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PREFACE

The scope of the Intersociety Energy Conversion Engineeripg Conf'erenge (IECEC) serigs
has grown from a straightforward treatment of energy conversion engineering to a b'r(.)ad':n-
volvement in all aspects of energy systems, including pritnary resource processing, utilization
and environriental issues in addition to conversion and storage. The other notable trend has
been toward increased international participation and, as the papers in this volume attest,
IECEC-89 ca: truly claim to be an international forum on energy engirjeering with a_significant
proportion of the papers being presented being from beyond the confmgs qf the United States.
It is a particular pleasure to include, for the first time, a sizeable cqntnbutnpn frqm the USSR.

These developments are indeed appropriate for energy conversion engineering has to be
undertaken within the broader context of energy systems and energy issues which are not
constrained by national boundaries. The increasing and proper concern for the impact of energy
systems not only locally but also globally is particularly reflected in the nearly 500 papgrs ap-
pearing in a Proceedings which has now grown to six volumes. l_n thgse, the {eader will find
a comprehensive coverage of recent work on energy systems and technologies relevant to
the expected conditions of the 1990’s and beyond. The international character of IECEC-89
shows not just through participation from many countries but the large measure of common
ground evident in the contributions made by the many national and international organizations
involved in the energy engineering field. v

The organization of this large amount of interrelated material poses considerable challenges
which have been met in the first instance by dividing the Conference and, by extension, the
Proceedings, into a number of major topical areas. From a narrow applications viewpoint, it
is tempting to view aerospace and. terrestrial energy system issues separately since they
generally involve meeting different criteria. This has not been done in the present Conference
in large measure because an IECEC objective is to find and emphasize points of commonality.
Accordingly, a blend of interests will be found throughout, as for example, in Volume 2 devoted
to energy conversion technologies where space and terrestrial photovoltaics are grouped
together. :

9ro facilitate use of the volumes, the Table of Contents is repeated in each Volume and an
author Index appears in Volume 6. In addition, the now well-established feature of IECEC, the
SAE cumulative index for the past four years is also included in Volume 6. This may be used
to locate recent related work reported at the IECEC and, in due course, it will be updated to
include the current Conference. -

The task of preparing these Proceedings has only been possible through the unstinting efforts
of the Program Committee, Session Organizers and the IECEC-89 staff whose many contribu-
tions are gratefully acknowledged by the Editors. In fairness to other technologies in which
the Institute of Electrical and Electronics Engineers is prominently involved, the critical role
of computers, FAX machines and other aspects of modern communications technology in
permitting the assembly of this body of material also deserves recognition.

William D. Jackson, Editor
Dorothy A. Hull, Associate Editor



24th Intersociety Energy
Conversion Engineering
Conference

Gateway Marriott Hotel, Arlington, VA

CONFERENCE MANAGER

Christine H. Auldridge Tel: (202) 686-9141
P.O. Box 15128 FAX: (202) 686-7179
Chevy Chase, MD 20815 Telex: 3794132HMJ

GENERAL COMMITTEE

General Chairman A. D. Schoenfeld
Assistant General Chairman W. U. Borger
Program Chairman W. D. Jackson
IEEE NCAC Liaison N M. Roderick
Local Arrangements R. L. Wiley
Associate Procesdings Editor D. Huil

1988-89 IECEC STEERING COMMITTEE

Institute of Electrical and Electronics Engineers (IEEE)
W. D. Jackson, HMJ Corporation, Chevy Chase, MD
A. D. Schoenfeld, Hughes Space and Communications Group,
Los Angeles, CA B
American Institute of Chemical Engineers (AIChE)
E. J. Caims, Lawrenice Berkeley Laboratory, Berkeeley, CA
P. A. Nelson, Argonne National Laboratory, Argonne, IL
American Nuclear Society (ANS)
P. G. Bailey, Lockheed Missiles & Space Op., Sunnyvale, CA
D. L. Black, Westinghouse Electric Corp., Washington, DC
Society of Automotive Engineers (SAE)
T. J. Bland, Sunstrand Corporation, Rockford, IL
. B. L. McFadden, Wright Patterson Air Force Base, OH
American Chemical Society (ACS) :
H. Arastoopour, lilinois Institute of Technology, Chicago, IL
J. E. Mitchell, ARCO Oif & Gas Co., Plano, TX
American Institute of Aeronautics and Astronautics (AIAA)
A. W. Adam, Sunstrand ATG, Rockford, IL
++ R. Barthelemy, Wright Patterson Air Force Base, OH
American Society of Mechanical Engineers "9
O. A. Arnas, California State University, Sacramento, CA
Y. D. Goswami, NC A&T State University, Greensboro, NC

COOPERATING SOCIETIES

American Power Conference (APC)

E. S. Pierson, Purdue University Calumet, Hammond, IN
Electro-Chemical Society (ECS) o

F. R. McLarnon, Lawrence Berkeley Laboratory, Berkeley, CA
International Solar Energy Society (ISES)

Gershon Meckler, Gershon Meckler Associates, New York, NY
Japan Society of Mechanical Engineers (JSME)

N. Isshiki, Tokvo. Japan

. ]

oM ®

PROGRAM COMMITTEE .

Chair: W. D. Jackson, HMJ Corporation,
. Chevy Chase, MD
Assistant Chairs: E. S. Pierson, Purdue University Calumet
R. J. Sovie, NASA Lewis Research Center

SOCIETY REPRESENTATIVES

American institute of Chemical Engineers P. A. Nelson
American Nuclear Society D. W. Black
Society of Automotive Engineers T. J. Bland
American Chemical Society J. Mitchell
American Institute of Aeronautics and

Astronautics A. W. Adam

American Society of Mechanical Engineers Y. D. Goswami

TOPICAL ORGANIZERS

P. Abbin, Sandia National Laboratory, Albuquerque, NM
. W. Adam, Sundstrand Corporation, Rockford, IL

. P. Bankston, Jet Propulsion Laboratory, Pasadena, CA
R. Barton, Boeing Aerospace, Seattle, WA
- J. Cairns, Lawrence Berkeley Laboratory, Berkeley, CA
E. Chen, Lockheed Missiles & Space Co., Sunnyvale, CA
. J. Flood, NASA Lewis Research Center, Cleveland, OH
. J. Gaston, GE-RCA Astrospace Division, Princeton, NJ
- J. Hemler, GE Astrospace Division, Philadelphia, PA
Hrach, NASA Lewis Research Center, Cleveland, OH
. Lacey, NASA Lewis Research Center,
F. Lollar, Marshall Space Flight Center, Huntsville, Al
Mahefky, Wright Patterson AFB, OH

- R..Martin, US Department of Energy, Washington DC

. D. Moran, Solar Energy Research institute, Golden, CO
. A. Ross, Battelle Pacific Northwest Labs, Richland, WA
- M. Schoenung, W.J.Schafer Associates, Pleasanton, CA
. D. Shyner, NASA Headquarters, Washington D.C.

. W. Silverman, Consultant, Seattle, WA
. Swerdling, Space Nuclear Power, Sepuilveda, CA
E. VanBibber, Westinghouse Corporation, Large, PA
. L. Wiley, Auburn University, Columbia, MD .
: Weiner, The Aeropsace Corporation, Los Angeles, CA

[o1p B

o<me«

ZOPOOIOSr

Ixr

INTERNATIONAL COORDINATORS

Australasia H. K. Messerle, University of Sydney,
Sydney, NSW, Australia

Central and South America Q. Violini, Director, CIF, Bogota,

Columbia

Z. X. Shu, Shanghai Power Equipment

Research Institute, Minghang, China

China and Korea

Israel H. Branover, Ben-Gurion University of
the Negev, israel
Japan N. lsshiki, The Japan Society of

Mechanical Engineers, Tokyo, Japan

L. H. Th. Rietjens, University of

Technology, Eindhoven, The

Netherlands

8. Stecco, Universita Degli Studi de

Firenze, Htaly

S. Sridharan, Bharat Heavy Electricals,

Ltd., Tiruchirapalli, India

USSR and Eastern Europe A. E. Scheindlin, USSR Academy of
Sciences, Moscow, USSR

North Western Europe

South Western Europe

Southeast Asia



VOLUME IV
Energy Management and -
Renewable Resource Systems

ENERGY SYSTEMS I
CONSERVATION I

899153 Irreversibility Reduction of Low-Temperature, Combustion 1701
) Heat Sources :
CJ. Bliem, Idabo National Engineering Laboratory, Idabo Falls, ID
899566 simulation of an Attic Radiant Barrier System in Arid Climates 1707
SF. Moujaes, University of Nevada, Las Vegas, NV
899027 Thermodynamic Optimization for Cryogenic Systems witha 1713

‘ Finite Number of Heat Intercepts
G. Bisio, University de Genoa, Genoq, Italy

899028 Energy Savings in Coke Oven Plants : ' 1719
G. Bisio, University de Genoa, Genoa, Italy
899341 Thermoeconomic Optimization ofa Simple Thermal Power 1725

Plant Using Mathematical Minimization Algorithms
F. Lenti, A. Satta and A. Massardo, University de Genod, Italy

ENERGY SYSTEMS 11
CONSERVATION 11

899029 Membrane Technology for Energy Conservation in Traditional 1731
and Emerging Engineering Fields
C.S. Slater, Manbattan College, Riverdale, NY

899094 Design and Optical Modulation of Electrochromic Windows 1737
T LH. Dao and M.T. Nguyen, INRS-Energie, Varens, Canada

899015 Renewable Energy for Production of Elemental Phosphorous 1743
J.C. Barber, Barber & Associates, Florence, AL

899103 ' Testing ofa High-Efficiency Domestic Heating System 1749
L. Rosa and R. Tosato, University- of Padua, Italy :

899091 Reducing Energy Consumption Frees Up Electrical System 1755
Capacity
H.B. Zackrison, Consultant, Alexandria, VA

899092 Improved Energy Saving Techniques Dictate the Selection of 1767

Utilization Voltages and Equipment
H.B. Zackrison, Consultant, Alexandria, VA



ENERGY SYSTEMS III
ENVIRONMENTAL ISSUES

899154

899116

899314

Environmental Issues Associated with Superconducting
Magnetic Energy Storage (SMES) Plants
J.P. Blanchard, Bechtel, San Francisco, CA

Mandated Fleet Conversions to Alternative Clean Transportation
Fuels: Environmental Policy Considerations
R.O. Price, Envirosphere Co., Santa Ana, CA

Carbon Dioxide Removal From Fossil Fuel Power Plants by
Refrigeration Under Pressure

U. Schiibler, R. Kiimmel, University of Wurzburg, Federal Republic
of Germany

ENERGY SYSTEMS IV
PLANNING AND OPERATION I

899113

899307

899409

899616

Regional Application of Natural-Gas-Fired Combined-Cycle
Power Generation

L.A. Poch and ]. Gillette, Argonne National Laboratory, Argonne, IL;
and B.A. Hedman, Gas Research Institute

Optimal Scheduling of the Sugar Cane Harvest Aiming to
Maximize the Cogeneration by Using the Dynamic Programming
LA. Nogueira, A H. Santos, J.A. Balestieri and 1.C. Macedo, Federal
College of Engineering, Itajuba, Brazil

Control and Optimization of the Refrigeration Plantin a Brewary
P.M. Petersen and V. Qvale, Technical University of Denmark, Lyngby,
Denmark

Energy Conversion Technologies for Rural Areas of Developing
Countries _
A K Rajvanshi, Nimbkar Agricultural Research Institute, India

ENERGY SYSTEMS V
- PLANNING AND OPERATION II

899033

899255

An Integrated Evaluation of Supply-Side and Demand-Side
Electricity Options ‘

P. McCarthy, D. Van Wagenen, E.W. Mills and ].W. Barnes, Applied
Management Sciences, Silver Spring, MD

The Use of Both Aggregate and Disaggregate Representations for
the Hydroelectric Power Plants, in the Expansion Planning of
Hydrothermal Power Systems '

A.H.M. Santos, 8.V. Bajay and C.A. Coelho, Unicamp, Campinas, Brazil

ENERGY SYSTEMS VI

STORAGE

899101

899395

899178

Control of Acquifer Flow for Improved Aquifer Thermal Energy
Storage System Performance

Y K. Song, K.C. Midkiff, W J. Schaetzle and C.E. Brett, University of
Alabama, Auburn, AL

Analysis of Clathrate Solidification
M. Najafi and W J. Schaetzle, University of Alabama, Auburn, AL

Basic Heat Transfer ini Latent Heat Thermal Energy Storage
M. Gadalla, W J. Schaetzle and H.A. Heikal, University of Alabama
. e

1777

1783

1789

1795

1801

1813

1819

1827

1833

1839

1845



899049

899375

899633

Parametric Study of Immersed-Coil Heat Exchanger '
J.H.Lou,).Y. Linand Y.K. Chuah, Ind. Tech. Research Institute, Republic

of China _

ENSCI, Inc. Advanced Electrical Energy Storage Systems

TJ. Clough, ENSCI, Inc, Woodland Hills, CA

Thermal Energy Storage with Liquid-Liquid Systems

E.A. Santana, S. Rastogi and L. Stiel, Polytechnic Institute of NY, Brook-
lyn, NY

ENERGY SYSTEMS VII
THERMAL MANAGEMENT

899034

899040

899098

899560

899096

Effective Thermal Conductivity of Sintered Metal Fibers
W J. Mantle and W. Chang, AFSC Wright Patterson Air Force Base, OH

A Consistent Description of the Gas Distribution in a Gas-Loaded

Heat Pipe
‘W.S. CHang and ].S. Yu, West Virginia Institute of Tecbhnology,

Montgomery, WV

Performance Analysis of Resorption and Two Stage Absorption
Heat Transformers :
K.P. Tyagi, Bbarat Heavy Electricals, Tirichy, India

Design and Demonstration of a High Temperature, Deployable,
Membrane Heat-Pipe Radiator Element

V.L Trujillo, E.S. Keddy and M.A. Merrigan, Los Alamos National
Laboratory, Los Alamos, NM

The Effect of Cooling Water on the Performance of Vapour
Absorption Refrigeration System
KP. Tyagi, Bbarat Heavy Electricals, Tirichy, India

ENERGY SYSTEMS IX
CO-GENERATION I

‘899188

- 899179

899413

Cost Competitive 30kW Gas Turbine/Generator Demonstration
for Cogeneration or Solar-Electric Applications .
J1.B. Kesseli and A. Wells, Sanders Corporation, Nashua, NH

Development of a Residential Size Electricity Producing
Condensing Furnace

F. Wicks, E. Dkystra, M. Arnold, D. DeBerardinis and N. Leavitt,
Union College, Schenectady, NY

The Operation of Small Cogeneration Plants and Short-Term
Storage for District Heating and Public Electric Power

J. lIkjar, P.M. Petersen, B. Qvale, J. Boldt and S.L. Pedersen, Technical
University of Denmark, Lyngby, Denmark

ENERGY SYSTEMS XI

CO-GENERATION II

899256 .

899038

Energy Analysis and Optimization of Energy Systems

W. vanGool and AJ. Hoogendoorn, State University, Utrecht,
The Netberlands; R. Kiimmel and H.M. Groscurth, University
of Wiirzburg, FRG ' o

Operation and Evaluation of a Cogeneration System Utilizing an
Engine Taken from a Scrapped Locomotive
T. Kodama and K. Sawase, Railway Technology Research Institute,

Tokyo, Japan

1851

1857

1865

1871

1879

1885

1891

1897

1909

1915

1923

1929



899176

899376

Full Load and Part Load Performance of Polygeneration Systems
with Gas Expanders and Internal Combustion Engines
A Mirandoli A, Macor and A. Lazzarctto, University of Padua, ltaly

Comparative Thermodynamic Analysis of Energy Systems for
Power Recovery from Industrial Low Heat Sources
7. Ling and X.Y. Deng. Shanghai University, Shangbai. China

RENEWABLE RESOURCE SYSTEMS IV
BIOMASS ENERGY CONVERSION SYSTEMS

899095

899123

899397

Benzene or Toluene Alkylation in Presence of Aqueous Ethanol
LH. Dao and P. Levesque, INRS-Energie. Varennes, Canadea

Liquid Hydrocarbons from Biomass Grown on Waste
E. Ennsani. Dames & Moore, San Francisco, CA

Comparative Study of Biomass Fuels in an Updraft Gasifier
P.R. Krishnamoorthy, S. Seetharamu and M.S. Bhatt, Central Power
Research Institute, Bangalore, India

"RENEWABLE RESOURCE SYSTEMS V
SOLAR-THERMAL ENERGY CONVERSION APPLICATIONS

899585

Solar Char Gasification
$. Chaudhary and V.K. Mathur, University of New Hampsbire, NH

RENEWABLE RESOURCE SYSTEMS VI
'SOLAR-THERMAL FACILITIES AND COMPONENTS

899257

899587

899526

899527

899588

899462

Development of Concentrating Collectors for Solar Thermal
Systems

J.T.Holmes, D J. Alpert and T. Mancini, Sandia National Laboratories,
Albuquerque, NM; LM. Murphy and P.O. Schissel, SERI

The Design of an Ultra-High Flux Solar Test Capability
A. Lewandowski, Solar Energy Research Institute, Golden, co

Recommendations for Improvements in the Design and
Operation of Future Solar Central Receiver Power Plants Based
on Experience Gained from the Solar One PilotPlant

G.J. Kolb, Sandia National Laboratories, Albuquerque, NM

Developmentand Testing of Advanced Central Receivers
J.M. Chavez, Sandia National Laboratories, Albuquerque, NM

A High Intensity Solar Facility for Simulating Thermal Nuclear
Environments
M.M. Sutton, M.M. Sutton and Associates, Oakland, CA

- Pool Boiler Reflux Solar Receiver for Stirling Dish-Electric

Systems
C.E. Andraka and ].B. Moreno, Sandia National Laboratories,
Albuquerque, NM

1935

1941

1947

1953

1959 -

1965

1971

1979

"1985

19913-‘

1997

2003



N

RENEWABLE RESOURCE SYSTEMS VII
DEVELOPMENTSIN WIND SYSTEMS

899396

899045

899313

899108

899608

Efficient, Low Cost Blades for Wind Mills

“R.S. Kamalakar and $. Seetharamu, Central Power, Research Institute,

Bangalore, India

A Space-Frame-Tower Concept for Small, Self-Erecting Wind
Turbines
J.A.C. Kentfield, University of Calgary, Calgary, Canada

Theoretical Aerodynamic Methods for V.A.W.T. Analysis
M. Marini, A. Massardo, A. Satta and G. Zamparo, University de Genou,
Italy

Solar/Wind/Diesel Hybrid Energy Systems for Remote Areas
CV. Nayar, W.B. Lawrance and SJ. Phillips, Curtin University,
Perth, Australia

Data Analysis Method for Wind Turbine Dynamic Response

Testing
T L. Olsen and $.M. Hock, Solar Energy Research Institute, Golden, CO

RENEWABLE RESOURCE SYSTEMS VIII
“WIND TURBINE SYSTEMS DESIGN

899609

899258

899309

899109

899450

899449

The Probable Source of Certain Spurious Frequencies Found in
the Output of a Variable Speed Generating System Using Slip
Recovery

P. Carlin, Solar Energy Research Institute, Golden, CO

Performance Analysis of Grid Connected Induction Generators
Driven by Hydro/Wind Turbines Including Grid Abnormalities
$.S. Murthy, C.S. Jha, A K. Ghorash and P.S. Rao, Indian Institute of
Technology, New Delbi, India

Use of Conventional Induction Motor as a Wind Driven Self
Excited Induction Generator for Autonomous Operation

R. Chaturvedi and S.S. Murthy, Indian Institute of Technology, New
Delbi, India

Power Controller for a Wind-Turbine Driven Tandem Induction
Generator
C.V. Nayar and J. Perahia, Curtin University, Perth, Australia

ARegenerative Drive for Incorporating Flywheel Energy Storage
Into Wind Generation Systems
T.S. Davies and N. Larsen, Bristol Polytechnic, Bristol, UK

Windpower Flywheel Integration
T. Davies and C.M. Jefferson, Bristol Polytech,, Brtstol, UK

RENEWABLE RESOURCE SYSTEMS KX
APPROPRIATE SOLAR TECHNOLOGIES

899343

899434

899259

The Passive Houses Investigation and Study in North China
Z. Wang, S. China University of Technology, Guangzbou, China

Study of Thermal Performance of a Black Liquid Shallow Solar
Pond Under Various Operating Conditions

R. Verma, J. Prakash and H.P. Garg, Indian Institute of Teclmology,
New Delbi, India

“Xerxes” A Sail Bladed Wind Turbine
L. Feldman, Consultant, King of Prussia, PA

2009

2015

2021

2029

2035

2041

2045

2051

2057

2065

2071

2077

2081

2087



ENERGY SYSTEMS VIII
HEAT PUMPS I

899424 A Hydrogen Heat Pump Incorporated into the Circuitofan
Electric Power Plant
M. Ron and Y. Josephy. Israel institute of Technology, Harfi, Israel
899037 Development of an Air Source Heatpump Driven by a Diesel
Engine for Melting Snow on Railroad Tracks
K. Sawase, Y. Kurosake, N. Isshiki and 8. Sanada, Railway Technology
Research Institute. ToRyo, Japan
ENERGY SYSTEMS X

HEAT PUMPS 11

899039

899420

A Simple Analysis on the Performance of Absorption Heat Pump
Systems

CY. Jeng, Y.Y. Yo, Y.K. Chuah and P.H. Chu. Industrial Technology
Research Institute, Taiwan, Republic of China

A New Heat Pump System of Continuous Capacity Control with
Non-Azeotropic Mixtures
Y. You, Y. Ma and C. Lu, Tianjin University, Tianjin. China

2097

2105

2111

2117



899153

IRREVERSIBILITY REDUCTION OF
LOW-TEMPERATURE, COMBUSTION HEAT SOURCES

Carl J. Bliem

Idaho National Engineerin

Laboratory

Idaho Falls, Idaho

ABSTRACY
This paper discusses
reduce irreversibilities
combustion and, thereby, deliver more heat to a
process than the heating value of the fuel. The
concept involves the use of staged reactions to
facilitate the more reversible reactions
associated with the combustion process. The
system is an open cycle chemical reaction heat
pump working between the atmosphere and the
desired heat sink. The system is described in
the paper. The paper discusses the potential
efficiency of this system and the methodology of
searching for the required intermediate
components.

a concept that will

associated with

INTRODUCTION

The use of combustion to supply heat to
relatively low temperature heat sources is quite
irreversible and, therefore an inefficient use of
fuel. The less efficient the combustion is, the
greater the amounts of carbon dioxide and other
"green-house” ., gasses for each unit of heat
utilized in a given process. A system to make
this tvpe of process more reversible and effect
abatemert of '"green-house" gas 1s discussed in
this paper.

The
more)
fuel.

system proposed here consists of two (or
reactors whose net effect is to oxidize the

One of the reactors, an endothermic
reactor, takes place at a temperature below
ambient. The energy for this reaction is
supplied by heat transfer from the atmosphere.
The second reactor has an exothermic reaction
taking place at a temperature above the desired
temperature sink allowing the heat generated in
the reaction to transfer to the sink. The
reactants, fuel and oxygen are introduced into
separate reactors to allow a partial reaction in
each reactor. The net effect is an open-cycle,
chemical-reaction heat pump that delivers more
heat to the sink than would be produced by the
conventional reaction of the fuel by the amount
of heat transferred from the atmosphere.

This
Department

work is  supported by the U. S.
of Energy (DOE), Energy Conversion and

1701

Utilization Technology Division, under Contract
No. DE-AC07-761D01570. Mr. Marvin E. Gunn is the
program manager at DOE Headquarters.

CONCEPT

May and Rudd [1] developed a methodoiogy to
synthesize reaction sets using the concepts
involved in the Solvey process to produce given
reaction  products. Lauerhass and Rudd [2]
extended this procedure to apply to a series of
closed cycle chemical reactions to serve as a
heat pump with endothermic reactors receiving
heat from an intermediate temperature source and
exothermic reactors rejecting heat to higher and
lower temperature sinks. This type of chemical
heat pump was named a Solvey type chemical heat

pump. This methodology gives some insight into
the combustion process. In this section, the
methodology is reviewed and then applied to the
combustion of a hydrocarbon fuel.

The method mentioned in the. previous
paragraph explores the 1imits of thermodynamic
feasibility of reaction systems through the use

of Ellingham diagrams involving "half reactions"
with  common differences. Considering the
chemical reaction, we have

A+B—C+D at T=T
The thermodynamic feasibility of this reaction
may be expressed in terms of the change in Gibbs
function (free energy) for the reaction, AG,
where

AG = Ge + Gg - Gy - Gp,
and is less than zero.

A methodology to determine these conditions

[1,2] is:

1. Decompose the reaction into two "half
reactions" made up of one reactant paired
with one product. For the example given

above, these might be:

A-C
and
D-B.

CH2781-3/89/0000-1701 $1.00 © 1989 IEEE



expressed in

The overall reaction would be

A-Co>»D-8B.
(Note  that because of stoichiometry, the
"common difference", chemical species left
over in ‘each combination will be the same.
Plot the Gibbs function of formation for each
half reaction as a function of temperature
for each half reaction. This Gibbs
function-temperature diagram iJs called an
Ellingham diagram.
The allowed direction of the reaction is that
going from higher to lower curve.
It has been shown [3] that the enthalpy of
reaction at a given temperature is the
distance between the tangents of the two
reaction  curves extrapolated to absolute
zero.  This allows the determination of which
reactions are endothermic and which are
exothermic as well as the heat of reaction
(if reactants and products are at the
reaction temperature).

the chemical
these terms,

Considering reaction

Figure 1

problem
shows an

Ellingham diagram for the combustion of methane

in oxygen.
reaction
generate this
Knacke [4].

formation are taken

The common difference in each half
is atomic oxygen, 0. The values used to

In this reference, the enthalpies of
to be zero for elements at

273 K and absolute entropies are used to
determine the Gibbs function. Note that the
functional relation between the change in Gibbs
function and  temperature is approximately
linear. The change in slope in the lower curve

indicates the in

phase of the water in the

products from vapor to liquid.

Figure 1 indicates that it is feasible to

oxidize methane at any temperature, i.e., go from
the oxygen curve to the products minus fuel curve

s

:
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!

-
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F 4

}

Figure 1,
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Ellingham Diagram for Combustion of

Methane in Oxygen.

plot are taken from Barin and

at a lower Gibbs function. Extrapolation of the
curves to absolute zero indicates that the "heat
of reaction" is approximately constant except for
the change fwom water vapor to liquid water in
the products.

The 1large change in Gibbs function indicates
a large irreversibility in the combustion
process. A possible alternative is to carry out
the reaction in two steps. Figure 2 shows the
Ellingham diagram for such a reaction system and

Figure 3 shows a schematic diagram of this
system. For this example, consider a sink for
the heat of combustion, Ts, at 600 K and
ambient temperature, T,, at 300 K. There are
two classes of this type of system. Consider a
Class I system. Here an exothermic reaction
takes place at 600 K oxidizing the intermediate

simplest form M micat
or metal oxide that is oxidized with
one additioral oxygen atom. (M migh® be a
complex system of molecules, but with the r.t
effect of being oxidized with one further oxygen

product, M%. In fts
be a meta
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Figure 2. Ideal Two-Reactor Systems
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atom.) The M;0 is then carried to a second
reactor where it is reduced by the fuel to form
M; and the normal combustion produces, carbon
dioxide and water. The M; is, thereby,
regenerated and recycled to the original
reactor. The second reactor will be endothermic,
receiving its heat from the atmosphere.

Note that the intersection of the oxygen and
and  intermediate, Mj0 - M;, half reactions
with the absolute zero temperature line indicates
a much larger heat of reaction than that of the
original combustion because it is carried out in
a more reversible manner. This result is not
surprising in that the thermodynamic potential of
the chemical reactants to produce work is nearly
that of the heating value of the fuel. That is,
if a perfect fuel cell were developed, its output
in work would be nearly the heating value of the
fuel. If the same process was carried out in a
reversible conversion of chemical energy to heat
to work, a substantially larger amount of heat
would be generated to create the reversible work,
if the heat were produced at a relatively low
temperature. This should mean that if reversible
combustion 1is achieved, a substantially larger
amount of heat than the fuel heating value can be
delivered at a low temperature.

If the search for a possible intermediate
reaction with a single reaction s too
restrictive, perhaps two
reactions will be necessary. Figures 4 and 5
illustrate such systems. Here three reactors
will be needed and two recyclable chemical
pairs. Two classes of systems, Class III and
Ciass IV, are  shown. As with the single
intermediate reaction systems, the differences
are in the temperatures at which the individual
reactor operate. The Class IIl system has two
endothermic (low temperature) reactors and one
exothermic (high temperature) reactor, while the
Class IV system has a single endothermic (low

Class it

Change In Gibbe Function [X col/mole 0]

Ommmmmmmmmm

Temperature (K]

Figure 4. Ideal Three-Reactor Systems

1703

intermediate half

Ta s LN

e mz + 172 "0

1
n ‘ s
Tt |/~t«-
N A )
L — P p—

o) Class i

s . Ta

Q B
vio, s o 4 Qa4 f Og V4o, 4 i 0
1 Ll

uo

' Rkl S e

A " 1, veen,
g —— — ——

b) Ciass NV

Ts
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temperature) reactor and two exothermic (high

temperature) reactors. Figure 4 shows the
Ellingham diagram for the ideal temperature
situation.

RESULTING PERFORMANCE

The systems depicted in the previous section
represent idealized systems. Assumptions were
made  that the reaction would take place at
realistic rates up to the point at which the
change 1in Gibbs function between reactants and
products is zero. Experience dictates that this
should be a negative number in the order of § k
cal/mole 0. Similarly, in order to transfer heat
to a sink at Tg, the reactor must be at a
higher temperature; to receive heat from the
environment, the reactor temperature must be
below the ambient temperature, T,.

Figure 6 shows how these constraints effect
the desired half-reaction 1line on the ETlingham
diagram . for a Class I system. The line labeled
ideal 1is the same 1line shown on Figure 2. The
exothermic reactor is moved to a temperature T
above Tg to allow heat transfer to Ts, and
the endothermic reactor operates below Ta by an
amount T to allow heat transfer from the
environment. At these operating points, a Gibbs
function decrease of G for each reaction is also
forced to occur. Note that this decreases the
heat generated in the exothermic reactor (the
distance between the intercepts of the zero
?psolute temperature 1line by the half reaction

ines.

These constraints were used to estimate the
performance of these systems as a function of the
sink temperature. Figure 7 shows the performance
as a vratio of the actual heat delivered to the

~
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sink to the fuel heating value for different sink
temperatures. (This parameter is essentially the
heat pump coefficient of performance for a prime
energy driven device.) For this comparison, the
ambient temperature was taken to be 300 K. The

highest curve represents the reversible (ideal)
situation in which the reactors are at the
temperature of the respective sources and sinks
of heat, and that the change in Gibbs function
between half reactions 1is zero. For this case,
the results are the same for each class of
system. For the more realistic situation it was
assumed that the difference in temperature
between the reactors and the source/sink was 50
K, and that a b5 k cal/mole O decrease in Gibbs

function was used for each reaction to proceed.
Note that the results are the same for.the two

reactor systems. For the three reactor systems
there is a difference, however. For a sink at
600 K, a totally reversible system would deliver

approximately twice the fuel heating value. A
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realistic two reactor system would deliver 1.39
times the fuel heating value and a three reactor
system, 1.33 or 1.22. .

The greatest benefit of this type of device

would be at Tow sink temperatures, below 500 K.
Here, the benefit would be substantial. An
additional use of this type of system would be
for space conditioning. Figure 8 shows similar

information to the previous figure for an ambient
temperature of 255 K (0 OF). Here, for normal
inside temperatures, the "effective coefficient
of performance would be two, i.e., twice the
heating value of the fuel would be delivered to
the heated space at the inside temperature

Figure 9 shows the Ellingham diagram for a
system with actual reactions for a three reactor
system (Reactors operating at 880, 760, and
260 K). The high temperatures associated with
this reaction set is higher than the optimum for
energy saving (see Figure 7). This system would
allow the production of steam and superheating it
to around 800 K (1000°0F). Figure 10 is a
schematic diagram showing the reactors for this
Class IV system.

The reaction system under consideration
consists of three reactions given as

1/2%0p + CO + 2*HC1—— COC1p + Ho0 (760 K)

COC1p + Hp0 + C = 2*HC1 + 2*CO (260 K)

1/4*CHy +CO—>1/4*C02 +1/2*Ho0 +C (880 K)

If no regenerative heat transfer is used, the
system will produce only as much heat in the high
temperature reactors as the heating value of the
fuel. If two pairs of streams are recuperated
(two gas/gas heat exchangers), this increases to
1.17.  This is around 90% of the maximum possible
increase which that require at least twice that
number of heat exchangers.

To = 255K
Reversible System
Class | and It

~ — — Class Il
Class V

" Ratio of Heot Delivered to Fuel Heating Volue

Sink Temperoture (K)

Figure 8. Space Heating Perfarmance
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There is one point that makes this choice of
intermediate products unworkable. There will be
a tendency of the carbon to form carbon dioxide
instead of the desired products. It may be
possible to overcome this tendency by exerting
appropriate chemical control, but in practice the
scheme may fail. It would be better to use
intermediate products that will not form carbon
dioxide and water. A more appropriate search for
intermediate compounds wowld be for those with no
carbon or hydrogen if the goal 1is to burn a
hydrocarbon fuel. Candidate intermediate
compounds  should then be searched for among
inorganic  substances. The Ellingham Diagram
gives the specifications for Gibbs function
temperature relationships for postulated half
reactions. !

problem remains
of this type of system. Products
individual reactors must be
For example, in the third reactor,
carbon must be separated from the carbon dioxide
and  water vapor that are the products - of
combustion. This will be a simple separation

One additional
implementation
leaving the
separated.

in the
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because the carbon will be in the solid state and
the combustion products gaseous. In the second
reactor, the products are equal numbers of moles
of carbon monoxide and hydrogen chloride. Half
of the carbon monoxide is fed to the third
reactor and the remainder of the products is fed
back into the first reactor. This separation
will be more difficult.

A second problem results if the reactions do
not go to completion. In these cases, the
reactants must be separated from the products and
fed back into the reactor. This will create
additional separation problems. One potential
solution to this problem is to investigate the
degradation 1in performance if this separation is
not made. This strategy will put additional
reactants into the given reactors and may
adversely affect the reactor performance. If the
final products (which are released from the
system) contain any of the intermediate
chemicals, additional makeup of the intermediate
chemicals will be necessary. In addition,
environmental problems may result from the
release of these chemical into the atmosphere.

The kinetics of the individual reactions must
be suitably rapid to allow the system to operate
at an appropriate rate. Each of these problems
must be handled on an individual basis when a
thermodynamically appropriate set of reactions is
determined.

CONCLUSIONS AND RECOMMENDATIONS

This paper has presented a scheme by which
the combustion process can be made more
reversible when supplying heat to sinks at
relatively low temperatures. The following
conclusions may be drawn from the work to date:

1. Systems with two or three reactors can
substantially increase the heat released
from the combustion of a hydrocarbon
fuel when the ultimate use of the heat
is a sink in the 400 to 500 K range.

2. With realistic assumptions about the
temperatures and Gibbs function changes
in_ reactions, the heat delivered can be
1.5 to 2 times the fuel heating value.

3. Space conditioning heat pumps with
coefficients of performance in the range

"of 2 can be devised using this type of
system when pumping heat from 255 K
(0OF) to typical inside conditions.

4. Proper choice of the intermediate
reacting compounds is necessary for the
implementation of this class of system.
The text of the paper discusses the main
considerations in choosing these
substances.

It is recommended on the basis  of the

conclusions above that a search be instituted



to find appropriate chemical reactions for the
implementation of this type of system. At that
time, extensive investigation of the
feasibility of this device can be carried out.
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