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DESIGN, FABRICATION AND TESTING OF A
WET OXIDATION WASTE PROCESSING SYSTEM

SUMMARY

Wet oxidation hes been used commercially for sewage sludge oxidatlion
for several decades. NASA inberest in the process for spocecraft zpplicabion
results from the fact theb wasbe can be oxidized in the presence of oxygen,
water, and steam at temperatures of 505°% (450°F) to S60°K(550°F) and
pressures from 6,9 MV/m® (1000 pei) to 15.2 MN/m2 (2200 psi) without prodae-

ing the gaseous oxldes of nitrogen, sulphur, and phosphorous, while producing '

a clear, salby, sterile effluent wabter and whibe phosphate ash. This allows
recovery of useful water and gases from & wide variety of spacecraft wastes
and the elimination of all overbeoard venting.

Previous development efforts: 1) explored process conditions for
spacecraft applicabion; 2) constructed a breadboard reactor system and
demonstrated the feasibility of dpera:bing the sysben conbinuously; 3) began
the development of component designs; and &) investigabed potential improve-
mentes in ‘the process.

The contract work covered by this report was based on the previous
developments and provided for the detail design, fabrication and testing of an
engineering prototype wet oxidation system. The tesbing was inbended to
demonstrate the component and system performance in a 45 dzy test. The sysbem
funcbional design that evolved from the previous development efforts consisted
of the following components or subsysbems:

o A trash pulverizer subsystem to produce a pumpable
slurry from miscellaneous spaceeraft solid wastes.

o A slurry pumping subsystem to provide for accumulation
of mlverized trash and feces and urine; +the pressurization
of the elurry to operating pressure, and its introduction
into the reachor system to mainbtain o conbinucus flow.

1
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An oxyeen supply subsysten consisting of high precsurce choroge,
pressure regulation, and flov control.

A catalyst introduction subsystem to deliver a small, measured
Flow of cabalyst into the slurry feed to prevent ammonia
formation and promote the oxidation of wastes in the reachtor.

A regenerative healt exchanger to heat the incoming oxygen, slurry
with the hot liduid and gas effluent from the reactor as a
hegt source.

A heated, shirred reactor to provide for oxldation of the
waghte mzberials.

Pressure controls to maintain the reactor at operating
pressure.,

Filters to remove ‘the finely divided ash produced by the
oxidation process.

A vhase separator to separate the product liguid and gas.

Controls and instrumentation ‘to provide automabic operation
and fail-safe ghutdown.

The system described zbove was fabricabed and assenbled into two modules:

the slurry and oxygen supply module; and the process and wabker recovery module.
The two modules were set side by side, comnected to each other and o supporting
laboratory equipment. Following checkout and callbration tesks, o 45 day test
was run based on continuous operation from Monday morning through Friday
afternoon. 737 hours of testing were complebed with the following results.

o

The sys'j;:em produced effluent water which was clear, pale
yellow with a Tobtal Orgarie Carbon (TOC) value of from 200
to 300 mg/l‘i‘ber. The color resulted from the cabtalyst. The
water quality was such thab passing it through a vepor
compression distillation unit and charcoal should provide
potable water.

The trash pulverizer was incapable of providing a pumpable
trash slurry, so that all bubt 23 hours of testing was run
with only fecal/urine slurry.

The slurry pump, oxygen supply, cabalyst introduction, heat
exchanger, pressure regulator, filter, phase separator, and
control systems worked well throughout the test program with
& few minor difficuliies,
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The reactor bearings located directly in the heabed slurry
test program.

The cabalyst was originally expected to pass through the reactor
and the system. However, 1t deposited instead on the reactor
surface and acted as a permanent cabalyst. Catalyst introducvtion
was stoppzd afber T8 hours of testing and no change in effluent
characteristics was noted during the remaining 659 hours of
testing,

The reactor inlet porting caused a £low blockage four times
during the test.

Pulverized dry waste was introduced into the system during the
last 23 hours of ‘testing and clogged. the supply line in several
places and ‘the reactor inlet port. :

General coneclusions based on these test resulbts are:

o

Redesign of the reactor is needed to provide increzsed 'bea.ring
life and an unobstructed slurry input path.

Catalyst inbroduction can be limited to an initial reactor
"pickling period”.

A major design and development effort is required to develop
a {dry waste pulverizer subsystem capable of producing a
pumpable slurry. Some changes in the wasgte model nay be
required to allow automatically controlled dry waste pulveri-
zablon with reesonable power.

Dry waste slurry of a solids councentration consistent with the
load model will require: a minimum of 0.95 em (3/8") tubing
and £ittings in cool areas of the process; no sharp or sbraight
edges across Gtubing flow paths;: straight through Pflow path

in all fittings; ©ball valves in the flow path; smooth and
gradual neck-~down design for inlets ana outlets for tankage;

and pisbton rather then bellows Ltype design for varisble volume
tankage.,
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The wet oxidation process has been developed for commercial use in the
chemical, paper, end sewage treatment industries. It provides a low temperature, 4

somebimes seif-sustaining means of oxidizing wastes to relatively safe inert
ef'fluent liq,uid. and gaseous products. Figure 1 is a schematic of a typical
commercial wet oxidablion process. The waste liguid is pumped to reactor f

pressure by a positive displacement slurry pump. Air from an alr compressor

is mixed with the slurry at the pump oublet, and the mixbure passes through

two regenerative heat exchanpgers before entering the reactor. Reaetor con-

ditions are generally in the range of 505°% (h50°£') to 560°K (550°F) with

corresponding pressures from 6.9 M‘N/m2 (1000 pei) to 20,7 M\T/ma (3000 psi}. ,
The effluent passes through the high temperature regenerative heat exchanger f
and to a 'Liquid/vapor phase separstor. The liguid ic passed through the low

‘temperatiure regenerative heat exchanger to heat the incoming slurry air mixture

D 1 VO -

before discharge. The vapor and gases are fed to a mixed gas turbine that

drives the feed air compressor allowing recovery of process energy. The primary
advantage of the process for commercial applications is the lov oxidation temperature

that allows more economical burning of wastes and longer equipment operating

P

life while producing a sterile, nearly inert ligquid phase and a reletively clean

gaseous phase.

Although the commercial units designed for low installation and operation
costs are never operated to obtain extremely high degrees of oxidatlon, the
procese 1s capable of achieving 99 percent or gresber reduction in chemical
oxygen demend (COD) without producing the oxides of sulfur, phosphorous, and
nitmgen that are associated with the more conventional high-temperature dry
incineretion. ‘These elements appear as sulfate and vhosphste ions in the liquid
phase and can, therefore, be more readily handled. The purity of the liguid
and gas phases are the primary reasons for Interest in the process for mamnned
spacecraft. The recovery of useful water and gases from urine and fecal mobbter

b
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coineident with processing of wastes to o low volume sterile, nondepradoble
agh, and the eliminatlon of overboard verbting of waste liquids and gases

are the promises of wet oxidation. The penalbies that must be paid are the
weight and power required for a moderate temperature, high pressure process,
and ‘the equipment problems of handling sewage sludge and salt wabter effluent.

The spececraft web oxidatbtion process varles from the commereial process
in a number of significant ways. The process flows are minute, pure oxygen
is the preferred input gas, and the process must be opbimized to yield the
highest practical water and gas purity. Tt was recognized by WASA that a
laboratory program was needed to investigate the feasibility of wet oxidabion
for spacecraft waste treabment.

Contract NAS 1-5205 wag let to this end, cnd the results are reported
(Ref. 1). The most significant cunclusions are swmerized in ‘the following:

L. 95 percent or greeter COD reduction was achieved.

2. Pure oxygen was preferable to air.

3. A base metal oxide catalyst shoved promise for reducing temperature
end promoting more complete oxidabtion =t the higher btemnerature.

L, The effluent consisbed of a dark, rapldly settling precipitate
and 2 clear colorless to pale yellow supernzbant. The precipitabe
wag entirely composed of inorganic ash. The supernetant conbtained
small. amounts of dissolved organic matter and inorganic salbs.

5. 'The gas and vapors were relebively free of conbominents (emall amounts
of acetone vapor, carbon monoxide, hydrogen were detected).

6. BSlurry feed solids concentration was not an important variable in the
completeness of oxidabion.

T. Continuous stirring of the slurry enhanced oxidatior.
8, Temperatures from 560°K (550°F) to 588%K (GOOOF) were preferred.
9. Significant guantities of ammonilae were found in the effluent waber.

Based on these yesults, a hardware development program was begun to
design, fabricete, and test a laborstory prototype wet oxidation system
appropriate to spacecrsft manned missions (Conbract MAS 1-9183). The first
step in the dévelopmen’c ‘effort was a laboratory investigation to further study
the effects of temperature, time, oxygen partial pressure, percent excess oxygen,
and solids concentration pricr to detail design of the more important components.

6
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A series of 3% batch tests were conducted using fecal/urine slurries in
a one-liter sbirred reactor and the resulbts indicabted that the following
process condibions were opbimum:

Reaction temperature 560°K (550°F) *,,j
Oxygen vartial pressure 7.6 MN/® (1200 psi)

Reactor ‘total pressure 15,2 MN/mE (2200 psi)

Waste processing biume 1-1/2 hours i

Blurry solids concentratiéns of 1.7 to 30.8) were tested and the oxygen
required was found to be 0.8 gm oxygen/gm solids. Cabtalyst tests were also E
run, but no cabalysts were found that would improve process conditions. A
test was also run with a mixture of paper towels, toilet paver, web wipes,
alumini~ed food bags, and photographic film. A high degree of oxidabtion
occurred with the wasbe maberials tested.

aton e BT oy

Subsequently, the laboratory prototype system was designed, and the
components of the design that were essénﬁial to the characterization
of the process for spacecraft applicabion were fabricated, and tested. The
design was based on the results of the leboratory program. The system consisbed
of an oxygen supply tank, oxygen flow controls, sluryry feed tanks and controls,
& continuous flow sbirred reactor, pressure controls, dry boiler, end miscellane-
ous conbrols and gages. Slurry and oxysen were forced iinto the reactor at |
controlled rabes under pressure. The reactor was designed to gbir the mixbure
and force it through an inbernal baffling system so that the mixbture passed
‘from the inlet to the outlet in 1-1/2 hours, minimizing the mixing of influent
and effluent streams. A magnebic coupling with external electric motor drove
the stirring mechsnism to eliminate a dynamic shafb seal. The reaction products
(water, gases, and ash) were venbed from the reactor through a cooling coil
and back pressurz control valve into the dry boiler. The wabter was sprayed on
a hot finned plate to vaporize the wabker and 1ea.ving the salt and ash adhering
to the plate. The waber vapor passed through & menbrane to prevent carryover
of any solid particles hefore enbering a condenser where the product water
was collected for amslysis.

*¥Range tested - Process can prdba.bly handle any solids concenbration that "is
gbill fluid.

\ T
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A 100-hour design verification test (DVP) was run on the system. Results
were generally favorsble, bubt a nuwber of areas for further development were
ldentified which formed the basis for the additional work conducted afier
completion of the DVT. The work accompllished in each work area is sumerized
briefly below:

Slurry Pump ~ The low flow rates, slurry miwxhures, and high pressures made
it difficult to locate a slurry pump for the system. Two pumping systems
have been developed, one using a mobor driven hydraulic piston pump ‘that
pumps water ‘to the back side of a bladdered tank to force slurry out of
‘the ‘tank into the reactor, and a second that ubilizes the reactor effluent
ligquid and gas to force the slurry into the reactor using a dovble-ended
slide valve piston pump. The slide valves operzte similarly to a steanm
locomotive slide valve.

Materials Corrosion - The requirement for a spuitable mebal for the reactor
and. cbther high temperature portions of the system necessitabted a materials
test program that exposed metal. samples to the webt oxidebion environment
for extended periods. Hastelloy C was selected as the preferred mebal
with Inconel 625 & close second choice.

Oxygen Supply - Trade-off studies erypared high pressure gas, super-
critical cryogenic, chemiecal, and high pressure waber electrolysis oxygen
supply techniques. Waber electrolysic was tenbabively selected.

Water Recovery Devices -~ Electrodialysis, vapor compression distillalbion,
vapor diffusion, reverse osmosis, and alr eveporation waber reclamation
systems were compared for the cleanup of the wet oxidation reactor effluent
wabter as albernates to the dry hoiler., The trade sbudy resulted in selection
of vapor compression as a first choilce and electrodlalysis as a second
choice. Concern asbout the zero gravity aspects of the dry boiler resulbed
in elimingbion of it as a candidate.

Ammonie Removal - Chemicgl analysis of the filbtered reactor effluent

water that had been boiled and condensed to simulabe the vapor compression
distillabion process showed ammonia as the only conbaminant. Tte

sppearance in large quantities (0.55% by weight) presented an importent
development problem. Surveys of ammoniz rempoval methods resulted in
emphasis on finding a cabalyst that could be added to the wet oxidation
reactor that would prevent ammonia Fformation. Tests in the one liter

bateh type laeboratory reactor resulted in selection of Ruthenium Trichloride
as & very effective catalyst for 'this purpose that, when inbtroduced in small
quantities, completely eliminated the ammonia formation.
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Dry Waste Pulverator -~ A device was investigabted that could pulverize
the personal hygiene, medical, food, and other biologicelly contaminated
wastes onboard a spacecraft so thab they could be pumped into a wet
oxidation reactor. A lgboratory model was built and tested and design
recommendations for a flight prototype wery evolved.

Reactor -~ The DVT showed areas for improvement in reactor design to
greatly enhance essembly anl disussenbly vechnigues as well as bo
improve bearing life and drive motor performance. Reactor re-design,
8 L0-day carbon bearing life test, and a 90-day ball bearing Life test
were conducted. The carbon bearings failled whereas the ball bezrings
were still operabing at the conclusion of the 90-dgy test. This tesk
also served as a final checkout of the new system design.

Valves and Regulator - The nature of the sewage with solid partiecles
including fine fiberous material and the finely divided effluent ash
coupled with the high pressure requirement made it very difficult to
Pind valves and regulators that would meet requirements. After testing
several models, satlsfactory components were found.

The lsborstory test program, initial prototype testing and subsequent
component development effort laid the foundation for the work covered by this
report. This step in the development program Was'initiall:;r aimed o design,
fabricate and tect an engineering prototype wet oxidation system including
the improved component designs and system elements indicated by the various
tests previously conducted. The priority of the system designs should the
complete effort not he economically possible was: 1) reactor subsystem;

2) product recovery subsysﬁem; 3) input subsystem. The latbter was further
prioritized into: 1) cabtalyst injection subsystem; 2) pulversbor subsystem;
3) high pressure pump; U4) ‘the holding, dispensing equipment for the pulverized
slurry; and 5) +the oxygen generation system. The product recovery subsystem
did not at thet bime ineclude the goal of providing potable wabter.
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PROCESS CONDITIONS SELECTION

The wet oxidaticn process conditilomsof temperasture, pressure, and reaction
time selected as & result of the lgborstory test program were 560°K (SEOOF) s
15.2 m,/me (2200 psig), and L 1/2 hours, respectively. These conditione had |
been selected before the benefits of a catalyst were demonstrated and were
used in testing the reactor bearings, slurry pump, and reactor materials in
the later phases of Contract NAS 1-9183. Concurrent with these developments,
Ruthenium Trichloride (RuClS) was demonstrated to not only suppress amonia
formation, but to also be a good oxidatlon catalyst. Consequently, one of
the first tasks in the new effort was to evaluzte the effecte of the Ru013
on ‘the process conditions.

Process conditions with the catalyst were Investigated with the same
equipment as the initial tests. A one liter, stirred, batch reactor was
charged with 460 cec of fecal/urine slurry (10% by weight feces) and 0.1 gm of
RuCls. Oxygen was added to bring the pressure to 5.5 Mm‘/me (800 psig). The vessel
wes veated to operating tempersture with the agitator rotabing at 1200 RPM.
The vessel was mainbained at temperature for the prescribed overabting time. The
heater was then de-energized and air was blown over the vessel to reduce cool-
down time. After cool-down, the vessel was vented, opened, and the liguid
removed for analysis. The reactor effluent wabter was boilled and condensed
to simulate processing by a vapor compression distillation unit and the condensate
was analyzed on a Perkin Elwmer 521 Infrared Spectrophotome‘ter.

The tests showed that process temperature could be reduced to 532°K (500°%)
with a corresponding reduction in pressure to 1l MIW/m2 (1600 psig), or process
time could be reduced to 0.5 hours if 560°% (550°F) and 15.2 Mm/m2 (2200 psig)
were maintained. The system volume, weight and power consumption were more
affected by contact time than ftemperabure and pressure, so the process conditions
of 560°% (550°F), 15.2 MN/mE (2200 peig) and 0.5 hours were selected.

10
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SYSTEM REQUIREMENTS

The engineering probobype syshem was fto ba degipned o meet the following
requirements:

Mission Model

Mission Duration
Resupply Capebility
Gravity Mode

=)

2 years
180 days
Obtolg

Mission Objective Space Stabtion/Space Base

Vehicle Model

Compartment Size 3.9 m (156") Diameter
m (82") Feight

Crew Model

Crew Size 6 men

Atmosphere Model

1+81:N/m (7.0 pai g)'[:o 102 kN/m (14 .7 psia)
ohkN/me (3.5 5 gsia) 0, Bolance N,
0 to O.h KN/m™ (3 mmHg)

Cabin Tobal Pressure
Gas Composition
Carbon Dioxide Parbtial

Pressure o o o o
Temperature 2017 (65 %) to 29T K (75 1)
Waste Model
Solids Tilquid
kgm/man-dey (Ib/man-doy) kem/man-dsy (1b/man-day)
Urine 0.59 -~ (0.13) 1.5 3;.31;
Feces 0.032 (0.07) 0.09 {0.20
Waste Flush Water 2.k (5.30)
Food Wastes 0.045M (0.10) 0.236 (0.30)
Wipes 0.0450 (0.10) 0.0:54{0.,10)
Housekeeping, Hyglene .068 (0.15) -
0.25 (0.55) .18 (9.21)

Total 6 man load 27.8 kem/day (61.3) 1b/day

1L
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System Function

The system design goal was to provide the following functions:

o]

Pulverize spacecraft wastes other than feca.l/urine wastes %o
provide a pumpable slurry and the transfer of these wastes to a hold tank.

Pump the waste slurry to reactor pressure and dellver the slurry to the
reactor.,

Intvroduce oxyEen ab the design rave inbo the reactor feed system.

Heat +the input slurry/oxygen mixture to near reactor temperature using heat
from the effluent liquid and gases.

Qxidsze the wastes in a sbirred reactor in which the residence time was
planned to be 0.5 hr.

Control the system pressure and the venbing of the effluent llquid and
ganes .

Filter the effluent ‘to remove ash produced by the oxidabtion process.
Separate the liguid and gas efflunents.

Monitor and control system functions to provide safe system operabtion
automatically, and system shubdown to a safe condition automatically.

12
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PRELIMINARY DESIGN

Although, the previous developments demonsitrated many features of com-
ronent designs and the optimum process conditions, & nunber of problems remained
to be resolved in a preliminary design phase. 'The most pignificant of these

were.:

1)
2)

3)
L)

5)
6)
T
8)
9)
10)

Es’ablishing a means of introducing 1.0 gm of RuC:L3 for every 4600 cc
of slurry.

Establishing a means of introducing 5 kom per day {11 1b/day) of oxygen
into the system.

Sizing influent and effluent tanks.

Selection of & slurry puunp from the two primary candidates (hydraulic
piston and slide valve piston).

Optimization of the regenerative heal exchanger.

Selection of a reactor bearing design and stlrring system arrangement.
Comparlison of several alternate filter concepts.

Comperison of phase separstor concepto.

Selection of a pulverizer conceph.

Selection of motorized ball valve designs.

Catalyst Inbroduction System Comparilsons

The amount of catalyst required to prevent ammonia formation in the web
oxidation of spacecraft wastes was established during the laborstory test program
to be approximately 0.1l gm of Ru(‘.‘l3 for h60 ce of slurry. Based on this require-
ment and a specified 27.8 kem/day (61.3 1b/day), of slurry, 6.1 gm per dsy of
Ru013 was required. Measuremente showed 1 gm of Ru013 in b egm of HEO produced
%.3 cc of solution. The cebalyst flow rate was calculated to te 6.1 (4.3) or
26.2 cc/day (1.1 ce/hr or 0.018 ce/min). The catalyst supply tark volume for
a 90 day test period was calculated to be 26.2 (90) = 2360 cc or 145 ins.

13
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Based gn these requirements a nuwber of cabalyst introduction schemes
presented by Table 1, were evolved and compared. All of the systems listed
are based on injeching the catalyst into the low pressure slurry feed, or
nold system, except number 6 which feeds the catalyst into the high pressure
portion of the system. ALL of the systems have their drawbacks. Number 3
was the preferred approach if & low flow metering pump were availeble. Number 5
was selected as a best available technology compromise. Figure 2 presents a
schematic of the selected catalyst introduction system. Slurry from the hold
tank 1is conbinuously pumped into the reactor. Cabalyst from the supply tank
is forced through a filter, caplllary tube bundle and solenoid shut-off valve
imbo the suction side of the slurry pump. A constant AP is maintained across
the capillary tubes by gas regulstors on the catalyst supply tenk and the
slurry hold tank.

Oxygen Inbtroductlon System

Oxygen required for the 27.8 kgm/day of wagbes was calculated by several
methods 'giving quite a wide range of results hased on the assumed chemleal
composition of the waste model. Requirements ranged from 2.7 Xem to 5.18 kgm
per day (6-11.% 1b/dey). Tt was decided to base the system design on a maximum
flow of 5.18 kem per day end be capable of varying it down to 1.8 kegm per day.
This produced a requirement of 53 to 150 standard liters per day.

Two concepts of flow control were considered. One utilized a sintered
mebtal disc as a flow orifice with flow varying with AP across the orifice and
‘the other utilized a close tube filled from a higher pressure source and periodically
dumped into +the reactor feed line by pulsing a three way solenoid. The metal
disc orifice approach was selected as being the simpliest, most relieble method.
Figure 3 presents a schemabic of the selected system. Oxygen from a supply source
at 16.6 MI\I/mE (2400 peig) or greater is delivered to the oxygen regulator that
maintaing 16.6 MI\I/m2 (2400 peig) on the upstream side of the orifice. A 5S4m
filter protects the orifice from clogging. The orifice discharges the oxypgen into
the reactor feed line through a solencid operated shub-off valve. Reactor pressure
is mwaintained at 15.2 M:N/m‘2 (2200 psig) by a back pressure regnlator in the reactor
effluent .iine. 1h
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Table 1 Catalyst Introduction Systems

Candidate Systems

Pellets injected into input slurry hold tank.
Solid rod located in or introduced into
slurry hold tark.

Tdiquid solution pumped into slurry
feed system (low pressure).

Constant AP across a porous membrane.
Congtant AP across a capillary tube bundle.

Tiguid solution pumped into reactor system
{high vressure).

P

Remarks
Assures precise quanbtity bubt injecticon
mechanism is exbremely complicated.

Complicated injection system and dissolving
rate difficult to control.

Difficulbty in locating pump for such low flows
(1 ce /hr.)

Possible elogging of mermbrane.

Possible clogging of capillary tubes.

Difficulty in leeating pump for such low flows
articularly at hish pressures (®1 cc/ur at

2200 psi). Provides the most umiform ficw
digtribution.

LAY T
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Slurry & Effluent Tank Sizing Study

A study was mede to establish the size and design concept for the inpub
slurry and effluent wabter hold tanks. Refevence 2 was used as a source of
information concerning crew activities and waste generation rates. The study
was conducted by establishing the waste generation rate during a typical day,
plotiting the accumulation versus time, and substracting the amount processed
versus time; which produced the curve presented by Figure k. The curves are
presented (1) for nominal load conditicns, (2) for maximum load condition and
(3) minimum waste generation based on complete shubdown of the system and the
crev on emergency rabions. Tank capacity must be 9.76 kem for the maximum desipn
load plus T.49 kem for a 2% hour shutdown assuming the shubdown occurred
immediately after peak loawing at 0800 hours. This results in a 18.25 kem total
slurry hold tank capscity. A tank with total volume of 1.9 M3 (5 galions) would
be adequate. The effluent water tank size can be minimal because if a failure
oceurred in the downstream processing system the wet oxidation slurry hold could
be used to accumulate wastes until the wabter processor could he repaired. A
0.76 — (2 gallon) effluent water tank was selected to provide approximate 6
hours of effluvent water capacity under normal operating conditions and 24 hours
under emergency conditions. Figure 5 presents the tank design selected for
the slurry and offluent waber storage. The metal bellows provides positive
explusion end allows volume indiesbion i‘ojf control purposes.

Slurry Pump Comparison

Pumping of the waste slurry from spacecabin pressures to reactor pressure
15.2 la:n/m2 (2200 psi) et a constant, very smell flowrate was recognized early in
the development program to be a significant problem. Two pumping approaches were
evolved and tested in contract NAS 1-9183. The hydraulic piston pump presented
by Figute 6 utilizes a small bore motor driven piston to pump water to the back
side of a bladdered tank full of slurry. The slurry is Torced out of the tank at

18
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a predictable rabte by the positive displacement pump. A timer conbrols the
operabion of the two slurry ball valves and the hydraulic pump bypass solenoid
to allow (1) £illing of the bleddered tank with slurry, (2) pressurization
of ‘the tank to reachor pressure using the hydraulic pump and (3) delivery

of the slurry to the reactor abt a steady selectable rate. The hydrsulic pump
is commercially available, so this system offered the advantage of being state-
of~the-art and required 1little development effort. The primary disadvantage
is the relatively high weight snd number of parts required.

The double-ended, slide valve, slurry pump presented by Figure T was
Zesigned, fabricated, and tesbed under contract NAS 1-0183. It is a free
floating piston pump using ported slide valves. The free floabing piston is
forced down by slurry from the hold tank and is forced up by the effluent
from the reactor. The slide valves were pushed back and forth by hydraulic
actustors on the originel test unit, but would be driven by an electric mobor
and drive train on e flight version. The pump delivers slurry to the reactor
while oxygen for the process is metered by separate controls. Both liquid and
gas effluents from the reactor are used to drive the pump, thereby providing
energy to make up for friction and pump inefficiency.

The slide valve slurry puup 'offers the advantage of fewer components and
lighter weight, but requires development and complicates the effinent processing
system. The effluent is discharged through a filter and phase separator into an
effluent water tank. In order to prevent large pressurc sui'g;es in these com-
ponents as the slurry pump discharges high 'pr'e'ssure gas, a relatively l‘argé

accumulator is needed.

The characteristics of these two pumping approaches are compared in Table 2.
The hyd:caiﬂ.ic pump was selected because 1t reduired lees development effort and
was therefore more suitable for use in the demonstration system where emphasis
was being placed on overall system integration and operation and the reactoxr
and product recovery subsystems. '
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Teble 2 Slurry Punping Comparison

Requirements
Slurry Flowrate, 27.9 kgm/day (61.4 Ib/day)
Siurry Temperature, 298°K (75°F)

Suction Pressure, 102 kI\T/m2 (15 psisa)

Delivered Pressure 15.2 MN/m2 (2200 psia)

Continuous Duby, 180 days

85 Construction

o SVt et " laTE? it ) i B AMA —h i,

Comparison

Total. Effective
Weight %kgm (1b)

Volume m (:E‘t3)
Power, watt

Number of Components
(Spares Included)

Relisbility

Filter

T T S R Y )

I

Hydraulie
Pump

23.15 (51.0)

.051 (1.8)
19.5
12

High

FEvery
15 Days

8lide Pump

16.98 (37.4)

2096 (3.4)
6.5

3

High

Every
3 Days



Regenerative Heat Exchanger Design Study

The early conceptual designe of a gpacecraft wet oxidabtion system included
& regenerative healt exchanger to heat the incoming slurry and oxygen using the
hot 1liquid and gases discharging from the reactor. The eariler test system did
not include a heat exchanger, however, ao a tradeoff study was conducted to
select the heat exchanger design and optimize the configuration. Figure 8 presents
three candidate heat exchanger designs. The side by side tube configuration was
eliminated because of poor heat transfer characteristics through the connecting
metal. The plate and fin deslign was not practical for high pressure applicabtions
and would have been very expensive to fabricate. The tube in tube deslign Was

selected.

Figure 9 presents the results of a heat exchanger optimization study which
caleulated tube length and totel equivalent welght as a function of heat exchanger
effectiveness. The combined two phase flow ineluding evaporation, mede caleculation
of the heat transfer coefficient impractical. Hence, the tube lengbth needed for
a countérflow, tube in tube heat exchanger was calculated by estimabing the energy
required to heat the slurry/oxygen mixbture to the heat exchanger outlet {temperature
and dividing by an estimabted A T, tube area per linear foot and overall heat
transfer coefficlent. The tube configuration was selected from empirical infor-
mation availsble from a previous program. The inside tube was .95 em (3/8")
with 0.7L mm {.028") tube wall inside of a 1.59 cm {(0.625") tube with 10.7 mm
(.0h2") tube wall., The overall heat transfeor coefficient was estimated to be
1700 watts/hr, mg, %k (300 BTU/hr-:f‘t:e - °F). The total equivalent weight was
derived from the tube leng’ch and included the weight of the hest exchanger tubes
and tube supports, insulation, cover, and weight equivalent for the hest leak and
power reguired to hest the slurry/oxygen mixture from heat exchenger outlet tem-
peratures to reactor temperature. Figure O shows an opbimum tube length of 12

feet at a heat exchanger effectiveness of 80 percent.

Figure 10 shows the preliminery design of the regenerabive heat exchanger
based on the results of the opbimizabtion sbtudy. Tt was ascumed thab the tubes
could be bent bo a minimum radivs of L1 times the oubside tube diameter. This
resulted in a heat exchanger size of 11.7 em (4.6") x 37.6 cm (14.8") x 45.7 em
(18.0") ineluding 5.1 cm (2 inches) of foam insulation.
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VOLUME HIGHEST
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LOW
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LOW

LOW
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SELF RELIEVING

Fig. 8 Regenerative Heat Exchanger Candidates
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HEAT EXCHANGER FREE LENGTH-M (FT)

18.3

60 [

15.2

(50) |

12,2
(40)

81.8
(180)

72.7
(160)

63.6
{140)

54,5
(120)

45.4
(100)

TOTAL EFFECTIVE WEIGHT-KG (LB)

36.3
(80)

27.2
(60)

ASSUMPTIONS

REACTOR PRESSURE 15,2 MN/MZ (2200 PSIA)

REACTOR TEMPERATURE, 560°K (550°F)

PROCESS RATE, 27.9 KGM/DAY (61.4 LB/DAY)

SLURRY TEMPERATURE, 298°K (75°F)

OXYGEN SUPPLY RATE, 0.8 GMO2/GM SOLID

CABIN TEMPERATURE, 297°K (65°F)

INSULATION PROPERTIES, » = 41.4 KN/M2 £6.0 LB/FT3),

K = 0.113 WATTS/HR-M2-°K (.02 BTU/HR FT2-°F)
CONCENTRIC TUBES, 0.95 CM x 0.071 CM (.375 x .028) AND
1.59 CM x 0.107 CM (.625 x .042), HASTELLOY C

AVERAGE INSULATION THICKNESS, 6.08 CM (2.0 INCH)

— 10 POWER PENALTY, 268.3 KGM/KW (591 LB/KW)

11 HEAT REJECTION PENALTY, 38,1 GM/K JOULE-HR (0.074 LB/BTU/HR)

| 12 WEIGHT INCLUDES: HEAT EXCHANGER, HEAT EXCHANGER INSULATION,
HEAT EXCHANGER HEAT LEAK POWER & REJECTION PENALTIES, POWER
PENALTY TO BEAT SLURRY TO 560°K (559°F)

1
OO0 NOGI Wl —

LENGTH ~.

0.60 0.64 0.68 0.72 0.76 0.80 0.84 0.88 0.92 0.96

HEAT EXCHANGER EFFECTIVENESS ()

Fig. 9 Heat Exchanger Opbimization Results
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SPECIFICATIONS

FFFECTIVENESS
EFFLUENT OUTLET TEMP
REACTOR INLET TEMP
SLURRY FLOWRATE

GAS FLOWRATE

HEAT LEAK
WEIGHT

FREE LENGTH
TUBE SIZE

TUBE MATERIAL
e [NSULATION
o OPERATING PRESSURE

' |
11,68 CM / \

(4.61 IN) k e "c/
? * FOAM INSULATION
80 PERCENT A / \
350°K (170°F)
514°K (4600°F) | mmmmm
1.16 KG/HR (2.56 LB/HR)
0.1 KG/HR (0.23 LB/HR)
19.7 WATTS/HR (67 BTU/HR
TES/HR (7 BTUR) s 72 em

4.26 KG (9.4 LB) (16,0 M)
3.95M (12 FT)

0,95 CM x 0.071 Cish (375" % .028")
1.59 CM x 1.07 CM (625" x .042")
HASTALLOY C

FOAM

15.2 MN/MZ (2200 PSIA)

C

w@wT
L

. 37.59 CM -

14.8 IN)

Fig. 10 Regenerative Heat Exchanger Design
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Reactor Design Studies

The reactor design ubilized in the final testing during contract NAS 1-9183
is presented in Figure 11l. Tt provided & reactor body, end caps, magnetic drive
assenbly, interxna) baffle and dam aéseﬁhly, sbirring shaft, ball bearings, inlet
and outlet fittings, heaters, and insulation jacket. A 90 day ball bearing life
test conducted in this reactor showed favorable resulbs with all design elements
of the system except for two factors. The ball bearings were still functioning
after 90 dayes of tesbing, but showed signs of severe electrolybe corrosion.

The dissimilar metals used in the reactor (Inconel 625) and the bearings (Cobalt-
Tungsten alloy) were blemed for the corrosion. The reachor was zlso very difficulb
to disassenble for replacement of bearings and end cap seals. In most cases the
entire reactor had to be taken apart to replace any part. Tt was concluded from
the preliminary design sbudy that the same basic reactor design using Hestelloy
C-276 for all internal veacta wparts including ball bearings would be used for

the new demonstration test system. A requivement was established thet the final
design must provide a reactor allowing any bearing or seal to be replaced by
pulling only one head and not puliing +the baffle assenbly.

Filter Sizing and Selection

Three filter conceptes for ash removal from ‘the wet oxidsbion effluent were
studied and are compared by Table 3. Cotton wound depth cartridge, fibver bag,
and. surfece wirecloth filbers were compared. The high loading capability, low
weight and volume, and low cost resulted in selectlon of the bag filter a=s the
primary filbter. Although previously conducted teste indicated that a single Sym
Filter would be adequate, there was some concern thav a finer polishing Lilter

should be used downstresm of the bag filter. A Pall, sinbered mebal, 24 m, filter

was selected. Figure 12 describes the two selected filber designs.
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Table 3 Filter Candidates

Depth Depth Surface
Requiremsnis Carbridge Bag Wirecloth
Particulaste Size 0.5 - 1.0u4nm o Weight-kgm (Ib) Tow 4.54 (10} Tow 3.18 (7) High 18.16 (ko)
Gas Volumetric o Volume-l (£t9) 36.81 (1.3) 255 1 (0.9) 121 (5)
Flowrate 283 cc/min ‘
Tiquid Volumetric o Loading High Highest Very Low
Flowrate 1200 cc/hr Capability '
Blement AP Approx 550 kN/mE (80 psie)o Element Tittle Little None
: Migxasion
Ash Flowrate 2.5 gm/hr b AP Capability - High Eigh High
Ash Density 688 kgm/m3 (&3 1b/ft3} > Recommended Rebing (gm) 5 5 1
Opereting Temperature 350°K (L170°F) b Cost’ Lav Tow Moderate




9.2CM
(3-5/8" DIA.)
-y
FILTER BAG
7.3CM
PRESSURE
BASKET (2-7/8%)
DESCRIPTION - i
5.1CM
WORKING POLISHING 2" 3.36CM
FILTER FILTER (1-5/16%)
e VOLUME CC (IN.3) 5900 (360) 1475 (90) e 1N -
@ REPLACEMENT 10 DAYS NONE
FREQUENCY | g ,
® RATING (¥) 5 2 .
w  (NOMINAL) (12 IN.)
e ELEMENT MATERIAL VISCOSE FELT 3161 SINTERED g
e HOUSING MATERIAL  CRES POLYPROPYLENE .
® MAXIMUM AP 518 (75) 518 (75) : -
ESTIMATED KN/M2 (PSl) (7-5/8")
e MAXIMUM HOUSING 863 (125) 863 (60) |
PRESSURE KN/MZ (PSI) |
! ’
15.25CM (6 IN.) -
Y

GAS FLEXIFLO
WORKING FILTER

PALL TRINITY MICRO CORP,
CARTRIDGE MCS54463 PH

Fig. 12 Selected Filter System POLISHING FILTER




Phase Separator Compariso

4L phase separabor is reguired to separate the liquid and gos effluents
of the wet oxidation system downstream of the ash filters. The sepzrator
must process O +to 1200 cc/hr of water and QO to 1500 cc/m:‘m of gas gt 20 psig. '
Two peparators developed for use in other spacecraift life support systems vere
considered for use in the wet vxidation system. Flgure 13 present 2 schematic
drawing of the vortex, centrifugal, phase separator developed for separabing
gas bubbles from the cireulating electrolyte i_n a zero graviby wabter electrolysis
cell. An electric motor acting through a magnetic coupling dvives the -vortex, cen-
trifugal pump impellar to provide separation of the liquid and gas phases. A second
freely rotating impellar is driven by the roteting liquid at a speed dependent
upon the amount of liquld in the pump housinz. A speed pickup measures the RFM
of the driven impellar end acts through a controller to open or close a gas

vent solenoid valve. Gag is vented from the pump housing at the center or eye

of' the pump housing and liquid is x}ented at the periphery.

Figure 14 presents a sketech of a hydrophilic phase separator similar in
design to one developed for use in a zero gravity urine, vacuum disbiilation
unit. Gas and liquid are spiraled through the chamber. The liquid strikes
the hydrophilic surface and passes through the wetted surface. Gas conbinues
through the spiral to the botbom chanber and out thwough a tube running through
the center of the separator chamber. A slightly reduced pressure is maintainsd
on ‘the liquia outlet side of the hydrophilic surfaée by & AP switch and water
pUmp .

In comparing the two separabors little difference was found in welght,
volume, and power, since both utilize water pumps and controls.

The vortex, cenbrifugal separator wasg chosen for the wet oxidabion system, because

it was :m e more advanced shtage of develoyment and had performed well during
the water eleckrolysis test program.
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Fig. 13 Vortex Separator and Pump
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Dry Waste Pulverizer Subsystem

The laboratory tests run on the waste pulverizer assembled under
contract NAS 1-9183 resulted in the conceptunl design of a spacecraft pulverizer
subsystem shown schematically by Figure 15. The motor driven pulverizer is
loaded manually with miscellaneous spacecraft wastes. The ground trash hold
tark is helf Filled with concentrated wesh waber residue or other waste
water. The slurry recycle pump, phase eeparator and pulverizer are energized.
The slurry recycle pump circulates waste waber and ground trash from the hold
4ank back to the pulverizer to assist in pulverizing the trash loaded into the
pulverizer. The centrifugal phase separator,pumps the ground trash and wabter
back to the hold tank. The pulverizer is stopped and reloaded as often as
required to procese the daily waste load. All spacecraft wasbes Listed in
the weste model other then feces, urine and toilet flush water are processed
through the pulverizer. When the "hpa.sh hold tank becomes full the pump is
energized and the diverter valve positioned to transfer the ground trash from the
pulverizer system into the wet oxidation slurry hold tank.

The preliniinary design effort defined the approach to be taken in further
developing the trash pulverizer subsystem as part of the demonstration system.
The system would consist of a pulverizer designed and fabricated as a zero gravity
protof.ype , connected to a non-zero gravity dropout tank, commercially availeble
recirveulation puap and three way valve. The syste:;n was to be manually cperated.

'Figure 1¢ schematiecally depic’lis the system planned for the demonstration btesb.

Motorized Slurry Shutaff Valves

During the early development efforts on the spacecraft wet oxidebtion system,
it became obvious that a relieble, light welght valve sulbeble for high pressure
service in slurry systems was not available. Memually operated valves were used
quite setisfactorily, but they were not available in motorized design for automatic
operaztion. Two aerospace biype ball valves were specially designed gnd. Pabzicabted
for the NAS 1-9183 wet oxidaiion system by en aerospace valve manuf@.cfurer s bub
they pruved to be a.'Very poor deslgn. Exbernal é.nd inbtemmal leakape was &

36

LOCKHEED MISSILES & SPAGE COMPANY. INC,

N Y T .

e

|



LE

WET OXIDATION
SLURRY HOLD TANK

DIVERTER
VALVE

SLURRY RECYCLE
/_ PUMP

TO WET OXIDATION

IZf_—i@r; GROUND TRASH
HOLD TANK

WASHY WATER CONCENTRATE OR
————3"%— OTHER WASTE WATER

PUMP MOTOR DRIVEN CENTRIFUGAL
- L PHASE SEPARATOR
MOTOR DRIVEN
GRINDER

Fig. 15 Spacecraft Dry Waste Pulverizer System




>

FEED
HOPPER

“

L

— S T TS T e 7T icn it L 2ade o st . iiice - T
S 1ST STAGE
FEED
3 X@é : STATOR
ST STAA
TO SLURRY CUTTER
HOLD TANK \
GROUND 2ND STAGE
TRASH STATOR
HOLD
PULVERIZER Srpicr
-
& DISCHARGE
\
2ND STAGE
IMPELLAR
RECIRCULATION
PUMP MOTOR—/
SYSTEM
Fig. 16 Pulverizer Design Concept

PULVERIZER

= . e st




[

reoceurring problem. It was decided that the best approach was to select a
motorized actuator and attach it to the .95 cm(3/8") Whitey hand velve that
had performed so well during earlier testing. '

A review of availsble actuabors resulted in the selection of the Barber
Coleman actbuabor presented by Figure 17. It provided the required 90 degree
rotation at 57.66 cm-kgms (50 in-l1bs) of torgue in 5 seconds in a small size
with minimm weight. Another much less expensive, commercial acbuator was
identified as a backup. The Raymond Controls MAR 8 actuator was larger 11.15 cm x
11.15 em x 21.1 em (4-3/8" x 4-3/8" x 4-3/8") and weighed 1.59 kem (3.5 1b),
but was 1/10 the cost and was readlly available.
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COMPONENT FINAT, DESTGN

The preliminary deslgn effort lead to final design, with emphasis on
the major components. Components receiving major abttention were the reactor,
pulverizer, regenerative heat exchanger, catalyst inbroduction system, slurry
pump, filters, phese separabor, and motorized ball wvelves.

Rernctor

TFigures 18 and 19 present the agsembly drawings of the wet oxidation
reactor that evolved from the deball design task. The reactor deslign was based
on the stirring and drive system pi'oven during the previous 'bes’cing program,
modiflied to provide a greater ease of disassembly and parts replacement. The
previous design required that the entire reachtor he disasserbled Lo replace
a bearing or end cap seal. The new deslgn provided the «biliby to replece
any drive ttube bearing, stirring shaft bearing or end cap seal by breaking
only one seal and without removing the stirring shaft or baffle assenbly.

The reactor consisted of a flanged body (1), end caps (2 & 3), baffle

esgembly (4), stirring shaft end pin assembly (5) , ball bearinss (6), bearing

support spider (7), drive tube housing (8), magnetic drive tube including
megnets (9), drive tube radisl bearings (10), drive tube thrust bearings (11),
drive tube end cap (12), spacer (13), eplit spmcer (i4), external marmetic
drive assewbiy (15), drive cooling jacket {16), external drive ball bearings
(17), electrical heaters (18), insuletion jacket (19), and thermocouple (20).

In opera.tion,a,n electris motor ecting through a belt drive rotated the

- external magnetic drive apsesbly which in turn caused rotation of the Internzl

megnetic drive tube and ebtirring shaft. Woste materials mixed with oxyean _
aa8 onbered the reactor through a 1.27 em (1/2") tube fitbing in the drive end body
flange. The flulds were agitated by the coubined action of ‘the pblrring rods
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ond baffle assemblies. The incoming liduid and gas pushed the fluids in the reackor
along the axis of the oxidebion cherber to the oubtlet Titting loested in the

opposite body flange. The £luids passed through 0.475 em (3/16") djemeter holes in the
gix dems positioned across the flow path in the oxidaticon chamber. The dems

prevented back flow of the fluid to eliminabte mixing of the fluilds cntering

the reactor with fluids leaving the reactor.

The reactor was designed to provide an internal veolume of 1500 ce, giving
a 30 minute residence +time for a liquid flow of 1200 cc/hr. The design operating
pressure end temperature were 17.25 W\T/me (2500 peig) and 588°K (600°T) y rerzechively.
The reactor was designed in accordance with ASME boiler code. The drive npeed
was %00 REM, as established during the previous test program. Provisions were
made o vary the drive speed from 300 to 500 RFM by changing the motor pulley.
The six heater elements were grouped Into two sets of three to p:{'ovide 3
kilowatts of power for warmup of the reactor in kS minutes and 0.75 kv of pover
for sustaining temperature. The two power levels were achieved by connecting
the two groups of hesters in parallel and then in series as conbrolled Dby the

pover conbrol relays.

The major nev design feabure of the reactor assembly was the method of
retaining the bearings. Previously the bearings were supporited by the end
caps, vhich meant that if the end cap was pulled to replace & seal or inspsch
the intermal parts of the reactor the bearing had to be pulled also. The use

"of the gpider assemblies to retain the ball bearings within the barrel of the

reactor alloved the end caps to be pulled without disturbing the ball bearings
and stirring shaft. The inlebt and oublet ports pierced the splder assembly outer
ring, which required that the spiders be positively rebtained. The oublet spider
was seb screwed to the reactor wall which acted to hold the spider and aleo

to hold the internal parts of the reactor. ‘ The inlet spider wes plmned to the
resctor drive end cap o prevent it's robablon. This later prc.aved' to be a
problem when the spider rotated closing off the inlet flov duz‘ing'*bhe» L5 doy test.
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All inbernal webted parts including drive bube zlements were fabricated
from Hastelloy C-276 which was found to be resistent to the catalyzed web
oxidation environment In corrosion tests which are deseribed in detall later
in this repoxrt. The ball ‘pearings were aleo made of Hastelloy C-276 to
prevent electrolytic corrosion of the bearings or reactor. Considerable
aiffienlty was encountered in leecabting anyone interested in fabricating the
Hastelloy C-276 ball bearings on a one bime basis. Industrial Tectonies
Incorporeted in Comptoa, California provided the bearings.

Dry Weste Pulverizer

The waste pulverizer des.gn presented by Figure 20 was hased on the
preliminary design efforts snd the laboratory tests conducted under conbrach
NAS 1-9183. The pulverizer provided a robabing Ffirst stege slicer or cutber
with 2 blades (1) which acted against a stationary spider with three biades (2)
to reduce larger sized waste maberials to smaller pieces For procéssing in the
second stage located immedigbely beliobw the first stage. The second sbage
impellar (3) forced the cut waste materials oub through slote in the second
stage cutter head (4) thereby reducing the particle size to approximately
1/ 16 inch or less. The pulverized '_Wastes were forced out of ‘the discharge
tube (not shown on the drawing) by the centrifugal action of the rotating
Impellar acting on the waste and flush water. The first stage cubbter and
second stage impellar were robated by a direet drive from a 1800 RPM 1/6
horsepower motor ( 5). Two sets of ball bearings (6) and (7) supported the
rotating elements. Shaft seals (8) and (9) were provided to prevent leakase
of liquid wastes into the motor housing. The grinder housings (10) and {11)
cannected the motor to the feed tube (12) as well as provided support to the
bearings. The feed tube allowed waste to be loaded from the top and pushed

“into the first stage cutter. An auwtomatic feeder would ultima:bély be used,

but Tor besting purposes a hand held wooden piston was fabricated. A fiush
water commection (not shown on the drawing) provided for introduction of flush
waber into the first stage cubter stabionery spider.
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Regenerative Heel Exchanger

Figure 21 presents a design drawing of the regenerative heat exchanger
fabricated for use in the webt oxidebion system. It represents a compromise over
the smaller, lighter weighl unit evolved in the preliminary desipgn effort.
1.27en (1/2" 0.D.) x 0.165 em (.065") wall and 1.91 cm (3/4") 0.D. x 0.125 um
(.049") wall tubes were used, because smeller bubes were not avallsble in
Hastelloy C-276. The minimum tube bend radius specified in the preliminary
Geslgn was not ubilized, because 1t would have reguired extensive efforts to
f11l the tubes with a low melbing metal and preparation of special dies.

The final heat exchanger design provided a tube 1In tube configuratilon with
three btends located in bloeks cof Johns Manville Thermsl 12 insuletion. An
slualuum shell covered the insulation providing a box T.43 em (3-1/4") = 4&.5 cm
(18-1/8") x 9%.3 em (38-5/8"). -

Catalyst Introduction System

Continued survey of vendcors for a very low flow meber:.z .ump sultable for
cebalyst pumping finally uncovered one product, so the catalyst introduction system
approach was changed during the final design effort. The pump was a Precision
Control Products non metallic, diaphragm type, B/N 106 4i1-1l.. Tt provided an
adjusteble flow between 0.3 and 1.8 sc/min and was selected as the plmlp for
eatalyst injection system. The hydranlic slurry_ pump technique was selected

- to pump the slurry to high pressure, and this involves the use of bladdered tanks

to hold the slurry being pumped. These are filled in gbout 10 min of a 6 hr cycle,
so the catalyst must be injectea into the slurry during the 10 min £ill portion of
the cycle rather than conbinuously as with the slide valve high pressure pump
technique, The required cabalyst flow rate during Ffill was then calculated to be
360/10 times the 0.018 ce/min caleulated for the conbinuous £low system seleched
during the preliminary design. The new flowrate was 0.65 cc/min, well within the
capability of the pump. Flgure 22 presents a schematic of the catalyst introduction
system using the diaphragm pump. The cabalyest i)ump and solenoid valve were com-
trolled by the timer that conbrolled the high pressure slurry puniping system £11L
and delivery valves. The solenoid valve was included in the system to prevent

' si:phoning of the catbalyst back irto the hold tank when the hold bank was depresg-

surized for filling.
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Slurry Pump

The selected slurry pumping system utilized two duplex Milton Roy pumps,
model 2396-89 with each head capeble of delivering up to 525 ce/min ab 3.5 MN/uP
(5000 psig). Figure 23 presents a photo of one of the two pumps. The four pump
heads were plumbed in parallel to provide a total flow capacity of 2100 cc/min as
compared 4o & design system slurry flowrate requirement of 1200 cc/minute.

Motborized Ball Valves

Abtempts to obtain actuzstors for the 0.915 cm (3/ 8") whitey ball valves
from Barber Coleman were not successful. They were not interested in manufacturing
four of & kind on & single order, so the backup Raymond Controls MAR 8 actuabtor
was used. Figuve 24 presents a combined photo and drawing of the actuator. It
provided 90 degrees of rotabion in 8 seconds with an output torque of 1016.8 cm-I¥
(90-in-1bs). The ackustor was comnnected to the Whitey 3/8 ball valve 44S6-316
with & sebt screwed coupling and hat shaped bracket. The ball va,ives required
h52 em-N (4O in-Ibs) of starting borque and 248 em-N (22 in-lbe) of running
torque. Four valve/actuator conbinations were used, two for the bladdered
tank/hydraulic pump, slurry pumping system end two for isolation of the hot
porblon of the system during emergency shubtdown.

Phasge Separator

The phage separator and controller are pictured in Figure 25. They were
. supplied by Fluid Dynsmics Corporation of Chester, California. The controller
provided for manual or subtomastic conbrol of the motor end solenoild valve and
for sdjustment of the sensor control of the solencid valve.

Filters

The rough and polishing filters selected for the web oxidabtion system are
shown in Figures 26 and 27 respectively. The rough Ffilter is a bag type, GAF
model, RBX-_-SCLGSS_ with V-5-X filbter bags. The polishing filter is a Pall Trinlty
Micro Corporation filter MOWMNG3-YR-J using a MCYMME3-UR filber element. ‘
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Fig. 26 GAF Bag Filter
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Fig. 27 Pall Cartridge Filter
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SYSTEM fINAL DESIGN

Final design primerily involved the development of the system dinstru-
mentabion,controls, design, Fallure modes and effects analysis, safety and hazards
analysis, and system ps2Keging.

System Schematic

Figure 28 presents a schemabic of the final system desigm. The operation
of the system was as follows. The pulverizer slurry tank (26) was partiaily
filled with wa:ber,a::td trash was loaded into the pulverizer feed chamber. The
pulverizer (24) and pulverizer recirculation pump (31) were started. The three-
way velve (33) was positioned to reéecirculate the water/ground trash mixture
back into the pulverizer to help in pulverizing additional trash and to further
reduce trash particle size. After pulverizing a full load of trash in
accordance with the trash model, the three way valve (33) was positioned to
allow the pump (31) to empty the pulverized trash into the mein slurry hold
tank (58). When the pulverizer ho;ld tank was empty, the pulverizer and pump
were de-energized end the three way valve was rveturned to the recirculation mode.
Peces, urine and flush water in accordence with the waste model were mixed
externally to the system and poured iInto the main slurry hold tank (58) {hrough

"a fitting on the top of the tank. The tank was then pressurized to 20 psi{;'
to allow delivery of the slurry to the wet oxidation sluvrry puwping system
through mamal shutoff valve {9). During testing the slurry hold tank was filled
once each day. The slurry was forced into two bladdered tanks (29) when the
motorized shutoff valve (10) was opened by the timer (45) for a Fill cycle.
Simultaneously, the bladder pushed water on ‘the back side yout of the slurry |
tanks (29) through the open solenoid valve (20)into the water reservoir (35). After
a bime sufficient to insure tenk £illing, the bimer (i5), closed the £ill valve
(10) and solenoid valve (20}, allowing pump (30) to pressurize the bladdered
tanks (29) to the rellef valve (21) setting of 2500 psig. The timer then opened
motorized valve (1l) to allow délivex;\,r of the slurry to -bhe'reaci:or system.
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' heeted to mnear the reactor temperature of 560°K (550°F). The hot milxbure then

The feed rate of slurry was establisched by adjusting the stroke of the plstons

on the Milton Roy slurry pumps (30). Six hours leter (btime required to empbty

the plurry tenks st design slurry feed rate) the timer closed valve (1l), and o

opened valves (10) end (20) for another fill cycle. Catalyst from storage tank

(32) was pumped by the diaphragm pump (3%) through solenoid valve (22) imbo

the slurry feed line upstresm of motorized valve (10). The cabtalyst pump

and solenoid valve were energized and de-energized by the timer (45) at the |

same time that valve (10) was opened and closed. "
|
|
3

Oxygen from & high pressure (3000 psi) storage bottle was passed through J
shutof? valve ( 1) and reduced in pressure to approximstely 2L00 psig by oxygen 'f
regulator (3). The oxyzen was then passed through a 5 micron filter (59) prior
to flowing through a calibrated sintered metal orifice (60). The pressure down- 1
stream of the orifice was controlled by the reactor back pressure controller so i

1
1
1

that oxygen flowrate was dependent upon the orifice upsbtream breseure as deter-
mined by regulator (3). Oxygen solenoid valve (6) was provided to allow oxygen
shutof? during system automatic shubtdovm. Check valves (40) and (61) were
provided in the oxygen and slurry feed lines to prevent backflow in case of o
a serious leek in the upstream plumbing. The oxygen and slurry were mixed before
paseing through a safety isolation valve (8) and temperature sensor (49) thet shut
valve (8) if the temperabure exceeded 322°K (120°F) as measured by sencor (%9).
High tempersbures at this point were used as an Indication of back flow from

the hot downstream portion of the system. The conmbined sevage/oxyzen mixbture

wae passed through the bubular regenerative heat exchanger (36) where it was

e L e

entered the stirred reactor (38) where it was agitabed for 1/2 hr at 560°K
(550°F) at & total pressure of 15.2 I»fll\T/m2 (2200 psig) in order to oxidize the
waste maberials.

The internal chexber of the reactor vessel was divided into seven chambers
+o .provide g8 closely as possible & pluggeé. flow reactor to prevent input wasies
from mixing with outlet fluids. The stirring sheft with stirring pins stbtached
passed through the seven chawbers. Baffles were provided bebween each stirring -
pin to aid in agitation of -bhe.waste/ox_srgen mixbure. A temperature controller,

T T T
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relays, and heaters were provided to heat the reactor to 560°K (550°F)

initially and to meinbeln the temperature during operation of the system.

An electric motor, drive belt,end exbernal magnet asserbly provided for robation
of the internal stirring shaft without the necessity of a rotating shart seal.

The hot reactor effluent liquid and gases were passed through the outleb
pass of the regenerabive heat exchanger where they were cooled by tue incoming
sewage/oxygen mixture. A wabter cooled tubular cooler was used to further
cool the effluent fluids. A pressure switch (47) for safety shutdown, a bleed
valve (48), pressure gage (4h), temperature sensor (50), burst disc (39) for
safety pressure release, and emergency chutdown valve (13) were provided dowm-
stream of the cooler. The tempersbure sensor (50) acting through the “emperature
conbroller (51) sbut the isolaticn valves (8) and (13) if the outlet temperature
exceeded 322°K (JEOOF). Temperatures at or above 322°K (120°F) at this point
indiceated a failure of the back pressure reguletor ox the :preéeﬁ'ce of a Dad
leak in the outlet line. The back pressure regulstor (1#) mainbained the
reactor sysbem at & nominal pressure of 15.2 Mlﬁr/ma (2200 psig). A pressure loader
(15) and high pressure nitrogen source provided the means for loading the gas
doomed regulator (14). Three way valve (53) allowed recirculation of the
effluent fluids back to the slurry hold tenk during sbartup of the system. A
low pressure burst disc set at 690 k.I\T/m2 (100 psig) protected the filters (40)
in cage the back pressure regulator falled to hold system pressure. The filters
remved the fine ash genersted by the oxidabtion process. Two-three way solenoid
.valves (17) and a AP swibch (51;) provided for switching from one filter to the
other. If AP rose to 276 kN/m (40 psig), the solenoid valve positions were
auvtomatically changed to bring a fresh filber on line and signal for a filter
beg replacement. Polishing filter (41) was located downstresw of the coarse
bag filters (40). The cenbrifugal phase serarator (42) received liquid and gas
from the polishing filter. ITriquid from the separabor was venbed througk = back
pressure regulator (18) which meintained a pressure of 138 kl\T/m2 (20 psig) on the
separator to simuwlasbte the pressure in an effluent hold tank. Gas Ffrom ‘the
separator was vented o the room. '
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System Instrumentation & Conbrols

%

Table 4 presents the controls for the normal operation of the web '
oxidation system. Basically the control epproach was very simple. The oxygen '~i
end slurry were conbtinually forced into the reactor at constant flows and the '
back pressure regulator vented the liquid end gas effluents to maintain . ]
reactor pressure. The oxygen regulator (3) mainbained a consbant pressure 1
on the upstream side of the flow orifice and the dovmstream presure vas 3‘
mainbained by the system back pressure regulabor (14), thereby producing a }
constant oxygen f£low within the limits of pressure conbrol by the two regulators. i
The slurry flow was controlled by the positive displacement p.ston hydvaulic |
pumps (30) vhich foreed water on the back side of the bladdered tanks (29) at a |
constant rate. The timer (45) controlled the action of the motorized slurry
valves (10 and 11), pump bypess solenoid valve (20), catelyst pump (34), and
catalyst colenoid valve (22) to £ill the bla” ~ved tanks every six hours with
a catalyzed sewage/'trash mixture. The veactor thermocouple and temperature 1
controller (43) activated a series of relays to connect two sebs of reactor : i
heatbersin pa.rallel, providing 3 kilowatbts of power for warmup,and in seriles for |
sustaining reactor temperature.

Additional controls for normal operation included switching of the filter 1
solenoid valves (17) by the filter AP switch set at 276 km'/m2 (40 psi) and control
of the phase separator gas vent solenoid valve by ‘the vortex pickup and
_controiler. Back pressure regulator (18) controlled the discharge of effluent
liquid to simulabe the pressure of an effluent water tank.

Bmergency conbrols as shown by Table 5, included a low pressure contact on
pressure switch (56) to prevent motorized valve (10) from being opened for a bled-
dered tank (29) refill unless the pressure on the banks vas less then 690 IQI/me
(100 psi). A high pressure contact of the same pressure switeh (56) was used to
prevent motorized valve (11) from being opened O.nless the tank pressure was 1.5 I»iN/m2
(2.'1.00 psig) or gréé.tér to prevent backflow from the hobt reactor. Automatic éystem
shutdown or alarm was provided by signals Ffrom any of the fail sefe shutdown sensors
shown by Table 5. These sensor output signals were used to close 'th_e isolation valves
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Conbroller

Oxygen Regulator (3)

Timer (45)

Reactor Temperature
Controlier (43)

Back Pressure Regulator (14)
Filter AP Switch (54)
Fhase Separator Tmpellar RPM

' Back Pressure Regulator (18)

Table b System Cortrols

(Normal Operation)

Cortrolled Element

Catalyst Pump (3%)

Catalyst Solemoid (22) -l '

Slurry Outlet Valve (11)

Siurry Tnlet Valve (10) f o

Hydraulic Pump Bypass (20)

Reactor Heabers

Filter Solenoid Valves {17) )

Phase Separator Gas Valve o}

¥*nunbers refer to »arts in schemabic, Figure 208.

LRI

ARt e vl Y L

T
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Controlled Condition

Maintained constant pressure on orifice

Cycled every six hours for slurry
tank refill

Two sets in parallel for reactor
warmip

Two sebs in series for sustaining
‘temperature

Vzinbained constant reactor pressure
Switched filbers on 276 k/u® (40 psi)AP
Open on low REM

Maintained constant back pressure
on effluent water



Controller

- Pressure Switeh (56)
| (Tow Setting 13.8 m]'/m 2000 psig)

Pressure Switch (56)
(HWigh Setting 16.56 Ml\T/m , 211-00 psag)

(High Setting, 322°K, 120 °w)

Temp Controller (43
(High Setting, 588 K, 600°F)

R e 7

bl e B

, & Pressure Swibch (1}7)

. (digh Setting, 16.56 MN/n”, 2400 psig)
] Pressure Switch (47)

- (Tow Sebbing, 13.8 MN/n®, 2000 psig)
N Filber AP Switch (5l+)

) (High Setting, bi4 N/m , 60 psi)

J

-]

A

]

2

3.

Temp Controller (513 -

Table 5 Emergency Conbrols¥

Controlied Blement

Siurry Inlet Valve (10)

Slurry Oublet Valve (11)

b Tsolation Velves (8 & 13)

#numbers refer to parts in schemabic , Figure 28

e T e e e g % . o

s)

Q

e e

e LIS B XD &) L

Controlled Condition

Cannot open valve unless tenk (29)
Ppressure is less than 100 psi

Cannot open valve unless tank (29)
pressure is gregber than 2100 psi

Day mode - close valves 8 & 13 and
sound alarm

Night mode - close valves 8 & 13
and turn off main power



[ S

(8 and 13) and shutoff all power if in the "night" control mode and ring an alarr
if in the "day" control mode. When &n operator was on duby during the day it was
considered bebter not to shubdowr completely, but to give him a eglgnal that
somebhing was wrong and let him fix It and get the system back on llne with

& minimm interruption. TFor night operation o when the operator was not on
drey, it was considered to be better to shutdovm completely. Power off, with
the isolation valves closed, was a safe shutdown coriition. Isolation valve
power was separated from the main power source, so that isolation valve closure
and de-energizing of the main power could be accomplished simultaneously.

Table 6 presents the instrumentation provided for menitoring system
opergbion and for adjustment of the conmtrols.

Electrical System

The electricel system schemztic 1s presented by Figure 29. All controls
and electrical equipment used 110V, 60Hz, 1¢ ac pover, except for the phase
separator which also required 28V de and the hydrsulic pumps which required
208V, 60Hz, 1¢ ac. All components were wired for automstic comtrol with
manuel override. The hydrsulic pumps, phase separabtor, reactor drive mobtor,
filters solenoid velves, and Tall safe shutdown controls were wired to operate
any time that the main pdwer switch was cloéed. The catalyst pump and solencild
valve, the slurry pump components, end the oxygen solenoid valve were controlled
by the timer. The reactor hesters were conbrolled by the reactor temperature

.controller. The fail safe shutdown controls turned off all power and closed

the isoletion valves if the night mode was solected and reng an alarm and
closed the isolation valves if day control was selected.

System Packaging
The system was packeged and arranged in four modules for the test program.
Figure 30 is a photo of the test setup. The oxygen and nitrogen supply tanks
and slurry hold tank formed one module. The pulverizer subsystem consisting of
pulverizer, hold tank, recirculation pump and three way valve coristi‘t;u‘bed the
second module. Theae two mofules were not as sophisticated with respect %o
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Tgble 6 System Instrumentation

Direct Reading

Oxygen Supply Pressure (2)
Regulated Oxygen Pressure (&)
Slurry Hold Tenk Pressure (55)
Slurry Tank Fill Pressure (55)
Bladdered Tank Pressure (&)
Slurry Hold Tank Level (vieual)
Hydraulic Reservoir Level (visual)
Timer Position (45)

Motorized Velve Position Indicators (10), (1i), (8), (13)
Reactor Drive REM

Reactor Temperzbure

Reactor Heater Current

Reactor Healer Voltage

Renctor Pressure (44)

Filter Inlet Pressure (27)
Effiuent Water Pressure (16)

Panei Light Indicators

Isolation Valve Position (8)(13)

Filter Solenoid Valve Power On or Off (17)

Reactor Heater Power (High or Tow Heat Indication)
Catalyst Pump Power On or OFf (34)

Hydraulic Pump "A" Power On or OFf (30)

Hydreulic Pump "B" Power On or Off (30)

Hydraulic Pump Bypass Solenoid Power On or Off (20)
Oxygen Solenoid Valve Power On or Off (6)

Slurry Inlet Velve Position (10)

Slurry Oubtlet Valve Position (11)
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Fig. 30 Demonstration System Test Modules




hardware design or arrangement as the remaining two and were considered to be
more laboratory or experimental. The remalning two modules, representing the
heart of the system, were packaged to simulzte a spacecraft installation. The
smaller module on the left of Figure 30 housed the slurry, oxygen and catalyst
supply subsystems. The larger module on the right contained the isolebion valves,
heat exchanger, reactor, cooler, back pressure regulator, filters, phase
separator, effluent regulators, and asgsociated hardware. All displays and
controls assoclated with the components in a glven module were located on the
front of that module. Figures 31 and 32 are sketches of the equipment layouts
for the slurry, oxygen, and catalyst suﬁply module and the processing and waker
recovery module.

Table T presents weight, volume, and power estimates made for the system

- ag shown in Fipure 30 and for a flight bype system considering that most

of the equipment used in the demonstration test system is not desigred for
flight application and considersble welght, volume and pover savings could be
realized by redesign. Weight, volume and power estimztes are 203 kgm (447.1 1b)
0.735 m3, (26 £t.3) and 520 watts for the demonstration system and 93.3% kem,
(205.6 1b), 0.1:888 0 (17.3 £.3) and 285 vatts for a Flight system based on &
slurry processing rate of 27.83 kegm, (61.3 1b) per day.
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Table T

Weight, Power, and Volume Statement
For WASA Web Oxldation Waste Menagement System

Total Supply Module Volume

0.303 ( B6783) 0.2
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(6.15%3)

Current Potential Steady State Power
Degeription Weight Weight Current Potenbtial
kem{1b) kpm{1b) (wett) (watt)
Hydraulic Reservoir 1.36 (3.0) o (o)
Hydraulic Pumps (2) 19.98 (4:.0) 9.1 (20) [To) (o)
Hydraulic Rellef Valves (2) 2.27 (5.0) 0 (0) :
Hydraulic Bypass Solenoid Valve 1.59 §3.5) 0 (0)
Hydraulic Pressure Switch 1.1 (2.5) 0.23 Eo.5)
Hydraulic Pressure Gage 0.82 (1.8) 0.45 (1.0)
Oxygen Shub-off Valves (2) 0.68 (1.5) 0.68 (1.5)
Oxygen Aux. Inlet Valve 0.36 (0.8) 0 (0)
Oxygen Pressure Gage (2) 1.63 (3.6) 0.91 (2.0)
Oxygen Pressure Regulator 1.82 (4.0) 0.68 (1.5)
Oxygen Filbter 0.18 (0.4) 0.18 Eo.u)
Oxygen Restrictor (2) 0.1k 510.3) 0.05 (0.1)
Oxygen Bleed Valve 0.32 (0.7) 0.32 (0.7)
Oxygen Solenoid Valve 1.59 (3.5) 0 éo) Ly (0)
Oxygen Check Velve 0.1% (0.3) 0.1t (0.33)
Catalyst Tank 2.32 (5.1) 2.32 (5.1)
Cetalyst Pump 3.63 (8.0; 0.91 (2)
Cabalyst Solenoid Valve _ 0.45 (1.0 0.45 (1.0)
Slurry Accumuletor Bladder Tanks (2)10.k (23.0) 0 go)
Slurry Motor Actuated Valves (2) b,.sls(lo.og o (0)
-+ Slurry Hend Actuated Velves (2) 1.09 (2.4 1.09 (2.4)
Slurry Check Valve 0.15 (1.0) 0.23 (0.5)
Slurry Pressure Gage 0.22 (0.5) 0.23 (0.5)
Terminal Board 0.22 (0.5) 0.23 (0.5)
Wiring (Total Module) 1.0 (2.2) 0.68 (1.5) 20 (1)
Timers (2) 1.36 (3.0) 0.23 €0.5) 5 (1)
Pushbubton Switch/TLites (10) 0.82 (1.8)  0.23 (0.5) 1 (1)
Plumbing (Total Module inel. - “1.82 (+.0) 1.36 (3.0)
Fitbings) C .
Structure 9.08 (20.0) 4.5% (10)
Total Dry Weight Supply Module 7146 (157.4) 25.2 (55.5) 110 (16)
Hydrsulic Fluid - 7.58 (16.7) 0 (0)
Catalyst Solution 0.91 se.o) 0.91 (2.0}
Slurry 7.58 (16.7) 0.45 (1.0)
Potal Tiquids 16.07 (35.4) 1.36 (3.0) . . .
Total Weight Supply Module (Wet) 67.53 (192.8)_26.56 (58.5) 110 (16)
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Table T (conbinued)

Current Potential PSteady Stote Power
Description Weight Weight Current Potentlal
kem( o) kem(1b) (watt)  (wabt)
Reactor (Including Drive Motor, Insu- 40,86 (90.0) 29.5 (65) 265 (200)
lation, Fan, Belt, RPM Meter,

Tach. Adjust)

Reactor Motor Actusted Valves (2) b5k 10.0; 2,27 {5)
Reactor Regererative Heat Exchenger 22,7 (50.0) 1l.k (25)
Reactor Back Pressure Regulator 1.32 (2.9) 0.91 52)
Reactor Bleed Valve 0.32 (2.9} 0.32 (0.7)
Reactor 3-Way Recycle Valve 0.22 50.5) 0.22 (0.5)
Reactor Pressure Switch 1.14 (2.5) 0.22 (0.5)
Reactor Prassure Gage 0.82 (1.8) 0.45 (1.0)
Reactor High Pressure Burst Disc 0.5 (1.0) 0.5 (1.0)
Reactor Regen. Ht. Exchgr,. Thermo-

couples (2) 0.09 (0.2) 0.09 {0.2)
Reactor Regen. Hbt. Exchgr. Temp.

Alaym Controller (2) 1.36 E3.o) 0.68 (1.5) 10 (5)
Reactor Temp. Controller 3.86 (B.5) 0.45 (L.0) 15 (10)
Cooler 0.77 gl.'r) 0 (o) '

Iow Presiure Burst Disc 0.91 (2.0) 0.22 (0.5)

Filter Primery (2) 3.63 28.0) 1.82 (4.0)

Filter Secondary L.ilk (2.5) 0.45 (1.0)

Filter Solenoid Valves 3.18 (7.0; 0.91 (2) il (o)
Tilter Pressure Gage 0.22 (0.7) 0.22 (0.5)

Filter Pressure Switch L.k (2.5) 0.22 (0.5)

Phase Separstor 2,32 ES.IL) 1.82 Eh) 27 (20)
Phase Separator Control 0.5 (L.1) 0.22 (0.5) 2 (2)
Phase Separator Pressure Gage 0.22 (0,5) 0.22 (0.5)

Phage Separator Ligquid Baek Press.

Relief Valve 0.1 (0.3) 0.14 (0.3)

" Pushbutton Switch/Iites (15) 1.23 (2.7) 0.32 (0,7) 2 (2)
Circuit Breakers (2) 0.18 (o.lp; 0.18 (o.lp;
Alarm 0.45 (1.0) 0.22 (0.5
Relays (6) 0.54 (1.2) 0.22 (0.5) 5 (2)
Terminal Board 1.0+ (2.3) 0.91 (2;
Wiring (Total Module) 2.0 (h.h; 1.36 53 ko (28)
Plumbing (Total Module Incl. Fitbings) 2.27 (5.0 l.";"% 3.8)
Structure 13.62 (30.0) 6.81 (15)
Total Dry Weight ?rocessing Module  113.18 (2:9.3) 6h.97 (143.1) k10 (269)
Slurry/Effluent 2.27 (5.0) 1.82 (&)

Total Wet Weight Processing Module 115 L5 (25h. §) 66. 78 (11;7 1) 1;10 (269)
Total Processing Module - Volume 0.61 m3 (17.33 £t3) 0.k m3 (11.2 £t3)

Total System Weight and Power . 202. 98 (Lk7. 1) 93.34 (205.6) 520 (285) -
Total System Volume | 0.92m3 (26, 0ft ) 0.61m3(17.3743)
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CORROSION TEST PROGRAM

Materials of construction for the high tempersture portion of the wet
oxldation system were recognlzed to be a problem early in the development
efforts under contract NAS 1-9183. Corrosion tests were run at that time
in a one liter, bateh type, stirred reactor with varlous xetal specimens
hung on a support structure in the reaction chamber, which was half full of
fecal/urine slurry. Hastalloy C-276 waes selected as the best material of
those tested because there was no evidence of corrosion in six weeks of
exposure. As & result of these tests, it was concluded that Hasballow C-276
would be uesed for all high temperature portions of the demonstration system to
be built under comtract NAS 1-11748. '

In the preliminary design phase of comtract NAS 1-11748, a problem dealing
with materials selection became apparent. The corrosion tests conducted under
NAS 1-9183 had been run concurrent with development efforts to achieve ammonia
removal in the wet oxidation effluent water. Various smmonia removal methods
had been investigated including electrolysis, catalytic oxidetion, reduction,
electrodialysis, and cetalyst in vet oxidation. As a result of these studies 3
the addition of Ruthenium Prichloride to the input slurry was selected as the
" easiest, most effective means of eliminating the ammonia. Tests showed no
measuregble amouwr.ts of ammonils in the effluent water and a shift in pH from
8.5 to k.5. This shift from basgic to acidic reaction conditions made it necessary

to reconsider the mebterials selection.

Corrosion tests run for another progrem had shown commerclally pure
Pitanium to be a good metal for acidic wet oxidation reactions. NASA regulations,
however, prohibited the uee of Titanium in a system ubilizing pure oxymen at the
required pressure, so a serics of corrosion teste were plamned using the latest
wet oxldation waste model and the ammonia removal catalyst.
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Materials & Specimen Preparabion

The nine metals listed below were selected for test based on the previous
NASA and other wet oxidation program corrosion studies.

Hastelloy ¢-276

E-Brite 26

MP35I

Tnconel 625

Zirconium

Zirealoy 2

Tlgiloy

Tantalum

Tantalum - 40% Columbium

Test specimens were fabricated from the nine metal samples as shown by
Figure 33 and attached to the one liter stirred reactor head as shown by
Figure 3. Ceramic washers were used abt the sample support ring and at the
"U" bend to electrically isolabe the samples Pfrom esch other and from the
reactor body, thereby preventing electrolybic corrosion. The "U" bends were
provided to allow stress corrosion testing. The "U" bend legs were deflected
to produce a caleulated 80 percent of yield stress in the cenber of the "U".
Five specimens wvere suspended ji‘rom the support ring at one time.

Test System & Mebthods

Figure 35 presents a schematic of the corrosion test setup. An Aubtoclave
Engineers, one liter, stirred, batch reactor consisting of reactor body, heabting
Jacket, reactor head, stirring shaft, magnetic drive, and air motor drive was
used to expose the metal specimens to the wet oxidation environment. A shop
air supply and regulator were used to drive ‘the air motor at 500 REM, as.
measured by & magnetie pickup bachometer. A teﬁpera.ture controller end relays
provided normsl bempershure control to meintain the reactor Fluids ab 560% (550°T)
and ‘to provide aubovmabic shubdowm in case of a ‘thermocouple breszk or over temp con-
dition. A charging valve and line allowed charging of the reactor with a 5.52 kI\‘.F/J:n2
(800 psig) oxygen precharge. A pressure swibch provided system chutdown in ‘the
event of an overpressure condition. '
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Three tests were run. Two screening tests of four dey durabion were used
to select Tive metals for a Pive weex test. The tests were run by mounting
five test specimens to the reactor head via the support ring, charging the
reactor with 460 ece of undiluted fecal/umm slurry, adding 0.1 gm of Ru013 ’
installing the reactor hesd, charging with 5.52 Ml\T/m (800 peig) oxygen,
heating the reactor to 560°K (550°F), and adjusting the drive motor speed to 500
RPM.,

Test Results
The screening tests produced three metals that showed no evidence of
corrosion, i.e., Hastelloy ¢-276, Tantelum, and +the Tantalum/Columbivm
alloy (WO-640). The results for the remaining six spacimens are as follows:

Zirconium - Chipped and crumbled

Zircaloy 2 - Badly corroded in "U" bend area
Elgiloy .

E-Brite 26 } Generally pltted and cracked
MP3oN } Two relstively large pits
Inconel 625

in gas space area of specimens

The five week corrosion test was run from August 1, 1973 through September

10, 1973 with threo interruptions. The reactor was cooled and opened in order
to inspect the specimens on Auguct 20, The specimens were found to be in
excellent condlbilon, so the test was restarbed on the morning of August 22. On
Avgust 27 & pressure switch fitbing lesk was repaired and on August 28 the

" rupbure disc blew. The rupture disc was only 0.05 mm (0.002") thick and was
made of 316 stainless steel, so a slight amount of corrosion weakened it and
it blew. A remotely locabed rupture disec was plumbed inbo the test setup and

‘the test was resumed on August 30. Inspection of the specimens at the conclusion

of the sest showed no evidence of corrosion on any of the speciment. Since
Tantelum and Colunbium are very expensive, dif'ficulbt to machine, and of very low
sbrength, Hastelloy G-276 was selected for uge in the demonstrabion test system.
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TEST PLANS & PROCEDURES

A test plan and set of test procedures were prepared fsr the checkout
tests and the 45 day demonstrabion test. The contents of *he plan and
vrocedures arse summerized in this section of the report.

Pre-Test Adjustments 8 Checkout

In preparation for the 45 day test, = number of pre-test settings, cali-

brations; and checkout tests were planned. The major planned events are
described below:

o}

Blecbrical System Checkout -~ Power off elecbrical conbinulbty btests
followed by power-on operadj.ion of each component and svbsysten.

System Ieak gheck - Water and Witrogen gas leak check of enbire system
at 3.45 Mi/o" (500 psig) and at 10.35 I-ﬂIIT/m2 (2500 psig), except for
low pressure elements.

Reactor Runup Test - Speed Check of reactor drive system to check
smoothness of operation.

Oxygen Orifice Calibrabion and Regulator Adjustment - Measured quantity
of oxygen passing through orifice at various upstream pressures with
15.2 MN/m? (2200 psie) downstream pressure.

Catalyst Pump Calibration - Run cgtalyst pump at verious stroke sebbings
and measure flov volume.

Slurry Pumping System Calibration & Checkout - Fill and bleed bladdered
tanke end pumping liues, adjust pressure swibch (56), adjust hydraulic

pump relief valve (21) setting, bydrasulic pump flow calibration, menual -
cycling of bladdered tank filling and emptylng measuring time for each

operation to provide daba for Ltimer adjustment.

Slurry Pump Timer Adjustment - Adjust cems on tdimer to achieve tenk
refill in desired sequence and cheek gutomztbic operabion of slurry/
pumping system.

Bensor and Regulebor Adjustments - Adjust sebbings on reactor pressure
switeh (47) for both high and low pressure cut off, adjust relief
valve (62) setting, adjust effluent wabter regulator (18) setting,
adjust filter A P swibch setbting for Jilbter change and aunbomabtic safety

shutdown, and set isolation valve temperasture controllers ab 322°% (120°F).
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0 Cold Flow Test ~ Run complete system at full operatbing pressure using
water and gaseous nitrogen at room temperature.

o0 Hobt Flow Test ~ Repeabt vrevious test under full operating temperature
and pressure.

0 TFinal Checkout Test - Repeat previous test using fecal/urine/fiush
watber mixbure.

o Cabalyst Loading - Mixup & 22 1/2 day supply of cabtalyst end charge
the catalyst supply bank.

45 Day Test Plan

The forty-five day demonstration test was divided into nine-five day segments.
Each segment wes plamned to be starbed on Mondsy and completed on Saburday morn-
ing. Each of the nine test segments was devoted to a specific sbudy as
follows:

Week No. . Objective
L Baseline Test Under Nominzl Conditions
2 Vary oxygen flowrate
3 Vary catalyst flowrate
b Vary reactor temperature
) Very reactor pressure
6 Vary reactor drive speed
T Vary slurry flo.rate
8 Vary wasbe composition
9 Baseline test under nominal conditions

It was the intent of the test plan, to provide suffileclent date to allow

" curves of water gualiby versus each paremeber to be dravm. Provisions were made
to vary all of the parametei-s during the ‘test preparabion period of the program.
The only basks required o maintain the sysbtem in operation, assuming no
walfunctions of equipment, were the preparation of the waste slurry, replace-
ment of ox;ygen bottles, and menmvel operation of the pulverizer.

79

LLOCKHEED MISSILES & SPACE COMPANY. INC.

-t
~

I T

A T o mnen s ot aitlh




SYSTEM CHECKOUT & CALIBRATION

A number of component and subsystem checkout tests and calibrations listed
in the test plans were accomplished prior to the 45 day demonstration test.

Catalyst System Calibration
The catalyst pump was calibrated by Filling the catalyst tank with
water, energizing the pump and measuring the waber output over a measured
time interval. The calibration curve generated by this test is presented by
Figure 36. The required cabtalyst flow rate was a function of the time required
to fill the bladdered taenks which was determined by test to be approximately
3.5 minutes. The pump setting and cebalyst mix were based on the following
data: .
Daily Waste Load = 27.8 kegm/day
Number of Bladdered Tank Refills = 4/day
Yolume of Bladdered Tank Refill = 27.83/k = 6957 ce/rill
Catalyst to Slurry Retio = 1 part/H€J0 parts
Catalyst Required Per Refill = 1.51 gm
Catalyst/Water Ratio = 1.51 gm/b.3k ce
Volume of Catalyst Solution Per Refill = 4.90 ce
Time to Refill Bladdered Tank = 3.5 min
Catalyst Pump Flowrate = 4.90ce/3.5min = 1.4 ce/min
Tigure 36 shows a pump sebbing of 80 to achieve the desired catalyst
solution flowrate. '

The volume of cabalyst solution placed in the catalyst supply tenk was
based on providing a 22.5 day supply initially. ‘
 Catalyst Supply = 4.9 ce/refill (4) refill/day (22.5) dey
' : =441 ee or 136 em RuCl, ‘
& 391 cc Water
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A 22.5 day supply wes selected so that if something happened to the catalyst |
an entire 45 dey supply would not be lost.

Oxygen Flow Calibration : J
The oxygen supply sysbem checkoub test included calibration of the flow
control orifice. The calibrations were run by adjusting the orifice upstream ))
pressure to verious setbtings, while maintaining the dowmstreem pressure at
15.2 1\'11\7/1112 (2200 psi) by adjusting an oxygen bleed valve dowmstream of the control i
orifice. A web test meter was connected to the vent port of the bleed valve. f .
The tests were run with high pressure nitrogen snd the resulis were courrected for |
oxygen. Three conditions were run; one orifice with downstream pressure ab K
15.2 M\I/m2 (2200 psi); and bwo orifices im series with downstresm pressures )
of 11.0 1xr.t1xr/m2 (1600 psig) and 15.2 MI‘I/ma (2200 peig). Figure 37 presents the
flow calibration curves generabed by these tests. The design oxygen flow ra.te ‘
of 11 pounds/day resulted in mn oxygen regulator oubput pressure of 16.6 NE\T/m j
(2400 psig) based on a nominal reactor pressure of 11.0 MN/m (2200 pasig). |

" Oxygen Pumping System

It was planned to use oxygen from high pressure tanke for testing of the
web oxidebion system. A high pressure elechtrolysis cell was gselected during ;
a trade study of oxygen supply sources as the preferred technigue for generating
oxygen for spacecralft use, but the development of this subsystem was not possible
in +this contrect. Special high pressure 24.8 l\fm/m2 (3600 psig) oxygen bobttles
were aveilsble in the Iockheed Biotechnology I,abofa:bory, but 2 search for someone
"o pump them to pressures over 19.3 MI\I/m2 (2600 pei) was not successful. BSafeby i
or lack of adequate equipment were given as the reason for not providing thils !
service. A special high pressure pumping system shown by Figure 38 was essembled (-jj
‘to pump oxygen from standard leboratory cylinders at a meximm of 15.2 Ml\T/m i
(2200 psig) into the special cylinders at 20.7 MI\T/m (3000 psig). The syste
consisted of a single stage piston type oxygen pump, standard oxygen bottle with
high pressure regulator, shubtoff and 'bleed valves, pump outlet pyrometer, pressure
gage, pressure swibch, relief veive, snd special 2.8 MI\T/m2 (3600 psi) oxygen
bottles. The oxygen pump was canable of pumping the two special oxygen bobbler
from 16.6 MN/ma {2400 peig) to 20.7 Mi\T/rrl2 (3000 psig) in from 2 to 4 hours
depending on the pressure in the standard bottle. The pyrometer, pressure
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switch, and rellef valve were installed as safety provisions to shutdown the

pump in ease of over pressure and/or temperature and to relieve excess pressure.

Slurry Pumping System Calibration & Checkout

The Tirst step in checkout of the slurry pumping system was £illing and

bleeding of the bladdered tanks and all lines and components.

was connected to ‘the pump bypass valve (20) outlet

shutoff valve were comected to the pump suction line.

A vacuum pump
while o water line and
After evacusbing the

system on the back side of the bladdered tanks, ‘the vacuvm pump valve was

closed and the water supply valve was opened. The

slurry side of ‘the bladdered

tanks was filled by pouring directly inbto the tank, since the tanks were mounted

with the slurry side up. The pressure switch (56)

was adjusted for a low setting

of 690 Mﬂ/m2 (100 psig) znd a high sebbing of 1h4.5 I»m/me (2100 psig) by operating

the hydraulic pump and solenoid valve.

The punp relief valve (21) was adjusted

to open at 17.3 MN/m2 {2500 psig), in ‘the same manner. A pump callbration test
was then run by varying the pump setbing and measuring the amount of water

collected from the pumm outlet.

Figure 39 precoents the results for one pump head.

A bleed valve abttached to the pump outlet was
‘ad justed to maintain the pump outlet pressure st approximately 15.2 MN/m2 (2200 psig).

There are four pump heads (two

per pump), so that all four could be set abt 58 4o produce the nominal Flow of
1200 ce/min. It was decided to use three pump heads at & setting of 77 each

and mairain the remaining head at 0 as & spare.

Following the calibration of the pump, a complete slurry tank filling eyele

" was executed manually to establish timer sedquences.

o achieve these time intervals auhboustically.

Minimuin Time Required

Event Between Events

The timer was then adjusted

Timer
Interval _Elapsed Time

Close Valve No. 11l
Open Pump Bypass Valve
Close 0,, Solenoid
Open Vaﬁve No. 10
Start Cabalyst Pump

aR e

3
tbank

Stop Catalyst Pump 0

U

85

8 sec to close valve
2 psec to bleed ‘bank press.

.5 min to £i11 slurry

42 gec
5 sec

<: 43 see

1l min 25 sec
< 1 min 30 sec
21 pec < 1 min 51 sec

3 sec 1 min 5t sec

3 min &,
285ec<
2 min & 5 min 22 sec

b gee C
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Minimum Time Required Timer
Event Between Events Interval Elapzsed Time

Close Pump Bypass Valve . min 26 sec

Ologe V‘al\Ir)e 13\%. 10 =0 © see C g min 32 sec
0 T min C

Open O, £alenoid 12 sec. i min b see
5 min to pumpup slurry 2 min C

Open Valve No. 1l tanks 57 sec 17 min 41 sec

The final timer sebbings reflected the ability to adjust the cam to the
desired setting and the desire to leave ample time for slurry bladdered tarlk
f111ing and hydraulic pump pressurizetion of the bleddered tanks prior to
opening of valve number 1l. During the checkout test, it was determined that
the six hour timer did not have sufficient resolution to repeatebly and
accurately control the slurry pumping system components. The main control
timer was chenged to a 22 minubte timer and a second timer was added to energize
the main conbrol timer every six hours . Reducing the main control time to &
22 minute cycle increased the adjustabllity greatly.

Sensor & Regulator Adjustment

Adjustments were made to the -controllers and regulators for failsafe
shutdown, safely interlocks, and normal operation. These adjustment included:
Reactor Pressure Switch High Cutoff 1649 Mi/us (2390 peig)

)

0 Reactor Pressure Switch Low Cutoff 1366 w/m~ (1960 peig)

o Isolation Valve Temperature Controllers 3220K (120°F)

o TFilter AP-System Shubdown Lak viv/m® (60 psi)

o TFilter AP-Filter Change 076 M/me (40 psi)

o Bffluent Water Back Pressure 110 Mi/n® (16 psig)

o Slurry Hold Tank Relief Valve 297 Mi/xE (43 psig) crack,
235 1/e? (3% peig) reseat

Pulverizer Evaluztion

Prior to testing the dry waste pulverizer, a specific waste model was defined
from the more general wacte model listed vnder system requirements. The
1.2% xgu/day (2.5 1b/day) of food waste, the .59 kgn/day (1.3 1b/day) of wipes,
and the 0.36 kgm/day (0.8 1b/day) of housekeeping/hysiene wastes were defined to
include: '

LOCKHEED MISSILES & SPACE COMPANY




Food. Wastes gm/dz;

Dog Food 362 o
Aluminized Mylar 9L |
Polyethylene Lo8 |
- Polystryrene 182 .
r o 4?.'/ : Pa.per 91 l
;o , i Wipes ;o
By ) .
L Cotton Cloth 362 P4
Waeh & Dry Pads 227 ‘
Housekeeping, Hygiene j
4_
Gauze 35 .
IIQTI Ti}:S lO 1
Mylar Ls a
Teflon k5 j
Disinfectant 20 1

Paper Towels 136

A series of pulverizer checkout tests were run using the waste maberials
listed sbove. ‘ '

The pulverizer did not accomplish the pulverization which was reguired.
The cotton cloth was particularly difficult to cut and would bind up the
pulverizer impellar unless exbtremely small pieces were fed very slowly. The
upper stage cutter clogged very eé.sily because the mylar and cluth would wrap
around the center bearing support and stall ‘the pulverlzer motor.

A second series of checkout tests, using a 1/3 horsepower motor, and manually

" precutting the trash, and using only the pulverizer or second stage, improved

the pulverizer performance, but sbill required very slow and careful feeding

of the trash to prevemt stalling the motor. Three or . ~ur hours were required

$0 pulverize the days trash loading. It was concluded at thie point in the
prograem, ‘that the trash pulverizer was not capable of providing a supply of
ground trash for the 45 day test, so the best must be run with fecal/urine slurry
only. It was plamned o continue working on the pulverizer so that trash

‘could be introduced imbo the system near the end of the test.

P
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Conbined System Checkoutb

Yhe Tirst combined system checkout test was run using wabter and nitrogen
gas under operabing pressure, and ambient temperature conditions. Water from
the bladdered tanks was pumped through the system by the hydraulic pump
system. Nitrogen was inbtroduced through the oxygen system and all elements
of the system were operated except for the reactor heaters. During this test
all components worked setisfactorily except for the water separator, polishing
filter, and reactor drive motor. The wabter separator vortex sensor was found
to be loose, preventing proper signals from being sent to the controller. The
reactor drive motor overheated, and a Ffan blade was added 4o the motor shaft
to provide cooling air flow. No further difficulty was encountered with motor
overheating. The pressure droyp of the polisghing filter was found to be excessive
under nominal flow conditions so it was removed. Effluent ash was inspected
during testing to determine if the rough filter alone was suffilelent, and it
was judged to be sgatisfactory. '

On May 14, 197% a combined system test using fecalfurine slwrry and pure
oxygen was run. TFour effluent water samples were taken with TOC's ranging
from 517 to 5_45. During the test, the oxygen regulator developed an external
leak and ‘the replacement 'bempera:tﬁre conbroller failed. All other componen’bs
worked sabisfectorily. A

The period from May 14 through June 5, 19Th was used to install the oxygen
" pumping system, replace the tempersture controller, repair the oxygen regulator
and conduct a Lot flow rebest using wastes and oxyegen. During the retest 5 the
reactor thermocouple failed, so a thermocouple abiached to the reactor outlet
line was used in all subsequent tests.
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SYSTEM DEMONSTRATION TEST

The system demonstration test was begun following completion of the

syestem checkout tests. The test vas started on June 6, 1974 and was completed
on September 23, 1974. 737 hours of system operation were completed. In
conduct of the test, the system vas placed in the automatic mode, which provided
totally automatic hands off operation except for manually controlled pumpup
of the oxygen bottles and preparation of ‘the input slurry. Once each morning
a 24 hour supply of slurry was prepared and loaded into the slurry hold tank and
once each afbernoon the high pressure oxygen bottles were pumped to a pressure
of approximately B20.T M}I/ma (3000 psig.) The following sequence of operations was
followed during startup.

" o Place system bypass valve (53) in recycle position
Open system isolation valves (8 & 13)
Close oxygen and slurry shutoff valves (7 & 12)
Energize slurry pumps and bring slurry feed system to reactor pressure

Adjust oxyeen regulator, if necessary, and energlze oxygen solenoid valve

Energize reactor hester (high heat mode)
Energize reactor drive motor
Open slurry shutoff valve (12)

o 0 O ¢ 0 0o 0o o ©

After reactor warmup (4 30 minutes) position bypass velve (53) in
"normal" position

o Place a8ll panel switches in "AUIO" position

The system was then in automatic mode and unless some failsafe shutdown
signfri de-energlzed the complete system, it would operate coutinuously without
ad justment .

Q0
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Figure 40 summerizes the test by presenting the periods of system
operation. operating hours, the cause for system shutdowns, modifications or
maintenance performed during the test, the waste loading rate and type used
throughout the test, the purpose of each phase of the test and the times that
liquid ssmples were taken.

Input Wastes

The input waste model was varied throughout the test to reflect different
waste quantities, solid concentrations, and waste composition. The compositions
of the different waste inputs used in the test program are summarized by Table 8.
The two waste models presented in the first two colums were evolved to be used
in +the test program to eschieve the desired varistion in waste model parsmeters.
The first column presents o waste mix with high water content and high urine
and fecal content. The second colum provides a wasbe mix with higher solids
content in as much as food westes are almost three times higher and are assumed
to be made up of sluminized mylar, aluminum foil, polyethylene and semi-solid

- foods. Total water quantity has been reduced also to provide a thicker mix.

The last four columns of Table 8 present four different waste compositions and
quentities actually used throughout the test to assess the effects of higher
and lower solids concentrations, higher and lower total waste flow rates and

because of some eguipment problems.

Phase I waste loading - no dry wagte - resulted from the failure of the
waste pulverizer to provide an adequate supply of pulverized dry waste, so fecal,
urine and flush water quentities listed in the first column were incressed to

provide a full system load by weilght. However, there was some concern about

" uging only a fecel/urine/flush water slurry waste, and also there was a desire

to evaluate the effects of lower total flow rates. Consequently, the fecal/

urine rates were changed to correspond to those of the high solids content waste
model (see Table 8), which is now considered appropriate for a space station. This
was the Phapse IT load, and the bulk of the test program was conducted using this

wagte load.

Phase III and IV were brief test perlods and were primarily to evaluate solids
concentration and waste feed rate. Tt was felt that it was absolutely necebsary
that a portion of the test evaluate a concenbrated dry waste load, and that included
for ingtance such ...~ waste materials as indicated above. Phase TII added wastes
%0 the Phase IT urine/fecel/flush water. Phnse IV further raised the solids con-
centration by using the Phagse IIL dry wastes and reducing the flush water and urine.

| | o1
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Table 8 Demonstration Test
Input Waste Ioadingskegm/day (1b/day)
Low Solids High Solids
Input Form Content Waste Content Waste Test Phases¥®
Waste Maberial of Wasbe Model Model I II IIT v
Urine _' Slurry 9.9(21.7) 8.7(19.1) 15.1(33.3) 8.7(19.1) 8.7(19.1) %.9(10.85)
' Feces 0.77(L.7) 2,5(1.1) 1.2{2.6) 0.5(1.1) 0.5(1.1) 0.39(0.85)
Flush Water 7.6(16.7) 10.1(22.3) 11.6(25.5) 10.%:(22.3) 10.1(22.3) 3.8(8.35)
' Food Wastes,  Dry Waste 2.1(4.6) %,1(9.1) - - 1.0(2.3) 1.0(z.3)
House}_s:eeping
" Wash Water Waker 7.6(16.7) " 3.8(8.4) - - - 3.8(8.35)
TOTAT, 27.9(61.4) 27.2(60.0) 29.9(61.4) 19.3(k2.5) 20.1(45.0) 13.9(30.7)
¥MOTE: The load for Phase I was the contract design waste load rate for six (6) men, but with fecal, uwrine slurry

substituted for the dry waste and wash water portion, i.e., the entire day's load comsisted of fecal, urine
slurry and equaled 27.9 kem/day (61.k 1b/day).

The load for Phase IT, also, consisted only of feecal, urine slurry but in the proportion specified in a
waste load revised recently for space shation application. The load was greabter per man by about 507,
and so a four(lt) man loed was about egual to the system design load. Thke fecal, urine slurry portion
was 19.3 kem/day (42.5 1b/dey).

- The load for Phase III was the same as Phase IT bub with the dry waste (not wash water) also included.

The load for Phase IV was one half of the contract design waste load and in the prescribed proporitions for
all three types of waste - feecal, urine slurry; dry waste; and water. Thus the total load was 13.9 kgm/day
(30.7 lb/day).
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Test Swmary
The purpose of each period of the test is shown by Figure 40. The initial
period from June 6 through July 14 was used to work oub system problems and
established a baseline under nominal operabing condlbions. Subsequent pariods
evalunted the effects of varying system parameters as follras:

Period of Test Parameters Tested
July 15 through August 9 Pressure and Temperature
August 26 through August 28 Stirring Speed
August 28 through September 5 Oxygen Flow
September 5 through Septenber 17 Slurry Flow

Sevtember 17 through Sepbtenber 23 Dry waste included in load

On the second dey of the test, the reactor drive tachomeber showed zero
RPM, indicating thet the internal shaft was not rotating. Disassenbly of the
reactor, following shutdown, showed that the ball bearings hed failed. One of
the balls had dropped out of the race of the inlet bearing and 10 of ‘the 1l
alls had dropped out of the oublet bearing. Surface wear, perhaps eaggravated
by catalyst attack of the surface, had reduced the size of the balls so that
they could fall ocut of the loading sliot in the race. The inlet ball bearing was
omitted during reassenbly allowing the drive tube carbon bearings to support
the inlet end of the sbirring shaft. A mebal rebainer, shown by Figure 41,
thet slid on the sbirring shaft before the bearing was pressed on, was used
to prevent the balls from dropping out of the loading slot even though siightly
~worn. A new oublebt bearing was installed and the btest was restarted. During
pressurizetion of the reactor with oxygen, a loud crack similar to a burst
dise rupture was heard. The reactor drive tachomeber was showing zero RPM
Pollowing the noise, so the system was shubdown and the reactor was disassembled.
Inspection of the reactor inbernals and discussions with the assenbly technieian
resulted in ‘bhe following conclusions!

o Some difficulty had been encountered while installing the clam shell
baffle assenblies into the resetor, so the technieisn used several
drops of oll on each baffle skid to assist in sliding the clam shells
into the reactor.
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o The reactor was usuzlly at least partially full of waber or slurry
during pressurizabion, but this time no water was added to the reactor.

o The pressurization of the empby reactor with pure oxygen resulted in
rapid oxidetion of the oil behind the baffle assemblies pushing them
inmverd.

Damage o the reactor included overloading of the ball bearing, bending of some
of the stirring rods, and buckling of the clam shells znd dams. One of the clam
ghells was repaired and installed along with e new bearing and retainer ring.
The bent stirring rods were straightened. However, it was not feasible to
repair the clam shells, znd the stirring rod would not clear both clam chells
when mounted together. So only the bottom shell was used under the assumptilon
that in & one "g" environment it would cowtribube most to plug flow through

+he reactor. Performance of the system wes checked in subsequent tests o

verify this assumption.

On June 20 a flow blockage oceurred as evidenced by a rise in slurry
pump outlet pressure to the relief valve setting of 17.3 Ml\T/m3 (2500 peig). The
sretem wes shutdown and flushed with water. No difficulty was encountered in
passing water through the system, co the source of the blockage wes not dis-
covered. The system was restarted and after one day of testing the flow blockege
occurred again. Disassembly of the reactor showed that the inlet bearing splder
had rotated approximately 20 degrees, thereby obstructing the inlet line. Grooves
were mechined in both spider assemblies to allow slurry to flow aronnd the spider
should it rotakte again.

Inspechtion of the reactor also showed a genercus coabing of Rubthenium
black on all inbernal surfaces of the reactor, particularly in the inlet half.
Investigation of the characteristics of RuCls indicated that it probably was
breaking down to HCL and Ru bleck which was displacing metal lons from the sur-
face of the reactor parts. This action evidently made the reactor surfaces
catalytic, end it was surmised that only occasional repickling of the reactor
need be done to maintain catalytic action.
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It was judged by all involved in this test program that testing should
be resumed with the system as configured, bub that the change in the reactor
internsl configuration, the problem of pulverizing the dry waste, and the cabalyst
deposition in the reactor required revision of the test plan. A baseline test was
felt to be desirable to determine with the catalyst flow stopped whether water
purity would degrade and if so how fast. A reduction in the total load was
felt to be in order not only because of the diffieulby of providing pulverized
dry waste but because of the faulty "plug flow" econfiguration with only one
baffle in the reacktor. Conseguently, a new test matrix parameter was introduced:
wasbe load-total, and type. Initially, the waste load was only slurry (feeal,
urine) and this was to be conbinued, but the total load was reduced to be commen-
surate with the reactor effectiveness which was judged qualltabively to he 2/ 3
to 3/1|- of the original plug flow design. Hence, 2 new baseline test was started
in which cetalyst Tlow was zero, and the slurry load was reduced to 19.3 kem/dey
(42.5 1b/day) which is equivalent to the slurry portion of the new load being
developed for future space station design purposes. This new quantity is the
slurry portion of a four (&) man size waste load rather than six (6) men size and
is sigmificantly higher in Plush water used per individusl. Since a chenge was
plemned in the design waste load for fubure system development, the new load
quentity, also, served to bridge between the contract load model and the new
load medel that would subsedquently be used. After one day of testing, another
ball bearing failed. The bearings were replaced and ‘the test was resbarted.
During the night operation of July 2-3, an erroneous signal from the filter A P
switeh shutdown the system. Restarting on the morning of the 3rd of July

resulted in satisfactory performance.

On July 10, a leak in the piston shaft seal on the right head of hydraulic
pump A resulted in a eystem shutdowm. The seal was replaced and the test resumed.
Another erroncous filter AP signel shubdowm the system on the night of July 11
and agein on July 15.
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Two 76 hour periods of uninterrupted testing was achieved between July 16
and July 25 during which time the effects of varying process pressure and
temperature were evaluated. On July 25 another bearing failure shut dowmn the
system. It was decided at this bime to change to carbon bearings because the
drive tube carbon bearings were still in excellent condition. The outlet end
cap was machined to accept & carbon bushing identieal to the ones used in the
drive tube. The reactor body was also examined for corrosion by x-ray, dye
prenebratant and microscoplc technidues. The body was found to be sound with
only surface effects of the catalyst. Testing was resumed on August 6. Ancther
erroneous filter AP signal caused shutdown on the night of August 6-7, and
the system was restarted satisfactorily the morning of August 7. Testing was
suspended bebween August 10 and August 25 while the chief operator was on
vacgbion.

A flow blockage that initially cleared on restarting the system sub-
sequently caused a shutdowm during overnight operabion on August 27-28. After
weekend shubtdovm on August 31 and fepbember 1, the hydraulic pump seals were
replaced due to leakage observed the previous week. The tight packaging of the
pumps resulted in close pumping commections that placed side loads on the pump
heads, thereby reducing pump seal life. The punps were not replumbed at this
time, however.

The outlet carbon bearing failed on September 5 a»d a replacement bearing

‘was installed. The hot reaction fluids abbacked the bearing and reduced it

1o a paste. Tt was concluded that carbon bearings must be located remote to
the hot reaction chamber, since the drive tube bearings were still in good
condition. No other system fallures were encountered except flow blockage
when pulverized dry waste was inbroduced into the system on September 17. One
of the isolabion valves was not opening fully and the reactor inlet hole had
never been drilled ‘to the full dlameber originally specified. Correction of
these problems still did not allow the dry wasbe to be processed through the
system. It was evident that much greater a‘b‘ten‘bio_n must be placed on line

routing, fittings and component design to allow the slurry, a much thicker paste
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with the introduction of the dry waste, to be processed. The thickest dry
waste slurry prepared and inbroduced inko the sysktem on the final day of
testing Sepbember 23, could mot he foreed from the slurry hold tank inbo the
‘bladdered tanks of the slurry pumping system.

Coneclusions concerning herdware design thab can be drasm from the
demonstration test are summarized below:

System Number of
Shutdown Cause ’ Oceurrences Degign Problem
Reactor Bearing Failure 3 Hastelloy C-276 does not
(Ball Bearings) provide adequate hardness
to make satisfactory
bearing

Reactor Bearing Failure 1 Carbon bearings for stirrer

(Cexrbon Bearings) must be isolated from
reactor fluids and
temp. a5 are the drive
bearings.

Flow Blockage 5 Reactor spider assenblies
rotated blocking dinlet and
oublet ports. Isolation
ball valve did not open
fully. Reactor iunlet

_ fitting too small.

Filter High AP Signal b Tncompatible material
caused switch corrosion.

Hydranlic Pump Ieakage 2 Pump outlet plumbing
cauced pump head mis-
aligmment. )

One problem not presented in the test summary discussion, that was
encountered early in the test, was intermittant operation of the phase separator.
jiks] WOuid operate sabisfactorily for several hours and then the gas valve would
elther stay open or glosed. The separator was removed from the system and sant
+to the supplier for checkoub snd adjusitment. The suppliers' test showed the
sepsrator to functlon sabisfactorily. He calibrabed the unit and rerhu:cned it
to IMSC. It worked sabisfactorily following reinstallation on August 26 , 197h.
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Effects of Varying System Parameters on Product Waber

Pable 9 listed the performance of the system based on effluent Total
Organic Carbon (TOC) analysis. Input TOC was measured to be 3505 mg/li‘r:.er,
but was calculated Prom known COD date to be 10,800 mg/liter. Accurate measure-
ment of TOC is very difficult with high solids concenbtrations, because such zuwall
semples are used (less than 1/2 ce).

Barly baseline tests showed an effluent TOC of between 384 and 495, which
later dropped to between 213 and 229, probebly because it took time for the
cabalyst to become effective. TOC's between 200 and 300 were characteristic
of baseline runs except for two runs conducted during the tests where pressure
and btempersbure were varied. Figure 42 presents a plot of effluent TOC as a
function of system pressure for temperatures of 500 and 550°F. Four curves
have been drawn because the datba was so scabbered. Upper and lover extremes
of all data pointe and an average of 500 and 550°F datba points with some
allowances for baseline data from other tests are shown. Although the data
results in curves thet are representative of wet oxidation, it is felt thab
more time is required to reach steady staie conditions in the system. BSeveral
+imesduring the test program TOC would not increase substanbially when temperatures
were dropped from 550 to ‘500°F only to rise sharply the next day under nearly
identical conditions, as evidenced by runs on July 23 and 2k. The converse was
true for August 7 and 8 runs. The deta presented by Figure k2 indicate that
reduction in process temperature end pressure to 500°F and 2000 psig
'would result in only slight increases in effluent TOC. These data should be
confirmed by additionally testing prior to final selection of process temperature

and pressure.

The results obtained from the stirring drive speed ‘tests were most
surprising. ILibtle, if any, difference was noted in outlet TOC for any of the
speed. runs of 0, 300, 400 and 500 RFM. This would indicete that sbirring the
reschor fluids is not important. This is conbrary to results obtained during
the previous contract, and theory which indicates agitabion should improve
mass transfer and particle oxidabtion. Probably the optimum stirring speed is
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Table 9 Effects of Varying System Paramebers - Bffluent Waber TOC

Sample Taken Process Conditions Efflvent
Date Time Being Tested (TOC /me/1iter)
June 19 1235 Baseline 385
June 20 1430 " 495
July 3 1540 " 25,
July 8 1550 " 290
July 9 0850 " 213
July 10 0858 o 229
July 15 1042 5320K, 15.2 M /m 5500 F, 2200 psig) 215
July 15 1426 5329k, 13.1 My/w? (500°F, 1900 psig) o7h
July 16 0949 Baseline 236
July 16 1330 534°%K, 11.k Mw/m2 (510°F, 1650 psig) 2ho
July 16 1606 560°K, 11.k / $SSO°F, 1650 psig) 282
July 17 0808 560K, 1l. 3 550°0F, 1640 psig) 361
July 17 1250 532K, 9 MN/m fgsoo’:’F 1300 psig) 566
July 17 1551 560°K, 8.3 M/m (55 T, 1200 psig) 6ol
July 18 0807 560°K, 8.5 m/m (550°F, 1230 psig) oz
July 18 1319 5059, 8.k Mm/m2 (L50°F, 1220 psig) 693
July 18 1630 505K, 10.8 MN/m® (450°F, 1570 psig) 805
July 22 1610 Baseline Lo5
July 23 0815 Basel:u.ne 2u1
July 23 1511 532°K, 10 MN /m £500°F 1450 psig) 340
July 2k 0812 5329K, 10.4 My/m> (500°F, 1510 ps:.gg 603
July o4 1555 5609K, 12,k Nﬂ\T/m‘? (5509F, 1800 psig 375
July 25 1026 532°%, 12.4 MN/u? (500°F, 1790 psig) 150
Aug 7 113 Base:line : 400
Aug 8 0823 560°K, 12.8 MN/mS 555003* 1850 psig) 082
Ang 8 1252 5329k, 12.8 / 500°F, 1850 psig) 379
Aug 8 1623 532°K, 9.3 Mi/m2 me (500°F, 1330 psig) 675
Aug 9 0806 53201{, 9.5 MN/m %50005', 1380 psig; 784
Aug 9 112 560°K, 9.5 MN/u W2 550°F, 1380 psig 630
Aug 26 1640 300 RPM - 775
Avg 27 0810 300 RFM 335
Aug 27 1258 500 REM 308
Aug 27 1611 0 REM 321
Aug 29 0930 400 REM 306
Aug 29 1605 Zero 0, Flow 300
Aug 30 0825 Baseline 305
Aug 30 1615 Zero O, Flow Ll
Sept 5 1205 Siurry Flow 1575 ce/hr 362
Sept 5 1710 Slurry Fiow 1200 ce/hr 390
Sept 9. 1526 Slurry Flow 425 ce/hr 76l
Sept 13 1615 Slurry Flow 425 ce/hr 368
Sepb 17 1612 ' Dry Waste 962
Sept 18 1338 Dry Waste 516
Sept 23 b1k Dry Waste 75k
‘Sepb 23 1625 - ~ Dry Waste 603
101
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higher that the range tested or equilibrium was not achieved in such a short
test period. Similar resulits were encountered in the oxygen and slurry flow
tests where output TOC seemed to be independent of oxygen or slurry flow.

Table 10 liste the gases detected in the effluent gas sample tak¢~ on
July 18. The only gas contaminants found in ‘the effluent can readily be handled
by a spacecraft contaminsnt control system.
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|
Tgble 10 Effluent Gas Analysis ;

July 18, 1974 _Gas Concentration (% by Wt) )
Semple Time =—b= 0832 0910 |
| o
N, 9.2 7.2 |
o
o, 15.5 k.9 ;
NE, <1 pm <1 ppm ‘ !
MO, £0.1 ppm £0.1 pm !
NO £0.1 ppm £0.1 prm ;
i
co 235 ppm 550 prm |
£0, £1 ppm £1pm j
Total. HO | 89 ppm 42 ppn ;
i
|
1
|
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CONCTUSIONS AND RECOMMENDATIONS

The conclusions that have been drawn from the development and ‘testing
of the demonstrabion sysben deals with process conditions and hardware per-

formance.

0

The system demonstrated the ability to provide a high degree of

oxifation by producing & clear, pale yellow liquid effluent with

a TOC value between 200 and 300 mg/li'ber. The c¢color resulted from
the RuCl, catalyst addition. The water quality was such that passing
ik 'bhx'ouéh a vapor compression disbillabtion unit and charcoal should
provide potable water.

Stirring speed test resulits from this contract do not confirm previous
results which indicated that the use of clam shell haffle assenblies
and opbimm stirring speed should improve water duality from bhe

200 to 300 mg/liter TOC value. However, this test was not able to
use hobh baffles.

A major design and development effort is redulred to evolve a satis-
factory dry waste pulverizer system capable of produeing a pumpsble
slurry for spacecraft applicabion.

The abbtenblon given to prevent clogging of the system components
and plunbing was not adequate for the thicker trash slurries prepared
during this contract effort.

The catalyst introduction can be Limited to initial pickling of the
reactor and perhaps periodic repleling.

The majority of the system components including the conbrols worked
reasonably well through the test.

The reactor bearings must be isolated from the hot reaction fluids to
provide long life.

Based on these conelusions, it is recommended that development of the spacecraft
web oxldation system be continued, and concentrated initielly in improving the
reactor and trash pulverizer designs. TFurther steps should be taken to eliminate
the clogging problems encounbtered. This as o minimum would involve redesign

of ‘the slurry pump, most component ports and replumbing of the slurry transfer

system.

Also, new baffle assemblies should be fabricated for the reactor and

tests run to debermine the effects of agibabor speed on effluent water qualiby

in a conbinuous flow process.
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LTBRARY CARD ABSTRACT

This report deseribes the initial hardwere development of a spacecralt
wet oxidsbion type waste processing system. The system processes feca.l/urine/
dry waste slurries in an elevabted tempe:r‘a’cure/pressure oxidation process to
convert waste materials to useful products such as water and 002 gas and to
reduce the solids to a small inert mass. The system designed, fabricated and
‘tested was based on previous NASA contract efforbts that defined the range of and
in some cases the specific process condibtions suiteble for o'b'ba{ning high
conversion rabes, and developed component and subsystem hardware designs.
The primsxry objectives of the effort described in this report were to Gest and
demonstrate a wet oxidation system designed to produce a product wabter requiring
minimal processing to be made potable, and to determine appropriate priorities
for and types of hardware development redulred for this process. The program
objectives were achieved iIn a T37 hour demonstration test. Additional develop-
ment requirements were idenbtified primarily in the reactor, pulverizer, and

slurry pump designs.
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