driving with 8 stops per mile the mileage would be about 26 MPH.  If only 4 stops per mile were made, the City mileage could be greater than 55 MPG. Clearly, the engines and drive train efficiencies do not approach 40 % for the reference vehicle which has an EPA economy rating of 28 MPG for highway driving and 21 MPG for city driving. .   

It was found that ideally, 8.6 Hp could be recovered from the wasted energy of exhaust gas if the vehicle were getting 28 MPG.  This 8.6 Hp would subtract from the 33 Hp required to propel the vehicle in a feedback loop manner – Less main engine power would result in less heat to recover, but the total energy savings would be unchanged.  The energy savings would be shared between the reduced heat recovery power and the fuel savings of the main engine at reduced power.
Ideal heat energy recovery and conversion to mechanical energy, of course, cannot be achieved. The thermal efficiency of any practical engine cycle is always less than the ideal Carnot cycle, and there are other ideal conditions that cannot be achieved.  For the conditions assumed, the mechanical efficiency (ratio of thermal efficiency of the actual cycle to that of ideal Carnot efficiency) was greater for the Brayton cycle than the Rankine cycle, but more total energy could be recovered using with the Rankin cycle, because of heat exchanger considerations. An ideal heat exchanger for the Brayton cycle, with the conditions assumed, would be only 26.4 %, whereas; an ideal heat exchanger used for the Rankine cycle would have nearly 100 % efficiency.  When the heat exchanger efficiencies were considered, the Brayton cycle could provide only 1.9 Hp boost compared to 5 Hp of boost that could be provided with the Rankin cycle.

Even though the Rankin cycle seems to be a better choice than the Brayton cycle for the conditions assumed, other possible conditions and assumptions might show that the Brayton cycle would be preferred.  The Brayton cycle compressor with the assumed compression ratio of 5, creates a compression temperature of 615 F with isentropic compression.  Thus, the exhaust gas temperature leaving the heat exchanger could be no less than 615 degrees even with an ideal heat exchanger.  If isothermal compression would have been assumed, the compression temperature would have been at atmospheric temperature and an ideal heat exchanger would have been 100% efficient. In addition, less power would have been required for the compression, but all of the heat of compression would have been lost. The thermal efficiency for the cycle would have been lower but the total efficiency including the heat exchanger may have been greater with isothermal compression.  This needs to be further studied.

The Quasiturbine is ideal for either the Brayton or Rankine cycles.  The size and weight of the Quasiturbine would be considerably less than any other type of engine currently available.  Also, since the Quasiturbine can handle both gas and liquid, a vapor Rankine cycle approaching efficiency of the Carnot efficiency cycle could be implemented for low grade heat recovery when temperatures are sufficiently below 705 F, the critical temperature of water. 

Energy waste in the U.S. amounted to the equivalent of 5.6 x 1017 BTU in 2002 which is equivalent to the energy in about 4.7 x 1012 gallons of regular gasoline.  Thus if only 10 % of the wasted energy could be recovered for use, the equivalent energy of 487 billion gallons of gasoline could be saved each year in the U.S.  
This investigation has only touched on a few of the possibilities relating to energy recovery and further study is recommended. Following are a few specific recommendations:
1.  Investigate use of isothermal compression for the Brayton cycle used for exhaust heat recovery.

2. Investigate if adding additional heat to the exhaust gas before heat energy is recovered would improve the overall efficiency of the primary engine together with the heat recovery system.

3. Investigate operation of the Rankine cycle between the saturated liquid and gas states of water for improved efficiency approaching Carnot efficiency.  This is possible with the Quasiturbine.
4. Investigate the effects of adding ethanol or some other type antifreeze to the water used for the working fluid to prevent freezing in cold climates. 

5. Investigate use other working fluids for the Rankine cycle which would not freeze and would be environmentally friendly.
6. Investigate heat exchangers that would be most appropriate for the various heat recovery applications.

7. Investigate the feasibility of replacing the primary engine of an automobile with either the Rankine cycle or a Brayton cycles using integrated heat recovery techniques similar to those outlined in this paper.
8. Even after the present techniques outlined for primary heat recovery is applied, a significant amount of residual low temperature heat is still discarded.  It is suggested that further investigation be conducted into the feasibility of adding an additional stage such as a large size Quasiturbine Stirling engine down stream, for some applications.
9. Investigate other heat recovery applications like trucks, locomotives, boats and ships, geothermal and solar facilities, industrial processes and chimney heat recovery...
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