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Preface

o As our nation moves toward the goal of a manned presence in space,

we have come to the realization that we must make every effort possible to reduce

;.,.; our dependancies on Earth resources if we are to maintain this presence and our
‘ economic well being. The high cost of transporting fuels and resources into space
[ and returning waste products to Earth may make our stay in space a relatively
short one. We must begin to nurture and research a space self-sufficiency
,4 concept which will allow us to exploit the resources of space without doing the
: same to the Earth.

.:; I have often been intrigued by the man who powered his home with a
;' & wind generator and the farmer who ran his farm on the waste of his pigs and
» cattle. Why not this type of self-generated power in space? Is it economically
) feasible to develop a system that would turn our waste products in space into fuel
" energy? This research project explores this question with regard to the fuel energy
X created being applied to maintain a space station’s orbit.

; The energy generating concept proposed in this study is anerobic
? digestion. This process has four benefits for space application; 1) it can stabilize
. human waste products, 2) it can reduce solid wastes, 3) it can provide a fairly
u clear effluent for water recovery, and 4) it can provide a fuel in the form of a gas.
“ The method envisioned for employing this energy producing process was to first
k determine a scenario so that input load to the digester system would be known and
~

also the size of the spacecraft, which would be "powered" by this energy source,

could be defined. The size and shape of the vehicle is necessary in determining
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@ the atmospheric drag which must be opposed to maintain the orbit. y

To properly analyze this concept it was necessary to research three v
distinctly unrelated areas; 1) simulation analysis of biochemistry, 2) thermochemical f
analysis and, 3) cost analysis. In performing the cost analysis it was necessary to A
determine an alternative system for comparison. The alternative selected was the
transport of conventional propellants from the Earth. This alternative does not
consider a replacement of the anaerobic digester with some other system which
must be present to stabilize the waste products of the space station. Nor does it
consider the additional benefits of the anaerobic digester listed in the preceding
paragraphs. In this respect the analysis can only be regarded as a partial one;

however, its utility lies in its use as a comparison tool which can be applied

toward analysis of any other waste stabilization system that may be selected. )
b The benefits may be taken as decision variables which would be considered in any
decision of a waste treatment/fuel source decision.

A good deal of the foundation for understanding the biochemistry
involved in anaerobic digestion, and the analytical descriptions of the methane
generation process, came from Price and Cheremisinoff’s book, Hiogas Production
& Utilisation. Their equations provided the primary relationships upon which the
simulation model was built. During the study it was realized that the methane
produced by the anaerobic digester would have to react with an oxidizing agent if
there was any hope of the system making a significant contribution to the orbit
- maintenance requirement. Air Force Institute of Technology (AFIT) professor Dr.
William Elrod’s assistance in the thermochemical analysis of this thesis is greatly
appreciated. He dedicated many hours to enhancing my understanding of a subject

area | knew very little about. I thank him also for the guidance he provided as a
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reader in keeping this report accurate and on track. The computer program used in
the thermochemical anlaysis was a modification of a program by Capt. Robert
Demmick. His generosity, in letting me use his program, was essential in
completion of this project. Dr. Lynn Wolaver, Dean for Research and Professional
Development at AFIT, was also beneficial as a reader in keeping the biochemistry
aspects of this thesis accurate and concise. [ truly appreciate the giving of his
time from his busy schedule for the benefit of this project. My advisor, Dr.
Joseph Cain, Associate Profesor of Economics at AFIT, deserves a great deal of
recognition for his guidance throughout this project, especially in the cost analysis
portion; thank-you for your support. The experts also deserve recognition for
their time and support in providing me with the inputs I needed to configure the
digester system and cost the component parts; I thank David Hill and Richard
Westerfield, waste treatment engineers at the Dayton Municipal Waste Treatment
Facility. [ also thank Gary Lubin at The Henry P. Thompson Company for his
assistance in the estimation of many of the digester system components. A
special thanks to Kathy Cook, superintendent of the waste treatment facility for
the city of Fairborn, for providing me with many of the EPA and Water Pollution
Control Federation documents used as references in this research work.

There are two other people who, though they did not contribute to this
thesis directly, were fundamental in its development and completion. The
appreciation [ have for the support [ have received from my wife, Edna, and my
daughter, Janae, cannot be expressed in words. [ believe their devotion to this

effort has been greater than mine. Without them this thesis would not have been

possible. Thank you both.
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Abstract

:I"his project explores the economic feasibility of creating fuel energy in
space from human waste with application toward space station orbit maintenance.
The energy generating concept proposed in this study is anaerobic digestion. This
process has four benefits for space application; 1) it can stabilize human waste
products, 2) it can reduce solid wastes, 3) it can provide a fairly clear effluent for
water recovery, and 4) it can provide a fuel in the form of a gas.

The analysis is dependent upon a predetermined scenario defining the
input load to the digester system and the size of the spacecraft. The size, shape,
and altitude of the vehicle determine the atmospheric drag which must be opposed
to maintain the orbit. The basic elements of the study involve 1) simulation
analysis of biochemistry, 2) thermochemical analysis and, 3) cost analysis using
the Monte Carlo method. An alternative system to which the digester is compared
is transport of conventional propellants from Earth. This alternative does not
consider a replacement of the anaerobic digester with some other system to
stabilize the waste products of the space station, or the additional benefits of the
anaerobic digester listed above. In this respect the analysis can only be regarded
as a partial one; however, its utility lies in its use as a comparison tool which can
be applied towa@/apz}ysis of any other waste stabilization system that may be
selected. ‘:’f’he results of this study show a statistically significant advantage of
the digester system over transported conventional propellants due to the high cost

of space transportation Recommendations are to investigate other altitude

scenarios and to compare he digester to other waste stabilization methods.
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AN ECONOMIC FEASIBILITY STUDY ON THE
SPACE-BASED PRODUCTION OF METHANE GAS FROM
HUMAN WASTE THROUGH ANAEROBIC DIGESTION
FOR USE AS AN ORBIT MAINTENANCE PROPELLANT

I. INTRODUCTION

Background

Current procedures in disposal management of human waste in the
space environment involve thermal drying or space vacuum drying of fecal solids
and return of these solids to Earth. Both of these methods require energy
expenditure. Heat is required in the thermal drying process, and energy is
expended when returning the residual waste mass to Earth through a controlled
reentry. As man extends his time in space the need to establish requirements for
handling metabolic wastes within his space habitat over long duration missions will
be the focus of much research and development efforts. These efforts will
concentrate on the most efficient means of reducing and utilizing the waste. The
high costs of space transportation places additional emphasis on recycling the
wastes of a space habitat. By reclaiming energy from the waste materials through
an anaerobic digestion process, reduction of these costs may be possible. (31:6;
32:82; 33:18; 34:53; 35:922)

In future long duration manned space missions, life support systems can
be expected to supply by-product gases, mainly hydiogen, methane and carbon
dioxide. All are candidate gaseous propellants which can be used for space. raft

attitude control. These gaseous outputs can be provided by various

bioregenerative systems that use microorganisms to stabilize waste materials




>

i a_ @ +
= 'y e %
‘J~LJJ-‘

2
a

.

£ e

La/5x
o A

before they build up to toxic levels, With such systems, human and other waste
products in the spacecraft are potential sources of future propellants. Utility in
the production of energy biogas, through anaerobic decomposition of human waste
solids, may provide a viable energy source on long duration space missions where
quantities of wastes must be managed to provide the least amount of energy
expenditure for the most amount of energy return. (45:228,469)

Though a limited amount of scientific study has been done on biogas
production from solid waste materials on Earth, research proposals have only been

suggested in this area of solid waste management applicable to space.

Problem Staltement

The technological area of methane generation from human waste has
received very little research attention for spacecraft application.  Sufficient
engineering data relating to the biological treatment of concentrated wastes for
precise design calculations of components to be used in space are not available.
Most of the technological developments to date are the products of research and
applications relating to municipal waste processing. (30:24; 36:266)

The use of methane as a gaseous propellant for attitude control on
space craft is already a well proven concept and hence is not presented as a main
topic in this thesis research. However, analysis of methane quality, quantity,
collection method, and the biogas process is presented in determination of concept
validity. A specific scenario based on space platform mission provides the
boundaries for modeling these factors. The scenario is based on previous studies
performed by NASA which were concerned specifically with designing space

colonies. In determining the economic feasibility of the methane generation

concept, a comparison of acquisition and operating costs between propellant supply
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_::'! QJ'-M via shuttle and space based methane generation is necessary. (30; 34; 45:228)

-;' Purpose of Study

; As manned mission requirements begin to extend up to one year and
’ beyond, research and development efforts will seek life support systems and waste

"'_:E subsystems which will reduce weight and volume requirements of the total manned
‘-"_:: vehicle complex. At the same time, increasing fuel and transportation costs will

& require more conservative and possibly less sophisticated fuel sources if we are to

S remain guardians of the high frontier. The anaerobic digester provides one such
S waste subsystem which can reduce metabolic waste volume and provide a useful

& by-product gas which may satisfy some, if not all, of the orbit maintenance fuel

‘.'E requirements.

§: - The focus of this initiative is to determine the cost advantage, if any,

of generating methane gas from human waste in space (for use as an orbit

‘AN

;_E maintenance propellant) compared to providing propellants from Earth via the
: shuttle. The term orbit maintenance is considered here as it applies to overcoming

' the Earth’s atmospheric drag on a permanently manned space station, since this is
;’.: the force that finally removes the satellite’s energy and causes it to spiral inwards

. toward Earth. This problem will be addressed in four phases: 1) development of

an applicable scenario to define propellant requirements, 2) sizing of the methane
?. generation system in an attempt to meet these requirements, 3) estimation of the

acquisition and operational cost of the system, and 4) comparison of the system

| P

costs with the logistics cost of transporting propellants. (44: 229)
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: The broad scope of this proposal requires a method of using established
o
:_:j theory, simulation modeling and cost analysis, together with sound engineering
3¢
‘-» principles. [Existing data is used to the greatest extent possible and all methane

" generation modeling and volume and weight estimates incorporate mathematical
relationships found in current literature applicable to Earth based systems. Cost

estimations for this study are based on a comparison method or use current

: available costs on items having equivalent or existing counterparts.

_,:E The station will be assumed to have pseudogravity, due to the human
:i physiological need for gravity on long duration space missions. Pseudogravity is
. artificial gravity created by rotation of the space station about a central axis.
:’:E Use of analysis based on standard lg Earth gravity is appropriate in specifying a
"“’ é:; system that will operate in a 1g pseudogravity environment. (34:21)

:,:: ' The space station will not be totally self sufficient and will be
:\ dependent on Earth’s resources for such things as food. The location in space of
'- the station, therefore, must be within the range of the shuttle and will be in a low
: earth orbit [LEQ].

‘g{: Size and weight of the space station is determined by the living and
o working space required for the crew members. In estimaling crew size, area
'.'-;},5 requirements, and structural mass, data from two programs in engineering design of

4
»
T

s Rl S0 Sy

habitats for sustaining life in space on a large scale will be used. The first design

program was a 10 week study held at Stanford University and the Ames Research

't
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Center of the National Aeronautics and Space Administration in 1975. The results
were published in a NASA pamphlet titled, Space Settlements, A Design Study.

The second program was a similar study that took place in 1977. The technical
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papers resulting from that program were published in a NASA pamphlet titled,
Space Kesources and Space Settlements. This study develops its scenario from
NASA'’s work involved with the initial LEO operations which provide a staging
base for assembly of lunar orbit payloads, space manufacturing, and laboratory
experiments in simulated gravity. A modular habitat design is assumed to allow
for future expansion and will accommodate 150-250 people. (30:66-71; 34:47).

Determination of the methane generator performance and size is
dependent on the rate of methane expenditure for attitude control and can be
interpreted as the generation rate requirement. Factors affecting methane
generation are primarily temperature, moisture, input feed rate, residence time of
waste material in the generator, degree of mixing, and loading rate. Using design
criteria and formulas presented in Price and Cheremisinoff’'s book, Arogas
Production and UTishratson, a continuous simulation model is developed in SLAM
[simulation language for alternative modeling] with the above factors representing
the input parameters. Input feed rate is dependent on the number of crew
members selected, and human waste input rates are based on data obtained from
studies done by NASA. (35:916, 41:97)

Since there is no night or day on a space station in a LEO, it is
assumed that individuals aboard the station will work on shift schedules extended
over 24 hour periods. Therefore waste feed input to the digester will vary on a six
hour cycle following what would be the natural waste disposal flow of morning,
noon, evening and midnight activities of the crews.

It has been shown that the main methane—producing bacteria are the

mesophiles. These organisms are most active in the 30 — 40 C range. Above this

temperature no significant increase in gas production occurs until approximately
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AT 55C. At this temperature the thermophilic bacteria are favored. Although there is
TN a potential for increased gas production, the thermophlicic temperature range is
‘\'“‘b
:: rarely used because it is impractical to provide the heat necessary to favor the
.:5
4 ) _ bacteria. This study, therefore, will consider operating temperatures of the digester
in the mesophilic range. (41:121)
o
i One of the main objectives of all space based systems is the reduction
of weight by integrating as many systems as possible. It is assumed that the
.- anaerobic digester proposed in this study will be a subsystem of the life support
:‘ system, and will be expected to provide a fairly clear effluent for water recovery.
SN
|- r N - - . .
NN The digester shall therefore be a two stage system in which the first tank shall be
b d
:-j".:-j used for digestion and be the primary methane generation source. The second tank
::'?_' will be for storage and concentration of digested sludge and will provide a
S (i-r relatively clear supernatant to a water recycling system. (41:93)
_, Though analysis of the water that may be recovered from the various
c
.. a - . . - ay . .
$: cleaning, food preparation, and bodily waste activities has not been reported in the
AN
‘ literature, it may be assumed that these waste waters will resemble domestic
s sewage with respect to the biological oxygen demand [BOD]. Calculations for
,' -:,: methane generation rates involving BOD will use values from current literature on
f‘*"*‘ domestic sewage. (36:275)
~
:::" Cost estimates for this initiative include the acquisition cost of the
e
'.“if, methane generation system, costs associated with placement and operating the
e
— system in space, and conventional propellant acquisition and shipping costs for
{ialNy
P - comparison. Since a system of this type has not been designed for, or utilized in
:'. space before, costs are derived by comparison with similar systems on Earth. The
o
S life cycle cost of the system is calculated for a useful lifetime of approximately 30
[ _:'{': g
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years. Conventional propellant costs and shipping costs are based on current year

dollars.
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The first step in handling a problem of this size is to partition the

cl
a

problem into its separate research components and to identify the relationships

ey

s

among those components. These relationships are shown in Figure 1. The

Y

following discussion will cover each of the four large blocks of research.
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WHAT IS THE COST OF SPACE BASED METHANE GENBRATION
FROM HUMAN WASTE AND WHAT ARE THE COST ADVANTAGES,
IF ANY, OF THE METHOD OVER SHUTTLED PROPELLANTS?

|

i

DEFINB THE
SCENARIO

Ry
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size

|

|

DIGESTER
PERFORMANCE

i

Model digester.
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1
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temperature

Calculate output
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meet
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expenditure

not, what
portion of
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]

[——)l
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'S
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acquisition cost
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weight, volume
and

|

COST SHUTTLED
PROPBLLANTS

1
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conventional
propellsnt to
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configuration

i
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1

digester 1n
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1

—

Lafe cycle cost j

Calculate
operational]
costs

rate
!
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and volume of
design
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)
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Comparison of
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e

Figure 1.
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Space Station Scenario. Crew size, altitude, and size and mass of the

space station are all based on previous studies done by NASA. Once location
and mass are determined, the force necessary to overcome atmospheric drag is
calculated from aerodynamic principles. This force is then interpreted in terms of
fuel requirements necessary to produce the change. The use of methane in a
cold-gas system and as a fuel in a bipropellant system is considered in
determining which method best meets orbit maintenance requirements. A cold-gas
orbit maintenance system is one which uses inert gas jets incorporating fast—acting
valves and receiving its propellant supply from pressurized cold gas supply tanks.
A bipropellant system requires two separate propellants, an oxidizer and a fuel. In
this case, methane provides the fuel. Various oxidizing agents, such as pure
oxygen, are considered. (30; 34; 45:204, 227)

Digester Performance. The digester is modeled using design critena and

formulas presented in Price and Cheremisinoff’s book, Brogas Produciion and
Ttihzatson. The model is formulated using FORTRAN statements in a SLAM
continuous simulation model. Input 1s feed rate based on the space station
population. The model allows for variation of the feed rate, as well as operating
temperature ranges. Outputs from the model are the volume rate of digester gas
produced and the volume requirement of the digester design. Analysis of the
output data will determine the proper combination of design parameters that meets
the methane rate requirement, and will also determine the required digester volume.
If the rate of methane production does not meet the requirement, all further
costing comparisons will be based on the portion of the requirement that can be

met. (41)

The modeled digester volume is used to estimate the weight of the
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- system components using comparable structural weights of hardware and materials
appropriate for use in anaerobic digesters. Many of the component parts
necessary to operate the digester have been sized by comparison to a small scale
portable digester built by Bio-Gas of Colorado and through consultation with
waste water treatment engineers. (2:102)

Cost of Digester. One of the more difficult phases of this initiative is

estimating the cost of the methane gercration system. Literature searches have
not produccd data on wiich cost estimates may be based. Therefore, the method
used to base costs is comparison against similar systems on Eart.h. Factors used
in estimating cost are the size of the digester required, selection of construction
materials, fabrication, weight, temperature, and mixing requirements. Local experts,
such as waste treatment plant contractors and engineers were contacted to obtain

G this information. The cost of placing the unit into space is based on shuttle J
transportation rates for weight and volume of the selected design.

Operating costs are derived from estimated labor, maintenance and
energy requirements based on a comparison of the designed facility with a
municipal waste treatr.ent plant having anaerobic digesters. The energy
requirement is based on a standard percentage of total facility cost. (47)

In costing a system of this type an important consideration is that
stabilization of human waste must be performed by one means or another to
prevent the spread of disease by reducing pathogenic organism content. Therefore,
the system will have advantages associated with its function as part of a closed

cycle life support system. This closed cycle system will be required to produce a

fairly clear effluent to be used for drinking water recovery. There are many waste

treatment techniques and facility designs capable of performing these functions.

ﬁ
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NN Therefore, all costs incurred in acquiring, operating and placing an anaerobic
- digester in space should be weighed against the alternative systems costs in
E providing waste stabilization and against current water recovery methods. The
; depth of research and computational resource requirements involved in a study of
- this complexity is beyond the scope of this project. This study then represents
J only a partial analysis which tan be used as a comparison against alternative
; systems. There are many factors which may influence the selection of a particular
: system. One such consideration is the advantage associated with handling a
;.’ reduced amount of waste solids from the digester. These waste products could be
‘v vacuum dried using current waste handling methods and returned to Earth or
j possibly utilized in space in such projects as space produced fertilizer for crop
g growth on future fully self-contained space stations. (39:923)

m Cost of Shuttled Propellants. The final phase of this initiative will

X compare the methane generator cost to the cost of supplying the required orbit
maintenance propellant by the shuttle.

o Since nitrogen is the most common coid gas propellant used in orbit
: maintenance systems, it will be used as the comparison standard in costing the
: delivered propellant price if the cold-gas method of orbit maintenance is selected
5 as best in meeting orbit maintenance requirements. Determination on how much
: nitrogen is required will be made by using a mass density comparison of nitrogen
to that of digester quality methane based on the volume of methane requirement
:' established in the scenario phase. (45:228)

" To determine if the methane generated would best be used in a
::‘ bipropellant system lo meet orbit maintenance requirements, comparison against

conventional shuttle orbit maintenance bipropellants {Monomethylhydrazine [MMH]
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‘-}‘ and Nitrogentetroxide [N,O,]} is made. Determination of the conventional
NN bipropellant quantity necessary to meet orbit maintenance requirements is made by
«: comparing the exhaust velocity or the specific impulse of the conventional
NG bipropellants with that of the methane generated, when used in a bipropellant orbit

j\; maintenance mode. Specific impulse is a rocket performance parameter which
:" relates thrust to the propellant mass flow rate [See Appendix A for a more

b complete definition]. (1:13-8; 45:29, 297)

:-; The cost of the required conventional propellants is based on current
».“ market price. Shuttle transport cost is based on current payload cost rates where
.;:: both propellant and container weight will be considered. (34:145)

~ :: The value of methane generation in space for orbit maintenance is

,:‘ determined by tabulating the various costs incurred in each system, calculating a
v (E—- total life cycle cost, and comparing these costs. In using the generated methane
as a bipropellant, the additional cost of providing an oxidizer propellant is
f\ considered. Uncertainties resulting from estimations or assumptions are reflected
1 by stating a range in which the prices are valid and an uncertainty associated with
-_‘: the price range. All costing data acquired during this study are standardized to
' Q current dollars prior to making a valid cost comparison.

D

:g Sequence of Presentation

E-E; In the chapters that remain a detailed examination is made of the
: methane generation process and the SLAM model as well as a cost comparison of
N. the anaerobic digester propellant generation system versus the transportion of

~§ conventional propellants to the space station. An extensive review of current
A literature related to anaerobic digestion, space station designs, handling of human
-‘, :-_(g?j- waste products in space, and current methods of orbit maintenance, fuel energy,
i3
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and costing calculations are presented in Chapter II to provide background for the

study. Chapter 11 provides a detailed description of the development of the
SLAM model which is used in determining methane generation rate and digester
tank volume. Data analysis is also presented in Chapter III. In Chapter IV the
calculations made in determining space station size and orbit maintenance
requirements are presented. The best method for utilizing the generated methane is
selected and propellant requirement is weighed against available methane output.
Also in Chapter IV, costing data of ihe anaerobic digester and shuttled propellants
are determined and compared. In Chapter V a discussion of the results and
conclusions are presented based upon the results of Chapters III and IV. Chapter

V concludes with a summary of the study results and recommendations for further

study and action. Appendix A lists definitions of terms used throughout this
study. Appendix B through E provide an example of the SLAM model and
typical output data. Appendix F is an explanation of the thermochemical
calculations made in Chapter [V to determine combustion temperatures of methane
with oxygen. Appendix G is the program listing including input and output for the

cost analysis done in Chapter IV.

13
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[I. LITERATURE REVIEW

A thorough investigation of the current literature was undertaken to
provide the knowledge and background in the areas of anaerobic methane
generation, system modeling techniques, feasible space station concepts,
astrodynamic principles with regard to atmospheric drag, space propulsion, and
economics concerning anaerobic digester components and space transportation.
This chapter provides a review of the information obtained during the literature
search which is essential in establishing a foundation for the study of space based
methane generation from human waste and its role as an orbit maintenance
propella. . Although much research has been done in the area of waste
management in space and in using space trash as a solid propellant, very little
attention has been given to the economic feasibility of providing a gaseous
propellant from an environmental control life support subsystem. This review,
therefore, starts by identifying approaches that may offer options feasible for the
methane generation process with regard to its capabilities aboard a space station.
A close look at the anaerobic process, space applicable anaerobic digester systems,
capacities, and through—puts is accomplished to provide an understanding of the
feasibility of such a concept for biogas production in space. A suitable scenario
specifying space station size and weight must be established in order to size a
particular digester system to its load and determine its methane output rate.
Therefore, following the methane generation review is an introduction to NASA's
research work in the area of space settlements and what can be expected in a

near—future LEO space station. A coupling of the astronaut’s waste in the space

14
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o e station with the methane generator is accomplished by means of a computer
,.\._. simulation model 1n order to provide an accurate estimate of the methane output
.\ rate and the digester volume requirements in Lerms of weight and size. Following
‘l the methane generation review, a description of the simulation language SLAM
o [simulation language for alternative modeling] is presented as background for
: understanding the model presented in Chapter [II. The concluding sections of this
": chapter provide an overview of information sources used in determining digester,
:_-: conventional propellant and shuttle transportation costs. (18; 36)

i:;{ The Anaerobic Process

Methane gas can be, and has been, produced under controlled conditions

_ for many years. Sewage treatment facilities use anaerobic digestion extensively.
42‘ . To date many research organizations both public and private have realized the
. ' G’ potential of producing heat energy from organic material which would otherwise be
: dumped, unstabilized, into our environment. Research efforts began as far back as
,: 1939 with the Gobar Gas Plant fabricated at the New Delhi, India, Agricultural
: Research Institute. China currently has over half a million small scale digesters.
..‘ India has installed some 100,000 such plants, and Korea is building 50,000
,.L small-scale anaerobic operations. In 1976 the US. Energy Research and
Development Administration awarded a research contract to Waste Management
:*. Inc. of Oak Brook, Illinois, to build a municipal trash anaerobic digestion facility in
‘. Florida to further study biogas production from municipal refuse. (2:95)

.' While looking toward the future, NASA has realized that permanent
::_: stations in space will present new problems, particularly in minimizing waste
: products and the use of consumables (eg propellants requiring resupply from
> '3‘ Earth). A partial solution to both of these problems may be found in the research
&S '
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Nt s work that has been done on producing energy from waste here on Earth. (15; 36)
The primary goal in the anaerobic process is to produce a stable sludge
" which is not subject to further biclogical decomposition, which is less odorous and
’:: putrescible, and to reduce the pathological organism content. The procedures which
2 are used to accomplish these objectives result in a gaseous by-product often
"
\
:} referred to as "sewer gas", "biogas", or "digester gas". This gas is not pure methane
\"Q
~ but rather an approximate 70/30 mix of methane/carbon dioxide, with small
X percentages of nitrogen gas, hydrogen gas, hydrogen sulfide gas and water vapor.
- Of all these gasses, only methane contributes any significant energy value. Pure
j methane, a colorless, odorless hydrocarbon is combustible at concentrations of 5 to
12% by volume in air and has an energy value of approximately 35800 kJ/m*® of
e methane. Since digester gas is about 70% methane, it has an energy value of
16
u_.. approximately 25,000 kJ/m®. By comparison, natural gas has an energy value of
s approximately 37,300 kJ/m® Throughout this study the terms methane and biogas
N will be used interchangably. In addition to the gas produced during the
I
stabilization process, a large percentage of the sludge is converted to liquid which
O can be reclaimed through water recovery subsystems. This conversion of the
N
.:-'j digester sludge to gas and liquid can reduce the waste products of a space station
<
and can provide both a gas as a candidate propellant and a liquid for use in water
E recovery. (9:35; 41:104)
"}_ A detailed discussion of the microbiology and chemistry of anaerobic
s
i digestion is beyond the scope of this study and unnecessary to an understanding
A of the conditions required for the anaerobic digestion of organics to gas. For
o in—depth information regarding the biochemical aspects of anaerobic digestion the
reader is referred to references (41) and (49) in the bibliography. A general
1A
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knowledge of the requirements of the anaerobic bacteria responsible for making
digester gas i1s necessary. Therefore, an overview of the literature pertaining to
these bacteria is presented here.

Anaerobic digestion is a complex biochemical process in which several
groups of anaerobic organisms simultaneously absorb and break down organic
material, human feces, industrial organic waste, and plant material in the complete
absence of molecular oxygen. This process can be considered in two stages as
shown in Figure 2. In the first stage the acid—forming organisms convert the
complex organic substrate, which is in a particulate form, to volatile organic acids
by attaching themselves to the particles and secreting extracellular enzymes.
During the second stage the methane—forming bacteria use the acids to produce
carbon dioxide and methane gas. It is in the second stage that waste stabilization
occurs. The methane is insoluble in water and will escape as a gas. A means of
collecting the gas must be provided and this also becomes a requirement for
pseudogravity in providing a force for separating the gas from the liquid and the

liquid from the sludge. (12:4-6, 4-7)

Acid Forming Methane Forming
Organic Organic CH,t
Matter] T = | Acids | T 1 CO,
pe————1st Stage a 2nd Stage -

Figure 2. Diagram of Waste Stabilization (12:4-6)

The methane bacteria growth rate is relatively slow and ranges in time
from 2 to 22 days depending on pH, substrate composition and temperature. The
pH range tolerance for these bacteria is between 65 and 76. At a given

temperature, if pH drops below 60, methane production stops and there will be no

17
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decrease in the organic content of the sludge and no methane produced.

Compared to the acid forming bacteria the methane bacteria get very
little energy from their food. Because of this they are fewer in numbers and are
more sensitive to changes in temperature. Most digesters operate at temperatures
between 26 and 43 °C, also known as the mesophilic range.  Operating
temperatures in the 45 to 55 °C, or thermophilic range, have have been investigated
and show a slight increase in digester efficiency, but are more sensitive to
temperature fluctuations and require more energy to operate at this higher
temperature. (41:18, 88)

Based on the above criteria four conditions are identified as being
essential for efficient digester operation and thus maximum methane production.
These are:

“u 1. An environment free of molecular oxygen.
2. A steady temperature in the mesophilic range [26 to 46 °C].
3. A proper pH between 6.5 and 7.6.
4. Sufficient retention time to allow methane bacteria regeneration.

When discussing the subject of temperature, the element of time cannot
be ignored because solids stabilization cannot be accomplished at low temperatures
unless sufficient time is allowed. Temperature and retention time for efficient

digester operation are shown in Table | to illustrate this point. (12:4-13; 41:95)
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Table |
Suggested Solids Retention Time for High Rate Digesters (41:95)

Operating
Temperature Suggested Time
[°C] [Days]
18 28
24 20
30 14
35 10
40 10

Methane Generation

There are two general digester processes which have evolved over the
years. These two processes are referred to as standard rate digestion and high
rate digestion. These two terms are somewhat deceptive in that they do not refer
to the rate at which organic materials are converted to methane. However, the
high rate digester does provide conditions which are more favorable to the
anaerobic processes. From these two processes, variations in staging and mixing
have resulted in several designs which will be considered here in selecting a
digester configuration which is appropriate for a space station. (48:255)

In a standard rate digestion system the contents of the digester are
unmixed and the processes of digestion, sludge thickening, and supernatant
formation are carried out in stratified layers of the tank. As a result, actively
digesting sludge occurs only in a portion of the total digester volume reducing the
actual working volume of the digester tank. Because the tank is unmixed the

feeding of the anaerobic bacteria is a very slow process taking between 30 to 60

19
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RN days retention of the organic solids. The long solids retention time requires a
large tank volume and a corresponding fresh sludge input rate usually in periodic
steps of two to three times a day. (41:89; 48:255)

The high rate digestion process differs from the standard rate process
in that the sludge is mixed and active sludge digestion takes place throughout the
tank. This mixing provides improved heating and continuous feeding, allowing for a
more complete interaction of the microorganisms with the organic sludge material.
The mixing process requires a nearly continuous sludge input to the digester and
therefore high rate refers to the organic loading rates possible rather than the
methane generation rate. The incoming sludge displaces the digested sludge in the
tank, therefore tank size is determined by how long the organic solids must remain
in the tank [solids retention time], which is a function of temperature [Table I].
(48:255)

The high rate digestion process has the advantages of shorter solids
retention time, continuous feed, smaller tank volume, and uniform heating
throughout the tank due to mixing. Also because there is no supernatant
separation, the total solids are reduced by 45 — 50% and given off as gas. These
factors make the high rate digester process a natural choice for the space station.

Because there is no supernatant separation in the high rate digester a second tank

must be provided to allow settling of the digested sludge from the liquid. The

L ‘t‘,.

second tank allows storage of the digested sludge until it is concentrated at the

YAl s

bottom and can be drawn off for subsequent conventional space vacuum drying.

1RO

The supernatant can then be piped to the on—board water recovery system. Figure
3 is a simplified diagram of a high rate two stage digester. Both tanks are

covered, and the gas collection system cross channeled between them. The second

&
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CORENAAY tank will not produce much gas since most of the gas production takes place in the
N .
. first tank. The second tank does contain a large volume of good active methane
-
..'-' . - - - - .
Coe producing bacteria which can be used to seed the first tank if the digestion process
::;::f slows down due to fluctuations in temperature or feeding rates. (12:4-1t; 32:82,
.':.‘ N 35:922-923; 41:.92)
nh
&:’ F — Gas '— —Gas
" L
bin ’,,.«M \ Heat
. -7 Exchanger
R
‘}}(5 e "
‘1\\
oy
> =
,:'_ ecirculation
~ (i'* Figure 3. High Rate Two Stage Digester (12:4-10)
','::: Mixing of the primary tank increases the volatile solids breakdown and
)
‘JA increases the amount of gas produced. Mixing can be accomplished by artificial
; means both internal and external to the tank. Internal mixing can be accomplished
s
:‘-f. through impellers or turbine wheels submerged within the tank. An important
e
[ L
. factor to consider in this method of mixing is exposure of the mixing blades to grit
S
*3 and debris. This can cause wear of the mixing impellers which will require
o .
:_Q: shutdown of the digester for drainage and repair. A more acceptable means of
s mixing can be accomplished external to the tank through the use of a pump. The
:EI_': total capacity of the pump is generally less than the circulating capacity of the
i
-‘:Z: mixers. The pump also allows for the external heating of the tank by cycling the
S sludge through heat exchangers. By using external heating and mixing, equipment
ﬁ.‘ ‘.'--‘*;.
i
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failures can readily be handled without stopping the digestion process by switching

the sludge recirculation flow to redundant equipment. (12:4-28)

-
3

“.:! The cover of the digester has some unique features which, though not
E: critical to the results of this study, should be recognized here. The two types of
' covers are the fixed and floating cover. The fixed cover offers the advantages of
: simplicity in design. It must be equipped with a positive displacement feed and
: draw—off arrangement so that a negative gas pressure in the tank does not
! develop. If this were to happen, atmospheric air within the space craft could be
E drawn into the tank and mix with the methane producing an explosive mixture.
-E The explosive limits of methane in air are between 53 and 14 percent. This means
that a methane:air ratio between as little as 53 to 14 percent could present a
E’s’ hazardous situation. A floating cover design provides the greatest degree of safety
u':! - since air cannot be drawn in by a negative pressure. The problems with this type
@ design are maintaining the cover guides in a smooth operating condition and
‘J’:: keeping the cover level. In either case the gas will be compressed and stored
'E_ external to the digester to minimize any leakage and possible safety hazards.
o (12:29; 48:260)
.» The expected methane output from the anaerobic process varies from
' - author to author. A popular figure based on actual data is about 1 cubic foot per
_, capita per day. Anderson (2) cites a figure of 4 -5 ft* for every pound of organic
: matter destroyed. Price (41) suggests the use of Michaelis—Menton type rate
; equations to determine quantity of methane generated based on biclogical oxygen
] demand [BOD] of the sludge, the quantity of biological solids added per day, and
:2: the efficiency of waste utilization. These equations are used in this study and

[

coupled to the expected BOD and input loads rate, based on NASA studies, using
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simulation modeling. The modeling and calculations of input parameters comprise
a majority of this study and Chapter III describes the equations, the SLAM model
and the input data used to determine the methane generation rate and digester

volume. (2:95; 41:37-39, 94, 105-106, 121; 48:111)

The Scenario

In considering the future utility of space as a resource and as a
laboratory, it is obvious that to fully exploit the potentials of space we must have
a continuous manned presence in this new frontier. NASA has been the
forerunner in looking toward man’s future in space, and has sponsored several
studies with the expert assistance of such space pioneers as Gerard O'Neill, which
have put numbers to ideas in assessing the human and economic implications as
well as the technical feasibility of settlements in space. As man moves toward
establishing colonies in space one of the first steps that must be taken is the
siting of small stations in low earth orbit for research, development, demonstration,
testing and evaluation. Low earth orbit is necessary as a first location because
materials must come from the Earth during the initial stages of space colonization,
and transportation to this orbit by means of the Shuttle is much more technically
and economically feasible than going directly to deep space orbits such as the
Lagrangian liberation point Lg or the Moon. The LEO space station will be
capable of performing research in materials fabrication and assembly techniques,
solar and nuclear power generation systems, and physiological effects of rotation
and reduced gravity. (34, 1)

This study utilizes NASA’s research as a basis for analyzing the
feasibility of space-based methane genera ion. All figures relating to the size,

shape, capacity and orbital altitude of the LEO space station come from research
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-.:;: .:Ef‘ work done by NASA and published in references (34} and (30) listed in the
) Bibliography.
;_ : Requirements for pseudogravity are also based on these studies, and
:,’ past NASA research, which show the physiological consequences of a gravity free
) environment over a sustained length of time. Data from past space flights show
that decalcification occurs at a rate of 1 to 2% per month in the absence of
’ gravity, which can result in decreased bone mass and density. Other effects of
gravityless environment include hormone and electrolyte imbalances and unstable
2 protein and carbohydrate states. For these reasons pseudogravity must be
provided for the people of the space station. The most feasible way of generating
.'_ artificial gravity is to rotate the space station. However, a rotating system
:-E contains forces other than the centrifugal force which acts as the gravity. The

- coriolis force is one of the forces, caused by the speed of motion and its direction

relative to the axis of rotation. Consequently, motion sickness can result even at

low rotation rates due to the cross—coupled angular accelerations in the ear when
: the head is turned oub of the rotation plane. People can adapt to rates below 3
.1 rpm and for this reason the space station is designed for a rotation of 2 rpm.
: Lower rotation rates are preferable, but for a platform of small size this is not
: feasible due to the large radius of rotation required. Figure 4 depicts the radius of
: rotation required for various spin rates. (30:36, 40; 34.21, 22; 35:349-408, 37:154)
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NASA’s studies show that 200 people stationed in a LEO space station
would be sufficient to perform the research and development missions on a 24 hour
a day basis. This figure is used as a loading factor in determining the size and
output of the anaerobic digester. To accommodate the 200 occupants the
recommended configuration of the space station is two spheres connected by a
corridor, or dumbbell. The dumbbell shape has the advantage of allowing the
radius of curvature that holds the atmosphere to be small while the radius of
rotation remains large. This shape also provides a unit modular design which could
be expanded by adding additional spheres in a ring to form a final beaded torus

~ design as shown in Figure 5. Parameters of the dumbbell shaped space station are

25

SR N

I VR D T NN SR S
S -.'."".’\."\"-."‘ * ~



lai et Rat aed 4

T T R R T R N N T e T R LW P UW T Lo W R TR UW U Us DR T T T By I TR I T T KT TR T «r '«"’

presented in Table II. Note that an atmosphere equivalent to one-half of the

Earth’s atmosphere is considered in .he structural design to determine the mass of
the station. By using a lower atmospheric pressure inside the space staion, less
structural strength is required to hold the structure together against the vacuum of
space. This is accomplished by increasing the amount of oxygen in the space
craft while diluting it with an inert gas, such as helium or nitrogen, thereby bringing

the total pressure to .5 atmosphere. (34:41, 144)

C= =

Dumbell Beaded Torus

Figure 5. Dumbell and Beaded Torus Design

TABLE II. Space Station Parameters (34:46, 87, 147)

Radius of Rotation [m] 236

Radius of Sphere [m] 333

Total Mass [kg] 145 x 10°
Structural Mass, 1/2 atmosphere [kg] 363 x 10°
Habitat Mass, 45 x10* kg/person [kg] .07 x 10°
Atmospheric Mass [kg] 181 x 10°
Orbital Altitude [km] 240
Population 200
Area/Person [m?] 35
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AN SLAM Model

Simuiation modeling provides a means of representing a system in a
r: mathematical form so that it can be exercised on a digital computer. SLAM was
chosen as the simulation language to be used in representing the anaerobic

digestion process in this study because of it’s capabilities to perform continuous

,, simulation modeling. In this type of modeling the state of the system, in this case
. the volatile solids loading rate and methane generation rate, are represented by
. dependent variables which change over time. This time—dependent portrayal of the
variables provides an outpui which can be analyzed to provide a realistic estimate
of system performance. Chapter III explains how SLAM was used to generate
time varying statistics on parameters such as methane generation, organic solids
. loading, and digester capacity. Detailed information on the syntax and operation
\' . of the SLAM program can be found in Pritsker’s text, /néroduction to Simulation
ﬁt and SLAM [T (42)
b7 Cost Analysis
. The cost analysis used for this study has to be be flexible enough to
. allow for a technological uncertainty in pricing the components of a system that
; will be procured and operated many years in the future. It also must allow an
& input of the expert’s "gut feeling”" or past experience in determining where the
actual price will fall in the uncertainty range. The Monte Carlo method is selected
' to be used as the analysis tool for forcasting the life cycle cost of the digester
* ' system and of the shuttled propellants, upon which the economic feasiblility of the
systems in question will be based. This method is recommend in the studies,
' Mitary Equipment Cost Analysis (43), and, Bstimating Cost Tncerlainty UTsing
; o Monte Carlo Technigues (7), done by the Rand Corporation. The Monte Carlo
‘\
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i E;::: Technique requires that the expert express his opinion of the uncertainty in the
_; price range selected by picking a beta distribution curve from a family of nine
: which best discribes the variance of the price based on his experience. More
' information on the Monte Carlo Techniqe can be found in references (13) and (27).
. (7; 43)
The pricing of the components in the digester system requires i:ut a
; system configuration be selected so that individual elements of the system can
each be analized to determine a price range and uncertainty determined from its
‘ application and environment.  The alternative system, shuttled conventional
| . propeilants, must also be analized to determine propellant costs. Each system, in
; addition to these aquisition costs, will have an operational cost which will require
‘~ the estimation of future space shuttle transportation costs. A preview of the

source of such costs is described below.

Digester Costs. Once system configuration is specified, the major

components of the system can be identified and a cost value estimated for each.

Consultation with waste treatment engineers with experience in design of various

3 Environmental Protection Agency projects and municipal waste treatment facilities
: is the main source of information in costing the primary elements of the digester
__ system. Due to the technological uncertainty in the application of equipment used
-‘ strictly on Earth for anerobic digesters to a space station environment, both
I equipment cost and weight must be determined using a Monte Carlo Technique.
Transportation costs are associated strictly with the initial transport of
:' equipment to the space station and, in the case of using the biogas as a
' bipropellant, the transport of an oxidizing agent suitable for combustion with a
. T methane/carbon dioxide mixture. These transportation costs are considered in the
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life cycle cost analysis.

Shuttled Propellant Costs. The alternative to generating a biogas

propellant from human waste is to transport conventional propellants on a regular
basis to the space station. The life cycle cost of such an alternative must be
compared to similar costs of the digester biogas generation system to determine if
an economic advantage lies with either system. Pricing information on
conventional propellants will be obtained from personnel in logistics centers
responsible for purchasing propellants for NASA and the DoD. Transportation
costs will reflect the quantity of conventional propellants required to produce the
equivalant capabilities of the digester system. These costs will be based on

propellant weight based on density.
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[1I. SLAM MODEL FORMULATION |

The purpose of the model is to generate data for analysis since actual
data on small scale digesters applicable to a space station scenario are not
available. Factors to be considered which effect the anaerobic process are the
volatile solids retention time [SRT] in the digester and temperature. Equations
used in formulating the model come from Price and Cheremisinoff’s book, H1ogas

Productson and UTitiization (41) and are presented below.

Vena = (035 m*/kg)[[EQS,[10%/kg)™]~1.42P,] [1]
and,
P. = [YQIES,][10°%/kg] " }/[1+k4T) (2]
where;
C.’.h Vcna = volume of methane produced, m®/d

0.35 = theoretical conversion factor for the amount of methane

produced from the conversion of 1 kg of BOD,
E = efficiency of waste utilization [8 — 95]
Q = flow rate, m*/d
S, = organic material added [BODy] g/m®
1.42 = conversion factor for volatile biological solids to BODy,
P, = net mass of volatile biological solids [cell tissue] produced

per day, kg/d
Y

growth yield coefficient

k4 = microorganism decay coefficient

l

T = mean cell residence [solids retention] time

30
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Lawrence and McCarty (23) have studied the growth kinetics of the
methane producing microorganisms and have determined the anaerobic process to
be rate limited. Their model, which describes the net growth rate of the
microorganisms in a continuous flow completely mixed anaerobic treatment system,
is represented by the expression:

dX/dt = Y[dF/dt] — k4X
where;

dX/dt = microorganism net growth rate per unit volume of digester

dF/dt = rate of waste utilization per unit volume of digester

X = microorganism concentration
Y = growth yield coefficient
k4 = microorganism decay coefficient

Figure 6 contains the graph from Price and Cheremisinoff’s book used

in determining the microorganism growth yield coefficient [Y], and decay

[endogenous] coefficient [kq]. This is a typical plot from laboratory data in which

the microorganism growth rate divided by the microorganism concentration [dX/dt
+ X, which is the reciprocal of the solids retention time ] is plotted against the

rate of waste utilization divided by the microorganism concentration [dF/dt + X].

The growth yield coefficient is then the slope of this line and the decay coefficient

is the intercept.
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on Figure 6. Laboratory Data Plot (41:107)
)

£

3 Values of Solids Retention Time [SRT] which allow for maximum use
o4

: of the waste solids by the methane bacteria are suggested by Price and

m Cheremisinoff for various temperatures [Table I, page 19] and have been plotted in

-
.’ Figure 7. For the mesophilic bacteria only temperatures in the 30 to 40 C
f» temperature range must be considered.
s 20+
?‘ Time

: {Days)
-

o 15 F
[}

[
-
.
{ \- 10’ o 2| 1 l+
.C < 5 30 35 0Temp (C)
\ Figure 7. Recommended SRT for Various Temperatures. (41:95)
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~_ This graph provides two equations for the SLAM model which will then
o
:j, determine the appropriate solids retention time for a given temperature. For the
)
:j temperature range from 30 to 35 C, solids retention time, T, is:
. = -8(TEMP] + 38 days
B
') For temperatures between 35 and 40 C, T is a constant 10 days.
o
f' r'actors which also influence the solids retention time are the volatile
solids loading on the digester, and the percentage concentration of volatile solids
%
o suspended in the raw sludge. For this study the percent solids in the raw sludge
r',f is 13%, based on the quantities of waste expected in a typical space station. A
L curve showing the relationship among solids loading, solids retention time, and
:2(:\ sludge solids is presented in Figure 8. From this curve a constant of multiplication
N . . : : :
_;\-{ S of 13 can be extracted for use in determining volatile solids loading from solids
e I retention time for use in the digester model. (20:80; 41:97, 99)
D v,
o 1.0
) "--
) §°i?‘gile 8 Volatile Solids
' Lgaé S o Concentration in
W R Sludege
" kz/m3/day aw S
‘h'
4 ::S . 6'—
& s
F‘;
%
-y 2L
.;‘_
' 0 1 L L 1 1 1
R 10 20 30 40 56 60 70
he- Solids Retention Time, Days
:f.: Figure 8. Volatile Solids Loading vs SRT (41:99)
)
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Model Development

A continuous model was formulated to simulate the operational
characteristics of the anaerobic digester. The program is written to allow
flexibility of input parameters and monitoring of various internal factors necessary
for model verification. Figure 9 depicts the interaction of the various parameters

and references the equation or figure used in determining the structure of the

model.
/ETERMINATION OF METHANE PRODUCED,
\OLIDS REMOVED, AND DIGESTER VOLUME
INPUT PARAMETERS
TEMP, PEOPLE
1
| | )
Recommended [Bet.ermme F‘lov] Determine Solids
Solids In Sewage
Retention Time
[SRT) Bificiency
Methane .
Generated {Eqns ;
1 & 2 Figure 6] i
! |
/VOLUME CH, / Convert |
Methane Vol ‘
to Mass
4
Calculate Sohids ‘
Removed |
I .
/ SOLIDS / |
REMOVED |
Required Calculate Calculate Volatile ‘
Volstile Solids Digester Volume Sohids y
[Figure 8| 1 l
£IGBSTBR / |
VOLUME J
Figure 9. Parameter [nteraction
34
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¥ A detailed description of subroutine STATE is now presented. It is
E included in the main program [Appendix B] and each fundamental line is listed
; here followed by a brief explanation of it’s contents and origin.
) C EFFICIENCY:
Y SS(7) = RNORM (875, 075, 2)
‘ Allows for random variation of system efficiency within 8 — 95
range (41:121)
j C TEMP CONSTANT:
b C SS(11) = XX(1)
- C TEMP VARIATION:
. S3(11) = XX(1)-2.8*COS(8*PI{ TNOW-0.1042))

' w Allows for test runs with either a constant temperature or with a
E temperature which simulates cooling of digester due to cooler waste

inputs. The cycling of temperature lags behind the loading cycle by
;‘ 15 minutes per hour to simulate heat transfer due to mixing.
\ C  LOAD CONSTANT:
; C  $5(12) = 26¥XX(2*TNOW
: C LOAD VARIATION:
. SS(12) = XX(2)*2.6*(1+0.4*COS(8*PI*TNOW))

Allows for test runs with either a constant load or a loading which
5 simulates six hour input cycles which would follow the normal
: activity cycles [prime waste facility use] of a crew working shifts
: over a 24 hour period. XX(2) is an input variable and represents
X ;-3
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:';: people on the space station. The total waste expected per person in

) ) a space station is 2.6 kg/person/day (20:80).

v C  FLOW:

"‘-":-—

";-_- 53(1) = SS(12)/100

- Converts load input [kg/day] to flow [m®].

N

. C  SOLIDS RETENTION TIME:

"-’,,:

- SS(2) =

oy IF (SS(11) LT. 35) SS(2) = -0.8*S3(11)+38

'.:E: Determines recommended Solids Retention Time in digester by using
s

: :::: temperature and equations derived from Figure 7. Figure 7 is derived

from tabled data in Price and Cheremisinoff’s book (41:95).

- C  TOTAL SOLIDS (13%):

e SS(3) = 0.13*SS(12)

N i ' Total of solids in raw sludge input are determined to be 13% of the
ZE:: weight of the raw sludge (20:80).

- C  VOLATILE SOLIDS CALCULATED (-3%ASH) (UNITS:KG/D);

)

o S5(4) = SS(3)-0.03*33(3)

E'j The volatile solids are calculated by subtracting 3% ash which has
.

:' been experimentally determined to be the non-organic residue in the

waste. (35:922)

Fg

e C  METHANE PRODUCED:

v

o

e 55(5) = 035E*SS(4)*SS(7)%1~(0.0588/(1-0.033*55(2))))
-.3 This equation for the volume of methane produced is a combination
s

:" of equations [1] and [2] and combines the constants Y and ky

'.'-‘

Y derived from Figure 6 [slope and intercept respectively] with various
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conversion factors.
C SOLIDS REMOVED:
S3(6) = SS(3)-1.059*SS(5)
This line of code provides information on the amount of waste
remaining, after the anaerobic process, that will be removed from the
digester and returned to Earth or could possibly be utilized as a
fertilizer in plant growth experiments. It is calculated by subtracting
the mass of the methane from the input solids. The figure 1059 is a
methane density conversion factor to convert methane volume to
weight.
C VOLATILE SOLIDS LOADING (FIGURE 8) (UNITS:KG/M3/D):
SS(8) = 13/SS(2)
This equation uses the Solids Retention Time to determine the
volatile solids loading per unit volume of digester. The equation was
derived from Figure 8. The constant of multiplication [k = SRT x
VS]is 13.
C DIGESTER VOLUME USED:
S5(9) = SS(4)/SS(8)
This calculation determines digester volume from the volatile solids
present and the required volatile solids loading per unit volume of
digester calculated above.
C HYDRAULIC RETENTION TIME:
SS(10) = SS(9)/SS(1)
This calculation determines how long the waste influent will remain in

the digester.
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N The SLAM input program is written to produce an output graph and
‘_::j: time averaged statistics on parameters which can be compared to theoretical
v
3 values in verifying the model. The input statements are listed in Appendix B and
o
. a sample output run is included in Appendix C.
<
20 Experimentation
e . e . .
het Model validation and verification requires a set of input statements
SN which allows for several runs, providing output of average methane generated and
i
o average digester volume used for each run. This new set of statements is provided
o
" in Appendix D. Three input temperatures were specified and ten runs each
}j:: performed with system efficiency being specified by antithetic random numbers to
u"..
’J.' . - - . - -
- reduce variance. The output of the thirty runs is summarized in Appendix E.
o t:-' The design of the verification phase provides a method of obtaining the
i‘_:- grand mean of methane generated for comparison against published theoretical
Sy
3:3;. estimates. Average digester volume used is also observed to see if it varies
Tl
th
; between runs at set input temperatures. Since digester volume is a function of the
:" required volatile solids loading compared to the actual loading, which is constant
“2
.\g . - . .
Y when averaged over time, no change is expected in the volume of the digester when
o1
N operated at a specific input temperature. Changes would be expected though when
S' .
bj’ the initial operating temperature is changed, which would determine a new solids
d
-s:' retention time from Figure 7, and therefore affect the required volatile solids
=
'y
s loading, Figure 9.
{5
o3 Validation provides a 95% confidence interval in which average methane
A
7 . . .
I-} generation can be expected to be valid for each of the three system operating
= temperatures. A 95% confidence interval is also generated on the mean difference
IS A
L
= 38
o
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,-::I:;-, between the three systems to show that the difference in the amount of methane {
generated 1s due solely to the change in temperature and not the randomness of

the system efficiency.

Qutput Analysis
i The following table summarizes the grand mean methane generation
Y rate, variance, and 95% confidence intervals for each of the three initial operating
temperatures. The data from the thirty runs used to obtain the grand means is

listed in Appendix E.

SYSTEM TEMPERATURE = 328C
i Grand Mean Methane Generation Rate: 181402 m®/day
1 Variance: 0.0152
) &7 Confidence Interval: 18.0521 to 18.2283 m*/day
SYSTEM TEMPERATURE = 35C

Grand Mean Methane Generation Rate:  18.2424 m®/day
: Variance: 00213
g
; Confidence Interval: 18.1381 to 18.3467 m®/day
. SYSTEM TEMPERATURE = 37.2C

Grand Mean Methane Generation Rate:  18.2830 m®/day
Variance: 0.0214
Confidence Interval: 18.1784 to 18.3756 m*/day

The methane generation rate of approximately 182 m®/day agrees with




observed methane generation rates of 4 - 5 ft®/lb organic matter, given by
Anderson (2:95). In this model an average of 656 kg/day [144.3 Ib/day] of organic
solids are available. This corresponds to a theoretical value of 5772 - 7215
ft*/day or 16.4 — 20.43 m*/day.

The difference between methane generation rate means for the three
operating temperature systems is tabulated below for each run together with the
grand mean difference, variance and 95% confidence interval for the true mean
difference. The small variance in difference mean is due to the change in system
operating temperatures and not the randomness of the modeled efficiency. System

A operates at 32.8C, system B at 35C, and system C at 37.2C.

DIFFERENCE IN MEAN METHANE GENERATION RATES
FOR THREE OPERATING TEMEPERATURES

Run Di [A-B] Di [A-C] Di{B-C]
1 -0.102 -0.143 -0.041
2 -0.101 -0.141 -0.040
3 -0.104 -0.145 -0.041
4 -0.102 -0.142 -0.040
5 -0.100 -0.139 -0.039
6 -0.100 -0.144 -0.041
7 -0.102 -0.143 -0.041
8 -0.103 -0.144 -0.041
9 -0.104 -0.145 ~-0.041

10 -0.103 -0.144 -0.041
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\ N GRAND MEAN OF DIFFERENCE OF MEANS
N Di [A-B] Di [A-C] Di[B-C]

! Mean -0.1021 -01430 -0.0406

N SD 0.0015 0.0019 0.0007

‘:'

CONFIDENCE INTERVAL (95%) FOR TRUE MEAN DIFFERNCE

e

. A-B. -01010 to -01032

A-C. -01416 to -0.1444

B-C:  -00401 to —0.0411

o

4 The increases in methane generation due to the increase in operating
"4 temperature is extremely small and it may not be economically beneficial in space
" to provide the extra energy required to increase the methane generation by
: !ﬁ operating in the upper mesophilic temperature range. Digester volume used
-

L remained constant for all three operating temperatures as was expected, and did
- decrease for increasing temperatures due to the increased metabolism of the
o methane producing bacteria at higher temperatures. Due to fluctuations in input
U

- loading, the max volume used [70.6 m®] will be the design parameter in sizing the
_:: digester tank.
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IV. ANALYSIS AND DISCUSSION

Up to this point the anaerobic pracess has been described and modeled
as it applies to a possible future space station scenario. Biogas output has been
computed for a given space station population. In this chapter space station size
will be determined based on the population selection and previous studies done by
NASA on the future colonization of space. The mass and cross sectional area
will be calculated so that an atmospheric drag can be determined for the aititude
at which the space station will be orbiting. This atmospheric drag, which is an
acceleration causing the space craft to spiral towards Earth, will determine what
force must be provided by the attitude control system to maintain the orbit.

The use of the generated biogas as a cold gas propeilant and as a fuel
in a bipropellant rocket system is investigated in this chapter to determine which
system would best provide the force necessary to overcome the atmospheric drag.
The theoretical performance of each propulsion system is evaluated using
thermochemical analysis techniques to determine reaction temperatures.

The remainder of the chapter compares the biogas generation system
performance with conventional propulsion performance based on the orbit
maintenance requirement and what portion of this requirement the biogas system
can meet. The common reference used for comparison is the dollar. Cost
estimates of the digester system are determined by the total acquisition cost,
installation cost and operational cost, all amortized over an assumed lifetime of
thirty years. This cost is then compared to the cost of providing the required

attitude control with conventional propellant delivered by the Shuttle. All cost

estimates are determined using a Monte Carlo technique.
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S Space Station Population and Size

W

As stated previously in Chapter I, the space station population has
S been selected based on previous work done by NASA. A population of 200
. occupants was used in determining the output of the digester system. This figure
4 Is also used in determining the size of the space station. A brief survey of the
literature indicates that for a small space station with this population a projected

living area per person of 35 m” is sufficient and is equivalent to that found in

L Tl

some small French villages. As a comparison with an American city, the

Manhattan Borough in New York has a per capita area of 382 m?/person.

" ‘n l. ,l ’l Y

Projected area is area of the largest plane perpendicular to the direction of the
pseudogravity. Actual usable area can be made larger than the projected area by
constructing levels within the habitat. (34:24-25,47)
S With a population of 200 and a required area of 35 m?/person, a space
i w station of the dumbell design will have those parameters listed in Table 11, page 26.
. These parameters are used to determine the acceleration due to drag on the space
- station. The formula for the acceleration due to drag is (3:423).

ag = Cplt/2]p[A/m]v* (3]
‘ where:

Cp = Coefficient of Drag

P = atmospheric density

A

average cross sectional area

m

mass of space station
v = velocity of space station
9 The average cross sectional area of the space station, A, is different from the

total cross sectional area due to the rotation necessary to provide a psuedogravity.

! 43




&
It is calculated from the formula (21:16);
i s A = (2/]A, + Al
where:
A, = cross sectional area of a sphere
- ) A, = total cross sectional area [spheres and corridor]
For the space station the cross sectional area of a sphere is:
A, = m[383 m]® = 348 x 10* m?
- The area of the corridor connecting the spheres is:
A, = 2[2[236m] - 2[333m]]J[2m] = 162 x 10° m?
.‘ Therefore, the total cross sectional area becomes:
( Ay = 2[348 x 10° m] + 162 x 10° m® = 858 x 10° m®

And the average cross sectional area is then:
A =[2/m][348 x 10° m® + 858 x 10° m?] = 768 x 10° m’
The velocity of the space station is dependent upon its orbital altitude
and can be calculated from the formula for circular orbit speed (19:75):
- v = [p/r)"
where:
- i = Earth’s gravitational constant [3.986 x 10° km®/sec?]

r = radius of vehicle from Earth’s center

. Therefore:

Y v = [[3986 x 10° km*/sec?] / [6378km + 240km]]'/? = 7.76 km/sec

; - The density of the atmosphere at 240 km is selected from NASA

o’ tables of density for standard atmosphere at various altitudes and is 124 x 107'°
kg/m®  (2%:11-26)

o The Coefficient of Drag is a dimensionless figure which carries over

:: [ :_.-'
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from the early days of aerodynamics but remains applicable even for the

conditions in which spacecraft operate. It is dependent upon free-molecule flow at
the orbital altitude and is calculated by assuming that the spacecraft is stationary
and the air molecules are flowing past. It is assumed that the molecules have a
Maxwellian distribution of thermal velocity superimposed on their uniform velocity,
v, and are temporarily retained on the surface after collision, then re—emitted.
(21:13-14)

The drag coefficients of bodies of various shapes, at various angles to
the air flow, and the average value for rotating bodies have been evaluated
experimentally. For satellites with perigee heights between 180 and 500 km and
orbital eccentricities between 0 and 0.2, the value of Cp is between 2.1 and 22 for a
sphere, and approximately 2.15 for a cylinder rotating like a propeller in the air
flow. Based on this information Cp can be approximated by a value of 22 with a
standard deviation which should not exceed 5 percent. (21:15)

The acceleration due to drag, a4, is now calculated by substituting the
above information into equation [3]:
aq = 2.2 [1/2] [1.24 x 107" kg/m*] [7.68 x 10° m® / 1.45 x 10° kg] [7.76 km/sec]?
= 419 x 10”® m/sec?
The next section uses this acceleration to determine the force
requirement necessary to counteract the drag and how much of the force the

biogas from the digester system can produce when used in a rocket system.

Orbit Maintenance Requirements

The force of drag on the space station must be counteracted by an
opposite force provided by the propellant used in the orbit maintenance system.

This force is equal to the mass of the space station times the acceleration due to

45
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atmospheric drag acting on it.

:. .'-‘\ 3 F = maq = [1.45 x 10° kg][4.19 x 10® m/sec?]

) = 60.8 kg~m/sec?

‘§ In calculating the required flow rate necessary to provide this force, the

:: use of the digester gas as a cold gas propellant is considered first. Assuming an
- approximate 70/30 mix of CH,/CQO,, the biogas produced, the first step is to

calculate the exhaust velocity of the gas as it exits from the orbit maintenance
rocket nozzle. Exhaust velocity is a function of the rocket chamber

: pressure/exhaust pressure ratio and the specific heat ratio, and is proportional to

j the square root of the absolute temperature, at the rocket nozzle inlet, and the gas

: constant. (45:55-56)

~ v, = {(2gk/(k-1))RTc[1~(Pe/Pc)* W/ ]}'/2 4]

where:
ﬁ.; k = specific heat ratio of the gas

:;; R = gas constant

7, Tc = rocket nozzle inlet temperature

| Pe = exit plane pressure

Pc = chamber pressure

. g = conversion factor [32.2 b, ~ft/Ibj—sec?]

‘ Note, since gas properties are tabulated in most reference books in English units,

b the following calculations will be made in English units and then converted to

- Metric.

" The pressure ratio, Pe/Pc, is a function of the ratio of the nozzle exit

:‘ area to the throat area. In this situation the nozzle design is an unknown, however

' the pressure ratio can be assumed to be very small since the pressure against the
. exit plane of the nozzle is the vacuum of space. In small rocket nozzle design the
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nozzle exhaust area to throat area ratio can be made very large, also providing a
very small pressure ratio. In calculation of exhaust velocity, therefore, it is
assumed that the pressure ratio is negligible, and the value of the quantity within
the square brackets, [ ], in Eqn [4] goes to unity. (8)
The gas constant, R, depends on the molecular weight of the CH,/CO,
mix. For the 70/30 mix combination:
Mmix = Zx;m; = 0.7[16 1bm/lbmole] + 0.3[44 1bm/Ibmole]

= 24 4 Ibm/lbmole

where:
x; = percent of constituent by volume
m; = molecular weight. of constituent
therefore:
Rmix = £/Mmix = [1545 fi-1bf/lbmole-R]}/[24.4 1bm/Ibmole]
= 63.28 ft-Ibf/Ibm-R
where:

£ = universal gas constant {39:302)

The specific heat ratio of the gas is the ratio of the specific heat ab
constant pressure and the specific heat at constant volume. Each of these specific
heats is dependent upon the CH,/CO, mix of the gas. The molar value of specific
heat is first calculated as the sum of the mole fraction and the molar specific heat
products of each of the constituents as was done for molecular weight. {8; 46:550)

CPmir = Lx,Cp, = 0.7[8.533 Btu/lbmole-R] + 0.3[8934 Btu/Ilbmole-R]
= 86533 Btu/lbmole-R
Cvp,e = Zx,Cv; = 0.7[6.464 Btu/lbmole-R] + 0.3[6.9536 Btu/lbmole-R]

= 6.6109 Btu/lbmole-R
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where:

Cp
Cvy

specific heat at constant pressure

specific heat at constant volume
The ratio of specific heat, k, for the gas mixture is then:
k = Cp/Cv = 86533/6.6109 = 1.309

Assuming a cold gas temperature of 530R [ambient temperature, approx.
70F] and performing the calculations in Eqn [4], the velocity of the exhaust gas, v,,
equals 3025 ft/sec {922 m/sec].

The next step is to determine the mass flow rate of the propellant gas,
m, required to oppose the atmospheric drag force, and compare this value with the
mass flow rate of the generated gas. Using m = F/v,, where F is the drag force,
a value of mass flow rate of 5898 kg/day is calculated. The available mass flow
rate of biogas is a product of the volume of the gas generated times it's density.
The density of biogas is approximately 1.06 kg/m®. (41:123)

Myyateble = PV = [1.06 kg/m®][182 m*/day] = 19.26 kg/day

Clearly, the biogas produced if used in a cold gas orbit maintenance
system will not meet even 1% of the propulsion requirement, and therefore is
considered no further.

Additional energy can be extracted from the gas if burnt with an
oxidizer. An oxidizer commonly used in space vehicles today is oxygen which is
well suited as a combustion reactant with methane. The only portion of the biogas
generated that will react with the oxygen is the 70% methane. The calculations
used in determining the exhaust velocity of the hot biogas/oxygen combustion
mixture are similar to those made for the cold gas system. The rocket nozzle inlet
temperature in this case will depend on the heat of reaction of the methane with

the oxygen:
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CH, + 20, = CO, + 2H,0
The heat of reaction will also determine if dissociation of the gases will take place.
Dissociation is the breaking of the gasses into various elements and molecules,
removing heat energy from the reaction and lowering the overall temperature of the
reaction. (8)

To find the temperature of the reaction, thermochemical tables are used
to balance the enthalpy of the reaction with the enthalpy change necessary to
bring the products to adiabatic flame temperature in a trial and error fashion until
a temperature can be located at which these quantities are equal. The trial and
error calculations are presented in Appendix F. The equations used in the
calculations are as follows [the subscripts p and r refer to product and reactant

respectively]:
AHI‘ = znpApr - EH,AHf; = Qout

AH, = En,fCp dT = Zn,[H-Hyes) = Qi

where:

AH, = heat of reaction

n = number of moles

Hf = heat of formation [kcal/mole]

H-Hyqs = change in enthalpy in going from reference temperature
[298R] to adiabatic flame temperature
[from thermochemical tables]

Q = energy [kcal]

Various adiabatic flame temperatures are chosen until Qouy = Q.n. In this case,

z\.;\-’.‘-‘._;.\_-.."' R . B ...:’..:.._;_.,;~.;_~.,-. '-"';."‘:'4'..-':"':.":.‘"-"'\'.’;"'}"—-".‘ "\--'_‘»-'lr.' A ‘v.'--"-."‘--:'--.’-;"‘,-:*\.'P-:(F'."\-
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;
.
': when dissociation is not considered, the resulting adiabatic flame temperature, Ta,
~: S';:' would be approximately 4600K [See Appendix F]. At this temperature
. dissociation will take place and some energy will be absorbed in the process.
" In-depth thermochemical analysis is necessary to determine the exact composition
f_ and adiabatic flame temperature that will be produced in such a dissociation
" ) reaction. The calculations involve a trial-and—error simultaneous solution of mass
balance and equilibrium equations, which is a problem of considerable complexity.
. For this reason a computer program is utilized in determining the adiabatic flame
temperature. An explanation of the procedure, the computer program listing and
’ output are also presented in Appendix F. A temperature of approximately 3380K
:' is determined using the computer program, assuming a gas pressure of 100 psia.
- The product gas used in calculating the adiabatic flame temperature is
then used to calculate the ratio of specific heats. The constituents of the product
m gas are H,O, OH, O, O, H,, and CO,. The additional CO, present in the biogas
2 was considered in the thermochemical analysis, as shown below. The calculations
: are made on a molar basis. The number of moles of methane produced per day is
™ equal to the percentage of methane in the biogas times the daily mass flow rate of
by the biogas divided by the molecular weight of the biogas:
3 7[19.26 kg/day]/[24.4 ke /kgmole] = 5525 moles/day [CH,]
&)
N The number of moles of CO, present which acts as a diluent is:
" 3{19.26 kg/day]/[24.4 kg/kgmole] = 1386 moles/day [CO,]
’ The left hand side of the reaction of methane with oxygen, including the carbon
' dioxide as a diluent is:
?_:' 5525[CH, + 20,] + .2368CC,
S Using the number of moles of each constituent produced [Appendix F] the
’ s complete reaction can be written on a per mole CH, basis as:
R
: 5
‘.
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- ;'\i:;f CH, + 20, + 0.4286C0O, — 1.3322H, + 0.31730H + 0.09680
3 n‘\- _~~..-'
+ 012730, + 02134H + 0.4025H,
:l ",
Fol + 1.4286C0,
-":; The right hand side is now used to determine the molecular weight of the product
s gas. First the mole fraction of each constituent is determined using the calculated
r* total number of product moles, 3.918, listed in the program output (Appendix F).
‘W
KL Mole Fraction [x;]:
‘, *
H, : 03400

5 :,
§ ..’". N

'?42 OH: 00810

2 O : 00247
¢

Yo O, : 00325

o
O H : 00545
Y

72 (_4:, H, : 01027
. \J

e CO; 03646

r_‘:*:j.-: The molecular weight of the mix is then calculated as:

i Mmix = Zx;m; = 3400[18] + 0810[17] + 0247[16]

.‘,_\

"ﬁ: + 0325[32] + 0545(1] + .1027(2] + 3646[44]
ne
Koo = 25.23 lbm/lbmole

B where:

‘15:5 x; = mole fraction of constituent i

.)*:.1‘

E\ m; = molecular weight of constituent i (lbm/ibmole)
o
1\«. The gas constant of the mix is next calculated:
SOk
o Rmix = £/Mmix = [1545 ft-1bf/Ibmole-R]/[25.23Ibm/Ibmole]
-"_-
<4 = 6124 ft-Ibf/lbm-R

"s.: ..:_.‘:_.
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As the gas is expanded through the nozzle it experiences a drop in temperature
and pressure. To determine the temperature at the nozzle exit, the expansion
process is considered to take place such that the product gas composition at the
nozzle exit is the same as in the combustion chamber. This condition is known as
frozen flow or frozem egquihibrsium The temperature of the product gas at the
nozzle exit, Te, is then calculated from the formula: (45:183; 8)
Te/Tc = [Pe/Pc]i* V¥
where:
Pe/Pc = exit/chamber pressure ratio

Tc = chamber temp. [adiabatic flame temperature]

]

Te

nozzle exit temperature
k = ratio of specific heats
In making this calculation an estimate for the ratio of specific heats, k, and the
pressure ratio, Pe/Pc, are made. As an initial guess, let k = 1.3. The pressure
ratio of chamber pressure, Pc, to nozzle exit pressure, Pe, is assumed to be large,
since the rocket operates in the vacuum of space, and a value of 1000:1 is selected.
The nozzle exit temperature is then estimated to be:
Te = Tc[Pe/Pc]ik'Vk (5]
= 3380K [oot]! s
= 686K
In reality the exit temperature will actually be somewhere in between
the adiabatic flame temperatuiec and the exit temperature calculated in frozen
equihtbrium, however, the temperature difference can be used to calculate an

average specific heat for each product constituent using the formula:

Cplavg) = AH/AT
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where: |

e
i AY = change in enthalpy in going from chamber temperature to exit temperature
AT = change in temperature between combustion chamber and exit nozzle
A sample calculation is made here for H,O using data from the
thermochemical tables in reference (4). For ease of extracting data from the tables
the adiabatic flame temperature is rounded to 3400K and the exit temperature to
700K.
Cplavg) = [(35.577 - 3.390}kcal/mole]/[(3400 - 700)K] = 1192 cal/mole-K
It can be shown that an increase in the pressure ratio has very little effect on the
resulting Cp{avg) value and is not critical to the analysis. For example; if the
pressure ratio w#ere 2000:1, the resulting exit temperature would be approximately
600K and the resulting Cp(avg) value would be 118 Therefore, the remaining
w Cp(avg) values are calculated for a 10001 pressure ratio, a resulting exit
temperature of 700K, and an approximate combustion temperature of 3400K.
Average specific heats [Cp(avg)] in cal/mole-K:
H, : 1192
OH: 818
O : 499
0, : 901
H : 497
H,: 814
CO; 1417
The product gas specific heats are next calculated using the above Cp{avg) values
and the mole fractions, x,, calculated earlier.
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:34:
[ ,»:.
o
o Cp = Zx,Cp,(avg) = .3400[11.92) + 0810[8.18) + .0247[4.99]
ST
R + 0325{901] + 0545[4.97] + 1027[8.14]
e + 3646[14.17]
.E‘ = 11.4047 cal/mole-K
5‘ and:
o Cv=Cp-2%
K
~. where:
A9
A
> R = 1986 cal/mole-K
AN thercfore:
~
o Cv = 114074 - 1986 = 9.4187 cal/mole~K
~.-
" The ratio of specific heats is then:
z k = Cp/Cv = 11.4047/9.4187 = 1211
P ‘-__,
:’- When this new value of k is substituted into equation [5] the exit temperature
" t;f becomes 1000K. Repeating the above procedures with this new exit temperature
:::5 results in a ratio of speific heats of 1206, An average value of k = 1.208 is now
e
: used in Equation [4] with T = 3380K = 6084R, and R = 6124 ft-Iibf/lbm-R
M . ..
) [assuming Pe/Pc negligible]:
2%
o v, = {[2[1208]/.208][61.24][6084][32.2]}"/
oo = 11,852ft/
‘-a\_" = , sec
it
N = 3611 m/sec
.:_,
{ The required mass flow rate is then:
[~
::3: m = F/v, = [60.8 kg—m/sec?]/[3611 m/sec]
L =
3 ' = 1684 gm/sec
Y
hy = 14548 kg/day
l,..-"
ﬁ This is the mass flow rate of the product gas of which 41.7% [mole
e fraction] was initially biogas. Therefore the required mass flow rate of the biogas
o 54
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o is 6066 kg/day. A comparison of this figure with the mass flow rate available
l, {::?:;:' from the digester [19.26 kg/day] shows that the biogas will produce 32% of the
2 force required to overcome atmospheric drag if reacted with approximately 60%
oxygen [mole fraction]. An optimization of this percentage may be possible by
decreasing the amount of oxygen in the reaction, thus providing a fuel rich mixture
A which could lower the molecular weight of the combustion product. Considering the
' uncertainty of the actual composition of the biogas, the 3.2% figure is sufficient.
1Y
. Cost Analysis - Methane vs Shuttled Propellants
The remainder of this chapter deals with estimating the cost of
providing the digester produced propellant and comparing that cost with the cost of
( supplying conventional propellants to the space station via the space shuttie. The
-Z: acquisition and operational costs are the only costs considered in this analysis. It
N
- is assumed that a waste stabilization system of some type [biological,
" 'I' physiochemically, electrodialysis, reverse osmosis, etc.] would be necessary on a
space station of this size, and that the development costs for all such systems
i would be similar. Development costs are therefore not considered to be a key
x factor in this study. Acquisition costs, however, are equipment dependenit and
». would reflect the specific system used to process the waste materials, in this case
E anaerobic digestion. The cost of other systems which might be used to provide
k waste stabilization have not been balanced against the cost of the anaerobic
.':‘: digester because of the complexity involved in evaluating and costing the multitude
s of possible systems. (13.66-67; 26)
‘j There are many other elements which may have a bearing on the value
. of a methane generating system that have not been considered in the cost analysis
I because of the difficulty in placing a number on their value. These include the
55
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-~ value of the effluent returned from the system after digestion, the value in
_, :: reducing the mass of waste products, and the utility value of stabilized waste
" material in space, to mention a few. Since the value of these elements are
f unknown, this study can only be considered to be a partial analysis; however, these
o factors must be included in any decision to use such a system.
) The Monte Carlo cost estimating technique is used in this study to
L estimate the acquisition and operational costs of the digester system. It is also
6 used to provide a cost estimate of the conventional propeliant requirement
necessary to provide the additional 3.2% thrust energy equivalent of the digester
:::j produced methane propellant for the cost comparison. The balance of the thrust
< requirement, the additional 968%, must be provided by conventional propellants in
- either case, and is therefore not considered as a cost element in this study.
Monte Carlo Cost Estimating Technique. The anaerobic digester
i qe proposed in this study is based on principles developed on Earth for large scale
municipal waste treatment. Scaling down a system of this type to a size capable J
X of handling 200 people and requiring that the system operate in space places a
= good deal of uncertainty on the estimates of the resource requirements. There are
'.:': two categories of uncertainty involved in estimating the resource requirements:
b,
-,: requirements uncertainty and cost-estimating uncertainty. (13:205-207)
- Requirements uncertainty refers to variations in the cost estimate due
":: to various possible configurations of the system under study. Possible causes of
e
j\ requirements uncertainty may stem from assumptions regarding hardware
i . . s
¥ characteristics or system operational concepts.  Studies have shown that
::; requirements uncertainty accounts for 70 to 80 percent of the total cost estimate.
:E: Uncertainties which may affect requirements for the anaerobic digester proposed
& e
W e
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here include space applicable materiais selection, for pumps and other components
'\ of the digester, configuration of the system design, and estimation of flow rates,
system capacities and operational and maintenance requirements. (6:1)
:r Cost-estimating uncertainty refers to the variation in cost estimates
: ) due to the unpredictable nature of estimating relationships. In other words, there
_~ is usually some randomness in the variables that are chosen to predict a particular
cost that must be accounted for in the cost estimating relationship. Sometimes
, this uncertainty can arise from the data that is used as a basis for the cost
. analysis. The data may be statistical, and therefore only as good as the
\ observations from which it was based, in which case there is some random
“. deviation of this data from the "true" value. The data may be based on past or
current experience, in which case it must be realized that relationships which held
é in the past may not hold for future advanced systems. In estimating costs of
__'; o future systems, necessity may dictate the extrapolation of relationships beyond the
. data base causing expansion of prediction intervals and inducing uncertainty into
4 the estimates. {13:206-207; 27.IV-2 - [V-3)
The intent of the Monte Carlo method of cost estimating is to describe
the above uncertainties for each of the cost elements of the system so that the
- extent of the uncertainty of the ultimate system cost can be anticipated and
:::;:. evaluated. In this way alternatives can be compared with respect to their expected

cost and their uncertainties. (6:2,4)
The method requires the pricing expert to specify a highest and lowest

expected value for each cost element of the system in addition to a selection of

one of nine beta distributions which best represent the cost uncertainty of each
cost element based on his experience. The beta distributions selected have many

of the characteristics that would be expected in input uncertainties: upper and
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lower bounds, continuity, and unimodal distribution. These distributions and their
associated & and B values are depicted in Figure 10. From each of these
distributions a cumulative distribution is plotted [Figure 11]. A random number
between 0 and 1 is then generated and located on the vertical axis of the

cumulative distribution plot. The corresponding x value from the horizontal axis is

then placed in the formula
C, = C, + [Cp, + Cylx

where:

C, = the computed cost value for cost element ¢

C, = the lowest expected value

Cy = the highest expected value
to determine a probable value of the cost element. This procedure is repeated for
each cost element in the system and the computed value of each cost element is
summed to determine a probable total cost of the system. The probable total cost
estimate of the system is then computed over several iterations to produce a total
system cost distribution. The use of this method requires that all the input
parameters be mutually independent which is normally a valid assumption with

cost factor inputs. (5; 7:15; 43:154—155)
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In order to develop a system life cycle cost using the Monte Carlo
- technique a discount rate must be considered so that future dollars can be
E 4
x4
S commensurate with todays dollars. The formuia for computing the life cycle cost
v 9’ is then:
- LCC = ZL[n; C/lr + 1]

where:
> LCC = life cycle cost
s
- y = number of years from the present that cost element is purchase
2 n; = number of units of cost element s purchased
Y r = discount rate
> The life cycle cost 1s computed over all applicable major cost categories of the
/ system [Development, Acquisition, and Operations] to develop a total cost
estimate uncertainty. (7:16-18; 13.66-69)

. Cost Catagories. As was mentioned earlier, only two cost categories
g are considered relevant to this study: Acquisition and Operations. In the
¢
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Acquisition category of the digester system, the initial investment costs include
the individual hardware components [pumps, tanks, plumbing, etc.], shuttle delivery
costs, and labor to assemble the digester as cost elements. Shuttle delivery is a
variable which is dependent on the weight of each individual component. Since it
is unknown exactly what each component will weigh, the Monte Carlo technique
was also applied to capture the weight uncertainty in the life cycle cost estimate.
A detailed cost breakdown of the cost elements under the Acquisition cost
category is presented in Table III along with the selected beta uncertainty curve
type and other information pertinent to the analysis. All acquisitions take place
during the first year of the Acquisitions phase with the exception of construction
and transport to space which takes place in the second and final year of the
Acquisitions phase. Table IV contains the weight values of each cost element
hardware component with the corresponding beta distribution type describing the
uncertainty. The hardware cost elements were based on a system configuration
[Figure 12] developed with the assistance of waste management engineers to be
compatible with the two stage high rate digester concept initially proposed. Cost
element and weight element values were also acquired from these experts through
personal interviews and correspondence. (17; 24; 47)

The system, as configured in Figure 12, is capable of handling the waste
input of the entire space station. Redundancy is provided by locating a system of
this type in each end of the space station. A waste transfer pipe running the
length of the corridor will transfer waste from one unit of the space station to the
other in the event of a system failure. Table III reflects the redundancy in the

equipment and additional spare components.
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: TABLE III

rele Cost Elements for Aquisition Phase

- ..'.-.':\
N Cost['85$] Beta

. Cost_Element Low High Curve Quanity Remarks

P4
jf Tank 13,000 20,000 4 4 Includes delivery

'@

- Tank Insulation6,000 7,600 2 2 3" Fiberglass with service jacket
e Pump 1 800 1,200 8 3 Includes 1 spare

o Pump 2 2200 2,600 8 3 Includes 1 spare

A Pump 3 800 1200 8 3 Includes 1 spare

- Pump 4 800 1200 8 3 Includes 1 spare

o Compressor 800 1200 8 3 Includes 1 spare

Heat Exchanger 610 1000 1 3 Includes | spare

- Temp Control 310 350 5 3 Includes 1 spare

- Valve

2 I: Pipe 15,587 17,100 7 1 2100’ of 4" Pipe and 475 of 1.5" Pipe
. Valve 210 300 9 16 4" Valves, 2 spares

. Coupling 13 15 9 105 4"Couplings, 5 spares

" Flame Trap 800 900 9 5 Includes 1 spare

3’ Pressure Relief 5390 700 9 5 Includes 1 spare

P Valve & Vacuum

: Breaker w/Flame

. Trap

v Sediment & Drip1,050 1150 9 2

. Trap Assembly

9 Oxygen Tank 6,500 10,000 1 1 2300 ft* tank @ 2200psi

199

: Construction 30,200 50,400 4 1 Based on 30% total cost (47),
" includes space/grnd uncertainty

Shuttle Transport 656 2647 6 wt. $/lb. Based on STS or derived
vehicle {25)
62
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TABLE [V
Weight Elements

Weight Beta
Weight Element Low High Curve Quanity Remarks
Tank 13,000 18,000 4 4
Tank Insulation 760 800 6 2 3" Fiberglass with service jacket
Pump 1 50 7% 9 3 Includes 1 spare
Pump 2 180 200 8 3 Includes | spare
Pump 3 50 75 9 3 Includes 1 spare
Pump 4 50 7% 9 3 Includes 1 spare
Compressor 50 75 7 3 Includes 1 spare
Heat Exchanger 300 500 4 3 Includes 1 spare
Temp Control 10 20 9 3 Includes 1 spare
Valve
Pipe 20,000 23,000 6 1 Includes Couplings
Valve 35 40 4 16 Includes 2 spares
Flame Trap 40 50 8 5 Includes 1 spare
Pressure Relief 40 50 8 5 Includes 1 spare

Valve & Vacuum
Breaker w/Flame
Trap

Sediment & Drip 140 156 8 2
Trap Assembly

Oxygen Tank n/a 39,357 1 1 Ilbs oxygen/year + 11,000 Ib tank
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\ ._‘.:.':-»_ ‘ o To & From System # 2 I
Py N : j
~ | Pressure Relief & Vacuum "
N ' 4 Breaker w/Flame Tuﬁ l
N ] —— - To Water }
. ' Recovery i
: . i
- Input Ty !
\ Sludge

5 s——(c] — Out

. P4 |
- Flame Compressor Flame CH4

X Trap Trap Storage

. Sediment &

u Drip Tank !
4 Key to Major Items:

Pl - Will be used to pump undigested sludge from one end of the space
station to the other digester if a digester requires maintenance. It has a
i capacity to handle approximately 140 gals/day [1 gpm] and can pump
u"-‘ straight up to a height of 780 feet. At this height the center of rotation of
) the space station is encountered and there is zero gravity. Therefore the
average height that the pump "sees" it must pump against is about 400 ft.
At the center of the space station the sludge begins to travel "down-hill"
toward the other half of the space station, assisted by artificial gravity.

. I P2 - Will serve to carry the digested sludge through the heat exchanger and
| also to mix the contents of the tank for proper feeding of the organisms.
. The tank is complete mixed once per day. Pump capacity is about 13 gpm.

' P3 - Pumps contents of mix tank [T1] to settling tank [T2] at the same rate
| as raw sludge is input into T1.
1

o

P4 - Will pump concentrated settled sludge from T2 to a sludge drying
system of some type. The SLAM model predicts an output from T2 of
about 107 Ibs/day of digested sludge.

Dl b LS

Compressor — Will compress “biogas", generated at a rate of 45 cfm [646
cf/day] to 100 psia.

H.E. - Heat exchanger. Water type heat exchanger heated by electric coils.

Figure 12. System Configuration
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The Operations cost category includes the purchase and shuttle delivery
costs of oxygen propellant, to be used as an oxidizer with the digester generated

fuel propellant, and the operations and maintenance costs of the system. To

]

determine the amount of oxygen required per year, the mole fractions of biogas
and oxygen calculated in the last section were used. For the described reaction
these were, for oxygen 58.3%, and for biogas 41.7%. The mass flow rate of biogas

produced was calculated to be 1926 kg/day having a molar weight of 244

PR
e e

kg/kgmole. Therefore the biogas molar portion of the reactants is:
[19.26 kg/day]/[24.4 kg/kgmole] = 0.789 kgmole/day

and the oxygen molar portion of the reactants is:

(.789 kgmole/day][.583]/[.417] = 1.104 kgmole/day
. The molar weight of oxygen is 32 kg/kgmole, therefore the weight of oxygen
‘ required for the reaction per day is:

[1.104 kgmole/day][32kg/kgmole] = 3531 kg/day
or 7769 Ibm/day at STP which represents a yearly requirement of 28,357 lbs of
oxygen. Operations and maintenance costs include labor and materials and were
derived from various EPA charts. Table V lists the values of each cost element
, in the operations phase with its corresponding beta distribution type describing the
o uncertainty. Costs which are based on historical data were adjusted to current
year dollars by an appropriate inflation factor of 9% which is applicable to Defense
Department siudies. (10:Charts D-1 - D-14; 11:63-71, Figures A-17 - A-40,
14:A-3, A-4; 25:4-10; 47)
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o TABLE V
SOOI Cost Elements for Operational Phase
oy -
5 T :
: Cost[’858] Beta
AR Cost_Element Low  High Curve  Remarks
E Labor 1I0M 14M3 4 Maint. Men, | Lab Tech. $120,000/yr/man
SN ['758] (47; 34:160)
Maintenance 6,100 7100 5 Pump belts, lubrication, etc. (11)
o Supplies
A
}'__.. Energy 10,200 16,600 1 Based on 10% of total cost (47)
o Oxygen 17,200 17,400 8 Based on $.05 per cubic foot at STP
g Purchase
'_::IE:: Oxygen 258 M 104 M 6 39,357 Ibs [Oxygen + Tank] mult by Shuttle
Transport cost per Ib. (25)
L2
i-jf::E The alternative to providing a portion of the orbit maintenance
(;L. requirement with the digester produced propellant is to use conventional fuels to
?j-::j provide that portion. The life cycle cost of this alternative is computed using the
p :4':
2 same Monte Carlo method as before but considering only the Operations cost
o
-“ category since conventional propellants will be purchased, rather than produced,
'::::f and delivered to the space station on a regular basis. The cost elements involved
Ay
»_:::_"; with this alternative are purchasing and shipment of the propellants and are listed
u_:-’
= in Table VI. Prcpellant purchase costs are standard stock fund prices for DOD
::_’_: and NASA. For MMH the price is $8 — $10 per pound and for for N,O,, $2.50 -
A
'_".:: $2.75 per pound. The variation in price reflects the fluctuation observed during the
s
. 1985 calander year. (25:4-10; 28)
-
:-:';
G
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, :\ 66

CN ™
h 's

¢\ u

A s e N A e L Y T e N T T T
v .l.| .t ULLR 5 14 *\v'\\ﬁ" " . WLy " e e « .



L Bat 228 Bob 4 % aad 4k ma3 faa dan Saq Sas aod gan es Bad s e e Gad fare e vy led St has et Sae e i aaS giet fat. Led Set et et Sl Syt Sat ek Bl aat St iat, St et R i et e S et Bad S

. 7.

~ TABLE VI
-?':::Q . Cost Elements for Conventional Propellants [Operational Phase]
5% -

Cost(858] Beta
Cost Element Low High Curve Remarks

3 Propellant Tank 3,300 5,100 1 One Time Purchase, Resusable
o N,O, 67,963 74758 4 Based on 27,185 Ibm (28)
\ MMH 131808 164,760 4 Based on 16,476 Ibm (28)
:" Propellant 312M 1260M 6  Based on cost/lb for 43,661 lbs

Transport propellant and a 4,000 ib tank
5
:;%3: The life cycle cost is dependent upon the span of time over which the
" system is procured and operated, and the time frame of acquisition and operation
’ to which the discount rate will be applied. In order to calculate a life cycle cost
’ several assumptions were made in scheduling the acquisition and operational
o (;ﬁ phases. After the development stage is completed acquisition and on-ground
: preassembly could take place in one year and packaging and shipping the next
' year. The operational phase would last a lifetime of 30 years beginning in 2005
" and therefore the acquisition phase would begin in 2003, Actual start dates for
.:‘f-_f these phases are not important in the analysis, but they do allow for a common
“‘:‘_ reference point when applying a discount rate. An average discount rate of 10%,
... appropriate to Defense Department studies, is used in this project. (13:227)
-1
\:_ Equivalent Propellant Determination. A comparison of the methane
? generated propellant to shuttled conventional propellant requires that the amount
K :E and cost of the conventional propellant be determined. To provide a convenient
-5-’ basis for comparison the Shuttle Orbital Maneuvering Subsystem [OMS] was
‘.' - selected as a typical propulsion system that could be employed on the space
N’ &;?
- ”
5

A

. - - .' Y .
A AR AU AT AT I P ATE S AR AL AL AT AT 20

----- ¢
. . e b - D

ettt At TR T AT N e T o
‘-.‘_.-{:‘_\J_.\ \.:J:'-\*"(\ "w.,:-'.(vl’\’ .'\}'J'




LB AN aie adeh oAl okl aieade oad-ad i ad-apar aRATahe¥ latugie e os aad aat Be® Bedh pee iat Aok g Ant Bat £28 S0k Aok Bt £od Aot Sl 8.8 ol 20k Sl Sl tad Pk “Nad el ‘0 Y Ao Al ’ Mk ik A ..W
-

station to provide orbit maintenance functions. This system uses Nitrogen

., . l. 4

Tetroxide [N,O,] as an oxidizer and Monomethalhydrazine [MMH]) as a fuel The

question is then, how much of these propellants are required to produce ‘he

additional 32% of the force required to overcome atmospheric drag if the biogas

system were not used? (1:13-7)
N ‘ The force required to counteract the atmospheric drag was calculated in
the section before last [page 46] as being 60.8 kg~m/sec’. Three and two—tenths
4 percent of this figure, or 193 kg/sec? is then the required force that the
conventional propellant system must provide. The Shuttle OMS system can
provide a specific impulse of 313 seconds. Specific impulse is a rocket performance
parameter which relates thrust to the propellant mass flow rate. Using the formula
5 for specific impulse the mass flow rate required to produce a force of 193

kg-m/sec? can be calculated:

u‘) m = F/[I,, g.] = 193 kg-m/sec® / 313 sec x 9.8 m/sec?
; =629 x 107 kg/sec = 1.38 x 107* Ibm/sec
: where:
l g. = gravitational constant
L This is equivalent to a propellant flow requirement of 43,661 lbm/yr. The mass

ratio of N,O, to MMH for this system is 1.65 to 1, therefore this flow requirement
s equates to 16,476 1bm/yr of MMH and 27,185 Ibm/yr of N,O,. Since the shuttle
can carry a maximum of 65000 Ibs to an altitude of 240 km, this will not pose a
weight restriction on how much propellant can be delivered on a flight. To

determine if there is a volume restraint on the volume of propellants which can be

carried into space, the densities [at STP] of N,O, [89.1 ibm/ft*] and MMH [486

\ Ibm/ft*] are used to calculate the volume of the above mass of propellants:
rs
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Vigose = Mm/p = 27,185 lbm / 89.1 lbm/ft® = 3051 ft*

and:

VumH = m/p = 16,476 Ibm / 486 Ibm/ft® = 339.0 ft°
This represents a total shipping volume requirement of 6441 ft*>. The cargo bay of
the Shuttle has a volume of approximately 10,600 ft®, and therefore the volume
requirement of the propellants is not a restraint and shuttle transport costs can be
calculated on solely a cost per pound basis. The transport cost element is

reflected in Table VI together with the purchase cost. (1:13-6,13-7; 45:29, 297)

Analysis. In order to compute the life cycle cost of the systems a set
of equations is used to determine *he argument, x, of the cumulative distribution
function, F(x), of the nine possible beta curves in Figure 10. The equations were
developed from tables of the incomplete beta function for the given & and 8
parameters. One hundred points from the tables were placed in a regression
program which computed the polynomials for the curves that best fit the data
points. The equations were then used to create values and these were checked
against the tables. The equations are:

Type Equation
1 x = 44519 F(x) - 11.425 F(x)? + 14898 F(x)* - 7.3393 F(x)*

2 x = 15828 F(x) - 1.72666 F(x)* + 11339 F(x)®
3  x = -25015 F(x) +2.265 F(x)? - 32916 F(x)* + 2.2205 F(x)*
4 x = 35761 (F(x)+05) - 96707 (F(x)’* + 12954 F(x)® - 62156 F(x)*

5 x =223 F(x) - 36096 F(x) + 2.3389 F(x)*

o))
>
It

~37482 F(x) ~ 48703 F(x)? - 9.1390 F(x)* + 54841 F(x)*

~3
E]
"

. 26547 (F(x)+1) - 5.7211 F(x)* + 6.0833 F(x)* - 2.3001 F(x)*
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l'l
::;:' Type Equation
T
oy R 8 x = 27511 F{x) - 50861 F(x)? ~32677 F(x)*
,}t_ 9 x = 014397 Fx) + 33829 F(x)? - 7.1725 F(x)* +4.5308 F(x)*
\:’\ Constraints: 0 < F(x) < 1 0<x<!
\: These equations do not fully describe the argument of the cumulative distribution
\ functions but are adequate except at the extreme tails of the distribution. Very
i:: rarely the value of x may be computed outside of the constraint range, but this
LN
s will have no impact on the final life cycle cost distribution. These equations were
2y developed into a FORTRAN function cailled BETA and used to determine random
EE variables for weight and cost using the related beta uncertainty curve for the
| ::-j particular cost element. (5; 40)
‘ The flow chart describing the FORTRAN program used in determining
;:j: the system life cycle cost is shown in Figure 13. The range of possible life cycle
::‘-:: W cost values that the system could have is computed from the sum of the high and
p . low values for each of the cost elements discounted back to 1985 This range is
S:. then divided into 100 intervals for later use in testing each life cycle cost generated
:" to see which interval it is assigned to. The program then determines a weight for
:::f each cost element based on the high and low values given and the beta curve
r associated with the weight uncertainty. This weight is used later in the progam for
= determining the shipping cost based on a per pound cost estimate for the shuttle.
::E? _ The life cycle cost of each cost element is then generated from the high and low
E:E- values assigned to it and it’s corresponding beta uncertainty curve. This cost is
L then multiplied times the number of units needed and discounted back from the
time purchased to 1985. The program repeats this process for each cost element
then sums the life cycle costs to determine the total life cycle cost. The life cycle
e cost is then tested to find the interval to which it belongs on the histogram and is
P




e
;" counted for that interval. The above process then repeats itseif for a total of 500
:'o \~,.‘-', iterations and provides a count of each life cycle cost within each interval of the
_, histogram. The same program was used to compute the life cycle cost of both the
_‘ digester system and the conventional propellant alternative. The program listing
Jl-: with inputs and outputs is presented in Appendix G.

’ The program output of the life cycle costs have been converted to a
graphic histogram, from tabularized data in Appendix G, and are shown in Figures
- 14 and 15 for the digester system and conventional propellants, respectively. A
_: composite of these two charts is shown in Figure 16. It is noted from the means
| ; of these charts that the life cycle cost of the anaerobic digester system does have
: a cost advantage over the conventional propellants alone. The additional cost of
o some type of substitute waste treatement system to replace the anerobic digester
would raise the cost of the conventional propellant system. Even without this
- m additional cost there is a large difference [22.1 M$] between the means of the two
X life cycle costs. The difference is due primarily to the high cost of space
transportation and the requirement for heavy density liquid propellants. Where

digester fuel requires the shipment of light oxygen gas compressed to 2200 psi,

}' orbit maintenance requirements calling for heavier conventional oxidizer will
' increase shiping costs. The posibility that shuttle derived heavy hLft vehicles will
A be available to place larger payloads into orbit at less cost is considered in the
- lower range of the shuttle transportation cost element. A comparison of the two
E graphs, in Figure 16, shows that within one standard deviation of either mean the
é gap is 165 M$. This comparison reflects the significance of the high cost of
‘ shipping involved in transporting conventional propellants over the life time of the
2 space station,

L
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INPUT

/
/ Costs, Weights, Beta Type,
/_ Discount Rate

Compute high and low
value of LLCC and values of
Lincrements for histogram

e

_ &

—
Compute weights of system
using random BETA
variable

)

Compute LCC of system
using random BETA
variable

Find interval of histogram
where LCC lies

[terations

No

Complete?

Calculate mean LCC and
standard deviation

OUTPUT

Mean, Standard Deviation,
Histogram
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Figure 13. Flow Process For Life Cycle Cost
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:- e The gap between the two means can be statistically tested to see if the
7 difference can be attributed to chance. At a 5% level of significance the test
[* favors the fact that there is difference between the two means. Though these
‘n

2 results may seem to favor the digestor system, it must be remembered that many
A other factors must be considered by the decision maker in a selection of anerobic
y digestion as a means of waste stabilization and propellant production. Factors
N which should also be considered are the costs involved with rocket design for
0 biogas combustion or alternativly, waste treatment facilities other than anerobic
digestion if considering conventional propellants. Weighing into the decission are
5 the additional benefits of reduced waste products, a fairly clear effluent from the
Q digestor for water recovery, and possible utility of the stabilized waste material.
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V. CONCLUSIONS AND RECOMMENDATIONS

The previous chapters have brought together information and analysis
from three widely separate disciplines; 1) simulation analysis in biochemistry, 2)
thermochemical analysis, and 3) cost analysis. This final chapter provides a
summary of the major topics of importance presented in the first four chapters
and their relationship to one another. A brief overview of the scenario chosen will
be presented with a short discussion of the change in output results that could be
expected if specific input parameters were altered. With regard to the scenario,
the output of the SLAM model is discussed and its relationship to the
thermochemical analysis and the sizing of the anaerobic digester. A review of the
key elements considered in the cost analysis together with their impact on the final
life cycle costs is presented here. Also discussed are the items that were excluded
from the cost analysis and their impact on future decisions. Based on the results
of the analysis in the previous chapters, recommendations are presented for further

study.

Study Conclusions

Scenario. It is clear from the literature review that there is a need to
reduce the costs of space transportation and also a need for waste treatment on
large scale space stations. The literature provides very little evidence that any
research has been attempted to tie these two requirements together and provide a
cheap space propellant from wastes. Therefore, to provide a stage for the study
of such a proposal, a scenario was selected based on previous work done by

NASA. This scenario was then examined to extract those elements that have a
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::i 2‘_‘_ bearing on the design of an anaerobic digester and an impact on it’s biogas output

.-.. when considered for use as a prcpellant.

’ '~ The scenario selected provided three critical inputs to the analysis of

" ' the methane generation and it’s value as an orbit maintenance propellant. These
_. inputs were psuedogravity, the number of people aboard the space station, and the
':\:. altitude. Psuedogravity was a requirement necessary for the anaerobic digester to
: operate. The separation of the insoluble biogas from the waste sludge is only
. possible if there is gravity to pull the heavy sludge to the bottom of the digester

:;tﬁ tank. The number of people on the space station was used as an input to the
f.: digester model in determining the amount of methane that could be expected to be

-,— generated. It was also a factor in determining the size of the space station. The
Z?_ size of the station was then employed in evaluating it's mass and shape using as
:’ .. guidelines configurations and parameters previously defined by NASA in their

00 @ studies of future space stations. The mass and shape of the space station, along
’ with the orbital altitude, allowed a determination to be made of the drag force that
:::;-": would be .ecessary to overcome if the vehicle were to maintain its orbit. The

_'_ altitude selected was compatible with the space shuttle’s orbit since the space

:w\ station is dependent on the Earth for a majority of its resources. Any increase ‘1
L::: the orbit altitude would decrease the drag on the space station and increase the

_-; percentage of the force requirement that could be produced by the generated
?:'_-2 methane. Any change in population requirement would not only change the

; methane generation rate, but also the mass, surface area, and consequently the

"I:, drag on the space station.

.}::

:‘» SLAM Model. The simulation language for alternative modeling,

. SLAM, was chosen to model the anaerobic digester because of SLAM's capability
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to model a continuous process. In order to build the model it was necessary to

have a basic understanding of the anaerobic process and describe it in analytical
terms. This description was provide by work done by Price and Cheremisinoff in
their book, Brogas Production and Utilization.

The only input to the model from the scenarioc was the number of
people aboard the space station. This input was then transformed into flow rate,
percent solids present, organic solids present, and biological oxygen demand, using
information obtained from NASA’s previous studies which looked ab actual
astronaut’s waste product composition and the expected waste output during future
space activities.

Other inputs to the model which were not dependent on the scenario
were digester temperature and efficiency. A temperature range was selected, based
on historical data of Earth based digesters, which would be most favorable to the
mesophilic, methane producing, bacteria. To allow for a realistic modeling of the
environment within the digester the temperature was varied to simulate the actual
fluctuations expected in waste input loading. The efficiency was allowed to vary
randomly so the methane generation rate would reflect a reasonable estimate of
reality. Shifts in the temperature range selection were made in various runs of the
model, providing output results that showed very little gain in methane production
rates for the increase in thermal energy.

The model was constructed using many variables which have their basis
in laboratory experiments and scientific reasoning. Variations in such things as
suggested solids retention time in the digester, microorganism growth and decay
rates, and expected waste concentrations on large scale space stations can be

modeled, but in reality will require human monitoring and intervention to provide
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peak methane generation.

Thermochemical Analysis. Once an approximate methane generation

rate was determined 1t was then necessary to predict how to best use the biogas in
providing a counteracting force to the atmospheric drag. It was determined by
looking at the amount of biogas generated from the SLAM model, and its density,
that the biogas itself would not suffice as a cold gas monopropellant. An oxidizer
suitable for combustion with methane, in this case oxygen, was selected, and first
cut thermochemical calculations were made to determine the temperature of the
combustion reaction for input into formulas that would determine the exhaust
velocity and the required mass flow rate to produce the force required. These
initial calculations showed a temperature above which dissociation of the
combustion products would take place. The dissociation would lower the
combustion temperature and, therefore, it was necessary to incorporate in—depth
thermochemical analysis into the study.

Thermochemical analysis is a science which is totally dependent upon
laboratory data tabulated in JANAF (Joint Army, Navy, and Air Force)
thermochemical tables.  The results obtained provide the best estimate of
temperatures that can be expected with given combustion reactants and expected
products. Variables that could change the output temperature prediction are
fluctuations in the expected 70/30 methane/carbond dioxide mix and deletion or

addition of expected output combustion products.

Cost Analysis. The cost analysis portion of this study is definitely the
area where uncertainty has the greatest opportunity to alter the outcome of the

comparison of propellant systems. One of the factors contributing to this

80

pal s San lhav e




i Nl

AW

\
,,;9.

l s
‘l
.

Y

5
..

2

) - - - - . - - - e T e T e T o ™ T e ™ - - . - - s N

RGN RN B S RPN R Nl R D N Vg e I W L TV R TS NN O, wr 'i‘_--h‘.ki
L) I’.\ ‘,‘\ - w, AL - L T R 4 § .\ B 5 . L AT Ny a 4N . LA - "
""I" LAY -“ B Lol TV st \ b’k 1t \ A HTRERY X L " N Kl K A SN Oy ! J?-\ "HL}L

uncertainty is the time frame proposed for a space station of this scale. All that

has been presented in this study is certainly within the limits of current day
technology, and as such has been analyzed using current day engineering principles.
However, technology does change and the systems ~f the future are dependent on
that technology. Therefore, costs and weights and the associated uncertainty
factors have been selected with their future application in mind to limit as much as
possible the underestimation of the system’s life cycle costs. Technology
break—throughs pending, the estimates made in this study should provide a realistic

costing estimate of future propellant systems.

Another factor that can affect the cost analysis outcome is design
configuration of the anaerobic digestion system. The design selected for this study
was one that is standard for large municipal high rate digesters. The sizing of the
system was scaled down to accommodate the loads predicted from the SLAM
model. It is probable that a system that would be placed in space would have an
entirely different system configuration. One possibility is a "packaged" system
that would contain all components; tanks, pumps, heat exchanger, etc, in a
completely self—contained unit. Maintenance acquisition requirements to
component parts of such a system would require it to be somewhat bulky, however
design efforts could possibly overcome this difficulty. Another possibility is a
single unit, rather than redundant unils as proposed in this study, with additional
equipment actually tied into the system but isolated from the flow with valves.
This would provide quick response to system failures through the opening and
closing of the proper valves. The first system provides convenience in packaging
and shipping but more front end cost in design which would be hard to predict

since digesters of this type and utility have not been attempted before. The
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{:':j:- second system has the draw back of having Lo continuously pump sewage across
the station.
For the system proposed the configuration allows for one digester to

process the waste of the entire space station if necessary. Most of the time it

A A

will process the waste on its side of the vehicle while operating at half capacity.
The configuration proposed also allows the system to be partially fabricated and
assembled on the ground, with the final assembly being completed in space. This
ground/space construction ratio is yet another factor which is unknown and can
effect the labor cost element in the analysis. The uncertainty associated with this
cost has been selected to hopefully capture the range of possibilities.
. The outcome of the cost analysis shows a great deal of spread in the
life cycle cost of the two alternatives presented. This spread is due primarily to
. the range of uncertainty in the transportation costs. The upper limit of the cost
£ w per pound transportation element is based on current non-government subsidized
c costs for the STS system. Unfortunately this cost is much higher than was
oniginally anticipated for the space shuttle due to cost overruns and correction of
many unforeseen technical problems on a new space transport system. The lower
' range is based on an unmanned heavy lift vehicle proposed by Martin Marietta.
o The beta distribution selected favors the Martin concept for future space
transportation. If space transport costs remain as high as they are today, the
: spread of the life cycle cost can be expected to narrow while the mean increases.

The spread between the means of the two systems, approximately $22

‘o s,

M, is partially the effect of the initial premise of this study; the high cost of

space transportation. Another factor which is reflected in this difference is the

- e .
s 8 g aax

high cost of conventional propellants. As our technology base increases with our
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increased man-hours in space there is a good possibility that the gap between the
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life cycles cost of these two systems will narrow. One indication of this is the
lower cost per pound prediction for the shuttle derived vehicles which has been
used as a parameter in the cost analysis in the lower limits of the cost range for
space transport.

o Additional benefits of reduction in waste have not been considered in
this study, but may be a decision variable and are readily available from the
SLAM model. The total reduction in waste processed through the system is

approximately 7%. This is the percentage of waste converted to biogas. The

) percentage of effluent return to the water recovery system is approximately 84%.
The remaining 9% is output from the digester in the form of digested sludge.
f The conclusion reached from this analysis is that space generated
SN propellants from human waste show a potential for lowering the cost of routine
: w orbit maintenance for future space stations. The digester system can perform four
functions; waste reduction, waste stabilization, effluent recovery, and production of
a candidate propellant. These features can be tied directly into a closed cycle life
support system and provide a propellant for future space missions. At higher
- orbital altitudes there is the possibility, with the reduced amount of air density,
. that the biogas propellant could provide 100% of the required force necessary to
overcome drag. In the very distant future there 1s no doubt, in this author’s mind,
that long duration planetary missions will employ similar biological systems to
reduce wastes and provide propellants which can be stored for use in attitude

control, orbit maintenance, and landing control systems.

Recommendations

— As mentioned early in this study, a valid and complete cost comparison
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between the anaerobic digester and the system of conventional propellant transfer
cannot be made without also considering the cost of the system that would have
to replace the anaerobic digester if using conventional propellants and an
alternative waste treatment system. It is recommended that the results of this
analysis be coupled with a cost analysis of other systems capable of and feasible
for space based waste stabilization. Such systems would include reverse osmosis,
electrodialysis, and physiochemical processing. Also included in this study would
be a weighted value of the benefits of the other systems being analyzed, and of
the anaerobic digester. For the digester this would include effluent recovery, waste
reduction, and possible alternative uses of the generated biogas.

As air density decreases with increasing altitude there will be some
altitude at which the methane generated would be capable of providing all of the
counter—force necessary to overcome atmospheric drag. This altitude could be
found by an tterative method of guessing the altitude, generating the drag force at
that altitude, and comparing the drag force with that which can be produced using
the biogas/oxygen propellants. A study should be conducted to determine this
altitude while considering the change in drag coefficient with altitude gain. This
altitude would then be anaiyzed to see if it is within shuttle range and below
harmful radiation belts.

The energy required in the operation of the anaerobic digester system
was taken from rule of thumb estimations for Earth based digesters and then given
a spread and uncertainty that would attempt to capture the value of space
generated energy. It is recommended that analysis be done in the area of future
space energy costs to narrow the spread and uncertainty of this cost element, and

this new energy cost be incorporated in the cost analysis model. Other proposed
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RS changes are the addition of costs associated with space based oxygen generation,
S
to be used as an oxidizer agent in the biogas/oxygen reaction, and consideration of
the generated biogas for attitude control and other uses.
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APPENDIA A
DEFINITION OF TERMS

Adiabatic Flame Temperature. The highest possible temperature which can be

reached given certain reactants. The reaction is calculated as going to completion
[equilibrium is reached] and taking place adiabaticly [without heat gain or loss].

(46:473)

Anaerobic Digestion. A continuous microbiological process that decomposes

organic material, by the use of microorganisms that are capable of combining
hydrogen with carbon in an anaerobic [oxygenless] environment. From a biological
viewpoint this process can be described as taking place in two stages: [1] acid
production, and [2] methane production. In the first stage, acid—forming organisms
% convert complex organic compounds into primarily volatile fatty acids, such as
acetic, propionic and butyric. In the second stage, the acids are converted to
methane and carbon dioxide by anaerobic bacteria. Factors which must be
controlled for successful anaerobic digestion are: [1] the complete absence of
oxygen, [2] digestion time, [3] temperature uniformity, [4] proper balance of organic
carbon, nitrogen and phosphorus in the organic wastes, and [4] the absence of
elements that are toxic to the bacteria. The major application of anaerobic
digestion is the the breakdown of organic maler in the concentrated sludges

produced from the treatment of wastewater. (2:93; 41:1,88)

Antithetic Random Number. Random numbers generated which have a strong

negative correlation to a previous set of random numbers to produce a small
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N -::f-:.' variance in the dependent variable. This negative correlation is created by making
[} >
A the random numbers dependent of the initial set of random numbers. Generation is
':I made by subtracting the initial set of random numbers from one.
N
. - Biological Oxygen Demand [BOD]. The oxygen used by the methane generating
bacteria while they utilize the sewage as their food and energy source. BOD is
f. determined by a standard 5 day test [BODs] which accounts for the amount of
: oxygen utilized by the bacteria. BOD, accounts for the maximum or ultimate
o
o4
3 oxygen demand on the sewage by the bacteria and can be determined from the
: amount of organic material added.
€
7
‘ Bipropellant System. A rocket propellant system which uses two separate
N ‘t’ propellants, an oxidizer and and a fuel. The propellants are stored separately and
" not mixed until injected into the combustion chamber. Most liquid propellant
3 rockets use bipropellants. (45:204-205)
:f: Cold-Gas System. A rocket propellant system which uses inert gas jets
- incorporating fast-acting valves and receiving its propellant supply from
- pressurized cold gas supply tanks. (45:227)
v
:
’ Frozen Equilibrium or Frozen Flow. A term used in describing the expansion of a
‘<

gas through a nozzle for the purpose of analytical consideration. The composition i
" of the product gas in the nozzle is assumed to be the same as that in the
" - . - . -
o combustion chamber. This results in a conservative estimate of the exhaust

velocity since in the product gas, in reality, will experience a drop in temperature
9, W
N
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and pressure and a conversion of the thermal energy to kinetic energy causing
phase equilibria to occur between the gaseous and condensed phases of the
constituents of the gas (called shifting equilibrium for a infinitely fast shift rate).
Consideration of an appropriate equilibrium rate can be a complex analytical

problem which is only possible if the correct rate information is known.

(45:183-184)

Per Capita. The equivalence in people that it would take to produce a given
amount of waste. A term used primarily in conjunction with municipal treatment
facilities whose waste input comes from other than domestic areas (industriai

waste, farm waste, etc))

Solids Retention Time [SRT] The average time in days that waste solids remain

in the digester.

Specific Impulse [[,] The thrust that can be obtained from an equivalent rocket
which has a propellant weight flow rate of unity. I, = F/w = c¢/g. Where F is
thrust in pounds, w is the weight flow rate in pounds per second, ¢ is the effective
exhaust velocity, and g is the gravitational constant. Units of specific impulse are

pounds of trust per pound per second of propellant flow, or seconds. (45:30)

Supernatant. The liquid inside the digester. This liquid comes from the waste
water input to the digester. In a two stage high rate digester, the primary mixing
tank contains a supernatant which is a mix of the solids with the liquid. In the

secondary settling tank, the supernatant is allowed to settle to remove the solids
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and withdraw the remaining supernatant as a fairly clear effluent.

Volatile Solids. Those solids coming into the digester that can be used by the

bacteria as food mater. This is determined by weighing a sample burned at 550 C
to determine the ash content which is subtracted from the total solid weight.

(49:4-21)
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(
SLAM MODEL MAIN PROGRAM AND INPUT STATEMENTS
| SROGRAN M3IN
K FIMENSION N3ET010000)
COMNON/ SCOM! ATRIB(120),00 1128, ,00L 1128; HTNON, 11, MFA 95 70F NCLNR
2 » NCRUR NPENT NNRUN,NNSET,NTAPE, 351128, ,55L 1881 , TRELT  TNCH, X2 (120)
k. CUMMON 2SET 10008
@ EQUIYALENCE NSET U1/, aSET (111
) NNSET=12000
_ NLRDR=S
‘j NEINT=y
’ NTAFERT
NFLQT=2
{ CALL SLam
2 $7ap
. END
SUSFOUTINE SVENT 1!
R COMMONGSTOND/ATRIE100) 50 (108: ., D0- 1108/ ,LTNOW, 11.HFA.NETOP, NCLNR
o L MCRDP  NPSNT, NRUN, NGET NTAPE, 551130 ,SSLY 120Y, THEXT, THOW, (X1 120)
. 12 FiTeRw
N 2
o SLERIUTING INTLL
MmN SOTM, ATRIS13) 004 128) ,I0L 1 188) , GTNOW, 11 NF&, 45TOF NCLNR
L NCRIR, 5ERNT NNRUN,NNSET NTARE, 55 (18@) ,S5L (1801 , TNEAT , TNON. X1 :108)
A SETURN
> END
. ZLERDUTINE OTPUT
COMNON/SCOMI, ATRIB(19@) ,0D(188) DL (12@) ,DTNGH, 11, 4FA . MSTOP NCLAR
I .NCROR ,NPRNT NNRUN, NNSET NTAPE , 55 (129 ,S5L (128} , TNEXT , TNON, (1 (188)
1 RETLRN
X ENE
]
[}
]
]
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SUBROUTINE STATE
LOMMON; SCONE STRIB E03) . 004109} ,DDL 1 138 . DTNCW, 1T, /PR MSTOP NLLYR
LUNCRGR WERNT NNRUNNNSET  NTAPE, 530100 ,550 1890, THELT . TNIW. 1 (130

Data PLOTOLAL5Y

8507y = RNQRM (875, .875, 2
£ TEMP [ONSTANT: -
L 5614 = xXiD
L TEMF VARIATION:
35011 = xK{1)-2, 82000 (B+PT# (TNUW-8, 1242))
£ L0AD CONSTANT:
L SS4iD) = Z.e#XX(Z)HINCM
. LOAD VARIATION:
SSOI2 = X214, 541140, 42005 (I*PTETNLWY

L FLOW:
5617 = 55¢12)/108
L S0UIDS RETENTION TIME:

2SS0 = 1R

[F88{1i: ,LT. 331 §542) = -9.8#55¢i1i+38

S0LIGS +13%):
35 31 = 3.17#55012)

L VOLATLE SOLIDS CALCILATED ¢-ILASH)  «UNITS:xB/00:
55'4) = 53(3)-0.85#85¢3

: METHANE PRODUCED:

5915 = 8. 3SE#SS (A 55 (T - (. 0588, 11-0.8234551000))

SOLILS REMOYED:

55(b) = 55(3)-1.859+455(3)

£ VOLATILE SOLIDS LOADING (FIB 8) {UNITS:RG/MZ/D):
§5(8) = 13/5512)

)
-
<
past}
I
=

[}

L DIGESTER VOLUME USED:
35493 = 55(4)/55¢B)
L AyIRAULIC RETENTICN TIME:
55118 = 3519 :55¢D
AETURN
END
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- 3E4,FALLSTEAD ANKERDBIZ DISESTER,S. 28/ 9854 vy vrars
- INTINUZUS, 8,020, Q317 N @ DIFF EQNS,12 STATE EQNS, CALC EVERY | 4.
[\
INTLE,55¢2)=8,728,585(21=10.8,55(7)=0.2,5514=91,8,5515)=0. 3,551 0.3,
{ ' 35:31=9.8,53(91=0. 2,35 (1) =0. 9, i1 11=25, 22y =208
' REZDRD, TNOW,TIME, B,.8417:  FLOT PGINT EVERY 1 HR
' : VAR, 55(1), 0, FLOW;
Y JAR,5S(2Y,R,SRTy SCLIDS RETENTION TIME
A : VAR,580%),5,TOTAL 50L1DS;
‘§ ; YAR,S5:4) ¥, VOLATILE SOLINS: CALCULATED 'kB/D)
- VAR,33(51 M, METHANE GENERATED:
Ce : JaR, 55161 ,0,50LID5 REMOVED:
‘- : vAR,3517) E,EFFICIENCY:
~ “AR,3518) L, VOLATILE SOLIDS; LOADING FROM FIB & (KG/M3/D:
:; Y&R.55(91,2,DIGESTER VOLUME USED:
.} ' JAR,55018) H,HRT; HYDRAULIC RETENTION TIME
.; . VAR,SS11:, T, TENRS
m AOR,55+12),1,TCTAL TNRUTy
\ TINST,3542,3RT:
W .
4 TiM6T.55: 1), TOTAL SOLIDS;
L}
. TiMET,55(5  METHANE; '
TIMEY,5819+ [IBESTER VOLUME: ;
o TINST,35 (1! HRT: !
9 INITIALIZE,2,4.2; RUN 4 DAYS !
f Fing
S
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- SLAM OUTPUT
153
4
}.s sLmt Z0AD REFORT
A .
RN
: SINULATION PROJECT ANAEROBIC DISESTER 5Y FaLL3TEAD
e
X DATE 57781935 RUN SLMBER | oF
4_1
R
SLAM VERSION JuN 84
- GENERAL OFTIONS
7,
»
- FRINT INPUT STATEMENTS (ILIST): VES
_ FRINT ECHO REPORT {1ECHQ): 1€3
EXECUTE SIMULATIONS (13871 YES
:.' WARM OF DESTROYED ENTITIES: ND
- .. FYINT INTERMEDIATE RESULTS MEADING (IPIRMIT YE3
S Rl
a7 FRINT SUMMARY REFDRT :13MF: (€8
'T
e
]~
N
g STATISTIOS FOR TINE PERSISTENT VARIABLES
&
[ - Ti%aT YARIABLE [DENTIFIER INITIAL HI3TORAAM SFETTFILATIoNsS
K -.
- NUMBER VALUE NCEL aLi AW
1 55 7 kT 2.1300E+82
o
j 2 35¢ 73) TOTAL SOLTES 2. 2008E+32
» z 509 METHANE 9. 2455E+87
N 4 5§08 30LIDS REMOVED B. 53426402
‘ 5 35009 J1GESTER YGLUME 2. 7862E+22
" 5 3561 HET 2.9780E+01
b
}
R
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~ CINTINGCUS sARIABLES
\._.\‘
NUMBER OF DT EGUATIINS whgili: i
NUMEER OF 35 SURTIONT (NNEQC): I
MNIMUR STER SIZE DTAING IR
R ITL BN CDTHRR 3.-1728-
& TIME SETAEZIN SACE PRINTS OTRAVY 3.4:78E-21
- ) ALIUSALY ERRDR SRECIFICATION «LLfBRI: NG CRRIF
-~ SFIILLTE ERROR LIMIT - ARERRG . 1d03E-04
at
~ A RELATIVE ZRRLR LimlT (RREAR:; 3. 1 JBE-D4
'.‘-!
0
SECIRDINE §F 2LiTSsTRBLES
% -
A
- !
i
"y FLOTTAELE NUMEER
o il gLt nuhoh
Ot
.,
L%
B

>4 [LENTIFIER: TI*E
G474 570RAGE LNIT: NSET/B5ET
UsTa JuTFUT FOGMAT: ELoT

TIME BETWEEN FLOT CDINTS (DTPLT::  B.41TRE-R
TTERTING TIME OF FLOT (TTERTIT 2.0006+20
ENDING TIME OF FuOT ¢TTENDH: 3. 1209E+21

SATA BJINTS AT EVENTS :eeiil:s e

[l

N ; 428936419 ND

. 2 1886872543 N3
- (145661059 NO
T 4 1835732737 ND
=
ot z 94151987 w0
B 5 1229531750 Mg
Lo - - ~ -
b / 20450737 aD
“
L)
) 3 230918299 ND
4o Jie] . ]
by 3 L TURSTS S
i "
.9 (201533779 N3
il
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Q
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NITISLIIATION GFTICONS

TEDINNING TINE GF SIMULATION (7TEER:  2.0000E-20
INDING TIME OF SIMULATION (TTFING: 3. 4208:+21

STATISTICAL ARRAYS LLEARED tJJCLR:: ‘ES
“AR[AZLES INITIALIZED (JIVAR): YES
FILEs INITIALLZED t3JFIL): vE3

V3ETCRSET STORASE ALLICATION

DIMENSION OF NSET/QSET NNSET!: 1oaed
AURDS ALLOCATED 70 FILING SYSTEM: 8
wOFDS ALLOCATED 70 INDEYED LIST T4BS: ¢
40RDS ALLDCATED 7O HETWORK: 13
#0RDS A&VAILABLE FOR PLOTS;TABLES: 2985

ﬁ UFUT RRGRS DRTECTED: @

SRICUTION WLl 3E RTTEMPTED

99

’Mﬁ &m L'{A.':) ','}J‘C: {."-.\.'t ™ 1( l..'\ L':' i ..'x l: ‘fl., \W .\.\.'Aim AR -ﬁiﬁr)"ﬁ\&;k "‘ X '&..‘(h’}.w\'}:ﬂ



“‘, - 2 = J 3 8 " .wmwmwvrw*mmﬂrvvmy"wamr"x"-!'--'*i“--!--'IWI"-F-‘T

(A
»

e

- i E

T,
2
:‘:‘;
&
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b

CURRENT TIME 3. 4200E+d1
STATISTICAL ARFAYS CLEARED AT TIME 2.0000€+20

EEX

+45TATISTICS FOR TIME-FERSISTENT VARIABLES##

o .
’ B % N Xy .
4 t'."l:‘a‘ P

MEAN STANDARD MININUN MAXINUM TINE CURRENT
VALUE SEVIATION YaLUE YALUE INTERVAL VALUE
3RT 8.i0ceE+B2  Q.719BE+RD . 108t +82 1202E+82 .SD0RE+BL 1000E+02
Y TLTAL SOLIDS 3.076E402  QLiSTIENRZ ABSHE+RE J94b4E+02 . 4002E+21 . 1 299E-82
ETHANE 2.1813E+82  2.478%z+01 L3078+ L27T4E4Q2 .4880E+31 RS AN K
SCLIDG =EMIVED  2.4833E+82 3.17I5E-d: 38178432 4300E+21 ERELEES
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\'
o K 2. 19006+Q; 2. 2009 +30
o ; 3. 7464E+02 2.2200E+39
L. E 2.91206+492 3. 2000t +00
3N c
e g 3, 37T19E482 2.B200+20
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| -:. 4 d.5334E+92 3. 0300c+23
b H 2.9277+0 2. 2000420
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- RUN NUMBER 1
r”
< e
(; TINE 5RT “E THANE JOLATIL DIGESTER  TEMP TITAL IN
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i WA IMOM B, 1202E+36  3.2774E402 D.1T30E+B! 3.72620+02 3.375IE+d7 B.7I83E+d3
4 g»‘
E .
f'\f
N
o
.l‘.
T
L
B
3\‘__‘
a
U
&
ty
(]
%
‘l
by
1} -
A
A
> 101
Y

8

A0 A NN 0 e O T AT T R EAT P T T S TR T o
WA e Y ety MMﬁ &‘A‘xﬂ; Ll TS,




oAl aluh MR abA Si0 Slh nh ot R * it ity iuafiatt Mint Bal el A Soh S uh Gh Al B A A Ron Rin Scae Ale S8 Rha “Rhe bRl -ane~ 2Bt i I -n.r‘.w‘rw

- o
[

s

avs"e

-

f

‘%

B

":: :: A 50T NMBER e

RN o s

LN SNUN O WJfhen

' STALES GF FLOT
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RSN APPENDIX D
I' -'zq‘.
M SLAM MULTI-RUN PROGRAM
e
L : LHPREERER R R R4 R RAMLLTI-FUN TEQTING PRUGRaMicessertetestrtreny
"‘ FEAet e et ia ettt NFUT STATEMENTSeaetsttettetettatototes
- SEN,TALLSTEAD ANAERCBIC DIBESTER.S Z8/1985, 8,80 AT, ND., 23 72 Z00-Mw WD TH
f’l.\' TONTINUOUS, 3,12, ... 9417 N; @ DIFF ZONS, :2 STATE EONS, ZALL EVERY | MR,
K TNTLLL5S (1 =R.728,55¢2)=10. 2,35 (71 =8, 8,55 41291, 3,55:5::8.3,55 10120, 8,
!:." 3518)=0.8,35(9=0.8,55 10)=2.8, t4r1:=32.8,10: 2 =13
: 110 = TEMP, (xiD) = FEDFLE
e TIMST,5575)  METHANE;
:I TiNST,55(9),JIGESTER VOLUME;
n INITIALIZE,d,4.8: RUN & [AYS
b SEELS, S0 744845¢2) /ND;
L SINLATE:
()
SIMULATE:
4}' SIMULATE:
~ S impLaTE
w PRNIY] H
e L. o
b “ . SIMLLATE;
' SE56,-T51744845 (20 402
" SIMyLATE;
e SIMLATE;
\¢ jmLATE;
:, JIMULATE:
[ 3IMULATE;
' EMGRTETEME
h cene
SEEDS, 56174434521 'NO;
i SINULATE:
. 3IMULATE;
Jl
- SIMULATE;
Jc
7, SIMULATE;
oy SIMULATE:
- 3E2DS.-561 744245 2) N,
SIMULATE;
o SINYLATE:
>
46 SIRULATE:
£
Y SIMGLATE;
{ i 3
- =~ SILSTE
W
e
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SEZD3.Sol 744845 2 /ND:

S2EDS,-Sa1744845(2 NGy
3IMLLATE:
SIMULATE;
SINGLATE:
SIMULATE;

[

o A e Cap
by | D B o ]
:!‘G" NENNY SO NP R St .’l.a.

N

o8 ¥t
Wty

e}

106

iGNy .;p'(,ﬁ_(

>

LN

»

-“~ l‘h

»
e

'y

)

LI P »
(NN 3

R

o

r




L aks olh oah o ad- A% Aat bl ARV San. Bal Jhas SN i i R R A -_viw

S5 APPENDIX E

SLAM STATISTICS FOR TIME-PERSISTENT VARIABLES

TEMP = 328C
MEAN  STNDARD ®INIMUM MAXINUN TIME CURRENT
JALUE DEVIATION VALUE  VALUE  INTERVAL VALLE

RUN 1
METHANE 18,831 4,695 5.3 M 4,888 9.8t
GIGESTER JOLUME 57,748 3,473 41,27 Ti.1s 4,200 Td.e2
’ Ruk 2
- SETHANE 18.878 3,72 B.06  29.43 4,220 Z9.11
DICESTER VOLUME 57,748 .47 4.27 Tis 1,008 70.62
RN 3
MET=ANE 19,374 4,308 9.59  18.87 4,208 25,37
DIGESTER VOLUME  57.742 3,473 41,27 T8 4,008 70,82
PUN 4
.. METHANE 18,222 4,915 878  I8.99 4,808 23,70
ﬁ DISESTER vOLUME  37.743 3,473 A1.I7 Ti.14 .38  7B.52
FiN <
METHANE 17,823 T I A TRt T .00 .9
DISESTER JOLLME 57,743 EIE YA § P W T 4,300 7d.:2
FUN &
“ETHANE 18,193 4,7 1.8 D113 000 9.4
DiESTER JOLUME 57,748 .47 417 Tt .0 e85l
T |
METHAN 18,397 4,792 2.B@ W 4,200 2.4 |

RNE
JigESTEX VOLURME  §7.748 9.475 ALY Tits 4,200 70.62

SN 3

®ETHENE 18,118 4,52 3.7 0.T7 4000 C0.%7
CISESTER vOLUME 57,748 3.477 41,27 Tl.ie 1,209 79.42
~UN 9

~ITuANE 13, o9 A7 9,27 1B.83 .08 14.7:
CIBESTE® Jluurt S7,748 3477 41,77 Tiis 4,300 78.62
N1

METARNE 18,147 4,724 %15 Ct.9 .30 7.79

JIBRSTEY VILUME  S7.743 3.477 41,27 Ti. 14 4,800 70.42
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TEMP = 35C
MEAN STANARD  WINIRM WMIWAM TISE CURREAT |

YALCE DEVTATIZN JALGE  VALUE INTERVAL VALY

SN
*ETheNE IO +.5cd LI PN} i I .
DUITITER SO LT w0498 TEST 0 TRl LA 7R.s2
LI
MZTHANE 3.0 4,550  3.85  19.49 4,988 9.1t
SIZESTER VOLLME PRPRRE) IO PERE BEATE M WY, 3,230 CB.el
RUN 13
4E7 4ANE 15,478 1.7¢7 7.28 .87 §.400 5.37

g
JIJESTER VOLUME 51,794 4.453 75,90 el 4,288  78.s2

METWANE 2. 4.882 3.84  28.99 4,008 23.7
JU3ESTER wOLLME  SI.7% 9.49 1597 78.e2 .00 73.42

AT sy LI .0 2139

98 15.9% TRz 4,200 TR.s2

“ON 1

NETHENE 13,29 4,891 .95 L33 i.88 29.24
m JUSESTER JGLme LW 19.858 2597 Q.62 d.e88  TR.e2

SN LT

"ET-INE 18,785 .75 8.9 T8 .08 XN.4
TEROVILUME S04 13.493 = .00 7@.62

wn

£3
o
~d
=
[
~a

YETHANE 8.0 4,498 9.8 0.37 L DY
JIGESTER VOLUME 32,794 19,493 35,97 70.82 4.9 0.8
AN 19

METHANE 18,273 4,477 937 8.8 .00 472
CIGESTER VOLUME 52,794 19.498 37062 .48 "Rkl

()
wn

U
SETHANE 13,258 4691 9. T8 e T
DUGESTER VOLUME 32,794 10.438  35.93 7.6l s,980  TR.:2
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“uN 21
SETHENE
JIBESTER
RUE I
METHANE
S1BESTER
PUN I3
METHENE
DISESTER

RN 24

METHANE
SIBESTER
SUN 2
METHANE

AN 23
*ETHANE
JickSTER
QuN 19
“ETHANE
G1GESTES
SUN TR
YETHANE

SI5ESTER

vILLME

+OLLNE

Y0LUM:

{ WOLUME

YILUME

¢ YOLUME

WILUME

VILUME

VOLUME

18,479
50,4656

18,364
50,556

17,962

i N

19,537

S8.438

8,282

Z8.656

18.314
38,636

18.291
£0.834

4,455

12,178

4,49
12.178

4.438
12.178

38.59

?.4s
8.5

TE
?| )

4,200
4,000

4,008
4.208

4,300
4,280

4,008
4,08

4,288
1.d08

1,099
4,208

4,000
4,300

j.e8
4,988

9 77
wdydi

7B.62

2.7
78,62

21,79
78,62

29.24
.6l

.02
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) "\-::;;f ADIABATIC FLAME TEMPERATURE CALCULATIONS
2 [. Adiabatic Flame Temperature, no Dissociation
e Reaction:
i@
CH, + 20, = CO, + 2H,0
e The actual reaction of biogas with O, on a molar basis is:
5525{CH¢ + 20,] + 2368C0O, > 5525[{CO, + 2H,0] + 2368CO,

\ On a per mole CH, basis:
1
{ CH, + 20, + 4286CO, = 2H,0 + 1.4286CO,
= Then;
o ]
o v

o AH, = Bn,DHE, - Tn,AHS,

=ncorHfos + 1202 Hfyz0 - [nene®Hcuy + nogSHioy)
= 1.4286(~94.054) - 2(57.797) - [(-17.8%0) + 4286(-94.054)]
o = —134.365 - 115594 + 58207
= —191.7548 Kcal/molegyq
3 If 191.7548 Kcal are added to the products, then by trial and error:
AH, = 1917548 Keal = Zny(H-Hyga)
= nu2o{H-Hasauao + ncod H~Haos)cos

'. ® 5500K:
- 2(64.949) + 14286(74.433) = 236233 Kecal
A ® 5000K:

T
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: 3 2(57829) + 14286(66.753) = 211021 Kcal
~-I" .'; e
b @ 4500K:
2(50.777) + 1.4286(59.122) = 186.016 Kcal
1o ® 4600K:
O
o 2(52.181) + 1.4286(60.644) = 190998 Kcal
u ) Therfore, the adiabatic flame temperature without dissociation is approximately
_::'_:" 4600K. At this temperature dissociation would be taking place. A thermochemical
-.h

analysis involving all the possible products must be accomplished to determine the

proper adiabatic flame temperature.

“ 11
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II. Adiabatic Flame Temperature, Dissociation

L .
e Reaction:

CH, + 20, + 4286C0O, = aH,0 + bOH + cO + dO, + eH + fH, + gCO, + hCO
where;

a,b c,.. = Number of moles of particular product
Writing mass balance equations for H, O, and C:

H: 2a +b+e+2f=4

O: a+~b+c+2d+ 28+ h=148572

C. g+ h =14286

The equilibrium equations are:
1/2H, © H

. 1/20, €0
\C}

1/2 Hy, + 1/2 O, © OH
}{2 + 1/2 02 © Hgo

Ceotid + 1/2 O € CO
By using these eight equations and the molar equilibrium constants, Kn below, a

solution for the adiabatic flame temperature can be obtained by trial and error.

Kne = ng/ny,"”?

Kn,b = nou/nos*np,'’?

/2

|
Kn,a = npyo/Nuznos

Knc = nofngg’?

Knh = ngo/ng,'”?
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:' These molar equilibrium constants are related to pressure equilibrium constants,
4 2] Rt

::':" AN Kp, which can be looked up in thermochemical tables (4), by the following
""‘ Q.‘J‘\

ALY

relationships:

'~

o Kne = (Kpe)n/p)"’?

X Knb = Kp,b
- Kna = (Kpa)(n/p)™?
£ Kn = (Kp.oln/p)"

"Ny -

N Knh = (Kp,h)(n/p)™?

i where;

. n = total number of moles
L
f\" p = pressure in atmospheres
- These relations can be rewritten in terms of the equilibrium mole numbers:
l‘.:i'. ny = (Kn,ejny,"?

f‘;.'

5

NS oy = (Kﬂ,b)ﬂnzwﬂoz”z
8 — K 112
- NHzo = (Knajnoy “nyy

::J‘ 12

) no = (Kn,clng,"

~)

nco = (Kn,hng,'"?

.:";: Substituting these relations into the mass balance equations:

:C}: Ny = 4 = (Kneny,"? + 2nyg + (Kn,b)ny,"*ng,"? + 2(Kn,a)ng,
. ' No = 48572 = (Kn,c)ngs'’? + (Knb)ngs?ng,? + 2ngy +
:EE (Kn,a]"o'zl/z“m + 2ncog + (Kn,h)nogm
W
: N = 14286 = ngoy + (Kn,h)ng,'’?

AL}
- where;

-~
5 N, = Total number of atoms of that species
LA

oo
$ Using Ny, no,'’? can be solved for in terms of nyy:

A=
..-F:: DA

Ld
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“02”2 = (NH-(Kn,e)nﬂgm—QnHQ)/[[Kn,b)anmnogm+2[Kn,a]n021’2nH2] = A
Substituting into Ng and Ng:
No = 2noy + no*((Kn,c) + (Knb)ny,’? + 2AKn,a)ny,) +

2ncoz + (Knh)ng,"?

or;
No = 2A% + A((Knc) + (Kn,blny,'"? + 2Knalny,) +
2ngoz + (Knh)A
and;
N¢ = ncoz + A(Kn,h)

The equations for Ny and N¢ are now in terms of ny, and known constants since:

Ncos = 14286 - (Knh)A
The computer program which follows is a modification of a program
. written by Capt Robert Dimmick (6) (dealing with two reactants and six products)
and iterates on a guess of the one species, ny, which the equations are now in
terms of, at an estimated adiabatic flame temperature. The actual adiabatic flame

temperature is obtained by an analysis of the heat energies as was done

previously when dissociation was not considered. For this case:

QL -
The heat necessary to change the reactant from a liquid to a gas at the
boiling temperature equals zero, since reactants are already in a gaseous
form.

Q2 -

The heat necessary to raise the reactants from their boiling temperatures
to 298K also equals zero, since reactants are stored at room temperature

(the reaction temperature).
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( ::f«;?,- The heat of reaction which, as stated before, is:
&
s OH, = Zn,8HSf, - En,8HS,
2
':: which in the program is written in the form:
‘o
"
S Zn,AHF, - 58207 Keal/mole
v _
:'.:: Q4
)
L The heat necessary to raise the products from the reaction temperature,
j: 298K, to the combustion temperature (Tc), and as stated before as @,
2
(- equals Zny(H~Hyqs).
i The program uses the heat balance equation;
E:\ Quotal = QL+ Q2+ Q@@ +Q4=0
N
:"3 to determine if the appropriate adiabatic flame temperature was chosen. If not
[ -

“. the program calculates a new temperature and the mass balance equations are
again iterated. In the program Q3 has a built in sign convention that negative is
o
:::; heat out so that Q1 + Q2 + Q4 = —Q3 maintains the proper sign.

L The computer program and the last few iterations of program output
<
‘ .
2 follow.
e
3
7
ﬁ.
g
o
B
D ::
-:‘
i
W ?T’-
.:_, v.._:_-"
I
~
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3

Thanlfas m3zran, ireratiing Zat 4ind values -or tra

afisCatis tiake tempseratura tig,

r
v

LAt (NFST REUTINES

#1384 (REM P is tha combustor pressdre in ata
2iIN=3 $REM @1 1s the ¥cal req d to changs from Lio to 3as
21IN=3 (REM 82 15 the kcal req d tc raise Tesp to 298 K
iM FROD (B, 12,3} ,ARE 8) MOLE (&
JANAF TABLE DATA IS ENTERED IN THE ARR&Y PROD(CHEM,TZMF.J)
THE FOLLOWING VALUES &RE AFPLIED T3 "HE ARRAY DIMENSIINS
LHEM -- CHEM { = MONATGMIC “(DRIGEN (Hi
CHEM 2 = DIATOMIC W/DRGHIN HI)
LHEM 3 = MINATOMIC Dxv3EN D
[HE" OTATOMIC CAYGEN 22}
CAEM S = weDRDIYL (LM
(HER 5 = wATER DM
CHEM T = [SRBON MOMD:ICE (1
ZHEM B = CARBCN ZIC«(DE -(82:

- 4
1] ] "

(&
+

TEMP -- TEMPEFATURE OF FRQ0UCTI DN JESREES ¢
. == =1 STORRBE 0O° TEMFERTURE AT

J=2 3TORAGE QF ¥ - m1293) DaTA
2] 3TORASE OF LO6 k7 DATA
THE SREAY HRE(CHEM; CONTAINS HEAT OF REACTION 0&TA 72298 &
THE ARRAY MOLE(CHEM] ZONTAINS TWE EQU:LIBRIUM MOLES JF FROCUCTS
FIR CHEM=1 T0 8
FIR J=1 70 2
FOR TENP=R2 T 9
READ PROD(CHEM,TENP.J)
NEXT TEWP
KE4T )
NEAT [HEM
FOR CHEM=! TO 3
SEWD HRE: CHEM)
NEAT CHEM

.
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2 REM eNTES INDTIAL SUZ3S FOR Tho ADI4BaTID FLA#D TEMPISGT RE

3N TrE JUESS MUST BE IN ThZ FoNEE T32@-T°3) LESIEE +
Fed
iNPUT®  ENTER INITIAL 3UESS FOR Tc «ADTASATID) ¢745C

173=170-2200) 0.1

TLTIR:

=LaLE=TCR-Temp
REM  THE ¢ARTABLE SCALE I3 USED TD DO A LINEAR INTERFOLATION OF DiTA
REM COMPUTE kp 5 FGR THE CHEMICALS
RPH=18(PROD (L, TEMP,Z) +5CALE® (FROD (1, TEMP+1,3)~FROD 1, TENP 30
KPP2=13~(PROD(2,TEMP, 2 +SCALE#{FROD (2, TEMP+1,3) ~FROD(2, TEMF J)
kPQ=1~(PROD (3, TEMP,3) +SCALE# (FRUD (3, TEMP+1,7) ~PROD (I, TEMF, 20 -
KFO2=13"(FROD(4,TEMP,3) +SCALE4 (FROD 14, TEMF+1,3) ~PROD (4, TEMP, 31 1)
¢POH=18" (PROD(3.TEMP,J) +SCALE® (PROD (S, TEMP+1,3) -PROD (5, TEMF 3u 1)
KFuZ0=13"(PROD{4, TEMP, 1) +SCALES (PROD (46, TEMP+1, 2} ~FROD (6, TENP 30 Y
EFLA=1@" (PROD(7,TEMF, ) +SCALE# (PROD (7, TEMF+L i ~FROD (T, TEMP. D)D)
KPLOZ=18" (PROD (8, TENF,T) +SCALE® (PROD (B, TEMP+1,3)~PROD -8, TENP, T4 1)
REM ENTER INITIAL DATA GHUESSES FOR THE EQUILIBRIUM ITZRATIONS
%E=7.9 REM  NE 1s the cuess tor the total maiess ot products
WH2=,4  REM NH2 i35 tne guess for the asoles of W product
_hG0=4,337¢ :RTM LH3D is the total aoles 3t § in reactants
_H3C=1,45By  :FEM LHSC 15 the total moles of € in reactants
3 REM IOMPYTE kns FOR THE PRODUCTS
- NH=KFE#5ER (NE/F)
RhGEKFCASER INE P
N{mze POE
ENH2D=: FHIG#SRR(F/AE)

PNCO=KPLORZER (PINE)

REM o EQUILIBEIUM TALCULATION ITERATIONG
i=
A= (4-KNH#SRR INH2) -Z#NH2) - (RNDH#GBR INHZ ) + 2#ENHZD#NAD)
NDZ=A"2
H0=kND#5BR (NDZ)

NH=KNH#5QR (NH2)
NCH=ENGHESQR (NHD) #58R (NDZ)
NH. =k NnZCENH2A3QR INOD)
NLG=k NCO#SER INDD)
NLG2=L-GC-NCD
1699 “EM  WE O CHECK THE ATOMIC BALANCZ FOR 0:vgen
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KT TGTURSAR NG R MDA gl N el Jlen ] s e D Ten 30
Y sFOR=LHSE-T07 38

1Tl [F ABS(ERZR)- .01 ThEN 1TTR

LR SRINT J3ERDR

1743 FEX WE MAKE A NEW SUESS FOR NHI AND 1TERRTE

TR NHZENRO-ERIR:. L 1 j=i)

17:3 KITMTIR N

LR FEM WE w0 DHECK TYE MOLT BALANCE FOR THE S1.EN NH2 AND NCG
1733 NEE=NH+NHZ+NO+NQ2+NOH+NA20+NCE2+NCD
R ERCA=NE-NEE

1590 IF ABS{EFDR) .. 2881 THEN 1372

(Bid FRINT:PRINT:PRINT

1823 FRINT® NE="yNE:®  NEE=*;NEE

1378 REM WwE ADJUST NE AND ITERATE AGAIN

1848 NE=.5#(1, SENEE+, SHNE;

1552 6CTD iSad

808 REM <1t QUTPUT EGUILIERIUM CONDITIONS :.:

1370 LEFINT'  THE TOTAL NUMBER OF PRODUCT “OLES j5: “:NEE
1330 CPRINT®  THE NUMBER OF MOLES GF H iS: “:NH
1352 LFRINT® A2 150 FiINH2
1942 LERINT® 0 i5: “:ND
1710 LRRINTT 02 15: "iND2
1929 JPRINT® QK 15: *:NOW
157 LPRINTS #0138 "iNWID
300 LPRINT® £0 15: “iNCQ
<7 JSRINTY {02 12 "IN2DZ
L7413 FEINT

LSO REM o LOAD FINAL MOLE NUMBERS

HERY MOLE . Di=NB

7 MOLE LD =8H2

30 MOLE(3: =N

1939 MOLE (4)=N02

s MOLE {5 =NOH

N MOLE 4 =NH2)

223 MOLE(7:=NCD

T *ILE 8 =NC0:

SO0 REM - o FINAL CALCULATIONS SF 3 )

~008 SEM O GLJUT REPRESENTS THE WEAT OF HEACTION AT 278K FOF THE SQUICIBRIUM
<243 "EM CLE NUMBERS OF PRCLULTS
D52 FEM Q4IN REPRESINTS THE 4EAT NECESSARY T3 RAISE THE PRODUCTS FROM THE
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- THvTW T YW ™Y T T IR TR e gwowge e TR RTW NS T TN U TR T PR Y LTENTE TR LYY At e

DY RN TENE R D TeE MR R Ie s
S SRR ITAEA - A DUMMY RIELE 36D TIOSSIINT UM LERT_Jn TOF AL
iy 223 RN
25 SR CHERSL 7D 9
S22 SCALEH=SCALE® PRODCHEN, TEMFS Y, D~ ROE [HEN, TEWF, 2,
a2 J4INS90LE : CHEN) & ROD (CHEN, TEMF , 21+ 30ALER )+ 241N
R KEOT e
N S0 LHEN=1 TO 8
214 330UT= - MOLE (CHEN) #ARE (CHEM) ) -030UT
150 NEXT CHEM
e I00T=E20uT-58. 287
2168 KEM 7. OUTPUT @ CALCULATIONS )
170 LFAINT® FOR A COMBUSTOR TEMPERATURE CF *i7C:* DEGREES
2150 LRRINTS 21 IN 150300 Keal®
2199 CRRINT 07 TN [5:*302IM° Kcal®
1200 LERINT® 23 OuT 15:*:@30UT:* xcal®
o CRINTY 64 IN 16:*3040N3° keal®
o LERINT
270 STOTIN=Q1IN+B2INAIN
7235 SEM QTOTGUT REPRESENTS THE SUN OF THE MEAT OF REACTION FOR THE
" I2%5 FEN  PRODUCTS AT 298K MINUS THE BEAT OF PEACTION FOR THE REACTANTS
% ST OREM AT 193
A CTOTauTsRsaLT
2 DELTAG=ATOT IN-GTOTOUT
T PRINTY TOTAL T in 18:%3270TINGY bral®
) FRINT® TOTAL @ cut 13¢:QT0T0UTH* Keai®
) FRINTY THE B ONET  1S:*:DELTAQ:* ¥ral®
119 LFSINT:LERINTELPRINT

CI38 REM ¢ FESET ALJES TO ITRO, BESIN ANOTHER TEMP ITERATION o
2212 QIuT=3 ¢ Q4In=0
2720 REM  <:< THECK FOR ADIABATIC TEMP :/

3 [F ABS(DELTAQ)<.08! THEN 2342
F3Et TC=TC-DELTAR#ID

st 3070 1410

sl Exd

(3 me JeNAF TABLE DATH ARRAYS o -
J338 it

2370 ~EM THE UATA [S ARRANGED By CHEMICAL AND CONSISTS OF "EMPEFATIRE.
<438 REM 4 - #2198, and LIB:kp) LISTED SEQUENTIALLY FOR THE FRODUCTS
S48 REM
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420 REM
_4723 DATA
S4B TATA
2428 DATA
2453 REM
2470 rEM
2488 UATA
2499 DATA
2580 LATA
2218 REM
2528 REM
2530 DATA
2549 DATA
2339 DATA
2540 REM
2570 REM
2539 DATA
2590 DATA
1588 DATA
25,0 REM
2619 REM
1538 DATR
2540 DATA

2638 [ATA

717 DATA
J718 JATA
2719 pata
J7l8 FEN

La i & a A oA anl RS aom Aodh bofl ok Sk aad ok 3k bR —Sdhe e -4 Al She e Ale b Sl Al Ahe S0 S0 JLNE A S S N Ml L Al

¢ ATA FOR H -
1200,5190, 3202, 2309, 7488, T30 1520, 1792, 1340, 1400
DT, 04407, 08, 31405 41, 15907 e a4, 1. 90, T TRE LT 35S

- 303, 674,-.553 - 409, D30 - R 1NE - L 8L L

J8TA FER d2 -
1249,2180,7202,3700,3480, 3500, 7.2, 1720, 2800, 3980
21.21,22.998,22,992,23,891,24.794,25. 783, 26,614, 27,535,28.457,29, 063
2,0,2,8,0,0,0,2,8,2

» GAT& FOR O ¢

s0ae, ’180.JLBB,ZIGB.uJBﬂ,uSIB.BbDB 3700,7808,3900
13.552,14.0823,14.524,15.820,15.529,16.933,16.337,17,043,17. 549, 18. 857
=.349,-.803,-.6708,-.543,-.427,-. 310, 284, - 103 ,-. #@7,. 284

¢ GATA FOR 02

7220,2199,3200,3720,3429,3508,3420,3700,7308, 3982
23.446,24,403,25.765,26. 331,27, 302,28, 276,29, 254,38, 236 .31, 221, 32, 209
8.2,2,9,0,2,0,2,0,0

« DRTA FOR O
1008,73100,7.80,3520,3488, 7520, 0600, 77 08, 300 . 200
21.404.22,285,23. 166,249,052, 24,594,285, 822,26, 726,27, 025, 28.522,29,450

. /-v %"8| 110..1.1‘;. lJa.-165,-1?9‘.192'-;"83..:’10

- aTh FOR WID -

200,790,200, 3392, 3420, 3500, 3008, 3700, 7500, 3900
58.201,71.533,52. 876,34, 223,35.577, 36, 956,33, 3, 3. 669 41, 47,42, 422
143,01, 201, 1.867,.942,.324,. 712, .607,.307,. 413,323

+ DATA FOR CO >

2000,2100,3200,3320,7400,2500, J408, 3700, 5500, 3vae
22.397,23.248,24,139,25.032,25,927,26.822,27.719, 28,617 ,29.51s,30. 416

6.487,6.336,6.269,0,206,6.143,6.088,6.034,5.982,5.972.5. 688

LATA FOR CO2 &
2000,2120,2200,3300,24@0,3500, 2608, 2700, J8@0, 370
16.235,78.924,39.515,41,010,42.507,44,206,45.508,47,912,40.5(8,30. 827
£.832,5.5668,6.458,6.240,6.874,5,298,5.732,3.574,5.425.5. 283

120

g e T
aih;ﬁ&ﬂ? YRIN, AW T Y ACLaﬁha Jt

D |

|
';A.._l!:ha '._\ vy



il S R G

o ¥ 4 &

-

.
Tt
=N

wery—w W TN TN TN T TP VT T T URTRUNUN T URLELIT VB U TR VE W T e W T T T U ) v"‘““"‘“"""“-T

T8 A LR IR.539,Q,5.308, 55T TR - e 4 T -, 05
L4 RER

<TI0 REM - INPUT ChELr.

BT FIR CHEM= 1 7D 8

.7 FOR “tMP = B TC 9

RRRE) 7GR 3=1 T2 3

R LFRINT FEOD:CHEM,TEN?,J),
L) NELT & ¢ LFRINT

28.d NEAT TEMP ¢ LPRINT:LPRINT:LPRINT
23z NEAT CHEM

N END
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2" a

2 2 A A

- iy
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fix

y
1, o8
2% ’!

Ny b

[
R R ]

Y '\l -.l -

o T Yo g By

A AL

-
-

=~

» ..l
A% ":-.

L~ =

. .
P S

zal

AE G ONET I3 1.3TaB3E-33

Tl TOTAL NUMEER OF PRODUCT MOLES 15: 1.7

TAD NUMBER ZF #ILES 3¢ n [5:

Fiw A COMBUSTOR TEMPERATURE
ISRE I S HI B

613 «zal

93 QuT 05 133,315 «cal

24 N iS: 123314 kcal

CTAL Gorn 19r 1310314 xcal
1TT Ty

CETAL & gut 151 133,315 «cal

THE @ NET [5:-1.39363E-83

THE TGTAL NUMBER OF PRODUCT MOLES IS:

THE NUMBER OF MOLES OF H IS:
42 1S:

04 IS:

HeD (Se

ci2 1S

hEe- N

LIITIN
48249
8957504
12758

17372
v lf i &

1,03218

Fo338d.1s

kcal

ARAT M

402497

LTI

ol
1.3301s

)
1. 4288

JEBREES

3.9ie0t
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Y\ COMBUSTOR TIMPIRSTURE OF TDERL LT LEGRZES ¢
I EHI B

P30 @ azal

131 133,310 keal

5
[ TS-HED SRR ¥ I - 11

TOTAL 3 oo 30 127,314 kcal
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APPENDIX G
MONTE CARLO PROGRAM FOR LIFE CYCLE COST

I e
o ek = Amerrryr |

ARIABLE SEFFINITIONS:
\

teaRRAT (ARTABLES#:

JAD) - AIGHEST POSSIBLE COST OF ACGUISITION COST ELEMENT
Luliy - COWEST POSSIBLE COST OF ACGUISITION COST ELIMENT

i811) - BETA UNCERTAINTY CURVE TYPE FOR CCST CF WCRUI

Nil: - NGMBER OF ACIUISITION COST ZLEMENT FURCHASED
Al - RISREST FOSSIBLE WEI1BAT DF AURUISITION CIST ELENENT
wLil. - _CwkST POSSIBLE WEIGHT OF aCHUISITION COST ZLEMENT
TWB¢ls - 5874 UNCERTRINTY LURVE CCR dEl4HT JF ACQUISITION ELEMENT
TAlly - 4iDHEST POSSIELE COST OF JFERATIONS LOST CLEMENT
CLOfD: - LONEST POSSISLE COST OF SPERATIONS COST ELEMENT I

! £T JNCERTRINTY ZURVE T/RE FOR CIST OF CPEFATIONS ZLEMENT
C0.0s - DIST wALUE OF UFFER JANGE TF COST INTERVAL [ 2% 4ISTOgRAM
(COUNTO L - NUmBER OF 05T SLEMENTS iN COS7 INTZRwAL [ ON HISTIERRM

80 -8

NUM - igMBER CF SCIULSITION COST ELIMENTS

A5 - NURBER OF JPTRATIONS 1087 CLIMENTS

CEAR - HUNMEET JF sSARS TROM 1935 T STRRT OF SLGUISiTION Fuast
TVIGRC - NOMBER OF /EARS FRCM 1985 TQ 3TART JF CRERATIONG ©Hadt
_WST R - ugMEER OF ¢ZATS FRCM (985 TO ENDD P CRECATIING THaiz

IT2R - NMBER IF (TERATIONS Qg wHITH 75 CALZuLalE LLD

UNC - uuMEER GF OINCREMENTS CN HISTOGRAM

GR - JISCOUNT RATE

SIS0 - STARTING NUMEER FOR RANDOM NUMBES GENE®ATOR

Tl - _DWEST SOSSIBLE TOTAL wEIZHT
TaM - AIGREST FOSSIBLE TOTA wZIGHT
Clewo- CJwEST SOASIELE TUTAL oL ALTUEITIIN 1337
LW +BEST RDS5{Be TITAL LU ACBuliiTION 05T

R

- - MUYBER OF YEARS IN ZFEFATIINS PweSt
CLEB - LoWEST B5ZIBLE TOTAL LD JFERWTIGHS 2157
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% CTIMETE AL 4D LD AGUEE OF LIFE GO0LE T0ET AND
. L % wALUE JF E~Cr INCREMENT OF HISTIGRAM
[» E
. Bl ol =1, Num
[/ N8B = T
) CAL = NCDIeCLeDh), (DR D 40 J/ERR+IVRAT) Y
. LA = CAL+CLA
Y NIB) = THH
! CAH = (NUDVRCHUDD)Y /DR D) ## ¢ TYEARTIYRCDD )
CHA = CAH+CHA
5 CONTINE
J L=t ASTYR~IYEARD
b DG Tl= t. L
} 3071 =1, NuMD
o L0 = CLOAT) 7 tCDR+1) 2  [YEARTHI) )
{ LL0B = COL+CLOB
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~ CHOD = COH+CHO
N 7 CONTINGE
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" ‘°' = 3.9
2 gt D=, Nl
‘ :
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CI5T3= LLhu D #BETAUIBE e lni fomlll D o el
N L IPEARGS ‘
R "3570 = LO3TEHIC08TE :
- ’ 13 LONTINGE l
i "LEC = TCOST-TE0STC |
k- | WRLTE (Lo LTERATION & .8
'Y -
k- 0 ZALTULATE MEaN, 3T3NDARD DEVISTION, AND HI3TOGRAN
1) L
¥ R TR TS
Cleh) = CLLDHVINCH
" A1 CONTINGE
) 00 421 =1, IxC
y iF A TLLl LLE. DIty THEN
. IOUNTHD) = ICOUNT:D) + |
' 50 TO 45
ENDIF
42 CONTINUE
-, 45 7C = T + TLEC
)8 STLED = TLCC##2+5TLEC
. 58 CONTINUE
" MEAN = TC/ITER
( 50 = CITERSTLOC-TCe#2) 5 ITER®ITER-11 ) 449, 5
v, WRITE (1,12) THE MEAN LIFE CYiLf casr 151 8 MEAN
K WKITE «1,i8) THE STANDARD DEVIATION iS: § .30
i ARITE (1,0 MHISTUGRAM:
WRITE {180 THE LD VALUE ON THE HISTOGRAN [5: & ,ILLC
- A GRITE 1,180 THE HI YALUE N TRE HISTOGRAM I3: 8 ,CHLC
) m WRITE «f,18; EACH INCREMENT QN THE HISTOGRAM 153 = § \VIND
’ ARITE o1 1) NCREMENT:  UPRES LIMIT vALUE:  COUNT WITHIN INCREMENT:
. 13 TIRMAT R
. WRITE (131 01D I23T D, DeLIND)
IEORMAT A(,13,0I0 3 15,18
. END
- O RDJTINE TT IALLUCTE & RENGONM VALE FIOM BETA FuNCTIONG
: T BsiED IN SELECTICN OF HETA CURVES | “why 3
. FuHCTi:H BETA 18
o = RAGND (D)
1 53 0 e1L,12,13,14,15,18,17, 18,191, B
, i1 BETA=4, 45194X-11, 24541487+ 14, 89B4R4¢3-7, S29 41044
! 60 10 20
> 12 BETAZI.SBIB#X-1,T280# 144041, {300 n0e]
¢ 5070 28
' 13 oETA=-0. 25158 e 2, 2050 #e2-7 2o lat e el 2041444
' 1013
b 14 BETA=3.57006 14,05, -9, 078740002412, 950 004770, [ IS0k 804
i 50 1028
15 BETARI.IIT08-1, 0504040247, TI390(M]
- 53 70 1
. Lo 3ETA=-0, 37T4BI#x+4. 87074348 1-9, 1190844745, 46411824
. 50 10 20
; o 17 BETA=2,5547# X+, [)-5, T2 10 xee2e6, BBITHAR3-2, J01 eX 4L
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INPUT FOR ANAEROBIC DIGESTOR 5YSTEM
(Data not in proper field locations)
CARD 1| (PARAMETERS)
NUM ITER INC IYEAR LASTYR DR NUMO IYEARO SEED
18 10 100 18 50 010 5 20 0.327
CARD 2 - 20 (ACQUISITION DATA)

ITEM CL(I) CH(I) IB(I} N(I) IYR(I) WL{I} WH(I} [WB(I)
Tank 13000 20000 1 4 1 13000 20000 4
Insulation 6000 7600 2 2 1 760 800 6
Pump 800 1200 8 3 1 50 75 9
Pump 2 800 1200 8 3 1 180 200 8
Pump 3 800 1200 8 3 1 50 75 9
Pump 4 2200 2600 8 3 1 50 75 9
i Compressor 800 1200 8 3 1 50 75 7
Heat Exchngr 610 1000 { 3 1 300 500 4
Temp Chntrl 310 350 5 3 1 10 20 9
Pipe 15587 17100 7 1 1 20000 23000 6
Valve 270 300 9 16 1 35 45 4
Couplings 13 15 9 105 1 0 0 1
Flame Trap 100 200 1 5 1 75 100 7
PRV&VB w/FT 350 500 4 5 1 150 200 7
Sedmnt Tank 75 150 4 3 1 40 80 8
02 Tank 6500 10000 1 1 1 39357 39357 1
Cnstruct’n 30200 50400 4 1 2 0 0 1

Transport 656 2647 6 1 2 0 0 1




: OPERATIONS DATA:

oS CARD 1 - 5

' [TEM CLO(I) CHII)  IBE()
Ops Labor 1000000 1400000 3

P s LA G

Maint. 6100 7000 )
Energy 10200 16600 l
02 Purchase 17200 17400 8

IO =L

Transport 25818192 104177979 6

T 4 _'l-‘
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INPUT FOR CONVENTIONAL FROPELLANTS

(Data not in proper field locations)
CARD 1| (PARAMETERS)

NUM ITER INC IYEAR LASTYR DR NUMO IYEARO SEED

{ 500 100 18 50 010 3 20 0.327
CARD 2 (AQUISITION DATA)
ITEM CL(I) CH(I) IB(I) N(I) IYR(I) WL(I) WH(I) IWB(I)
Tank 3300 5100 1 1 2 00 00 1

OPERATIONS DATA:

CARD1-3

ITEM CLO(I) CHI(I) IBE(I)
N204 67963 74758 4
MMH 131808 164760 4

Transport 31232816 126026317 6
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OQUTPUT FOR ANEROBIC DIGESTOR
(All data within first 49 intervals)
THE MEAN LIFE CYCLE COST I3: ¢  S477172Z2.
THE STANDARD DEVIATION 1S: % SIP9T17.
HISTOGRAM:
THE LO VALUE ON THE HISTOGRAM IS: £  I1359310.
THE HI VALUE ON THE HISTOGRAM IS: 3 175958890.
EACH INCREMENT ON THE HISTOGRAM IS = % 9459964.
iNCREMENT : UFPER LIMIT VALUE: COUNT WITHIN INCREMENT:
1 £  32705306. @
2 £  I3I751302. )
3 £  34197297. @
4 £  35143293. @
5 $  36089289. 2
6 $  37035285. 2
7 $£ 37981281. @
8 $ 38927276. 2
9 $  I9873272. )
1@ $  4@819268. 2
11 $  41765264. 1
2 £ 2711260. 1
13 $  43465725S. 2
14 $  44603251. 3
15 $  45549247. 2
16 £  46495243. 12
17 §  47441279. 11
18 £  48387234. 14
19 $  49333I23@. 24
el $  S0279226. 27
21 $ 51225222 3
22 £ S52171218. 37
23 £  S3I117213. 35
24 £  S4063209. 42
25 $ S5S500920S. 2
26 $ S5955701. 3
27 £ S56901197. 24
28 £ 57847192. 23
9 £ S8793188. =
A" $ 59739184. 19
31 $  4&@68518a. 12
32 $  6163Z1176. 8
33 $  62577171. 12
34 $  63I523167. 7
35 $  b4469163. 8
36 $  65415159. 9
3 $  66361155. 8
=8 £ 67387150. 7
39 $  68753146. 4
40 $ 69199142, 2
41 $ 70145138. 1
2 $ 71091134, 1
43 $ 72037129. 2
N a4 $ 7298312S. )
‘s 45 $  73929121. 1
): 46 3 74875117. @
o a7 $  75821113. )
' ag $ 74767108. 2
* 49 $ 77713104. @
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OUTPUT FOR CONVENTIONAL PROPELLANTS
(All data within first 49 intervals)

THE MEAN LIFE CYCLE CO37T IZ: % T 6801730.
THE STANDARD DEVIATION IS5: # 6@25%¢a4.
HISTAOGRAM:

THE LO VALUE ON THE HISTOGRAM I5: *% 440073887.
THE HI VALUE ON THE HISTOGRAM 1S: % 176920740.
EACH INCREMENT ON THE HISTOGRAM IS = # 1229229,

INCREMENT ¢ UFFER LIMIT VALUE: COUNT WITHIN INCREMENT:

1 3 45337116, 2
2 ¥ 466663544, ]
= E 3 47393573. @
4 3 49324801 . 5]
S k 3 S0654030. a
& ¥ 51983258. @
7 ¥ S3312487. a
8 ¥ 54641715, a
9 E 3 S597@9244. a
10 3 S7300172. a
11 * S58629401. a
12 ¥ 599586297. "
13 ¥ 61287858. "]
14 3 62617@86. 1
15 k 2 6TP9463E15. =
16 3 65275345, 3
17 ¥ H6604772. 9
18 k 2 679Z4200. 13
19 k2 6263229, 16
20 £ 7@0592457. 22
21 E 2 71921686. 42
22 ¥ 73250914. 3
23 ¥ 745801435, 35
24 3 759@9%71. 3
23 ¥ 772384600. =
26 * 785678328. S
27 ¥ 798%97@57. =1
28 ¥ B1226295. 25
29 ¥ 82535514. 2
=@ ¥ 87884742. 22
31 k 3 85213971. 17
2 ¥ 86543199, 17
I3 * 87872428. 13
4 k2 B89201656. 7
35 ¥ 7@0530885. 3
3 % 218601173, Z
37 : 4 ?3189342. 4
8 * 245185780. 2
39 k 3 95847799. "]
4@ * 97177@27. 1
41 * 983A6256. Q
42 ¥ ?9835484. a
4% ¥ 101164710. a
44 £ 102493940. 2
45 ¥ 103823170. a
44 ¥ 105152400. a
47 ¥ 106481620. 2
48 + 107810860. @
49 $ 1@9140Q80. Qa
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1967. He enlisted in the Air Force in April 1971, and was stationed as a Weather
é Equipment Repairman in the 6th Weather Squadron at Tinker AFB, Oklahoma.
*'? He was accepted to the Airman’s Education and Commissioning Program in 1972,

and graduated from Oklahoma State University in May 1974, receiving the degree
of Bachelor of Science in General Engineering. Upon graduation he attended
Officers Training School at Randolf AFB, Texas, and received a the commission
of 2nd Lieutenant in the United States Air Force, 16 August 1974. He served as
Deputy Commander, and Commander, Missile Combat Crew, 571 Strategic Missile
Squadron, 390 Missile Wing, Davis Monthan AFB, Arizona, from August 1974 till
Feberuary 1979. In Feberuary 1979 he was stationed at NORAD/Cheyenne
Mountain Complex, Colorado, as Space Systems Senior Director and in August
1980 became Chief, Deep Space Analyst. From June 1981 through June 1982 he
was Space Systems Director at the 13th Missile Warning Squadron, Clear, Alaska.
In June 1982 he became the Space Surveillance Program Director for Ground Based
Radars at Space Command, Peterson AFB, Colorado. He entered the Space
Operations Management Course in the School of Engineering, Air Force Institute

of Technology, in June 1984.

Permanent address: 5545 Galena Dr.
Colorado Springs, Colorado 80918
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