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ABSTRACT 

This thesis investigates various options for the production of oxygen fromresources available 

locally on the surfaces of Mars and the Moon. A model for the Martian Oxygen Production 

Plant is proposed. The option of recycling the unreacted carbon dioxide is also considered. 

For oxygen production on the Moon, the proposed model utilizes the reduction of Lunar 

Dmenite and the subsequent decomposition of carbon dioxide to yield oxygen. Mass and 

power estimates are made for the various components in the systems, both for the Lunar 

and Martian production facilities. 
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INTRODUCTION 

The Space Exploration Initiative called for by President George Bush [1989] provides the 

focus and direction for America's space efforts. The initiative clearly calls for missions to 

the Moon, to stay, and a mission to Mars. The Stafford Commission report [1991] has 

strongly recommended both the mission to Mars and the concept of Space Resource Uti

lization. The greatest hurdle to the initiative is the total price tag on the program. The single 

biggest fraction of the total cost of any mission is the mass at launch from the Earth -

approximately $5,000 per pound from Earth to Low Earth Orbit according to Ramohalli 

and Sridhar [1991]. The total cost of missions can be significantly reduced if essential 

materials alone are carried from Earth and the rest of the materials are processed, constructed 

and/or assembled extraterrestrially from local resources. This concept, termed Indigenous 

Space Materials Utilization [(ISMU) or also known as In-Situ Resource Utilization (ISRU)], 

has received considerable attention in the recent past and is being actively pursued at the 

University of Arizona/NASA Space Engineering Research Center (SERC). More than 80 

percent of a spacecraft mass is due to the propellant. Traditionally, spacecraft carried all the 

propellants necessary since there were no refuelling craft and stations en route. The pro

cessing of propellants using ISMU would significantly reduce the launch mass. For this 

reason, there has been interest in the recent years in in-situ propellant processing (Ash et al 

[1978, 1986]. A significant fraction of the propellant mass is oxygen, irrespective of the 

propellant combination used. Lunar ilmenite, anorthite, Martian permafrost, water ice at 

poles and atmospheric carbon dioxide are all rich sources of oxygen. In order to effectively 

reduce launch mass, the specific production rate (mass of oxygen produced per unit mass 

of the production plant), and the specific power (kW/kg of oxygen produced) have to be 

very high. Based on various selection criteria including complexity, innovation, near and 

long term applicability and engineering challenge it was decided that the production of 
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oxygen from the Martian atmosphere would be picked for pilot plant demonstrations. The 

technology required for the production of oxygen on Mars can also be equally applied to 

Lunar oxygen production. In picking the size of the demonstration plant, the oxygen pro

duction rate was set between 1 and 10 kg per day. The 1 kg/day production rate would 

provide life support for 1 person. The 10 kg/day oxygen production rate corresponds 

approximately to the production rate necessary for an unmanned sample return mission (Ash 

et al [1986]). Proof-of-concept experiments have been performed successfully at the Uni

versity of Arizona's NASA/SERC (Sridhar and Kaloupis [1991]). 

The approach used in this thesis was necessitated by the need to take a closer look at the 

overall schema of oxygen production from Martian atmospheric carbon dioxide and from 

lunar ilmenite. V arious investigators at UA/NAS A SERC are studying individual processes 

taking place in the different reactors. Their efforts are focussed on proof-of-concept 

experiments and identifying, defining and establishing ranges for reaction parameters of 

interest (such as temperature, pressure, yield, efficiencies, etc.). In spite of this, the need for 

an overall model cannot be over-emphasized. Such a model can shed light on the parameters 

that have the greatest impact on the system objective, i.e., maximize the oxygen specific 

mass (oxygen produced per unit mass of the production plant). This influence of the 

parameters, or their relative merits, on the objective function, helps focus research efforts 

in the right direction. In addition, such a study helps determine the architecture for a given 

process and provides the designer with a systematic tool to select the best design from a 

number of possible architectures. 

This thesis does not discuss redundancies in design, pressure losses in pipes and heat losses. 

The transient phases during start-up and shut-down of the systems, and off-design operating 

conditions, are also not considered. 
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Redundancy can be accounted for once the system has been completely designed, as can 

pressure and heat losses. In the absence of detailed data regarding the operation of the 

individual components, the inclusion of these details into the models is premature. The 

models proposed do, however, provide information which can be used to determine operating 

parameters which are affected the least by off-design conditions. 

The thesis is organized as follows. Section 1 concentrates on the Mars Oxygen Production 

Plant. A brief description of the process is followed by a discussion on the various archi

tectures for the proposed oxygen manufacturing plant, and then by a thermodynamic 

analysis. The roles of various components of the system are discussed, with emphasis on 

their mass and power requirements. Special attention is focussed on the Compression 

Sub-system, since it comprises the heavier components. 

Section 2 discusses the Lunar Oxygen Production Plant. The production process is briefly 

described, after which the equilibrium reaction of ilmenite with carbon is discussed. Inef

ficiencies in the reactions, and mass and power estimates are dealt with next. This is followed 

by a discussion of the model used, to identify the optimal operating parameters. A sample 

problem elucidates the model. 
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1. THE MARS OXYGEN PRODUCTION PLANT 

The objective of this study is to develop mass and power estimates for ISPP systems that 

can be used for a range of Mars missions. Since oxygen forms the bulk of any propellant 

combination used, its production on the surface of Mars is vital to the success of future 

missions. It is important to identify a production rate as a basis for the model. These range 

from an 02 production rate of 1 kg/day, which provides life-support for 1 person, to a 

production rate of 10 kg/day, corresponding approximately to the production rate needed 

for an unmanned sample return mission (Ash et. al. [1978]). 

It is also necessary to characterize the available resources and environmental conditions 

which can affect propellant production on Mars. 

The Martian surface has extreme variations in temperature, with up to 60K difference 

between day and night. The available solar energy is dependent on the atmospheric con

ditions and landing site, and can also vary significantly (during dust storms, the available 

solar energy can drop to 10% of its nominal value). Meyer and McKay [1985] provide a 

number of nominal conditions, which are for a typical mid-latitude northern site, such as 

the Viking Lander sites. For the purpose of this study, extreme temperature and pressure 

conditions of 200K and 600 Pa, respectively, have been chosen. 

The resources available on Mars are very amenable to ISRU processes. The most obvious 

resource candidate is the Martian atmosphere, whose major constituent is carbon dioxide. 

Meyer and McKay [1985] give the following composition - C02 (95.3%), N2 (2.7%) and 

Ar (1.6%). Trace amounts of other gases are also present, but are not deemed important for 

the present analysis. In addition, a significant amount of dust (up to 10 ppm) is present, 
i 

which must be removed before processing. The dust value quoted above is for "clear sky" 

conditions, but it should be noted that there do exist dust storms which can significantly 

alter this number to a dust loading of 10'3 g/cm2 (the column mass of atmosphere is 20 g/cm2). 
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Another potential resource on the Martian surface, although not well characterized, is 

Martian water. There is geological evidence to suggest that in the past Mars had free-flowing 

water on the surface. However, presently the water is believed to be tied up in some or all 

of the following: in the atmosphere, the polar caps, a deep sub-surface permafrost or aqueous 

layer, and in the soil. This leaves the Martian atmosphere as the only available feed-stock 

for propellant production on Mars. In a mission planning perspective this makes sense, since 

it means that the system would be independent of local surface conditions, and resource 

availability is guaranteed. Hence the choice of oxygen production from atmospheric carbon 

dioxide. In the Mars Oxygen Production Plant, filtered, compressed atmospheric carbon 

dioxide is thermally decomposed into carbon monoxide and oxygen. The Oxygen is elec-

trochemically separated from the mixture, and the spent carbon monoxide is exhausted to 

the Martian atmosphere. 

1.1 Description of the Process 

C02 
COMPRESSOR 

MARS 
ATMOSPHERE C02 

r— 
CO 

C02 

002 VENT 

02 

ELECTROCHEMICAL 
SEPARATION 

REACTOR 

C02 

C02 

00 

FILTER 

002 02 CO 

02 

HEATER 

Fig. 1. Simplified Schematic of a Mars Oxygen Production Plant 
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The processes involved in the production of oxygen from carbon dioxide can be best 

explained with the aid of the simplified flow diagram shown in figure 1. 

Martian atmospheric gas is filtered to remove particulates and then compressed from the 

low ambient pressure of about 600 Pa to a higher system pressure (say 0.1 MPa). The gases 

are then heated to 1100K using the waste heat from the exhaust gases and a make up heater. 

Next, the hot gases enter an electrochemical separation reactor (ER), composed of several 

electrochemical cells, where the carbon dioxide dissociates into carbon monoxide and 

oxygen due to electro-catalysis and thermal dissociation. A d.c. electric potential is applied 

across the ER to separate the oxygen from the gas mixture. The oxygen thus produced is 

compressed, liquified and stored for future use. The exhaust gases from the ER heat up the 

incoming cold gas stream in a waste heat recovery heat exchanger. Upon exiting the heat 

exchanger the exhaust gases can either be vented out of the system or the unreacted carbon 

dioxide can be separated (using a polymeric membrane separator) and recycled into the 

system. Both scenarios are being investigated and will be discussed in detail in the following 

sections. Henceforth, the system without recycling is referred to as case 1, and the one with, 

as case 2. The thermal and electrical power required by the system can be provided by 

solar-thermal, solar-photovoltaic, radioisotope generators (RTG) and/or nuclear reactors 

such as the SP100. Also, waste heat from sources such as the nuclear and solar-thermal 

plants can be utilized for some of the processes. While the present investigation will consider 

optimization of the power requirements for the system, the power supply options will not 

be considered in detail. 

Proof of concept experiments and the testing of components are currently being conducted 

at the University of Arizona, NASA Space Engineering Research Center (SERC). For these 

experiments the experimental facility will also include the equipment necessary to simulate 

the flow of Martian gases at the appropriate pressure and temperature into the system. At 
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the present time attention is being focussed on the system sans the intake filter and the 

liquefaction and storage facility for oxygen. The latter will be topics of future investigation 

at SERC. Presently the system is being designed and tested with pure anaerobic carbon 

dioxide. Future analysis will account for nitrogen and argon in the intake gases. Preliminary 

testing at SERC has indicated that the presence of these gases does not pose any serious 

problems, such as poisoning the components or retarding the reaction rate. Electric power 

is used to provide all the energy needs for this experimental facility. To distinguish this 

ground-based facility from the flight-tested hardware for Mars, the former will be referred 

to as the "Test Bed" in this document. 

1.2 Test Bed Architecture 

The Martian atmosphere, as discussed in Section 1, is very lean, with an atmospheric 

pressure of 640 Pa and 200K ambient temperature, and consists mainly of C02 (95.3%). 

In order to have a reasonably compact system, this gas must be compressed before it can 

be processed to produce oxygen. Hence the need for a pressurized system. To compress 

the filtered Martian atmosphere, an intake compressor capable of handling large volumes 

is required. This means that the intake compressor used would be bulky and massive. The 

mass and power requirements of the intake compressor need to be as low as possible, and 

the system yielding the least mass penalty should be chosen. 

1.2.1 No Carbon Dioxide Recycling 

Figure 2 is a simplified schematic of a test bed. In this architecture the gas mixture flows 

through the ER once. Upon exiting the ER, the exhaust gases, including the unreacted carbon 

dioxide, are vented out of the system. The carbon dioxide supply, cryo-cooler and the vacuum 

chamber facilitate a supply of input gas into the system at 640 Pa and 200K. The compressor 

pressurizes the gas to the operating pressure of the system. It is necessary to increase the 
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pressure of the gas in order for the system to handle mass flow rates of practical interest and 
i 

yet have a system that is reasonably sized. The optimal system pressure will be determined 

in the future when the operation of the ER at subatmospheric pressures (< 0.1 MPa) is 

investigated and understood. 

COMPRESSOR C1 
C02 INTAKE, 640 Pa, 200K C02 

C02 

C02 

C0 + C02 

02 
02 

RLTER 

HEATER 

HEAT EXCHANGER 

EXHAUST 

Fig. 2. Schematic of a Simplified Test Bed 

For this reason, the test bed is currently designed and operated at a system pressure of 0.1 

MPa. After compression to system pressure the gases are heated in a waste heat recovery 

heat exchanger by the hot gases exhausting from the ER. A compact tube-in-tube heat 

exchanger, insulated on the outside is used for this purpose. Upon exiting the heat exchanger 

the gases are heated to the operating temperature of the in a make up heater. By maintaining 

isothermality between the gases and the ER, the heater protects the ER from thermal shocks. 

The ER itself is the heart of the oxygen production plant. 

The basic operation of a cell in the ER is illustrated in figure 3. The cell is made of a ceramic 

electrolyte such as partially stabilized zirconia (Zr02) sandwiched between porous electrodes 

and catalytic substrates. Presently silver is used as the electrode and perovskites are used 
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as catalytic substrates in the optimal performance cells. When a d.c. potential is applied 

across a hot cell (1100-1300K), oxygen is electrochemically pumped across the cell. 

Research is being performed to identify suitable electrolyte, electrode and substrate 

combinations that will efficiently pump the oxygen at lower operating temperatures. Details 

of the progress on this ongoing research can be found in the NASA/SERC Annual Progress 

Report (Sridhar and Kaloupis [1991]). The electrochemical cells are being developed in a 

collaborative effort by SERC and Ceramatec, Inc. The oxygen that is separated by the ER 

is collected for further use. The exhaust gases from the ER heat the incoming gases in the 

heat exchanger before exiting out of the system. 

CO, CO+1/20 

Porous Electrode 

Zone _ 
—- 20 

ZrO 

ZrO, 

X7 rf 20 

Porous Electrode 

Fig. 3. Schematic of the Electrochemical Separation Reactor 

The basic chemical reaction occurring in the system is C02 CO +l/202. If every C02 

molecule flowing through the system were to react to produce oxygen, two moles of C02 

would yield one mole of 02. In practice, the yield of oxygen is only a fraction of this absolute 

maximum. This fraction is defined as the reaction efficiency, rjr. Also, only a fraction of the 
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oxygen produced in the ER would be electrocheraically pumped and separated by the cells. 

Denoting this fraction as the separation efficiency, t|s, the number of moles of C02 required 

to produce one mole of oxygen is 2lr\sx\r 

The product of the two efficiencies is defined as the stoichiometric cell efficiency, i.e., 

= Tisrir In other words, the cell efficiency is the ratio of oxygen obtained from the cell to the 

theoretical maximum oxygen production possible. In the test bed experiments, the cell is 

operated at 0.1 MPa and temperatures ranging from 1073-1273K. Preliminary results suggest 

cell efficiencies in the range of 15 to 45 percent. Efforts are underway to study the effect of 

aging on the cell efficiency and also to improve r^,, by selecting the optimal cell materials. 

Figure 4 illustrates the C02 intake required for the two cases for an oxygen production rate 

of 10 kg/day. Clearly, the intake increases sharply as the ER efficiency approaches zero. 

The intake at the inlet pressure of 640 Pa gives us an idea of the size of pumps that we will 

require. Note that for a given ER efficiency, the intake in case 1 is greater than in case 2, 

especially at lower efficiencies. The slope of the curve decreases rapidly with increasing 

efficiency. Keeping in mind that the intake determines the capacity of the compressor C„ 

the conclusion is that the compressor capacity becomes impractical at very low efficiencies. 

If, as an example, a reasonable efficiency of 0.2 is assumed, the pumping speed required is 

about 0.126 m3/s for case 1 and about 0.0468 m3/s for case 2. To get an idea of the difference 

in pumping weights, off-the-shelf vacuum pumps, capable of fulfilling these requirements, 

are compared. An S Series Rotary Vane Pump, model S630F, manufactured by Leybold 

Vacuum Products, Inc., will suffice for case 1. This pump weighs 660 kg and requires 18.4 

kW to operate. On the other hand, in case 2, a much smaller pump, such as Leybold's model 

S160C, an oil-sealed mechanical rotary vane vacuum pump weighing 141 kg, with a power 

consumption of 5.5 kW, and a Leybold TRIVAC Rotary Vane Pump Model D2A as the 

back-up pump, weighing 19 kg, with a 0.25 kW power consumption, could handle the 
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requirements. This simple analysis indicates that at this point, though case 1 appears 

compelling from the point-of-view of system simplicity and reliability, C02 must be recycled 

in order for the compressor to be small. Also to be considered is the mass added to the system 

by the separation unit Figure 5 is a plot of carbon dioxide mass flow rates for oxygen 

production rates of 1,5, and 10 kg/day for various cell efficiencies, for case 1. 

160 
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Fig. 4. Variation in C02 Intake 

As an example, consider an oxygen production rate of 10 kg/day at a cell efficiency (or ER 

efficiency) of 20 percent. The C02 intake would be 137.5 kg/day which corresponds to 

0.0844 mV1 at 640Pa and 200K (Martian atmospheric conditions). The mass of an industrial 

compressor that can handle such intake flow rates and deliver it at 0.1 MPa (system pressure) 

would be about 330 kg and require a power input of 11.4 kW electric. This example clearly 

demonstrates that the power and mass penalties on the intake compressor are very high. It 

should be noted that this penalty would not be quite so steep if the cell efficiency were very 

high and/or the cell operated efficiently at system pressures close to 1 kPa. The feasibility 

of operating the cell at sub-atmospheric pressures remains to be investigated. In order to 

j. ± 
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optimize the system for cases where the cell efficiency is below 50 percent and the system 

pressure is in the vicinity of 0.1 MPa, a test bed architecture that includes a recycling loop 

for the unreacted carbon dioxide is considered. 

150 

>3 100 

I 
a cs 
O 50 u 

05 
Cell Efficiency 
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10 kg/day 02 ^5 kg/day 02 1 kg/day 02 

Fig. 5. Carbon Dioxide Intake for Oxygen Production 

1.2.2 Recycling of Unreacted Carbon Dioxide 

Figure 6 is a simplified schematic of a test bed with a recycling loop. This architecture is 

similar to the one described above, except that the unreacted carbon dioxide in the gases 

exiting the ER is separated from the exhaust gases and recirculated. The gas mixture exiting 

the ER consists of unreacted carbon dioxide, carbon monoxide, unseparated oxygen, 

nitrogen and argon. A polymeric membrane separates the unreacted carbon dioxide from 

the gas mixture. Upstream of the membrane separator, a radiator cools the gas mixture to 

temperatures that are within the operating range of the polymeric membrane. The carbon 

dioxide separated by the membrane is at a lower pressure due to the pressure drop across 
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the membrane. Before the carbon dioxide is recirculated it is raised to the system pressure 

by a compressor. The separated carbon dioxide is fed back into the system upstream of the 

heat exchanger. 

C02 INTAKE, 640 Pa. 2Q0K 
002 

002 

C02 

002 

COMPRESSOR C2 

CO C02 C02 

EXHAUST 

FILTER 

RADIATOR 

HEATER 

202 CELLS 
m 

Fig. 6. Schematic of a Test Bed With Carbon Dioxide Recycling 

Only a fraction of the unreacted carbon dioxide in the gas mixture is separated by the 

polymeric membrane. Denoting this fraction as the membrane separation efficiency, r|mem, 

the intake of carbon dioxide into the system for every mole of oxygen produced 

would be 2[l-Timem(l-riceU)]/Tictll. 

Hence, the difference in the carbon dioxide intake requirements for the two architectures 

for every mole of oxygen produced is 2timem(l-riceu)/nceu- Also, the ratio of the carbon dioxide 

required by the system with recycling to the system without recycling, to produce the same 

amount of oxygen, is (l-Tlroem+rl«i]Tlinem) and is denoted by R,.. Figure 7 is a plot of the ratio 

of the carbon dioxide intakes for the two architectures for various cell and membrane 

efficiencies. 
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1.3 Thermodynamic Analysis of the Mars Oxygen Production Plant 

The analysis performed is purely thermodynamic in that it involves a steady state mass and 

energy balance of the various components in it, with pressure drops in pipes, valves and 

bends being neglected. Another assumption is that the membrane separator niters out all 

the CO and Oz from the exhaust gases. It is known that the purity of the separated gases is 

very high. Hence this is a valid first-order approximation. The compressors have been 

assumed to be isentropic, with specified mechanical and isentropic efficiencies to take care 

of variations from ideality. Radiation losses from their surfaces have been neglected since 

they have been found to be comparatively small. 
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Fig. 7. Carbon Dioxide Intake Ratios for the two Architectures 

The analysis was performed using an interactive program written in Pascal. The user can 

change any of the input variables and see the effect of such a change. This was necessary 

to predict the effect of the ER temperature, ER efficiency (synonymous with cell efficiency), 
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and membrane separator efficiency on the size of the plant. Experimental research is cur

rently being done at UA/NASA SERC to investigate the optimum system performance 

conditions. 

Table 1. Total Mass Savings Due to C02 Recycling for 10 kg/day 02 Production 

No Carbon Dioxide Carbon Dioxide Recycling, 

Recycling "Hmcm = 0.85 

^lcell co2 Pump Pump Rc co2 Pump Pump Mass Sav

Intake Mass Power Intake Mass Power ings (kg) 

(kg/day) (kg) (kW) (kg/day) (kg) (kW) 

0.2 137.5 239 9.1 0.320 44.00 86 3.4 323 

0.3 91.67 157 6.3 0.405 37.13 73 1.8 218 

0.4 68.75 141 5.5 0.490 33.67 59 1.6 200 I 
0.5 55.00 120 4.4 0.575 31.63 55 1.5 153 

0-6 
45.83 91 3.6 0.660 30.25 51 1.5 105 

0.7 39.29 82 3.2 0.745 29.27 50 1.4 86 

0.8 34.35 59 1.6 0.830 28.53 50 1.4 15 

The question to be posed next is "to recycle or not to recycle?". The answer to this question 

depends on the pressure at which the system is operated, and the values of r^, and ri^. 

This point can be illustrated by the following example. Consider a system producing 10 kg 

of oxygen a day. Let us pick a value for that is consistent with their present performance 

levels, say 85%. The pressure drop across the membrane separator is taken to be 25%. Table 
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1 lists the volumetric intakes of carbon dioxide at 640 Pa and 200K and the corresponding 

mass and power requirements for industrial compressors. The power and mass estimates 

for the compressors are obtained from data supplied by vacuum pump manufacturers. 

Clearly, the pumps used for the Space application would be more power efficient and lighter 

than the terrestrial pumps. This is not accounted for in this comparative study since the 

correction due to low density materials will apply proportionally to both systems. This 

analysis shows that the mass penalty for not recycling the C02 is very high for the compressor 

at low cell efficiencies. It must also be noted that the size of the dust filter would be larger 

for the case without recycling since it would have to handle more volume. Preliminary 

analysis of the recycling subsystem indicates that, in spite of the added complexity and 

additional mass due to the components in the recycling loop, the pay-back in the net mass 

savings for the total system makes the architecture with recycling attractive for low to 

moderate cell efficiencies. This issue will be revisited when the performance of the elec

trochemical cell at pressures well below 0.1 MPa is known. 

1.3.1 Role of the Waste Heat Recovery Heat Exchanger 

The gases exhausting from the ER are practically at the same temperature as the ER itself 

(Tc). The C02, when compressed from Martian ambient pressure to the system operating 

pressure of 0.1 MPa, get heated by the compression. However, they need to be heated to 

the .operating temperature of the ER, which is considerably higher. This leads to the con

clusion that a gas-to-gas heat exchanger could be used to recover the heat lost in the exhaust 

gases. 

It would be a definite advantage to be able to recover all of the heat escaping with the exhaust 

gases, leading to the highest possible intake gas temperature downstream of the heat 

exchanger. This would result in the least heater power requirement to bring the intake C02 

to the ER temperature. However, it has been shown by researchers at UA/NAS A SERC that 
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the CO in the exhaust gases will undergo a disproportionate reaction at temperatures below 

700K, depositing solid elemental carbon in the heat exchanger tubes. In order to avoid this, 

the temperature of the exhaust gases leaving the heat exchanger is kept above 700K. 

Figure 8 shows the variation of the specific heats of CO, Oz and C02 with temperature. 
i 

Empirical relationships (Touloukian and Makita [1970]) have been used to determine these 

curves. In the temperature range of interest (900-1500K), it is seen that specific heat increases 

with temperature for all three gases, the curve for C02 increasing most sharply. Due to such 

a large variation of Cp with temperature, assuming it to be an averaged constant is not valid. 
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Fig. 8. Variation in Specific Heats of CO, O2 and C02 

The analysis gives the total heat transferred from the exhaust gases to the fresh COz intake. 

Using an iterative procedure, the outlet temperature of the cold side and the Logarithmic 

Mean Temperature Difference (LMTD) are determined. With known mass flow rates, the 

heat exchanger can be designed. 

1 1 1 1 » • 

1 



25 

1.3.2 Heater Power Requirements 

The power required by the heater for a specified oxygen production rate is a function of the 

temperature of the gases exiting the heat exchanger, the ER temperature, the efficiency of 

the cell, and the efficiency of the membrane separator. Figure 9 shows plots of the heater 

power as a function of cell efficiency for values of 0.0 (no recycling) and 0.85 

respectively. Both thermal and electric powers are required to operate the ER. Thermal 

power is required to maintain the ER at its operating temperature, presently in the range of 

1073K to 1273K. Since the gases entering the ER are at the same temperature as the ER, 

the thermal power required to maintain a well insulated ER at its operating temperature is 

only of the order of a few watts. The specific heat of carbon dioxide varies significantly 

with temperature and this has been accounted for in the power calculations. The information 

gleaned from figure 9 is that the heater design is independent of whether the exhaust gases 

are recycled or not. It does, however, vary significantly with ri^, as is evidenced by figure 

9. 
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Fig. 9. Heater Power as a function of r|Ml]; 10 kg/day 02 Production 
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Figure 10 shows the graph of heater power with ER temperature (Tc) for case 2. The power 

consumed by the heater increases with Tc as expected. A similar almost linear increase of 

heater power with temperature in case 1 is shown in figure 11. Though the mass flow rates 

of C02 are the same as case 2 at points upstream of the ER, the inlet temperature Tt of the 

cold COz, and hence T0 (the outlet temperature from the heat exchanger), are lower for 

identical values of Tc. This is due to the recirculating C02, which is at a higher temperature 

than the fresh intake of filtered and compressed C02. Figures 12 and 13 show plots of ER 

temperature Tc with the temperature difference (Tc-T0) between the temperatures of the cold 

C02 from the heat exchanger and the ER. (Tc-T0) increases with Tc for both case 1 and case 

2. 

Fig. 10. Variation of Heater Power with Tc, case 2 

As is to be expected, the magnitude of heater work is greater for case 1 than for case 2, for 

a fixed Tc. 
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Fig. 11. Variation of Heater Power with Tc, case 1 
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Fig. 12. Change in Outlet Temperature, case 1 
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Fig. 14. Variation of Heater Power, case 2 

Figures 14 and 15 are graphs of heater power versus ER efficiency for case 2 and case 1 

respectively. 
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Fig. 15. Variation of Heater Power, case 1 

1.3.3 Electrochemical Cell Power Requirements 

Electrical power is required to pump the oxygen across the ER. The d.c. voltage applied 

across the ER determines the rate of oxygen flow across it. The minimum threshold potential, 

below which no oxygen is pumped, is called the Nernst potential. This potential is a function 

of the partial pressures of oxygen across the cells and hence the operating temperature of 

the ER. For our present operating conditions the Nernst potential is between 0.6 and 0.7 

Volts. The break down potential for the electrolyte material a function of the operating 

temperature and is 3.0 Volts at llOOK. Presently, the operating potential for the cells is 

around 2.2 Volts. The current flow across a cell is a function of the oxygen flow rate. If all 

the current flowing through a cell were ionic, then, for each oxygen molecule pumped, four 

electrons would be transmitted. For this case there is a one-to-one correspondence between 

oxygen production and current flow. In reality, only a fraction of the total current flow is 

ionic. The rest is electronic. This fraction is termed the transference number. The transference 
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nuiiiber, among other factors, is a function of the cell voltage. For the present range of 

operating conditions it is in the range of 0.9 to 1.0. The electrical power necessary to operate 

the cell is simply a product of the cell current and voltage. The power requirement of the 

ER - the Nernst potential and the ionic component of the current corresponding to the oxygen 

ion flow can be calculated precisely. For a fixed oxygen production, it is a constant with 

typical values in the range of 3.0 kWe for a 10 kg/day oxygen production rate. 

1.4 The Compression Sub-system 

The function of the compression sub-system is to increase the density of filtered Martian 

gases from 640 Pa to 0.1 MPa. Preliminary examination of the components, as evident from 

the discussion in Section 1.2.2, suggests that the components of this sub-system would be 

massive and consume more power in comparison with other sub-systems. Since the carbon 

dioxide intake compressor is one of the heaviest components in the system, various means 

of compressing the carbon dioxide were considered with the goal of identifying the method 

that offered the least mass penalty. This search was limited to mechanical devices and did 

not include adsorption pumps. Research on the zeolyte adsorption pumps for carbon dioxide 

compression is being conducted by other investigators at SERC. The option of using a fan 

to increase the static pressure from 640 Pa to a few kPa and then using a compressor to 

pressurize the gas to 0.1 MPa was considered. Due to the large volume of gases at the intake 

end it was found that the diameter of a fan was either too large to be practical and/or the 

speed of the fan was tremendously high. Very high fan speeds are not desirable due to the 

large power consumption and also because the application calls for a long, continuous, and 

maintenance free duty cycle. The option of using multiple fans in parallel (feeding to one 

or multiple back-up pumps) was also considered. The mass and power penalties for this 

option were also very high. 
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Fig. 16. Variation of Vacuum Pump Mass with Intake Flow Rate 

Figure 16 shows the variation of vacuum pump mass with pump intake rates at an intake 

pressure of640 Pa. The data for these plots was obtained from various catalogs for industrial 

vacuum pumps. A Roots pump in combination with a backing pump was the next option 

considered. The selection of a Roots pump and backing pump combination was made with 

the aid of manufacturer supplied selection criteria and design curves. Details of the selections 

and calculations for all the options are discussed in this section. It should be noted that the 

backing pump selected in this case was a dry pump. Oil sealed pumps would not be suitable 

due to the low temperature of the intake gases (200K). It would also be desirable to not have 

any oil contamination, downstream of the compressor. 

The various devices considered here were compared on the basis of a C02 flow rate of 1 

scfm (standard cubic feet per minute), which corresponds to 79.3 kg/day of COz. The mass 
i 

and power consumption for the devices were obtained from industrial catalogs. Clearly, 

light-weight super-alloy materials would be used for the components in the actual mission. 

It is not necessary to account for this in a comparative study of this type, since the correction 
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for the lower density of the materials applies across the board for all devices. It should, 

however, be considered when accounting for the mass of the device selected in the overall 

oxygen production plant system analysis. 

1.4.1 Vacuum Pumps 

Figure 16 shows the variation of vacuum pump mass with pump capacity at 640 Pa. The 

data points in this plot are from industrial catalogs [Atlas Copco [1978], EG&G Rotron 

[1990], Kinney [1990], KNF Neuberger [1990], Leybold [1990] and Varian [1990]). 

Interpolating the data, it can be seen that the mass of a pump with a capacity of 1 scfm (104 

cfm (0.04682 m3/s) at 640 Pa and 200K) is 136 kg, and the power requirement for this pump 

is 5.5 kW. 

1.4.2 Fans with Back-up Pumps 

An exercise was performed to determine the mass and power requirements for blowers to 

be used in series with back-up pumps. Figure 17 shows the static pressure increase plotted 

against the power consumption, for various blowers. The available data for the blowers is 

valid only for an inlet pressure of 0.1 MPa (1 bar), since all tests on industrial blowers are 

conducted at this pressure. However, using correcting procedures based on the Fan Laws 

(Jorgensen [1986]), behavioral trends for these blowers can be established. 

These graphs are useful in determining the performance of a given combination of blowers 

and vacuum pumps, and in ascertaining whether it would be better to connect the devices 

in series, or in parallel, the overall objective being to minimize the mass and power 

requirements. There is a lot of flexibility in the choice of equipment used to compress C02 

gas from 640 Pa at 200K to 0.1 MPa. The final temperature is not of great concern, since 

the gases finally have to be heated to a temperature around 1000K. Flexibility also exists 

in the choice of thermodynamic process used, but since the gas temperature has to be 

i 
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increased, it is better to select a cycle as close to adiabatic compression as possible. This 

latitude in the selection of the device (or devices) used meant that various scenarios would 

have to be explored to conclusively demonstrate that a particular combination was best for 

the application at hand. 

SOO 1000 
Power Consumption, W 

Fig. 17. Variation of Static Pressure Increase with Power Consumption for Industrial 

Blowers 

The use of a fan backed up by a compressor meant that the fan would have to operate at the 

low intake pressure of 640 Pa. It was therefore necessary to predict the performance char

acteristics and size of a fan operating at 640 Pa using the available information. The 
r 

applicability of the Fan Laws (Jorgensen [1986], which express the relationships among the 

performance variables for any two fans that have similar flow conditions, is suspect when 

the variation in inlet pressures is so large. A perturbation analysis of the variables was carried 

out, yielding some very interesting information. The basis for the comparison, as mentioned 

earlier, was a COz flow rate of 1 scfm (0.0004502 m3/s at standard conditions of 300K and 
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0.1 MPa). At the intake conditions of 640 Pa and 200K, this corresponds to a flow rate of 

104 cfm (0.04682 ra3/s). The pertinent graph for this comparison is figure 18, which has 

been developed from industrial data. 
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Fig. 18. Variation of Static Pressure Increase With Mass of Industrial Blowers 

Two cases were examined: 

1. A fan capable of delivering a flow rate of 104 cfm at standard conditions (0.1 MPa and 

298K) has been found to weigh 37 kg and produces a total pressure rise of 27.6 kPa at 

5500 rpm. This fan, the DR505R, manufactured by EG&G Rotron, has a diameter of 

0.36 m. For a fixed static pressure increase, decreases of 20% in the intake pressure 

and 10% in the intake temperature result in a diameter decrease of 3%, while the fan 

speed rises by 9%. This means that with a much lower intake pressure of 640 Pa, the 

speed will increase much more rapidly than the decrease in diameter, making the system 

unviable. If the speed of the fan were kept constant at 5500 rpm, the diameter would 
i 

increase considerably, thereby increasing the mass penalty. 
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2. Another fan which delivers 1 cfm (0.0004502 m3/s) at standard conditions weighs 6.8 

kg and produces a 5.7 kPa total pressure rise at 3000 rpm. This is the DR083 man

ufactured by EG&G Rotron. It has a diameter of 0.19 m. A decrease of 20% in the 

intake pressure and 10% in the intake temperature resulted in a diameter increase of 

, 5%, along with an increase in speed of 18%, the total pressure rise being kept constant. 

From the two cases considered, it is clear that for a significant static pressure increase: 

1. If the fan size at intake conditions of 640 Pa and 200K lies in between the sizes of the 

DR083 and DR505R fans, then the speed of the fan would be orders of magnitude 

higher than the rated speed at 0.1 MPa. This configuration is not technically viable. 

2. If the speed of the fan were fixed at nominal levels, the fan required is so large that the 

mass and power penalties are unacceptable. 

Hence the choice of a fan to pressurize C02 from the Martian intake conditions is not a 

feasible option. 

1.4.3 The Roots Pump and Backing Pump Option 

Roots pumps have found wide application in the field of vacuum technology. They are used 

in pump combinations with backing pumps (sliding vane pumps, rotary piston pumps, 

trochoid pumps and others). 

A Roots pump is a positive displacement rotary pump that can run at very high rotational 

speeds without mechanical wear. Since these pumps are not oil-sealed, they have an inherent 

internal leakage, resulting in comparatively low compression ratios. The compression ratio 

reaches a maximum at an intake pressure of about 100 Pa (1 mbar). 

The selection of a Roots pump and backing pump combination was made with the aid of 

industrial catalogs and design curves. The procedure involves the use of a few terms, which 

are defined below: 
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pv - fore-pressure for the backing pump, Pa. 

Sv - pumping speed of the backing pump, m3/s. 

So, - theoretical maximum pumping speed of the Roots pump, which is the product 

of the swept volume and the number of revolutions per unit time, 

kfl, - the gradation, or the ratio of S,„ to Sv. 

ko(pv) - maximum compression ratio of the Roots pump. 

r| - volumetric efficiency of the Roots pump, [kyQ^+ka,)], also S^/Su,. 

Seff - effective pumping speed of the Roots pump, the product of T| and S^. 

pa - intake pressure of the Roots pump, [(pvSv)/Seff], Pa. 

In the design, a Roots pump and backing pump combination which can handle the intake 

flow rate of 0.04682 m3/s at 640 Pa and 200K is selected. The combination is then verified. 

A sample calculation follows. 

1.4.3.1 Calculation for a Roots Pump and Backing Pump 

The selected combination is a WS/WSU 251/D25B/BCS pumping system manufactured by 

Leybold, Inc. The Roots pump, which is a WS/WSU 251, has a theoretical pumping speed 

(SJof 0.07 m3/s. The backing pump, D25B/BCS, has an Sv of 0.00694 m3/s. The effective 

pumping speed (Seff) is 0.04682 m3/s. The intake pressure p, is 640 Pa. The gradation k^ is 

calculated to be 10.04, knowing and Sv. Volumetric efficiency of the Roots pump is 

determined as the ratio of S^ to S^, and is 0.67. The maximum compression ratio ko is then 

found to be 20.53, from t| and k^. The fore-vacuum pressure pv is calculated using p„ Sv, 

and Seff, to be 4334 Pa. The backing pump selected can handle this intake pressure and 

delivers the gas at the system pressure of 0.1 MPa (1 bar). The mass of the Roots pump and 

backing pump combination is 123 kg, with a power consumption of 2.2 kW. 
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Power-mass penalty represents the mass of the power supply unit required to provide a 

specified power requirement. Here, a penalty of 30 kg/kW has been used. This figure is 

reasonable when compared with the power-mass penalties of the SP-100 nuclear power 

(26.9 kg/kW) and photovoltaic power (30.3 kg/kW) supplies (Drolen [1989]). Using this 

number, the mass of the compression system is found to be about 190 kg. 

The above discussion clearly indicates that the Roots pump and backing pump combination 

is best for the application under consideration, and that the use of other devices would be 

more massive, bulkier, and more power-intensive. 

1.5 Power Requirements 
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Fig. 19. Total Power when no Carbon Dioxide is Recycled 

Figure 19 is a plot of the total power requirement of the system as a function of cell efficiency, 

for oxygen production rates of 1,5, and 10 kg per day. This is for the case with no recycling. 

The total power decreases with increasing cell efficiency. Also, the rate of decrease of power 
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decreases with increasing cell efficiency. The latter can be attributed to the fact that the 

power required by the intake compressor, which is the lion's share of the total power, flattens 

out as the cell efficiency increases. 

The power requirements for the major components of the system without recycling (r^ = 

0.0) for a 10 kg/day oxygen production are shown in figure 20. The total power requirement 

for a system with carbon dioxide recycling (T) = 0.85) is shown in figure 21. It should be 

noted that the total power requirement for this case is significantly lower than that for the 

case without recycling. Also, the variation of the total power requirement with cell efficiency 

is not very significant in this case, as can be evidenced by the relatively flatter curves. This 

suggests that the peak power requirement on the power supply would be considerably lower 

for this architecture during off-design operation - a definite operational advantage. 
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Fig. 20. Component Power Requirements, No Carbon Dioxide Recycling; 10 kg/day 02 
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Fig. 21. Total Power Requirement when Carbon Dioxide is Recycled 

3.5 

6 

0.5 

03 04 05 0.6 0.7 
Cell Efficiency 

Heater Compressor -*-Cell 

Fig. 22. Component Power Requirement, Carbon Dioxide Recycled; 10 kg/day 02 

Figure 22 shows the power requirements for the major components of the system for 10 

kg/day oxygen production. A personal computer based interactive program has been written 
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with a graphical interface to size the mass and power requirements for the test bed for the 

architectures with and without recycling. This program allows the user to select the ER 

temperature, r^u, tin*,,,, and the oxygen production rate. A demonstration program is 

available upon request from SERC. 
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2. THE LUNAR OXYGEN PRODUCTION PLANT 

The work discussed in this section deals with the production of oxygen using resources local 

to the surface of the moon. In order to do this, it is essential to characterize the resources 

themselves, along with surface temperature, as a basis for the proposed system. 

Since the moon has no atmosphere, the only source of oxygen on the lunar surface is lunar 

regolith. The major oxygen-bearing minerals in lunar soils are ilmenite, olivine and pyroxine. 

Dmenite in soils may occur up to 10% modal abundance based on returned samples (Heiken 

[1991]) or up to 20% based on telescopic observations. Lunar ilmenite typically contains 

up to 10% magnesium by weight. Lunar olivine is known to occur up to 17.5% in returned 

samples. Pyroxine makes up more than half of some lunar rocks. 

The lunar surface temperature varies considerably from a noon-time high of 395K to a low 

of 92.9K just before sunrise according to data obtained from the Apollo 11 landing, but 

Cremers et al [1971] suggest that one would not have to bury a scientific package very 

deeply (less than 15 cm) to avoid temperature fluctuations on the moon. For the purpose of 

this study, a pessimistic mean surface temperature of 250K is assumed. 

Ilmenite is probably the most important source of recoverable oxygen, as well as useful 

metals on the surface of the moon, and therefore has been the subject of a number of studies 

(Wouterlood [1979], Poggi et al [1973] and Bardi et al [1987]). Ilmenite can be reduced by 

a variety of compounds including hydrogen, carbon monoxide and carbon. However, it has 

been shown (Massieon and Shadman [1992]) that the maximum conversion per pass (100%) 

can be attained by the carbon reduction of ilmenite between 1100K and 1400K. This process 

has therefore been chosen as the subject of this study. 

In a nut-shell, the process is as follows: Lunar ilmenite (FeTi03) is reduced to elemental 

iron and titanium dioxide by carbon, which forms carbon monoxide. The CO undergoes a 
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disproportionation reaction to yield elemental carbon and COz gas. The C02 is thermally 

decomposed into CO and 02. The oxygen produced is separated using the ER discussed in 

Section 1.2, liquefied, and stored. 

2.1 Description of the Process 

A known amount of carbon is initially mixed with Lunar Dmenite, mined, beneficiated and 

pre-heated to 700-1000K, in the Deposition Reactor (DR). The mixture is transferred to the 

Reduction Reactor (RR) and heated to a temperature between 1000K and 1400K. The Carbon 

reduces the Dmenite to elemental Iron and Titanium Dioxide (Ti02) and forms gaseous 

oxides of Carbon in a ratio that depends on the equilibrium constant of the reaction. This 

mixture is then cooled to the Deposition Reactor temperature. At this temperature, the Carbon 

Monoxide undergoes a disproportionation reaction, forming Carbon Dioxide and depositing 

elemental Carbon. The C02 produced in this reaction, along with that formed in the RR, is 

then heated to the operating temperature (1100-BOOK) of the electrochemical separation 

reactor (ER), which is the same as the one in the Mars Oxygen Production Plant discussed 

earlier in Section 1. The intake stream for the ER still has traces of CO. Near the operating 

temperature of the ER (around 1100K), the C02 dissociates into CO and 02. The oxygen is 

separated from the mixture by the electrochemical ER cells (8 mol% Yttria stabilized Zir-

conia), liquefied, and stored for future use. The exhaust from the ER is a mixture of CO and 

C02 at the operating temperature of the ER. Waste heat is recovered by passing the exhaust 

gases over fresh FeTi03 before they reenter the Deposition Reactor. The ideal reactions 

taking place in the various reactors are shown below. 

1. Reduction Reactor: 

FeTiOj + C = Fe + Ti02 + CO + C02 (1000-1400K) 

2. Deposition Reactor: 

2CO = C02 + C (700-1000K) 



43 

3. Electrochemical Separation Reactor. 

C02 = CO + 1/2 02 (1100-1300K) 

C0 + 1/202I C02 C02 + C j 2CO 

Fe + T102 + CO 

DEPOSITION 

REACTOR (DR) 

ELECTROCHEMICAL 
SEPARATION 
REACTOR (ER) 

REDUCTION 
REACTOR (RR) 

Fig. 23. Schematic of the Lunar Oxygen Production Plant 

Figure 23 schematically illustrates this ideal oxygen production process. The pressure is 

presently taken to be 1 bar (0.1 MPa) for convenience, but the changes to the model for a 

different system pressure are simple to incorporate. Similarly, the oxygen production rate 

of 10 kg/day can be scaled for other production rates. 

2.2 Equilibrium Chemical Reaction of Ilmenite with Carbon 

In the Reduction Reactor of the Lunar Oxygen Production Plant, ilmenite is made to react 

with a fixed amount of carbon. This carbon has been deposited on it by a disproportionation 

reaction in the Deposition Reactor. The reaction in the RR can be written as: 

FeTi03 + xC —> Products. 

The products may be various combinations of the following compounds: CO, C02, Fe, Ti02, 
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Ti203, Ti305, TiO, Ti, TiC, FeO, Fe203, Fe304, Fe3C and 02. A compound may or may not 

be present depending on the temperature of the reaction and on the amount of carbon present 

in the reactants. 

Table 2. Free Energies of Formation of Various Species, kCal/mole (Barin and Knacke 

[1973]) 

1 
Temperature 

| Species 900K 1000K 1100K 1200K 1300K 1400K 1500K 

I FeTi03 -331.31 -337.11 -343.23 -349.64 -356.33 -363.27 -370.45 

C -2.48 -3.04 -3.65 -4.31 -5.01 -5.76 -6.54 

CO -71.73 -77.30 -82.94 -88.66 -94.44 -100.28 -106.19 

co2 -144.08 -150.45 -156.94 -163.54 -170.26 -177.08 -183.99 

Fe -8.55 -10.07 -11.77 -13.59 -15.49 -17.45 -19.47 

FeO -83.05 -86.00 -89.09 -92.32 -95.67 -99.12 -102.69 

Fe3C -27.22 -32.86 -38.79 -44.98 -51.41 -58.07 -64.94 

Fe203 -227.89 -233.74 -239.96 -246.49 -253.3 -260.37 -267.69 

Fe304 -315.92 -324.90 -334.36 -344.25 -354.55 -365.21 -376.22 

Ti -9.12 -10.62 -12.21 -13.90 -15.70 -17.76 -19.47 

Ti02 -242.48 -245.48 -248.65 -251.99 -255.48 -259.11 -262.87 

Ti203 -392.15 -397.67 -403.53 -409.71 -416.19 -422.95 -429.96 

Ti305 -635.58 -644.54 -654.00 -663.92 -674.26 -685.02 -696.15 

TiO -139.55 -142.13 -144.86 -147.72 -150.72 -153.88 -157.17 

TiC -53.18 -55.00 -56.94 -58.99 -61.15 -63.40 -65.751 

o2 -47.01 -52.78 -58.64 -64.57 -70.57 -76.63 -82.761 
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Since the purpose of the Reduction Reactor is primarily to produce the maximum amount 

of CO possible, it is worthwhile to investigate the equilibrium behavior of this reaction at 

various temperatures and carbon contents in the temperature range of interest, namely, 

900K-1500K. 

The reaction that will most likely take place is the one with the minimum Gibbs free energy. 

The reaction occurring at any temperature T can now be written as: 

FeTi03 + jcC X yiSj, where x is the amount of carbon added (in moles),and ys is 

the molar production of species Sj (for example, Fe, TiOz, CO, etc.). 

The Gibbs free energy for such a reaction is then written as {ZyiGSi T-(GFeXio3 T+jtGC T)}. At 

any given temperature and carbon content, the most likely products are the ones that result 

in the minimum Gibbs free energy for the reaction. Hence the likely products are determined 

by the minimizing Gibbs free energy subject to the 4 atomic balance constraints for Fe, Ti, 

O and C. 
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zs 
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Fig. 24. Conversion of Carbon to Carbon Monoxide 



46 

The above problem can be modelled as a linear program. In the computational model, x 

(molar concentration of carbon) was varied to values up to about 2. The free energies of 

formation of the various species were obtained from the chemical property tables (Barin 

and Knacke [1973]) and are listed in Table 2. The linear program was solved using LINDO 

(LINDO Systems [1991]). 

The results of the optimization showed that all the carbon supplied (x )  is oxidized to CO 

when x is less than 1.3 and the temperature is greater than approximately 1400K. The results 

are illustrated in figure 24. 

1200 1300 
Temperature, K 

0.9Ti02 + 0 JFe3C 0.3C + 0.9Fe + 0.3Ti305 

Fig. 25. Change in Products due to Temperature 

To illustrate the results of the optimization, two operating temperatures, 1300K and 1400K, 

are chosen. Between these temperatures, at say, a carbon content of 1.3 moles/mole of 

FeTi03, the behavior of the reaction changes. At 1300K the equilibrium reaction is FeTi03 

+ 1.3C -»CO + 0.1Fe + Ti02 + 0.3Fe3C. The reaction at 1400KisFeTi03 + 1.3C-4 1.3CO 

+ Fe + 0.1Ti02 + 0.3Ti305. Though the reactants are the same in both cases, the products 

are significantly different. The formation of a particular set of products depends on the 



47 

temperature of the reaction. With this in mind, the "conversion" of one set of products into 

another can be written as 0.9Ti02 + 0.3Fe3C -» 0.3CO + 0.9Fe + 0.3Ti305, with the products 

on the left being favored at 1300K and those on the right favored at 1400K. 

The free energy of formation of each set of products is plotted at various temperatures in 

figure 25. The lines intersect at 1355K, which is a transition temperature for the reaction. 

Above this temperature, all the input carbon (less than 1.3) will be converted to CO. 

Shomate, Naylor and Boericke [1946], have analyzed the reduction of iron in ilmenite by 

carbon at various temperatures. Starting with the stoichiometric equation, FeTi03 + C —» 

Fe + TiOz + CO, and using standard enthalpy and free energy equations, they conclude that 

the equilibrium concentration ratio of C02 to CO is in the range of 4-8% for a corresponding 

reaction temperature range of 900-1500K. To determine the C02 concentrations, they used 

the results for the C + C02 = 2CO reaction, investigated by Wagman, et al [1945]. 

However, the present calculations take into account all the possible reaction products such 

as Fe3C, FeO, etc., as explained earlier in this section. The results of this analysis indicate 

that the C02 content in the gaseous products is negligible for the range of interest, namely 

0<x<1.3, and 900K<T<1500K. The formation of Fe3C is favored at lower reaction tem

peratures (in the range 800-1100K). This is also experimentally corroborated by ongoing 

work at the University of Arizona's NASA Space Engineering Research Center (Massieon 

and Shadman [1992]). Our aim is to not lose carbon in the form of Fe3C, since it must be 

transported from the earth, and only adds to the Packaged Plant Mass. It is therefore rea

sonable that, as a first approximation, the Reduction Reactor be operated at temperatures 

not less than 1100K. Based on these observations, the reaction in the Reduction Reactor 

can be modelled as FeTi03 + C —> Fe + Ti02 + CO. 
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2.3 Inefficiencies, Mass Flow Rates, and Power Requirements 

The ideal reactions taking place in the various reactors have been illustrated in figure 23. It 

is, however, necessary to account for the inefficiencies. In the proposed model, these take 
i 

the form of artificial inefficiencies. The three reactions are then written as: 

FeTiOj/riRR + C -» Fe + Ti02 + CO + [(l-tlRRVniuJFeTiOj, 

2CO/T|DR —> CO2 + C + 2[(l-T|DR)/riDR]CO, and 

co/her —> co + 1/2O2+[(i-nER)/nHR]C02. 

The efficiencies T|rr, r|DR, and tJer are defined below. 

tIrr = (Ideal FeTi03 Required to produce 1 mole of CO)/(Actual FeTi03 Required). 

riDR = (Ideal CO Required to deposit 1 mole of C)/(Actual CO Required). 

tIer = (Ideal COz Required to produce 1/2 Mole of 02)/(Actual COz Required). 

Some unreacted carbon would undoubtedly be lost with the spent ilmenite. This can be 

accounted for by introducing a carbon efficiency, r|c, which would modify the RR reaction 

as follows: 

FeTiOj/riRR + C/r|c -»Fe + Ti02 + CO + [(l-W/iWIFeTiOs + [(l-ricVncJC. 

The make-up supply of carbon, [(l-r|c)/r|c]C, introduced into the DR, would compensate 

for the lost carbon. In this report, T|C has been taken to be 0.8. A different value can be chosen 

if need be. As mentioned earlier, an oxygen production rate of 10 kg/day is used as an 

example and other flow rates computed by working backwards. The values thus obtained 

can easily be scaled for other production rates. The following discussion refers to figure 23. 

The various streams are represented by superscripts, and the compounds, by subscripts. 

Table 3 shows the molecular weights and specific heats of the various compounds in the 

model. For simplicity and due to lack of data, the Cp values used are averages over the 

300-1100K temperature range. 
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Table 3. Molecular Weights and Specific Heats 

FeTi03 Fe Ti02 CO C02 C o2 

Mol. WL 153.75 55.85 81.90 28.00 44.00 12.00 32.00 

Cp (J/mole/K) 117.40 31.29 64.86 31.01 45.37 15.31 31.89 

igure 26, a modification of figure 23, shows the number of moles of various species in the 

different streams, for the production of 1/2 mole of 02. Using figure 26, and property values 

from Table 3, mass flow rates and power requirements in the various streams can be worked 

out. In the power calculations, an average temperature of 250K has been taken for the Lunar 

surface. 

FaTi03 

C02 + C0 
C (MAKE-UP) 

1/2 02 
C0 + C02 

CO 

DEPOSITION 

REACTOR (DR) 

TOOK 

REDUCTION 

REACTOR (RR) 
1100K 

ELECTROCHEMICAL 
SEPARATION 
REACTOR (ER) 

1100K 

Fe + TO2 + UNSPENT (F«Ti03 + C) 

Fig. 26. Molar How Rates in the Various Streams for 1/2 Mole of 02 

2.3.1 Mass Flow Rates 

The mass flow rates in each of the streams are as follows: 

The oxygen flow rate in stream 7 is 
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Mq2
7 = 10.00 kg/day. 

Mcq
2 = 17.50 kg/day. 

The Fe, Ti02 and FeTi03 flow rates in stream 4 are 

Mpe4 = 34.91 kg/day. 

Mr.024 = 51.19 kg/day and 

MpeTi034 = 96.09[(l-T|RR)/rjRR] kg/day. 

Mc4 = 7.50[(l-T|c)/r|c] kg/day. 

Flow rates in stream 1 are 

^FeTi03* = 96.09/tJrr kg/day. 

Mc1 = 7.50/rjc kg/day 

The quantity of FeTi03 in 3 is the same as in 1, and hence 

MFeTi03
3 = 96.09/t1rr kg/day. 

Mc02
5 = 27.50/Her kg/day and 

Mco2 = 27.50[(l-TiER)/r\ER] kg/day. 

Also, the mass flow rate of CO in stream 6 is 

Mco6 = 17.50[(2-T|dr)/t|dr] kg/day. 

The mass of CO flowing in stream 5 can now be computed as 

Mco = 35.00[(l-T|DR)/r)DR] kg/day. 

2.3.2 Power Requirements 

Current research at UA/NASA SERC indicates that the optimum operating temperature of 

the DR is in the range of725-775K. Work is being conducted to determine the temperature 

and catalysts that result in the greatest deposition of carbon. This model assumes the DR 

operating temperature to be 750K. 

All power requirements and heats rejected have been calculated using values from Table 3. 
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Stream 3 (FeTi03) has to be heated from the Lunar surface temperature of 250K to the DR 

operating temperature (750K). This requires a heat input of 

Q3 = 101.50/tIrr W. 

Stream 1 (FeTi03 + C) requires heating from 750K to the RR operating temperature of 

1100K. Using r)c=0.8, the power required to do this is 

Q1 = 9.30/r|c + 71.03/T1rr W, or 

Q1 = 11.63 + 71.00/Hrr W. 

Stream 5 (CO + C02) has to be heated from 750K to the ER operating temperature, taken 

to be 1100K based on recent experimental evidence (Kaloupis and Sridhar [1991-1992]). 

The power required to do this is 

. Q5 = 27.50/tJer + 37.6[(l-TiDR)/nDR] W. 

In addition to thermal power required to heat the various streams, heats of the reactions 

taking place in the reactors, have to be supplied. If QdR, Qrr, and Qer represent the power 

requirements to maintain the reactions in the DR, RR, and ER, respectively, then 

Qdk = 286 W (endothermic), 

Qkr = 3370 W (endothermic), and 

QER = -1269 W (exothermic). 

Qer is the heat generated in the reaction occurring in the ER. Nonetheless, the electrical 

power required to maintain the potential across the electrodes of the ER also has to be 

supplied, as discussed in Section 1.3.3. 

Stream 2 (CO) has to be cooled from the RR temperature of 1100K to 750K (the DR tem

perature). The heat rejected here is 

Q2 = 18.8 W. 

Stream 6 (CO + C02) rejects heat as it has to be cooled from 1100K to 750K. The heat 

rejected is 
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Q6 = 18.8[(2-TJDRVTIDR] + 27.5[(1-T\ER)/T\ER] W. 

The spent ilmenite stream 4 (Fe + Ti02 + Unreacted FeTi03 + Lost C) exits the RR at 

1100K. Some of this lost heat can be recovered and used as a heat source at 750K. This can 

be done by using an inert or non-reacting gas as the medium for the heat exchange. The 

(recoverable) heat in stream 4 is 

Q4 = 60.47+ 71.03[(1-TIrr)/I1RR] W. 
i 

2.4 Discussion of the Model 

In this discussion, the heats of the reactions, dealt with in Section 2.3.2, have not been taken 

into considered as part of the thermal power. These are constant for all values of riDR, r^, 

tJer, and ric- Also not considered are Q2 and Q7, which are constants as well. Though Q2 and 

Q7 are both available as heat sources at 750K, the heat contents of streams 2 and 7 are too 

small to warrant consideration for heat exchange. 

DR Efficiency 
Stream 5 Stream 6 

Fig. 27. Flow Rate of CO in Streams 5 and 6 
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Figure 27 illustrates the mass flow rates of CO in streams 5 and 6. They are functions of 

r|Dtf. The mass flow rates of C02 in streams 5 and 6 are shown in figure 28. They are function 

of r\m. This means that the total mass of the gases flowing in either of streams 5 or 6 depend 

on both r|DR and tIer. 

To reduce the mass flow rate through both streams 5 and 6, it is necessary to lower tjdr and 

TIer. It is to be noted, however, that at low tidr and moderate t|er, the mass of gases flowing 

in both streams 5 and 6 is greater than when T\dr is moderate and is low. This means 

that having a reduced value of TJdr is more important than working to reduce T^er. The relative 

improvement in the mass of gases handled will be affected more by t|dr than by tJer. 

300 

0 —i 1 1 1 1 1 1 I • * I 
0.1 02 03 04 05 0.6 0.7 0.8 0.9 1 

ER Efficiency 
Stream 5 Stream 6 

Fig. 28. C02 Flow Rate in Streams 5 and 6 

Figure 29 depicts the variation in the thermal power required to heat streams 1 and 3, with 

T|rr. Q3 remains greater than Q1 over the entire range of tJrr. This is because of the larger 

temperature gradient this heat input has to overcome, having to bring the FeTi03 from 250K 

to 750K. At tIrr values lower than 0.4, the curve is very steep. This indicates that at low 
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values of t|rr, the power supplied by the heat source would vary over a wide range, with 

relatively small fluctuations in %r. It can be seen that at around t|rr=0.4, the thermal power 

input starts to level off. 
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Fig. 29. Thermal Power Required for Streams 1 and 3 

Figure 30 illustrates the heat rejected by stream 4 as it cools from 1100K (RR temperature) 

to 750K (DR temperature). This heat is available as a heat source at 750K, and can be used 

to heat stream 3 as it enters the DR. This curve behaves like the graphs in figure 29, and 

levels off around ^=0.4. Figure 31 shows the power input required to heat stream 5 as a 

function of t|DR, from the DR temperature of 750K to the ER temperature of 1100K, for 

various tJer. The power input rises when either of tJer or r|DR decreases. But it can be seen 

that the effect of lowered 11DR is much more pronounced than that of a smaller 1^. The 

change in the heat input, for a fixed tIdr, becomes increasingly miniscule for ^>0.3. 
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Fig. 30. Heat Rejected by Stream 4 
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Fig. 31. Thermal Power Required to Heat Stream 5 

Figure 32 illustrates the heat available, as a source at 750K, due to the cooling of stream 6 

from 1100K to 750K. It is important to note its similarity with figure 31. This is because 



only 10 kg/day of 02 is removed from the gases flowing in stream 5. The Cp values of CO 

and C02 are fairly close, as can be seen from Table 3. When riDR and are low, the mass 

flow rate of gases in stream 5 is large, and the removal of 10 kg/day of 02 is insignificant. 

This causes the heat rejected by stream 6 to be almost the same as that required to heat 

stream 5, or, Q6/Q5 « 1. 

When tidr and are high, the change in mass flow rate from stream 5 to 6, caused by the 

removal of 10 kg/day of 02, becomes significant, making Q6/Q5 < 1. Also clear from figures 

31 and 32 is the fact that both Q5 and Q6 start levelling off atr|DR=0.3 and ^=0.3. A sample 

problem has been solved in Section 2.4.1. 
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Fig. 32. Heat Rejected by Stream 6 

2.4.1 A Sample Problem 

A sample problem has been solved for an 02 production rate of 10 kg/day, using the following 

values for the input variables: 

T!dr=0-3, 

03 0.5 0.1 04 0.6 0.7 0.9 
DR Efficiency 
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tirr=OA and 

11^=0.3. 

The RR and ER temperatures are 1100K and the DR is at 750K. The mean lunar surface 

temperature is taken to be 250K. 

The oxygen flow rate in stream 7 is 

Mq2
7 = 10.00 kg/day. 

Mco2 = 17.50 kg/day. 

The Fe, Ti02 and FeTi03 flow rates in stream 4 are 

= 34.91 kg/day. 

MTi02
4 = 51.19 kg/day and 

MFer.o34 = 144.14 kg/day. 

Mc4 = 1.88 kg/day. 

Flow rates in stream 1 are 

MpeTi03 ~ 240.23 kg/day. 

Mc1 = 9.38 kg/day 

The quantity of FeTi03 in 3 is the same as in 1, and hence 

^FeTi033 = 240.23 kg/day. 

Mco2
5 = 91.67 kg/day and 

Mcoz6 = 64.17 kg/day. 

Also, 

Mco6 = 99.17 kg/day. 

The mass of CO flowing in stream 5 can now be computed as 

Mco5 = 81.67 kg/day. 
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The heats rejected were 

Q2 = 19 Wt at 750K, 

Q6 = 166 Wt at 750K, and 

Q4 = 167 W, at 750K. 

Thermal power inputs required to heat the various streams were 

Q3 = 254 Wt at 750K, 

, Q1 = 189 Wt at 1100K, and 

Q5 = 179 Wt at 1100K. 

It can now be seen that Q4 and Q6, if recovered by means of a heat exchange system, will 

be able to supply the power necessary to heat stream 3 (fresh FeTi03). Though Q4 is the 

available heat in the spent FeTi03 stream, it can be recovered by means of an inert gas heat 

exchanger as discussed in Section 2.3.2. 
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