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NOMENCLATURE 

earth's albedo, assumed to be 0.35. The albedo of an object 
is the fraction of incident solar radiation reflected by the 
object 
moon's albedo, assumed to be 0.07 
radiator area 
heat exchanger area 
specific heat 
net energy into a control region 
shape factors of the radiator towards the various radiation 
sources 
solar incident radiation per unit area, assumed to be 1.4 
kW/m2 
enthalpy 
formation enthalpy 
formation enthalpy at standard state 
minimum approach temperature 
mass flow rate 
number of moles of substance k 
number of moles of hydrogen reacting in the chemical reactor. 
number of moles of feed ilmenite 
number of moles of feed hydrogen into the chemical reactor 
power to be dissipated in kW 
pressure 
ambient pressure 
heat transferred into or out of a control mass or control region 
heat transferred across a heat exchanger 
entropy 
ambient temperature on the surface of the moon, assumed 
to be 110 K during lunar night and 390 K during lunar day 
effective temperature of the earth-atmosphere system, 
equals 255 K assuming the albedo of the combined system 
to be 0.35 
operating temperature of the radiator 
averaged temperature in the chemical reactor 
logarithmic mean temperature difference 
internal energy, specific internal energy 
overall heat transfer coefficient of a heat exchanger 
volume, specific volume 
work due to the change in volume of the control region 
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NOMENCLATURE - continued 

WcaD net useful work due to change in volume 
Wa shaft work 
x reduction coversion 
y electrolysis conversion 
a.'s absorptivities of the radiator material to the various incident 

radiation 
~ availability 
e emissivity of the radiator material 
11x heat exchanger efficiency 
0' Stefan-Boltzmann constant, equals 5.67x10-n kW/m2/K4 

entropy production of the processes in the Case Study within the 
boundary of the control region 

O'c entropy production of the combined control mass and environment 
O'er entropy production of the control region 
Jl chemical potential 
Jlka chemical potential of substance k in the control region at the 

restricted dead state 
Jlk

a chemical potential of substance k in the environment 
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ABSTRACT 

A methodology for the energy analysis of high temperature lunar 

manufacturing processes is presented. The Moon's environment creates unique 

thermodynamic and heat rejection problems due to the absence of an 

atmosphere and large ambient temperature swing as it goes from lunar day to 

lunar night; it is a perfect vacuum at the surface. The methodology combines 

availability analysis, the Pinch technology and a mathematical heat rejection 

model to minimize energy requirement and the lift-off mass from earth. The 

availability analysis is used to identify process irreversibilities and to 

determine the quality of energy from various exit streams. The Pinch 

technology is used to identify hot and cold streams for potential process heat 

integration. The heat rejection model is used to optimize the radiator area 

with temperature as the driving factor. 

The methodology presented allows one to identify all power 

consumption, production and rejection in the process, and then determine the 

feasibility of heat and work integration without a significant mass penalty. It 

provides a means to design a power system to minimize waste energy. This 

would result in reduction of the power requirement, cost of power and the 

power system's mass. 
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The hydrogen reduction of ilmenite process for oxygen production on 

the Moon is used as a case study to demonstrate the energy analysis 

methodology. The study was limited to the reduction and electrolysis 

processes. The availability analysis estimated that the two processes reqwred 

56 kW to meet sensible heat and heat of reaction demands but produced 53 kW 

of process irreversibilities. This 53 kW of unavailability included 9.4 kW of 

energy potential in the product solid stream and product oxygen stream. The 

Pinch technology found that the product solid stream and product oxygen 

stream may be split to help meet the heating demands of the feed ilmenite 

stream. This would reduce the 56 kW of power demand by 24%. If oxygen 

were to be brought from 1273 K to 300 K, its entire heat content may be 

recovered and heat rejection is eliminated. The heat exchanger area 

requirement is estimated to be more than ten times the radiator area if the 

radiator were operated at 1273 K. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Lunar mining and manufacturing processes have been studied in recent 

years for establishing lunar bases. Such activities could have tremendous 

thermal and electrical power requirements. Some of these power requirements 

are wasted due to process irreversibilities and inefficiencies. The design of 

appropriate energy systems for the processes must be optimized for capital and 

recurring costs. Normally for earth-based systems, the capital cost applies to 

the initial cost of the energy system, which depend on the nature of the 

industrial process alone. The recurring cost include fuel and system operation 

and maintenance (O&M). For space or lunar based system, capital cost 

includes the initial cost of the energy system, the transportation cost which 

depends on the lift-off mass from earth, and special set-up cost in space. The 

recurring cost includes fuel, O&M and associated transportation cost. 

As with the earth based system, the type of energy system to be used 

depends on the location (whether it is in orbit, on the near-earth or far side of 

the moon, etc), the manufacturing process requirements and the operating 

conditions. Unlike on earth, heat rejection in space and on the moon depends 

strictly on radiation into space. The radiator subsystem may be a significant 
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portion of the energy system's mass. In addition, the energy supply system 

should be designed with as much automation as possible to minimize human 

operation and maintenance, and with safety and reliability features to 

minimize unnecessary system shutdown. All these concerns add extra costs 

to the system. 

The major components of an energy system include: the heat generation 

system, the power conversion system, and the heat rejection system. An 

optimized energy system is one which minimizes energy waste and at the same 

time minimizes overall system mass and maximizes safety and reliability. 

Waste energy should be recycled as heat or work where needed. The heat 

rejection temperature puts a lower limit on the leaving waste energy stream 

temperature from either a process or from energy recovery. This limits the 

amount of energy available for recovery. 

1.2 Objective 

The objective of this dissertation is to develop a general methodology to 

optimize energy systems for lunar-based manufacturing processes which 

require high temperature. The methodology combines availability analysis, the 

Pinch technology and a heat rejection model to minimize energy requirement 

and lift-off mass from earth. The hydrogen reduction process of ilmenite to 

produce oxygen on the moon is presented as a case study. Availability is the 
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maximum possible work conversion of disordered energ-y into ordered energy. 

Availability analysis is a method which accounts for the quality of energy. It 

is used to identify thermodynamic irreversibilities in the processes. The Pinch 

technology is a method used to maximize the recovery of thermal energy 

content in waste streams through either heat or work integration. It is used 

to organize hot and cold process streams for appropriate heat exchanger 

arrangement and turbine location. The mathematical heat rejection model is 

used to optimize the radiator area requirement. 

1.3 Literature Review 

Examples of lunar activities which require high temperature include: 

processing of lunar ilmenite to produce oxygen at plasma temperature (above 

3000 K) (Allen, Prisbrey and Detering, 1988); ranlcine cycle nuclear power 

production at 1400 K turbine inlet temperature for space applications (Angelo 

p 81, 1985); production of aluminum and silicon from lunar anorthositic soil at 

1300 K process temperature (Keller 1988), and casting of magma structures by 

melting lunar basalt at 1500 K (Khalili 1990). Power requirements of various 

space activities and the appropriate power systems have been well studied 

(Hord 1985, Sovie 1988, National Research Council 1989). Hord compared the 

1985 state of the art technology of various systems for photovoltaic energy 

conversion, chemical energy conversion and storage, thermal-to-electric energy 
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conversion and power systems management and distribution. Sovie discussed 

the broad-based advanced power systems technologies being developed by 

NASA in order to meet future needs. The National Research Council study 

examined the power requirements at several modes of operation for the space

based Strategic Defense Initiative (SDI) missions as well as for non-SDI 

military and civil space missions. Power requirements and power systems 

trade-off studies for a lunar oxygen pilot plant have been examined (Eagle 

Engineering 1988). Heat rejection systems design and their locations on the 

moon have also been investigated (Angelo Chapter 6 1985, Burke 1978, Lord 

& Venable 1990). Hydrogen reduction of lunar ilmenite has been closely 

investigated because its terrestrial process is well understood (Agosto 1985, 

Gibson & Knudsen 1985, Gibson et al. 1990, Williams 1985) 

Fifteen key parameters have been identified as influencing the costs of 

developing and operating lunar oxygen production systems (Simon 1985). Of 

these, power requirement, cost of power and power system mass ranked among 

the highest in capital cost impact. Availability analysis and Pinch Technology 

have been widely applied in terrestial industrial processes but have not been 

applied in space manufacturing processes. The methodology developed in this 

dissertation will minimize power requirement and the system mass, which 

would help reduce the capital cost of lunar oxygen production. However the 

methodology is applicable to all thermal manufacturing processes on the Moon. 
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1.4 Scope 

The scope of this dissertation is the general energy analysis methodology 

and its three main analyses: availability, Pinch, and radiation heat rejection. 

For illustrative purpose the methodology is applied to only the chemical 

process portion of the lunar pi~ot plant. In an actual energy system design, the 

entire plant, including the power conversion, mining, screening and 

beneficiation, will need to be examined carefully to maximize energy recovery, 

and minimize energy and mass requirements. 

1.5 Sequence of Presentation 

In Chapter 2 the general method for energy analysis is examined. An 

introduction to availability analysis is presented in Chapter 3. An introduction 

to process integration using Pinch technology is given in Chapter 4. The heat 

rejection model is proposed in Chapter 5. The energy analysis methodology is 

illustrated in Chapter 6 using the hydrogen reduction of ilmenite to produce 

lunar oxygen on the Moon as a case study. The energy analysis methodology 

is summarized in Chapter 7. Findings from the case study are discussed. 

Applications of the methodology are identified. Recommendations are made 

in areas where further investigations are required. 
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CHAPTER 2 

ENERGY ANALYSIS METHODOLOGY 

The purpose of an energy analysis is to determine the power 

requirements of a process and how they can be used efficiently. Energy 

efficiency can be accomplished by waste heat recovery and process technology 

improvement. The traditional method to identify opportunities for waste heat 

recovery and process improvement is to apply the Second Law of 

Thermodynamics to find process irreversibilities. Examining the causes of 

irreversibilities will then lead to process improvement and waste energy 

reduction. For space applications, a further consideration is the lift-off mass 

from earth of the power system. A power system which uses waste energy for 

heat and work may not be cost effective if it requires too much extra 

equipment and system mass. Thermodynamics and heat transfer principles 

are applied in the energy analysis methodology presented here for the 

determination of: power requirements, process irreversibilities, optimum heat 

rejection temperature of high quality (energy potential) waste streams, possible 

available waste energy for recovery which in turn impacts power demands and 

system mass. 



21 

2.1 Energy Analysis Procedure 

The procedure to perform a detailed energy analysis to minimize 

energy and mass requirements is as follow: 

1. Identify the type of energy (thermal, electrical or either) used 

in the manufacturing process as well as supporting facilities. 

2. Estimate the energy requirements and irreversibilities of each 

energy usage. 

3. Identify and estimate the thermal, mechanical and chemical 

availability in each waste energy source. 

4. Optimize the radiator area using heat rejection temperature as the 

driving factor. 

5. Recalculate the energy potential of waste energy sources at the 

radiator temperature to optimize area. 

6. Determine how the thermal, mechanical and chemical 

availability might be utilized to reduce energy requirements 

obtained in step 2. 

7. Find the area per unit power of each power system option (energy 

rejection vs energy recovery). 

8. Determine impact of energy recovery on power demands and power 

system's mass. 
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The items to be obtained in each step of the energy analysis 

methodology are illustrated in Figure 2.1. Step 1 and 2 will be discussed in 

this chapter using the hydrogen reduction of ilmenite process for lunar oxygen 

production as a case study. The availability analysis to be performed in Step 

3 is discussed in further detail in Chapter 3. The heat rejection model to 

accomplish Step 4 is discussed in Chapter 5. Pinch technology, which is 

applied to determine how the thermal availability (part of Step 6) could be 

recovered for heat and work integration is discussed in Chapter 4. Results of 

the energy analysis on the case study are summarized in Chapter 6. 

2.2 Sources of Energy Consumption of the Case Study 

The hydrogen reduction of ilmenite for production of oxygen on the 

Moon is used as a case study to illustrate the energy analysis methodology. 

Figure 2.2 is a simplified block diagram of the lunar oxygen production plant. 

Ilmenite is extracted from lunar regolith. It is then passed through a reactor 

at high temperature to react with hydrogen. Water vapor is formed in the 

reaction. The water vapor is then electrolyzed to separate the hydrogen and 

oxygen. The hydrogen is returned to the reactor. The oxygen is then cooled 

and sent to storage in gaseous state or liquefied and stored as liquid. The 

process requires both thermal and electrical power. The energy consumption 

of the lunar oxygen production plant is identified by type in Figure 2.3. 
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J/ 
Energy type: Availability at 

thermal, optimum 
electrical etc. radiator temp. 

,1/ ,I., .. 
Energy Energy 

requirements & recovery 
Irreverslbilities opportunities 

,1/ ,t 
Availability Energy 
of waste per unit 

streams area 

--1 --1 
Optimum Power 

requirements & radiator area system mass 

1 

Figure 2.1. Items obtained in each step of the energy analysis methodology. 

Nuclear 
or Solar 

Heat 
Source 

Figure 2.2. Simplified schematic of a lunar oxygen production plant. 
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Electric power is needed: 

1. to mine, load and transport the lunar regolith. 

2. to crush the regolith to the proper size and to separate 

ilmenite from the regolith. 

3. to transport the ilmenite to the processing plant. 

4. to separate gas from hydrogen gas from the solid slag. 

5. to electrolyze steam. 

6. to run the fans, pumps, compressors and conveyors. 

7. to cool oxygen for life-support or to cryogenically liquefy 

oxygen for storage. 

Thermal or electric power may be used to meet the heating requirements of the 

ilmenite reduction and el~ct:rolysis processes. ___ .Other ... _potential .. POW!)!" 

consumption for the plant include: heating and air conditioning, hot water 

heating, instrumentation and other plant monitoring equipment. 

The sources of waste energy are found in the following areas: 

1. The Carnot efficiency for a dynamic. power conversion system 

is about 40%. The efficiency is much less for a static power 

conversion system. Thus at least 60% of the power produced 

is either lost in the process or must be rejected to the 

environment. 
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Figure 2.3. Sources of energy consumption in a lunar oxygen plant. 

2. If high temperature electrolysis is employed, oxygen is 

produced at 1273 K. If oxygen is used for life support, the 

required temperature is around 300 K. Ifit is to be stored as 

a liquid to be used as an oxidizer, then the required 

temperature is around 90 K In either case, tremendous 

amount of heat must be rejected. 

3. If electrolysis is operated at around 300 K, then the H/H20 

gaseous products from the reaction must be cooled from 

1273 K. 

25 

n 
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4. The slag from the ilmenite reduction exits the reaction at 

1273 K and is returned to the lunar environment, where the 

ambient temperature may range from 110 K to 390 K As 

with the oxygen stream, tremendous amount of heat is 

wasted. 

This study will concentrate on the reduction and electrolysis processes 

to determine if waste heat from the processes may be recovered as heat or 

work without adding significant equipment mass to the system. 

2.3 Energy Requirements of the Case Study 

The energy analysis is confined to the "Boiler/Chemical Reactor" and 

"Electrolyzer" boxes enclosed by the dashed lines of Figure 2.2. The hydrogen 

reduction of ilemenite requires heating of the feed ilmenite and hydrogen 

streams from their respective supply temperatures to the required reaction 

temperature. Since the heat of reaction is positive at this temperature, heat 

must be added to the reactor to maintain the reaction. The sensible heat for 

feed ilmenite, ql is 

ql = [h(Tr,Pr) - h(Til'pil)]FeTiO, , 

h(T 'p)FeTiO. = 1TCp,FeTio,(T) dT + Vm,FeTiO,(P - P ref) 

"" 

(2.1) 

where TI" PI' are the temperature and pressure of the chemical reactor, Til' Pil 

are the supply temperature and pressure of the feed ilmenite. In the 
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calculation, an isobaric process was assumed and Pil was set to equal Pro Trof 

is the standard temperature; the standard conditions, Trof and Prof are 

considered to be 298.15 K and 1 bar. Vm is the molar volume. The sensible 

heat, <h required to heat feed hydrogen is 

q2 = n2 x [h(T)H - h(Ti2 )H] 
nl 2 2 

(2.2) 

h(T)H. = 1TCp.H.(T)d(T) .., 
n2ln1 is the molar ratio of feed hydrogen to feed ilmenite. As explained later 

in Chapter 6, a ratio of 10 is used in order to have a 90% (molar) yield of 

hydrogen. The heat of reaction, ~ is obtained from the formation enthalpy of 

the reactants and products: 

(2.3) 

N2In1 is the ratio of the number of moles of hydrogen being reacted with 

ilmenite and is assumed to be 1. One mole of FeTi03 is reduced with 1 mole 

ofH2 to form x mole of H20, x mole of Ti02, (1-x) mole of FeTi03, x mole of Fe 
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and {l-x) mole of H2• The formation enthalpy of a compound at any state 

having temperature, T and pressure, P other than the standard state is: 

hr,compound(T,P) = h/ + hcompoUnd(T,P) - Ehekm£nts(T,P) 

h/ = hf.TrePPrer) 
(2.4) 

The electrolysis requires both thermal and electrical energy. It is 

assumed that electrolysis takes place at the same temperature as the reduction 

temperature, Tr • The minimum energy required is the heat of reaction. The 

electrical energy required is equal to the Gibbs free energy of formation, gr 

modified by the reaction yield: 

(2.5) 

The thermal energy required for electrolysis is given by 

(2.6) 

The energy requirement for each process is presented in Table VI-I. 
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CHAPTER 3 

AVAILABILITY ANALYSIS 

Availability analysis, also known as exergy analysis, is a method to 

account for the quality (or work potential) of energy (Moran 1989, Kotas 1985). 

Availability is the maximum possible work conversion of disordered energy into 

ordered energy. The quality of energy depends on its randomness: the quality 

of ordered energy is invariant, that of disordered energy is variable and 

depends on the system parameters and the environment. Ordered energy is 

of two types: potent.ial energy such as a body in a gravitational force field or 

strain energy stored in spring; and kinetic energy such as spinning flywheel 

or a jet of fluid. Ordered energy in a reversible process is fully convertible 

through work interactions to other forms of energy. Disordered energy can be 

characterized thermodynamically by entropy and parameters of the system and 

environment. Examples of disordered energy are heat, chemical energy and 

turbulent fluid. The First and Second Laws of Thermodynamics are used in 

availability analysis to obtain an upper limit on the amount of work which 

could be obtained from a device. 

In order to compare the quality of one form of energy to another, a basis 

of comparison must be established. The conventional approach is to use the 

environment as the reference. The difference between the state of a system 
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and the environment gives one energy potential, while the difference between 

another state of the system and the environment gives another energy 

potential. Therefore the environment and its thermodynamic state must first 

be defined (Kotas pp. 33-34): 

Environment - the environment is a large homogeneous medium which 

is In perfect thermodynamic equilibrium. It experiences no changes in 

temperature, pressure, or chemical potential. 

Dead state - A system is in the dead state when it is in full 

thermodynamic equilibrium with the environment. The system is at the 

environmental (ambient) temperature and pressure, Tn' Pn, respectively, and 

the chemical potentials of the substances of the system are equal to those of 

the environment. 

Restricted dead state - A system in the restricted dead state is in 

thermal and mechanical equilibrium, but not chemical equilibrium with the 

environment. 

A system which differs from the environment in one or more of the 

following parameters: pressure, temperature, chemical potential, has a work 

potential with respect to the environment. This means that availability has 

three components: pressure, temperature and chemical potential. Availability 

defines the maximum work obtainable from the system interacting with the 

environment as the system is brought from its initial state to the dead state. 
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A system may be closed or open. A closed system is one in which there 

is no flow of matter across the boundary between the system and the 

environment; an open system is one in which there is mass flow across the 

boundary. In general control mass analysis is used to model a closed system 

while a control region or control volume analysis is used to model an open 

system. 

3.1 Availability of Closed (Non-flow) Systems 

Consider a system having both energy and chemical exchanges with the 

environment (Moran: 122-134). Figure 3.1 shows the combined control mass 

and environment, and the interactions between them. 

The internal energy, U, for the control mass is 

(3.1) 

where S is entropy, V is volume, and Nk, k=1. .. n, is the number of moles of 

substance k in the system. The total differential of U is 

au au n au 
dU = -lv.rf1S + -ls.rf1V + E-lsv,NdNk, Z,Fk as av k .. l aNA; · r 

The partial derivative terms are defined as: 

au 
-p :: -ls,N ; av 

au 
Ilk :: aN Is,v,Nr 

A; 

(3.2) 

(3.3) 

The first two terms are the thermodynamic definitions of temperature, T and 

pressure, P. The third term in Eq (3.3) represents the chemical potential of 



· · · · , · · · · · · , , , · , 
· . . 

Heat 
and 
work 

-_ ...... _ ... _----- ........ . 

E§vironment at 
T , P , lJ. ,k=1 ... n 
a a K 

Control 
mass 

interactions '"'*~==-
T, P, 1\ 

(k=1, ... n) 

. ......... 

............. 

..... /\ 

. 
· · · · · I 

, 
, . , , , 

.G6ntrol surface of 
...... combined system 

. and environment 

32 

Figure 3.1. Definition of environment and system for control mass availability 
analysis. 

substance k. Just as T and P, p. is an intensive property. Eq (3.2) then 

becomes: 

n 

dU = TdS - PdV + :E 1J.1fiN" 
"'"1 

(3.4) 

Eq (3.4) represents the total differential internal energy equation for an open 

system with variable composition. The first term on the right side of the 

equation shows the effect of heat transfer; the second term shows the effect of 
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work due to change in volume and the summation term shows the effect of 

change in composition on the internal energy of a system. Eq (3.1) becomes, 

n 

U = TS - PV + ENk~k 
pl 

(3.5) 

Substituting the definitions of enthalpy H=:U+PV and Gibbs free energy 

G=H-TS into Eq (3.5), the Gibbs free energy, G is given by 

n 
G = ENk~k (3.6) 

pl 

For any extensive property M = M(T,P,NH ... ,Nn), the partial molar 

property of substance k is 

- aM 
Mk = aN IT,P,Nt 

k 

The total property M is related to the partial molar property Mk by 

n 

M(T,P,Nl'···,Nn) = ENk Mk(T,P,Nl,···,Nn) 
pl 

(3.7) 

(3.8) 

Thus from Eq (3.6), the chemical potential of component k in a mixture equals 

the partial molar Gibbs function of the mixture: Pk = Gk• 

Let internal eIl:ergy UIl, volume VIl, entropy SIl, temperature Til' pressure 

PIl, and chemical potential J..1kll, (k=1. .. n) represent the properties of the 

environment containing n substances. Let Nk (1 represents the number of moles 
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of substance k in the environment. The internal energy of the environment is 

given by 

n 

utJ = Tasa - PaVa + EN:Il: 
pl 

(3.9) 

Let internal energy E, volume V, entropy S, temperature T, pressure P, and 

chemical potentials 1lk represent the properties of the control mass initially. 

The extensive properties of the combined environment and control mass 

initially are (UU+E), (V°+V) , and (so+S). After equilibrium is reached the 

change in energy of the combined control mass/environment equals its change 

in internal energy: 

n 
= Ta(sa + S + a~ - Pa(ViJ + JI) + E 1l:(N: + N/r.) -

/r.ul 
n 

[(T~iJ - PiJViJ + E ~'f.N: + E] 
p1 

n 
= T S + T a - P V + E niJl\,/r. - E iJ iJ C iJ r-,\"', 

pl 

(3.10) 

Uct is the internal energy of the combined control mass/environment at 

equilibrium, O'c is the entropy production and ToO'c represents irreversibilities 

in the process; the subscript c represents the control mass/environment 
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combination. When the control mass system reaches equilibrium with the 

environment, the work obtained from the interactions is We: 

n 

W =-AE =E+PV-T·~-ElLa"Nk-Ta C C C2 ~ ,.. (JC 
pi 

(3.11) 

For reversible processes, TuO'e = O. Availability is the maximum possible work 

obtainable from the combined control mass/environment: 

n 

A = Wc,max = E + P(JV - T,) - EJ.L~ Nt 
""1 

(3.12) 

E+PuV is the pressure component of availability, TuS is the temperature 

component and the summation term is the chemical component. Chemical 

availability is the maximum work obtainable by the combined 

system/environment when a system is brought from the restricted state to the 

dead state through heat transfer and chemical exchanges with the 

environment. 

Thus far only a non-flow system has been considered. The next section 

addresses availability of flow systems. 

3.2 Availability of Open (Flow) Systems 

Consider a control region containing a mixture of substances as defined 

in Figure 3.2. Heat exchanges occur at different temperature across the 

control surface. Streams of matter flow in and out of the control region. 
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Figure 3.2. Definition of environment and system for control region availability 
analysis. 

The energy balance Ecr on the control region is given by 

flEer = EQr + Em(e+Pv)in - Em(e+Pv)olll - W::r - ~haft 
r in Dill 

- E(~:-~ka)Nk 
(3.13) 

" 

e 

Lm(e+Pv) 

is the total heat transfer across the boundary between the control 
region and the various thermal reservoirs r. 
is the sum of internal energy, kinetic energy and potential energy: 
e = u + ke + pe. 
is the total flow energy into and out of the control region at 
different locations across the boundary. 
is the work due to change in volume of the control region. 
is the shaft work. 
is the chemical potential of substance k in the control region at 
the restricted dead state. 
is the chemical potential of substance k in the environment. 
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Neglecting ke and pe, (e + Pv) = h. This term represents the flow work. The 

net useful work, Wem is the work due to change in volume·and is equal to (W CT -

p 04 V), where Pall V is the work due to the pressure of the environment on the 

control region. The last summation term represents the work obtained from 

a chemical reaction as the control region is brought from the restricted dead 

state to the dead state. 

The change in entropy of the control region, IlSCT is 

(3.14) 

where is the LQ/fr is the total entropy due to heat transfer between the 

control region and the various thermal reservoirs at temperature Tr, L(ms)in 

and L(ms)out are the entropy from the flow of matter into and out of the control 

region, O'er is the entropy production within the control region. 
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Multiplying Eq (3.14) with Tn and subtracting the resultant equation 

from Eq (3.13) gives 

T 
Jl.E - T AS = :E(l-~)Q + cr 0 cr T r 

r r 

L[m(h-T~)]in - .E[m(h-Ta-Y)]oot -
in O~ 

/I 

L(J.L: - J.L~ N" - Toacr 
" .. 1 

't"" Ta W + W~_ = ,t...(l--)Q + 
~ ~~. T r 

r r 

:E[m(h-T~)in - .E[m(h-T~)out -
In out 

(AEcr +PaA Vcr - ToASc) -

L(J.L:-J.L~N" - Taacr 

" 

(3.15) 

(3.16) 

The last term in Eq (3.16), TnO'er is the lost work due to irreversibilities in the 

control region. Availability for the control region is the work obtained if all the 

processes within the combined control region/environment were reversible: 

(3.17) 

The right hand side on the first line of Eq. 17 is the availability associated 

with heat transfer, the second line is the availability associated with flow of 
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matter into and out of the control region, the last line is the non-flow 

availability of the control region, with the last term being the chemical 

availability. 

3.3 Availability on the Moon 

By definition, availability is the thermal, mechanical and chemical 

energy potentials of a substance at any state with respect to the environmental 

state. Therefore proper choice of the environmental conditions Ta, Pa' and Pka 

is very important. On the Moon, the ambient temperature ranges from 110 K 

to 390 K. It is a perfect vacuum at the surface as it does not have a gaseous 

atmosphere. When the working substance is a gas, as might be for chemical 

processing in space, the non-existence of an atmosphere and gases make it 

difficult to define the environmental reference pressure and chemical 

substances for two reasons. First, it would be unfeasible to expand a gas to 

zero pressure since the volume of the container will be extremely large. 

Instead the pressure at which the gas would be stored might be selected as the 

reference pressure. Second, the environment is in stable equilibrium by 

definition. On the Moon there is no equilibrium for gases. Any gases released 

to the environment would escape into space due to the Moon's low surface 

gravity. Therefore reference gases can not be established. In addition, the 

Moon's stable environmental chemical substances in the soil may be different 
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from those on Earth, therefore lunar reference substances need to be identified 

and their chemical potentials at the lunar standard temperature and pressure 

need to be established properly prior to performing any availability analysis. 

The reference substances must be in equilibrium with the environment. It is 

beyond the scope of this work to identify reference substances for selected 

elements applicable to the Moon. In the case study discussed below, only the 

thermal energy availability is considered and the ambient temperature is 

assumed to be 250 K From the thermal availability analysis, process 

irreversibilities and thermal availability of waste streams are determined. 

3.4 Availability of the Case Study 

The case study is the production of oxygen on the Moon from hydrogen 

reduction of lunar ilmenite. The availability analysis was broken down into 

two parts: one for reduction and one for electrolysis. Figure 3.3 shows the 

model used in the availability analysis. The availability of the reduction 

process consists of: the sensible heat q},2 added to the ilmenite and hydrogen 

input streams to raise the streams to the desired reaction temperature; the 

enthalpy of reaction ct-; and the flow (h - Tas) at the inlet and outlet. The 

availability of electrolysis consists of the stream availability at the inlet and 

outlet, the sensible heat CL, and the work We required for the reaction. The 

minimum amount electrical work required for electt"Olysis is equal to the Gibbs 
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free energy of formation, which equals the difference between the heat of 

formation and the sensible heat transferred. 

On a molal basis, the process irreversibility TaO' is 

(3.18) 

where Ta is the environmental temperature, and 0' is the entropy production 

of the processes being considered in the control region; Tr , P r are the 

temperature and pressure of the chemical reaction; Lq is the total heat 

transferred during the reaction ('+' for heat added); P is the flow availability 

and w is the work (' -' for work required for the reaction to proceed); h and s are 

enthalpy and entropy respectively. The solid streams are modeled as 

incompressible fluid and the gaseous streams are modeled as ideal gases. 

Appendix A is a brief review of the thermodynamic equations for 

incompressible fluids and ideal gases. Only the availability associated with 

heat transfer and flow are considered here. Pressure availability is neglected 

based on the assumption that the process is isobaric throughout. Chemical 

availability is not considered based on the assumption that the substances do 

not interact with the chemical substances in the environment. Results of the 

availability analysis are discussed in Chapter 6. 
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CHAPTER 4 

PROCESS INTEGRATION 

In Chapter 3, availability analysis was introduced to determine 

process irreversibilities and energy potential of process streams with respect 

to the environment. The energy potential in process exhaust streams may be 

utilized by examining the process energy requirement either in the form of 

heat or work. Process integration using Pinch Technology was developed by 

Professor Bodo Linnhoff of Leeds University. The Pinch technology makes use 

of the hot and cold streams in a process to optimize heat recovery and heat 

exchanges between the streams. The hot streams are those which need to be 

cooled, the cold streams are those which need to be heated. The general 

approach of the Pinch Technology is to combine all the hot streams in the 

process and plot them on an enthalpy versus temperature chart called the hot 

composite curve. All the cold streams are also combined as a separate curve, 

the cold composite, on the same chart. The point where the smallest 

temperature difference, called the minimum approach temperature (MAT), 

occurs between the two curves is the Pinch. Figure 4.1 illustrates the central 

idea of Pinch technology. Hot streams above the pinch should be used to 

preheat cold streams with supply temperature above the pinch. Cold streams 

below the pinch should be used to precool hot streams with supply temperature 
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Figure 4.1. Pinch technology hot and cold composite curves. 
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below the pinch. This means that there should be no heat exchange across the 

pinch temperature. The Pinch technology identifies possible heat integration 

opportunities by examining the entire thermal energy supply and demand in 

a process; at the same time it gives the minimum heating and cooling 

requirements of the process. 

The procedure for the Pinch technology is discussed in detail in User 

Guide on Process Integration for the Efficient Use of Energy (Linnhoff 1982). 

The general steps are: 

1. Identify all the streams which need to be heated (cold streams) and 

all those which need to be cooled (hot streams). 
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2. Find the flow rate, specific heat, supply and target temperature for 

each stream. 

3. Select a global minimum approach temperature (MAT). 

4. Use either the composite curves method or the problem table analysis 

to predict energy targets. 

5. Use the stream heat exchange grid to match the streams. 

6. Determine the location of the heat engine or heat pump, if applicable. 

The procedure may best be illustrated by applying it to the Lunar Oxygen Pilot 

Plant. Figure 4.2 is a simplified diagram of the plant. For simplicity, only the 

processing part is considered in the analysis. 

4.1 Step 1: Identify Hot and Cold Streams 

Referring to Figure 4.2, the cold streams are the ilmenite (str# 1) and 

hydrogen (str# 2) supply streams into the chemical reactor. The hot streams 

are the oxygen stream out of the electrolyzer (str# 7) and the solid stream out 

of the chemical reactor (str# 5). 

4.2 Step 2: Find the Physical Parameters of the Streams 

Ifhigh temperature electrolysis is used, the steam out of the chemical 

reactor will be converted stoichiometrically to oxygen and hydrogen in the 

electrolyzer at the same temperature as the reactor, thus the electrolyzed 

hydrogen would not need to be heated. In practice however, there would be a 
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Figure 4.2. Hydrogen reduction of lunar ilmenite process block diagram for 
Pinch analysis. 
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slight loss of hydrogen so that the main hydrogen stream is mixed with a small 

amount of feed hydrogen, leading to a slight drop in temperature. In this 

analysis the return hydrogen at 1273 K and mass flow rate of 8.376 kg/hr is 

assumed to mix with the makeup hydrogen at 31.5 K and 0.395 kg/hr. The 

weighted average temperature of 1216 K is assumed for the mixture. The 

supply temperature and heat capacity of each stream are listed in Table IV-1. 

The specific heats given are average values over the temperature range for 

each stream. 

4.3 Step 3: Select Global Minimum Approach Temperature 

Global minimum approach temperatures of 20 K and 50 K will be 

used to see how the results differ. 

4.4 Step 4: Set Energy Targets 

The energy targets are obtained by finding the pinch point between 

hot and cold streams for the :MAT selected in Step 3, as well as the minimum 

hot and cold utilities required by the process. The minimum hot and cold 

utilities required are the energy targets. This step may be accomplished either 

with the composite curve method or the problem table method. The composite 

curve method provides a clear conceptual understanding of the problem, while 

the problem table method is simpler to use. 
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Table IV-1 Stream data for reductionlhigh temperature electrolysis 

Str HlC Name ril, cp' To, T t , 

No. kg/h kJ/kg K K K 

1 C Feed FeTi03 66.026 0.775 253 1273 

2 C Feed H2 8.771 15.580 1216 1273 

7 H 02 5.952 1.063 1273 300 

5 H Slag 59.760 0.689 1273 250 

4.4.1 Step 4a: Set energy targets with composite curves 

The composite curves consist of a hot stream composite curve and a 

cold stream composite curve plotted on an enthalpy vs temperature diagram. 

Even though enthalpy is a function of temperature, the horizontal axis is 

enthalpy and the vertical axis is temperature. Starting with hot streams, 

identify temperature intervals in which several hot streams are present and 

intervals in which only one stream exists and arrange the intervals by 

decreasing temperature, ie. the upper temperature of interval 1, T I , is the 

highest temperature among the hot streams, and the lower temperature of the 

lowest interval (interval n-1, between endpoints n-1 and n), To, is the lowest 

temperature among the hot streams. Let the enthalpy value at To be O. The 

enthalpy at T 0.1 is the enthalpy of all the streams present in interval n-1 

between Tn.l and Tn' The enthalpy at Tn.2 is the cumulative sum of the 



49 

enthalpy at Tn•l and the enthalpy of all the streams present in interval n-2 

between Tn•2 and Tn• l • In general the enthalpy may be represented by the 

following equations: 

hn = 0, 

" Ii, = E(mc)j(T,-T,_l) + Ii,_l' i = n-1 to 1, k = 1 to ~ K 
J-l 

(4.1) 

where i is an interval endpoint, j is a stream in a temperature interval, k is 

the total number of streams in the temperature interval, K is the total number 

of hot (or cold) streams, and n is the number of data points on the composite 

curve. The enthalpy at Til h(TI ), represents the total heat content of the hot 

streams. Repeat the procedure for the cold streams. 

Table IV-2lists the temperature and enthalpy values at each interval 

endpoint for the hot and cold streams. Using this data, the hot composite 

curve is obtained by plotting the h(T), Tj values on an enthalpy-temperature 

diagram, with enthalpy on the x-axis. On the same enthalpy-temperature 

diagram, temporarily plot the cold composite curve, and note the point where 

it would be closest to the hot composite curve without them intersecting. Shift 

the cold composite curve along the temperature line corresponding to this point 

until the temperature difference between the hot and cold composite curve at 

this point equals the MAT. This is the pinch for the chosen MAT. Figure 4.3 

shows the composite curves. The cold composite curve has been shifted from 
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Table IV-2 Composite curves interval data 

Hot Stream Composite Cold Stream Composite 

Int 1 T, K H, kJlhr Int 1 T, K H, kJlhr 

1 1273 48.28E3 1 1273 59.98E3 
1 

2 300 2.06E3 
1 

2 1216 49.28E3 

2 3 250 O. 2 3 253 O. 

its h(Tn)=O by .1h=947 kJIhr, where the MAT equals 20 K, and by 

.1h=2029kJIhr for a MAT of 50 K The corresponding pinch temperature is 263 

K and 278 K respectively. 

4.4.2 Step 4b. Set energy targets with problem table 

The composite curve method finds the pinch by shifting the cold 

composite curve back and forth along a temperature line. This can be 

cumbersome and imprecise. The problem table method allows the pinch for a 

given MAT to be obtained precisely with simple algebra. 

A temperature interval table is created based on the stream data in 

Table IV -1. The temperature intervals here are different than those selected 

in the composite curve method. In the composite curve method separate 

temperature intervals are set up for hot and cold streams. In the problem 

table method, temperature intervals are set up based on the supply and target 
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60 

temperature of all hot and cold streams, ranked in decreasing order. From the 

ranked supply and target temperatures, interval boundary temperatures are 

set at ¥2(MAT) below hot stream temperatures and ¥2(MAT) above cold stream 

temperatures. This is to insure that the MAT is met within any intervals. 

The enthalpy value in a temperature interval is given by: 

(4.2) 

Table IV-3 shows the temperature interval data for 20 K MAT. The enthalpy 

values are for the temperature intervals and not the interval endpoints. 

Positive interval enthalpies mean that there is an energy deficit in the 
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Table IV-3 Problem table intervals for 200K MAT, with net heat capacity and 
enthalpy for each temperature interval 

Stream no. in interval i Enth. 
Bnd. 1 2 5 7 :ECc-:ECh ~ 
Temp 1 kJ/hr K kJ/hr 

1283 

1263 1 X X - - 187.82 3756 

1226 2 X X X X 140.32 5192 

290 3 X - X X 3.67 3434 

263 4 X - X - 9.99 270 

240 5 - - X - - 41.17 -947 

interval. The one negative enthalpy in the last temperature interval indicates 

an energy surplus from the interval. In Table IV-4, column 4 shows the 

cumulative enthalpy values of the interval enthalpies from Table IV-3, with 

zero hot utility added to the first interval. The cumulative enthalpy in the last 

interval, i=5, is the net enthalpy balance on all the streams. The cumulative 

enthalpy at interval 5 continues to be negative even though there is an energy 

surplus. To correct this condition 12652 kJ/hr must be added from hot utility 

so that the energy out of interval 4 is O. Column 5 in Table IV-4 shows the 

revised cumulative enthalpies with the added hot utility. The cumulative heat 
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Table IV-4 Problem table intervals for 200K MAT, with cumulative and 
adjusted cumulative enthalpies 

Bnd. Temp Tj-Tj+1 Cumul.h Adj. Cumul. h 
1 K kJ/hr kJ/hr 

1283 12652 

1263 1 20 -3756 8896 

1226 2 37 -8948 3704 

290 3 936 -12382 267 

263 4 27 -12652 0 

240 5 23 -11705 947 

flows from the temperature intervals could be more clearly illustrated by 

Figure 4.4. The problem table has predicted that 12652 kJ/hr minimum hot 

utility and 947 kJ/hr minimum cold utility kJ/hr are required. The position of 

the pinch is where there is zero enthalpy, at 263 K This corresponds to a 

temperature of 253 K for cold str# 1 and 273 K for hot str# 5. 

Table IV-5 shows the problem table with temperature intervals 

corresponding to 50 K MAT. As expected, with the larger minimum approach 

temperature, less heat is recovered. The resultant minimum hot and cold 

utilities increased from 12652 to 13906 kJ/hr and 947 to 2029 kJ/hr 

respectively. The pinch occurred at interval temperature of 278 K, 
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Figure 4.4, Problem table analysis, showing the minimum hot and cold utilities 
(20 0 K MAT), 



55 

Table IV-5 Problem table analysis for 500 K MAT 

Bnd. Streams in i 4djusted 
Temp i ~, kJ/hr h, kJ/hr 

1 2 3 4 

1298 13906 

1248 1 X X - - 9391 4515 

1241 2 X X X X 982 3533 

278 3 X - X X 3533 0 

275 4 X - X - 30 -30 

225 5 - - X - -2058 2208 

corresponding to a temperature of 253 K for cold str# 1, and a temperature of 

303 K for hot str# 5 and 7. 

To summarize Step 4, minimum hot and cold utility energy targets 

can be obtained by either the composite curves or problem table method. The 

composite curves method is good to use as a visual aid for the heat exchanges 

and temperature differences between the hot and cold streams. However the 

problem table method is much easier to solve and the solutions are more 

precise. 
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4.4.3 Meaning of the Pinch 

Referring to the composite curves in Figure 4.1, in the region to the 

right of the pinch, the composite hot streams transfer all their heat to the cold 

composite streams; heating is required but not cooling. In the region left of the 

pinch, only cooling is required. Thus, heat is added in the region above the 

pinch but heat is removed below the pinch. There is no heat flow at the pinch. 

4.5 Step 5: Determine the Best Energy Recovery with the Heat Exchange 
Grid 

The location of the pinch in Step 4 identified streams which are 

present above the pinch and those which are present below the pinch, i.e., only 

hot streams above the pinch can transfer heat to cold streams above the pinch, 

and only hot streams present below the pinch can transfer heat to cold streams 

below the pinch. Since there are only four streams considered for the Case 

Study, it is not too difficult to match the streams. In general, when more 

streams are considered, a heat exchange grid is used to match the streams for 

best energy recovery. The region around the pinch should be the starting point 

for the match. Immediately above the pinch, hot streams are brought to the 

pinch temperature by transferring heat to cold streams. Immediately below 

the pinch, cold streams are brought to the pinch temperature by heat transfer 

with hot streams. To determine whether a match is appropriate, the heat 

capacities of the streams are compared. 
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Figure 4.5(a) and 4.5(b) show the match feasibility for the region 

immediately above and below the pinch, respectively. Immediately above the 

pinch, the heat capacity of the hot stream (Iilcp~ must be less than that of the 

cold stream: (mc)h ~ (lhc)c. The temperature difference .1T across the heat 

exchanger can not be less than the MAT. Similarly, immediately below the 

pinch, (mc)h ~ (mc)c. These criteria do not apply away from the pinch if it is 

not required to bring the streams to the pinch temperature, as shown in Figure 

4.5(c). 

T T 

H H 
UnfeasIb10 match Unfeasible match 

T T T ~>MAT 
MAT ~ 

H H H 

FeaSible match Feasible match FeaGlblo match 

(mcJh~ (fficJc (mcJh~ (mcdc 

(a) Abovo tho pinch (b) Below tho pinch (C) Away from tho pinch 

Figure 4.5. Feasibility of matches at regions immediately above (a), below (b) 
and away from (c) the pinch. 
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Figure 4.6 is a heat exchange grid with the heat exchanger 

arrangement to maximize heat recovery. The problem table analysis found the 

pinch at interval temperature 263 K for 20 MAT. Cold stream 1 pinched at 

253 K while hot stream 5 pinched at 273 K. Immediately above the pinch, the 

hot stream capacity ~ must be less than Ce• Since both C5 and C7 are less 

than ClI cold stream 1 may be used to reduce the temperature of hot stream 

5 from 1273 K to 273 K and the temperature of hot stream 7 from 1273 K to 

300 K. The load across heat exchanger HXl is 41174 kJ/hr and across HX2 is 

6156. By splitting cold stream 1 by the same ratio, its temperature out ofHXl 

4862.2 kJ/hr' C=51.17 

253'K 

7789.0 kJ/hr' C=136.65 

1273 'K 
H 

1216 'K 
2 

C=6.327 

4~1~27=3-'K~--------~HX2~----+---------------3-00-'~K-

C=41.17 

5 1-:-12=7=3"""·K.,...------------------{ HX1 273 'K 

Hot utility = 12651.2 kJ/hr 
Cold utility = 946~ 0 kJlhr 

Figure 4.6. Energy recovery design using heat exchange grid to match streams, 
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and HX2 is 1178 K The remaining heating requirements are met by utility 

heating. Even though the Pinch technology shows a utility cooling load of 947 

kJ/hr to further cool hot stream 5 from 273 K to 250 K, in practice, the hot 

solids will be sent to a hopper and then on to a waste pile. Therefore there is 

no cooling for this arrangement. The location of the final heaters, the heat 

flows and outlet temperatures are all shown in the figure. The total energy 

requirements for this arrangement are 12652 kJ/hr heating and 0 kJ/hr 

cooling. 

4.6 Step 6. Determine the Location of Heat Engine or Heat Pump for 
Cogeneration 

If the availability analysis of the process has identified possible work 

potential (as in the case of a large pressure differential in addition to a 

thermal differential between an exhaust state and the environment), then 

Pinch technology can be applied to determine the appropriate turbine inlet 

temperature. Figure 4.7(a) and 4.7(b) show two appropriate locations for the 

turbine. Placing the turbine below the temperature pinch, Figure 4.7(a), 

reduces the minimum cold utility but does not affect the minimum hot utility. 

Placing it above the Pinch, Figure 4.7(b), reduces the minimum hot utility but 

does not affect the minimum cold utility. Placing the turbine at the pinch 

would increase both the minimum hot and cold utilities and therefore must be 

avoided. In contrast, the appropriate location for a heat pump is right at the 
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Pinch as illustrated in Figure 4.7(c). Surplus heat is "pumped" from below the 

temperature pinch to above the pinch. Thus both minimum hot utility and 

minimum cold utility are reduced. 

Heat 
Sink 

Q=O 

Heat 
Sourc 

QCmln -3W 

(a) 

Heat engine 
below the Pinch 

Heat 
Sourc 

QCmln 

(b) 

Heat engine 
above the Pinch 

QC-QA 

(c) 

Heat pump 
at the Pinch 

Figure 4.7. Appropriate location for heat engine and heat pump (Rossiter and 
Boland: 191-192). 



61 

CHAPTER 5 

HEAT REJECTION BY RADIATION 

Availability analysis was presented in Chapter 3 to determine process 

irreversibility and the energy potential of waste energy. When waste energy 

is of high quality, radiators may be used in conjunction with cogeneration or 

heat integration to reject the heat. However even for the most optimized 

design, some heat must ultimately be rejected. On the moon, the cost of 

transporting the mass of extra equipment would limit the feasibility of energy 

recovery in most situations. This chapter presents a radiation model of 

radiators on the surface of the Moon to examine factors which affect radiator 

area requirements. Since lift-off mass from earth is an important design 

consideration, in general large area implies more equipment complexity and 

higher mass. The radiation model gives the optimum temperature to operate 

the radiator which then places a limit on the amount of high quality waste 

energy which may be recovered. 

5.1 Radiator Model 

An energy balance on a radiator is depicted in Figure 5.1. The 

radiator is assumed to be elevated from the surface of the Moon so that heat 

exchange with the environment occurs in all directions. 
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Figure 5.1. Radiation exchange between radiator and the lunar environment. 

Equating Power In = Power Out under steady state, the net power 

released by the radiator is given by Eq (5.1) (Kreith 1962). 

a)i'sGIJ + aelFelcrTe4 + aJez'!eGs + 

amlFmlcrTa4 + am/!' ~mGs + p 
Ar 

= eFra(JTr~ 

(5.1) 

asFsGa is the solar radiation per unit area absorbed by the radiator. ao1Fo1aT"., 

is the terrestrial radiation per unit area absorbed by the radiator. a02Fo2AoGa 

is the solar radiation per unit area reflected from Earth absorbed by the 
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radiator. <XmlFmlaTa4 is the lunar radiation per unit area absorbed by the 

radiator. <Xm2Fm2~GB is the solar radiation per unit area reflected from the 

surface of the Moon absorbed by the radiator. EFroaTrd4 is the rate of heat per 

unit area released from the radiator into the lunar environment. The radiator 

material is assumed to have high thermal conductivity so that the surface 

temperature is also the operating temperature. P/~ is the rate of process 

waste heat supplied to the radiator per radiator area. Rearrange Eq. (5.1) to 

obtain AlP: 

~ = {EFraaTr~ - aelFelaTe4 - amlF mlaT~ 
(5.2) 

- [aj's + anJi' ~m + ae#'e~e]Gs}-\ Trd > Tm 

This equation shows the controllable factors which may have significant impact 

on the required radiator surface area are: (1) the radiator temperature, (2) 

lunar night or day operation, (3) far- or near-earth face process plant location, 

(4) the absorptivities of the radiator to the various radiation sources, (5) the 

emissivity of the radiator at the radiator temperature and (6) latitude and local 

surface features for site selection. 

5.2 Parametric Analysis of Radiation Model 

Using generic values of absorptivity (0.3), and emissivity (0.9) for 

radiator material, a parametric analysis was performed to determine the 



64 

impact of the first three factors on AjP. The IWlar night/day factor was 

controlled by setting Fa and Fm2 to either 0 or 0.5, and Til to 110 K or 390 K 

respectively. The far/near-earth factor was controlled by setting Fet and Fe2 to 

either 0 or 0.5 Radiator temperatures range from 390 K to 1200 K Figure 5.2 

and Table V-I show the analysis results. The main conclusions are: 

1. As expected by the fourth power law of radiation, operating the radiator 

at higher temperature would reduce the radiator array size. Referring to 

Table V-I the radiator size ranges from about .010 m2/kWat 1200 K to 0.15 

m2/kW at 600 K and about .35 m2/kW at 500 K. In general the radiator 

temperature is governed by the process temperature such as in a chemical 

reactor, thus the choice of radiator temperature may be constrained by other 

system requirements. At a given operating temperature Tr and waste heat 

rate to be rejected P, the AjP values may be used to compare against heat 

exchanger area requirements of other heat rejection schemes. Thus the merits 

of heat rejection through direct radiation or heat rejection through heat 

recovery may be evaluated based on the respective power and area 

requirements. 

2. At operating temperatures above 900 K, the increase in area with decrease 

in temperature is not as significant as at lower temperatures. 

3. The area between the two curves in Figure 5.2 is bOWlded by the upper 

and lower limits of radiator area as a function of operating temperature based 
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Figure 5.2. Radiator Area per unit waste heat, m2/kW, vs radiator temperature, 
lunar/day operation, far/near-earth face location. 

on the assumptions used in the analysis: the top curve corresponds to a plant 

designed to operate during lunar day on the side of the moon which faces the 

earth; the lower curve corresponds to one designed to operate during lunar 

night on the side which never sees the earth. The two curves approach 

together and coincide above 800 K. Therefore lunar night vs day operation and 

far-earth vs near-earth face location have negligible effects on the radiator area 

at radiator temperatures above 800 K: 0.0479 vs 0.0491 m2/kW respectively. 
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Table V-1 Radiator area per unit power va radiator temperature, lunar 
night/day operation, and far/near-earth face location 

Night Night Day Day 
Tr Far Near Far Near oK 

AlP, m2/kW 

1200 0.0095 0.0095 0.0095 p.0095 

1000 0.0196 0.0196 p.0198 0.0198 

800 0.0479 0.0480 0.0489 0.0491 

750 0.0620 0.0624 p.0636 0.0641 

700 0.0817 0.0824 p.0846 0.0854 

650 0.1099 0.1112 0.1152 0.1166 

600 0.1513 0.1539 ~.1616 p.1645 

550 0.2143 0.2195 0.2355 p.2418 

500 0.3138 0.3250 0.3615 0.3764 

450 0.4784 0.5049 0.5988 0.6408 

440 0.5235 0.5553 0.6710 0.7242 

420 0.6306 0.6773 0.8579 0.9467 

400 0.7666 0.8368 1.1308 1.2905 

390 0.8484 0.9352 1.3183 1.5405 
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At a radiator temperature of 600 K and on the far-earth face, lunar night 

operation requires about 0.151 m2/kW while day operation and near-earth face 

requires around 0.165 m2/kW, an increase in area of 9%. 

4. The far-earth vs near-earth face location by itself has negligible effects on 

radiator area down to operating radiator temperature of 500 K. They differ by 

about 4% for day operation. 
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CHAPTER 6 

CASE STUDY OF A LUNAR OXYGEN PRODUCTION PROCESS 

The hydrogen reduction process for production of oxygen on the Moon 

is used as a case study to illustrate the energy analysis methodology. A brief 

description of the process was given in Chapter 2.2. Figure 2.2, the simplified 

schematic of a lunar oxygen production plant, is repeated here as Figure 6.1 

for convenience. ilmenite is extracted from lunar regolith. It is then passed 

Nuclear 
or Solar 

Heat 
Source 

LOX 
Tankt<1---l 

'------' 

Figure 6.1. Simplified schematic of a lunar oxygen production plant. 



69 

through a reactor at high temperature to react with hydrogen. Water vapor 

is formed in the reaction. The water vapor is then electrolyzed to separate the 

hydrogen and oxygen. The hydrogen is returned to the reactor. The oxygen 

is then cooled and sent to storage in gaseous state or liquefied and stored as 

liquid. The process parameters used in the case study are based on the pilot 

plant design in Conceptual Design of a Lunar Oxygen Pilot Plant (Eagle 

Engineering Inc. 1988). 

6.1 Reaction Equations and Assumptions 

The chemical reactions in the chemical reactor and the electrolyzer 

are represented by the stoichiometric equations: 

FeTi03 + H2 .. H20 + Fe + Ti02 
H20 .. H2 + 112°2 

Assumptions are made to simplify the model: 

1. Impurities in FeTi03 and H2 streams do not participate in 

the reaction. 

2. Perfect gas-solid separation of products. 

3. Substances in the system do not react with substances in 

the lunar environment, that is, the solid waste stream will 

not react with the environmental substances so the chemical 

availability may be ignored. 

4. Gaseous streams are ideal gases. 

(6.1) 
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5. Solid streams are incompressible. 

6. Process is isobaric so the pressure availability may be ignored. 

Studies have shown that optimal yield for the process is at 1273 K 

and 10 atm, at which the per pass yield of hydrogen is about 9% (Gibson and 

Knudsen 1985, 1985). The yield is less at lower operating temperature. To 

take into account the yield of the chemical reactions, equation (6.1) is rewritten 

as: 

and 

N2 -x<H20> 
nl 

(6.2) 

N2 N2 N2 
+ -(l-x)<Hz> .. -yx<Hz> + -yx1

/ 2<02> + 
nl nl nl 
N2 N2 -(1-y)x<H20> + -(1-x)<H2> 
nl nl 

(6.3) 

x and y are the yields for reduction and electrolysis respectively. The per-pass 

yield of hydrogen reduction of ilmenite is between 9 and 10% (molar) at 1273 K 

(Williams 1985). For desired values of x=0.9 and y=0.95, the hydrogen flow 

rate has to be increased over the stoichiometric amount. In the analyses, a 

ratio (n2ln1) of 10 moles of hydrogen to 1 mole of ilmenite was used for the 

flow of hydrogen into the chemical reactor, a ratio (N2In1) of 1 was used in the 

remainder of the process. Figure 6.2 is the process block diagram used to 

model the reduction and electrolysis processes. 
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Figure 6.2. Lunar oxygen production via hydrogen reduction of ilmenite, 
process block diagram. 

Mass Flow calculations: 

m = P[ mt] x l000kg I 14wd 
Oz mo mt mo 

(6.4) 

Assuming 2 megagram per month (Mg/mo.) production rate and 14 working 

days per mo., rh(02) equals 142.86 kg/dy, and 5.952 kg/hr. The mass flow rates 

of feed ilmenite, feed hydrogen, and product solids are calculated as follow: 



molar mass of FeTi03 Imol of feed FeTi03 m fo«l = -------....::. X x mo 
Fono, molar mass of 02 xyl/202 1 

= 151.745 g/mol x 1 x 5.952 /cg/hr 
31.998 g/mol (0.9)(0.95)(0.5) 

= 66.026 kg/h 

. molar mass of H2 n2 . 
mftaJ = x - x m foal 

H2 molar mass of FeTi03 nl Fono, 

= 2.0158 g/mol x 10 x 66.026 kg/h 
151.745 g/mol 

= 8.771 kg/h 

ms/ag = solid products of Fe, Ti02 & FeTi03 

= [( 55.847g/mol-Fe )( 0.9mol-Fe ) 
151.745g/mol-FeTi03 Imol-FeTi03 

79. 899g/molno 09mol-Ti02 
+ ( 2 )(. ) 

151.745g/mol-FeTi03 Imol-FeTi03 

+ 0.1] x 66.026kg/h 

= 21.870kg-Fe + 31.288kg-Ti02 + 6.6026kg-FeTi03 
h h h 

= 59.760kg/h 
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(6.5) 

(6.6) 

(6.7) 

The energy values obtained in the analyses were calculated on a per 

mole of feed ilmenite basis (kcal/mol of ihnenite.) These values were 

multiplied by the ilmenite flow rate and divided by the ilmenite molar mass 

to find the energy rates. The energy requirements for ilmenite reduction and 

electrolysis are listed in Table VI-1 under the energy column. The total heat 

required by the reduction process is 42.617 kcallmol of ilmenite. Using the 
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ilmenite mass flow of 66.026 kg/hr and molar mass of 151.745 g/mol, the 

conversion factor to kW is 0.506 (Le., 4.186 kJ/kcal x 1000 g/kg x 66.026 kg/hr 

/ 151.745 glmol / 3600 slhr). The power required by the reduction process is 

21.6 kW. Of this 17.5 kW is the sensible enthalpy rate to heat ilmenite from 

253 K and hydrogen from 1216 K to 1273 K; 4.1 kW is the enthalpy rate of 

reaction, which is the rate of heat required to maintain the reduction process 

at 1273 K. The heat required by the electrolysis process is 23.118 kcallmol of 

ilmenite and the electric work required is 33.584 kcallmol of ilmenite. Their 

total power requirement is 29 kW; this is the enthalpy rate of reaction, the 

minimum power required to decompose steam. at 1273 K. Using a 1.1 safety 

margin, the reduction and electrolysis require 56 kW of power. The energy 

and availability calculations were performed using MathCAD, a detailed listing 

is in Appendix C. 

6.2 Availability Analysis Results for the Case Study 

Availability analysis is performed on the chemical processes to reduce 

ilmenite with hydrogen and the subsequent electrolysis to produce oxygen. 

The goals are to estimate the process irreversibilities and the output stream 

availability. The model used in the availability analysis of the lunar oxygen 

pilot plant was discussed in Section 3.4. Only the availability associated with 

heat transfer and mass flow are considered here; chemical availability is not 
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considered based on the assumption that the substances do not interact with 

the chemical substances in the environment; pressure availability is also 

neglected by the isobaric process assumption. 

The availability values obtained from the analysis are included in 

Figure 3.3 and Table VI-1. For convenience Figure 3.3 is repeated here as 

Figure 6.3. The state numbers in Table VI-1 correspond to the state numbers 

in Figure 6.3. The feed ilmenite (state no. 1) is assumed to be 253 K, 3 degrees 

above the ambient temperature, therefore, its availability is negligible. For a 

supply stream the smaller its availability, the closer it is to the environmental 

conditions. Thus in order to reach a given state away from the environment, 

the more energy is needed. Conversely for a waste stream, the larger its 

availability, the farther it is from the environmental conditions, therefore the 

greater its energy potential. 

The irreversibilities in the two processes totaled 104.15 kcallmol of 

ilmenite, which converts to 53 kW of power. 53 of the 56 kW of power 

requirement is lost to irreversibilities. In an actual system design, the two 

processes must be examined closely to determine the causes of irreversibility 

and possible ways to reduce them. Recovering the heat content of the solid 

waste (state no. 5) and oxygen (state no. 7) streams is one solution. Together 

they equal 9.4 kW of power. The availability of stream no. 5 is 8 times higher 

than that of stream no. 7. 
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Figure 6.3. Availability analysis model for the lunar oxygen production process. 

6.3 Feasibility of Energy Recovery from Exit Streams 

The availability analysis shows that stream no. 5 has a much higher 

energy potential than stream no. 7. At the same time, it shows that stream 

no. 1 has the largest energy requirement to raise it to the reaction 

temperature. For process integration, availability analysis gives the energy 

potential of the waste streams with respect to the environment. In addition 

it identifies supply streams which would require high energy input. But it 

does not identify proper matching of supply and waste streams. 
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Table IV-1 Summary results of availability analysis 

State no.! Energy Availability 
description kcallmol-ilm kcallmol-ilm 

(1) -1.019 3.826e-4 

(2) 65.568 40.99 

q/avq: reduction 42.617 34.248 

(5) 25.454 16.513 

(6) 17.517 8.518 

eo -e/irr: red. -64.195 50.207 

wjavw: electro!. -33.584 33.584 

qiav q: elec. 23.118 18.578 

(7) 3.267 2.087 

(8) 7.511 4.644 

eo -e/irr: elec. -63.441 53.943 

(9) 6.67 4.241 

(10) 0.841 0.404 

(0) -0.002 0.141 

The Pinch technology is used to help determine which streams are the 

proper match for possible heat recovery. The Pinch analysis locates the 

temperature pinch among all the process streams and identify possible match 

between waste and supply (hot and cold) streams above the pinch and possible 
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match between waste and supply streams below the pinch. More importantly 

it identifies streams which would not be good matches. 

The Pinch technology calculates sensible enthalpy changes of the flow 

streams but it does not account for the heat of reaction, which increases the 

overall heat requirement. The Pinch analysis also assumes that any hot 

streams must be cooled to reach its target temperature. In practice for the 

lunar oxygen process, if heat from the solid waste stream is not removed, it 

would just be sent to a waste pile and reject its heat into the environment 

slowly and naturally; no cooling will be needed. However heat recovery of this 

waste stream does reduce the heating load of the solid feed stream and the 

hydrogen makeup stream. 

The stream property data in Table IV-1 of Chapter 4 gives the 

reduction sensible heat estimate of 16.7 kW. The 0.7 kW discrepancy between 

the value found by the availability analysis and that found by Pinch technology 

is due to the averaged specific heat value being used over the 1000 K range in 

the Pinch analysis calculations. This however is not a problem because the 

correct enthalpy values could have been used throughout the Pinch 

calculations instead of the averaged enthalpy values. The sensible cooling load 

estimate using the stream data in Table IV-1 is 1.71 kW. 

The Pinch analysis in Chapter 4 found that for 20 K MAT and the 

heat configuration of Figure 4.6, the minimum hot utility is 12652 kJ/hr 
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(3.5 kW) and the adjusted minimum cold utility is 0 kJ/hr. Applying the Pinch 

technology reduces the sensible heat load from 17 kW to 3.5 kW; this 13.5 kW 

reduction is 24% of the 56 kW total heat required by the reduction and 

elp.ctrolysis processes. For the oxygen stream to reduce from 1273 K to 300 K, 

Pinch technology shows that its heat content could be recovered and no cooling 

is required. In the system configuration used in the Pinch calculations in 

Chapter 4, the makeup hydrogen at 31.5 K is mixed with the return hydrogen 

at 1273 K. The temperature of the mixture is estimated to be 1216 K, based 

on the weighted flowrates of the two hydrogen streams. Figure 6.4 shows an 

alternative configuration whereby makeup hydrogen is heated separately from 

31.5 K to 1273 K, and the return hydrogen is assumed to stay at 1273 K. 

Figure 6.5 shows the heat exchanger arrangement for this configuration. The 

makeup hydrogen is preheated by the solid exhaust stream. As a result, the 

minimum hot utility decreases from 12652 kJlh to 10291 kJ/hr (3.51 to 

2.86 kW), and all hot streams are exhausted. 

There are two options to reduce the oxygen temperature from 1273 K 

to 300 K. One is to reject the heat through radiative heat exchange with the 

environment. Another is to recover the heat through heat exchange with the 

solid feed stream. In general however, not all waste heat is recoverable and 

radiative heat rejection may be coupled with heat integration for heat 

rejection. The radiator model analysis shows that, for typical radiator 



str# 1 
253'K 

1FeTI0
3 

(5) 

Makol..p 
hydrogen 
tank: at 
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(yx+(1-x))H 2 
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Figure 6.4, Process block diagram of an alternate design for Pinch analysis, 
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Figure 6,5, Heat exchanger arrange for Pinch analysis of alternate design, 
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properties and lunar environment, the radiator may be operated at a minimum 

radiator temperature of 800 K without a significant increase in radiator area. 

Ultimately the choice may be dependent on equipment complexity, equipment 

mass and built-in equipment redundancy allowed by each option. An estimate 

of the heat exchanger area and radiator area follow. 

6.4 Surface Area Requirements for the Various Heat Rejection Options 

Figure 5.2 in Chapter 5 may be used to estimate the radiator area 

given the operating temperature and radiative load. Heat transfer within a 

heat exchanger is through conduction and convection. The rate of heat 

exchange may be represented by 

(6.8) 

where: 

q is the rate of heat transfer, 

Uo is the overall heat transfer coefficient, 

A is the total area of the tubes, 

ATm is the logarithmic mean temperature difference. 

ATm=(ATI-AT2){1ogtl(ATdAT2) for counterflow heat exchangers; 
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Assuming a heat exchanger efficiency 11", the heat exchanger area may be 

estimated as 

(6.9) 

The radiator area and the heat exchanger area may be used to 

estimate the mass impact if the density of the respective materials were 

known, i.e. 

equivalent 
mass of 
radiator! 
exchanger 

sUrface area 

density of unit estimated 
= radiator! x length area of 

exchanger of x radiator! 
(6.10) 

material material exchanger 

Since the cost of transporting mass out of the Earth's energy well may be a 

significant portion of the initial system cost, comparing the mass of each heat 

rejection option may help determine which option is more desirable. In the 

following calculations the heat exchanger and radiator parameters are based 

on assumed values typical of such equipment. In actual analysis, these 

parameters will have to be obtained from equipment specifications. 
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Option 1: No process heat integration and heat rejection of stream 4 (oxygen) 

through radiation into outer space. 

Heating requirements (kJIhr) 

Cold stream 1 (feed FeTi03) 52192 

Cold stream 2 (feed H2) 7790 

Total 59982 kJIhr = 16.7 kW 

Cooling requirement 

Hot stream 5 (product 02) 6156 kJlhr = 1.71 kW 

Radiator area requirement 

Radiator temperature = 1273 K. 

Radiative load = 1.71 kW 

Estimate radiator area using Figure 8 in Chapter 5: 

A, m2 2 
A, = P x P = 0.015 kW x l.71kW = O.025m 

Using a 1.1 safety margin, the estimated radiator area is 0.028 m2. 

The area per unit power (.028/1.71) is 0.0165 m2/kW. 
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Option 2: Employ process heat integration using the heat exchanger 

arrangement in Figure 4.5 in Chapter 4. 

Heating requirements 

Cold stream 1 

(kJ/hr) 

4862 

Cold stream 2 7790 

Total 12652 kJ/hr = 3.5 kW 

Cooling requirement O. 

Heat exchanger surface area: Assume llx, heat exchanger efficiency, 

of 0.8 and Uo, the overall heat transfer coefficient, of 0.114 kW/m2-K (based on 

typical Uo values for shell-and-tube heat exchanger and low pressure gaseous 

fluid). Also assume that the solid stream contains particles so fine it behaves 

like a fluid and that they are passed through the tube of the shell-and-tube 

heat exchanger. 

q, kW 
Thi, K 
Tho' K 
Tci, K 
Tco;K 
6.Tm , K 
AHX, m 2 

HXl 
11.437 

1273 
273 
253 

1178 
48.134 

2.605 

HX2 
1.710 

1273 
300 
253 

1178 
68.208 

0.275 

Total heat exchanger area = 2.88 m2 

U sing a 1.1 safety margin, the heat exchanger requirement IS 

3.17 kW. The area per unit power is 0.241 m2/kW. 
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Thus, the area requirement of the heat integration option is about 15 

times that of the heat radiation option. However this calculation does not 

include possible mass reduction of the power equipment because the power 

requirement of the reduction and electrolysis is reduced by 24%. In the actual 

design of a power system, the energy analysis method would have required the 

power consumption and production of the entire plant to be analyzed. This 

would include power requirements of mining, benefeciation, transportation, 

operation of blowers, fans, pumps etc, the power system, and of course the 

chemical processes. For example if a nuclear power plant of 20% efficiency is 

used, some of the 80% of the unconverted power may be recovered. The 

3.51 kW of heating required by the reduction and electrolysis processes may 

be supplied by the heat rejected from the power system. Heat losses from 

various sources may also be recovered. After several iterations, the final 

design would be optimized for power capacity and system mass. 
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CHAPTER 7 

SUMMARY AND APPLICATIONS 

7.1 Summary 

An energy analysis methodology, which combines availability analysis, 

Pinch technology and a lunar radiation model, was developed for the optimal 

design of energy systems for lunar manufacturing processes. The chemical 

processes involving hydrogen reduction of ilmenite, and the electrolysis of the 

resultant steam to produce oxygen on the Moon are used as a case study. 

The methodology proceeds as follow: (1) Starting from basic process 

requirements, thermodynamics availability principles are applied to estimate 

the process energy requirements, irreversibilities, and energy potential of exit 

streams. (2) The Pinch technology is next used to match appropriate supply 

and exit streams for process heat and work integration. The heat exchange 

arrangement obtained from the Pinch technology can be used to estimate the 

heat exchange surface area and minimum utility requirements. (3) A lunar 

radiation model is used to estimate the radiator area needed for waste energy 

rejection. The area requirement can be converted to mass requirement so that 

the energy system can be optimized for both energy and mass. 
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7.2 Findings 

U sing the energy analysis methodology, the power requirements and 

losses of an entire manufacturing plant including the power conversion system 

can be examined to integrate power production, consumption and rejection. 

Results from the availability analysis found that for the oxygen production rate 

of 2 Mg/mo., the reduction and electrolysis required 56 kW of power but lost 

53 kW in irreversibilities. About 10 kW of power is available for recovery from 

the output solid and oxygen streams. Application of the Pinch technology 

showed that the 10 kW of power can be recovered through proper heat 

exchange arrangements, thereby reducing the heating load of the feed ilmenite 

and eliminating the cooling load of the product oxygen. By means of the heat 

rejection model, the specific radiator area required to cool product oxygen from 

1273 K to 300 K was estimated to be 0.016 m2/kW. Based on the heat 

exchange arrangement determined with the Pinch technology, the specific heat 

exchanger area requirement is estimated to be 0.241 m2/kW. Heat recovery 

reduced the power requirement by about 24% but the heat exchanger area 

required was fifteen times that of the radiator area it replaced. The case study 

illustrates the advantages of using the energy analysis methodology; the 

method provides a means to compare power system design options and 

minimize energy and mass requirements in space manufacturing processes. 
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7.3 Applications 

The methodology is applicable to any lunar processes which generate 

heat at high temperature (above 1000 K). Examples are: high temperature 

nuclear or solar power production, in situ mineral processing to make lunar 

glass and lunar shelter bricks, plasma processing for oxygen production, etc. 

Although not presented explicitly in the case study, the method will allow 

consideration of cogeneration since the availability analysis will reveal thermal 

as well as mechanical energy potential. The Pinch technology is applicable 

only for the thermal energy potential for either heat integration or 

cogeneration. The method indicates the proper placement of heat exchangers 

or turbines in the process. A detail analysis using this methodology would 

identify ways to minimize energy consumption and optimize energy recovery 

in an actual system. Sources with energy potential can be examined to 

determine the feasibility of heat or work integration while minimizing energy 

and Earth's lift-off mass requirements. Minimizing waste energy reduces the 

power capacity requirement, allowing smaller plants to be built, which reduces 

the initial cost of the power system and the lift-off mass. Less waste 

minimizes degradation of the lunar environment. 
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7.4 Recommendations 

Several problems unique to the lunar environment were discovered 

which require further investigation to permit the use of the energy analysis to 

its fullest extent in proposed manufacturing processes. 

1. The zero pressure on the surface of the moon makes it crucial to 

select an appropriate reference environmental pressure when doing 

availability studies especially when gases are involved. The storage 

tank pressure of the gas may be chosen as the reference pressure. 

2. Standard reference substances (at the predefined standard 

temperature and pressure) which are stable need to be established for 

various elements on the Moon so that they can be used in chemical 

availability studies. This will be important in mining and 

manufacturing processes that produce solid waste which could also be 

used for construction material. The chemical availability of product 

solid streams may be used to determine which substances are the 

best candidates for by-products recovery. 

3. The effect of the Moon's low gravity on the weight and power 

requirements of mining equipment should be examined to determine 

if smaller equipment, compared to terrestrial standards, can be used 

in excavation and hauling. This could impact the method for 

estimating mining equipment mass and power requirements. 
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4. The feasibility and effectiveness of fine-particle solid-to-solid heat 

exchange should be investigated. This would maximize the heat 

recovery opportunities when dealing with solid streams which are 

present in many of the proposed lunar manufacturing processes. 

5. Appropriate materials need to be developed for power systems and 

equipment for lunar processes. Harsh operating environment such as 

very high process temperatures, cold ambient temperature, rapid and 

wide temperature swing, space debris impact and space radiation 

must be anticipated. 

6. A high degree of automation and reliability should be designed into 

the power system. 



APPENDIX A 

THERMODYNAMICS REVIEW 

Specific heat at constant volume C A (au) 
v aT 

v 

hAU+Pv 
Specific enthalpy 

Specific heat at constant pressure 
C A (ah) 
P aT p 

Differential specific internal energy du = (~~) vdT + (:) Tdv 

Differential specific enthalpy 

Incompressible Substance Model 

u(T J1) = u(7) 

C (1) = du 
v dT 

h(T,P) = u(7) + Pv 

dh = du + vdP = c(7)dT + vdP 

as = dh _ ~dP = e(7) dT 
T T T 

dh = (ah) dT + (ah) dP 
aT p ap T 
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Ideal Gas Model 

Pv = RT 

u(T,P) = u(7) 

h(T,P) = h('1) = u(1) + Pv 

du = cv('1)dT 

dh = cp(1)dT 

cp('1) 
k=

cv('1) 

ds = cp('1) dT - R'lnP 
T 

Non-standard states 
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The specific enthalpy of substances at a state other than the standard 
state of 1 bar and 298 K is: 

T P 

h(T,P) = ht + f cp(1)dT + f vmdP 

Tr'4f Pr'4f 

h t is the transformation 
enthalpy. 

The specific entropy of substances at a state other than the standard 
state is: 

T C ('1) 
s(T,P) = f -p -dT + seT rePP reI 

T T 
"' 
T 

f 
C ('1) P 

s(T,P) = -p -dT - R'ln(-) + s(Tre? reI 
T", T Pre! 

, for incompressible substance. 

, for ideal gas. 
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The formation enthalpy of a compound at a state other than the 
standard state is: 

hf,compowJ..T,p) = h;;ompound + hcompouJ.T,p) - Eh,kmsnt:J(T,P) 

hOc is the formation enthalpy at standard state. 



APPENDIXB 

MOON'S CHARACTERISTICS 

Radius 

Mass 

Mean distance between 
the centers of the earth 
and the moon 

Center of mass between 
the earth and the moon 
(barycenter) from the 
earth's center. 

Rmoon = 1738 /an = O.272RCtUth 

Mmoon = 7.35 x 10n kg = O.0123MCtUth 

Qmoon = 384,405 !em = 6O.3Rearth 
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The moon orbits the barycenter in one sidereal month (27.322 days), which is 
also its rotational period. Only one hemisphere of the moon can be seen from 
earth. 

Average density of the 
moon 

Average albedo on the lunar surface = 0.07 

- _ 3 
Pmoon - 3.37g/cm 

As the Moon's terminator (line separating dark and sunlit hemispheres) moves 
along the lunar equator at 15.4 kmihr, the surface temperature drops rapidly 
from its maximum of 390 K to a minimum of 110 K. 

It is a perfect vacuum at the Moon's surface. 

The Moon's magnetism is negligibly small. 
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APPENDIXC 

AVAILABILITY ANALYSIS COMPUTER PROGRAM LISTING 
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AVAILABILITY OF HYDROGEN REDUCTION OF ILMENITE 

Formation enthalpy at standard conditione of 1 bar and 
298.15K [2J: 

kcal kcal 
h . - -68.315' -- h .- -225.760' ---
of _H2O mol of_Ti02 'mol 

kcal 
h . - -295 .560 ' --
of JeTi03 mol 

Specific heat equations are [lJ: 

-3 5 -2 cal 
C (A,B,C,D,T) .- A + B'10 'T + C'10 'T 

p mol'K 
-6 2 

+ D' 10 'T 

C (T) .- C (6.52,0.78,0.12,0.0,T) 
p 

H2, 298 - 3000K 

r (T) .- C (27.87,4.36,-4.79,0.0,T) FeTi03, 
p FeTi03 p 298 - 1743K 

c ( T ) . - C (7.17,2.56,0.08,0.0,T) H2O, 298 2500K 
p H2O P 

C ( T) .- C (15.023,2.715,-2.38,0.0,T) Ti02, 298 -
p_Ti02 p 2143K 

C ( T) .- C (6.734,-1.749,-0.692,5.985,T) Fe, 298 
p Fe 1 - p - SOOK 

C ( T ) .- C (-62.967,61.14,148,0.0,T) 800 1000K 
p Fe _2 p 
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c ( T ) · - c (-153.419,166.429,O.0,0.O,T) 1000 
pJe _3 p 1042K 

C ( T) .- c (465.166,-427.222,O.O,O.O,T) 1042 .-
pJe _4 p 1060K 

C ( T) · - C (-134.035,79.862,696.012,O.O,T) 1060 · -
pJe _5 p 1184K 

C ( T) .- c (5.734,l.998,0.O,O.O,T) 1184 
pJe _6 p 1665K 

C ( T) .- c (5.296,2.458,0.0,0.0,T) Ti , 298 

p-Ti - 1 p 1155K 

C ( T) .- c (4.739,1.894,0.O,O.O,T) T i , 1155 .-
p-Ti _2 p 1933K 

C (T) .- c (7.16,l.00,-0.40,0.O,T) 02, 298 
p_02 p 3000K 

t'lolar Volume [2J 3 

3 V .- 18.82'cm 
V .- 7.092'cm 

mJ-e 
3 

V .- 31.69'cm 

Mo lar Masses [2J 
9 9 

M .- 151.745'- M • - 31.998' ---
m_FeTi03 mol 

L02 RATE 
rnt 

cap .- 2'-

mo 

m_02 mol 

Duty cycle F .- 0.5 
w 

-

-

-

-

-

-

-



Reduction x . - 0.9 .- Electrolysis y , - 0.95 
Conversion Conversion 

T .- 253'K .-
il 

T .- 1273'K 
r 

p .- 10'atm .-
il 

p .- 10'atm . -
r 

T := 250'K 
a 

p .- 10'atm 
a 

Molar flow of reactants: 

Molar flow of feed hydrogen: 

c.,~_L.:,.C._~bA.I.~.Q,N9_ 
Mass flow rates: 

cap 
F .-

02 F 
W 

kg 
F = 5.952' -,-

02 hr 

To find the enthalpy 

F 
FeTi03 

F 
FeTi03 

change for 

T .- 12i6'K 
i2 

T .- 298.15' K 
ref 

p .- 10'atm 
i2 

p .- l'bar 
ref 

T . - 31.5'K 
st 

P . - 10'atm 
st 

nl .- i'mol N2 . -

n2 . - 10'mol 

M 
m JeTi03 

.- 'F .-
1 02 

M 'x'y'-
m _02 2 

kg 

= 66.031' --
hr 

Fe, use the equation 

l'mol 
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appropriate for the specific temperature. 

C ( T ) .-
if [T > 1184,C (T),C (T)] 

pye pYe_6 pYe_5 

C (T) .- if [T > 1060,C ( T ) , C ( T)] 
p_Fe pye p_Fe_4 

C ( T) · - if [T > 1042,C (T) ,C ( T) J 
p_Fe p_Fe pJe_3 

C ( T) · - if [T > lOOO,C ( T ) ,C ( T ) l 
pye pye p Fe 2 

I 

J 

C ( T ) .- if [T > 800,C (T),C (T)] 
p_Fe pye p_Fe_l 

Specific heat equation for Ti: 

C ( T ) 
p_Ti 

h ( T ,P ) 
Fe 

s (T).

Fe 

~l ( T ,p) 
Fe 

· -

· -

· -

if [T > 1155,C (T),C (T)"] 
p_Ti_2 p_Ti_l " 

r
T 

C ( T) dT + V ' r -P 
>iJ T pye m_Fe 

ref 

C (T) 

p_Fe cal 
dT + 6.52'--

T mol'K 

ref 

h (T,P) - h 
[T a 

,P :] Fe Fe a 

+ -T 'l~ Fe 
( T ) - s 

[T a JJ a Fe 
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"1 
I 

ref .J 



h (T,P) .-

FeTi03 1

1',T 

of! T 

+ V 

ref 

C 

C ( T) dT 
p_FeTi03 

, fp - P J 
l ref 

(T) 
pyeTi03 cal 8 ( T ) . -

.r: 
dT + 25.30' . 

FeTi03 T 

ref 

I~: ( T , P ) .- h (T ,P) - h 
[T a 

,P 
FeT i"03 FeTi03 FeTi03 

+ -T ' [8 (T) - 8 
a FeTi03 FeTi03 

h ( T ) . - r C (T) dT 
H2 T p_H2 

ref 

s (T,P)"- iT 
H2 oj; T 

C (T) 

p_H2 cal 
--------- dT + 31.21'-----

T mol'K 

ref 

+R1J~P ] 
f~ ref. 

mol' K 

a :1 

[T ]"1 
a _.J 
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L' (T ,p) .- h (T) - h 
[T a J ,\-.'" 

H2 H2 H2 

+ -T '[8 (T,P)- 8 
[T a 

,P ]] a H2 H2 a 

kcal ( h .- 9.717'-- DO( T) '- c (T) dT .- .-
v mol p_H20 

ref 

h ( T ) . -
if [T ~::. 373,DO(T) + h ,DO( T)] . -

H2O v 

I: 
c ( T ) 

p H2O cal 
D1(T,P) .- dT + 16.71' 

T mol'K 

ref 

+ R 1n ~ p ] 

_ ret 

8 (T ,p) .- i+ ::- 373 ,D1( T ,p) ,t hv 'Dl(T'P)] 
H2O 373 

,~: ( T ,p) . - h ( T) - h 
[T a J .-

H2O H2O H2O ... 

+ -T [8 H2O 
(T ,p) - 8 

[T a 
,P ]] a ,H2O a 
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h (T ,p) .- r
T 

c (T) dT 
Ti02 >U T p_Ti02 

ref 

+ V 'r -P ] m_Ti02 ref 

.[ 
C ( T) 

p_Ti02 cal 
s ( T ) .- dT + 12.04' 
Ti02 T mol'K 

ref 

I:;: (T ,p) . - h (T,P) - h 
[T a 

,P 

J Ti02 Ti02 Ti02 a 

+ -T ' [8 ( T) - 8 
[T a JJ a _ Ti02 Ti02 

\,IIT 
h ( T ) . - C (T) dT 

Ti " T p_Ti 
ref 

~T C ( T ) 
p_Ti cal 8 ( T ) .- dT + 7.352' 

Ti T mol'K 
>U T 

ref 

h ( T ) . - r c (T) dT 
02 T p_02 

ref 



c ( T ) 
p_02 cal 

I: (T ,p) .- dT + 49' s . -
02 T 

ref 

P 
+ 

Ro in f ] 
ref _ 

Heat added to reactants: 

ql : = 
[hFeTi03 [T r 'Pr J - h 

n2 
q2 .-

[h H2 [T r ] - h 
nl 

q : = ql + q2 
in 

q 

in 
qdot . - ----,--, F 

in M 

kcal 
ql = 30.304'-

mol 

q 

in 

kcal 
= 34.578' --

mol 

Enthalpy of reaction: 

FeTi03 

H2' [Ti2 ]] 

FeTi03 

mol'K 

[1- i 1 
,P II il 

kcal 
q2 = 4.274'-

mol 

qdot = 17.487'kW 
in 
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h (T,P) .- h + h (T ,p) 

fJeTi03 ofJeTi03 FeTi03 

+ -h (T,P) - h (T) - 1.S'h (T) 

Fe Ti 02 

h (T ,p) .- h + h (T,P) - h ( T ) 
f _Ti02 of _Ti02 Ti02 Ti 

+ -h ( T ) 
02 

h (T) .- h + h (T) - h ( T ) 
f _H2O of _H2O H2O H2 

+ -O.S'h (T) 
02 

q .- -x'h 
[T r 

,P ] r f JeTi03 r 

N2 
+ x'h 

[T r 
,P ] + _ .. x' h rOT 

J f _Ti02 r nl f _H2O I.. r 

q 
r kcal 

qdot .- 'F q = 8.039'--
r M FeTi03 r mol 

mJeTi03 
qdot = 4.066' kW 

r 

Availability associated with heat transfer: 



Availability of output streams: 

f:: ( T ,p) : = x' p ( T ,p) + x - _~: 

5 Ti02 Fe 

kcal 
av = 34.248---

q mol 

AVdot = 17.32-kW 
q 

n2 
J~: . - .. _ ...... 1 .. 1 f"T .1 .. 1 

1_ i2 2 nl H2 

n2 
h .- --h [r i2 2 nl H2 

h . - h + h 
i 1 2 

(T ,p) 

+ (1 - x) - _~: ( T ,P) 

FeTi03 

N2 N2 
J:~ (T ,p) . - x- --- p (T ,p) + ( 1 - x) - -- - _~: (T ,P ) 

6 nl H2O nl H2 

17.1 ( T ,P) . - 1:' ( T ,P ) + .~: ( T ,P) .1,,1 I·' 

0 5 6 

104 

0 "I 
" 1 

i2 i 
.J 

'1 
.J 
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h (T ,p) .- x'h (T ,p) + x'h (T ,P) 

5 Ti02 Fe 

+ ( 1 - x)' h (T ,p) 

FeTi03 

N2 N2 

h (T) '- x' -'h (T) + ( 1 - x), -'h (T) 

6 n1 H2O n1 H2 

h (T ,p) . - h (T ,p) + h ( T ) 

a 5 6 

Assume makeup hyd'J"ogen tank at 10 atm, 31.5K, sat liq. 
J 

h 
[T ] .- -150'-

H2 st mol 

N2 
h . - -, x' (1 - y)' h 

[T st J 0 n1 H2 

N2 

.1~: . - --'x'(l y)' ,i=: 
[T st 

,P ] 0 n1 H2 st 

-4 kcal kcal 
" ~' = 3.826'10 ,-- ,~: = 40.99' --

1 mol 2 mol 

kcal kcal 
~: = 40.99'-- h = -1.019' --

i mol 1 mol 

kcal kcal 
h = 65.568' -- h = 64.549' --

2 mol i mol 



,106, 

kcal kcal 
,~: [~ r ,P , ] = 16.513' --- 1-' 

[T r 
,P ] = 8.518' ---:' 

5 r mol 6 r mol 

kcal kcal 
h 

[T r 
,P ] = 25~454' -- h 

[T r ] = 17.517' --
5 r mol 6 mol 

kcal kcal 
,~: 

[T r 
,P ] = 25.031' -- h 

[T r 
,P 

J 
= 42.972' --,-

0 r mol 0 r mol 

kcal kcal 
h = -0.002' -- .~: = 0.141'--' 

0 mol 0 mol 

Irreversibility 

T 
a 

i . - 1 - ' [q. + q 
J 

+ ,~: ,~: 
[T r 

,P ] T in r i 0 r 
r 

i 
Idot .- ---------.. F 

t1 FeTi03 
m_FeTi03 

kcal Idot = 25.391'kW 
i = 50.207' ---

mol 



l07 

cm :-::: lL g - 1M sec - lT coulomb .- 1Q 

m ::: 100'cm 

hr :: 3600'sec 

m 
N - kg'--

2 
sec 

kg - 1000'g 

dy - 24'hr 

J - N'm 

cal - 4.184' J kcal .-, 1000'cal 

J 

w --
sec 

N 

Pa -
2 

rn 

K ::~ 1. 

kW - 1000'W 

5 

bar - 10 'Pa 

mol - 1 

Boltzmann's constant 

Faraday's constant 

Universal gas constant 

k 

F 

R 

-

-

-

mt - 1000'kg 

mo - 28'dy 

kJ - 1000'J 

5 

atm - 1.013'10 'Pa 

kmol - 1000'mol 

-23 J 
1.38062'10 

K 

coulomb 
96485' ----. 

mol 

J 
8.31439' ----.. _--

K'mol 

": "t -".-



AVAILABILITY ANALYSIS OF WATER ELECTROLYSIS 

PARAMETERS 

T := 298.15'K 
ref 

kcal 
h := -68.315'--

of_H20 . mol 

9 
M .- 151.745'-

m-FeTi03 mol 

T := 1273'K 
6 

P .- 9.9'atm 
6 

T := 1273'K 
8 

P := 9.8'atm 
8 

Reduction & 
Electrolysis Yield 

Molar flow: nl := l'mol 

Mass flow rates: 

F := 0.5 
w 

P . - l'bar . -
ref 

kcal 
h · - 9.717'-· -

v mol 

9 
M . - 31.998' -.-

m _02 mol 

T · - 1273'K 
7 

P · - 9.8'atm 
7 

T · - 250'K 
a 

P · - 9.8'atm · -
a 

x . - 0.9 y :'= 0.95 .-

n2 := 10'mol N2 .- l'mol 

mt 
cap . - 2' ---

mo 
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cap kg 
F . -. - F = 5.952'-

02 F 02 hr 
W 

M 
m_FeTi03 kg 

F . - 'F . - F = 66.031'--
FeTi03 1 02 FeTi03 hr 

M 'X'y'-
m_02 2 

Specific heat of water/steam for 298 - 2500K: 

Specific heat of hydrogen for 298 - 3000K: 

Specific heat of oxygen for 298 - 3000K: 

C (T) 
p_02 

Enthalpy and entropy equations: 

DO( T) . - r C (T) dT .-
T p_H20 
ref 

h (T) .-
if [T 1:. 373,DO(T) + h , DO( T) ] 

H2O v 



Dl(T,P):= JT 

T 

C (T) 
p_H20 cal 

dT + 16.71'--

T mol'K 

.. , ., 

s ( T ,p) 

H20 

h (T) · -· -
H2 

s (T ,p) 

H2 

h ( T ) · -· -
02 

ref 

+ R' In [p p. ] 
ref 

: = if [T > 373, Dl( T ,p) + 

r C (T) dT 
T p_H2 
ref 

r 
c (T) 

p_H2 
.- dT + 

T 
T 
ref 

P 
+ 

R' in b ] 
ref 

r C (T) dT 
T p_02 

ref 

h v ,Dl( T 'P)] 
373'K 

cal 
31.21' 

mo!'K 
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r 
c (T) 

p_02 cal 
s ( T ,P) .- dT + 49' 

02 T mol'K 
T 
ref 

+ R'ln[p p 1 
ref 

Enthalpy of decomposition = - enthalpy of formation: 

h (T) := h + h (T) - h (T) - O.S'h (T) 
f_H20 of_H20 H20 H2 02 

N2 
h (T):= -x'-'h (T) 

r nl f_H20 

Gibbs formation free energy = electric work required 
for reaction: 

9 (T,P) := h (T) 
f_H20 f_H20 

s (T,P) - s 
+ -T' H20 H2 

+ -O.S' s (T ,p) 
02 

(T ,p) 

N2 Work required to 
w(T,P) · - x'-'g ( T ,P ) electrolyze H2O · -

nl f _H2O 

N2 Heat 
q( T ,P ) · - - [h ( T) - 9 (T,P)]'X'- required 

f _H2O f _H2O nl 
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h 

E (T,P) := 

d 

Q( T , p) : = 
M 

kcal 
= -60.433'-

mol 

kcal 
,P 

6 ] 
= -37.315'-

mol 

g ( T ,P ) 
f _H20 

m-FeTi03 

-g (T,P) 
f _H20 

equiv 
2' 'F 

mol 

q( T ,p) 

q [T 6 
,P 

w [T 6 
,P 

E 
[T 6 d 

W( T ,p) 
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kcal 

] = 20.806' --
6 mol 

kcal 

] = -33.584' --
6 mol 

,P ] = 0.809'V 
6 

w( T ,P) 
.-

M 
mY'eTi03 

mY'eTi03 Wdot( T ,p) : = We T ,P ) , F 

Qdot( T ,p) . - Q( T ,P ) , F 
FeTi03 

kJ 
573.669'

kg 

3.788'10 
4 kJ 

hr 

,P 6 ] = 

FeTi03 

kJ 
-925.994'

kg 

10.522' kW 
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4 kJ 

Wdot [T 6 ,P 6 J = -6.114'10 '-Wdot [T ,P 

J 
= -16.984'kW 

hr 6 6 

Availability equations: 

f: (T,P) := h (T) - h 
[T a J H2O H2O H2O ... 

+ -T '[s (T,P) - s 
[T a 

,P 

JJ a H2O H2O a 

I~: ( T ,p) . - h (T·) - h 
[T a J . -

H2 H2 H2 

+ -T 
[sH2 

(T ,p) - s 
[Ta 

,P ]] a H2 a 

f:' ( T ,p) .- h (T) - h 
[T a ] 

,.' .-
02 02 02 

+ -T 
[s02 

( T ,P) - s 
[T a 

,P J] a 02 a 

N2 
,~: (T ,P) .-

[x' '~:H20 (T,P) + (1 - x)' ,~: (T,P)] 
i n1 H2 

N2 
h ( T ) . -

[x' h (T)+(l- x)' h (T )J . -
i n1 H2O H2 

1'-12 1 

,~: (T ,p) .- -'y' x' -',~: ( T ,p) . -
7 n1 2 02 



N2 
.~: (T,P):= -'x'(l y)·.S (T,P) 

8 n1 H20 

N2 
+ _. f( y' x + (1 - x))·.S ( T ,P )] 

n1 L H2 

.~: (T,P) :=.S (T,P) +.S (T.P) 
078 

N2 1 
h (T):= -'Y'x'-'h (T) 

7 n1 2 02 

N2 
h (T)"- -'x'(l - Y)'h (T) 

8 n1 H20 

N2 
+ _. f( Y . X + (1 - x))· h ( T )] 

nl L H2 

h (T) := h (T). + h (T) 

078 

N2 
.~: (T,P) "- -'(y'x + (1 - x))·.~: (T.P) 

9 n1 H2 

N2 
h (T) "- -'(y'X + (1 - x))'h (T) 

9 n1 H2 

N2 
.~: ( T ,p) . - -. x . (1 - y) .. ~: (T ,p) 

10 n1 H20 

N2 
h (T)"- -'x'(l - Y)'h (T) 

10 nl H20 
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[1 T: ]. q( T ,p) 
av ( T ,p) .- I w( T ,P ) I 

av (T ,p) . - w 
q 

I(cal kcal 
av 

[T 6 
,P ] = 16.72'-- av 

[T 6 ,P 6 ] = 33.584' --
q 6 mol w mol 

kcal kcal 
,Et 

[T 6 
,P ] = 8.513' -- ,E: [T "p ] = 6.732' --

i 6 mol 0 7 7 mol 

kcal kcal 
,E: 

[T 7 
,P ] = 2.087' -- ,E: 

[T 7 
,P ] = 4.644' --

7 7 mol 8 7 mol 

kcal kcal 
,~: 

[T 7 
,P ] = 4.241' -- ,E: 

[T 7 
,P ] = 0.404' --

9 7 mol 10 7 mol 

kcal kcal 
h 

[T 6 ] 
= 17.517' -- h 

[T 7 ] 
= 3.267'--

i mol 7 mol 

kcal kcal 
h 

[T 7 ] 
= 7.511'-- h 

,[T 7 ] = 
10.778' --

8 mol 0 mol 

kcal kcal 
h 

[T 7 ] 
= 6.67'-- h 

[T 7 ] 
= 0.841'--

9 mol 10 mol 
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Irreversibility equations: 

irr · - av 
[T 6 'P

6 
] + ,~: 

[T 6 
,P ] · -

q i 6 

+ -,E: 
[T7 

,P 
]- W [T 6 ,P ] 0 7 6 

irr 
IRR · -.- IRRdot := IRR'F 

1"1 FeTi03 
m _FeTi03 

kcal 3 kJ 
irr = 52.085' -- IRR = 1.436'10 

mol kg 

4 kJ 
IRRdot = 9.483'10 IRRdot = 26.341'kW 

hr 

cm :: lL g - 1M sec - IT coulomb - lQ 

m :: 100'cm 

kg - 1000'g 

hr - 3600'sec 

m 
N - kg'--

2 
sec 

J :: N'm 

cal:: 4.184'J 

mt - 1000'kg 

dy - 24'hr mo - 28'dy 

kJ :: 1000'J 

kcal :: 1000'cal 



W -

Pa -

moi 

J 

sec 

N 

2 
m 

- 1 

J 

kW - 1000'W 

5 
bar - 10 'Pa 

kmol - 1000'mol 

V-1'---- equiv .- 1 
coulomb 

PHYSICAL CONSTANT~ 

Boltzmann's constant 

Faraday's constant 

Universal gas constant 

k 

F 

F 

R 

R 

-

-

= 

-

= 

5 
atm - 1.013'10 'Pa 

K - 1. 

-23 J 
1.38062'10 

K 

coulomb 
96485' 

mol 

kcal 
23.06' 

V'equiv 

J 
8.31439' 

K'mol 

cal 
1.987' 

K'mol 
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APPENDlXD 

RADIATOR MODEL CALCULATIONS 
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I Ratio of Radiato1 Area to Waste Heat Into Radiator, A riP, m "2/kW 

CoIl3tant: 
sig,kW/m"'UK"'4: 5.67E-ll 

General pmametera:-
eps: 0.9 F_ra: 1 

a_e1: 0.3 T_e,K: 255 
a_m1: 0.3 F_m1: 0.5 

3_S! 0.3 G_S! 1.4 
a_e2: 0.3 A_fJ: 0.35 

a_m2: 0.3 A_fD! 0.f11 

VariabIcs:- Block Names: 
F_8: 0 0 0.5 o.s 

F_e1: 0 0.5 0 0.5 A_E 012 
F_e2: 0 0.5 0 0.5 A_E1 C9 

F_m2: 0 0 0.5 0.5 A_E2 Cl2 
T_fD! 110 110 390 390 A_M 013 

A_Ml ClO 
T_r,K 1--Ar],m"2/kW--1 A_M2 Cl3 

A_S Cl1 
390 0.8484 0.9352 1.3183 1.5405 EPS C8 
400 0.7666 0.8368 1.1308 1.290S F_EH1 F17 
420 0.6306 0.6m 0.8579 0.9467 F_EH2 F18 
440 0.5235 0.5553 0.6710 0.1242 F_EL1 Cl7 
450 0.4784 0.5049 0.5988 0.&W8 F_EL2 Cl8 
500 0.3138 0.3250 0.3615 0.3764 F_Ml EIO 
550 0.2143 0.2195 0.2355 0.2418 F_M2H E19 
600 0.1513 0.1539 0.1616 0.1645 F_M2L Cl9 
650 0.1099 0.1112 0.1152 0.1166 F_RA E8 
700 0.0817 0.0824 0.0846 0.0854 F_SH E16 
750 0.0620 0.0624 0.0636 0.0641 F_SL Cl6 
800 0.0479 0.0481 0.0489 0.0.191 G_S Ell 

1000 0.0196 0.0196 0.0198 0.0198 SlG D5 
1100 0.0134 0.0134 0.0135 0.0135 T_E G9 
1200 0.0095 0.0095 0.0095 0.0095 T)MI E20 
1300 0.0069 0.0069 0.0069 0.0069 T_ML C20 

T_R 838 
B23 
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