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The recovery of potzble watear from untreated urine by the catalytic

mathed has been previcusly dezonstrated; howaver, to minimize the energy

o
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requirements, tha catalytic system must be {ntegrataed with an enargy

efficient, zcro-gravity evaporative process.

\
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The first phase of this program consisted of a study and analytical

cvaluation of conceptual evaporation/condansation systems suitable for

1
{
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integration with tha catalytic water recovery rmathod. The pricary require-
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]
3

rmants for each concept were its cepability to cperate under zero-gravity

conditions, condznse recovercd water fren a vapor-rgncondznsable gas

. ,
.
s 0 i A 0t

mixture, and integrate wfth tha catalytic system. Specific enorgy require-

.o
R B

rants vere estimated for‘concepts reating the primary requircrmants, and

. the concept rost suitable for integration with the catalytic system was

by

t
f
T 1A b § o g 8

proposed.

A three-can rate condenser capable of integration with tha preposed
system, condensing water vapor in presence of noncondensables and transfer-~

ring the heat of condznsation to feed urine was designed, fabricated, and

Y

o RS
SR I‘w A T R R

tested. [t was tested with steam/air mixtures at atrospheric and elevated
pressures and 1ntegrated‘with an actual catalytic water recovery system.
The condenser has a condensation efficiency exceeding 90% and heat transfer
rate of approximately 85% of theoretical value at coolant temperatures

»LAa rangtng from 7°C to B80°C.
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INTRODUCT IO
Tha recovery of potable water freo untreated urina vapors by the
dual catalyst mothod has been demonstrated with toth low and high vapor
concentration eveporative processes. However, to nininize the encrqy
requirerants there {s a nced to intograte tha dual catalyst cysten with

an energy efficient, high &apor concentration, zero-gravity cvaporative

process.

Because the catalytic;water recovery systen requires oxidant gas
that may corprise up to 20% of the gas/vapor strezm, tha presently avail-
able evaporative systems spch as VCO and TIMES cannot ba dircctly integrated
uith 1t; howaver, tho prinﬁiples of thase systems may ba applicable.

The objectives of this investigation were:

1. Study and analytical evaluation of eveporation/condensation con-
cepts suitable for fntegration with tha catalytic water recovery system,

2. Dasign, fabrication, and testing of a three-man condaenser cajable
of condensing the recover\; water in the presence of noncondensables with

a direct heat exchange to teed urine.

To achieve the above objectives, the program consisted of the following

tasks:

|
1. Development of System Concepts. - Several evaporation/condensation

concepts were developed considering their capability to operate under zero
gravity conditions, integration with the catalytic water recovery method,
and condensation of recovered water in the presence of noncondensables.

2. (Calculation of Energy Requirements. - Using thermodynamic and heat

transfer considerations, specific energy requirements for each system

. bom e e e ae = e s v ommeim a4 e e amm e e en Ldee e
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concept ware calculated. }The calculations ware performad in the same
mannar for all concepts by using common basic paramaters, then adding
. paramaters specific for each systen,

3. Dovelopmzant of a Condenser. - A threoa-pan condsnser was designad,

fabricated, and tested. The condenser is suitzble for fntegration with
tha systea recommonded on:tha basis of concept evaluation. Condanser
operation in the przsenccfof noncondansables was demonstrated by:
a. Tests with stearvair nmixtures at atmospheric pressure,
b. Tosts with stesm/air mixtures at elevated pressures,
c. Tests after #ntegration into a catalytic water recovery
systent.
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SYSTEH CONCEPTS

Integration with Vapor Compression Distillation

One possible combfnatibn of evaporator type, latent heat return method,
and condenser/separator technique is the vapor compression distillation (VCD).
In this section, the integration of VCD with the dual catalyst water recovery
system will be considered, énd maethods of heat transfer and thermodvnamic

calculatfons will be presented.

Figure 1 shows disti?lation with vapor ccmpressicn and a rotating con-
denser. The vapor is withdrawn from the evaporater and mixed with the recycled
vapor-gas mixture. The mixture is then heated to 250°C through a compression
action before it enters thé NH3 oxidation catalyst. The hot vapor-gas mixture
is then dramn into a heat exchanger where it loses its superheat before it
goes into the rotating condenser where part of the vapor condenses and the rest
leaves with the noncondensable gases. After tapping :ff a pre-calculated
amount vented through the Héo decomposition catalyst, the remaining vapor/non-
condensables mixture is rec&cled. Oxidant gas fs added to the flow at the
compressor inlet. The heatjtransfer rate through the evarorator/condenser

wall is predicted by a set 6f equations discussed in the following sections.

Heat Transfer Calculations at the Boiler.- The heat transfer rate per unit

area 1n the boiler for a gi?en flow condition (pressure, solid concentration,

and still RPH) can be calcu]ated using the equation proposed by Rohsenon:(l)

. Cp 1.23 (pe = 0,)
Q . f AT, Pr f_ vl 1/2,
A C G Frg ) ue heg 0 (1)
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where:
Csf = constant:which depends on the 1iquid and surface mzterial
Cp = specific heat
u = dynamic ?iscosity
Pr = Prandtl ﬁumber
hf = heat of evaporation at boiler pressure

9
p = density .
¢ = surface #ensicn
g = artificial gravity
AT = difference between wall and bulk temperatures

The subscripts f and v stand for 1iguid and vapor, respectively.

The accuracy of the results using this equation depends on the estimation
of fluid properties under different flow conditions. The report written by

Putnam(z) 15 used for calculating urine properties for solid concentrations

in tne urine.

i
Heat Transfer Calculation at the Condenser.- The rate of heat transfer

on the condenser side is calculated using the analogy of a norizontal or

slightly inclined plate. Rohsenon and Hartnett(3) described this process as
follows: “a liquid film collects and in the quasi-steady state is continually
unstable, fallina off in sdmewhat random arrangement of drops that have approxi-
mate cosine shapes before detaching from liquid.” This is usually visualized

as the reverse of a film b@iling on the upper side of a horizontal plate. The
condensation process was anélyzed and measurements wera made for condensation
of water at atmospheric pressure. Gertsmann and Griffith(4) correlated their

results for the Nusselt number as follows.
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fa = 0.81 70193 ¢ ¢ < 1078

- -C (2)
hu = 0.68 920 or 10°€ 5> 7 > 1078 ,
where Nu is the Nusselg mmber and is given by:
Nu-b—(p z ) 172 (3)
Ke ( £ v)g cos 8
and o pKfu: ul 3 o 3/2 (4)
¢ (°F ) g cos 8 (heg + g Cp¢ &T) (515 ) cos o)

where @ is the plate angle with the horizontal, h is the heat transfer
coefficient at the condenser side, and Kf is the water thermal conductivity;

the remaining symbols are as defined in Equation 1.

The -effect of non-condensables on the rate of hezt transfer at the
condenser side has boen quantitatively described by Sparrux and Hinkowycz.(s)
They show that the heat transfer rate in forced convection condensation is
much less sensitive to the‘presence of non-condensable gases than in the case
of stagnant bulk mixtures, although the reduction in heat transfer becomes
more'serious as the pressu}e is reduced. They also indicated that the reduction
in heat transfer rate for both stagnant and forced convection ~onditions increos
slightly as the differenué between w211 and bulk temperature increases.

Figure 2 shows the effect of non-condensables on the rate of heat transfer.

In the figure,which is reproduced her : from Col1ier,(5) & is the ratio uetween
heat transfer rate with the existance of non-condensables in the stream to that
which would have occurredlat the same temperature difference with pure steam.

These results were extrapolated for higher mass fraction of non-condensables

expected to prevail in the present process.
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At this point, the heat transfer rate in  thz condenser {s calculated
{n teo steps: 1) calculate the heat transfer assuning pure steaa using
equaticas 2 through 4, 2)‘uso Figure 2 to {nclude the effect of non-cone
densables. Those calculations sesa to be straight formzard; howdver, the
effect of the total pressure of the vapor-gas mixture can be as fzportant
as the alr cass fraction. Sparrow et. al.‘5) {ndicated that tha reductfons
in steea condansatica rate S&ccsa rore carked as tha total pressure {3 rcduced.
Tha effect of the tsotal pressure in the condeaser {s of vital irportance to
the present process since it determines the ecount of vepor-gas nixture to ba

recycled.

Tho rate of condsasaticn can bo enhanced by several catheds which can be

categorized into three catcéories:

1) Use of force fields (centrifugal, vibraticnai snd electrostatic) to
reduce the thickness of condensate filo which constitutes the major resistance.

2} Prozotion of dropgise condensaticn through surface trcatzment using
chemfcal coatings, poly=ar éoatings. and electroplating.

3) Changes of surface gecsatry to increase the available area or to

nromote rapid removal of coﬁdensate.

All of these methods can be used to irprove the rate of condensaticn in

a VCD system condenser. The use of centrifugal force field has originally been

»

centrifucal force field and surface gecetry change can enhance the condensation

cuggested for the bofling side of the still; however, the cenbination of the

rate at the condenser side of the still. This can be achieved by placing wires
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along the sttll surface and thus gengrating surfice tensfon faorces to cause
the condensate to flow towards tha wires and to drain as rivulets alongside
|

tha uire,

Process Tharoodynamics.- A thermodynaaic enalysés of tha overall vapor

cepression process 1nthrate& uith a dual catalytic water recovery systea

w3s conducted to provide an analytical model that {s capsble of correiating
the etfects of the basic systga oparating paremoters. These oparating paree
caters include bofler tezperature and pressure, cospressor pressure ratio,
condanser teoperature and prcksure. r3es fraction of non-condenrables, ard
input uaste solid conceatration. The cbjcctiva hara {s to calculate, for 2
three-nman waste production rate, the heat erinsfer ared nzeded for specific
cperating pararcters with oinfm spacific energy. volumn, and wa2ight require-
rents. A corputer progrea was written and uscd to calculate the design

variables for different alterations of th2 process oparation.

Figure 3 qualitativelys@custhecondensattcn/evaporation precess in the
presence of non-condensable gases. Liquid waste enters the bofler at point 1
and saturated stean leaves af point 2 Tha flow leaving the beiler {s nixed
with the recycled vaper-gas nixture and the oxidant gas, and the resultant
mixture is then superheated by cempression action to the tesperature required
by the HH3 oxidaticn catalyst (250°C) and pressure P3. The mixture superheat
is then removed under constant pressure bringing the vapor to point 4 at which

state the mixture enters the condenser. Incczplete condensation occurs at the

10
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cendenger which brings tha vapor-liquid mixtura to stata 5. Tho daterminaticn
of state 5 (pressure, ictperature, and ratio of vapor to gas) depznds on the
total and vapor pressure at the {nlet to the condanser, tha condenser surfaca

tecperature, and the rate of haet transfer froa tha condensing surface.

Intergraticn with Tharcoelectic Integrated Mechrene

Evaporaticn System

Anothar possible cczbinaticn of evaporator typa, latent heat return
mathod and condenser/separator technique {s the Tharmoalectric Integrated
KMemdrane Evaporation Systca‘(TIKES) daveloped by Mznfliton Standard, Divisfon
of United Technologies Corporation, Yindsor Locks, Conn. Figure & is a
schezatic of TINZS {ntegrated with tho dual catalyst water recovery mathed.
In principle, the therrselectric heat puzp absorbs heat at {ts cold surface
and dissipates it at a hotter surface. A seafconductor material provides the
driving force, obtained froa an electrical power source, for maintaining the
temperature differential betﬁcen the two surfaces. The condanser is built
on the cold side of tha tharmoelectric heat purp and is a wat cooled
porous plate which acts like‘a sponge absorbing the condensate which is with-
drawn through the porous plate by a pump actien. The hot side of the thermo-
electric heat pu=p is uti!izgd to heat up a relatively large rate of liquid
flow which is continuously circulating through the heater and then through 2
hollow fiber membrane (HFH) evaporator. The liquid flow loses the heat
absorbed at the heater side of the thermoelectric heat pump to the small

amount of evaporating liquid at the hollow fiber membrane (HFM) evaporator.

12
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Ths resulting vapor, mixed with non-condensable gases, 1s withdrawn froa the

mixed with the oxidation gas and recycled vapor-gas mixture,
then to the condenser/separator

HFM evaparator,
and pumped through the Wi, oxfdation catalyst,

where scme of it condenses and {s drawn off. The rest {s recycled again,

after tapping off a s=all portion for venting through the HzO decomposition
catalyst.

Heat Transfer Calculations at the Heater.- Tha heat transfer rate

at the heater is calculated using tha expericental data for the heat transfer
between parallel plates with constant but unequal plate temperatures.(3) Tha
flow and fluid properties are calculated using the correlaticns reported in
Refcrence 2. The arca of ﬁeat transfer nezded is datermined by the nusber
and size of then:celectric‘modules which, in turn,depend on the rate of heat
to be rejected froa the cold side of the therroalectric heat purp (rate of

condensation) and the crefficicnt of perforcmance of each codule. The coeffi-

cient of performance of the thermoalectric rodule increases as tha difference

between the temperature it operates under decreases. This, in effect,
restricts the evaporator pressure and hence the condenser/separator pressure.
Figure 5 shows the relativeness of operating parameters of the thermoelectric
heat pump. HNote that for 5 fixed tcmperature differences batween the cold
plate and the cold source and the hot plate and the hot sink, the evaporator

pressure practically deterﬁines the AT for the thermoelectric heat pump and
hence the power input needed.

Heat Transfer Calculations at the Condenser/Separator.- As mentioned

before, the vapor-gas mixture enters the condenser with a saturation temperature

14
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higher than the porous p!Ste tezperature. The vapor condenses under a forced
convection condition. As tha vapor condenses, the resulting liquid {s witn-
drawn by a pump suction to keep tha porous plate with minimum condensate film

Tha rate of heat transfer in this process was calculated using

(7)

thickness.

the follewing expression %hich was experimentally verified by Kroger:

D P, hey * €y (Tg = Ty)}

Py

2
H/A T Rg R, (T, = Ty)

(5)

where h is the cocfficient of heat transfer, q is the rate of heat transfer,
T is temperature, P is pressure, D is diffusivity, hfg {s hoat of cvaporation,
R_is gas constant, Rv {s vapor constant, W {s gas mass and A is the area of

9

condensing surface. The subscripts {1, s, and v stand for inlet, saturation,

and vapor, respectively.

) The maximum percentage of vapor that would condense in the condenser is
also determined by the ratio between the vapor pressure at the condenser inlet
and the saturation pressure set by the cold plate temperature, i.e., as the
cold plate temperature deéreaaes the condensatfon rata increases; however, the

power input to the thermoelectric heat pump also increases with less efficiency.

It is now becoming clear that the design of the condenser/phase separator,
the thermoelectric heat pump, and the heater must be matched through appropriate

operating parameters for optimum results. The analytical procedure developed

16
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The Hollew Fibar lombrane (HFH) Evaporator.- The rate of evaporaticn

EA
F

)

Pl

per unit mesbrane area under the process conditions was calculated using the

T

LA

data reported in Reference 8, 9, and 10. For a certain flow rate, fixed fiber

e
-,

gecmatry and rate of evaporation per unit membrana area the total number of
fibers {s calculated as folleows.
Total nembrane ares, A = /fy, , (6)

T el

vor

whera & {s the 1nten§ed rate of evaporation (Kg/hr) and t, is the rate

of eveporation par unit membrane area (Kg/hr nz).

LA
'

pel-

e sy ey P
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The number of fibers (n) is calculated by:

.

‘K -
EP L PN

A iR 7)
where D and L are the fiber I. D. and length, respectively.
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The power P needed to pump the urina through tha hollow fiber meabrane

I§
"

assembly is calculated as follows
n n
1 2L 1 2
P a L (5<v>zf),+L (5<v>e) (8)
i‘l 2’ Rh i i‘l ? v i
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where < v > = the average velocity
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Rh = the mean hydraulic radius
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friction factor

W

the friction loss factor
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Process Thormodynamics.- An analytical procedure was developed to analyze

the integrated system performance under different operating parameters. These

parzamaters include: condenser temperature, hoater temperature and temperature
gradient between inlet and outlet flow, and thermoelectic heat pump operating
temperature. The energy fnput and output is calculated for each step in tho
process for both of the tgo liquid and gas cycles. As {llustrated in Figure 4,
the two cycles meet in a mass transfer process in the HFH and in a heat transfer
process in the tharmoelectric heat pump. The effect of non-condensable gases
on the rate of condensation 1s shown by the lawrger condenser ¢ .-ea needed for a
specified rate of condensate, and the larger amount of recycling mixture rela-

tive to the VCD systen.

The overall specific encrgy input to the systen is calculated by algebra-
ically adding up the energy inputs and cutputs in each subprccess. The two
most important items are::

1. The power needed‘by the thermoelectric heat pump to transfer heat
from lowar tempefature condensing vapor to the higher temperature
liquid. The magnitude of this power heavily depends on the design

and manufacturing of the thermoelectric rmodules. It is believed,
based on consultation with different thermoelectric heat pump
manufacturers and previous reports, that a coefficient of perfor-
mance (COP) of value of 3 iz a fairly reasonable assumption (COP

is defined as the ratio of heat rermoved from the cold source to the

work done by the thermoelectric modules.)

18
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fe 2. Tha power neaded to pump the liquid through the heater and the
HFH. The calculational procedure for this power {is described in

the previous scction.

Integration with Vapor Coapression/Hembrane Evaporation

Previous sections discussed the integration of the dual catalyst systca

with known, recasenably well developed evaporation/condensation systess,

namaly VCD and TINES. The main difficulties with thase systeus includa the
mechenical complexity of the VCD and the low efficiency of the thermcelectric

heat pump used in TIKES.
A new concept of evaporation/condensation with heat recovery vhick can

be integrated with the dual catalyst systea for water recovery froa urine was

developed. This GARD concept is showm schematically in Figure 6. This

Y
FEE

concept involves the use of hollow fibermesbranes for urine evaporation, a

vapor compression, and a porous plate condenser, qnd_combjnes the energy

efficiency of the VCD with the mechanical simplicity of TIMES.

The recirculating urine passes through the heater side of the heater/

porous plate condenser where its temperature is increased by the latent heat

P Tooat
hanba S TR AT
hd t

recovered from the condenser side. Fresh urine is added to the recycle stream

,
&
v

to make-up for the portion that has been recovered as potable water, i.e. to

i

DA

maintain a constant volume in the recycling stream. The hot urine is then

4y

1{
]

pumped through a cell of hollow fiber membrane (HFM) where a certain portion

LI N ME I
f

of it evaporates at the exterior surfaces of the hollow fibers, with the heat
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with the recycling vapor-gas mixture and oxidant gas, than superheated by
compression to 250%¢ and passed directly through the NH3 oxidation catalyst.
The resulting high pressure vapor-gas mixture {s then drawn in*o a heat
exchanger to remove its:superheat before it eaters the porous plate condenser.
The porous plate condenser is kent at a tempurature below the saturation
temperature corresponding to c¢nc vapor pressure of the condensing steam by
the coaling effect of the recycling urine stream. The watar {s pumped out of
the condenser and the uncondented vapor and non-condensables mixture is re-
cycled. A small portion of the recycled mixture is tapped off, heated to
500°C and dravm into a secend catalyst where Hzﬂ is decorpused to “z and 02

and then vented to atmosphere.

The heat transfer analysis and power calculations are similar to that of
VCD and TIMES. The results of these analysis are discussea in the following

section.

Integration with Other Evaporative Techniques

So far, we have discussed two techniques for the evaporation process,
distillation and membrane evaporation. There are other evaporative tecaniques
that can be integrated with the dual catalyst system,such as the spray drying
and flash evaporation. This section will discuss the pert.aent characteristic

of these evaporative methods when applied to urine water recovery in space.

Spray Dryer.- The principle of spray drying is the creation of atomizatio
of a highly dispersed liquid state in a high temperature gas zone, followed by
rapid evaporation and drying of the droplets. Consequently, three equally

important operations are involved, namely, 1) atomization, 2) spray gas mixing
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and 3) drying of 1iquid drops, follcwad by tha removal and collection of dry
product. Afr {s commonly uted as the warm gas in most industrial spray drycrs.
In tha water recovery syste=, however, {t {s desired to excluda ailr frea the
evaporative process so that the heat faput s aintefzed énd used only for
vaperizing urine feed. This can ba accemplished by using suparheated uring
vapor 4% tho wdrs strean hea# transport cediun, Figure 7 shows a schematic of
a spray drying system {ntegrated with a therooelectric h2at pump 23 @ condenser/

heoat recovary systen.

The prinary advantage 61 tha sorsy drying {s that solids do rot ceatact
avaporator surfaces until thoy have bacom» dried, which alleviates corvosicn and
contaminyticn prodblems. Also, spray drying msy frequently sicplify or elizinate

other oparations such as filtration of the feed. Tha main disadventages are its

energy intensiveness and ler§a systen volusa requiresents btecause of the
high gas/vipor streen temperature and flew rates required to vaporize the
tiquid feed.

In spray drying systczs; energy fs mainly consumed in:

1. Atcaizatfon of liguid. Using a pneumatic atefzer and assuming
isothercal expansios, the energy Ep, needed to atemfze 1 Kg of
urine using uv Kg of vapor is calculated by the following forcula:

Py
Ep =¥, AT In 155- . (9)
where
T = absolute teoperature of vapor,
R = gas censtant,

;l - praessure ratio across the atozizer,

2
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H' {s calculated from a heat balance cquaticn assiming parfect
nixing and inlet conditions for both liquid and vapor streazs.

JIEEIRY

- Let the Viguid inlet temperaturs and pressure b2 T1 and Pl .
c.i respectively, end AT the superheat of vapor, then

2, hfg +n, P, (Tsat - 13) .y, Cp AT, (10)
where é‘. Cyo hyq ore evaporated 'iquid mass rate, heat capacity,

and heat of evaporation at Teat? respectivelyy Tsat {s tha result-

»
. )
WY R e e

ing vapor tecperature and va is tha vapor heat capacity. Tha valua
of U, chtafned in £q. 10 13 then used in £q. 9 to calcuate the

ensrgy requiresant,

2. Puming of the continuously cycling vapor used for the evaporaticn
of the atomized uring. For a threc-can systen, tha voluzatric flow
of this vapor s calculated to bde in tha order of 150 c?lhr. at Te

373 K, depending on the pressure ratfo across the expasnsion valve

Ve erg

{n the vapor line entering the spray drying chacber and, consequently,

on the allowable vapor tesperature drop.

I aY aaprat

3. Therroelectric heat pu=p. The power consuxzed by the thermselectric
heat pu=p to transfer the heat of condensation of the condensing
vapor to superheat éhe circulating vepor used in spray drying is
considerably large.: This 1s due to the low efficiency encountered
by the gaseous heat;sink which necessitates hightemperature gradient
and hence high difference between the thermoelectric operating
texperature. Moreover, the heat transfer arca needed would be larger

thin that needad if liquid cooling is used.

HE]
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: 4. Solid-gas separator. Some kind of rotary equipszent rust be

uscd to provide for the separation of dricd solids froa the
vapor-gas nfxture when operating under zero-gravity conditions.
In addition to the design complication in satisfying this
requiresant, extra power consu=ption, waight and voluma rust be
considered.

Because of the high power requircnments and large waight and volume
penalties, the spray drying concept {s decmad unsuftable for space applications

Flash Evaporation.- The flash evaporaticn, as {llustrated in Figure 8,

{s a process in which the‘prehsated 1iquid {5 purped into & reduced pressure
vessel. Tha sudden expansion produces vapor at the expense of ligquid. The
: process cccurs adiabatically due to the fast rate of heat transfer needed in
the cvaporation. Tha mix;ure of vapor, gas, and liquid is then introduced into
a gas-licuid separating vessel which, in zero gravity environsoent, requires
carefully arranged rotary motion to genecrate centrifugal forces to scparate
1iquid droplets from gas.: Sinilarly to TIIES, the flash evaporaticn mathod .
provides for separate evaboration and lecating processes, and a form of hzat
puzping device (thentoeleétric or auxiliary vapor cycle) is needed. However,
added design ccmplications and energy consuzption in the vapor-1iquid

separation process make if unfavorable.
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Figure 8 FLASH EVAPORATOR IHTEGRATED WITH DUAL CATALYST SYSTEN




(%4

‘e

R AR i
!
N \1»* . X I
td o pom v ¥ b W At
a2, i iy
Fon e s awla gt St e Vs

Ve
Lo TR
f

Yooot*

1)

1

N )
LIS e Al oK il

v
[

T
i

Y
3

re o
-y

T
v

oy )
¢ IS

T

-
. . | w

; .
PR N ATERS ST WA RS S

\
¥

Rt
.
v
“ﬂ’;u‘.‘« N

.
) v
Hy 1R R

A it Y
fegop s f‘,\,‘.y -\\RL )M{J“J'ﬁ :"t/‘t{:(ﬂ‘i-\.‘,tn‘ 3

'

.
s
LN

[ © »
et -

P
[ OREY

2 e b
LA T

i)

P YR 2 T

s

Py

ERERGY REQUIRENIHTS

Enerqgy requiremants for water recovery systess based on catalytic
treatment of urine vapor intograted with the threa feasible mathods of
evaperation/condansaticn wore calculated ustng thsrmodymantc and hagt transfer
consideration discussed in the provious sectfon. To provida a moaningful
cozparison, tha calculations were parforezd in tha sam2 minner fer 21l three
systcs by using ccomon basic paramataers and adding caly those paranaters
that are spacific for cach system. Tha basic input paremators cos=on to
every systea are: cperating temporatures of th2 catalysts, potzble water
mass rate, percent of oxygen required for schicving esmania oxidatien,
parcentages of COZ. nzo and 02 in the recycled vapar/gas nixture, conditicns
in the evaporator/cendenser, and physical properties. Tho values of the

basic input paramoters are listed in Table 1.

The following assumpticns were used:
1. A fixed rate of potable water production,
2. Perfect thermal {nsulation,

3. Perfect heat exchange.

The calculations censidered the path of the process and datermined the
required energy and the available energy at various points; howaver, no
attempt was made to determine in which manner the availableenergy should be
best utilized. All the avaflable heat was considered a cradit during the

calculations (i.e., a perfect heat exhange); however, a correction assuming

(8]
~3
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TASLE 1 BASIC INPUT PARAMZTERS

Tezparature at oxidation catalyst, °C
Tezparature at dacemposing catalyst, °C
Inlet teaperatura‘of uring, °C

Inlet te:paraturu‘of oxidant, °C
Exit tezparature of liquid, °C

Exit temparature df vent ¢as, °C
Urine mass flourate, Kg/hr

Solids i{n urine, %

Oxygen, %

Carton dioxids, %

Hitros oxide, %

Heat capacity of liquid, KJ/Kg°C
Heat capacity of vaper, KJ/Kg°C

Hzat capacity of gas, KJ/Kg°C

28

250
500
25
25

300
0.854
15

4.20
2.04
1.08

RAR F aa Bae
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an 85% officiency of tha heat oxchangar was applicd to tha final oncrgy
requiremant valua. Although this mathod {ntroduces a cartain error in tha
calculated valuas of spacific enargy requirements, it provides a maaningful
cezparison of tha threa systems as long as cach of them s treated in tha

s&ia manner.
GARD Systen

Evaporation.- Tha aréa of tho hoatsr was calculated by assuning

2 fixed distance betwacn the psrallel plates and a fined tczparature differe
ence batwsen vall and the Viquid bulk temperatures. The following relation

was;used to calculata tha heat transfer coefficicnt:

Hu = 33.316 + 6,918 Pr,
where Hu and Pr are Husselt and Pramdtl nuzbers, respectively. Bascd on the
heat transferred froo tha‘condensér. thuy heater area was calculated. Tha
recycling fluid flow rate was determined 3ssuming a maxicun tenperaturs rise

for the fluid flowing through tha heater.

Tha heated urine ﬁasses through a hollow fibar mzrbrana evaporator
module whare water vapor diffusirg through the tube wall evaporates at the
cutside surfaces of tha fibers, and the heat of evaporation is provided dy
the hot urfae strezm. The liqui! pump power requircmant was calculated on
the basis of assumed tdtal area of the hollow fiber membrane with known

specifications (length, diamater).

vapor Cycle Calculations.- The polytropic process relation for the {deal

gases was used to calculate the only unknown condition 2cross the compressor,
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t.0., exit pressure; then the ceoprassion flow work was calculated basad en
a mxtor/conpresser machanfeal afffcicncy of 0.8,

Tha vapor-gas m1xture entars tha cordensar at a saturation tomparature
highor than tha condanser tomparatura and condanses under a forced convectien
condition. As explainad earlier, the maximen percentage of vapor that would
condanse in the condanser was datermined by tha ratfo batwzan tha vapor
pressura at the condanser inlet and tha saturation prossure at tha condanser.

Calculated Enerqy Requirzmant.- Saveral computar runs ware rada for tha
GARD Systecn at aevaporaticn tooperatures of €0°, €0°,and 60°C, and different

condansation tozparatures. Tha results are suzmarized in Table 2 erd Figure
9. Tha calculaticns indicata that, for a given evaporation tespzrature, the
required specific energy incrcases with an increasa in tha condsnsation
terperature.  This behavior cen ba explaincd by realizing that an increasy

in tha condansation tcmp#ratura dacreases tha available heat of condensation;
tharafore, less enorgy is transferred to the recycling Viquid, Bacausa tha
roquired hoat of eveporation 13 fixad for each spacific evoporaticn tormpare
ature and rato, additional enarav rust b3 provided externally to offset the
dacrease {n the available hoat of condensation. On the other hand. tha power
consuption of tha liquid purp bacemas lowar at highor condsnzation temsare

atures; howaver, the nat result {s higher overall enarqy requircment.
As showm in Fiqure 9, raising the evaporation temperature has a favor-

able effect on the energy requiremant of the system at any given condansation

temperature. Lowering specific energy requiremants at higher evaporation

30
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TABLE 2 ENERSY REQUIREKZHTS FOR GARD SYSTEM

e | S | SR | gy
% (°F) % (°F) 61 0, 15
€0 (140) 65 (149) Oxygen 565.4 (71)
60 (140) 70 (158) Oxygen 570.1 (71.7)
€0 (140) 75 (167) Oxygan 577.2 (72.6)
60 (140) 80 (176) Oxygen 535.5 (73.6)
60 (142) 85 “185) Oxygen 504.6 (74.8)
20 (176) 85 (185) Oxygen 56€0.7 (70.5)
80 (176) 90 (194) Oxygen 557.1 (71.3)
80 (176) 95 (203) Oxnygsn 575.1 (72.3)
80 (176) 100 (212) Oxygon 524.8 (73.5)
95 (203) 100 (212) Oxygen 556.4 (69.9)
95 (203) 105 (221) Oxygen 566.3 (71.2)
95 (203) 110 (230) Oxygen 573.6 (72.1)
95 (262) 115 (239) Oxygen 535.7 (73.6)
95 (230) 120 (248) Oxygen 593.4 (74.6)
80 (176) 85 (185) Afr 707.4 (88.9)
80 (176) 90 (194) Afr 716.3 (S0.1)
80 (176) 95 (203) Air 727.2 (91.5)
80 (176) 100 (212) Air 739.0 (93)
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temparvatures at a given cendensation temperature can ba attributed to the

follcuing factors:

1) At higher evaporation temperatures, raising the tcuperature of
tha vapor-gas mixture stresm to 250°C by compression requives
less ccmpressorjwork.

2) At higher cvaporation temperature more v3por can be condensed
due to the high;r pressure difforence batween the vapor strezn

cﬁtering tha condenser and tho equilibriua at the condenser

surface.

The analysis indicates that the cnargy requircaent of tho GARD Systea

{s Yower than that of TIIES (as used today, f.o., without a catalytic vagor
treataent), cainly because‘of ths elimination of the thermoelectric heat pump.
This encouraging rosult fndicates that the GARD systca is a premising concept
that can ba used to provide potable water frod urine at an efficiency
higher than TINES but with a similar mzchantcal sirplicity.

' When afr 4s used as the oxidizirng gas instead of oxygan, the energy
requiremsnt 1s higher than that required vwith axygsn.

Integration with TINES

Liquid and vapor cycles were analyzed in the same way as described for
the GARD System, except for the therroelectric heat pump and for a minor
change in the heater calculations. The coefficient of performance (COP) of

four (4) was used to evaluate the power requirement of the tharmoelectric

33
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heat pump, although such a high COP might not be attainable at large temper-
ature differentials. In the parallel plate heater calculations, the area is
fixed for the conditions studied instead of fixing the distance betwzen the

two plates.

To check the accuracy of tha computer programa run was made for the TINES
systen by modifying some parts of the program and using conditions similar to

10 and summarized in Table 3. They

those reported by Hinkler‘and Roebelen
report that the energy requirement under these conditions is about 108 H-hr/1b.
The required specific enefgy obtained by our calculations is 132 W-hr/1b.,
which is reasonably close to the value reported by Winkler and Roebelen.

Table 4 and Figure 10 show the required specific energies for the
systcm integrated with TIHES at various operating conditions. It can be seen
that the specific energy‘requirement of the systen {is higher than the GARD
System, and follows a different trerd. At a given cvaporation temperature,
the requircdspacific energy dacreases with an increase in the condensation
temperature. Since the system operates at a constant AT in the condenser,
tha 1iquid pu&ping rate.ftha rate of heat transfer by tha thermoalectric
elemant and the direct hezating must be balanced. Although each of these
paramaters changes differgntly with the temperature of condensation, the
net result is a lower enargy requirement at higher condensation temperatures.

For the same reasons expfained for the GARD System, raising the evaporation

temperature results in lower energy requirements.
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TABLE 4 ENERGY REQUIR[HEH?S OF SYSTEM IHTEGRATED WITH TIHES
Evap-ration Condensetion Cxidizing Specific Eocryy,
lcr:p:ralure. :mpc;awro. Gas, %y ( lﬂ_ﬁ_ibg._r__)
c () ¢ (°F) €0,
60 {149) 7.+ (81.5) Qaygen 1368.2 (171.9)
- 60 (149) 30 (es) Qzygen 0.8 (171.2)
@ 60 (149) 32,5 (90.5) Osyy 0 1335.9 {170.6)
85 (1a5) 47.5 (117.5) Cxysar 13,5 (167.%)
BS (185) 50 (122) Ciygen §324.2 {165.6)
85 (185) $2.5 (126.5) Czyj2n 1218.9 (185.9)
95 (203) 55 (121) Qaygea 1313.9 (1€%.9)
85 (203) £7.5 (135.5) Qzypzn 119.6 (164.8)
85 (203) 60 {130) Qzyyen 1324 (1£1.¢)
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Figure 10 ENERGY REQUIREKEHTS FOR SYSTEM INTEGRATED WITH TIKES
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i *55 Integration with VCO
3 The enargy requiremants for a Cual catalyst systea {ntegrated with VCD
1 ';f_ was calculated {n a managr similar to tha two othar systems. Genarally, tha
21 VCD cnergy regquircmeats can be subdividad nto a spacific energy of tha
;} process and a cgchanical hardware enargy. Sinca the cnargy required for
hardware components such as centrifuge sotor for rotating evaporator/
condanzer, solenoid valves, and flutd pu=ps were not ncluded {n tha
g '~ cosputer progren, & fixed valug of the hardware cnargy was added for obtaine
Z ing tha final results. Thotpson et a112 asticato the process asrdiara enargy
i for thafr system at 25.3 Hatt-hr/lb.
?, Tha area of the evepncator was calculatad using Eq. 1 and assuzing tha
,5 terparature of tha evapcrafor w:all to ba an averaga of the tecparature of
eveporation and ccadansation. Tha hzat transfer rate in tho condanser was
[ f calculated using £qs. 2 threuch 4 and then correcting for tha effect of ron-
: ccngansables. .
‘ ' Tha results for several Emrating conditions are su=marized {n Teble S.
“ Figure 11 displays the effect of changing the evaporation ard condeznsaticn
b E w.ns;eratums on the specific energy requiremant of the systen. Simflarly
, ‘* to the GARD System, fncreasing tho condansaticn tecperature {ncreases the
ri enargy requiremant. This can b2 explained by noting that an {ncrease in
*‘-% tha condznsation tecparature results fn a higher partial pressure of water
~Z vapor leaving the condenser, {.e., more vapor in the recycle stream that
f?; has to be recycled and rocempressed. The higher energy requiremant of the
: g system at highar evaporation temperature can ba explained by realizing that
V ” eore energy is required to prehaat the feed.
" 38
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TASLE 5 EKERGY REQUIREKIHTS OF SYSTEW INTEGRATED WITH VCD

|
foperatuve, | Tecperaturas 3!‘3"':"’ e it aney | e i e By 1
6% 3 ( =) Fig ( =——5) ‘
% (%) % (%) :
;
60 (140) 65 (149) 0sygen 271.9 (24.2) 471.7 {59.3) o
60 (140) 76 (158)  CGxygan  283.3 (35.6) 433.1 (€0.9) -
€0 (140) 75 (167) 0zygen 285.5 (37.1) 435.3 (62.4)
3 g0 (176) 85 (185) Oxygen 361.9 (45.3) £57.7 (21.6)
g0 (175) 50 (193) Ozygen 330.2 (47.9) 20 (73.1)
80 (176) 95 (203) Oaygen 393.6 (49.5) £33.4 (74.8) .
50 (134) 55 (203) Oaygen 415.5 (52.2) 615.3 (77.5)
%0 (194) 97 (207) Gxygen 4209 (52.9) 620.7 (19.2) 3
90 (194) 100 (212) Oxygea 428.5 (53.9) €23.3 (79.2)
3
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_;1 9 ' Cozoariscn of the Systezs
*; ‘ o The results of the @st energy efficicnt cases of tha threa systens are
. ; b presented in Table 6. In this Table, in additicn to the specific cnergy
: ' calculated assuning a coerplete recovery and utilizaticn of tha available
, energy, the enargy requirements using haat exchange of 8§53 officiency are also
‘E indicated. The systen with the lowsst engrgy requirczeats utilizes VCD for
s & the evaporation/condensaticn and heat recovery. Howaver, this systea entalls
; the machanical complexity of tha VCD and tha difficultics of liguid filo
: handling cn a rotating dru.
:i; The system utilizing TIHZS has the highest enzray reguircments, cafaly
f “i ' bacause of tho low efficiency of tha thsrmoalectric heat puoma; however, this
i f} systen has no moving parts other than pusps and s, therefore, nzchanically
f; : sicple. |
f The calculated enam_j requirezents for the GARD Systen are sococwhat highe
3 ; comparcd with a system utilizing VCD but significantly lowor cogpared with a
.l.‘:- f systcn integrated with TIFES. Actually, the GARD systea regquires less energy
& E than the TIKES systen présent'ly under devalopment which do2s not include any
: catalytic treatment. The GARD concept can be regardad as a hybrid ecploying
’f desirable and rejecting undaesirable features of both VCD and TIHES. It
- i avotds the mechanical cocodlexity of the ¥CD and the poor efficiency of the
E:‘ thermoelectric heat pump. Its main components (hollow fibar evaorator,
.5 vapor compression, porous plate condensation) have been previcusly, suffi-
k ;; ciently tested in other systems,
.,'«,:::I
- X
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TABLE 6 COIPARISQ OF TIUE LIOST EFFICIENT CASES CF THE TUREE SYSTES
Evaporaticn Cendzasation Cxtdizing Sxezific Enzrgy, -.:r&wnh
SYSTEM Tesperature, Teoperature, &3, ez ( tiate - hf) &53' :‘:.
°% (°f) 9% °F) 63 O 1) Erxchinger
4 Efficicacy.
ulza ( Hatt - h?)
Dual catalyst systea] €0 (140) €5 (149) Curgen 473.7 (53.3) £91.4 (74.4)
fntegrated with VCD - - B} R ) )
Dual catalyst systea o5 (203) 62 (1¢0) Qzyoen 1203 (164) 1570.3 (197.5%)
™ Integrated uith
Lad TIRES
GARD Systen g5 (203) 100 (212) Cxyoea 555.4 (£9.9) €32.6 (£5.7)
i
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It should ba kept fn mind that tha calculated valuas presented hare
constituta only tha calculated energy requirements of those systems. A
design study is necassary to cbtain tha best configuraticns and the actual
waight and volum panalties; howaver, weights and volumes of the three systems

considared here can b2 assumad to ha close to each othar,
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J CONDENSER DEVELOPHENT AND TESTING
5 “:’_ Based on tha analytilcal evaluatfon of varfous conceptual systcms for
. :: integrated water recovery by tha dual catalyst mathod dascribsd in previous
: sections, a concept utilizing a porous plate for condznsing the recovered
I?; wator with a direct heat exchanga to feed urina was found the most proaising.
; Such a condenser rust ba suitable for
‘ 1 1. Oparation under zero-g conditions,
{ 2. Condansation of recavercd water fron suparhoated stean containing
f up to 20% of noncondensahle gases cntering tha condenser at
3 temperatures ranging up to 250°C,
i 3. Recovery and tr:ansfer of ths heat of condansation to feed urine.
- E Although the mcovefy/remva'l of water vapor oi porous platas has baen
) : investigated and used bafore, little data are available that are applicable
s to this particular application. Tharefore, tha developmant of tha condanser
» vas pursued in three stagas:
;z 1. Construction and testing of a flat plate condenser for tha purpose
Hf of obtaining heat transfer and condensation efficiency data,
‘ i 2. Dasign and fabrication of a cylindrical condanser suitable for
j intagration with a three-man catalytic water reccvary system,
_7; 3. Testing of the cylindrical condenser first with steam, then
{', {ntegrated with the dual catalyst systenm.
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Flat Plata Condenser

Bescripticn.= Tha‘f1at plato condanser &nd {ts corponents are shown in
Figures 12 and 13. Th5 central placo of asscdly 1s a 25.4 ea (10°) long,
22.9 cn (5%) wida and 0.32 cm (0.125") thick alumirum base plate. A porous
plata, 15.2 ca (6") leng, 15.2 cn (6*) wid2, and 0.32 e (0.125%) thick, of
a 40% danse sintored fiber coppar having a neminal parmzability of 0.55
L/min—nz-Pa (160 gal.min-ftz-Psi) for water and dry tharmal cenductivity
of 10.2 watt:/m -°C (5.9 Stu/hr-ft-°F) was installed on tha condansing sida
of tha bascplata in a wdy allesring & 0.1 ca (0.04°) gop batwoen tho plates
for passaga of tha conéensed watar. Tha othsr sida of th2 baca plata is
exposed to tha ceoling‘watar and contains 12 aluminuapling spaced 2.54 e
(1) epart in a cquara pitch arrangoment for incrcasing the heat transfer.
A stainless stcel tubs of 0.S5 e (0.375") I.D. {s ceanscted to a holo
locatad in tho centor éf tha basa plate for withdrzial of th2 condensed
water accuculating in ;he g3p batwoan tha bace platae and the porous plate.
Both sidas of tho base plata are covared with enclosures cgnsgructgd froa
a clear 0.95 en (0.375%) thick polycarbonate plate, with rubbar gaskets
placed batween tha bas§ plata and tha enclosures for a leak-tight seal.

Tha polycarbonate enclosures allew a visual cbeervation of tha condansation
process. The enclosure covering tha porous plate contains ports for steam
inlet and cutlet and baffles n2ar stesm entrance and exit for achieving

a uniform steam distribution. The coolant side enclosure has an inlet and
outlet for cooling water. Chromal-Alumal tharmocouples are installed to
monitor the temperature of inlets and outlets for steam and water and also

the surface temperature of the base plate.

AR
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FLAT PLATE CONDEZNSER

Figure 12
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Exparimental Sat-up.- Tha flat plate condinser was tested in an expari-

montal arrengement shown 4n Figuro 14, Steam was qenerated from distilled
vatar at atmospheric préssure in a glass botler heatad by an electric hoate
irg mantle vhose electrical fnyut was regulated by a variable transformor.
Steam was mixed with roasured amounts of afr, than dalivercd to the con-
densing side of the f1a£ plate cendenser. Tha condensate collected by the
porous plate was removed by a slight vacuum applied to the condznsate
collector. Vapor remaiﬁing uncordensed and leaving the condanser with the
afr strezn was reroved and collected by an auxiliary condsnser maintained
at approxicately 21.1°c:(70°F). Tha flowrata of thoe coolant water was
measured by a flownoter, than it was preheated to a dasired temperature by
passing through a coppeé coil irmarsed in a constant temparature bath. Tha
system was started and allowzd to achieve a steady state which was indfcated
by a constant cutlet tecrperature of the coolant wator, than the test was
initiated and continued for on2 hour.

During tha prelininary testing, 1t was cbserved that there was seoo
condensation on tha upper enclosure of the condanser resulting in water
droplets falling on the porous plate and, thus, giving erroncous rasults.
The preblem was eliminated by additional insulation and by oparating the
condenser upside down, so that any condensate formad on tha walls did not
reach tha porous plate.

Test Results.- Tests were performed first with steam alona, then with
a mixture of steam and afr. Both types of tests were repeated with coolans
water at 21.1°C (70°F), 52.2°C (135°F), and 6C.5°C (150°F). The results of

these tests are summarized in Table 7.

48




ORIGINAL PAGE '
BLACK ARD WHITE PHOTOBRAPH
—— %S-)
' 9
&
i
[V
5 p
= <
a
=
/
g
o
S
@
g
‘%"?
[ =
3
. S
3
£
| 8
[
8
tﬁ
5
o
S
3
14}
. ) g
[
a
|t
* ~
1]
@
S

49

— 8



”

u
Py K
t

R N T y B
ECa Lo T ARl T Y 1 L T N

05

P

Pk

T
Lo

X A .
YR 4

wph By

PR

S .

v

g
B

3

' P O [P Y.
g T e e R BT PR R vl B e RN R

T
R “f
0 [PCRAY

-7

>
EE T

il (a0

o
“y L] 1.

1 [N ! - s P
AP . , , N . Lo
TR b S L & g e 2 gy e ¢ FOEDI P R TR SN PP

TRELE 7 FLAT PLATE CONDEHSER TEST RESULTS

yre

IR

FEED CCOLAKT eIINSER
Run : . - Teperature 2 g # {pae nndanes
N ::;’: :;,:, E%E;n T e mane | RO gﬁ? il s ?ezdiv;gc.
tntat Joutter [2oteal [TBoras koyor founror foepme JActust jieeras 1S5S
1| e | za] e | aa w2 s we i o] e | 8w 7
2 | 10| 24] neo] sr2 622 1033 w03 juna 1005 705 | 0 gl
3 | 709 | 24| 10%0) 6s.5 0.0 | mss 135 Jrore 1c0.0) sse [1ss met. | 70
4 | | a0 g0 | 211 258 | 10z 1265 Jro2z s1a ] em | 29 6 6
s | 768 | 300 | 1010 s7.2 eos| g3 o7 |11 c20] m s 55
6 | 715 {30 ; 10| ess €3] e s fione e = | 6 £5

2y

Y
PR
v

L '
SRR S TIPS

T
o
AT

i3

R

[
vl

>y,
.

WO SR = . m’"’”ﬁ'




A

~
<

A v

lﬂ
U Py
H

i ‘r\’
R .
J, AL

I
L AT

¥

R

Y
[
Lprteits # 8l on? o iy L
W @“‘\ YA f, L

TV

DA
!

o LT
.
R R L TTa T IO LPAN

- 2 ab Ry
% I h

PR

I

f N 9
i ' O -
. AR Y
R AR TS TR R PRIV I R e
\

A
' . P4
% el ey e PRAPERE AN

T

[

LT P

T
(R ¥
b ..{A" ’ = ’|" v
o6 b & g 08 [

'

.
bt Myt

T
4

> + Tt
ot oo . .
LR R e A T A R
4 y.u- »y vy n*u_,‘

e

F
1
H

The fead rate to the condanzer wss caleulated by cdding tha coasurcd
quantities of water recsvered by tha porcus plate, condansing ca tha wall
of tha enclosure, condengzed by tha aunilizry condenser, &nd lcaving with
tha vent afr. The cond%n:er efficicncties for varicus coolant temparatures
ware calculcted by datarnining tha ratfo of tho racovercd water to the
rax{mm possible recovary, oxpressed by tha eiffarcaca batuosn tha feod ond
tha calculatad aomunt of vopor leaving the condoaser with air at saturaticn,
Thae low cfficiencies of tha flat plate condansar ara mafnly duz to 2 ssall
porcus plate arca ard cendanszaticn on tha enclosura walls,

Tha &xsunt of h:at‘gainsd by tha ccolant, 1.2., tha hoat transfer rata,
xas dstorainzd frem tha coolant flewrata and tooperatura risa. The thoore-
tical rato of heat transfer frem tha condansaticn sida to the ccolent sida
w23 calculated by making an overall hzat balanca across tha condenser. Tha
flux to tha coolant si¢a s tha sum of latent hoat of condensation end
sensible heat recevared‘frca tha gas phass duz to tesperature difforence
botwzen tha cas phase aéd tha condsnsaticn tz=parature. COa the averccs,
the expericental rate of heat transfer for the flat plats condznser is €42
of tha theoretical valua. o .

The averagz overall heoat transfer coafficient, U, for tha cooposite
condanser assexdly basad on the porcus plata area was calculated to be
2n watt/az-°c. This heat transfer coafficient was uscd in estimating the

heat transfer paramaters for the design of a cylindrical three-man

condenser.

JCylindrical Condeorser

Dasign Considarations.- Condensation from a vapor-gas mixture doss

not cccur at nearly constant temperature as in the case for pure vapor.
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Instaad, cua to tha changa in the mas ratfo of vepor end rencordsnsadle
§as, tha tomparatura decéeascs a3 the afxturo pregressas through the
condanzer. Vo accurately m3dal this condansation procsss, ft {3 necossary
to usa & stapuisa nussri;a! analysis, f.0., ¢nia {n chich tha leagth of the
condanser s divided into a saries of finito elemmts. It fs algo rocosiery
to consfdar the varla:ieﬁ of local tharmadymantic propertiss and tha(r effect
on tha local heat and mass transfor ccafficicnts for cach fintte clemat,
One mathed of condanser &asigﬂ which satisfies tho stove rojuire=ints is
the Colturn and chgsnlz‘tacnatqua.

A throa-can capacity condansar uas dasignad using the Colburn-Hsugan
tochniqua ard using design fectors su=mrized in Tedle 8. Sinca 8 cyline
drical tubs and shall typo conficuration providas largse curfaca arca per
unit volurz than a flat éznfiguratian. a cylindrical shapa w3s saleated.
The epticun surface area of tha porcus plata s cbtainzd with steea flowing
on tha shall sids and coéling 1iguid on tha tuda sida. Convenient dis-
maters of shall and tubz vere selected on tha basfs of ccomarcial avail-

. 2bility of stajnless steal tubing, then ths length required for cbtatning

the nzcessary surface area was calculated. Teble 9 shows dizensions of the
condanser cccponants.

Description.- Figures 15 and 16 show tha schematic and the actual
condanser assemdly, Figure 17 presents its corponants, and Figure 18 {ts
cross secticn. The {nner tube and tha cuter jacket ara fash{oned frem
corrercially available thin wall stainless steel tubing, while tha porous
tudbe was constructed by Folling 3 porous copper shect and sflverbrazing
the sides together. The speciffcations of porous sheet are {dantical to

those used in the flat plate condenser. Steam {s introduced tansantially
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TASLE 9 ODESICH DIMENSIONS OF THE CYLIRDRICAL CCUDENSER

Porgus Tube

Surfzco Arca, cnz
Ingida Diecater, e
Cutsida Diemater, cn

Length, en
Innsre Tuba

Insida Ofemter, cn
Qutsida Dizmstar, cm

Quter Jockat
Insida Dicmato}. c
Outside Ofemater, co
Length, &
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4.95
5.59
50.3

4.42
4.75

6.03
6.35
50.9
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Foy
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-

by

San

~

Therrocouple e em=t:

Statnless
Steal Inmar .
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~
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r
Thermocouple ——— ==

P ) ____-q\
Steam Qutlet m Col _’T‘J Drain
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——
Thermocounle """4ZU Condensate Outlet

Coolant Inlet

Figure 15 SCHEMATIC OF THE CYLINDRICAL CONDENSER
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Figure 16 CYLINDRICAL CONDENSER
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and flews fn the snnuler veglon bobtwosn the porous tuba and the ouler
Juckat. Tha inlet and exit ports for the coslant Tiguid are Tecated at
the two ends of the innar tuba, end the ccolant flows countercurrant to
the steam flow. A gap botwsen the fnner tubs and the porous tube providas
the p@saéga far collecting the racovered condansate. Uhen steam {8 {ntroe
duced a8t atmospheric pressure, the racovered condsnsate 1% removed by
applying & ¢light vacuum to the condensats cutiet; howaver, when steem
pressura i3 higher then atrospheric, the condansate is pushed out sutomat-
fcally. Connsctors sre providad on the outer jacket for thewmscouples and
a drain. To provent the condonsaticn on tha cuter jacket, ths condenser
asscudly i3 hoavily {nsulated. |

Expardmantal Arroncermant.- The experimental set-up for testing the

cylindrical condamsor 1s shown in Figurs 19. It {s similar ¢o the arranga-
ment used with flat plate condanser; tha only differcnce s an addition of
8 dizphragu-typs ceapresser to the systsm. Stoam {s gonevatad from
disti1ld water in a glase boiler at & dosivable rate by v&g@!@%in@ the
1nnn%'vejtag@'&a the heater. letaved ceounts of air ave adﬁed to the
vapor stresm before @ntéringvﬁh@ condanser. For condensor oparation at
pressures hicher than atmospheric, the vapor-air mixture is cumpressed by
the compressor, then delivered to the condenser. Uncondensed vapor leaving
the condenser is passed through an a&xi?iary condanser cooled by tap water,
and the volume of the condensate measurad. The coolant water for the main
condenger is first preheated to the desired tempersture bath, then
circulated countercurrently to the steam flow through the cooling side of
the condenser. Inlet and outlet temperatures of steam and cooiant water
are measured and recorded. Uhen the main condenser coolant temperature

reaches a steady state, the test is initiated and contdtmed’ for one hour,
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To datormine the condsnser efficiency et high pressure, the vepor/ale
mixture is cam@raéﬁ@d by & disphragm-type compressor and maintained at @
dasired pressure Tevel by adjusting a valve located on the condonser steem
outlot; otherwise the test procadure {s {dantical to the atmospharic
prassure testing, Because the condanser pressure and the procassing rates
were selocted as the independent variebles to be malntained constant during
the duration of each experiment, they determine the other independent
operating paremsters. Thus, the condenser pressurs nd flowrate datevming
the suction pressure of the comprassor, wiich, in turn, affects the boiling
temparature, reguiring boiler hoater adjustmants.

Tests at Atrosphorie Prossure.- The condsnser was ¢osted at atmospheric

pressure using a mixture of steam and air at different coolant temporatures.
The operating conditicns and results for each {ost are prasented in Table 10.
The fead rates to the condenser and tha condanser efficiencies undar varicus
conditions were measured in a monner discussed for flat plate condenser. As
shown in Table 10, the cylindrical condenser has a high overall efficiency
which is nearly independent of the coolant tesperatura. The theoretical rate
of heat transfer ta the coslant was calculated from the total heat balance
‘across the condenser, and the actual vate was determined from the measured
temperature difference and flowrate of the coslant. Except for run No. 7,
which shows an unrealistic ratio of actual to theorstical rate of heat
transfer, the average rate of heat transfer for other runs is about 87% of
the theoretical value. |

In order to check the viability of the cylindrical condenser as &
zerge-gravity functiona! unit, an experiment was performed with the condenser

at a horizontal position. By placing the condenser horizontally, the
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TABLE 10 OPERATION OF THE YLINDRICAL CONDENSER AT ATHOSPHERIC PRESSURE

Ftid COOLANT DUDEHIER
R&ﬂ @ ¢ - . mam ATy .
Steam, | Air, i;g: Tem;géature, gizg T&i;;ﬁer Tﬁz&zga&vre, fecove Uncondensed Conden-
No | gr/br | Ubr | oo i e ' red Yepor, grihe sir EFficd
PO S Hadter, ENCY,
Inlet | Outleg jPetusliiiocre- § roo0e gusies grive | Actual{Theore- g
¢ical tical
7 760 210 870 £0.8 gs.1 1285 1302 103.8 8i.1 5% 08 148 91
8 760 210 1050 0.0 84.4 1128 1297 162.2  €0.0 550 219 137 838
g 748 210 870 73.3 79.4 1259 1528 103.8 73.3 &40 ic8 g5 97
10 i 210 870 7.1 77.2 1303 1608 183.8 71l 672 89 74 5
11 748 210 gi0 €8.3 74.4 1368 1569 103.3 §8.3 &85 g4 63 97
12 760 210 870 21.1 29.5 1832 1928 183.3 21.1 749 20 4 <8
13*, 781 120 1650 7.2 16.5 1367 1872 107.2  10.5 620 181 1 79
i {

* Condenser at a horizontal position.



lowar half of the condanser was under & nagative gravity condition. The
tost was performad with a mixture of 90% stoem ond 105 atr. The conden-
sate was collected by a suction pravid@d at the side of the condenser.
Collecting the condensate from a single side port requires relatively
high vacuum, but pulling too much vacuum pulls seme of the non-condensable
gas to the condensate side which i3 undesirsble. To prevent the pussage
of non-condensable gas, the condenser was stightly angled (15°) toward the
condensate collecting side, and lass than optimum vacuum was provided at
the collacting port at the expense of lower efficiency. The r@sultsifer
this run are summarized in Table 10. The fact that the condenser {s capable
of p@rform1ng undar this condition indicates that the condenser can be &
zero-gravity uait. |

Tests at Pressures Hiohor than Atwospheric.- The experisents were

performed at two condenser pressures for two different percentagas of aivr
in the mixture. The operating condi{tions and test results ave presenied

in Teble 11. Oue to the lTimited capacity of the compressor, liquid process
rate was about one nalf of the three man rate. As can bas seen in Teble 11,
the dependent parameters such as suction pressure and boiling tomperature
are different for each case. After start-up, except for minor adjustments
of the boiler heater to keep the suction pressure constant, the system did
not require any adjustment. The condenser efficiency was calculated in a
manner discussed earlier. Contrary to the expectations, the efficiency of
the condenser was lower at higher pressuraes. The uﬁexpecﬁéd results might
be due to the effect of some subcooling caused by the highly non-adiabatic

behavior of the compressor.
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Intagration of Cylindrical Condanser with the Catalyat Svstem

The cylindrical condenser was intagratad with & threo-can capaeity
dual catalyst system ¢o determing its efficiency under the sctual opsretimg
conditions., After &w&%fmﬁﬁﬁry tasting with water ¢o dotorning the rangs of
operational paramoters and ¢o estahlish start-up, normmal running and shute
down procadures,. severs! vuns were eade with untredted urine undsr the
sctual catalytic water recovory conditions. |

The overall view of the system {s shown in Figure 20. The sain
corponents of the systes gre: tuo catalytic reactors, the condsnser, uring

evaporalior and ois bigwor. The experiment is started by prehesting (he
catalytic veactors to thelr cperational thevporatuves, followsd by probeaing
of tha yrine evaporator. A mzasured streom of alr reguived for maintaining
the desired oxygon concontration in feed is eddad ©0 the urine vapor befare
entering the %%3 oxidation catalytic reactor. The vapor-sir stroum g
passed through the %ﬁs oxidstion vesctor, then condutted divectly to the
condenser. The fuba connecting the catalytis veactor with tha condanger

is heated with 2 hoating tepe Co prevent vapor condensation in the tina.

A ¢us blower, locatsd batwesn tne condenser and the uring evapsrator,
recycles the non-condensable gos and the uncordansed vapor to the top of

the urine evaporator. A small portion of the noncondensagle gas equive
alent to the amount of added afr i3 vented through the 4.0 decomposition
reactor to maintain a constant internal pressure. Tap weter wds used as the
conlant liguid irstead of feed urine becguse the catalytic system is not
equipped with a uring recyciﬁng Toop. The coolant water was prabeated td

the desired tomperature by passing through a copper cofl fmrersed in 2
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constant tompevature bath, them clvculated throush the cesling sida of ths
condanser countercurvently 0 the steam. |

Proliminery runs wore mude with water in a flow-through moda o
dotgraing the vapor gansration rate under the selsctad conditions., The
systas wag then convarted o racycle operation and & floumetar wes toupors
arily placed between the ¢as blowar end tha evaporator t0 mogsure the
recycle rate. Aftar proper sdjustemnis ware wade to achieve a desired
racyele rate, the floweter was vemdved and the sdjustuants were maintainsd
unchanged for the vest of the expaviments.

Al tests with urine were parforead in a recycle wade using untrested
urina. The Viquid procsssing and recyeling rete for thasa tests ware
assumsd to be fdentical to the rates elasured during preliminary rung with
water at corresponding conditiens. Each test was started aftsr colabiishe
ing a stendy state condition, ard wis continusd for one hour.

. Tost Results.- The exporimantsl conditions end results for tha tests
with urine are sussarized in Table 12. Bocsuse the vepor stresm exiting
the cataiyst bed was fed dirgetly to the condsnser, the terperature of

tha vapor inlet to the condenser wes higher than §¢ would be in an efficient
systam exploying a heat exchanger. The high vapor tezperature {nsids of
the condenser increases the heat loss through the walls snd, thus, decreases
the ratio of the observed to thesretical heat trensfer rates. For an
efficient aperation, the vapor should be conled close to the saturation
tamperature before entering the condanser.

The average condenser efficiency for collecting wastes was approxi-
mately 90% and decreased with the increase im coolant temperature, as

expacted. These tests indfcate that the condenser 1s capablie of performing
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TABLE 12 CPERATION OF THE

ane

&

A

Yanor Feed:
Air Feod:

8312 grinr
3.5 L

RSER IGTEGRATED WITH WiE CATALYTIC SYSTEN

fzcycle Rate: 230 Liar
Run § Catalyst CORoERsER
e N : Hrat Transt ihondenss ~ 5
o fed Teagifatﬁfe Coolant ﬁﬁtge %&;arﬁ? Rocovored ,ﬁ§%§z~g§é§r Condenser
Terper- i Flow | Tesperature, ln,.s,..;iiheor-]Eater, Theer- efficiency
ature, |inletiCutlet Rate, ftﬁ Retual] o ioar 1 /he Actusll W0 o ) »
¢ SEIR] ee | dutiet :
ig 2%3.3 1ig4.4 1D.0 § 1100 § 5.5 2.4 1548 1611 573 a8 2 83
20 279.4 1181.1 61.7 § i045 {60.0 63.3 £85 1283 493 314 £3 gt
21 283.3 H1%i.Y  73.9 § 1060 3711 73.8 738 1088 428 186 123 87




satfsfactorily at high coolant tewperatures required 17 direct hoat transfer
. to uring recycle loop i3 employed.




CORCLUSIONS AND RECOMMENDATIONS

Based on the analytical evaluation of conceptual eveporation/condene

sation systems and test date obtained during this {nvestigation, the

following conclusions can be made:

1.

2.

3.

4.

5.

6.

An enargy efficient evaperation/condsnsation concept suitable
for integration with the catalytic water recovery system combine
fng the ensrgy efficiency of the YCD with the mechanical
steplicity of TVIMES was {dentified.

A cylindrical condenser suitable for a thres-wan vate catalytic
water recovery system and capable of condensing watew vapor in
the prosence of up to 20% noncondensable gases at atmuspheric
or elevated praessures wi. developed.

The cylindrical condonser has an average condensation effiency
of approximately $0% at various coolont tesperatures.

The condenser recovers and transfers the heat of condznsation
to the coolant, which in the actual system will be the feed
uring The average rate of heat transfer to the heat sink is
about 85% of the theoretical value.

The condsnser functions equally well in any position; there-
fore, it can be assumed that it is suitable for zero-g
conditions.

The condenser performad satisfactorily integrated with the

dual catalyst system under the actual aperating conditions with
untreated urine, The observed average condensation efficiency

of the condenser with the dual catalysi system was about 90%.
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To maka the catalytic water recovery system viable for spacacraft
. | applications, the development of eveporation/condensetion coacept found
suitable for integration with the catalytic method {s recommgnded. Since
many components have been previously tested in similar appifeations and the
condenzer for condensing vecovered water with tremsfer of energy to feed
urine in the prescnce of noncondensables has been developed during this
program, there should be no unsurmpunteble problems for the dovelopment of

&n integrated system.




1.

5.

90

10.

11.
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?h@ recovery of poteble water from untreated urine by the catalytic
method has been previously demmnstvated; however, to minimize the energy

requivements, the catalytic system must be integrated with an energy efficient,

zero-gravity evaporative process.

The first phase of this program consisted of a study and analytical
evaluation of conceptual evaporation/condensation systems suitable for inte-

gration with the catalytic water recovery method.

The primary requiverents Ton

each concept ware 15 capability to operate undav zevo-gravity conditions,

condense recovered water from a vapor-noncondensable gas mixtuve, and integratg

with the catalytic system. Specific energy requxram@nts were estimated far
concepts meeting the primary veguivements, and the concept most suitable for

integration with the catalytic system was proposed.

A Three-man rate condenser capable of integration with the proposed
system, condensing water vapor in presence of nencondensables and transterring
tha heat of condensation to feed urine was designed, fabricated, and tested.

It was tested with steam/air mixtures at atmospheric and elevated pressures and
integrated with an actual catalytic water recovery system.
a condensation efficiency exceeding 20% and heat transfer rate of approximately

The ccndenser has

85% of theoretical value at coolant temperatures ranglng from 7°C to 80°C.
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