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SUMMARY

This final report presents the results of a study to evaluate the state
of technology development for spacecraft water and sclid-waste processing
systems. The work was accomplished by the Bioenvirommental Systems Study
Group, of the Society of Automotive Engineers, on Contract No. NASw-2439,
Specific objectives of this investigation included: (1) a detailed comparison
and assessment of the most promising candidate designs currently being
considered by NASA for the management of solid waste a.d waste-water materials
on spacecraft; (2) a projection of relative attractiveness of each design
to NASA for anticipated manned spacecraft applications, using 2 common basis
for comparison and a realistic tradeoff amalysis; and (3) the formulation of
recomnendations which will be useful to NASA in managing and planning contimued
efforts in this area of technology development. The candidate processes that
vere evaluated and compared were (1) the Radioisotope Thermal Emergy (RITE)
evaporation/incinerator process; (2) the Dry Incineration process; and
(3) the Wet Oxidation process.

The scope of the technical approach that was used to accomplish the
study objectives consisted of: (1) the establishment and analysis of an adequate
data base and the analysis of the current status of technology for the alterma-
tive processes of interest; (2) the development of a standardized input and
output model as a common basis for comparing and evaluating the alternative
processes; (3) the development of completed and scaled-up flowsheets for
the alternative processes to satisfy the standardized input and output models

and performance criteria; (4) the comparison and tradeoff evalua’ion of the



completed and scale-up (commonly-based) processes; and (5) the development
of conclusions and recommendations.

The types of spacecraft vaste materials that were included in the base-
line ("standardized") computational input to the candidate systems were feces,
urine residues, trash and waste-water concentrates, The performance charac-
teristics and system requirements for each candidate process to handle this
input and produce the specified acceptable output (i.e., potable water, a
storable dry ash, and vapor-phase products thst can be handled by a space-
craft atmosphere control system) were estimated and compared to produce the
essential conclusions and recommendations of this study. The approach used
in the study, the results, and conclusions and recommendations are described

in detail in this report.
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1. INTRODUCTION

1.1 Purpose and Scope:

Based upon the results of a task assignment completed and reported to
NASA's Bioenvironmental Systems Division (OMSF) in December, 1973, on
Contract No. NASw-2439, by the Bioenvirommental Systems Study Group of the
Society of Automotive Engineers, Inc., it was determined that NASA's life
su} port systems development program could benefit significantly from a
careful analysis of alterpmative designs for solid-waste management systems,
presently being considered by NASA, including & comparison of their relative
advantages and disadvantages and a realistic assessment of the potential
attractiveness to NASA of each candidate approach. The Study Group
recomnended to NASA Headquarters that such an assignment could be accomplished
competently by the Study Group, but not within the scope o:r budget of the
original terms of Contract No. NASw-2439.

Therefore, an additional task on Contract No. NASw-2439 was suthorized
to pro. _de the necessary augmentative funding for the study assignment, to
be accompiished by the Study Group. The specific objectives of this additional
assignment were: (1) a detailed comparison and assessment of the most
promising candidate designs currently being considered by NASA for the
management of solid waste materials on spacecraft (l.e., dry incineration
and wet oxidation processes); (2) a projection of relative attractiveness
of each design to NASA for anticipated manned spacecraft applications, using
8 common basis for comparison and a realistic tradeoff analysis; and (3) the
formulation of recommendations which will be useful to NASA in managing and

planning continued efforts in this area of technology development.
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The scope of the study included: (1) the definition of a coumon basis
for comparing the candidate systems designs; (2) establishing an aprropriate
tradeoff model; (3) performing the comparison, evaluation and tradeoff analysis
(including the characterization of any technology extrapolations that might
be required): (4) formulation of recommendations; (5) reporting of results

to NASA in a thoroughly definitive report.

1.2 Background and Rationale:

For the past several years NASA has been sponsoring research and develop-
ment efforts to advance the state of technology in the area of solid-waste
management for space-raft applications. Curreatly there are four principal
design approaches for waste management systems or sub-systems. The processes
which provide the basis for one or more of these design approaches include
(1) dewatering, pyrclysis and incineration; (2) space-vacuum drying of waste
with compaction and storage or overboard dumping of residue; (3) wet oxidation
followed by water recovery; and (4) the application of a radioisotope heater
to thermally supply evaporator and incinerator units. The types of space-
craft wastes for which NASA will require management systems, for certain
types of manned missions, include feces, urine residues, trash (e.g., from
food packages, etc.), and waste-water concentrates. Generally, it is the
desired objective that a system eventually be able to convert these wastes
to potable water, a storahle dry ash, and vapor-phase products that can
be handled by a spacecraft atmosphere control system.

1n the fall of 1973, the SAE Bioenvironmental Systems Study Group was
srssigned a study, on NASA Contract No. NASw~2439, to analyze the state of
spacecraft waste-management-systems technology. The Study Group reviewed

the work conducted and reported by (1) General Electric (the RITE water-waste



management system); (2) Lockheed (the "wet-ox' system); and (3) GARD (the
dry-incineration system) for spacecraft waste management systems design
and development. The principal objective of this review was the determination
of the relative state of technology for each of these three approaches to
spacecraft waste management, the pacing technical problems which remain to
be solved, and the relative technical readiness of a system consisting of
components from one or more of these three approaches to waste management.
Although a detailed tradeoff analysis was rpot within the scope of this
original review effort, an attempt was made to adequately define the material
balance and flow sheet for each system approach. Tnis definition was expected
to provide a basis for a detailed tradeoff analysis in the future, if NASA
desires to proceed in that way. In general, the Study Group was chartered to
provide NASA Headquarters with information that can assist NASA in its decision-
making efforts in this area of technology.

Representatives of the Study Group completed visits at the facilities
of G.E., Lockheed and GARD where they met with principal investigators on the
respective development programs, discussed progress and status on these
pograms, and observed apparatus. The results of these visits, combined
with the Study Group's review of available reports, were discussed in cetail
bv members of the Study Group team to compare relative status and performance
features among the three systems approaches. Recommendations were then
formulated by the Study Group and reported as interim findings to NASA. In
gereral, it was determined that even an adequate common basis for comparing
the candidate design approaches could not be formulated within the scope and
time and budget constraints of that contraci task. Too many differences
existed in the feed-stream experiences, presumed interfaces with other sub-

systems, etc. One design contractor had operated a nearly integrated waste-
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managewent system under certain conditions, whereas other contractors had
used only a part of a system or entirely different conditions of operation.
Furthermore, key pleces of data, necessary to coumplete a “common-pathway'
flowsheet were not available from testing efforts to date. The Study Group
suggested additional testing and measurements that should be made; otherwise,
a rather tedious analytical procedure mmst be pursued by the tradeoff analysts
in order to foruulate an adequate comparison basis and tradeoff model.
Additionally, in some cases it wcs anticipated that it would be necessary

to forecast or extrapolate technological developments before the system

model could be completed as a basis for the compa:ison analysis.

NASA's Bioenvironmental Systems Division decided that the contracting
for extensive additional testing by the various contractors, using their
respective subsystems concepts would be premature until a common or standard
basis for comparison has been established. 1n addition, this NASA group
decided that the development of such a standard comparison basis, and the
concomitant evaluation of the status of technological development to date
on the alternative subsystems concepts should be accomplished independently
from the subsystems development activities. This decision, together with the
SAE Bioenvironmental Systems Study Group‘s background and experience in this
area of spacecraft life-support systems technology, provided the rationale

for the work described in this report.

1.2 Background on Prior Subsystems Development Efforts:

Early emphasis by NASA on the development of urine reclamation processes
brought several concepts to the prototype subsystem design and testing stage.
However, the state of readiness of the early water recovery concepts impacted
on the development of the remaining waste-management subsystems; particularly

the fecal and solid-waste processing hardware.
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The vacuum-drying waste collector and storage subsystem concept
demonstrated that the activity of micro-organisms could be controlled adequately
for safe storage ¢f the dried waste. Other feces processing concepts that
would greatly reduce the amount of residue to be stored were of significant
interest, but these necessitated the development of more sophisticated
equipment and eventually led to a strong interest at NASA in combination water-
and-waste processing subsystems. Development work on these concept3 was based
initially upon the goals of (1) creating a system that would greatly reduce
the amount of residue to be stored or returmed to earth, as well as extracting
usable materials from these wastes; and (2) improving methods for controlling
bacteria in water and waste processing subsystems, including automatic monitoring
and control features.

Specific objectives of the development programs that wece sponsored by
NASA for the three principal water-and-waste p-ocessing concepts (wet oxida-
tion, dry incineration, and incineration using radioisotopic heating) are
summarized below.

A. Wet Oxidation Process. =-- The investigation of the feasibility of applying

the wet-oxidation process to spacecraft waste treatment was initiated under
Contract NAS1-6295 with the Whirlpool Corporation by the NASA Langley Research
Center. The objective of this study was to investigate the recovery of useful
water and gases from urine and fecal matter im conjunction w.th the processing

ci wastes and the elimination of overboard venting of waste liquids and gases,
based upon the wet-oxidation chemical process. The significant data obtained
from this initial investigation (i.e., COD reduction; slurry-solids concentration,
temperature and pressure effects; etc.) led to a NASA contract with the

Lockheed Missiles and Space Company (Sunnyvale, Cf , Co~tract No. NAS1-9183,

for the design and fabrication of a wet-oxidation batc h-reactor laboratory



apanvetys o iuves fgate the effectn uf terperatu~e, reaction time, oxygen
Pr¢se" e and "¢ rate, apl nolids concentration prior to the detailed design
«f 8 reac%or y-slatype. A poototype ceactor unit, scaled approximately to the
¢este-aandling iegdrep~nts ot a four-man epacecraft mission, wee designed
snd | Onstiuc:2d on an 2xtension of this . .n.ract and includea & test program
- k> [ Yy the *vstem desig, Several st:. ies vere added from time tc time,
¢ provitz, ror ~i.arle (1, c.ntinuous, xether than batch processing;

(2) «. -valuati'n of the » " p.omisin, water-reclamation subsystem for

use ¥"*h 9 w:.-~xid2?{- 2 reac.c.; and (3) developme-t of a waste-solids
grindev, ash filcver , anc lif--testing of varior , subsystem components.
Resuits of this work are. summarized in Reterenre 5.6. A siwplified schematic
diagrar of the wet-oxid:tion test apparatus is s»wm im Yigure 1-1,

B. .1**gisotope Thermal Energy ¢‘%-TE) }ro>cess. -- ‘ine General Electric Space

Division initisted research #8... develu went work in 969 on the RITE concept
oun Contract ¥ . £T(11-1)-3C36 with the U, S. Atomic Energy Commissioi , with
,.int sponsorship ¢y NASA Headquarters and the U, S. fir Force (Wrigh&-Patterson
41r Force ,ase;. The scope of this work imcli-ded the design, development,
fabricatior and testing of an engine.ring . .del for an advanced water and waste
procezsing subsystem. The design was based upon concepts studied by General
Elsctric . 1 8 previous NASA contract. The engineering model was scaled to

meet the approxima*e requirements for collecting and processing wastes from
four men for a 180-day simulated space mission. Process steps included feces,
trash and urine collection; water reclamation; storage, heating and dispensirg
of the water, and disposal of the 'eces, urine residue and wther mrn-metallic
waste materia,s by incineration. This program -~ :ntuaslly cont:rted of seven
phases as listed chronologically and described in Table 1-1, The criginal

approach (shown schematically in Figure 1-2) provided for all wastes to
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Table 1-1.

Program Scope and Schedule; G.E, RITE System.

Phase

Start

Complete

Description

A0S

June 23, 1969

February 1, 1970

June 1, 1970

January 31, 1370

July 31, 1970

August 31, 1970

Design the waste Incinerator/water reclamation unit
(including the heat source) for the engineering model.
with capabiliiy for operation with a radioisotope heat
source and with an electrical heat source. Develop the
critical components and subsystems of the waste incin-
erator/water reclamation unit to permit design and
fabrication of the unit, Prepare a preliminary design
(including deacriptive drawings), preliminary perfor-
mance specifications and preliminary operating pro-
cedures for the WM-WS engineering model. Prepare
test plan for evaluation of the operational, life, safety,
and maintenance characteristics of the waste incinera-
tor/water reclamation unit and of the WM-WS en-~
gineering model, Prepare a preliminary safety analy-
sis for the radioisotopcs heat source,

Fabricatn a waste incinerator/water reclamation unit
in accordance with the FPhase I design. Test the
waste incinerator/water reclamation unit in accor-
dance with the Phase [ test plan,

Analyze Phase 11 test data, evaluate the design and
operation of the waste incinerator/water reclamation
unit, Revise the design of the waste incinerator/water
reclamation unit to climinate deficiencies and add
improvements i{ndicated by such evaluation.




Table 1-1. Program Scope and Schedule; G,F. RITE System. (Continued)

Phase Start Complete Descriptjon

——

- YA e

" TUNIDINE

ALY
T, -

v September 1, 1970 | June 15, 1972 Prepare a detailed engineering design (including
descriptive drawings), specifications and procedures
suitable for fabrication and test of the engineering
model, incorporating the revised waste incinerator/
water reclamation unit deaign. Prepare fina] test
procedures, including safety and emergency proce-
dures, for the engineering model. Fabricate any
nccessary handling tools for the radiolsotope heat
sources and arrange for use of shipping cask., Pre-
pare a safety analv-.s report for the radloisotope heat
sources. Work with the fueling agency to provide
radioisotope heat source final design and fabrication
procedures, Perform additional development tests
of solid pump concepts and the high temperature
process.

v February 1, 1971 June 15, 1972 - Fabricate the englne'er!ng model in accordance with
the Phase 1V design.

Vi June 15, 1972 July 31, 1972 Perform a ten day electrically heated operating test

' of the engineering model in accordance with the Phase
IV test plan, Evaluate the 10-day test data. Make
necessary modifications to the engineering model and
test and operating procedures. Upon completion of
the above work, submit and/or distribute drawings,
manuals and documentation for license ¢ ~plications,

Vil July 31, 1972 December 31,1973 | Conduct 180-day test using radioisotope heat source(s).
Provide proper facilities to assure safely and

security of the test area, Obtain AEC license for this
radioisotope test application.
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be collected in the evaporator where the water was distilled off at low
temperature. The remaining solids were removed centrifugally from the
evaporator and then drled, thermally decomposed and incinerated, with the
resulting gases vented to space vacuum. The remaining ash was stored or
jettisoned. Transport air that was used to collect the waste was returned
to the spacecraft cabin after being cleaned by catalytic oxidation, etc.
More recently, the contractor has investigated requirements for closing
the system to meet & zero-dump (to space vacuum) operating condition.

C. Dry Incineration Process. =-- The General American Research Division

(GARD) of the General American Transportation Corporation designed, fabricated
and tested the GARD Model 1493 Waste Incineration System under NASA Contracts
NAS2-4438 and NAS2-5442, sponsored by the NASA Ames Research Center. This
process concept, shown schematically in Figure 1-3, was based upon automatic
dehydration, pyrolysis and incineration of wastes produced by four men on

a spacecraft mission. The input model used by this contractor was:

600 grams of fecal matter, 600 grams of urine distillate residue containing
50 percent solids, toilet tissue, and other miscellaneous wastes such as food
scraps, plastic storage bags, hair, photo film, and fingernail clippings. The
incinerator was initially designed to operate on a batch cycle, with all
wastes collected in an incinerator canister. Further development work, under
Contract No. NAS2-6386, involved an extension of program objective- to include
the design of a zero-g waste transporter; development and integration of the
GARD incinerator with commode developments supported by NASA; and the increase
of the incinerator system's capacity to accomodate a six-man mission. The
program efforts were concluded with the development of an operational speci-
fication for a baseline subsystem and the performance of a series of tests

to evaluate the performance of the incinerator subsystem model.
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1.4 Comparison of Contrac ors' Objectives:

Table 1-11 provides a summary of contract objectives for water and waste
reclamation programs initiated by the various RASA research centers. Some of
the effort originated as early as 1966. The extension by RASA, several years
later, of contract objectives in design and testing resulted from a requirement,
established by the Space Statiou Project Office and the Life Sciences Directorate,
that the recovery of useful water and gaseous products be incorporated in the
development of these processes.

Except for the G.E. RITE system development, subsystem integration and
testing was not a technical objective. However, objectives did include & pre-
liminary design of the system for purposes of evaluating subsystem components,
weight, volume, size and system costs.

Early test data that were obtained for the processes were based on a
"four-man system” objective which was directed toward the reduction and/or
elimination of waste storage requirements and contamination of the space vehicle.
Therefore, the extension of the design and testing objectives, specifically for
the wet-oxidation and dry-incineration processes, imposed some constraints
or limitations on the equipm~nt capability and extent of test data on the
oxidztion steps by shifting emphasis to the development of other subsystem
units.

This background information accounts for the Study Group's earlier observa-
tion, discussed in Section 1.2, that common design criteria and bases for data
comparison among the three alternative processes do not exist. All of the
contractors were not required to work toward the common specifications of a
standardized input model, testing to completely characterize all input and output
streams, or compatibility of product gases with the air revitalization subsystem

of a spacecraft.
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2. METHOD OF APPROACH

The method of spproach that was chosen by the Study Group to accomplish
the objectives and scope of study described in Section 1 consisted of five
prioncipal elements (or subtasks): (1) establishment of an adequate dats base
and the snalysis of the data base and the curreat ststus cf technology for
the three alternative processing methods of interest; (2) development of a
standardized input and output model as a common basis for comparing and
evaluating the alternative processes; (3) development ¢f completed and
scaled-up flowsheets for the alternative processes to satisy the standardized
input and output models and performance criteria; (4) compariscn and tradeoff
evaluation of the completed and scaled-up processes; and (5) development of
conclusions and recommendations. The obiective, rationale and general activity
components associated with each of these subtasks are outlined below. Detailed
procedures and results are presented in corresponding subsequent sections of

this report.

2.1 Establishment and Analysis of the Data Base:

Initially it was necessary for the Study Group to develop an adequate
understanding of the actual work performed and results obtained to date by
each of the contractors responsible for the development of the three alternative
processes, in terms of the various contract objectives discussed in Section 1.
This subtask alsc included the definition of requircments to complete the flow-
sheets for each process and develop & common basis (i.e., input capabilities
and output specifications) for the evaluation of system performance and trade-

off comparisons among the alternative processes. The procedure used to accomplish
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these objectives included the following steps:

(1) An ipitial, detailed review of contractors' reports and unpublished
data furnished early in this study program py NASA and the contractors,
and supportive chemical process literature.

(2) Visits at contractors' facilities to weet with their project-team
representatives, discuss project results, clarify questions identified
by the Study Group from the review of reports and data, and observe
experimental hardware (the list of visits and discussion s'mmary
for each are presented in Appendix I).

(3) Study Group work sessions, interspersed among the visits at
contractors' facilities, to assess the data-base material, establish
the basis for further discussions with contractor and NASA representa-
tives, and formulate the specifications required by the Study CGroup
to accomplisk the development of the cowmmon basis for comparing the
alternative processes.

(4) The analysis of contractor data ("as-tested"), to determined
consistency and credibility of the reported data (as well as the
demonstration of technical feasibility), oy performing detailed material
and energy balances for each test system.

Step (4), above, required a very significant effort by the Study Group.

This stemmed from the general unavailability of as-tested data, for all three
candidate processes, for scaling the test systems to a standardized complete
process that would satisfy the performance requirements upon which the Study
Group's investigation was based (as discussed in Section 1) and permit a common
basis for comparisoun of the alternative processes. Auxiliary (mot tested)

process units had to be identified and characterized to adequately comvlete the
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process flowsheets for the standardized performance basis for comparison.
The material and energy balances also served the very important role of
answering questions concerning the demonstrated ability of the test systems
to accomplish their design objectives; and, 1f the systems did not meet
these objectives, the reasons that could be determined and recammendations
for further testing on design improvements that might lead to better performance.
Therefore, the Study Group determined that this material and energy balan:e
development effort would provide a very valuable contribution to the overall
understanding of system functions and performance evaluation, in addition to
a basis for the scale-up to the standardized case (size, input, output criteria)
for each alternative process.

Details of the procedure and results associated with this subtask are

-

presented in Section 3,0f this report.

2.2 Developrment of a Standardized Input Model.

Based upon both the preliminary observations by the Study Group before
this investigative program was initiated (discussed in Section 1) and the
Group's data base analysis on the subtask activity described in Section 2.1,
it was determined that the design guidelires used by the three contractors for
the development of their respective processes varied significantly. The
variances occurred principally in the values the contractors chose for the
input models for urine, fecal and trash compositions. Ir additiomn, the
criteria designated by NASA Headquarters which formed the basis for this
investigative program included the requirements for handling wash water,
providing for maximum recovery or storage of all products (zero-dump criteria),
and concommitantly assuring compatibility of the product streams with other

spacecraft life-support subsystems (air revitaslizstion, potable water storage,etc.).
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Therefore, it was necessary fcr the Study Group to develop standardized,
common input and output specification models as the basis for comparing the
slternative processes (on an essentially one-to-one basis). It was very
apparent, from the analysis of the as-t :ted results compiled during the
data-base review step, that auxiliary processing units (not actually .sed
or tested to date by the contractors) of various types would have to be
identified and sized by the Study Group to complete the flowsheets for the
alternative processes such that each would meet these standardized input
and output (i/o) specifications. The grouping of types of auxiliary process
units required would, of course, vary among the alternative systems, dependi. -
upon the extent to which the currcnt contractor system designs can satisfy
the standardized i/o specifications. Hence, the standardized i/o model was
developed by the Study Group to provide the basis for completion of the process
flowsheets and scale-up of these completed flowsheets to the six-man crew
capacity requirements, as necessary. This subtask was conducted essentially
ia parallel with the data-base subtask described in Section 2.1.

The approach used by the Study Group to accomplish this subtask involved
the compilation, review and condensation of appropriate sources of data for
spacecraft waste inputs and atmosphere and water quality standards. Best
(i.e., most current and/or most credible) data for urine, feces, washwater,trash,
and wet-food wastes compositicns were selected from source data such as those
reported for manned-chamber tests, manned space missions and NASA's advanced
mission planning studies. These sources, the detailed procedures used in
selecting ''standardized" values from these sources, and the standardized values
that were selected are summarized in Section 4 of this report. Values for
cabin-atmosphere and potable water purity specifications were derived from

standards generated for NASA by the National Academy of Sciences.
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2.3 Development of Standardized Flowsheets as a Common Basis for Process

Evaluation:

As was discussed sbove in Section 2.2, it was necessary for the Study
Group to develop complete fiowsheets for each alternmative process, using the
standardized input and output specifications (discussed in Section 2.2 also)
as the basis for completing the flowsheet (beycnd the as-tested versions)
and sizing the various component units of the flowsheet. In general, scale-
up of previously-tested corponents was based upon perfommance Jata for the
as-tested versioncs of the units and appropriate scale-up factors developed
from accepted engineering practice by cthe Study Group. Sizes of auxiliary
units (added to flowsheets by the Study Group to complete them for the
standardized requirements) were estimated by the Study Group from reported
design daca for similar units. Although actual test data were used for
contractor process units to the maximum possible extent, occassionally it was
necessary for the Study Group to use available test data only as estimates
of probable test results for the as-tested apparatus. This was necessi.ated
in cases where actual testing did not include the nrocessing of material
present in the Study Group's standardized input model.

The product of this : -ibtask effort was = set of process fiowsheets,
for the three processing alternative- ‘ich offered reasonable promise of teing
able to technically satisfy the stan. ..dized input/output models. Where
auxiliary units had to be added to a giver flowsheet, the Study Group attempted
to select approaches that had the greatest poteatial for successful perfcrmance
in such applications. To the extent possible, auxiliary units were also
selected to impose the least penalties on the process to which they were added.

Details of the deveiopment of these 'standardized flowsheets" also

are presented in Section 4 of this report.
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.4 Cooparison of Process Alternatives and Tradeoff Analysis:

The prin-*pal sdbjetisve of this subtask was the analvsis of the data
e/ piled of dewi-nrad pn the subtasks described in the abu -t subsections to
effelcl.eiy . «~t*e aad evaluate the three alternative proce- .iig mettods and
ests’: 4 h r “asis ler -e~ommendations concerning further developuental efforts
en thesc ¢thry's A vpsd. (! evgiuation was of particuléar interert to &-SA
Readquarters, wicr % saecs_-+¢ ¢ juasis on the standar“ized input/output
aodels as the basic (1. with consideration also of effects .f certain variances
in these wodels as = che _fcterization ot scasitivity of the evaluaticn model).

Subtask objectives were accaapliseeu by the uroced.ve outlined below:

(1) The tradeoff wodel was is:al _» -hed bav¢! upon an analysis of the
scor 2 of the tejuired eveiating, i1 2> “dpm.if:cation of key parameters
to be ¢ .sidered end conve rair factors for penalty assessments (in
terms of equivalent system weight), and a review &nl assessment of
conventional tradecff mcdels ‘:ced for the compar._sc:. ¢! spacecraft
life-support systems alterna.ives.

(Z) Each of the alternative procc-,es was snalvied, comj.>1ent by com-
ponent, *o establish best-¢ *imalr vaiuws for weight, volume, power
and thermal penalties, £11 (- :ms of an equivalent-weight parameter
using the conversion factors that were established on th’: subtask.

(3) &~ »valustion "scoring"” form vas developed as a8 tool for aoprplying
the tradeoff model to the comparison of relative advantages and
disadvantage., associated with each of the sitermative »r .ess..

(4) The Study Group prepared a concensus ratinz for 1Le 1 4.-.aative
processes using the ocoring form, penalty -slues (from the earlier

step on tnis subtask), snd judgment dzrived from the data-base, as-
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tested experience {nformation and the standardized flowsheet sub-
tasks as the basis for scoring. Initially, this scoring was
accomplished for a baseline mission model.

(5) Results of the tradeoff (sccring) evaluation were analyzed for
significance and sensitivity. Sensitivity was estimated from a
comparison of baseline results with results obtained for altermative
mission cases.

Details of the tradeoff analysis for the baseline case, and a summsary

of the results that were obtained,are presented in Section 5 of this report.
Resui.s of the consideration of alternative (other than baseline) cases are

presented in Section 6.

2.5 Development of Conclusions and Recommendations:

“rom the results of the previous subtasks, comprehensive recommendations
were formulaced to gu’: NASA 1n planning and managing continued techrology
development for spacecraft water and waste management systems. These recoammenda-
tions focused on (1) design factors which will require better clarification
through more incisive study of process performance characteristics; (2) design
alternatives that offer promise of improved performance to satisfy requirements
of the standard input/output model; and (3) criteria for the selection of
complete wnter/waste management systems to best satisfy some typical mission-
gpplication requirements. These conclusions and recommendations are presented

in Section 7.
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3. ANALYSIS OF AS-TESYEG SYSTEMS
As discussed in the preceding section, the objective of one of the first

tasks of this study was to ascertain what systems and feeds had been tested
and what experimental data werz available. These data were to be used to
develop 2 material and energy balances for each as-tested system. The
material and enerqgy balances were needed to evaluate the adequacy and con-
sistency of tne experimental results, to evaluate the credibility of tech-
nical feasibility, and to establish a basis for scale-up ot the &5 -tested
systems to the ;tandardized input model.

For each system, the Study Group found insufficient experimental
data available for adequate closure of material and energy balances.

In general, the scope of the cointractors' program did not include
material and energv balanced closure as an cbjective; and, consequently,
the experimental procedures did not include thorouch analysis of inputs
and outputs; nor did they necessarily include accurate measurement

of all inout and output fiow rates. Ir many cases, output compositions
were determined only for a small number of grab-samples from exit streams
which varied with time due to the batch nature of the experiments.

Due to the inadequacy of the experimental dat: the Study Group had
to make numerous assumptions and approximations to force closure of the
material and energy balances of the as-tested cases.

None of the contractors measured elemental ccmpositions of urine,
feces, trash, or washwater feed. Thus, the Study Group had no alternative
but to estimate elemental breakdowns; the values used for these input
estimates are those adopted by the Study Group for the standardized input

model and are given in Section 4.1.
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In one case, the Lockheed Wet-ox system, the as-tested feed was signif-
icantly different from the contractor's design objective. In particular,
the reactor was designed to process a feed of urine, feces, trash, and wash-
water. The only experimental tests in which output compositions were avail-
able {i.e., the as-iested case; used urine and feces as inputs. The Study
6roup decided to estimate material and energy balances for a hypothetical
case in which the feed would correspond to that stated in the contractor
design objective (the CDG case). It was assumed that the experimental
system would adequately handle this entire feed. This hypothetical
CDO case was used as a basis for scale-up to the standardized wet-ox

model, as discussed in Section.

3.1 GARD Mass and tnergy Balance as Tested:

The GARD process is basically an incinerator that was originally
designed to handle princip.lly metabolic wastes. The ornly test data
available are for the incineration of a slurry of feces, toilet tissue,
and urine concentrates. A mass anc energy balarce of the process is
shown in Figure 3-1 and Table 3-1. The output figures were supplied by
GARD and were obtained by averaging the measured quantities from tests 3,

4 and 5 reported in Reference 4.9 (at the end of Section 4).

The total input weights of urine, feces, toilet paper and rinse water
were measured by GARD during these tests, but no compositional data were
obtained. The compositions of urine and feces were taker as those developed
for the standardized input model (see Section 4.1).

GARD calculated that an average of 520 g. of CO2 was supplied to the
bearing and seal during the three tests. In the calculation, a total volume

of gas w~as measured and the stream was assumed to be 100% C02. Based on
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Figure 3-1,

GARD Mass and Energy Balance as Tested,




TABLE 3-1.

GARD Mass Balance as Tested (corrected, see text)

fnorganic
INPUT Total C N 0 H S ash
URINE SOL1DS 225.0 41.18 49.32 38.74 9.14 0.8 85.95
FECES SOLIDS 112.5 76.20 4.50 13.20 13.20 0.3 5.10
TOILET TISSUE 10.0 4.44 4.90 0.62
H,0 722.5 642.22  80.28
0, 430 430.00
COZ + AIR
co, 421.52 114.96 306.56
N, 49.28 49.28
0, 15.04 15.C4
TOTAL 1985.84 236.78 103.1 1450.66 103.24  1.13 91.05
OUTPUT
co, 684 186.54 497.45
N, 103 103.00
= {0, 98 98.00
) 1 0.43 0.57
Hy 0
@ [H0 860.46 764.85  95.61
g Total Carbon 2.43  2.43
€ |tnorganic salt 4.7 4.74
S |Suspended Solids 5.36 5.36
ASH REMOVED 48.67 48.67
ASH IN SYSTEM* 30. 30.
TOTAL 1837.66 189.4  103.00 1360.87  95.61 NO DATA 88.77
(input - output)a +148.18 +47.38  -0- +89.83 +17.63 +2.88
(input - output)s  +7.5 +20.0 -0- +6.2 +17.0 +2.5

* GARD estimate, personal communication
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this assumption, the mass balance showed the nitrogen output to dbe
approximately 100X more than the nitrogen input. GARD felt that this

was too large a discrepancy to be accounted for by the normal variations
encountered in the composition of urine and feces. Their best explanation
is that there must have been an air leak into the COZ supply system.
Assuming this to be true, and that the measured volume of bearing supply
gas §s accurate, but the composition was coz and air, not pure C0,,

the gas stream composition was calculated to obtain a nitrogen balance

as follows:
C, N % 1o

. . . 520
Original assumption (g-mole) > 7.l 11.81 0 0 1.8
Nitrogen required to balance
input & output (g-mole) 49.28 _ 1.76

28 :

Oxygen contained in air 1.76
with nitrogen (g-mole) I " 0.47
New assumption (g-mole) 9.58 1.76 0.47 11.81
New assumption (g) 421.52 49.28 15.04

This assumption was used to compute the mass balance shown in Figure 3-1
and Table 3-I. In this mass balance there is an output deficit of up to 20%
in each category, which is reasonable considering that the composition of
the urine and feces inputs was assumed rather than measured. There are
several obvious explanations for output deficits including the following:
1) The urine and feces contained less solids than assumed;
2) The measured amount of bearing gas was erroneously high;
3) The final ash contained some carbon;
4) More ash remained unrecovered from the system than the amount reported.
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The stoichiometric amount of oxygen required to combust all of the
carbon and hydrogen in the input was computed as follows:

ASSUMPT JONS ¥n°;o$1ds, q Rgguired, a
C +0, ~ (0, 121.82 324.85
2H + 0, + H0 22.96 183.68
0 in solid feed - 56.84

TOTAL 451.67

The oxygen supplied for combustion was 430 + 15.04 = 445 grams.

The apparent amount of oxygen actually used in combustion (including
oxygen in solids) can be determined from the output figures of the
mass balance as follows:

0, in combustion

COMBUSTION PRODUCTS " products, g

€O, = 654 - 421.52 = 262.48  x 32 = 190.89
2 . - u‘ .
16
Co = 1 x 5o = .57
A g 16 _

H,0 = 860.46 - 722.5 = 137.96 x Jg 122.63

TOTAL 314.09

This is less than the amount of 02 required to combust the incut products
by 138 grams or 30 percent. This suggests that there were uncombustible
or partially oxidized organic output products that escaped measurement
during the test. It is concluded from the analysis above that the GARD
system was actually oxidizing approximately 20 to 30 percent fewer solids
than the input assumptions show in the mass balance. This deficiency

must be taken into account when scaling up from the “as tested” mass
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balance to the “standard” mass balance.

To improve the accuracy of the mass balance and to ascertain more
accurately the actual capacity of the GARD incinerator, the ash should
be analyzed for carbon content, the water coniensate should be analyzed
for organics, and the off gas should be analyzed for partial oxtdation
products. It should be noted that untfl a satisfactory closure of the
oxygen balance is obtained, the efficiency of the catalytic oxidizer
cannot be ascertained within a satisfactory degree of confidence.

The heat and power requirements “or the GARD as-tested system, as
determined from GARD personnel, are as follows: catalytic burner,

714 w-hr; incinerator, 2770 w-hr; blowers and paddle, 3750 w-hr; and

heat of combustion, 820 w-hr.

3.2 6.E. Mass and Energy as Tested:

The data base used for the analysis was obtained from references 4.8
4.10 and 4.11. Most nf the results came from the 10- and 180-day tests conducted
by G.E. (Ref. 4.8). Since detailed listings of inputs were not available,
it was assumed that the as-tested inputs were, on the average, consistent
w th the design inputs given in Section 4.1. These input requirements
were followed as closely as possible by G.E. (Ref. 4.11).

Feces: 1.2 1b/day

Urine: 14.C 1b/day

Trash: 1.2 1b/day

Wash water: 24.0 1b/day

ECS condensate: 20.0 1b/day

A schematic of the system is shown in Figure 3-2. In addition to the
{nputs listed above, oxygen was fed to the catalytic oxidizer (stream 6)

and incinerator (stream 7), and nitrogen was used to purge the incinerator
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(stream 8). The subsystem components shown by dashed boxes in Figure 3-2
were not used by 6.E.; these components were identified during our analysis
as additions necessary to achieve zero-dump requirements.

The outputs shown in Figure 3-2 are streams 9 through 14. As the
original design basis did not call fer zero dump, the experimental program
did not involve monitoring of all exit streams. The fmpurities in the
recovered water (stream 9) were monitored periodically; a few grab-
samples of the catalytic oxidizer vent 3as (stream 10) and the incinerator
off-gas (stream 11) were available. No attempt was made to determine
quantitatively the ash collected (stream 12), although a few tests were
gerformed to determine the ash content of dry solids feed.

To determine the consistency of the experimental results, the Study
Group attempted to determine the extent to which the experimental results
could be used to close the mass balance. The following procedure was used:

1. Inputs. The average daily inputs were broken down into water,

organics (C,H,0,N,S), inorganics (salts.and ash), air, oxygen,

and nitrogen. (See Tables 3-1I and 3-1II). The sum of the liguid

and solid inputs was taken as the evaporator feed.

2. Evaporator Qutputs. The evaporator splits the liquid and solid

feeds into a vapor fraction (mostly steam) which is the
catalytic oxidizer feed, and a dense slurry fraction, which
is the incinerator feed.

a. Vapor Fraction. In theory, the comgasition of the vapor

fraction leaving the evaporator can be determined from the
analyses of the condenser off-gas (stream 10) and the recovered

water (stream 9). As described {n a subsequent section, this
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TABLE 3-11. G.E. INPUTS (As-Tested”)

(grams/day)
Stream Total Afr Total
No. Item Inputs (flush) H,0 Solids| € N 0 H S | Ash
2a,b,c Urine 21,621.9 | 13,111.6 | 8,282.3} 228.0 | 41.68| 49.95 39,22 9.26] 0.83] 87.06
la,b,c Feces 24,576.2 | 21,852.7 | 2,587.4] 136.1 | 92.17 5.44 15.96 15.96| 0.37] 6.16
3a,b Trash 2,721.5 -0- 2,177.2] 544.3 | 466.52 -0- -0- 77.78| -0-| -0-
5 £CS Cond,** 2,555.5 -0- 2,555.5| -0- -0- -0- -0- -0- | -0-| -0-
g 4 Wash water 10,886.2 -0~ 10,831.8| 54.4 34,47 -0- 19.96 neg.| -0-| -0-
g; "
6 0, (Cat. Ox.) 341.58 -0- -0- ~0- -0- -0- (341.58) <0- | <0-| -0-
*he
7 0, (Incin.)* 2,588.30 -0- -0- -0- -0- -0- (2,588.30) -0- | -0-| -0-
il
8 N, (Ash Dump) 32.66 -0- -0- -0- -0- (32.66) -0- -0- | -0-] -0-
55.39 75.14
TOTAL 65,323.84 | 34,964.3 | 26,434.2| 962.8 | 634.84 | (32.66) | (2,929.88)| 103.00| 1.20} 93.22

*
02 fnput adjusted to zero dump requirement. Assumes 1.2 x theoretical 0, required for

complete oxidation of organfcs fed to incinerator.

*h
Total ECS Condensate feed = 9,071.9 g, of which 6516.4 g is used for flush water.

L 2 1]
Excluded from total solids summation.



TABLE 3-111. SUMMARY OF G.E. INPUTS (As-Tested")

(grams/day)
Input Total C N 0 H ) Ash
HZO 26,434.2 - - 23,497.07 2,937.13 - -
Solids 962.8 634.84 55.39 75.14 103.00 1.20 93.22
02' 2,929.88 - - 2,929.88 - - -
NZ 32.66 - 32.66 - - - -
Air 34,964.3 - 27,194 .46 7,769.84

TOTAL 65,323.84 634.84 27,282.51 84,271.94 3,040.13 1.20 93.22

*
02 input adjusted to zero dump requirement. Assumes 1.2 x theoretical 02 required

for complate oxidation of organics fed to incinerator.
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procedure could not be used because it predicts unrealistic
organic concentratfons in the evaporator vapor output. Further-
more, the condenser off-gas enalyses are inconsistent with the
recovered waier analyses. These two streams should reach a 1iquid-
vapor phase equilibrium in the condenser. If the condenser off-
gas analsses were assumed to be correct, the impurity levels

in the recovered water should be much higher than those reported.
Thus, the condenser off-gas analyses were suspect and were deemed
too unreliable to be used to back-calculate evaporator vapor
output. Lacking better data, the only alternative was to estimate
evaporator vapor cutput based on assumptions of the volatilities
of the components fed te th= evaporat r. It was assumed that

all of the urea plus 50% cf the remaining non-ash solids of urine
plus 50% of the non-ash solids of feces would be sufficiently
volatile (as fed or through decomposition in the avaporator) to

be carried over with the steam.

b. Slurry Fraction. Having estimated composition of the vapor

fractica, the organic and inorganic components of the siurry fed

to the incinerator were found by difference ({.e., evaporator

feed less vapor otutput). The water content of the slurry wes
estimated from two independent observations made by G.E.: (1)

the water losses from the incinzrator were estima »d to be about

1% of the total water input per incireration, with an average

of 5 incineration cycles per day‘(Ref. 4.8); arnd (2) the incinerator
feed was measured in one test and found to be about 50 wt-% water
(Ref. 4.11). These two independent estimates differed by about a

factor of 2. Consequently, an average of the two estimates was used.
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3. Incinerator Outputs The incineration is actually a three-step

batch process: the wate: {s driven off, a portion of the organics

are pyrolyzed, and then the remaining combustibles are oxidized

with oxygen feed (stream 7). Since the G.E. system was not designed

for zero dump, the extent to which organics wer pyrolyzed or

oxidized was fmmaterial in G,E.'s test pro~-am. In fact, we

e<timated the oxygen required to completely oxidize the organics

Jed to the incinerator and found that the actual oxygen fed was

‘ess than 107 of the lrecretical requirement. In modifying the

system t2 meev zero-dumo requirements, it was assumed that oxygen

would ve zd wn (2 excess above theoretical and that the off-gas

wo.)d be processed in 3 catalytic oxidizer to ensure complete

cumbustion.

BaseG on our avalysis ¢f the ash content of the total

inputs to the system, we obtained ar estimate of the ash output

of the incinerator nutput. This value was approximately 10%

of the total solids irput. Theore is 3 significant discrepancy

between this value and res.iis reported by G.E.: ‘“reduction in

solid waste weight is greater than 95%" and “"the ash is approxi-

mately 1% of the initial solid waste input we'ght" (Re:. 4.8).

A summary of the results of the system outputs is given
in Tavle 3-1IV.
Using the results of the mass balance as a basiz, 2ne-gy balances were

made for each major piece of equipment. Independent estimates of heating
requirements for the G.E. RITE system have been reportec previously by

McDonnell Douglas (Ref. 4.10).
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TABLE 3-1V.

SUMMARY OF 6.E. OUTPUTS

(grams/day)
stream
‘o. Item Total c \ 0 H S  Ash
14 Air sterilizer 34,964.3 - 27,196.46  7,765.84 - - -
12 Ash 93.22 - - - - - 93.22
13 X, from ash _ .
T e 32.66 - 32.66
10 Condenser -
Coptens 924.93  75.17 46.98 741.65 60.53  0.60
9  Recivered 24,973.55 R - 22,198.71 2,774.84 - -
water ity » R *
11 Incinerstor 4 330 19 559,66 8.45 3,561.74  204.74 0.60
Off-gdS* 'S . - . » ‘e . -
JOTAL  €5,323.85 634.t3 27,282.55 34,271.93 3,040.11 1.2 93.22

*02 input adjusted to zero-dump requirement. Assumes 1.2 x theoretical 02 required

for complete oxidation of organics fed to i1ncinerator.

ORIGINAL pAGE (<
OF POOR QUALITY
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The results are summarized in Table 3-V. In general, the two estimates
were §n good agreement. Where differences were significant, the Study
Group elected to use what 1t considered to be the more accurate estimate
(column 3).

Heat losses were determined by difference from heat inputs and heat
requirements.

For the low-temperature heating loop, the input heat {is used for the
evaporator and the water storage tanks. Since the water storage tanks were
not considered part of the waste management system, the heat input and
losses charged to the G.E. RITE system were taken as a fraction of the total,
the fraction corresponding to the ratio of evaporator heat to total heat

requirements.

3.3 Lockheed Mass and Energy Balance, as Tested:

The wet-oxidaiion process for disposal of waste materials in space
cabins differs from the other candidate processes in that “wet-ox"
operates in a continuous mode, in aqueous environment, and at high pressure
ard temperature (2200 psia, 550°F). However, the fundamental thermo-
dynamic cycie of water vaporization, combustion of organic matter, and gas
clean-up is similar.

The contractor (Lockheed Missiles & Space Co.) chose a “standard”
design based on a four-man crew, and assumed the human waste would consist
of equal parts of urine and feces, at the rate of 3.2 1b urine per man-day
with 5% solids and 0.35 1b feces per man-day with 25% solids., both with a 25%
design margin. This was estimated to produce a feed flow rate of 5.5 cc/mir
with 6.5% solids (Ref. 4.12). These are reasonably consistent, but not
identical. Therefore the fecal-urine design basis was used for the analysis

of the "as-tested" case, i.e.,
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TABLE 13-V, SUMMARY OF ENFRGY REQUIREMENTS (As-Tested)
(A1) numbers in kvhr)

Best estimates

91-1I1

High Temperature (HT) Loop BSSG Estimatns MCDAC(2) (used herein)
Alr Sterilizer 2.20 1.06 2.2
Catalytic Oxidizer 1.36 1.56 1.5
Incinerator 1.50 1.73 1.6
Total HT Requirements 5.06 4.35 5.3
Total HT Inputs (420 w) 10.1 10.1 10.?
AT Loop Loses (by difference) 5.04 5.7 4.8
Low Temperature (LT) Loop
Evaporator 17.63 17.44 17.5
Water Tanks 6.33
9
% of requirements used for evaporator = WI: II:mlUU = 73.4 —_—
Total L) Input (1550 w) 37.20 27.3"
LT Loop Losses (by difference) 13.43 9.9

* 73.4% of 37.20 kwhr charged to evaporator
"73.4% of 13.43 kwhr charged to evaporator



Urine (3.2)(4)(1.25) = 16.0 1b/day

Feces (0.35)(4)(1.25) = 1.75 1b/day
The trash model (Ref. 4.1 and i1 .ble 4-V) was developed later, but has no:
been tested.

The as-tested inputs are shown in Table 3-VI, with the inputs broken
down by elements on the basis of the Study Group's standardized composition
models (see Section 4.1).

The gas input rate was designed tuv be 1.2 g 02 per g solids (which
is approximately the stoichiometric amount of 02), but the as-testea 9,
rate was not directly measured; therefore, the as-tested 02 input rate was
reconstructea from the carbon balance, based on CO2 and CO in the outlet
gas and corrected for measured COD in the liquid effluent.

In the only long-term continuous test performed, lasting 100 hours,
one gas sample was taken and analyzed at 72 hours, and liquid samples were
taken and analyzed at 58 and 66 hours. The gas-phase composition is given
in Table 3-VII, and the liquid-phase measiLrements in Tabie 3-VIII.

The oxygen supplied was estimated from the carbor balance by assuming
that all C supplied was found in the following outputs: CO2 and CO in
the gas phase, and COD in the liquid phase (as fecal cellulosic material). Then
with the data of Table 3-VI, the 0? for combination with C and H, less
the 0 in the organic feed gives the theoretical 02. The actual 02 supplied
is estimated as the sum of 0, found in exit C0,, C0, free 0,, and the
calculated HZO formed.

Table 3-VII reveals a large excess of oxygen, indicating that about
three times the theoretical oxygen requirement was supplied (1175 sec/min

supplied vs. 391.5 sec/min theoretical).
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TABLE 3-V1

Input Quantities for Lockheed Wet Oxidation System, As-Tested
(Basis: 1 day)

H..0 Total
Total 2 Solids c N 0 H S F Ash
Urine 7,257.6 6,974.5 283.1 51.8 62.0 48.7 n.s 1.0 - 108.2
Feces 793.8 585.1 208.7 141.4 8.3 24.6 24.6 0,597 - 9.4
0, " TTTTTTo--- —{Unknown - est. 200% excess)— — — — = = — = = = =~ = = =

8,051.4 7,559.6 491.8 193.2 70.3 73.3 3.1 1.6 17.6



TABLE 3-VII

Gas Analysis Taken from Test of the Continuous
Wet Oxidation Process conducted by the Lockheed
Missfles and Space Corporation. (Sample
taken at 72 hours).

Carbon Dioxide 16.7 %
Oxygen 60.0 %
Nitrogen 20.4 %
Carbon Monoxide 0.18 %
Ammonia 20 ppm
Oxides of Nitrogen None

Oxides of Sulfur None

Hydrogen Sulphide None

Total Hydrocarbons 0.115 %
Methane 19 ppm
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TABLE 3-¥III

Reactor Effluent Mater Characteristics from Test of the
Continuous Wet Oxidation Process conducted by the Lockheed

Missiles and Space Corporation

Sample

Effluent Hater
Chemical Oxygen Demand (mgozlgm water)
Total Suspended Solids (% by weight)

Filtered Effluent
Total Water Soluble Solids (% by weight)
pH
Total Alkalinity (mg/cc)
Conductivity
Total Nitrogen (mg Np/gm water)
Ammonia Nitrogen (mg N,/gm water)
Organic Nitrogen (mg N,/gm water)
Dissolved Ions (% by weight)

Ammonia

Chloride

Sulghate

Phosphate

6 Percent Reduction in COD

I11-20

58 hours 66 hours
3.9 1.0
0.63 0.25
1.2 1.3
8.4 8.4

14 10
Infinite Infinite
9.3 8.0
8.1 7.0
1.2 1.0
1.2 1.0

0.39 0.38

0.05 0.05

0.02 0.02
93 98



The nitrogen measured in the outlet gas (Table 3-VII) is believed to
come from the slurry feed tanks, which were pressurized under nitrogen
atmosphere. Since the solubility of nitrogen in water at this pressure can
account for only about 1% "2 in the outlet gas, the nitrogen probably entered
the reactor by physical entrainment, or else was introduced when one of
the slurry feed tanks emptied. In the as-tested system, there was probably
only a negligible contribution of N2 from oxidation of ammonia N.

During the 100-hr continuous test performed by the contractor, 380 watt
of power supplied the reactor to maintain the temperature at 550°F. Using
the Study Group's estimate of the as-tested inputs (as given in Table 3-VI)
and the measured off-gas composition (as given in Table 3-VII), an energy
balance was reconstructed in the following manner. The heat losses from
the reactor were estimated using a First Law baiance around the open system
of the reactor:

in '6EtHouthout (1)

du =d -dW + I H. dN
Qnet fh n
where U = internal energy of the reactor
dU = 0 at steady state

net heat required to sustain the reactor at 550°F

o
.
=
L} [

PdV - work done by the reactor = 0

H = specific enthalpy

moles

On a basis of one day, the integrated form of Eq (1) is:

= I - L
Qnet out HoutNout in HinN'in

(Hout'Hin)NNw
(HN) - (HN)
CPout cRin

+ (Hue = HiphNy (2)

+
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where subscript W water

CP = combustion products

CR = combustion reactants
I = fnerts (less water)

Noting that

] - (HN = [ (HN) - (HN HN) - {uN
( )cpout ( )CRin i CPout ( )cpin] + I Pin ( )CRin]

= (HN) - (HN) + AH
CPout CPin combustion

* (NCP)CP(Tout - Tin) 3)

Eq (2) becomes
Qnet = (Hout'Hin)NNH + [(NCP)CP * (NCP)I] (Tout°T1n) + Ah.ﬁnbustion {4)

Evaluating the first term of Eq (4) from the Steam Tables,

(HoutHinhwhw = (Mssgop sat = M770F,sat)Mu

(550 - 45) cal | 7560 g_
1.8 g day

(280)(7560) cal/day

6

2.12 x 10”7 cal/day

TJo estimate the second term of Eq (4) the carbon balance is used with

Table 3-VII to estimate the moles of products and inerts leaving the reactor:
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. 193.2 atm C in
Keper = 1 o, X 12— ~day - 96-4 mol out
167 out ay

Using an average Cp of 8 cal/g-mol1°C, the second term is:

[(NCP)ep + (NCP) J(Tguy-Typ) = (Ngpyp) Bp (Toye-Tsp)

= (96.4)g-mol _ 8 cal 550-77 o
Sy X gmec X Gy

= 0.20 x 10° cal/day
The third term of Eq (4) is estimated using a value of 2,030 cal/g-solids
as the heat of combustion, which is typical of the lower heating value of

a municipal solid waste.

M ombustion = -2:030 gcilh gs ¥ 491.8 SClids
= -1.00 x 10° -
Thus,
Quer = (2.12+.20 - 5.25) x 10° cal/dey
Qe = 1.32 x10° cal/day = 62.9 watt

Since the input heat was measured as 380 watt, the reactor losses are:
QIOSS * Qinput - Qnet ® (380 - 62.9) watt

Qloss 317 watt
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The heat rejected to the enviromment {s the sum of the reactor losses
plus the heat rejected in cooling the products back to ambient:

Qrejected = Qloss(reactor) + Qcoo’ling(products)
where (

cooling(products) = (M550 = Hyzo)y Ny

* (NCP+ICP)(Tout'Tambient)

Qeooling(products) = 1212 x 10° + .20 x 10°]
= 2.32 x 10% ca1/day
= 112 watt
Therefore,
Qrejected = 317 + 112 = 429 watt

The “as-tested" system, described above, was designed to process signif-
icantly larger quantities of waste than that used in the contractor's 100-hr
test. In particular, the system was designed to process the inpucs listed
in Table 3-1X, which is the contractor's design objective (CDO). Since
the material and energy balances of the "as-tested" system were to be
used as a basis for scale-up tn the standardized input model, the Study
Group concluded that the Lockheed system would be unduly penalized if scale-
up were to be based on the "as-tested" inputs. Therefore, the Study Group
decided to give Lockheed the benefit of the uncertainty by assuming that
the lockheed system, as built, would adequately handle the CDO input model

as given in Table 3-IX. Simultaneously, the Study Group recommends that
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Ge¢-III

Urine

Feces

Trash

Wet Food

Flush Water

Oxygen

TABLE 3-1X

Input Quantities for Lockheed Wet Oxidation System, CDO-Basic

(Basis: 1 day)

Total 20 torids c N 0 H s _F Ash
7,257.6 6,974.2  283.1 51.8  62.0 8.7 NM.5 1.0 -  108.2
793.8  585.1 208.7 141.4 8.3 24.6 24.6 0.6 - 9.4
1,632.0 - 1,632.0 977.4 - 475.8 148.6 - 3.2 -
362.0  241.3  120.7 54.0 5.0 %0 68 - - 19.0
7,560.0 7,560.0 - - - - - - .
5,020.4
17,605.4 15,360.5 2,244.5 1,224.6 75.3 5,605.5 187.5 1.6 34.2 136.6



the Lockheed system be tested with the CDO {nput model to verify this
assumption. Furthermore, in subsequent testing of the Lockheed system, it is
recommended that the analytical effort be expandes substantfally.
Specifically, frequent sampling and more detailed analyses of all {nputs,
off-gases, and product water should be instituted. More attention should

be p2id to closing the elemental material balances (e.g., the ash should

be analyzed for carbon content).

The hypothetical CDO system is shown in Figure 3-3. The as-tested
system included only a slurry supply system, the reactor, and a dry bo'ler.
Other elements that are required to form a complete continuous system for
space-cabin application are included in Fig. 3-3 as blocks enclosed in
dashed lines.

Some elements have been separately tested. These include the trash
grinder, slurry holding tanks (and punps), and the vapor compression still.
These elements are assumed to be sufficiently developed for inclusion in
a functional centinuous wet oxidation system.

However, the elements shown as "condenser" and "catalytic oxidation”
have not been sufficiently ceveioped to permit their application to the
system, and they are hypothe.ical elements of the system.

The reactor discharges a hot, high-pressure mixture which should be
used to provide preheat to the tnput stream. However, a heat exchanger
for this purpose has not been developed. Such an exchanger would logically
serve for blowdown and condensation of the reactor effliuant, and therefore
it 1s called the "condenser" in the uypothetical Contractor Design Ubjective
(CDO) system postulated by the Study Group (in order to establish material

and energy balance for the wet-ox process).
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The contractor envisioned that trash, food wastes, and flush water
would be supplied to the wet oxidation system in actual use, in addition
to human wastes. The trash model 1s shown in Table 3-1X. The wet food
amounts to 362 1b per day, ar¢ flush water is 2 gallons (7560 cc) per day.

When these inputs are included, the CDO =ystem is obtained as shown
in Table 3-IX. The oxygen required for combusti.s: of this mixture is
celculated on the basis of a 20% excess of 0, above the theoretical
requirement, including the oxidation of NH3 to sz.

When this mixture is subjected to oxigation, the theoretical exit

gas analysis (measured at 70°F) is

CQZ 75.9%
0, 19.5
HZO 2.6
N, 2.0

100.0%

Other gases are assumed to make an fnsignificant contribution. Sulfur
is assumed to be oxidized to sulfate fon.

The increase in inputs in the CDO case, with respect to the as-tested
case, results in a reduction of the residence time to 32 minutes (based
on combined 1iquid and gas throughput, and assuming that the phases are
perfectly mixad, taking no credit for gas solubility). This is believed
to be approximately the minimum necessary for satisfactory elimination of
organic material in a wet oxidation process.

An estimate of the neating requirements for the hypothetical CDO
system was made by following the same procedure used in the "as-tested"

case, above. The results are as follows:

111-28



Qnet = 280 x 15,360.5 + 356.85 x 8 x (550-77)/1.8

= (4.30 + .75 - 4.56) x 10° cal/day

6

or 0.49 x 10" cal/day = 490 kcal/day

Qnet
Assuming the input can be reduced to 200 watt by minimizing heat

losses from the reaction,

Q 200 watt 4,128 kcal/day

input
Ques = 4,128 - 490 = 3,640 kcal/day
Q (4.30 + .75) x 10® = 5.05 x 10%a1/da
cooling(products) g - . 4
or  Qeooling(products) 5,050 kcal/day

Qrejected = 3,640 + 5,050 = 8,690 kcal/day

The analysis reported above makes clear that more data are required
in order to permit confident estimates of the performance of the wet
oxidation system under space flight conditions.

In particular, the lack of adequate regulation of oxygen input is
an omission that needs attention. The metering of a gas at constant
rate, at a high pressure, subject to fluctuations in back pressure, {s
obviously a difficuit procedure that may require equipment of special
design. Nevertheless, accurate metering {s essential to assure that
(a) sufficient oxygen §s provided and (b) that the system is not flooded

with gas to the detriment of oxidizing contact time in the reactor.
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It s clear from analysis of the CDO system that the addition of
trash, wet food, and flush wvater to the “as-tested” system drastically
changes the demands upon the reactor. For example, the total fmput {s
approximately doubled, and the carbon input is ratsed more than six-fold.
The effect of these alterations fn the “"as-tested™ system cannot be
predic‘ed, and can only be resolved by further tests.
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4. EITRAPOLATION TO A STANDARDIZED MODEL

4.1 Basis for the Standardized Input Model:

A mmber of different water and waste input models have bect used by
various NASA contractors over the years. The models are periodically revised
as nev data become available from manned chamber tests, sanned space missions,
and advanced mission planning activities. A summary of the models most perti-
ment to this study are shown in Table 4-1. The last column cf Table 4-1 is the
model that was selected for this study. A compositional breakdown for this
model is given in Table 4-11. The rationale for the selection of thisr particular
model is discussed in the following paragraphs. In gemeral, the values selected
represented the best existing data and the latest NASA thinking at the time
they vere chosen.

JRINE: The total amount of urine was based on the Lockheed model (see Reference
4.1) vhich reflected the latest JSC thinking at the time of this study. The
solids content of urine was based on 90-Day Test data (see Reference 4.2) which
is the best data available. The composition of uriae solids (C,N,0,H,5,ash) was
obtained from Reference 4.3 which was based on original experimental work as
well as literature surveys. The compositional breakdown for urine is shown

in Table 4-III.

FECES: The total amount of feces was based on the Lockheed model (see Reference
4.1) which reflected the latest JSC thinking at the time of this study. The
solids content of feces was based on 90-Day Test data (see Reference 4.2).

The composition of fecal solids was based on GARD estimates that were developed
from References 4.4 and 4 5.

WASH WATER: The amount of wash water and wash water solids was obtained from
Reference 4 .6. This study used 90-Day Test data as well as a theoretical
analysis to predict the values shown. A model of the compositional breaskdown

is shown in Table 4-1IV.
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Table 4-1. Summary of Water and Waste Models Pertinent to this Study (Basis: 6-msn Crew)
GARD _LOCKHEED 88P Y0-Day Test Dats B88G
1b/day g/day lb/day g/day lbh/day g/day 1b/day g/day lb/day g/day

Water in Urine ? ? 19.86 900¢ 18.78 8519 20.85 9459
Solids in Urine 0.9921 450 ? ? 0.78 _354 0,8466 0.8446 _384
Urine 0.9921 450 21.7 9843 20.64 9362 19.627 8903 21.7 9843
Water in Feces 1.488 657 ? ? 1.20 544 0.876 397 1.253 568
Solids in Feces 0.496 225 ? ? 0.42 190 _0.447 203 _0.447 203
Feces 1.984 900 1.7 n 1.62 734 1.323 600 1.7 771
Water in Wash Water 221.8 100597
Solids in Wash Water 0.2258 102
Wash Water 222 100699
Metabolic Water in

Humidity Condensate 26,12 10941 17,58 7974 Assume Processed
Non-Metabolic Water in by Multi-Filtration

Humidity Condensate 10.78 4890 30 13608
Solids in Humidity Condensate nil nil
Rumidity Condensate 34.90 15831 47.5 21582
Water in Solid Wastes -0- -0- ? ? 0.29 132 -0- -0-
Solid Wastes (dry) 0.1 45 3,6 1633 ? + ? 3,28 1488 3.6 1
Solid Wastes 0.1 45 3.6 1633 2.053 931 3.57 1620 3.6 1633
Trash Grinder Water 18.40 8346 18.4 8346
Urinal Flush Water (male) 33.4 15150 12.00 5443
Urinal Flush Water (male-female) 24,00 10886 24.0 10886
Anal Wagh Water 6.81 3089
Food Wastes (dry) ? ? 0.27 121
Water in Food Wastes ? ? 0.33 242
Wet Food Wastes 0.80 363 0.80 363
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Table 4-11. Water and Waste Input Model -- 6-man Crew
grams per day

Total HZO Total c N 0 H 8 P
Item i1nput Solid ) no ic As
Urine 9843.1 947.,.1 384.0 70.22 84,12 66.08 15,59 1.38 146.61
Urinal Flush 10886.4 10886.4
Feces 771.1 568.4 202.7 137 29 8.11 23.78 23.78 .56 9.18
Toilet Tissue 30.0 30.0 13.32 14 .82 1.86
Anal Wash 3089.0 3089.0
Wash Water 100699.2 100596.8 102.4  40.55 3.48 24,78 5.94 27.65
Wet Food 362.9 2641.9 121.0 54.1 5.0 36.1 6.8 12.0
Trash 1633.0 1633.0 978.4 475.8 144.6 34.2
Trash Grinder Water 8346.2 8346.2

TOTALS : 135660.9 133187.8 2473.1 1293.88 100.71 641.36 198.57 1.94 34.2 202.44
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Table 4-I1I.

Urine Solids

Inorganic Salts

Urea

Organic Compounds
Organic Ammonium Salts

TOTAL SOLIDS

Composition of Urine Solids (Reference 4.3)
- grams per man-day -

Total c N 0 H ) Inorganic Ash
24.45 -0- -0~ -0~ -0- -0- 24.45
23.14 4.63 10.80 6.17 1.54 -0- -0-

9.27 4.26 2.09 2.13 0.60 0.23 -0~
_7.13 2.82 1.14 _2.72 0.46 -0- =0-_
64.00 11.71 14.03 11.02 2,60 0.23 24 .45
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Table 4-1V.

Wash Water Solids

Soluble Constituents:

Lactic Acid,
CH,, -CHOH-CO,H

3 2
Urea, (NHZ)ZCO
Glucose,
C6H706(COCH3)5

Other organice
(assume urea)

Soap,
012H25-06H4~SO3N3

Inorganice _
(va*, kY, c17)

Insoluble Constituents:

Assume cellulose,

Cet1005

TOTAL SOLIDS:

Componition of Wash Water Solids (Reference 4.6)

- grams per man-day -

Total C N 0 H Inorganic Ash
1.54 0.62 -0- 0.82 0.10 -0-

0.90 0.18 0.42 0.24 0.06 ~0-

0.13 0.06 -0- 0.06 0.01 -0-

0.34 0.07 0.16 0.09 0.02 -0~

5.17 3.20 -0- -0- 0.43 1.54
3.07 -0- -0- -0- -0- 3.07
5.92 2.63 -0- 2.92 0.37 -0-
17.07 6.76 0.58 4.13 6.99 4.61



HUMIDITY CONDENSATE: It was assumed that all humidity condensate would be

processed by a multifiltrstion system and recycled as drinking water. There-
fore the waste management system would have no input from the humidity con-
densate loop.

SOLID WASTES: The solid waste figures were taken from the Lockheed model
(see Reference 4.1 and Table 4-V). This model represented NASA's latest
thinking at the time of this study.

DRINAL FLUSH WATER: The amount of urinal flush water was bzsed on the SSP

male/female commode design (see Referemce 4.7).

ANAL WASH WATER: The amount of anal wash water was taken from the General

Electric Wet John (see Reference 4.8).

WET FOOD WASTES: The amount of Wet Food Wastes was taken from the Lockheed

model (see Reference 4.1). Wet food solids were assumed to have a formula
L2H30 with 15.8% ash.

SUMMARY: An elemental breakdown of the waste solids (solid wastes on a dry
basis) that was used in this study is presented in Table 4-VI. For convenience,

a normalized version of the same breakdown is presented in Table 4-VII.
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Table 4-V. Composition of Trash Model

grams per day - six-man crew

Total input C H 0 ¥

Mylar 136.0 75.9 9.5 50.6 -
Teflon 45.0 10.8 - - 34.2
Polyethylene 408.0 340.0 68.0 - -
Polystyrene 182.0 168.0 14.0 - -
Cellulosics 861.0 382.7 53.1 425.2 -

Gauge 45.0

Cotten 362.0

Paper 454 0
TOTALS : 1632.0 977.4 144.6 475.8 34.2
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Table 4-VI,

Urine

Feces

Wasi Water
Food

Trash

Tollet Tissue

TOTAL:

Total Solids

384.0
202.7
102.4
121.0
1633.0
——30.0

2473.1

grams per day - six-man crew

Summary of Elemental Composition of Waste Solids ''Standardized Model"

c N 0 H S F Inorganic Ash
70.22  84.12 66.08 15.59 1,38  -0- 146.61
137.29 8.11 23.78 23.78  0.56  -0- 9.18
40.55 3.48 24.78 5.9  -0- -0- 27.65
54.1 5.0 36.1 6.8 -0- -0- 19.0
978.4 -0-  475.8 144.6 -0-  36.2 -0-
13.32 _-0- _i4.82 _1.86 _-0- -0- -0-
1293.88 100.71 641.° . 198.57  1.94 34.2 202.44
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Table 4-VII. Normalized Elemental Breakdown of Waste Solids for "Standardized Model"
grame per day - six-man crew
Total Solids C N ) H 8 F Inorganic Ash

Urine 1.0 0.183¢ 0.2192 0.1722 0.0406 0.0036 -O- 0.3820
Feces 1.0 0.6773 0.0400 0.1173 0.1173 0.0028 -0- 0.0453
Wash Water 1.0 0.3960 0.0400 0.2419 0.0580 -0- -0- 0.2701
Food 10 0.4471 0.0413 0.2983 0.0562 -0- -0- 0.1570
Trash 1.0 0.5989 -0~ 0.2915 0.0886 -0- 0.0210 -0-
Toilet Tissue 1.0 0.4440 -0- 0.4940 0.0620 -0- -0- -0~



4.2 Rationale for Standardized Flow Sheets:

GE: The GE system comes the closest of any of the systems to beipg able to
directly process all of the waste streams and was designed for this purpose..
However, for the purpose of this study & reverse osmosis unit was sdded in

the standardized flowsheet to preprocess wash Jater. Wash water concentrate
was fed to the GE system because this results in lower overall penalty for the
rather large amount of wash water iomvolved. Although the amount of total wach
water in the standardized model is an order of magnitude more than that in

the original GE specification, the amount of wash water concentrate is less

than that in the original GE specification.

LOCKHEED: A reverse osmosis unit was added to the Lockheed Wet-Ox System

to preprocess wash water for the same reasons it was added to the GE system.
In addition, a vapor compression distillation unit was added to remove potable
water from the Wet-Ox effluent. Vapor compression distillation is considered
to be the lowest penalty process for this puvrpose. Wet-Ox removes oiganic
material but not the inorganic constitutents, therefore further processing is
requirad. In addition to the added RO and VC units, a dryer was also added

to recover water from the VC concentrate effluent and produce a dry ash. This
was necessary in order to make the Lockheed Wet-Ox system equivalent ic the GE

and GARD systems.

GARD: A reverse osmosis unit was added to the GARD incineration system to
process wash water for the same reasons it was added to Lockheed and GE.

In addition, a vapor compression distillation unit was added shead of the
GARD incinerator unit to further concentrate effluent from the RO unit and

to process urine and trash grinder water This airangement was chosen because

Iv-10



it results in the lowest overall penalty for the GARD system. For the same
reason 8 Liquid-solid separator was sdded to the trash griander so that trash
grinder water could be concentrated in the VC prior to being introduced to the

GARD ioaciperator.

1v-11



4.3 GARD Standardized Mass Balance:

%“0¢ GARD standerdized flow-sheet is shown in Figure 4-1. The rationale
for the flov-sheet was presented in Section 4.2. The basic input vzlues were
obtained from the Standardized Water and Waste Model shwwn in Table §-1I. A
summary mass balance on each of the components in the flow-sheet is given
in Table 4-VIII. Calculation of the total oxygen required in the incinerator
and catalytic burner is presented in Table 4-IX. From Figure 4-1 {t can be
seen that the total output water from the GARD incinerator unit amounts to
7805.8 grams. Of this, 120 grams exit as water vapor with the gases and
7685.8 grams are condensed. It is sssumed that this condensed water is pure
enough to be used as wash water makeup or trash grinder water so that it does
not have to be reprocessed.

The amount of gas required for bearing coclant flow is not shown in
Figure 4-1. Carben Dioxide was used by GAR), but ritrogen would be a better
choice for 2 space mission. It is estimated that the amount of nitrogen
required would be less than that required for make-up of cabin leakage. There-
fore, since N

2

penalty, this was not consf{dered to have a significant role in the flowv-sheet

could be bled through the GARD bearing and seal with a very low

or mass balance.

In addition to the flows shown in Figure 4-1, there are 22082.7 grams of
air required for the urinal and 32546.2 grems of air for the commode. These
flews are common to GARD, Lockheed and GE.

Scale-up Criteria:

A comparison of the inputs of the "as tested" GAxD incinerator unit
to the "standardized' unit is shown in Table 4-X. The "as tested" values

“or solids input (278 g/day) are 20 percent smaller than the mass-balance input

Iv-12



Wash Water
nzo = 8346.2

Solids = 0

Trash
0=0
Trash J Solids =

Grinder

1633.

Trash Grinder

Reverse
Osmosis

0

Trash Grinder Mater
n20 = 8346.2

Solids = 0

820-95579.2
™ Reclaimed Wash

- Water
ﬂ20 = 87130.6

Solids = 0

Wash Water Concentrate

Water

Separator]

ds = 0

Urine
HZO = 9459 .1

320 = 6713.2

¥

Solids = 384.0

820 = 5120.0
Solids = 102.4

Potable Water

Vapor
- ) Compression
Urinal Flush
820 = 10886.4
Solids = 0 T

VC Concentrate

-5

820 = 30887.8
Solids = ©

Vacuum Gases
-t B0 = 804.5

H,0 = 486.4; Solids = 486.4

Ground Trash
320 = 1633.0
Solids = 1633.0
. . —

Feces Wet Food

820 = 568.4 H20 = 241.9

Sol’ds = 202.7 Solids = 0 ———uipp

Toilet Tissue Gases

B20 =0 02 r 5081.7

Solids = 30.0

Figure 4-1.

GARD
Incineration
System
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GARD Standardized Flow Sheet (§-Man Crew - Grams per Day).
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Table 4-VI1Il,

CARD Maas Balance:

{(6-man Crew - Grama per Day)

Standerdized and Ae-Tested Plov Shaete.

TOTAL H20 SOLI1DS c N 0 . - AR
RO_INPUT
Wash water 100699.2 100396.8 102.4 40,55 3.48 2478 5.94 0= 0= 27,69
RO_OUTPUT
Water to trash grinder 8366.2 8346.2 -0- =0- -0 Q- «Q. «0- «0- «0-
Reclaimed wash water 87130.6 87130.6 ~0- «0- -0~ «0- =0- “0- =0- 0=
Haeh water concentrate to VC .
unte s 120, 6038 348 2078 LM 0o 0 243
Standardined: 00699.2 100596 .8 102.4 40,43 148 24.78 5.9 ~0- =0= 27.6%
As-Tested: NOT TFSTED
TRASR CRINDER 1INPUT
Water from RO unit 8346.2 8346,2 -0- =0 ~0- =Q= «0- «0= *0- 0.
Trash 1613.0 ~0- 1633 978, =Q- ﬁzalg 144.6 =0- gg,; =0-
Standardized: 9979.2 8346,2 1633.0 978.4 «0- 479, 144.6 -0- 4. -0~
As-Teeted: NOT TESTRD
TRASH GRINDER OUTPUT
Ground trash to incinerstor 3266.0 1633.0 1633.0 978.4 -0- 473.8 144 6 =0s n.2 «0-
Water to VC unit 71 1 =Q- «Qe Qe Q- =Qe =D~ =0~ =0-
Standardized: 9979.2 Bl46.2 1633.0 978.4 0= 47%.8 144.6 0= .2 0.
As-Tested: NOT TFSTED
VAPOR COMPRESSION UNIT INPUT
Wash water concentrate 9222.4 3120.0 102.4 40,53 .48 24,78 $.9% -0- «0- 27.63
Trash grinder water 6713.2 6713.2 -0- =0~ «Q- «Q- 0= Qe Qe N
Urine 9843.1 9459.1 384.0 70.22 6864.12 66.08 15.%9 1,3 -0~ 146.61
Urinal €lush vater 10886.4 10886.4 =0- =0- =Q- =0~ =0~ =0- *Q- =0-
Standerdized: 326651 32178.7 — 486.4 170.77 379.'33 90.8¢ ITQ'ST 'I!. 1] 8" m Lﬂ'
Ae-Tested: NOT [ESTED
YAPOR COMPRPSSION UNIT OUTPUT
Potable water 30887.8 30887.8 -0- -0- «0- «0. «0- Q- =0- «0.
Vacuum gasea 804.5 804.5 -0~ ~U= =0- «0~ «0- ~Q- -0- =0-
Concentrate 972.8 486.6 486,4 JA0.77 82,60 90.086 ]},;e l,;! =Q-_
Standerdized: 32665 ,1 32178.7 486 .4 10,77 87,60 90.86 21. .38 0= {;*fgt
As-Tested: NOT TFSTED

(cont 'nued)
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Teble 4-VI11. GARD Msss Balance: Standardized and As-Tested Plow Sheets. (continued)
(6-man Crew - Grams per iay)

TOTAL W20 01109 c N ) i ) 4 AR
ncinsrator Input
VC concentrate-Standardized: 972.8 486 .4 486.4 110.77 87.60 90.86 21.8) 1.38 «0- 176.26
As-Tested: 45%0.0 2 0 22%.0 41,14 49,29 38.1 9.14 .81 ol 85.90
Cround Trash - Standardiged: 3266.0 1633.0 1633.0 978.4 -0- 475.8 144 .6 =0~ 34,2 «0-
As-Tested: -0- -0- -0- -0- -0- -0- -0- -0- -0- -0~
Peces - Standardized: 7.1 368.4 202.7 137.29 8.11 23.78 23.78 .96 -0~ 9.18
As-Tested: 610.0 497.% 112.3 76,20 4.% 13.20 13.20 .30 «0- 5.10
Toilet Tissue- Standardized: 3.0 -0 30.0 13.32 -0~ 14,82 1.86 =0- «0- =Q-
As-Tested: 10.0 -0- 30.0 4.44 0= 4,94 62 «0- ~0- =0=
Anal Wash - Standardized: 3089.0 3089.0 -0- -0- ~0- -0- =0- =0- =0- =0-
As-Tested: -0- -0- -0- -0- -0- -0- -0- -0- 0~ -0-
Wet Pood - Btandardined: 362.9 241.9 121.0 S4.1 5.0 36.1 6.8 «0- Q- 19.0
Ae-Tagtad: -0- -0- =0- =0- =Q- =0- =0~ =0~ =D- =Q-
Sub-Total - Standardized: 8491.8 6018.7 24713.1 1293.88 100.71 641.36 198.57 1.96 34,2 202.464
As-Tested: 1070.0 722.% 347.9% 121.78 $3.79 56.86 21.96 1.11 «Q- 91.00
Ratio: 7.94 8.3} 7.12 10.62 1.87 11,28 8.53 1.7% [ 4 2.22
Oxygen - Standardised: 5281, 7 -0~ -0~ -0- -0~ S281.,7 ~0- =0- -0- =Q-
As-Teated: 445 -0- «0- -0« 0=  4AS =0~ «0- (e Q-
Ratio: 11.87 0= Q- =0- =0- 11.87 =0- =0- ~0- =0~
TOTAL - Standardized: 13773.3 6018.7 2473.1 1293.88 100.71 5923.06 198,57 1.94 3.2 202,44
« As-Testad: 1515.0 _7122.3 41,3 121,28 33,79 301,86 22,96 _ 1.11 =0- 91.00
ARD Inciperator Output
co, 67446 .2 -0- ~Q. 1293.9 -0- 3450.3 -0~ =0~ «0- Q-
Hzﬂ (oxidation
product) 1787.1 -0- -0- -0- -0~ 1568.3% 198.6 -0~ =0- -0~
“2 100,71 =0- -0~ -0- 100.71 ~0- =0- =0= =0~ Q-
so; 5.8 -0- 5.8 -0- -0- 3.8  -0- 1.93  -0- Q-
r 3.2 -0- «0- 0~ ~0- =0- Q- ~0- 3%.2 =0-
Ash 202 .44 -0~ 202.44 =0- -0- -0- (e 0= -0- 202 .44
uzo (evaporated) 6018.7 6018.7 ~Q- -0 0= 0= =0= -0« =0~ 1
0, excess 8680.3 =0- «0- <0« -0- __860.3 =0« =0« 0= =0«
2 1377238 6018.7 208.2 1293.9 100.7175922.97 198.8 1.9 3% .2 02,

* Includes 20% excess 02 (1.e., 4401.4 + 880.3 = 5281.7). 5ee Table 4-IX for calculation of 0; required.
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Teble 4-1IX.

Assumptions
Pertaining to

Oxidation of Solids

cC+0, 9 CO

2 2

2H + % 0, » H,0

2N » Nz

S + 202 * 804

F+F

20 + C » 002

Inorganic Ash

Calculation of O

C,N, O,SorF

1293.88 C

Lo 04
NN

202.44 Ash

for the GARD Incinerator

Output
Product

- 4744 .2 co,

18
6" 1787.1 H20

100.71 N,
% .
= 5.8 80,

3.2 7

202,44 *sh

6874 .45



Table 4-X. Summary Comparison of Water and Waste Inputs, and
Scale-up Ratios, for "Standardized' gnd "As-tested"
GARD System Models.

"Standardized" Model “As-tested" Model Scale-up

Input Category _(grams /day) _ (grams/day) Ratio
0, 4,398 445 9.9
co, ? 520
Purge Air ? 840
Urinal Air 22,083 7
Water 6,018 723 8.3
Solids:
c 1,293 97.4 13.3
N 101 43.0 2.3
4] 641 45.5 14.1
H 199 18.4 10.8
S 2 9 2.2
F 34 -0~
Ash 202 _72.8 2.8
TOTAL SOLIDS: 2,472 278.0 8.9
TOTAL SOLIDS + WATER : 8,490 1,001 8.5
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figures (347.5 g/day) shown in Table &4-VIIX. The reassons for this reduction
have been discussed earlier iv this report.

The scale-up factors that were selected by the Study Group for the GARD
system were based mainly on the ratios shown in Table 4-X. The rationale for
the selection of these factors was as follows:

Weight Scale-up Factor = &4 x the "as tested" model weight
Rationale: ‘As tested"” model was tested ¥ full;
standardized input is roughly 8 x the
"as tested" imput
Scale-up = ¥ x 8 = 4
Paddle Power Scale-up Factor = 8 x “as tested" model power
Rationale: Standardized input is roughly 8 x “as tested" input
Heat Input Scale-up Factor = 8.5 x "as tested" model
Rationale: Assume in same proportion as total solids +
water which is 8.5
Heat of Combustion Scale-up Factor = 12.5 x "as tested" model
Rationale: Weighted average of carbon ratic
(13 3) and hydrogen ratio (10.8)
A summary of the scaled-up values for heat and power is presented in

Table 4-XI.
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Table 4-XI. Summary of Heat Rejection Requirem2nt Scale-
up Values for GARD Standardi.ed System,

Heat Rejection As-tested Scale-up Standardized Standardized Time Standardiczed
Requirement Source Regmt, (w-hr) Factor Reqmt. (w-hr) of Operation (hr) Power (watts)

A, Electric Power Inputs

Catalytic Burner 714 8.5 6,069 8.0 759
Incinerator 2,770 8.5 23,545 6.3 3,7%7
Blowers, paddles 3,750 8 30,000 8.0 3,750

Total Electric Power Input to be Rejected 8,246
B. Heat of Combustion 820 12.5 10,250 6.3 1,627

Total Heat to be Rejected 9,873



4.4 GE Standardized Model:

A schematic of the process incorporating the GE RITE system is shown
in Figure 4-2. The rationale for the auxiliary components i8 presented in
Section 4.2 The basic input values are those of the standardized water and
waste model, as shown in Table 4-11. A summary mass balance on each of the
componants in the flowsheet is given in Table 4-XII; where appropriate, the
as-tested values are also given, together with the scale-up ratios of
standardized to as-tested values.

In addition to the streams shown in Figure 4-2, there are 22082.7 g
of air required for the urinal and 32546.2 g of air for the commode. These
flows are comron to GARD, GE, and Lockheed. as discussed in Section 4.3.

Scale-up Criteria:

The scale-up factors for the GE system were based on the standardized
to as-tested ratios, as given in Table 4-XII. The rationale for the selection
of these factors is as follows.

Weight and Power Scale-up Factor = 2 x the "as-tested" model values;

Rationale: Total water input scale-up = 1.43
Total solids input scale-up = 2.57
Using a weighted average of these give a
Scale-up of ¥(1.43 + 2.57) = 2.0.

Heat Input Scale-up Factor (HTHL and LTHL)* = 1.5 x "as-tested" model

Rationale: Assume to be in proportion to water input;
Total water input scale-up = 1.43

Heat of Combustion Scale-up Factor = 10250 W-hr;

Rationale: Total heat liberated is the same for all three
systems in the standardized case. See GARD estimate

(Section 4.3),

*HTHL: High-temperature heat loop;
LTHL: Low-temperature heat loop.
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Wash Water
H20=100596.8
Sol;g§=102.4

Reverse

Reclaimed Wash
Water

Osmosis

H,0=87130.6

Solias=0

Trash Grinder
Water
H50=8346.2
Solids= 0 Wash Water
Trash Concentrate
H20= 0 H,0=5120.0
Trash { So1i2s=1633.0 | solids= 102.4
Grinder h«——_
Ground Trash
H.0=8346.2
Solids=1633.0
; Potable Water
' P S 0=39,498.1
Solids= 0
Gases
Feces Urine G.E N2= 171.6
H20 =568 .4 H20 =9459.1 o 0.= 876.1
co2=4744.2
Solids=202.7 Solids= 384.0 RITE L___-* 2 .
": = 34'2
Anal Wash Urinal Flush System
Hzo =3089.0 320 =10886.4
Solids= 0 Solids= 0
Toilet Tissue Gases Sn e ——
820 = 0 02 =5277.6
S0lids=30.0 Nz = 70.9 Ach
Wet Food ) As:=402.4
BZO =241.9 804= 5.8
Solids=121.0
Figure 4-2. G.E. RITE Standardized Flow Sheet

(6-Man Crew - Grams per Dey)
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Table 4-XII. G. E. Rite Mass Balance: Standardized and As-tested Flow Sheets,
(6 Man Crew - Grams per Day)

Item _Totsl _H,0 Solids c N 0 A s ? Ash
R, O, Input
Wash water' 100699.2  100596.8  102.4 40,55 3,48 24,78 5.9% 0 0 2/,68
[}
2, 0, Output
Water to trash .rlndor+ 8346.2 8346,2 0 @ eeeme  eeseae cmeos cocnn covas scase ecoss
Reclaimed wash vater'  87130.6  87130.6 0 ce—-e . - -
Conc. to evaporstor’ 5222.4 5120,0 102,64 40,55 3,48 26,78 5,9 - ceoee  emess
100699.2 100596,8  102.4 40,55 3,48 24,78 5.96 0 0 27.6%
]
i é Tresh Crinder Input
! Water from R. 0. 8346,2 8346,2 0 comen ceme- ceem- ceeee cnen- cemen cone
Tresh 1633.0 0 1633.0 978,64  _=--=- 475,8 164,6 cocen 3,2 P
) 9979.2 8346.2 1633.0  978.4 0 475.8 164.6 0 %.2 (1
‘ Trash Crinder Output: See Evaporator Input
Zyaporator Imputs
R, O, Cons, (FCE and Wash)
Btendardised 5222.4 $120,0  102.4 40,55 3.48 24,78 .94 cones ceene 27,68
As te-ted 13641.7 ., 13387.3 54,4 34,47 ———ee 19,96 comes c—een P ccees
Ground Trash
Standsrdized 9979.2 8346,2 1633.0 978.4 enee 475.0 144, 6 cenen N2 cocee
As tested 2721.5 2177.2  344,3 466,52 cemre ceseam 71.78

- continued -
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Table 4-XI1 (Continued)

—Lten Totel _H,0  Solids ¢ L 0 —i . 8 L _Ah
Evaporator Iupute (cont'd)
Vet Pood
Standardised 362.9 241.9 121.0 54.10 .00 36,10 6.80 wonoe cecen 19,00
As-tested sumon owaee sruoe Rdadadaded bttt bt babadaddd
Rocee & Anal Wash
Standardized 3860.1 36%37.4 202.7 137.29 8.11 23.78 23,78 0.56 weoon .10
As-tested 2723.5 2587.4 136.1 92,17 5.644 15.96 15,96 0.37 coses ¢.1¢
foilet Tissus
Standardized 30,00 “-eem 30.00 13,32 meee- 14,82 1.86 conan - cavne
As-tested cmvue camea B T ——em cmnoen coren conce covae ovane
Uzisne & Urinal Plush
Standardiszed 20729.5 .20345.¢ 384,0 70,22 84,12 66,08 15.59 138 cecee 208,81
As-tested 8510,  R282,3 228.0 41.68 49,93 39,22 9.26 0.83 cseee 07.08
|
Total '
Stendardised 40186,1  37711,0 2473.1  1293.88 100.71 641.%6  198.%7 1.9 %.2 202,84
As-tested 273197.0  2643%.2  962.8 634,86 55,39 75.14 103,00 1.20 0.0 .22
Ratio 1,47 1.43 2,57 2.04 1.82 8.%4 1,93 1.52 2.17

Rvaporatozr Outpute: See Incinerator end Steam Catalytic Omidiser Inpute

= continued -
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Table 4-XII (Continuved)

Item Total ~ _H,0  Solide c N L+ I " » ) 4 Ash
_ Stesm Catslytic Oxidiser Inputs
} Evaporator
; Standardized 35061.8 34776.8 284,99 117.66 78.57 63,46 24,33 0.97 meoos reses
! Ag-tested 25556.9  25380.2 176,68 75.17 46.98 38,60 15,35 0.60 connn PR
Oxygen
Standardized $33,95  -eeee cemne ceeee memee 533,98 ceeee
As-tested 361,58 cee-- ———— ceene cemme 341,58 m—ea
Total
Standardiged 35595.8 34776.8 284,99 117.66 78.57 597.41 24,33 0.97 cvesce eccan
Au-tented 25898.5 25380.2 176,68 75.17 46,98 380.18 15,35 0,60 cocns snnns
Ratio 1.37 1.37 1.61 1,57 1,67 1,57 1.59 1.62 cnsve meove
Steem Catslvtic Oxidizer Outpute’
co, 431,42 -e--e- cemee 117,66 cmmee 313,76 cenma S ounon cones
0 {ox datjon product) 218,97 218.97 evem= . ~oans 194.64 24,33 ———me cocas ccace
", 78,57  eeme- cemen ——— 78.87 caene cacee cenee conne cnese
80, 2,43 ceee- SR coman ceenm 1.46 ——— 0,97  emcee encan
0, (excess) 87.55  ccme-  omee- P S 87.58% ceenm N
R0 (evaporated) 34776.8 36776.8 sc=re _asssm  _sases  smces  seces
35595.8 34995,71 0 117.66 78,57 597.41 24,33 0.97 o ]

- continvec -



Table 4-XI11 (Continuad)

e Sotal. _ M0 folids. _ G B0 M o .l .AM
wineratvl Inputs
s o3pogétor
Rtandardised 4122,5 297%,2 218R,33  1176.27 22.23 577,94 174,28 0.97 3,2 202,08
As-te. ted 1840,1 1054, v 786,08 559,66 8,45 36,58 87.63 0.60 asdde 94,22
Jnzgen
gtam .rilged 476,62 amuma camaa rasas camen 4743,62 sevees vesase cacnae esanw
A..e.'t.d' 2998,3 caman —ooaw vomen wacws 2588.3 ssaces enenne sesass assss
Mtrogen
Stendardised 70,93 ~---- = eme  seese 79.93 cmeas memae esecw- conce socse
A.-t...t.d 32.68 esaam conaa manue 92,66 encem aesen svase esenn emens
ZTotsl
Standardied 9937.0 293%,2 2188.33  1176,27 93.16 5321,56 174,23 0.97 .2 202.44
As-teasrod 4461,1 10%4,0 786.0¥% 531,66 4l, 11  2624,83 87.63 0,63 econs 93,22
Ratio 2.23 2,78 2,78 2.10 2,27 2,03 1.99 1,54 o0 .17

- continued -




Table 4-%11 (Fnntin: 4)
l1san. Jotal. U0 Selide £ I 9 I} —_—t. 1l ABAL

+

Jacipepator Outpute
002 4312,99 soven e~ 1176,27 cone- 3136,72 <w-e. cnsoe ccsee sccss

5,0 (oxtdetion product) 1368.52 136852  seese  seese s 138026 174,28 seees seees eeeee
¥,
0, 2,91 eeee- 291 ceeee aeee- 1,94  cone- 0.97  cever  eceee
’ .2 emees emees meme ememe emeee o secee cceee 38,2 eeees
Aot 202,46 mecee 02,6 esces  eemme eeees  meses  secss  ecese 202,48
0, (sxsess) 788,66  eceme  seees  ceeen aeee- 708,66 cec-c  cecee  emcee  eceee
4,0 (eveporeted) 293%.2  2934,2  ceese  smaee smace sssa secew sscse  _saeae sesss

! 9937.0 4502,72 205.35 1176.27 93.16 5321,56 174.28 0,97 34,2 202,64

93.16 cecee ceeen enene 93,16 comow emeoce ccacw seome ormoe

o - End -

*scandardised velues only

.Mutull oxygsn for cowplets combustion
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Table 4-X111. Bummary of Heat Rejeaction Requirement Scale-
up Valuea for G.F. RITE Standardized System,

Reat Rejection As-tented
Requi rement Soutce Regmt. (watt
Powar (electrical) 162.2
High-temp. Heat loop (R1)* 420
Low-temp, Heat Loop (RI)* 1,550

Heat of Combustfon

% - R.1.: Radloleotope Hester.

Scale-up Factor
2.0
1.5
1.5

Total Heat to be Rejected:

Standardized
Reqmt, (wat

326
630
2,328
~A21
3,706



4.5 lockheed Standardised Wodel:
The standardised wet oxidation systes that incorporstes the Lockheed wet

exidation method for degrsdation of wastes is fllustrated im Figure 4-3. The
gatiooale for sddition of compooents suxiliary to the wet oxidatiot reactor
4s given in preceding sections. Inputs to the systes are summsrised in %able 4-1I
which applies to all three of the systems under soalysis.

A susmary mass balance on each of the components of the basic flowsheet
4s given {o Table 4-XIV. The sas-tested values are included where appropriate,
along with scale-up ratios.

Scale-up Criteria:

The basis for the scale-up ratios selected are ocutlined below. 1t should
be pointed out that a duty cycle of 16 hours of operation per day was selected
by the Study Group as a best-estimate value for realistic cooditions of use.
This was based upou the addition of fifty percent increased capacity to the
Lockheed ss-tested equipment and appropriate scaling of the throughput time,
allowing for charging the system and "blowdown” periods, to accommopdate
the "standardized” input requirements.

Weight and Power (Fluid Bandling Elewments). A rstio of 2.5 is used as

a couvenient approximation to the ratic of water iluputs (2.445) for the two

cases, 1.e.,

Water i{nput, standardigzed

= 2445 .
Water {nput, pseudo-as-tested

This does not apply to the weight and power of the reactor (see below). The
water input is cheosern because all operstions within the wet oxidstion system

except the reaction process are igvolved purely inp fluid hepdling.
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Beclained

Beverse Wash Water
Osmosis gb'—-sﬁ'js.o
Solide 0.0
0.0
8011d8=1€33.0 Sash Water
Conceptrate
.
! Ko <83tz B0 -5Ix.0
8.01.110-1633.0 Solids= 102.4
Feces Urine
= T o = Vent Gares
BC 568.1 B0 94591 locrheed E,= 100.7
Solias-2.7 Solidse 36,0 | yepx ey Ly O 879.9
Anal Wash: Urinal Flusk te zes 00 ek ThG.6
E,C =3065.C HC =100%.L Systex Faathit
Solide C.0 Solidsz= 0.0 gl 80:0
Toilet
Tissue Gases
ﬂ20 = .0 02 =£59L.0
Sclids= 30.0 Wet-Ox
Wet Fool Efflue:tQ .
FZC '2; 1.6 nzo =37 ’ 31
Solids=121.0 Solids= 202.
v Potable Wate~
aper - LA =37,2.15.b
Compression |
Solids= C.0
1L Vacouw Geses
'rlzﬁi «210.C
VC Concentrate
HZC =331
80lids=331 Water
nzo =331
—  Sc13ds=128
Dryer Ash
—————ep ash= 203
Sigure &-3. lockheed 3tandardiged Flow Sheet

(6-Msn Crev - Grams per Day)
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Table 4-XIV, Lockheed Mans Ralance: Standardized and CDC Canea,

( Rasis: & men, ! day )

Item Totel  _H,0 Solidy c __N 0 N 8 14 Ash
R, 0, Input
Q § Wagh vater 100699.2 100596.8 102.4 40,553 3.48 24,78 5.94 0 0 7.6
o
g E R, O, Output )
Water to tresh grinder 8346,2 8346,2 e-na- cecas LT ccces caven emece sesse eccas
2 g Redla‘med waoh water 87130.6 87130.6 ~e-a. cace- ceees neoee cenes vevee vencs wesos
; ',‘;" . Cone, 6o reactor 5222.4 $120.0 102,4 40,55 _3.48 24,78 3,% LX) (LI} 2.8
& 110699,2 102, 4 40,%% 3,48 24,78 5.9 0 ] 27.69
! _ -
» Yrash Grinder Input
Water from R, O, 8346,2 8346,2 cunme smese  eme=s LT ceese . naa wssss sasbd
Trash 1633.0 0 1633,0  978.4_ ---e=_ 475,8 164, 6 senen 36,2 secss
9979.2 £346.2 1633.0 978.4 0 475.8 144.6 0 3.2 0
Trash Crinder Output: See Reactor Inputs
Reactor_ Inputs
R, O, Concentrate ( ECS a.] Wash )
Stendardiged 5222.4 $120,01 102,4 40,55 3.48 26,78 5.9 sesas scone 27.68

cbo meene cemmn coven [ wnnaw

- continued -
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Isem

*
$ASKaTiggRte (cont’d)

Standerdized
cbo

Vet Pood
Standardised
cpo

Foces & Anal Wash
Standardized
cpo

Toilet Tiesue
fStandardized
cno

Utine & Urinal Plush
Standardized
Do

Oxygen
Stundardiced
cho

~Total
9979.2

1632.0

362.9
362.0

3860, .
793.8

20729.5
7257.6

42279.6
5020.4

S LA
83(6,2

0

241.9
21,3

3657.4
583.1

eenee

2034%.5
6974.2

Table 4-XIV (Continued)

Solide

1633.0
1632,0

121,0
120,7

202.7
208.7

30.00

384.0
283,1

c N g
978.4 ceeme 475.8
977.4 crees 47%.8

54,10 5,00 36,10

54,0 5.0 36.0
137,29 8.11 23.708
141,4 8.3 24,6

13,32 eeees 14,82

70.22 84,12 66,08

51,8 62.0 48,7
. emmee  5279.6
cenes wese=  5020,4

- continued -

~R . A
164,6  eeeee
144,6 oo

6.80 cnnan
6.8 cssne
23,79 0.%6
24,6 0.6
1,86 sesoe
15.99 1.8

11,5

1.0

—_—r

3%.2
%.2

A

l’.“
19.0

9.16
9.4

NG.e?
100.2



Table 4-XIV (continued)

Item Totsl ~ _H,0  $Solide ¢ N 0 H —te el AL
Reactor_ Inpute (cont'd
Total Reactor Inputs (Liquide)
Standardiged 40184.1 3’mni.o 2473.1 1292.9 100,7 $921.0 198.7 1,93 34,2 202.6
cpo 17605.4 15360.5 2244.5 1224,6 75.3 560S.,8 187.8 1.6 3.2 136,68
Rattio 2.82 2.46 1.10 1.06 1.34 1.06 1,06 1.21 1.0 1.48
Condenser Inpute (Standardized case)
R,0 19499,3 39499,  -acn- cenoe <-===  3%5110,% 4388.8 cnaes ccmea scoon
co, 4740,6 “ome- ceaes 1292,9  coce- 47,7  eemea neees vecne coven
'2 100,7 2 eeree caces cem-—- 100.7 cnnen cccen evose scese cosae
806 (1c2) 5.79 meree ceeme cea-- eman 3,86 ~ee-. 1,93 ccses soseo
0, (excees) 8199  -e--- caoe PR ceaaa 879.9  ~ece- voees cvsen sevee
Ash 202.6 ceoma 202.6 EETERS eses csaee cssee comun cosen 202,68
Condenser Output: See (1) Vapor Compressinon Distillation Input snd (2) Vent Casep
|
Vapor Compression Distiliastion Input
Standard 37833,6 37631.0 202.6 cvan- eees 33449.8 4181.2 cconn sosme 202.¢8
cno 17178.4 17041,8 136.6 ammen ceese 15148,2 1893,% erwon socsa 136.6

- continued -



Table 4-X1V {Cont{nued)
Item Totel  _H0 Solide c N 0 f R - 4 Adh

Vant Gases (Standsrdized case)

“20 80.0 80.0 Py smsew P 8.9 71.1 cases sanss seeme
coz 474U,6 PR, cene= 1292.9 wae  3447,7 comon . sonce awose
N, 100.7 eemmn 2 eeeasm cewee 100,77 = ece=a sesemm coves ensna cvave

2
%,

879.9 R [, rosne aceen 879.9 comwm covos scases woens

Yapor Compreseion Distillation Output (Standardized)
Potable warer 37218.4 37218.4 ames canan cemes  33083.0 6138.4 conan woens essve
Gases 210,0 210.0 emee cemee ccnee 186,7 23,3 coves wenon ssece
| wvc comc. 405.2 202,6 202.6 conn- wmee- ————- ca—an comen wenea 202.¢

»




Seight and Pover (Reactor). The resct.r weight s sc2ied op oo the besis
of residence time for the gas-liquid mixture. Although the zate of water entering
the resctor varies by a factor of 2.445 (see above), the gas zate {s spproximataly
proporticnsl to the carbon zetio (1.056). Both rates must be considered, and
they are as follows in the two cases:

Cas Rate Liquid Rate Total
Standardiged 32.6 ec/min 26.2 cc/uin 59.0
Pseudo-as-tested 24.5 cc/min 10.7 ecfmin 35.2

Therefore, the weight scale-up ratio is the ratio of the respective total
througkputs, 1.e.

59.0
35.2

Scale-yp ratio = =1.68 .

This assumes that reactor weight increases in proportion to reactor volume. A
scale-up ratio of 1.7 was adopted.

Beat Input and Keoat Rejection Requirements. These requirements were
estimated directly for the standardized wet-ox system from a First Law
enalysis (see Section 3.3 for s discussion of the procedure). The results

are as follows:

Q. ~ 280 x37,711.0 + 128 x 8 x (550 - 77)/a.8
- 3,564 x 2,473.1 cal/day
s (10.56 + .27 - 8.81) x 106ca1,’day
= 2.02 x 10° cal/day = 2,020 K cal/aay
On 8 16 hr/day basis,
()_Mt = 147.1 watt

The heat loss from the reactor was scaled-up from the CDO model with the

assumption that the loss is directly proportional to the two-thirds power of
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veacter volume. Thus,

Qu“ - (1-“6)2’3 x (200) = 282 watt

tht-o‘.t¢qm'-u7+282-u9utt

- 6
Q 1ing (products) (10.56 + .27) 2 10 cal/day
- 10.83 x 10° cal/day

« 10,830 K cal/day
On a 16 hr/dsy basis,

Qcooung (products) = 786 wat:
Therefore,

Qrejected = 282 4 786 watt = 1,067 watt .

A summary of the scale-up values for powe: and heat is presented in Yable &4-XV.
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Table 4-XV,

Summary of Heat Rejection Requirement Scale-up
Values for Lockheed Standardized Systea.

feat Rejection Requirement Status

Piuid-handling elemente
(e.g., reactor drive)

Reactor heater input

Reactor heat loss

Product cooling requirement

Ae-tested

Swatt)

269

80

352

nz,

Scale-~up

Factor

2.5

Sturdardized
Requt, (watt)

672.5

429.

282,

786,

Amount to be Rajected
(Standardized Cass)

sn.’

262.0

786.0

Total Reat to be Rejected (Standsrdized Case): [,740.3 wetes




4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11
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S. BASELINE TRADR-OFF AWALYSIS

In Section 2.4 of this report the gensral procedure dy which the Study
Sroup acconplishes the trade-off comparison of the altermstive "standardized”
processes was outlined. By wey of & review, this procedure included: ( estab-
11shing the trade-off wodel; (2) assessment of weight, volume, power & ! thermal
penalties for mach of “he alternmative processes; (3) development of aa velagtion
scoring forw as & toc for the application of the trade-off model; (4) -y
of the alternative pro.seses, using the scoring forms and point-selection owi-
teria; and (5) analysis ¢ the scoring-evaluation results. The technicaj details

ard results .f the trade-off cowparison are presented in this section.

5.1 Establishment of the Trade-off Model:

As war digcussed ir Section 2.4, the procedure by which the Study Group
formulated sn sppropriste trade-off model for the comparative analysis initially
involved an aralysis of the scope of the required evaluation. This included
the identification of key parameters to be considered for the type of space-
craft life~support system represented by tie three altermative processes of
{pnterest. It was also pe:essary to identify sppropriate couversion factors
for penalty eisessmeats. Finally, conventional trade-off models, used in
i{pdustrial practice for the comparison of life-support systems altermatives
and eimflar applications, were reviewed and sssessed to {dentify the most
appropriate mocel format. The model selected by the Study Group had the
fom:

6
by
Spomar = ®es? %o L % o
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where,

&m‘L-&n totz] gating score for a given candidate process;

l&s = Critical Safety Coefficient for the candidate process;

M - Critical Performance Coefficient for the candidate
process

i = si{x comparison-category terms, scored separately

for the candidate process and then summed.

This model form which consists of a combination of weighted summstion (sdditive)
terms and coefficiept (multiplicative) terwms, is wvery similar not only to those
tyrically used by systems snalysts in the aerospace fpdrstry, but also to
several popular models and in the cbemical process industries for compavative
evaluaticn of nev commercisl-venture alterns:ives. The successful application
of these trade-off models s management decision-structuring tools, for psrposes
similar to those of interest in this study, has been well documented.

The Study Group selected six categories for the terms s, in the above

i
trade-off model. These included:

® General safety characteristics

® Operating complexity of the system

® Simplicity of interfacing

®  Adaptability to flight conditions

® Versatility

® Penslties (weight, volume, power, thermal)
Weighting factors for each of these categories, in terms of maximm point
walues, vere assigned based upon conventional spacecraft systems-analysis
practice; and criteris were established for the assignment of points (up to

the maximmm value) in each category. These are summarized in Tavle 5-1. The
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Table 5-1, Weighting Factors and Point Assignaent
Criteria for Comparison Categories, 01.
in Trade-off Model,

Compacison Category Weighting Pactor Point-aseignment Criteris
- - {prxizm_ point value)
i, Ceneral Safety Chararter- 20 Pointe ars assigned for freedum, gemerslly,
{otice from potential safety hazarde such as fire,
(,.l) atmosphers contaminstion, explosion, bec-

teriological probless, crew fnjury, and equipe
ment damage to other sub-systems. HNigh-riek
range (0-5 pte.); moderate risk range (6-13
pte.); low to insignificant risk range (16-20

pte,).
2. Operating Complexity of the 1R Highest pointe are aseigned for greatest
Systen aimplicity of operating procedures end
(az) least technical complenity in hardwere

functions, Pavorsble considerstion e slse

given to higher potentisl for sff-ctiwe,

reliable automation of operations; reduced

crew time end strese during msintenance; end

ease of modularizing equipment, BExcessive
complexity range (0-4 pte.); moderets caylamity
rangs (5-14 pts.); low to ineignificer. comp exity
(15-18 pte.)

- continued -
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Table 5-1, (continued)

Compar{son Category Weighting Pacter Point-assignment Criteria
{maximum point velus)

3. Simplicity of Interfacing 12 Highest pointe are sneigned for lemet require-
(24) ment for interfeces with other epscecraft sub-

systews and services for operation of the
candidate-process sub-system. Typicsl inter>
faces include vacuum source, oxygen ot mitrogen
supplies, water supply, biocide source, power
connections, plumbing, etc. Excessive inter-
facing complexity range (0-3 pte,); moderste
interfacing complexity vange (4-8 pts.);
lov tn insignificent interfecing complexity
range (9-12 pte.).

z 4., Adaptability to Plight 16 Points are sssigned proportionsl to su estimnted
Conditions probability that the candidate-process sub-system
(s,) will be operational for an sssumed epplicetion
(in the 1980-1990 time period) based on cmfi-~
dence in information and spprosches to prodies
solutions (i.e., feil-oparational/fail safe;
fallure-mode effect anslysis). Includes
considerstion of potential sensitivity to fiight
conditione (gero-g, vibration and shock, etc.).

- continued -



Conparison Category

3., Versatilicy
(sg)

6. Penalties
(o)

TOTAL MAXIMUM VALUE POR Is,:

‘Table 5-1, (continued)

* Weighting Pactor
(maximum_point valuw)

27

100 Pofrte

Potnt-assigrment Criteris

Pointe are assipgned according to the potential
adaptabllity of the candidate procese eub-eystem
to various mission epplications., Ilnvolve
variable such as crev site, power and hast
sources avatlability (i{.e., solar cells, redio-
fsotops sources, etc.)}, spacecraft configura-~
tions (e.g., vehlcle free volume, equipment

load capacity, etc.), and mission durstion, Low
versatility range (0-1); moderate verestility
range (2-5); high to 4deal versatility range
(6-7).

Pointe assigned proportional to sctusl eetimated
values for inetalled weight, spares weight, volums,
power and thermal rejection requirsments for ssch
candidate process sub-system, all converted to
equivalent-ve zl.t velues for eimplicity ta poincs
aspignment,



mange of scoring walues for the zritical, potentially abortive or catastrophic
factors (system go/no-go importance) .G ond lu, 4o the mpdel was selected to

Se zaro (premmptive rejection of the candidate) to one (oo 1likelihood of prodlems,
and therefore no impact oo the seslection of this candidate). Criteria for the
assigment of scoring values for these two coefficients favolved estimates of
probabilities that oo critical ssfety or performance problems will de likely to
occur in operational design version of the candidate process sub-system, based

upon currently available i{nformstion.

5.2 Assesswent of Penalty Values for the Candidate Processes:

All but the last (56) of the comparison categories described in Table 5-1
involve scoring criteria bssed upon qualitative judgment factors which the
Study Group had to derive froc the general data apd information obtained for
the candidate processes, and calculations accomplished for material- and
energy-balance closure in the as-tested and standardized cases., For comparison
category 8> however, it was necessary to compile best-estimate values for
weight, volume, power and thermal penzlties, on a component-by-component bassis,
for the standardized process flowsheet for each candidate process. The basis
for these estimated penalty values is discussed below for the major components
of the three standardized flowsheets developed in Section 4 of this report.

GARD Dry-inciperator Process

1. Reverse-osmosis unit (this is coamon to all three standardized flow-
sheets and the penalty values presented here will be the same for
the G.E. RITE and the Lockheed Wet-ox processes, which follow):

a. Duty cycle -- 8 hours during lé-hour daylight period (Ref. 5.1).

b. Electric power penalty (lbs/watt), AC powver -~ 0.35i (Ref, 5.2).

Vo6



€. Be2t rejected from tank baatup -- 32 wetts (estimsted froms W Cp At
calculations, with ¥ dstermined from the flow rats per 24 hours,
from the standardized {nput wvalues to the RO uwnit; then rejection
taken z- approximately 10 percent of this heatup, to represent
losses).

d. Thermal rejection penalty (lb/watt) to air -- 0.25 (Ref. 5.2).

e. Thermal inpui for tank heatup and pumping (see c, above, and Ref. 5.1)

== 330 watts.

f. 1Installed weight of unit (reported values, averaged) -- 205 1b.
(Ref. 5.1).

g- Spares weight (reported values, averaged) -- 9C 1b (Ref. 5.1).

Trash-shredder Unit (this is common to all three standsrdized flow-

sheets and the penalty values presented here will be the same for the
G.E. and Lockheed processes).

1o seeking a common design, twe tested options are available.
Both Lockheed and G.E. have designed and tested trash grinders;
GARD hss mot. The Study Group chose to use penalty values for the
Lockheed unit. Although it showed higher penalty values, it bas been
tested on 8 more representative trash-model input and possidly offers
more realistic penalty values. The choice does not affect the overall
comparison of penaltv values for the alternative processes since each
process flowsheet was burdened the sane for the trash-grinder unit.
s. Duty cycle -- 10 minutes (estimated from Lockheed test dats to date).
b. Electric power fuput (2 hp motor operating for 10 min.) -- 11 watts.
c¢. Electric power penalty (continuously regulated AC to accomodate large

surges) -- 0.725 1b/watt (Ref. 5.2).
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4. Tharm} rejection panalty (to air) -~ 0.25 lbjwatt (Ref. S5.2).

e. Thermal rejection cslculated as 30 percemt of inmput as thermal
1o8s from motor -~ 3 watts (see b, above).

f. Installed weight of unit; estimeted from compounents ~- 210 lbs.

g. Spares weight; ostimated as 40 percent of installed weight «- §4 1bs.
(vee £, above).

Vapor ression Unit (slthough both the GARD and the Lockheed

“standardized" process flowsheets use VC units, they are used for different

purposes and at different stresm locations in the flowsheet, therefore,

they vill pot be the same). Fc. the GARD flowsheet:

8. Duty cycle -- 8 hours.

b. Feed rate (frow standsrdized flowsheet, Section 4.3) -- 32,665 g/day.

c. Electric power input {(GARD data scaled by flow-rate ratio to
standardized case) ~-- 480 watts.

d. Electric power penalty (AC power, sunlit side) -- 0.351 lb/watt
(Ref. 5.2).

e. Thermal rejection (assumed to be 100 percent of electric power
igput, ¢ above) -- 480 watts.

£. Thermal rejection penalty (to air) -- 0.25 lb/watt (Ref. 5.2).

g. Iluostalled weight (values given in Ref. 5.1 were used as basis;
one still was removed, its weight excluded, snd then the remaining
value was scaled by the flow-rate ratio to the standardized GARD
case) -- 890 lbs.

h. Spares weight (one standby still module) -- 261 1bs.

Incinerator Unit (unique to GARD process):

a. Duty cycle -- 8 br (Ref. 5.3 and 5.4).
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Blectric power fpput (from Table 4-X1) -~ §,246 watts.

Blectric power penslty, vegulated AC -~ 0.351 1b/watt {Ref. 5.2).
Thermal rajection (from Tabie &4-II) -- 9,873 wates.

Thermal vejection penalty (air and coolant values, svaraged) --
0.215 b/watt (Ref. 5.2).

Installed weight (scale factor of & time: GARD as-tested unit
wvalue, accotdiny to criteria developed in Section 4.3 of this
report) -~ 888 1lbs.

Spares weight (40 percent of installed weight) =-- 355 1bs.

G.E. RITE Process

1.

2.

Beverse-osmosis Unit ~- (same as for GARD process, presented above).

Trash-ghredder Unit -- (same as for GARD process, presented above).

G.E. RITE System(unique reactor and supporting compouents, omitting

shredder and wvater-storage provisions):

b.

Duty cycle -- 24 hrs. (Ref. 5.5).

Electric power input (from Teble &4-XII11) -- 324 watts.

Electric pover penmalty, regulated AC (averaged for all-day operation)
~- 0.538 lb/watt (Ref. 5.2).

Thermal rejection (from Table 4-X11I) -- 3,706 watts.

Thermal rejection per ..cy (average valaes for air and coolant) --
0.215 1b/watt (Ref. 5.2).

Inetalled weight (average weight of 470 lbs. for the estimated
£light-wveight unit was obtaiped from Refs. 5.1 and 5.7, but omitting
the weight of the commode, trash shredder and water stcrage facility;
this weight was sealed by a factor 2 according to the criteris in
Section 4.4 of this report for the "standardized" case) -- 940 1bs.

Spares weight -- 376 1bs. (Ref. 5.1).
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Jockheed Wet-axidation Process
1. ree~ {s t - (same as for GAXD process, presented above).
2. Trash-shredder Unit -- (same as for GARD process, presamted above).
3. Wet-oxidation Reactor (unique to Lockheed process):

a. Duty cycle (as discuss2d in Section 4.5 of this report) -- 16 houxs.

b. EKlectric power input (from Table 4-XV) -- 1,10i.5 watts.

c. Rlectric power penalty, regulsted AC (averaged for all-dsy operation) ~-
0.538 1b/wate (Ref. 5.2).

d. Thermal rejection (fruvm Table 4-XV) -- 1,740.5 wates.

e. Thermal rejection penalty (average value for air and coolant) ~-
0.215 1b/uatt (Bef. 5.2).

f. Installed weight (using & reactor weight of sapproximately 145 1bs.
estimated by lockheed, and scaled by a fsactor of 1.7 according to the
criteria of Section 4.5, plus the weight of miscellaneous fluid-
handling elements scaled by a factor of 2.5 according to the
criteria of Section 4.5) -- &44 1bs.

g. Spares weight (40 percent of installea weight) -- 178 1bs.

4. Vapor Compression Unit (follows the wet-ox reactor im the standardized

flow sheet, as shown in Fis-.ce 4-3 of Section 4):

a. Duty cycle (coinciding with the terminal phase of the reascior duty
cycle) -~ 8 hrs.

b. Feed rate (from Figure 4-3) -- 37,833.6 g/day.

c¢. Electric power imput (Lockheed dats scaled to standardized case
by feed flow-rate ratio, standardized to as-terted} -- 559 watts.

d. Electric pownr penalty (AC, sunlit side) -- 0.2.1 1b/watt (Ref. 5.2).

e. Thermal rejection (assumed to be 100 percent of electric power inmput,

¢ sbove) -- 559 watts.
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€. ‘thermal rejection penalty (to air) -~ 0.25 1b/watt (Ref. 5.2).

§- Installed weight (used valuss given in Raference 5.1, except
one otill was removed, its weight excluded, and then the remaining
wzlue was scaled by the input flov-rate ratio to the standardized
Lockheed case) -- 1,035 1lbs.

h. Spares veight (one standdy still module) -- 304 1bs.

Catalytic Oxidation Unit (to treat reactor-product auc dryer gases

before interfaciag with the cabin-atmosphere control sys tem; no

design data available, so Study Group's best-estimate calculstions

were used based upon conventional catalytic oxidstion units):

a. Duty cycle (same as Wet-ox reactor) =-- 16 hrs.

b. Electric power imput (preheat of input stream, plus fluid-handling
2quipment) -- 150 watts (estimated).

¢. Electric power penslty (AC, regulated power; sveraged for all-day
use) -~ 0.538 1b/watt (Ref. 5.2).

d. Thermal rejection (assumed to be 100 percent of electric-power
diaput, b above) ~- 150 watts (estimated).

e. Theimal rejection penalty (to coolsnt) -- 0.18 lb/watt (Ref. 5.2).

f. 1Installed weight (Study Group's calculated estimate) ~- 225 1bs.

g. Spares weight (essumed to be one-third of i{nstalled weight, f above)
== 75 1bs.

Dryer Unit (shown in Pigure 4-3 to dry the concentrate stream from

the Vapor Compression Urit, produce a dry-ash res{due and recover

additional water; based upon Study Group's best-estimate calculations):

a. Duty cycle (same as Vapor Compression Unit) -- 8 hrs.

b. Electric power input fto evaporate 331 g,/ 'ay of water and allowing

for losses) -+ 35 watts,
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c. BRlectric power penalty =~ 0.351 1b/watt (Ref. 5.2).

4. Thermal rejection (sssumed to be 100 percent of electric power
iaput, b above) -~ 35 watts,

e. Thermal rejection pemalty (to coolant) ~- 0.18 1b/watt (Ref. 5.2).

£. Installed weight (Study Group's estimate based om Lockheed design
configurstion) =-- 20 1bs.

g. Spares weight (based on estimate of SO percent of fastalled

weight, £ sbove) ~- 10 lbs.

The various sources of penalty for the componeant units of esch alternative
process, listed above in this sub-section, were converted to equivalent weight
values to provide a single penalty mumber for each process snd simplify the
scoring for Comparison Category LP in Table 5-I. These equivalent-weight
values are summarized for each process, and its essential flowsheet components,

in Table S5-1I1.

5.3 Evaluation Scoring Procedure and Results:

An evaluation "scoring” form was developed as a tool for applying the
trade-off model describel in Section 5.1. The form proviled for the assignment
of points to the various Comparison Categories (sl through 56) and critical
coefficients (Hcs and Mc]) for each of the three alternative processes, and
the final computation of total rating score (STOTAL) for each process.

The Study Group used this form and performed a concensus rating for the
alternative processes bas:d upon the penalty values summarized in Table 5-II1
and judgement derived frou: the data-base ss-tested experience informaticn as well
as the standardized flowsteet activity. Initially the scoring was accomplished

for the baseli{ne mission model upon which this study was based (as discnased
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Table 5-11. Summary of Penalty Values, in Termas of Equivalent Weight,
for Standardized Flowsheet Components of the Three
Alternative Processes.

Electric Power Thermal Rejection Inszalled Spares *otal
Alternative Process/Components Equiv, wt, (1b) _(Equiv. wt. (1b) wt. (1b) wt. (1b) Bquiv. wt,(1b

1. GARD Standardized Flowsheet:
Reverse-osmosis Unit 116 8 20% 90 410
Ti1ash-shredder Unit 8 1 210 84 303
Vapor Ccapression Unit 168 120 890 261 1,439
Incinerator Unit 2,894 2,123 888 358 6.260
Proceas Totals: 3,186 2,252 2,193 790 8,421

2. G.E. Standardized Flowsheet:
Reverse-osmosis Unit 116 8 208 9% 419
Trash-shredder Unit 8 1 210 84 303
G.E. RITE System 174 197 __940 376 2,287
Process Totals: 298 806 1,358 530 3,009

3. Lockheed Standardized Flowsheet:

Reverse-osmouis Unit 116 8 208 90 19
Trash-~hredder Unit 8 1 210 84 303
Wet-c<.dation Reactor 592 374 444 178 1,588
Vapor Compression Unit 196 140 1,038 304 1,673
Catalytic Oxidation Unit 81 27 223 73 400
Dryer Unit 12 _6 20 _10 48

Process Totals: 1,008 556 2,139 7481 4,441



i Fection 1). The aceiieg forv. and the reccits of the Study Group's mating

af the alternszive ¥« e, A - . Yanted {a Tabie S-III.

3.4 _papiysis of the Sccring-evaluszioc Bssulta:
An analysis of the scoring-svaluation results shown {n Table 5-1X1 (based

upon the trade-off mode! discussed in Sectios 5.1) wa: performed bt> the Study
Group to detemine the sigrificance of these results and esteblish a basis
for cooclusions asxd recommenditions. The smalysis showad that for the six
comparison csiegories ('1 through LA in Table 5-111) the primary source of
tig differences in assigned scores among the processes was Peualties, and
secondarily in Safety. The differences ip the othev categories were pot very
sign‘ficant. Jt was also intercsting tc note that the preempzive Critical
Coefficients (Hcs and HCP_\ ¢1d pot change the rankings among the three

processes that might have beeu derived from the sum of the s, values; the

i
Critical Coefficients just reinforced thes. rackings.

The lockheed Wet-rxidation Process. which uses higt operating pressures
and temperatures, vas gcored low with respect to safety (s1 and Hl:s)' This
resulted from the Study Group's inforwmed anxiety (based on extensive 'uperlence
with sdequately gimilar systems in industry) concernivg the potential for
explasisr fire, equipment-dsmaz> and crevw-injury hazards. This process was
also saco Jarily penalized Lecause of its many interface aud expeundables
rejuir.ments (such a5 oxyror &nd nitrogen pressurizaticn, heat exchangers,
reactor catalyst makeup, spd >xcessive pos*-treatment requirements). Finally,
4t was ancizifated t¥ -t its operating procedure vould b> difficult to sutomate
and would impose requir ments for more ~rev-time for maintenaace.

The GARD Dry lo-fueration Process was scored low {a the Penalties category
because of the very likely excessive equivalent-weight values tabulated ie

Table 5-II. “he GARD process, iike the Wet-oxidatfiun Process, was slso secoundarily

v-14



Table 5-111. Trade-off Scoring ¥orm and Reaults of Study Creup's
Rating of Alternative Procennen.

ST-A

Meximum Pointw Scoring fo~ each Alternative Prociee
Scoring Pactors (Weighting FPactor) CARD Dry Incin. G.P, RITE  Lockheed Wet-ox.
Cowparison Categories (S¢):
1. Safety (‘l) 20 15.0 18.2 11.6
2. Opsrsting Conplexity of
the System (a,) 1% 12.6 12.8 10.6
3. Simplicity of Interfaring
(l,) 12 8.8 8.6 7.2
4. Adaptability to Flight
Conditions '6) 16 11.8 11.8 10.0
5. Versatility (05) 7 5.2 5.4 5.8
6. Penslties (s,) a7 9.6 20.6 15.0
Totals (tui)z 100 (max.) 63.0 74.8 59.0
Critical Coefficients {M):
1. Critical Safety Cosfficient (H") 1.0 0.86 n.9% 0.82
2. Crittical Performance Coefficient 1.0 0.87 0.92 0.82
(Hcp)
Computstion of STGTAL:_
?
sTO!'AL - (Hc') chp) 151.‘ 100 (max.) lo‘?_*l: 83.? :‘_9___-_1



panalized oo the basis of its interfece and axpendsbles requiraments (such
as bearigg coolsat, liquid-solid separsters, mechsnical functioms which
appear to be wvary susceptidble to ex>egsive wair and the frequan. meed for
sepilacament or repair).

In ganeral, the Study Group 4id bot vegard the safety-hazard potentisl
for the radiofsotopic heater in General Electric RITE Process to be very
arricus. The principal reasor. for this was the charscteristic design of the
anit, which does not shov susceptibility to failure mocdes (over-pressure,
explosinn, etc.) that could cause loss of contaimment of the radioactive
waterial. The RITE process is particularly at raciive in 1ts los equivalent-
veight potential. This characteristic, together with the relatively high
prcbability (in the Study Group's judgment) for operarion witbout critical
safety or performance prcblems, appear to sccount for the highter totsl score
and top renking by the Study Group im the trade-off snalysis for the baselire
mission-application case.

The Study Group realized that the traieoff-model tcol for management
decision-structuring should not form the c¢ole basis for decisionu making. As
in all models, the results are sensitive to the criteris upon which the sodel
48 based. Therefore, it is very vainable to test the extent of this sensitivirty.
The Study Group performed such a test on the apparently controlling parameters
of the trade-off wodel described 1o Sectiom 5.1 and used by the Study Group
in {ts comparative evaluatios. The results of this sensitivity test are

descr.bad 1in Section 6 of thi, report.
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6. CORSIDERATION OF OTHER THAR BASELIME CRITERIA

43 was discussed i1 Section 5, the Study Croup felt that the tradeoff wmodel
should be tested for sensitivity to the baseline criteris upon which the s.del
was based. Project resources &id oot permit an in-depth smalysis of the effects
of other than baseline mission cases. BRowever, an indicative test was made in
sn effort st least to bracket sensitivity effects for one of the principal pars-
meters in Che model. The parzmeter that was selected for this test was "Pemalties ™
Comparison Category 56 in Tables 5-1 and 5-111. &5 was discussed in Section 5.4,
although this parameter uwas not the only controlling factor in the evaluvation
rankings that resultel from the trade-off analysis, it showed the largest
difference in scores smwng the three candidate processes (as shown in Table 5-1II).
It also appeared to have the greatest ioherent poteatial for seasitivity to
cnhsuges in mission specificatioms.

In selecting & basis for the sensitivity test, the Study Group noted that
the G.E. RITE process showed a significantly lower penalty factor, io terms of
equivalent weight (Table 5-I1) principally because that process uses the radio-
active heat source and operates on a 24-hour/day {continuous) duty cycle. There-
fore, it wvas _jecided th:: the sensitivity analysis would be bared upor variatiomns
of the choice of Leat source ard duty cycles for the otker two altermative pro-
cesses. Table 6-1 presenis the tuo altermative test cases (cases 2 and 3) in
comparison with the Baseline Cese (cese 1) upoun whi-:h the trade-off anslysis
described in Section 5 was basad.

1In Case 2, both the GARD D7y Incimeration Frocess ami the Lockp=xd W:t-ox
process are considered tc be redesigned (1. practical) to use a radioisotope

source of heating, as in the case of the G.E. RITE Process. 1lun addition, the
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Table 6-1,

Comparison of Criteria for Maseline
and Senaitivity Test Cases,

CASE

CASE 1, Baseline --
8. Duty cycle of auxiliary units:
b. Duty cycle of major process unit:
¢. Thermal energy source:

CASE -e
a, Duty cycle of auxiliary unite:
b, Duty cycle of major process nnit:
¢. Thermal energy souxce:

CASE 3, --

a. Duty cycle of auxiliary unite,
b, Duty cycle of mmjor process unit:
c. Thermal energy source:

G,R, RITE WET-0X
8 hr/day 8 hr/day
24 hr/Aay 16 hr/day
RITE Klectric
s hr/day 8 hx/day
24 hr/day 24 hr/day
RITE RITE
24 hr/day 26 hr/day
24 hr/dey 24 hr/day
RIT® RITE

PROCESS CRITERIA
GARD D1

8 he/dey
8 hr/dey
Electric

@ hr/day
24 hr/day
RITE

24 hr/day
24 hr/day
RITR




Table 6-11. Seasitivity-analysis Comparison of Total Zguivalent Weight Velues for
the Alternative Processes for Three Design Cases.

CASE (see Table 6-1) G.E, RITE Lockheed Wet-ox GARD Dry Inein.
(Bqniv.wt.,1b) {Equiv.wt,,1b) (Pquiv,wt, ,1b)
CASE | Baseline; same 3,009 4,441 8,421
es values In
Table 5-71):
CASE 2: 3,009 4,000 (approx.) 4,000 (apprex.)

CASE 3: 2,700 (approx.) 2,400 (approx.) 2,500 (approx.)




major process unit (resctor and supporting bardware, but sot focluding the
suxiliary units edded by the Study Group to complete the otandardized flowsheats)
of the GARD and Lockhesd Processes is assumed to opesrste on 8 24-bour duty
cycle, similar to the sajor process unit of the C.E. process. HNowever, the

duty cycles for the auxiliary (standardized edd-on) units remain the same as

for the Baseline Case (Case 1). With these changes, nev values for tofal
equivalent weight were approximated for the GARD and Lockheed processes (values
for the G.E. process would, of course, remain the same as for Case 1) for
comparison with Csse 1 values given in Table 5-II. The values for Cases 1 and 2,
for all three processes, are presented in Table 6-II for comparison purposes.

It can be seen that the reduction in penalty value for the GARD process becomes
sharply reduced, and the G.E. process shows only sbout a 1,000 1b. penalty sdvan-
tage over the other two processes for the Case 2 conditions.

In Case 3, the conditions for the choice of thermal energy source and duty
cycle for the major process unit remain the same as for Case 2 for all three
procesees. However, additionally, the duty cycle for all auxiliary (standardiged
add-on) units is increased to 24 hours’day (continuous operation) for all three
processes. The effects of this change on total equivalent weight values for all
three proc=sses also are shown in Table 6-I1. As can be seen, this change has
a dramatic equalization effect on the penalty values for the three alternstive
processes. This would cause a similar equalization in the values of 56 (Table III)
1f a trade-off scoring were performed for this case.

The results shown in Table 6-I1 suggest that the "Pepalties” Comparison
Category, S¢» is very sensitive to design changes, such that it is quite
reasonable to expect vesign improvements that will result in esseotislly the
equalization of penalty values smong the candidate processes. Cther evaluaticn

factors, particularly safety and performance factors, thes will principally
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{ofluence the trude-off anslysis and sslection of the best process for s
particular application.

The Study Group had elso desired to consider the effects of varistions
1o crev size and mission duration op the trade-off comparisons. NHowever, it
was determined that insufficient data are presently svaileble for the ladboratory
units io use by the contractors to provide estimates of the differences which
will ultisately exist in requirements for expendable and resupply materials. In
addition, real values for scaleup factors, based on thror increases <hat
would result from changes in migsion parameters, sre oot . _sieble at present.
Therefore, a reliable analysis of the impact of crew size snd mission duration
on the trade-off comparison presented in Section S will have to avait the availa-
bility of adequate test data and detailed design calculations based on meaningful

scaling experiments.
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7. CORCLUSIONS

The material presented in the previous sections of this report provided

the basis for several conclusions. These are summarized below.

1.

All three process concepts offer feasible and viable systems spproaches
to water and waste collection and processing to meet the standardized
ipput and cutput specifications which provide the basis for this

study.

Test data available for all three process concepts sre not preseatly
adequate for a complete definition of closed-system design specifice-
tions to satisfy the standardized imput and output requirements of this
study.

Based upon the Study Group's estimates of design requirements for the
standardized flow sheets for the three alternative processes, and the
trade-off model developed by the Study Group, the G.E. RITE process
ghows the greatest overall promise for satisfying the standardized
input and output requirements. The promise is based principally o2
safety, performance and penalty factors, as specified in the trade-off
model. It {5 also the most advanced, mature system from the standpoint
of readiness and reduced requirements Zor as yet undeveloped suxiliary
uuits.

The criteria for penalties assessment, associated with the Study Group's
trade-off evaluation mocdel, are sensitive to potential design changes.

It 48 possible that further design refinements in the Wet-oxidation
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and Dry-inciserstion processes might equalize the penalty valuas for
the three alternative procasses. Safety and performance factors in
the trade-off model would then control the comparison. 1In the Study
Group's judgment, the G.E. RITE system would still show the grestest
promise for meeting the requirements nf the standardiged {nput and
output specifications.

The Wet-oxidation process was considered by the Study Group to have
moderately severe potential for safety and performance (including
reliability and mainteinability) problems in its present design.

The Study Group was cautiously optimistic that some of these problems
might be at_enu.ted through further development, particularly to reduce
opersting-pressure requirewents and simplify the operating complexity
and interfacing requirements.

The Study Group judged that the Dry Incineration process would offer

the potential advantages for use in meeting the stapdardized f{nput and

output requirements. Bowever, it does provide for the separate processing

of solid trash and feces without the necessity of combining these
streams with water-recovery streams. In this case, the entire waste-
processing procedure appears to be easier. RASA should seriously
consider the potential for net advantages of this approach for certein
types of manned missions. Further development of the Dry Incineration
process thea would seem to be justiiied (along the lipnes discussed in
Section 7.2).

The reliable analysis of the potential impact of crew alze and other
mission parameters on the trade~-off comparison performed on this study
will have to avait the availability of adequate test data and Jetsiled
design calculations based on meaningful scaling experiments. Th:se were

mot available for the present study, and extensive estimating of design



requirements had to be sccomplished.
8. The procedures employed on this stud; ehould provide WASA with an
eiiective toocl and guidelines for similar techoology-status evaluation

studies in the future.

1.2 Recommenda*ions:

In additicn to the recommendstions implied in Section 7.1, the Study
Group idencified some specific araas for consideration by RASA. Tu.>> are
summrized below.

1. Ip future development work on any or all of the three alternative
processes, eamphasis should be placed on the thorough characterization
of the composition, fiow rate, temperature and pressure of all input
und output stresms (i.e., to develof 8 complete material and energy
balance based on data;. This is absolutely necessary to provide a
basis for reliably evaluating the effectiveness of a process step,
making design improvements tc increase effectiveness, and desigr scaleup
or adaptation to other performance specifications. Several very
important data voids were identified oo this study for each of the
three processes, and these had a severe impact on the evalustion
analysis. Specific prcblem areas were discussed in detail in other
sections of this report.

2. Bequirements for the catalyric oxjdation of product streams (to
"purify” them prior to interfacing with the spacecraft atmosphere-
revitalization subsystem) were virtually ubiquitous in the Study
Group's analysis of the flowsheets for the three alternative processes.
However, very little design and performance dara were attainable for

catalytic oxidizer units. Available dacs suggested s very poor under-
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standing of the processes & >cisted with such units. This 1s an

sras of technology development which vequires emphasized gttestion.

1f the "standardized model” wsed {n this study is of actusl interest

to NASA, sajor component development and testing should be sccompliished
1in a timely manner for the appropriate auxiliary (add-on) units f{ncloded
by the Study Group irn the standardized flowsheets for the altermatfive

processes.



APPENDIX 1

SUMMARY OF STUDY GROUP'S MEETING AND

DISCUSSIONS WITH CONTRACTORS' REPRESENTATIVES



Ba.e Contractor Bite Cootractor Reps. Remarks
75212 G.E. b ladelphia Murray; Followup to f£irst
Schellkopf preliminary mtg. on
Yask IV, 22/5/73.
1725774 Gar~ Chicago Bulininskd ; Polaswup to Joan
Pields Manning's contacts

witk GARD in 1973,

7730774 GARD Sealtle Budininski; Followup to mtg.
on 7/25/%; wev
data presented.

8/./7% Lockbheed Palo Alto Jagow; Followup to cootacts
Ly Roes & Manning
ie 1973.

9/8 774 G.E. Pciladelphia Schellkopf; Followup by Moaell,

orly, to stg. on
7/24/74; clarifi-
catico of data.
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Summary of Study Group's Bite Visit and Neeting

with Cootractor's Nepresentatives at Gensrsl Rlsctric, 1/24/76

I. Astendges: (1) Study Group -- J. Spurlock, M. Nodell, V. Roes,

D. Putnas, and J. Pecoraro.

(2! Genersl Blectric -- R. Murrsy, J Schellkopf

11. Principsl Discussion Topics and Activities:

A

Flov-sheet and Operstiooal Details, Clarification Discuesion --
Nature of the air sweep io urine transport.

“Pvrolyzer” is actuslly s catalvtic oxidatioo unit

Oxygen input rate tc the evaporator.

Efficiency of the catslytic oxidation units.

Ex; lanaticn of catalyst degradation reported by G E.

Method, -eliadility of product water ansiysis

Clarification of significance of condenser vent data.
Explanation of low fR in product-veter dats reported by C.E
txplanstion cf significance ¢f "CH."” component, other sps-iec
in snalvsis cf steam-vent dischargl streax, alsc, geners; die
cussion of alternative methods of determining (cslculatiw.® %
rates of these especies

P3N VN SV R v N

Spacecraft Svstemws Design Considerations --
Solids handling capadility iv zero-g sfituatiom.

ctixct of using washuster {nstead cof washvater concentrates.
Effect of no-dump (overtoard), closed locy operation
Effect of s stsndard-mcdel operation. alsc, scal ,p criteria.

A e b e

Weight . power and volume requirements (estimates) for compovent. .



II.

Ssmmery of Study Groub's Pollowyp Meeting
with GARD/CATX Representatives in Seattlie, WA, 7/30/75

Astendees: (1) Study Group -~ J. Spurlock, M. Nodell, ¥W. Ross, D. Pstoan
and J. Pecoraro.

(2) GARD -- F. Budininski. L. J. Labak.

Principal Discussion Topics:

A. Charscterization of Process Steps in the Incineratioa Cycle:
1. Reviev of strip-chart tempecrature histories.
2. Determinatiorc of the duration of the seseral events which
counstitute the fncineration cycle.

B. Materisl eond Energy Balance Vaiuves for the GARD Frocess:
1. Discussion of GARD's suggested values (see attached disgrar
vith original sand new values inscribed).
2. Discussion of adequacy and source of GARD values and possidble
reasons for differences betweer these and the Study Group's
estimated values.

C. Addizional Testing Meeds to Improve Data Base:

1. Experiments with catslytic sfterburner, usiag several promising
catalysts, to obtain contioous performsuce dsta for the complete
incineration cycle ard to identify the best catalyst aod oxygen
requirements using & realistic waste igput te the inciperatc-.

2. Thorough analysis of £11 outpr-t streams.



Summary of Stwdy Croup's Site Visit and Meeting
with Contrsctor's Bepresen-atives st lockheed, 8/2/74

I. Attepdees: (1) Study Growp - :d‘.l;“m. M. Nodell, V. Ross, D. Putsax,

@) Lockheed -- B. Jagow;

I1. Principal Disucssice Topics and Activities:

4. DReviev of Current Status of Work Since Last Report (L2-112151)

1. General review of coupled-systes tests, simmlating spacecrsft
(fuput) comditioms.

2. Grinder performance, problems; p” s for uwse of trash.

3. Updated schematic diagram of curreac "systex™ (see attached
eandout) and feed-impu: menlel (soarre for ss-testel &l rerives
(feed imput reperted in CR-.i2:- oss L.ckheed's sst.mr.c, 0ot
similar to current feed-irpe. wpecified "y WASA-JT7).

4. Methe ) of campling sod sw.=* . ag gos and ? «¢ product seno. *
from the wet-ox res~to:

S Details of ca®sivst used, 2ffeciivens , prodiems.

6. Clarificatior of 2ffectiveness & ' as an {adicator of resctor
soaversioca.

Y. betaiied discuscion of dera pow Iy results of gas amalysis)
svailadle t_ -ate.

B. Spacecr' ft Systems Design Considerations --
1. Estimates of weig:t, volume anc power requirements (see attached
bandout ).
2. Reliability and safety of bigh-pressure compocents.
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Detail Waste Model for WAS 1-117438

1 ™z o blepder and dmp foto slurry bold tank:
» 9850 cc of Urioe (2 gelilons + 2300 cc)
® 770 g= of ."eces
® 7560 cc of Water (2 gealloms)
2) Pour ?560 cc of Water (2 gallons) into grinder hold tank.
Iosd the following m=terials {aoto grinder feed ~“rv: -t and operate grinder:
® 362 go bog Food
[ 91 gm Aluminized Myvlar
® 405 gu Polyethylene
® 32 gm Cotton Cloth
® 227 g Wash & Dry Towelettes
) 35 g Gsuze
* 10 g= Q" Tip<
® 45 gz Mylar
® 45 gn Teflon
[ 4 90 gz Pipe Sol Disinfectant
a8 227 gm Paper Towels

® 182 gz Polystryreane
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BASA WET OXTDATION GAS ARALYSIS

THC

75.4

9.2
15.5
£1 ppm
< 0.1 ppe
< 0.1 ppm
235 ppm
1 ppm

89 ppm

75.8
7.2
4.9

<1
£0.1
£0.1

550

A
—

42

ppm

ppm

4o

ppm
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WRIGHT, POVER, AND VOLUMDT STATEMENT
POR NASA WET OXIDATIOR WASTE MARAGEMENT SYSTEM
(4.3-Man System; Based ov 61.4 1b/day Model) (NASA 1-11748)

Totsl Steady State
Description Bsr. We. (1b.) Bst. Power (Watt)
Rydrsulic Reservoir 3.0 (0)
Bydraulic Pumps (2) &4 .0 €20) &0 (0)
Bydraulic Relief Valves (2) &En €0)
Hydraulic Bypass Solenoid Valve 3.5 )
Bydraulic Pressure Switch 2.5 (0.5)
Bydraulic Pressure Gauge 1.8 Qa.0)
Oxygen Shut-Off Valves (2) 1.5 a.s)
(Gxygen Aux. Inlet Valve 0.8 )
Oxygen Pressure Gauge (2) 3.6 ©.0)
Oxygen Pressure Regulator 4.0 (1.5)
Oxygen Filter 0.4 (0.4)
Oxygen Restrictor (2) 0.3 (0.1)
Oxygen Ileed Valve 0.7 0.7)
Oxzygen Solenoid Valve 3.5 (0) &4 ()
Oxygen Check Valve 0.3 (0.3)
Catalyst Tank 5.1 (5.1)
Catalyst Pump 8.0 Q)
Catalyst Solenoid Valve 1.0 (1.0)
Slurry Accumulator Bladder Tanks (2) 23.0 )
Slurry Motor Actuated Valves (2) 10.0 ©)
Slurry Hand Actuated Velves (2) 2.4 2.4)
Slurry Check Valve 1.0 (0.5)
Slurry Pressure Gauge 0.5 0.5)
Terminal Board 0.5 (6.5)
Wiring (Total Module) 2.2 (1.5) 20 (14)
Timers (2) 3.0 (06.5) 5 )
Pushbutton Switch/lites (10) 1.8 {0.5) 1 (1)
Plumbing (Total Module incl. Fittirgs) 4.0 (3.0)
Structure 20.0 (10)
Total Dry Weight Supply Module 157.4 (55.5) 110 6)
Bydraulic Fluid 16.7 ©)
Catalyst Solution 2.0 {2.0)
8lurry 16.7 (1.0)
Total Liquids 35.4 (3.0)
Total Weight Supply Module (Wet) 192.8 (58.5) 110 qQae

Total Supply Module Volume 8.67 “t> (6.1)

ORIGINAL PAGE (S
OF POOR QUALITY
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Totsl Steady State
Pescription t. U, (b, Bst. Power (Matt)

Sasctor (Jocluding Drive Motor, Imsulation,

Fan, Belt, EPN Neter, Tach. Adjust) 90.0 (65) 265 200)
Besactor Motor Actuated Valves (2) 10.0 )
Ssactor Begeperative Baat Exchanger 50.0 @5)
Baactor Back Pressure Ragulstor 2.9 Q)
Baactor Bleed Valve C.7 ©.7n
Reactor 3-Kay Recycle Valve 0.5 .5)
BReaactor Pressure Switch 2.5 ©.5)
Raactor FPressure Gauge 1.9 .0)
Seactor High Pressure Burst Disc 1.0 Q.o
Reactor Regen. Bt. EBxchgr. Thermocouples (2) 0.2 ©.2)
Reactor Regec. Bt. Bxchgr.Tewp.Alarm Cntrlr.(2) 3.0 (1.5) 10 )
Reactor Temp. Controller 8.5 {1.0) 15 Qo)
Cooler 1.7 {0)
lov Pressure Burst Disc 2.0 {0.5)
Filter Primary (2) 8.0 6t.0)
¥ilter Secondary 2.5 1.0)
Filter Solenoid Valves 7.0 () &4 {0)
Filter Pressure Geuge 0.5 (0.5)
Pilter Pressure Switch 2.% (0.5)
Phase Separator 5.1 %) 27 (20)
Phase Separator Control 1.1 ©.5) 2 (2)
Phase Separator Pressure Gauge 0.5 (0.5)
Phase Separator Liquid Back Press.Relief Valve 0.2 {0.3)
Pushb.tton Switch/Lites (15) 2.7 (6.7) 2 2)
Circuit Breakers (2) 0.4 (2.4)
Alatm 1.0 {0.5)
Relays (6) 1.2 (0.5) 5 {2)
Terminal Board 2.3 Q)
Wiring (Tnotal Module) 4.4 Q) 40 (28)
Plumbing (Total Module Incl. Fittings) 5.¢ 3.%)
Structure 30.0 (15)
Total Dry Weight Processing Module 2469.3 (143.1) 410 (269)
Slvrry/Ef fluet 5.0 %)
Intal We: Weight Processing Module 254.3 (147.1) 410 (269)

Total Procerping Module-Volume 17.33ft3 11.2)

Total System Weight and Power 3 447.1 (205.6) 520 {285%)
Total System Volume 26.00fe” (17.3)
Pigurer io parentheses indicate potentizl results whick could be accomplisbed
as a result cf comprehensive flight design.
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Comparison of Waste Models for WAS 1-11748

Tripe

Reces

Flush Water

*
Pood Hastes
s
Wipes
e

Bousekeeping, Bygiene

*Food Wastes:
- Wet Food
= Aluminized Mylar
« Polyethylene
- Polystryrene
~ Paper

Wipes:
- Dtiliey

- Bygiene

*Bousekeeping, Bygiene:
- Gauze & "Q" Tipes
- Mylar
- Teflon
= Disinfectant
« Paper Towels

0.8
0.2
0.9
0.4

0.2

2.5

0.8

0.5

1.3

0.1
0.1
0.1
6.2

0.3

0.8

BEC
24.0
2.6
30.0
2.7
1.3
2.6

61.2 1b/dx;

1b/day

Cloth

33.4
2.5
1.3

0.8

61.4 1b/day

Towelettes (Wssh & Dry)

1b/day

1b/day



