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1.0 SUMMARY

This study program was conducted to obtain a sound tlieoreticel
understanding of and a valid analytical method for predicting

‘the performance of porous plate water boilers.

In the first of tbe four phases into which this program was
divided, several model configurations were studied theoretically
>to provide the guid'a.nce for the comrprehensive ‘exploratory
investigations to follow. Test equipment vas desighed and

constructed and theexperimental work was begun.

.During Phase II, experimental éfforts were directed towards

"~ establishing and identifying the- cooling modes. These were
tdentified as: 1) evaporation mode; 2) sublimation mode and;

s 3)‘ mixed mode’ The Pirst tuo of ~tﬁese, vhich had been postulated

previously in Phase I, were thus cc;nﬁme'd. Existence of the
mixed mode, conristing of simul taneous operation in modes one
and two, wes discovered. Analytical methods vere developed for
predicting the performance in each of these modes and correla-
tion of these results showed the importance of understanding the
ﬂox.: characteristics of the porons plate when discharging to

vacuurn ambients.

An experimental investigation of porous falate cl;aracteristics
was conducted in Phase III, covering the heat flux fa.nge of
operation to be encou-*ered in current applications. As an
addition to the original planning, the performance with time of

porous plates made from sintered nickel particles was investigated
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1.0 Continued.

and the cause of a performance degradation was established.

Modules representative of forthcoming aprlications for cooling
of transport ﬂuids were Investigzated in Phase IV in contrast
to the electrically heated modules used in the earlier phases.
Full use was mede of the previously developed theory to guide
“this phase of the work. Four different modules were designed
to focus on 'sﬁecific technical issues which might be peculiar

to fluid heated units.

Work accomplished in»Phases;I through III ha.s.'beex; compre-

hensively covered 1;1‘ previously submitted reborts HSER 29h2,
HSER 2997, HSER 3183, and HSER 331h. The work done in Phase IV ©
i covered by this report and detailéd discussion of the.

important findings 6: the earlier phases is also included.

HE K-03h 7/62 -2
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COJCLUSIONS

This nrogram achieved its principal objective of defiiing the
cooling mechanisms and developing a method for predicting the
performance of porous plate water boilers. Performance calcu-
lation methods developed previously were successfully ;pplied

to a transport fluid heated module of conventional design. The

primary conclusion; drawn from the fesults of the program are

as follows: -

1) Mixed mode operation will be encountered in most current
»applications.

2) Pore size dxstribution is significant ir. the mized mode
requlrmng that tae uxmost care be used to define and to select
suitable material. Flow and bubble point tests may have to
be augmented to obtain adequate definition o a suitable
plate. ‘ . | ‘

3) Performance required fcr‘present missions can be met. How-
ever, the potential for pore blockage must be dealt with éuring
design; in particular, allow#nce must be provided for the
tendency of nickel plates in contact with water Lo form
nickel hydrcxide and hydrated nickel oxide. .

L) Water retention of curfently avallable sinterad metal
particle plates-is insufficient to wi*hstand }eed pressures
t3ing considered for space vehicle applications (5-6 psia)
when the ambient pressure is above the t"iple point pressure.
Mixed mode operation is necessary to pr vide freezing in the
larger pores and thereby prevent breakthrough and water

carryover.

M3 P-ORA T/83
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2.0 Continued

5) The a-cheaism of iiquid breakthrough has been defined;

however, its prediétion recuires a detailed knowledge of
- the pore size cistribution and wettability of the poroﬁs
structure.

6) Porous plate cesign ;ust include conside%ation forgj;a structural
requirementsAimpLsed on plate areas by handling, m#Qufacturing
and the operational environment. |

7) P@rfbrmancerwas not degraded by brazing fins to thc porous

plate and blozking some of the pores.

H3 F02A /02
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RSCOMMEYDATIONRS

An invectigation of other potentially suitable porous plate
structures besides sintered metal powders is :ccommended.
From “he theory developed in this report otrer mat -ials and
pore structures can te expectcd to exhiblit adequate ability to
satisfy thermal requirements. Such an eveluation might show

tuat a change in materigl or structure would Zive improved

. performance for less weight and for longer zﬁssion cycles.

Alternste ﬁaterials and surfaf:e treai:nenjbs' offer potential -
advantages to oper;tion in the evaporetion mocde. This mode

was shown to exist at high heat fluxes wi;zre a correspondingly
uigh sink tel;lperahfie axists. ™o mske-use of tl;is:mode, higher
ﬂ.uidlretention_ prégsﬁrgs are reqz::imd but mxrfaé properties
and pore size eontrél theze pressure levels. Thus an increase
in the scone of meterisls ergineering work could be beneficial

and additionel studies in this ares ars reccmmended.
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INTR0DYCTICK {

it is common rractice 4o transfer heat from a heat source --
such as nerssanel or electronic ejquipment -- to a transport
fluid, anc¢ convey this fluid to a convenient locatl.n where tne
Arumt. In2n adan£étion of this concept peculiar to

space vehicles, the ultimate discharge of heat to space vacuum

is accomplished by means of a porous plate boiler, which is a

unidue device for the full utilization of the heat of sublimation
and/or evaporation of a pure substance. This cevice is ideally
suited for shért Spéée missioﬁs where an expencable fluid, such
as water, can be used for cooling. No flow control or ;alve is
needed to moéulate the coolgnt~flow from a pressurized supply-

.

tank becsuse it is self-regulating with heai diasipation re-

quirements. Various configurations of the device can be used,
depending on the cooliing required. Figure 1 shows one configuration'

which has been used for cooling a transport fluid, the construction

of which is typical of~com§act heat eichanger designs for -aero-
space apolications; The éxpendéble fluid section of this device
is the portion on which the efforts of this investigation were
concentrated. This section comprises s porous plate, 2 finned

fluicd passage, and the necessary headers.

The design function of the porous plate water boiler is to

provide cooling by expending a medium at a suitable temperature

level. The fluid expended is discharged to the surrcunding ambient

a3 a vapor, at a temperature level determined by the saturation

N3 F-82A Y/82
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Continued.

pressure charecteristics of thc substance used. Water exhausting
to a vacuun \>0-500 f~Tg) was used as the working substance and
ambient pressure fc-Jr these investigations, but the device is not
limited in this respect. The onlf requirements are that it must
be possibie to feed the substance to be expended into the boller in
a liquid scate, and the anbient pressure must be suitable for
evapofaﬁng or sublimaﬁng the fluid. The primary factor in

determining the usefulness of a particular snbsia‘gnce_ in a given

application is the sink temperature -~ the temperatwre of this

substance at the subiimation/evaporatd.on interface ~- produced in
conjunétibn with tf;e surrounding ambient. It is this sink leve],.

th::t provides thgipohéntigl;{cr heat transfer from the transport
fluid or heat soul;ee*and thus deﬁ.pes the heat rejection capability.
While the ultimate sink temperature ie; related to the. anhient pres-
sure, it was found in the earlr phases of 'daml\gpnent of this device
that, because a vapor pressure drop existed due to the porous :;;lata",
the low temperature corresponding to the ambient pressure (W) -

was not available as a ‘sink.

The basic objectives of this investigation were a theoretical
understanding of the mechanism by which cooling is produced, and

a definition of the operating limits, porous material characteristics,

" and configurations suitable for cooling a transport ﬁuid in space

vehicle applicaticns. I% was found that there are two basic
mechanisms by which evaporative coo. Lng can occur when a porous
plate is used in an expendable mass cooling device %o separate

the phase change substance from a lower pressure ambient.

WS pF-824 /62 - 7
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Consinued.

The two basic mechanisms were appropriately named “ne evaporation

“and sublimation mechanisms for the types of phase charge involved.

.mecham‘.sm are strongly dependent on the pore size.

As might ve expectad, the pa.rticula.r characteristics of each

Since the

pore size for most 'porons materials :ls nrn-u 1forn it is possib_e i

'bo have the device ope,raﬁng unﬂer both nechsnisns simltan‘boual;y
aw} this is referxed 'bo as J:eﬁxed oa. -~ 'me fonawing dis-

cussionavmshovhmitispossiblero*thesehmnem

to enstbythemselves or simltaneouah dmendingonthepom IS IR

suucture and operat:{ng eomd:ltlons. B

=
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50 DISCUSSION OF COOLING MODES

A/}
[]
[

Sublimation Mechp:‘j.sg

VPSP

The sublimatior. “anism is characterized by a layer of ice on
. the inside face of the porous plate, which prevents iiquid from f
= passing into the plste and escaping to the amblent. Ta= exist- | k
ence of this ice-layer 1s determined by a combination of the
vapbr pressﬁré drop .characterisﬁcs of the porous pia.'he and the

: heat ﬂux or vapo o rate. _When the vawr pressnre drop of

the porous pla'he is less tm the u-:I.ple po:l.nt presme indicated

C

byathe equﬂibrimﬂia@nan for- tbe expenda.ble mbstanee (ngure 2) ] f‘;j .

\ ) 5 tbephasechangemstbeﬁou«hesoliddirecﬂ:tothempor =
o | deeis gove*ned'bytherafeofheattransferandthemblmtion
L tempera‘hxreeotresyonding’botheloealvaporpressmatthej,ﬂet
wfaoe of the pomus pla.te. It ee.n 'be shovn that noma.l opsrating

pressum diffemntials across tbe porous plate and :lce layer are

-insufficient. pexbnﬂetbeieeintothepomsandthustbeiee

x fémsaparriermliquidﬂovinto the pores. Iq.order‘bof N :

i
.
e o

accommodate the beat transfer requirement the ice sublimates at
the porous plate face and freezes at a corresponding rate at

the 1iquid interface. The ice therefore flows somewhat in the

il - "‘M“!

panner of a glacier toward the porous piate, but et an extrerely

W\

slow rate vhile serving as a heat conduction media. This was
~actually observed by folloving small gas inclusions in the ice

during visaal tests of operating modules.

e

ns K-62A /82 T - ' ) 9
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A 1corrw::!.a.i:e«i accurately ﬂith test da.ta for the mmnmtion nechanisn

= described here. - - = ,—_

- . . ST R T

. analysis it was found that these flow tests must be run at true

Continued.

For reasons explained in a later sectibn it is necessary to measure
the vapor flow characteristics in order to determine accurately

the pressure drop across most pbrous plates. Through testing and

opera.ting exit pmssures b..eause the ﬂow is free molecule :I.n
7 nature and continmm flow does not apply Through the use of
these flow characteristics (Figure 3), the solid-\apor equ.ﬂibri\m

da.ta for vater- (F:Lgure 2) R and the heat transfer equntions pre-

_eented :ln a. lz.ter eec..ion, theoretical pertomnee ha.s ’been

It the :anut heat ﬂ.ux :ls mcreased the vapor pmeamre drop
. across the porous pla.te mcreases cans:lng the su‘bl:lmtion 'beupera ‘

turetoriseaceordtngl.y 'mismsnltsina.mducﬁonintheiee—

layer thielmess in order to eatis’y the hea.t eonduction require

ments. :menhmly the :lee layer will disa.ppea.r:eourpletely when

the heat fiux_is surﬁ.cientto eause -the vapor pressure at the

:lnlet face of the porous plate to be greater than the triple point
pressure. It is at this poin® that the evaporation mechant sm
vegins to occur. Hovever, if the pore size distri‘bu*ion is non-
uniform, the heat flux at which th:l.s tranaition oceurs will vary
witk location on the plate due to inequalities in vapor pressure

drop, resulting in mixed mode operstion.

MNE K-824 7/62
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5.2

Evaporation Mechanism

With the evaporation mechanism, the phase change occurs at pres-

_sure levels above the triple point. The absence of a sohd ce

‘layer %o prevent hqmd from passing through the porous plate “

requires that some other mechanism retain the liquid if supp).y
pressure to émbiént pressure ¢ifferentials are to_ be greater
than the vapor pz‘es#ure drop. :it was fo;md that ourfaoe_tension
supplies the necessary restramng force for preventing li.quid
from pass:.ng through the porous plate.r The head of liquid which

-a pore can retain by suface temon is inverse]y proportionll to
_ : the equivalent radms of the restrx.ction. 'nms, in sixrbered
N metal powder nplates, liquid enters the: ‘pores nnt‘il the integrated
: ::»restricﬁve force balances ths pressure differenﬁ.al. I the pore
size 18 o™ large to support the uater feed pressure, breakthrongh

;of liquid will occur when the :I.npnt heat flux prevent.s operation ‘

in- the sublimation mechanism The su.rface of the meniscus forlod\
by the liquid restrained in the porous plat'e is ‘exposed to: the

‘lower pressﬁré ambient allowing evaporaﬂon to satisfy the kg(eat

" rejection fééuifémont. Similar to the sublimation mechanism, the

evaporation tbiuperature is gvoverned by the vapor pressure crop

of the porous plate in conjunct:l.on with the liquid-vapor

.' equ.librium pressure charactensuc of the ‘coolant.

Theoretically, if the porous plgto were composed of straight
varough pores o;fr constar% ¢ross section in a hydrophobic combina-
tion, analytical performance predictions could be made. With

this idealistic porous st.ructuga the meniscus would restrain

HS FS2A Y/62
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5.2 Continued

the liquic at the pore inlets and the entire plate thickness
would represent a known or measurable resistance to vapor flow.
Uncer these corditions the vapor pressure at the phase change
could be used to obtain the evaporation or- sink temperature from
vapor-liquicd equilibrium daﬁa. Standard heat concuction across

- the liquié layer would then complete the analysis for perform-
ance; Houevér, becaq;se the liquid is restrained at some unde-
finable depth in sintered powder plates, 1t is not possible to
predict the :vapor pressure, and, therefore, analytical perform-
ance predictions for this mechanism can be expected tc be difticult
and ‘to require empirical data. .

5.3 Mixed Mode

_Increésix;g i.-nptif}_“heat- flux will’ cause:a dizrect transition from

8]

.7 the sublimation mechanism to the evaporation nechmsnif the
pores a.re regular ané unii_‘;mn and sufficierftly small for surface
tension to prevent liquid Breakthmugh. However, porous plates
suitable for fabricating full sized units contaln a random

‘di_strimtioﬁof pores w:l.t.h reépe_ct to both size and _sl:lape cé.qaing

- an -operating region which has been called the mixed moaef The
poiﬁ:b of . transition ‘fog" any single pore is dependent on i_.ts equivalen‘;-
radius and ultipately ';l;he vapor pf*essure drop prodgced by the pore.
.T;n thé mixeu mode of cooling, phase change occurs at 1oc§1 tempera-
tures above and below the triple point depehding on the local pore
gedmetry. As a result of a‘ distribution of i.:ore sizes an averaging
effect exists and if the plate is of reasonable thermal con-

ductivity the effective plate temperature has been found to

WS FC2A 7/82 i -~ 12
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Continued.

remain constant and very near the triple point for a wide range

of heat fluxes. The cooling requirements of .current space

vehicle applications arc at a level corresponding to this mixed
mode, permitting design calculations to be based on a triple

point sink temperature. -

The mixed mode of cooling is unique in that.a _wide range of porous
structures will exhibit the sam; heat rejection capability. '1.'he
sma.ller pores are the first no undergo the transition from the
sublimation to the evaporation cooling mechani since they pre-
sent the highest vapor pressure resistence. This ié quite )
forhmate because these smaller pores are more eapable of zetain-,_
ing liqu.id behind the porous pla'be by surface tension, wvhile the

larger ones remain pluggeo. by ice. It is this order of events. ‘

- whish allows operation in the mixed mode over a wide range of

h'eat\ fluxes with 1iquid. supply pressures higher then the vater

retention capability of the largest pore.

-~
TN

HS K-92A 7/82
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SELECTION OF POROUS PLATE

A wide variety of porous materials is available, and from thermal
considerations, many of these may be practical. This study was
primerily directed towards defining the pertinent thermal
pechanism so that mission and manufacturing requirements can

. be evaluated in terms of thelr effect on performance. It is
felt that the most valuable presentation on the selection of a
porous platé is bneithat givés information in texms of the plate
characteristics rather than ume which attempﬁs to talk in terms
of specific mission requirements. Guides to the solecfiqn of |
porous plates- will be dliscussed unde— two broad categories;A -

Porous Structure and Mhtérial.j - -

Porous Structure 3 . o -

-The performance of the forous plate is primarfly influenced by
thelholeégztheir number, dimensions and shape. Only regularly
shaped holes are arenable to explicit.analytical treatment. *

Few actusl materials can approach the regularity deSired for

. analytical treatment; these are generally of glass or plastic

material and present fabricating and compatibility problems.

At the inception of this investigation only sintered yarticle
plates were available in materials considered immediately
suitable for‘use in compact heat exchapger designs. These have
distressingly ifregular hole sizes and configuratiorns. The
experimentsl portion of this investigation was generally confined
to tests of these plates where average prppérties were varied,

to show if the analytical treatment of reéular holes could be

applied to the average hole characteristics of real plates.

NS K-02A 7/82
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A

f)

Pore Geomet -- Three readily discernible categories appear.
ry peal

Pores of extremely uniform size ancd regular shape can be found

in some glass filter materials. Very uniform but rather irregularly
shaved pores can be found in impregnated fiberglass material. In
the third category fall the ﬁbn-uniform and irregular sized pnres

of the sintered particle metallic plates. This third categbry has
received the bulk of the effort in this study. There is a con-
tinuing conflict between the convenient description of these plates

and items of interest concerning thermal performance. Were it con-
venient to measure hole size, number, and distribution explicitly,

it woold be a far simpler.task to express the performangg:of'a plate.

_When spherical pérticleé are uniformly arranged, the hole size, .

shape, and number_of holes can be explicitly defined. Also, the

poroolty is a functlon of the _arrangement rather ‘than the sire of N

the particles. Flghre L. gives a v1sua1 illnstraticn of. some. of the

p0551b1e regular ar*angements. Thvugh SLntered particie plates
are formed from essentially sphe;ical narticles, “the fabrica,ing

;process of rolling sintering and gartlcleﬁsize variation produces

a plate whose properties can be defined only by measurement of*

gross parameﬁers; such as flow,Ldensiti, étc,

Before indicating:what méasurements aféfpracti|al, it appears
desirabie to.consider the hole Qharactefistics that appear «
meaningful in the analytical treatment. Fzrst, open area is
important: therefore, it is desirable to maximize the number of
holes. Then the equivalent diameter of a hole is important

as this influences the ability of surface tension forces to

0, ,.
2
L P ]
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6.1.1

Continued.

withstand a {eed pressure. This pute an upper limit on the hole
size. The third item of interest is the flow characteristics. The
path length snd cross section are the primary geometr@c factors of
interest. In the modes of operation where flow is imp.riunt it is:
desirable t- minimize the pressure loss. The length must be mini-
mized and the sectional area maximized. These characteristics
point toward a fixed uniform hole size. wae?er, the realit.es of
porous plate construc%ion requirg a balarce to be achieved brtween
increaging the number of poréé\;nd adjusting the digqpfar.. In view
of the strong dependence of the plate properties on the manufacturin.

process -- the features of which are of a proprietary nature -~ it

is very desirable aﬁ this stage in the development to concentrate

on measur=ble characteristics of the porous plates.

Based on the theories developed in this. study, it should be possible -
to establish upper and lower limits on the vapor flow characteristics

of the porous plates td te used for a particular cooling application. e

These limits can then serve as a specification along with the water

retentiun pressure ﬁhen manufacturing porous plate water boilers.

The upper flow limit is established by the poré sizu cictatsd by
water retention requirements and the plate porosity or void fractien.
The heat rejection requirements establish the lower flow limit and
the pressure drop across the porous plate for bofh flow limits.

Hole size is a more difficult quantity to obtain.  Observing

the surface under suitable magnification shows only void space

a® one level which is inherently different from the inner

g F62A 7/62 16
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6.2,

6.2

B 6. ;.l

‘\'mportcnce, ’.mt st:.ll s:x.gnihcant, &s we found in our atteq)ts

Continued

layers. No direct measurements of hole size are possible.

Howevrer, the maximum size hole and an estimate of its size can be
converniently mace by running a bubble point test, which is explained
xn Appendix D. In addition, a qualitative distribulion of the Loles

is appareut. Uncertainty in the distribution of the various hole

sizes still presents ‘a problem in uniquely specifying sintered

partlc;e pero\.,.s plate »ilh bench typc qualification tests.

© Material

Several material properties influence the selsction of.material
for porous plates, including, but not necessarily restricted to,

- - theml ooadt.ct‘wity, corrosion, wettabﬂity, strengtb, vacuum A
._ sta]:.lity, and fahri&ﬁ.on coupatibility. - The 111‘8* three were -
B gfven explicit att»nﬁ.on in th:.s study ‘The othera are of lesser

':to form the transport ﬁm.d nodules of Phase Iv.

Thema.L Conducta.nt.x Cmﬂuction is the prj.ne mechanism by

.. which heat is transferred to. the sublinat..ng evaporating inter-

face In the sub ting wode the analysis places the interface

~ at the 1nte1f;or s-~face of the porous plate, and in this case

thermal conductivity cf. the plata_e should have litile effect.

- It can be postulated that the interface is at some undefined

;olane' insice the plate in the mixed .and the evaporative modes
of operation, and that in these cases heat conduction within the

plate should be isportant. Metallic porous plates, varying ia

NS P-82A 7742
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6.2.2

Contirued

thermal cor~cductivity over a 25-1 range, were tested, and the
results confirmec our first, hypothesis that in the sublimation
moce plate concuctivity was unimportant. However, the results

of these tests implied that this is also true for the mixed mode.

The evaporative mode was beyond the range of our test set-up.

Corrosion Resistance ~- The corrosion problem was investigated

with respect to nickel porous plates since these plates were
currently being used in development units for proposed space
exploration vehicles. It was found that when a nickel porous

piate is‘ exposed to water a non-sealing layer of nickel hydroxide

continues toc form on all expesea plate surfaces. -It was additionally
found that if the pickeljplates have prior oxide build-up, exposure

to water will result in the formation of -_s'omé"‘ hycrated nickel oxide

as well as the nickel hydroxide. A substantial volume increase

occurs wilh time in the surface film as a result of these _pea::tions_,

closing a large number of thg sﬁzalle:j pores and eventually reducing -

~ the heat rejection capability of the device.¥

In :hhe investigation where this problem was identified, three
potentia:l causes qf; degi‘ada‘tion were examiﬁedtl‘ay écposiﬂg three )
1 ‘entical m.ckel pofous plates to test water in t;uee different
ways, ;*I.n an effort tc isolate the cause of deterioratj.on.

Gne plate was run continuouéiy for 100 hours, exposed

# The sﬁecif:_i.c gravity of nickel compared to the various forms
of corrosicn is a measure of the volume change. The specific
gravities are: N; = 6.90 Nj (0H) = L.1

N 0= 7.4 Nj OHy%0 = 1.1

A
3
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6.2.2

6.2.3

Continued

to the normal operating conditions and presumably to all
potential causes of degradation. A seconé plate was force
flushec with the equivalent armount of water t0 show if entrained
;:rganic or inorganic solics caused the dcgradation. A third
plate was soaked ;for the same period without evaporation to

show if bacteria growth or reaction with water causesjdegradation;
these alternatives could be ‘dentified by subsequent analysis

of the plate. |

Performance checks and porous plate characteristics measure-

- ments were mace on these plates before and after. exposure, and-

the results are presented in 'rabies 1 and 2. It,u’as{ concluded

from these results that degradation of perfonumce Mcane aigni- L
f:.cant after about 200-300 hours of e:;cosme to water and is a
result of oorrosion vhich caused plugghg of the pores. ‘l'he

other potential causes _-;- so]id particle retent‘l.on and salt
deposition - might be Lmportant under different conditions

such as longer time duration and higher initial concentrations.

Several approaches exist for meeting such px;oblems. The

sélection mast be made in mnsideratibn of the mission fequire-

ments. The most obvious is selection of an alternate material

which is more passive to water. In some cases the degradation
can be accommodated by design. Inhibitors in the water and the

use of other fluids are also possible.

Wettability -- The analyses conducted in this study show taat,
in the evaporative mode and under starting transien%s, the

NS F-83A 7/62 - - -19
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6.2

Continued

wettability of the plate may have significant effects. .\ non-
wettable plite -ould have poor performance in the evaporative
moce because the heat sink temperature would increase rapidly
with heat flux. On the other hand, a non-wetting plate would
Exhibit some advantage in improved water retention capabilities.
I\n theory either a wetting or non-wetting pl‘ate; should restrain _
a static head, {he cifference being the face at which the fluid

is restrained. Fluid resiraine? at the upstream face of & non-

~ wetling plate would tend to be stable with respect to transients

in the water supply pressure. Fluid. restrained at the outer

-face s as for a wettable plate, would be expacted to bridge the

héles under a water supply pressure transient, causing a breakdown

of the entire restraining mechanism. Iﬁege:hypotheaes were nod

- N -

examined experimentallﬁr:.

Other Material Considerations -- The -emaining material con-
siderations -- strength, vacuum Stability, and fabrication --
were not an issue in this study, but a brief comment on the

observations with respect to these maf;ters: mé.y te informative.

The s_;intered i:iates do not have high strength characteristics.
Whgn testing and handling unsupported plates it appezied possiblé -
to fracfc;uré a plat- sther easily. Tbis fracture would become
abparent in an opers..ng piate as an ice filament exterding from
the outer face of the plate. Apparertly the bond between particles

would be broken, effectively increasing the pore size.

HS F-82A 7/€2
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Continued.

Fzbrication technique is a field in itself. Both naterial and
con®iguration factors are importent. Brazed modules of a
standerd type, where the porous plates were continuously sup-
ported by fins, were made without difficulty. However, vhere

unsupported plates were speciﬁ.ca.uy required for experimental

- purposes, a great deal of difficulty was encluntered. To

solve this problem and gei; on with the experimental program
a.non-petaliic bond w=s used, although this approach would
provably not be considered acceptable for production articles .

Vacuum stsbility is not & problem with metallic slates, but

early in the stuiy some plastic materisls vere eliminated for

- this reason.

S K-42A 7/82
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MATEEMATICAL MODELS

Three noces of operation have been indicated, each requiring
a slightly céifferent form of analysis. The three moées are
discusseé in the following sections; an admt:.onal section

presents a treatment of the flow losses through a2 plate dis-

charging to vacuun amblents.

Sublimation Xechanisr

This mechanism or wmode of operation represents the conditien
when an ice layer exists on the Yiquid reservoir side of the
porous plates. Operating a enit with colored water conclusively
showed that this ice 1ayer prevents liquid from entering the

porous plate. In adgition it de monstra_téd that the individual =

particles of ice actually move toward the porous plate with

t].me uh:.le the ice layer malntains a ‘constant . thickness. In
order to sata.sfy these observatlons and the input heat fiux :
requrement the ice layer must subl:'unate at-the porous plate

face at ﬂle same rate that ice is formed at the ice .u.qu:.d mterfaoe.‘

An ana..ys:.s of the subhm On mechanism including energy transfer
by . conductlon and convection is preag..tea in Appendix L. '__1'his
analysis shows that the temperature dlstrlbutions across the liquid

and ice layers are essennally linear for the range of condlta.ons

for wh:.ch this dence will be emnloyed. Suitable results san thus

' be obtained by considering energy transfer by conduct:.on alone.

Referring to Figure 5, the heat transfer across the liquid and ice

layers can be expressed as

/A = Qo/A =k, /L)(To-32) and ap/A =(k;/1)(32-Tg)
where k is the effective thermal conductivity of -the respective

layers. The boundary conditicns of the ice layer are:

WA = /s + W /L np

HS F-82A 7/83 i ) ] 22
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T-1

Continued.

at the liquid interface, and

3 Y
2/ AT / A hg
at the sublimating face, vhere hy and hg are the heats of

fueion and sublimation, respectively.

By combining these expressions algebraically, the temperature

of the heated suffaee cen be written as:
To = 32 ....1/]& [‘lo/A. & ~xi(2- :_:l ) - (32-Ts).:]

where Tg is thé sublimation temperature and is related to the

local pressure for solid-vapor equilibrium.

The ice layer .i;h:lckness, wh:lch was on2 -of the measured quantities
vhen testing porous plates under this node of opention, can
also be' derived from the abore expressiona, g:l.v:lng

ki(32'Ts) (hs"hf)

q"’/A

Evaporation Mechaniam —
Tests run with the énbieht- presgure abé_ve the tripie point
pressure érecluded tha existence of ice in any arma of the
. porous plate. Under these conditions the only obvious assumpticn
is that the 1iquid is retained behind the porous plate solely

by surface tension and the input heat flux requirement is met -
‘by evaporation. The 1iqﬁd head retained by surface - tension

was found to ve identical to the liquid breakthrough pressure,

;s determined independently for the porous plate operated in

WS K-03A /82
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Continued.

this mode,proving these postulates. When exhausting to & low
ambient pressure less; than the triple point pregsure, as
normally intended, a poroﬁs plate will operate solely with

this evaporation mechanism if the heat flux is sulficient to

‘maintein the interface vapor pressure above the triple point.

As;mming a pore ig sma.ll enough to support a 1igﬁd head by
surface tension the wettability of the porous material deter-
mines where the 1iquid is restrained. In the case of a hydro-
phobic ma‘berial the liquid would be restrained at the upstream
end of the pore; & hydrophilic material woul;l restrain the

licuid at the dbwnsimea;n end of the pore. Clean metals and

. glass are generally éogpi’etely'vetted by clean 1i.qniés, but
- 1% 1s frequently found that these materiala tend to be hydro-

phobic if the liquid or suzﬁfé.ee becomes even slightly cohtami-

nated.-

For this mode it was necessary to assume that the liquid was |
réstrained at the downstream emi of the pores, as by & hydropbilic
material, in order to oor;elate the -teat res;ults. By aslnming
that the liquid 1s at the downstream end of the pores 1t is not
necessaﬁ to account for a pressure loss rrom_ the evaporating
surfaces to the ambient. This is only appm@ate because a
pressure g;‘é.dient exists above any evaporating surface but it

1s usually ne ligible. Since the input heat flux is simply the
heat conducted across the 1iquid layer and the porous: Plate,

the temperature of the heated plate can be expressed as:

HE K024 7/82
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7.2

7.3

Continued.

= Te + qo/A * l/U

where T, is the evaporation temperature corresponding to the
ambient pressure and U is the equivalent thermal conductance.

The equivalent thermal conductance is then given as

h stlkz ! t/"p
vhere k, and kp are the equivelent thermal conductivities of
tae liquid layer‘ and porous plate, respectively. 'For these
tests natural convection was eliminated and no fins vere in-
cluded so@:x is the conductiv’ity of water, and k.p can be
expressed as : |

kp 2 k,.P + (2 - P)
where. Pistheporosityottheplate andklandk,arethe

thermal eonductivities of water- and the porous plate metal

_respectively.

Mixed Mode

'i‘he existence of the mixed mode is possible because s*utered
metal porous plates have non-uniform pores. This non-uniformity
is not quantitatively definsble, which makes exact theoretical
treatment of this mode iﬁpossible. However, this does not
represent a critical situation because performance can be pre-
dicted, with a reasonable degree of accuracy, by making a

simple assumption.

_HS K-62A /62
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7.3 Continued
The porous plate temperature can be assumed to be at the freezing
poiﬁt of the fluid. Then heat source temperatures may be
calculated with knowledge of the concuction path between the

porous plate and heating surface. The assumption of porous F

PN

plate temperature is intuitive if one realizes that all large

h les will have sowme ice, i.e., a temperature slightly less than

freezing, and the temperature of the smaller holes will be
slightly above. The rang: of this mode corresponds with moderate
heat fiuxes, so that it seens unlikely that the smaller pore
temperatures would tend to get very high. Fux:therﬁoge, if
plates of high conductivity are us;ed, it<will be necessary fox;._
the plate to be at jéfF for the larger pﬁres to be blocked.
- This was cocnfirmed by temperature me asurements on the surface %

of porous plates when operating in the mixed mode.

Some theoretical numﬁérs'cap be made which further supﬁort this
mode and place an upper bound on its range. By use of the w;ate;'
rétcntion tests [see Appendix D) a maximum hole size can be
estimated. With this hole size a heat flux that will raise the
pressure above the triple point can be calculated. This is the
obvious upper bound for this range. e '

The heat flux can be assumed to be proportional to the area of

the hole. The pressure loss, which is shown in the next section

LI by it ARt £

to be characteristic of free molecule flow, is inversely. propor=-

tional to the radius cubed. It can be immediately concluded that
for holes smaller than the maximum there exists a lower heat flux
at which the pressure loss in these holes will be large enough to . @

raise the interface-pressure above the triple point, hence the

Ao cia gt oo Ll o

mixed moce.
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Free Molecule Flow Through Porous Media

In oxder to determin.eA the vapor pressure at which the sublimation
or eva.poration"phase chenge occurs the porous plate flow c)ie.r-
acteristics must be defined. The phase chenge temperaturc can
then be obtained from equilibrium vapor pressure data for the

particular substance and phase .change process.

Gas rarefaction must be considered because of the very low cmbient

pressure to which the porous plates are exposed. In considering

this effect, the molecular mean free path, A , 15 comonly -used
to identify the flow regime. If the mean free path is small
compared witk the most significant dimension pf‘ the system, gas

flow can be treated as Acon‘t\:‘inua.’, a.n’@:macroscopic px _erties such

-as density, velocity, and temperature ma.y‘be assymed to vary

éontinuously_ in time and épa.s:e. Rates of transfer of momentum
and energy in continuum flow are governsd by a series of random

molecular. collisions, allowing rapid adjustment of the gas state

in the event of flow disturbences such as ﬁ'ictiqn ‘or heat trans-

fer. When the gas 1s rarefied so that the mean free path :ia:not
negligible compared to the most aig‘niﬁcant diwension, inter-
mol 2cular collisions become less frequent and molecules which do
not strike the boundaries of the system are unable to cox;:.e into

equilibrium with the boundaries.

Depending on the degree of gas rarefication, zas dynamica is
commonly sub-divided into three flow regimes: continuum flow,
slip flow, and free molecule flow. Continuum fiow exists when

the mean mol:zcular {ree path A is small compered to the most

K8 K-02A Y/82
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7.4 Continued

significant dimension of the flow system L, whereas free molecule . 3

flow occurs when A is large relative to L. The =lip flow regime L

exists when A and L are of the s .e orcer of magnitude.

T
R .

In the case of flow in porous media the most significant dimension
is thc equivalent pore diameter. In this stuay the equivalent

pore diameter of the porous plates tested varied from 0.5 to

T e

15 microns with most of the pores approrimately 1 - 2 micrans in

diameter. From modified idnetic theory the mean moleculsir free

path can be computed from the equation -

X = M RT
Ap‘f 2g°

where [~ is the gas viscosity, R is the sas const;nt, and p and B
T are the pressure and temperature reSpectivgly. At thé .txjiple i | : %
point pressure and temperacure the mean mlgcixlar free patl.
for water vapor:is 6. §5 :micrénsj,; :ixxii‘.catiné thaf free molecule
flow exists al this p- .*ure or any lower pressure as occurs in
the sublimation mechaniom. At slightly higher pressura levola_ ’

which will oceur in the evaporation méc‘*'._xnisﬁ, flow characteristics -

may tend toward the slip flow regime.

Free molecule flow through long narrow tubes can be expreased as

N .’ 2go Py =D
R e B

3y
h * c |
wiaere B
(R = ] v d x
o . .

v g
RGN Rl 3 i 4 s it -
e BN A Y 1 5 (AR NG A Syt toasn o e s et e

# J. K. Roberts, and A. R. Miller, "Heat and Thermodynamics,®
Sth Edition, Interscience ™ blishers, Inc., New York, 19&C.
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_lent resistance to flow through porous plates.

Continuzd.

5 ~ jas i1ow rate
R = Zas constant

Py = inlet pressure

P2 = outlet pressure

» = apsolute temperahu'e
£o ='gravitational constant

£ = flow resistance..
1 7 = flow length
C = tube circumference

~ . - - - »

T A -= tube area .

- ‘nle: non—unifor:npoze size distri’buﬁon and unknown variatica im :

circmfemnee a.mi &rea w:lth flow 1ength prevent evalmting the

-

mw resista.nce 3R, to ﬁwec. molecule flow tnrough porous ‘plates.

pe However Cy the equaticn does show the nature of free molecule ﬂav

-and how 1t can be correla;:ed with exper:lmenta.. results for -

pSIrous :pula.'l;:és';.i
geometry,
Also, it 1s

apparant- from the ﬂow equa.fion tha.t the flow rete is proportional

to the pressure uifferem.ia..., vut not the absolute pressure as

is,the case for centinuum flow.

- experimeni:a.l data for free molecuie flow through porous zila.tes

‘can be correiated in the simpie foim

{‘5,’3 = KAp

Since the flow resistance is & function only of

erimental data can be used to deteiwine the equiva-

Using ;.hese estaolished effects,

S R824 T/602
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DISCUSSION OF TSST RESULTS

Several experimentally demonstrable points are revealed by the
analysis. Tiae most obvious poirt is the existence 3f the modes.
The flow vegime can 2180 be dermonstrated by experizent. A third
ares of effort in the experimental prograx involved the demon-
stration of the effects of variocus plate characteristics om
heat mjection perfomnee A ﬁn&l ybase involved the ;teat:l.'.;g )
of traasport fiuid beated modulis. This effort has not been
reported on pz'evions];y ‘and is treated in more detai) in a

separate section.

Pe-'toma.n-o }b:!ea : o
'i‘he am]saisposm;tedamde otopemtion --am:mpr&ate];
naned tbe sa‘hlimﬁon mode -- vhich exhi'biud an 1oe h.,.ver.

- The teztmdnle hadplexig‘lass l:.ldeu wthstitmpo'uhle

40 observe the fbehavior or this ice Mr. For a per-icular
pla'be theana.lysis shmmthe thiekncasofthe:leelmrtobe
dependept on the heat flux. For different pl-'bel at a mhnt
heat flux the ice thickness depends on the gas ;\muuze drop '
across a plate discharging to a vacuum. Ice layer th;ckdou
and hester plate temperature versus hest flux for & particular

- plate is illustrated in Figure 6. The s0lid curves; calculated

by the theory of section '7.1, show that a; satisfactory correla-
tion exists. The heat‘ flux at zero ice layexr thickness repre-
sents the upper bound of tixe &u’blima.tion mods. Tke measured

flow characteristics used in predicting the performance of this

Flate are presented in Figure 7 along with the flow character-

H3 ReC2A 7Y/e2
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8.1

¢
4
)

_in the evaporation mode invelve the effects of wettability on

Continued

istics of other plates usec in the program.

Proal of ine existence of the evaporation mode in exactly

the saze context as was presentec in the analysis is difficult to
achieve because of the high heat fluxcs required. These are
nigher than these which were normally encountered in our

current applicstions, and our test units could not safely
provide them at low ambient pressure. However, the essential
aspects of the evecpsrative mode are exhibited if we ner;ly
exclude the possibility of the ensteme of i>ce.; ms was

done by raising 'I;l‘ie anbient pressure tov;a lewsl slightly

above the tripie point. Thé performance of a plate operated

in this fashion is: shown in Figure 8. - The solid line represests -
the predicted Tesuits. The attention’ gim thia nodc haa been

, _restrictedbytheexpementalnutauonswbyahckotﬁii:mi -

diate interest_ m'highezt sink tegnperatures. It;-s of intorest

performance and water Tetention and the change in flow regimes at
higher mass flukes and pressure levels. These wight be the ob- = :
Jective of addi tional experimentation. 7-

e

The third mode, the mixed mode, results from a distridution of
the hole sizes as explained in a previous section. Each hoie,
by the theory presented, 'will'go~ directly from the sublimation
to the evaporation mode. -The local heat flux at which this

occurs is dependent on the radius of the hole. Therefore ds
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8.2

Continued.

tbe heat flux is increased in a gi-en plate there is a period
of operation in which part of the holes have undergone the
trazasition and others have not. For this mode performarce
correlation is achieved by assuming a constant sink temperature
which is t‘ag triple point of the fluid. A comparison of the _
measured and predicféed heat re_._jection: performance of a plate
operating in the mixed mode is-presen‘be,d in Figure 9, {13ustrat-

ing aizquate onrrelation.

The heat fluxes occusring in the nixed 7 -~ ead the upper range

of the sublimation xode ure those whick are norx2ily encountered

in fluid cooling spplications. Ir the remsining experimental
vork the effort was directed toward idectifying thg effects of

ctenging plate chacacteristics vhen operating in these modes.

Effects of Plate Charscteristics

qu plate variables selected for investigaticn were thickness,
densityr, mariicle size, and plate conduéti;rity, because these
are gquantities which can be specified in the plate manufacture,
and it is poussible to vary them m@gegﬂgnﬂy. For each
variable a range was selected whixéh’misht prove suitable for
porous plate usage. Thn;e plates,-wﬁi;:h spanned this range,
were selected for sach point investigated. In addition, four -
plates vere ordered to an identical specification so ¥abt® -

reproduzibility could be checked.
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it is 1...,:>r\.anr. to recall that the theory presenueo requires
% Ty - - .- - - . = . . » =t
that the performance of lm.e te cepe'mem. on tne pressure

- : - ~ -,

Toss in the su:u.'r.atlon ard evapo ration :r.odes. An exami'lats.on

of the pressure 19ss cata iliustrates the varia tions that

might be ex,ected lrom inhese plates.. A. concise-statement of

the resulis of this thase of-the testing-will aid-in-tke

oreseatz2tion. No significant variation in perfommance could be

‘attributed.to the controlled vasriables over -the range considered

in this study. . First, it is imporgant;-to examine the control

-plates, thoSe.ordered.to -‘id_enti;:al_-speci_ficatiqng. : The results

of . the g_erfp‘z;na.rée,te_;?m ave shown-in.Figure 1Q:. A 73F. band
bounds the data, and at any heat {lux a consistent order among the

plates does’not exist. A check of the flow Gata for these plates

. ! .;.‘7 -.54—.__A

sfit;:g ‘that there s :Lndeed ai dlfference but it is very orderly.
- (3.2 G Lol
Lherefore ‘i‘lttle use ‘can be mace of thls data to preoict or explain
N T . s~ - i - "

ThaEr S e .t

the spreaa m perfomance. One poz.nt can oe made. The lack of

. = £ ~ e ¢
e ~‘\. -

Gependence on flow 1nd16a.t.es these plates oper.;te in the mixed mode.
Without exhaustively going thrcugh the details of each variable,

the above mentioned conclusion can be illustrated by observing -

. Figure 11, where alj performance Gata is presented on a-single

1ot. The bouncdaries of the points are hardly increased over

g8

the control set. It is therefore concluded that the range of
sérif;»les (&ensity, thickness, pore size, and plate conductivity)
f‘:-zt:;f%a;‘in this program has little importance in determining

tvhe pérfo ma~ce when operating in the mixed mocde. Despite the

HS F-62A /42 ce 33
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8.2

-Daspite ¢ lesk of a procies anilytical mathod of rodiction
_i.n: 4his rods, 4t repssconts the mosi pIoctical oparating rongs

Continued,

data spread, on approximats porformance prediction is given by
the assumtion of a triple woint sink t&zper:;mre with the
Tesistence to heat dissipation being providad by ths conduetion
path

Cur thocory olfers sddiviczal roteatial in rozolviey 23 existing
cprocd in parformsnca in the mizsd mode. The imjortanes of pore
rofius, or TSI procicaly oo sh:;.;e, o3 tbe transitica koat
flux dotesen ths prineipal xodeg has hasn statad. It is oon-
coivadle that a detallsd inowlelds: of ibe pore size distritation
would cliow a preaietaaa of ps;fom in ths transition &gioa.
maéataueaeeserzpmaorcpommu 1s dayesd *he seope
of thia. PIOTER. :

Tor mt;wpuo;auaa; T3 koat sink czperature z: siacuate
el the Mat fluxes ecw maximizad providing the minima siss
wmit. :
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9.0

‘ties by blccking pores or disturbing the original bonds betwaen

Configuraticns fecr Trensport ¥luid Cooling

The hea* rejection performance of the porous plate boiler was
lavestigat=d experimentally and theorelically for electrically
heated modules in which the pliates were in an as-receaived condition,
Cne of the current usaes of this device is the cooling of a transport
fiuid in a compact hea‘i’. exchanger such as the one shown in Figure 1.
This unit incofporatea fins which are brszed on the transport ﬂuid
and water sides for improwed thermal performance :ad structural rigldity
The manufacturing process to which the porous plates are axposed
during fabrication of this type of.unit introduces ; variety of -
practical considerations which were invastiéated in the final phm&f
this program. . : ) Tf*x

The brazing of a heat iransfer fin in the ;a'tior passage is gaﬁsi;.ly;
accounted for in the theoreiical analysis by adding the conductance

of the fin in parallel with the water. However, the brasing process
can be postulatn;i to disturb or chauge the original porous plate propez-

sintered particles. An additional pro*inn usy be intr‘oduceq by the
fins because the heat flux at the transport fluid inlet may be
sufficiently high to cause liquid breskthrough due to thea elimination
of ice plugs in pores whicﬁ. are too large to restrain the liquid by

surface tension.

With these questions in mind four diffarent glycol heatad test modulas
were designed (Drawing No. 135X-52 to 55) to avaluate tha axistance
of such problems and to illustrate ~~tential solutions. The porous

plates selected for thase modules and their performunce in an

H3 R-62A 7/82 ) QS
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electrically heated module vriuvr to manufacturing are listed in
Table 5. Tha;gi 'r“.l_.;‘tos, were orderrd to identical specifications but
it is apparmz\r‘;\thsii; éég:thﬂ sane heat flux there is a diffarence of
saveral dagree-. ‘Ar\ﬂniater plate temperature, The glycol circuits
of all four uniis w. r» intentionally made the same so that water

‘ side + ffects could ba isoléted. A photograph 6f one of the giwvecol

heated modﬁlo.s is shown in Figure 12.

Module 134X-5ly is of conventional construction with anickel fins braszed
to both the Torous plate and the fluié parting shest. This unit

was used to demonstrate the differsices from an pl«-'ctrical'.y hented
clean porous plate due. to a manufacturing process. This unit was

2lso used to evaluats braékthroizgh limits over a wide range of heat
fluxes and glycol inlet temperatures which exceaded current

apps.cations by a considerable wmagnitude.

Ho&ula 136X-55 was similar to the previous one but incofporatgd a

varistion in the water side heat transfer conductance; increasiﬁg )

in the dirsction of decreasing glycol temperature. This c_hange was

intended tc provide a more uniform heat flux at the porous plate to

rrtard liquid treakthrough if the ﬁroblam axigtad ui:hh the pr-vious

unit. Some sacrifice in heat rejsction capab".lity is obvious with a
_ unit of this type but it may be necessary for high tempsrature

applications.

The third module, 136X-53, was intended to esliminate blocking of pores
vy using fins which are shortér than the water passage gap and were
not brazed to the porous plate. Another intantion was tha possibility

HS K624 Y 22 : 36
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of ~ontrolling breaktarough due to high heat flux by this alternate

fin arrangement.

The fourth module, 136X-52, did not have any fins in the water
passage; similar to the elnctrically heated modules, and was intended
as a reference unit fqr the cther thres modules. It served to show
the combined effects of adding fins to the water passage; aside from
what theory would indicate, and the brazing of fins to the porous
plate.

Some of the deasign anomalies requested in ithese glycol modules - the
unsupported porous plate, fin variations, aad small sige - caused
manufacturing difficulties. Problems in attaching the porous plate
to the two modulez whers fins do not support the plate wera finally
splvnd by naihg an adhesive iﬂ place of the originally intended
braze bond. The only change that this introduced was to kecp the
porous piate from being exposed to a heating cyéln'ﬂhich actually
serves to preserve the originally intended rffaroucn laval, The
conventional module was fabricated with a mi;imum of «2fort. Based
on these sxperiences an extensive fabrication development program will
ba necessary if performance criteria for some future mission raquires
similar unconventional desigus. Howaver, the rasults of the
performance tests, discussed below, showad that iha conventional
dasign was most effective for current. space vehicle transbort fluid

ccoling requirements.

Predicted perforvance calculations for the conventional module (134X-5l)

were made based on the theory presented in section 7.3; the details

“s F-03A J/82 3?
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of which appsar in Appendix A. An effectiveness plot; affactiveness vs
mass flow, given in Figure 15 was shown to be independent of glycol
inlet temperature within the temperaturas range (40°F to 120°F) used

in the test program. The performance calculations obviously do not
reflect such considerations as pore blockage and thus they can be

used as another rafarance for evaluating the ~ffects of manufacturing
on the porous plates. Also shown ’in Figure 15 is the measured
performaace of this conventional module, The ;ctﬁal perfornance was
always less than the predicted, but the superior psrforming runs

Were close to the predicted curva. Figure 15 also —shows an apparently
significant spread in the dat; which is influenced by glyvcol inlat
temparature. ‘This, ié contrary to the predicted performance calculations
in Append;lx A which shows the inlet temparature dependence to be
negligible, Comparing the test data for the Séom-ntibnal module with
that for the other modules in Figures 13, 1), and 16 it is apparent _
that some other parameter besides inlat temparatur= is inﬂuanbing

the spread in the test dat:a. If temparature laval ware producing

this spread it wculd be acxpected that a coansistent order would exist,

but no such pattern exists.

_ One possible sxplanation:for the d:¢la spread is parformance deatarioration

Y:n.t"l time, Howevar, the sequence in which the testswere conducted
on each t;:oduln and the orda;r of the performance lavels in tarms o;sf
inlet glycol tampsraturs given in Table 3 shows no obvious reascn
for expecting the data spread to ba caused by deterioration in

perfornance. Another potential explanation for the data apread is

maldistribution of the glycol flow since independent studies at

HS K-824 Y/62 38

y——

T e

-



/

)

M AMIL TON STANDARD neroat No.HSER 3‘,:09

Hamilton Standard have shown erratic distribution can produce similar
effects on performance for comparzble levels cof mass velocity. The
small size of these modules and the prasence of vapor pockets in a
unit tends to accentuale the affects of maldistribution. The glycol
teated modules were intentionally designed with four ore inch wide
glycol passes to =void: maldistribution but possibly the problam

was not antirely eliminated.

" The procedure taken in satting up the various test conditions was

also amalyzed in light of the spread in test reaults. The teuperature
level was establighed and then th; procedire was to vary the glycc;i
flow rate over the desired rangé keaping a constant inlet temperature.
When the temperature was changed the floir to the module was usually
shut-off uantil the new levalt was as{.ablished. This procadurae could

. lead to the illusion of an:inlet %.nmpera‘t;ure depeudence wheraas the

more logical explanatiori is a glycol flow distribusio.. which was .
different for each inlet temperature. To furthar check this theory
_attributing the data spread to erratic giycol flow distribution;

[¢]

module 136X-55 was run twice at the same tamperature level of 90°F
on different days. This data, #hewn in Figure 16, further supports
'i;hn conclusion that the data spread is due to a changing glycol
flow pattern and not glycol inlet temperature. The only ebvious

explanation for the data sprea is a change in glycol flow pattern.

Tha relative psorformance of the various glycol he2i=d modules is
i{llustrated in Table li in terms of mean valuez of effactiveness at
vari‘ous i‘low rates. The parformance foliows the anticipated pattern
with the conventicnal unit being superior to the others, The unii

RS K-02A 7/62
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incorporating = variation in water side ~onductance exhibited the
second best performanca while th~ one without fins and the oune with
short fins not brazad to the porous plate are very close but of
inferior performsance. Apparently bloéking of scme of the pores by
brazing fins to the poroue plate is rot suffjciently detrimental to
overcome the advantagc'of the improved heat conduction of the fins.
However, if the predicted performaize is assumed as & refereance leval
the theoreticcl advantages of braring the fins to tha’porous plats
wera not completely realized. Several things could explain fhis

- deficiency =~ blocking of some poras. poor Brazing at the ends of

the fins, or as discussed above; glycol malaistsibution.

To avaluate 1iquid breakthrough limits the convantionsl rodule, 136X-Gh,
' ;as started up at increasingly higher glycol inlet temperaturss with

a water supply prpssure_ﬁf 10 psiﬁ. The procedure ror a start-up

test was to establish the test chamber vacuum, glycol inlet temparature,
and:water suppiy pressure; then once the unit was holt soaked at the
glycol tempsrature and all residual water svaporated; the water

supply valve was rapidly opened. The test module was successfully
started in this msnner without inducing bfqakthrough for hot soaked
glycol temperatures-as high as 150°F, which 1s the upper limit of the
test rig, Thess results indicate that a2 conventional transport

‘ﬂooling porous plate boiler can be made with suitable hot start-ip
characteristics for nrcpossd space vehicle applications. Tt is thus
not necessary to resort to adjusting the water side heat transfer

paths; which reduces pexrfor-ance, so as to retard liquid breakthrcugh.

H3 K-62A /62 ‘ 40
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- U4 DIX &

SAMTLE CALCULATIONS FOR TI2

GLYCLY, HASATED MODULE #136X-5%

Tais module used a stntered : porous plate for -shich

aperation solely in {ie evaporation .oc~ 1. unlikely. The stblimet Hu

G T~ O O S ———————— e, = ot

:::oée ocecurs at the low heat flur range snd 1s of only modest interest.
The performance prediction is detailed for the mixed mode. For the mixed

- mode referemee to section k.3 shows that the sink temperature is constant
at the fluii triple point. For the c;se considered here, tre sink .

tempera*ure i3 32°F.

Tone temperature profile for this kteat exchanger is:

’ o . '.1".‘)1) e

>

Toe offectiveness of the heat exchanger is dt ~lned as:

£ = ATactual = Igl - 30
4 Tpay Tgl - Tpp

This csn be wri*ten in terms of the Cuid properties and the geometry

0 the ~.uit.

— . o -~

g = Ui ATpy =WaCg /Tgl - Tgo)

frele
| Ay, - AI5t = Tee)_~(Teo - Trp)
| o1 I8l - TP Y
, Zgo - Tpp
| S, N

ML QLA TP

D m e — - — ” —— = TGP~ AT - —
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Tzl - Ton = @ 3VB
“go - Tpd
- Ha

T3 - Too _ Tgo - Top _ 4 _ sl
Tel - Tpp Tgl - Tp?

- - UA
g = Igi - Tg0 - - eUng

_ Tgi - Tpp

It is only nacessary to calculate UA for the particular unit.

where

UA _ - heg Ag x hew Aw

neg Ag + hew Aw

heg
_ hew
Ag

Aw

=

effective glycol film coefficient
.ef. .ctive water side resistance

glyecl side sui-*‘aée_ area

vater :siée area

Evaluetion of glycol side conductance.

Fin characteristics:

0.100".Eerr - 18 FPI - .002" tk -

Stainless Steel

Pass width 1"

Fass length k"

Nunmbe:- of passes - L

Glyqol fin area:-

Afg =

W, -FPI x tk) (H-tk)

14l

1(1-18 x .002) (0.100 - .002) _ ¢ g1 x 10”

1Ly

4

b4

t2

HS R-63A 7/082
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Characteristic length:

2(5-tk) (gpp - t)
Dhg = 1 -

H"'——FPI

-2 tx

- 2(.0588)(.055¢ - .002) _ .0685 in.
0.100 + 0.055¢ + G.00%

The meximum Reynolds number is at the maximum flow rate and truperature.
Maximum Flcw: 115 1b/hr

Maxirum Temperature: 120°F

Re = %8 Dag
el
115 . 0.0686 . 1

- 5.6111033 ) —‘1-5- ‘—‘193-5

At such low :Re: -olds mmbef fuliy develored laminar flow is assumed. Under

these conditions the Nusselt number ()-’5%‘5) has been found to bte a’‘con-

stent 3.63, Por the conditions ercountered.

Yu)g = bgDhg . 36
u)s»_k8 357

There is a slight variation of kg with temperature.

ke

0.22% Btu/hr - £t - °F at 60°F

snd

kg 0.219 at 120°F
Solving Nu for hg it is found that~
hg = 143.0 at 60°F
140 at 120°F
The temperature dependence is ignored in further calculations and hg is
essured constant at 140 Btu,/ ar-1t2-°F

e = Yoh

H3 R-92A Y/e2
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L

where
e
.88 ¢ A
}\ o = 4 = e \1 - \f)
[
vS
TL a Tenh rtf
- e p——
1 I=
1

ass = (¥ -3%) ®PI

iis - Z -tx) FPI + (1-FPI x o)
U = a1 2k n

0.0985 x 18

Ags 0.0555 x 18 ¢ 0.96% 0.655

0000 [k x1B | 4 g Lo

= 35 Y 9xo.om -
T - Q.'::Q
Rf = —-—3%5———)- = 0.27T
) Mo = 1 -0.655 (1 - 0.277) = 0.527

ag Ats=%[f‘(FPIxtk)-tFPf[(H-tk)JxK

]

1 x 15 SIS
=% [I - (18 x .002) +18{5.1 - .002) / x1

0.609 f£t2
[Tne Glycol Side Conductance hegAg is
‘ 45.0 Btu/hr-°F J

Water Side Conductance:
ane water side is viewed as & conduction resist:a.nce only. The
water feed rate is so low that there is no effect when cansidering the.

thermal performance.

M3 X-e24 /62
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hew =

hewtqd =

side fins are

| 0.073" H12 FPI .00
Perforated nickel
98 hole/in? =5

'0.050 #5 hole diameter

clu;’._éﬁ in the calculation of Af.

-Perforation Reduction Factor:

g%

side fins are peirforated to ellow for water distribution.

k.30 x 2073 12

=0)2.1
Fp = 1 . BLOOET o
Af = WL (FPI) tkx Fp
- 4 xkx312x0.004 x .6C8
; 15k
W . hbxkh _
Aw = S C 0.11C ft°
} = 0.338 Btu/hr £t-°F
kf = 35 Btu/hr £t -
HewAw =

£.25 x ;0-3

[-338 (0.2057) + 35 (%.31 x 2073) 7

The Water Side Conductance hewAw
29.5 Ttu/hr -

This

p; "o'f-at* on eccounts for & significant area of the fin and must e in-

HS R-{2A 7/42
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5.0 x 26,5 3+u
v J e ol - 1—,8 v
- = - —_— = Je ——
U 5.0 + 2Y.5 * hreF

2
cQ
[

0.765 Biu/1o-°F at 120°F

20 119
50 L75
70 .3k0

::LlO 216
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Critical
Point

Pressure

.0885 psia

L I

32°F
TexrqSerature
FIGURE 2

EQUILIBRIUM PHASE DIAGRAM FOR WATER
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a - Continuum flow from test.

b - Free molecule flow from test.
¢ - Extrapolation of continuv-. Jlow test
cata to free molecule r_essure level
by usual density correction - not correct.

-+

1.0 2.0

Nitrogen Flow per Unit Area - lb/hr--f'c.2

FIGURE 3

CCMPARILSCON OF CONTIMIUM FLOW AND FREE MOLECULE »LOW FOR PLATE C
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Figure L

Some Alternate Arrangements of Regulariy Packed Spheres
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RIPORTYT NO, HSER 3509

HAKIL TON 3TANDARD

o P ] DAl s - ~ . o U 5 3 -~ -
Swaole 2cint and Vztsr Retenticon Pressures
hred - PR 4 L N ol -4 2 e -~
Zalore ond After Degrodation Tests

P T ]

— - i bnp i

£ressure ~ "Hza | “Hza
| Inizizl} After Test| 1initisl | after Test
Plate | “Hza “Ina 1st | 105 | Pt ist| 107 Full Tess
{ ]
Q@ | 327 L5 3.7/ 5.018.6 { 3.6] 5.21 9.5 | 100 hour operation
4 _
R | 5. 5. %3'7 5.018.1 | &.5! 6.6] 9.4 | Force Flush
H 5.% 5.6 L.5;6.619% | 5.5] 6.0f 8.0 | 651 hour soak |
!
S 5.2 5.5 53.6 4,213.2 } 5.3} 6.2] 7.6 | 682 hour soak
TABLE 2
Perforrance of Porous Plates
During Degredstion Tests
Heater Pleté Temperature at Constant Heat Flux o
i Time _Time —
Plate Test °F| Time °Fi Time °F | hr. °F| hr. °Fl Time
@  ]100 hour 63] initial § 62| 25 hr § 62} 50 64| 75 63] final
cperation 10k hr
R |force | 8| initial { 65| final
flush
R lsoak €5 initial | 66| 100 hr § 67) 191 § D5 317 { 73] fieal
: 651 hr
S isoak 8L| initiel }§ 66} 100 hr i 67| 194 ¢ Th{ 311 | TO{ finel
662 hr
Tess Conditions:
1. Constant heat flux of 1533 Btu/hr-£t® used for all tests.
2. Water supply pressure wmalntained at -5 psia.
2. Test charter presszure maintvained at 50-100 microns of Hg.
[
HE K-02h /62 o
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O

30N,
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O

TASLE 3

=

Run Seguence Compered to Zifectiveness Level

 Modwle Yo. 52 53 5k 55
Seguence Run | &% Run & Run [ Fun g
| i <0 =20 L 60 9] 60 ) 60
2 120 | 0 6 ! 120 | 60| 120 %0 | %
3 &C * 0 120 S0 120 . S0 120 | 120

Yréer of effectiveress from highest t5 lowest

TABIE k.

Average Effectiveness for Glyveol Heated Modules

i Tow
Kodule 1b 3k 56 80 106
No. hr
52 20.9 1k.2 : 10.8 - 8.3
53 17.9 12.6 10.0 8.1
5% 33.6 2k.0 18.6 15.3
55 3L- 20.% 15.1 2.2
TABIE §
Perforrance of Phase IV Plates in Electricalliy Heated Modules
) Anmbient Water Fead Heater Place
Mocdlle Heat Flux2 Pressure Pressure Temperature
No. Plate BTU/Hr-ft PSIA PSIA °F
52 T 1233 0.0019 ke T3
52 U 1533 0.0027 5.0 TC
b v 1533 0,00087 2.k 66
55 W 1533 0.00078 1.6 68

HS R-824A 7732 65
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HAMIL TON STANDOARD

NERPORT NO.

HSER 3509

TABLE 6
DESCRIPTION OF POROUS PLATES
PARTICEE
% SIZE
PLATE MATERIAL THICKJESS | DENSITY | DISTRIBUTION | PHASE
A Stainless Steel 0.032 615 ' - 1T
B N¥ickel 0.058 JTH5 - II
c Nickel 0.038 s - . I i
D Stainless Steel 0.033 T35 - I :
E Teflon Impregneted 0.006 - ; I}C' '
Fiberglass
F Nickel _ 0.061 61 25-37 1
G ° Kickel 0.060 65 _25_.37 III g
E ¥ickel - 0055 | 63 25-37 843
A Figkel 0055 | 6 . 25-37 III .
i i tanium " 9.052 . 62: 25-37 pred ,_
=K - feppeﬁ:r 0:06% "‘:’]' 66 - _‘_mf_é‘\s;—j'fm; A 8+ o
L Hickel - 0032 | 6 25.37 III ‘
K " Nickel 0.063 55 2537 T
N  Nickef 0061 | 62 37hk III
) Nickel 10.056 76 . 25:-37 T :
P Nickel 0.063. | 63 15-25 . III v
2 Nickel - 0,038 83 - II‘Ib-
R ° Nickel 0.038 < | 83 - IITb :
s Nickel - 0.039 83 - IIDb ,
5 Nickel 10,039 83 - |
U Nickel 0.038 .83 h - v
v Nickel 0.031 81 - v
'.; Nickel 0.032 82 - v ]
W meia e
o anag vy cann v o - R T
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HAMIL TON STANDARD REPORYT HO.

TABLE 7

MEASURED WAZER RETENTION, BUBBLE PCINT, AND
PERMEABILITY OF PORQUS PLATES USED

LY

SUBBLE POLNT WATER RETENTION AP @ To/ir-Tt2
PLATS psi. ‘ nsi Vacuum Discharge
A -  0.069 0.050
B - 0.73 -
c . ' - ' 5. ‘ 0.70
D - 1.33 0.20
£ 0.36 118 ' T 9.0m0
F 2.1 S 0172 0.105
G 2. 0.163 " oa1s
" 21 - 0.7 " 0.085
I S 2 0.063 0.090 . -
J 28 ‘ Coaks : 0.150
K 3.7 - o217 T ks
T 2a 1 0.1 0.055
KR R 1.6 - dem . | 0.050
¢ N 1.9 1 oam :0.085
: 0 2. T 0.885 s 0.205
P 2.6 : - 0.k52 0.150
Q. 1.8 e 0.25 *
R 1.8 2.6k 0.20 *
s _1.76 ) 2.55 0.25 *
T 2.6 : 2.75 | [0.36 *
U 2.7 2.7 0.30 *
v 1.9 - < -0.2h *
L ¥ 1.8 - 0.16 *
Ty - ‘ 8
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TABLE &

meponyno. HSER 3509

SIMMARY OF PERFORMANCE DATA FOR PHASE IX

VEBIFICATION COOLING -MECHANISMS

TXIIY M W eIt PR LE NN, A LAY 4
i i i ekl AL A -
N
B

i © | Water Porous | Heater j Ice
{ Heat Arbient | Feed Plate | Plate | Layer.
: Flux Pressure | Pressure | Temp. | Temp. | Thickness
No. [Plate |Spacing |Btu/Hr/£t2| psia psia °F °F in.
.5 313 0.00082 2.4 16.5 58.7 .387
.5 9ko 0.00118 2.k 16.7 | 9.8 245
. . -

3 B 3 gks 0.00078 1. k.k - 97.3

k B .3 1315 0.00102 k. - 125.1

5 B .3 1705 0.00118 L.k - 150.8

6 c .5 470 0.00082 k.0 33.7 | 89.7%¢{ -

7 c 5 _ Mo | 0.00078. 4.0 3k 116.5 -

8 c 5 T 970 0.00092. koo 3k.2 | 1bbk.T -

9 C .5 1230 0.00098 7.8 32 “1172.9 -

"0 | ¢ .5 1k7s 0.00098 | . 15.2 31.8 1199.3 -
< N .3 50 |0.00108 | 5.8 | 3.9 | The2 -
@ e boe .3 1280 "} 000176 |. 5.8 327 11225 ; -

1377 € =] .3 1800 0.00176 | . 8.3 32.1 | 156 -

T 1k £ 3 69k 0.57 . 2.9° - 113.6 0

T, 15 | ¢C .3 1200 §0.57 3.9 - 136.1 0 .

= o < )16 ¢ 3 1265 | 0.57 " kg - 139.9 0:

- C; i7 D S5 37 ¢ | 0.00135 3.8 . 30.7: 7 065

: ) 8 | ‘D .5 - k20 0.00LTh 3.8 | 30,5 78 067

‘19 |- D .5 k75 0.00147 3.8 28.9 | 8.5 073
20 D .5 580 0,00193 3.8 31.5 |100 025

- 21 D "5 610 0,00088 3.8 33.7 ] 102.5 01

5 . = . ’ -

£ 23 B .5 800 0.00098 2.2 72.8 296
2k E .5 . 1166 0.00098 2.2 - 123.6 126

5 25 E 25 1920° 0.00118 2.2 239 .03

f 7 _ X

i 26 1 & | -3 635 | 0.00088 | 2.0 3. | .23

i 27 E .3 710 0.00121 2.0 - 52.4 A7

E . 128 | E 3 85 |0.00118 | 2.0 82.5 | .05

L O

;i HS B-62A 7763 69
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s HSER 3509
KAMIL “ON S$TANDARD REPORT NO.
:
T TARLE 9
Y -
SUMMARY OF PERFORMANCE DATA FOR PHASE IIX
:; - 5
) INFLUENCE OF PLATE VARIABLE

i .

i Heat Ambient Water Feed Heater Plate
B ] Flux . Pressure Pressure Temperature
: XNo. Plate Btu/dr-Ft° psie psia °F

_ 1 F 1k2o " 0.0077 2.6 68
- 2 _F 1600 0.0058 3.0 5.5

: 3 F .1930° . 0.0058 2.6 81.¢

: 5 F 2810 0.0048 2.0 102

g .6 ¥ 3000 0.0058 - 2.0 105

¢ - R

N - . " o z )

c 7 G 1420 0.0019 1.6 .

j 8 G 1590 0.0018 1.b 7

- - 10 G 23907 T 0.002k R . J—
4 i G- - 3220 -- 0.0023 _ 2. ¢ 105 -
: S 12 - ¥ 1650 0.0019 1.9 - .5

L .. Y313 . - H 2000 -0.0621 .6 8L

: S R H - 2010 - . 0.0058. 1.6 .88

! SRR B JE 2380 . 0.0027 - 1.5 97

; 16. T <1620 0.0019° 2.0 73

i7 I 2020 0.0009 1.6 T

: 8 . LI 23k " 0.0018 1.6 . 87

19 I 2430 0.0018 1.5 - 93

- 20 I 2700 0.0018 - 1.k 102
i ; | |

i 21 J 1ks50 - 0.0013 2.0 70

3 22 J . 2150° 0.001k 1.8 86

. 23 J 2640 0.0013 1.8 95

i ak J 3060 0.001.6 1.8 166

25 J 37450 0.00L7 k.6 120

1 26 J 43110 .0.0019 k.8 127
Table 9

fz Continued on

\
L

next page ==
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HAMIL TON BTANDARD REPORT NO. HSER 3509
£ gQ TABLE 9
< (continued)
&«
Heat Ambient Water Feed teat. Plate
i Flux Pressure Pressure . Temperature
R W, Plate Btu/Hr-£t° psie psia__ °F
; 27 K 1250 0.0009 . 2.4, 63
¥ | 28 . K 15k5 0.0010 2.2 68
3 29 K 1855~ 0.001Lk 2.2 76
'-§ 30 K 2390 0.001.8 1.8 87 -
RN X 2920 0.0058 2.0 .- 10k
i .
¥ 32 L 1450 0.0023 1.0 T
§ { 33 L 1690 0.0029 1.8 T :
i 34 L 1975 - 0.00k1 1.k 84 :
3 35 L - 2260 - 0.0027 - 1.0 93 ;
i | o g : ;
] 36 M 950 00023 1.6 58 - !t
i - 37T . 1600 T TTT0.002k 1.8 T ‘
i 38 N 1230 0.0023 - 1.8 66 .
39 N . 1hkko 0,0025 © 7 1.6 o2 69 ‘
i <o N < 1730 -0.,0033 17 - 75 .
b N 1800 0.0029. 1.7 81 .
ko N 2380 0.0029 LS 88 ’
ST 43 0 1280 0.0031 1.5 ~ 68
& 4l o 1680 0.0025 1.3 76 "
: ks - o 1980 0.0033 1.3 8z
- ke 0 21k 0.0031 1.2 0
; 47 o 2882 0.0027 1.7 106
-7 k8- 0 3300 0.0027 2.1 116
: b9 Q 3580 0.0058 1.9 123 -
50 » 1400 10,0031 1.8 70 s
51 P 1685 0.0027 1.7 76 -
3 52 P. 1970 - 0.0031. 1.8 8k
i 53 P 2220 © 0.0031 1.6 89
4 5k P 2720 0.0033 1.3 98 (
i 55 P 2930 0.0039 1.6 107 X
i ) 56 P 1540 0.0031 2,0 120
? MS Ke62A 7/82° ' ?1
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. PERFORMANCE DETERIORATION OF -

HISTORY AND 1%ST DATA FROM

~ INVESTIGATION OF

. R N c
NICKEL POROUS PLATES
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HISTORY OF PLATE &

1. Initial Inspection

a. Measured tubble point pressure

b. Measured water, retention pressure

c¢. Neasured permeability at atmospheric exit pressure

d. MNeasured permeability &t simulated operating pressures
e. Established initial performance reference -

2. Operated plate continuously in electrically heated module for
100 hours at the following conditions:

Heat Flux - 1500 Btu/hr-t2
Water Pressure - 4.2 psia

-

3. Back flushed plate with ultra-pure effluent for contamina*ion
analysis.

L, Final Inspection

a. Measured bubble point pressure .

b. Measured wafer retention pressure

c. Measured permeability at atmospheric exit pressures

-d. Measured permeability &t simulated operating pressures

e. Conducted extrantion analysis of matter deposited on
-plate -during 100 ‘hours of 0peration N

'HISTORY OF PLATE R .

: 1. Initial Inspection
a. E%asure&:bubble poiﬁ% pressure
b. Measured water retention pressure
¢. Measured permesbility at atmospherlc exit press: =
d. Established 1n1t‘al performance reférence_

2. ?orce flushed T.2 liters of distilled water through plate

{same amount consumed by plate Q in 100 hours cperation at
1500 Bitu/hr-ft? )

3. Intermediate Inspection

<)

&. Checked performance

b. i Measured water retention pressure

‘¢. Measured bubbie point pressure

d. Measured perveabllity at atmospheric exit pressure

Soaked in dlstilled water in a covered bu* not alr tight glass

container for 551 hours and checked performance at various
times.

(s
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HAMIL TON STANDARD REPORYT NO.

HSER 3509

HISTORY OF PLATE R (continued) S
5."'.“"*n~.l Inspection 4 ) 7
N ) o
s_i;; ~ necked performsnce
b. MNeasured bubdble point pressure
¢. Measured water retencion pressure
d. Measured permeabillity at atmospheric exit pressure.
HISTORY CF PLATE S .
1. Initial Inspecti.on R
a. Measured .ater vetention pressure
. Measured bubvle point pressure - :
c. Messured permeability at atmospheric exit pressure -
“ 4., Establlshed initial performance reference’
2. Soaked pla‘cs in distilled water, boiled to rémove any air, )
in-a clocel. gl&ss container with a nitrogen atmosphere above - ) )
o the water for o6¢.hours and checked performance periodicslly.
-3 Final In; nectn.on ) . )
»~—a.. Checked performance T o C T N
b. Measured bubble point pressure N LA 4
¢. Heasured water retention pressure st T
T a. ».easured pemea.bil ty at atmospheric exit p“essure S
- N R N R ~ :’-e ‘ -~ . - " - T
c- = :
‘){ a \:\ :
3 (” -
” ;
. i : i
H3 R-82A 7/62 711
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TLSLE 10

ANALYSIS OF DISTILIZD WATER EIFORE UoeD In THE VARIOUS DEGRADATICN TESTS

¥

> e

o 3.7
Coriinctes Siigat trace
Srloricdes None
Stlfates ionz
Flucride None is 50 ml.
Alusinunm Xone

wicxkel lione

Oxygen 1/10 pom
K] Rone

Nt Xone

N0z . ~ 0.016 ppe
Shloroform Extrect{Anytris (\S PP

which dissolves in chloroform;

Total Solids 9 opx
Fixed Solids 8 pom
Bacteris Count:
By rembrane filter O ppm
By plate count L ppm

AXALYSIS OF WATSR AFIER USED IV G2S8T8

L. Trivle Distilled Water BEffluent After Back Flushed Through
Nickel Porous Plate Q

Pn 7.0
Carbonzties Slight Trace
Cnlorices None
Suifates - Hone
Farticle Count

Total Soiids 27.6 ppm
Bacteria Count Xone

B.. Distilled Water in which Nickel Porous Plate R was Soaked for
651 Howrs in an Open Glass Container
Pr 6.5

Czroonates Very Sligh% Trace

Chloxides Xone

Sulfates None

Pzrticle Count

Total Solids {20t mede)

Sacterie Count Many colonies of gram negative

bacillus, some gram positive
baciilus, and sorpe yeasy.
C. 3Distilia=d water in which Xickel Porous Plate S was Sosked for
”, . - - - -
£E2 Zours in a Jlosed Glass Container with a Nitrogen Aimosphere
over the wWater
i)

- Ph 1.0
Carborztes Yery Siight Trace .
Srhicriies XNone
Suifates None
Pariicle Count
Toia Snlids \not made)
3zetoiriz Sount Few Colonles of Grem negative

Bacillus and Occasional Yeast

H3 K624 T/€2 17
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(continued)
GLYCOL SID= WATEZR SID2 AMBIENT
MODULZE i i Supply PRESSURE
KO, Flow Pressure ' Tup i Tous Flow Pressure
ml/min | psie T | °F 1b/min | psia nicrons
53 LSO : 121.5 | 169.5 . 8.3 5.8 25
53 kGO - 120.5 {1080 ;  -- L.8 25
3t 183 .2 i 118.0 i 102.1 7.20 4.5 27
53 195 g.1 115.9 1 100.2 6.87{ k. 27
[
s4 g6 | 15 93.5 | &€~ ] 12a3 5.0 35
54 &0 15.% 2.7 ;‘ 85.5 11.32 L.8 35
54 1 &00 $.3 1. 9.8 ] 6.6 1 10d3 5.5 35
5k &05 S.: 4 g3 | 79.7 | 10.87 5.5 30
5k 400 5.5 .& } 773 0 9.56 5.5 26
5k 520 51 9.9 1 Tk 9.3k 5.4 36
5% 200 | 5.0 ‘ 0.8 ma 8.05 5.2 3L
sk 200 5.8 | 0.2 0.7 8.00 5.3 i3
sk &co 131.0 €2.5 57.5 5.5k 5.0 60
Si 850 1i.0 6.0 564 5.34 L7 75
5% 5G0 6.8 ‘ K2 56.7 5.k 5
5k £C0 6.6 | €2.2 56.5 .31 5.2 72
ch L00 3.3° - 62.9 55.1 L.gk 5.3 T0
5& L50 3.k 62.6 5% .6 b 47 5.25 T0
sk - 220 -~ 8§ 63.%k 50.5 - 5.0 72
5 } 10 2.8 63.5 50.6 3.78 5.1 72
Sl 800 13.1 115.6 | 163.1 17.1 k1 160
54 809 12.9 138.0 | 105.k | 15.6 5.0 160
5 6c0 12.6 119.1 | 106.6 | 16.5 L8 160
Sk 600 7.8 7.7 { 102.0 ik.7 k.6 150
5k 600 7.8 118.2 | 102.8 | 13.6 5.4 160
5k %ee) 7.1 2115.8 96.1 12,9 5.3 1k0
sk k20 7.2 117.7 97.3 13.1 5.1 1h0
56 1 200 6.3 120.1 92.0 - 5.1 130
sk 200 6.3 126.5 91.7 | 12.7 5.2 1k0
55 178 3.8 €0.5 L8.6 3.52 k.6 65
55 19 .0 8.0 %9.6 3.25 k.6 66
55 1 139 Lo 61.2 50.1 355 .6 66
55 ! 3%% 3.7 38,7 5L.9 3.7 k.6 66
55 368 3.7 60.2 | 52,6 3.70 | k.6 69
35 S0 5.5 z2.3 54.2 3.55 4.6 B
55 1 383 5.2 59.6 55.5 k.23 k.6 7=
55 | &i¢ 5.1 59.0 | 5%.6 £.26 L 170
35 ¢ 183 L.2 93.0 73.1 7.98 L2 95
55 ! 08 L.2 g3.3 73.6 T.61 4,2 100
55 231 13.2 G3.5 76.7 6.52 k.5 &
o33 | 200 13.2 2.6 | 75.6 5.1s 5.1 )
! 35§ ax 12k c3.1 6.4 £.56 4.8 80
| 55, k00 3.7 2.5 | 8.7 6.83 5.6 68
- =3 Lo 8.t ar.k 1.4 6,78 k.5 83
33 ¢ & 14.9 9.9 8k .0 7.31 5.0 92
35 e iLk.8 0.5 83.k 7.05 k.8 %0

HE K-82A T/82 '[9
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SER 3505

i SLYCOL SID= - ‘§ wASSR SID2 AMBIENT
f
MCDILE i Supply PRESSURE
10. Flow Pressure | Tin Tous Fiow Pressure
=i/=in psia °r °T 1t /zin psis nicrons
3 £00 13.0 2.1 3L 7.25 k.3 XK
55 'A% i3.2 8s.6 8:.2 7.13 5.0 9]
55 02 i2.0 53.2 1.3 5.35 L7 &5
35 195 9.5 Gh.l 76,5 . 7.3 ©.3 100
55 L0 5.0 g2 .4 .31 6.3 .3 110
33 = 5.0 1.7 719.2 7.83 Loy - 100
35 i 600 8.2 .31 &.8) 8.1 5.0 100
55 500 8.2 2.5 82.6 8.53 5.0 110
55 800 ik.s c2.3 g2.7 g.32 4.6 110
55 600 1k.5 $3.0 62.8 1 g.23 I S 1o
35 800 8.0 60.8 57.6 3.k5 4.5 66
55 80 7.9 62.1 357.9 1 3.6% 4.8 T0
55 800 .k 117.71 108.3 | 11.98 5.4 160
55 793 12.2 118.1 | 109.5 | 11.61 5.1 160
55 &0 1.2 118.7 | 109.6 -— 5.1 1ko
55 &00 . 62 118.1 | 106.7 | 10.55 5.0 18
55 600 6.5 117.8 | 106.3 | 10.3%k k.8 160
55 10} 6.6 116.8 | 1021 9.3% 5.8 160
55 k0O 6.6 115.k { 101.9 8.02 4.8 150
55 200 4.5 116.% 9¢.6 8.35 Lo 1ko
55 202 k.5 116.4 5.5 - 5.8 140
54 800 8.3 143.2 | 153.2%] --u* 10.9 50
*Hot Start Test
L‘h‘l Ke@2A T/732 m
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APPENDIX D

EXPERIMENTAL APPARATUS
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HAMIL TON STANDARD rerorT no. HSER 2509

LYPERIMENTAL APPARATUS

in this program consist of a basic vacuum system
i 2 izry systems Jor suaalyi g heat ané water for the
st units. The aax111a*v systems are not cperational at one
re cesigned to te itied in as "equlﬁec by the contingencies of
rogran. A major reworxing ol tine vacuum sysiem was required at
the end of Phase III to accommocate thne ceterioration of performance study.
This rework allowed continuous operation of the rocules by adding the
necessary valves and a seconc¢ vacuum pump system. For the most part the
tes*‘r a2pparatus nerformed satisfactorily as planned. A detailed description
£ the equipment specifications is Zound in the following paragraphs and
schematics (r1~ures 19 to 22). A photograph of the entire test facility is
shown in Figure 23 and one of the electrlcally heated test modules set up

in the vacuum chamber is shown in Figure 2L.

TEST FACILITY SCHEFMATICS AND SPECIFICATIONS

Vacuun System Specifications

Item 1 - Pump

Minimum requiremenss of* 15 cfm and 50 microns dead headed pressure.
Jtem 2 - Glass Bell Jar ’
18" diameter, 30" high an¢ clear of optical distortions.

Item 3 - Colc Trap
Liquid nitrogen cooled surface of 3 sq. ft. capable of removing 2 1b/hr of
water vapor at a pressure of 50 microns for L hours.

tem li ~ Base Plate

20" diameter stainless steel plate equipped with vacuum tight feed throughs
for electrical power, glycol, water, a pressure tap, and eight thermocouples.

‘Item 5 - Thermocouple Gage Transducers
0-10G0 micron range, 2 required.
tem & - Gate Value

s

8" hand gate value, 2 required.
Item 7 - fuxiliary Vacuum System

Pump, colc trap, anc thermocouple gage transcucer.

WATER FEED CIRCUIT SPECIFICAT IONS

Item 1 - Reservoir
6" ciameter x 12" high closed stainless steel tank.
Ttem 2 - Sight Glass N

10" long, non-corrosive fittings.

ftem & - Filter
/2 P retentiviiy of non-cerrosive material.

82
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Item 5 - Gracduated Glass Column

0-50 c¢c range
Item & - Micrometer Needle Valve

1/L" stainless steel flow control valve, 2 required.

s

item 7 - Pressure Tap

Adasptable to pressure itransducexr cver range 0-15 psia.

Item © - Pressurs Manometer

0-50 in. Bg. range with G.l in. Hg. increments.

Item 9 - Needle Valves

1/u* stainiess sieel, 3 required.

Iten 10 - 2lumbing

1/L" stainless steel tubing and fittings.

AC FOWER ANALYZER SPECIFICATIONS

Item 1 - Powerstat

0-1L0 volts anc 0-8 amps cutput and 60 cycle, 110 volt input.
Item 2 - Volimeter ;

& cycle, single phase, 0-150 volts range with 2 or 3 scales for accuracy.
Itern 3 - Ammeter

60 cycle, single phase, 0-10 amp range with 2 or 3 scales for accurscy.
Item L - Watimeter

& cycle, single phase, C-1000 watts range with 2 or 3 scales for accuracy.

GLYCOL CIRCUIT SPECIFLCATIONS

Item 1 - Pump

Maximum required capacity of 0.5 gpm at 20 psig.
tem 2 - Fiow-meter

130-1500 ml/iin range with accuracy ef 1% of reading, 20 psig maximum
operating prassure. ’

Item 3 - Temperature Control -
Variable heat loadé to 2000 Btu/hr with regulation to prevent exceecing 2:0°F. °
Item L - Micrometer Needle Valve . ;
1/2" stainless steel

Item 5 - Needle Valves

1/2" stainless steel - standard type - 5 required.

Ttem 6 - Water Cooled Coil

Loop of stainless steel tubing.

MS #-62A /82 83
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Item 7 -« Filter

10 micron retentivity and compatible with glycol.

Item 8 - Pressure aze

0-25 psig rance.

Iten 9 - iccumulator Tanx

Stainless steel consiruction with cover.
Item 10 - Plumbing

1/2" tubing and fittings of stainless steel or similar material which is
corpativle with glycol.

In adéition to performance testing a brief series of bench tests were
performed on each vorous plate. They incluce a nitrogen gas flow test,
a tubbls point test, and a water retention test. Each test is quite
simple and when used separately they provide littlie information. However,
used collectively, they have potential value as plate acceptance tests.

A,

The equipment used for the flow test is shown in Figure-25. It consists
of a fixture to hold the test piece and a pnesumatic clamping device. Two
connections are provided on the fixture upstream of the porous plate, one
for a regulated nitrogen-supply and the other for a pressure gage. The
nitrogen flow is measured with a Cox Flow rotor-and the pressure is
indicated on an inclined manometer. The other tests make use of the same
fixture.

The bubble point test requires the cavity above the plate to be filled
with a wetting fluid,usuvally alcohol, and the back face ¢f the plate is
pressurized with nitrogen. The bubble point is defined as that pressure
at which the first bubble appears in the fluid, the location of which is

generally rated.

The water retention test provides similar information to the bubble point
test. Here the nitrogen connection is replaced by a water supply whose head
can be closely controlled. The head is increased until the first water
droplet appears on the upper surface of the plate. This is the water reten-
tion head. ZFach of these tests may be extended to give a qualitative
indication of the distribution of the larger pores.

The electrically heated mocdule is designed as a test unit .or investigating
porous plate characteristics. An assembled module is illustrated in
Figure 26 andé an exploded¢ view is given in Figure 27. The objective of
this type of unit was to provide a variable spacing of the water chamber,

a convenient device for assembly, a uniform heat flux, and a visual
observation of the water side.

The heater plate was a copper 1/8" plate with a wire resistance heater

bondec to the back side. The copper plate was used so that slight variation |

in temperatures would tend to be minimized. The heater plate temperatures
were measured by thermocounles soldered to the water side face. This was

cone by drilling a hole through the plate and potting a thermocouple bead

fiush with the inner surface,

O

HS K-82A 7/62 ﬁ&

e e m—————— ot g




HAMIL TON STANDARD reporT NO.HSER 350¢

Zorous platc temperatures were measurec¢ Dy welding thermocouples to the
vorous plate with lead-ins coming through the spacer piece.

The spacer piece was mace of plexiglass. where visual observaticns were
required, the edges ware polished making the interior Clearly visable when
a light source was placed at side oposite the cbserver. The plastic
stack-up imposed a temperature limitation of 150°F on the unit with an
implied neat flux limitation depencent on the spacer thickness. However,
the insulation characteristics of the plastic were desirable in achieving
the one dimensional heated itransfer that was desired.

K$ R-62A 7/62
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Vacuum Pump
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- ditions from Figure 5

NALYSiS OF THE SUBLIMATION MECRANISM WITH ENERGY TRANSFER

BY CONDUCTION AND CONVECTION

Consicdering the configuration in Figure 5, an energy balance including
transfer by conduction ané convection normal to the plates gives the

following differential equations for the liquic and solid regions.

dx* ‘kAA d2
& _Cwdhi_g , L=xs§ @

dx* kA d%
The general soluﬁor; to this form of differential eduation is simply

¥x
; T(x)--GLe + /3

" where ok and /3 arearbltraryconstantstobeevaluat«drromthe
&A tortheparﬁcnhrregionbeing

boundary concluons, ano x =

- ~c0ns:mered.v

‘Evaluating the constants o and & for the following boundary con-

Tg=T. a %=0
=T oa x=b
Ti='|; at X=L
- T o X=8
where T. is the fusion temperature, the particular solutions for the

liquid solid temperatures are

e“‘\

T@= T ov, o= x=L Q)

HS P-82A 7/83
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By exoressing the exvonentials as infinite series the relative effect
of energy transfer by convection can be evaluated. The exponential

series of argument v is

2 3 L
y - }:_ + y + y + ® o @ o o o
c - l+y+ 2 1 31. El._

Using water as the exvendable coolant, as was done for this investigation,

ané considering a tyc,ical heat flux of 1500 Btu/hr-ft?

e
o, L N 1500 = 2
4‘ N5 1.43 1b/hr-ft
he=h,
W o
ana \69_ = Cl 3:33(1«53) * .33 £t 1
&, A

Y= S _ 06 Qb3 o oz pe

B Je: A 1.26 .

The largest plate spacing used in this program was $ = 0.5 inches,

which is the limiting value of x in the temperature solutions. I‘ then

follows thatl

Hx Y,L ¥, 3 1 2 .1 3
e SC‘ < C‘ = 1 +0.1805 + (0;'.805i . 8 381.05) v

Y.‘.L Y;X . )
€ =<¢e <« C’*s__ (o.czlh)2 (h.0214)3 , . .
= 1+0.02h + 7 T3
These simple calculations show that onlj the first two terms of the-
infinite series are significant for norcus plate boiler analysis when
the fluic is water and 5 is less than 0.50 inches. By ir,r;oririg higher

orcer terms of negligible magnitude the temperature solutions reduce to

HE F-83A 7/63
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; - - = T = < .
* AT, e=xEl g
N S
Wxe= s T - (T 'f’"\/_—é/ , Lex=<$§ (6)

e termerature distritutions are then linear for all nractical
TUrnoses anc enersy transfer by convection can be ignored. These

sonroximation. are quite reasonavle for most exvendable fluids since

the nlate svacing usec in nroposed flight units is 0.075 inches.

an analysis of the sublimation mechanism for conduction heat transfer
alorie is presented in section 7.1. The analysis considering both con-

vecied anc¢ conducted energy transfer will be completed here.

# heal balance of the liquid layer gives

%f»-ruCT:wC.T";?Qé—Ti‘
7S S s S S Pl N
or using equatio ) B e B g

e
eh1

b+

% 6 (T-T,) = 4, (T- T

wnere Ty is tre enteri-z liquid temperature. o

A heat balknce of the solic or ice layer gives o

WL W Te W T -k 4T R
nE ARG KGR ® | -
. z_;L
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DA $ ¢ i (9
5 X i ; d x. )
Zguations (7}, ), anc (%) cax nov e comzined Lo obiain a solution
for the srtlimatan mectanisr performance. Subsiituiing egquations (7)
zn¢ {8} inte eguation (9) zives an expression for the csolant flux in

terms of the dasired ivput heat flux and operating temperatures.

W B/
AT - - C(T-T) -G (T-T) (10)
s Ty N T ) T e T e

Equatibn (Ba) can be solved directly for the liquic layer thickness”

- in terms of the coclant {lux, coslant properties, plate spacing; 5 s

anc operating temperatures.

Finally, the performancz for this -e<.uanisnt can te ckiained from

equation {73 as

H3 Fe2A 7582
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Erowing the vapor oressure €rop characteristics of a porous plate in 0
créer to otiain the sutlimation tei:pera.,ums; Tg, cae can predict the
subliration rechanism perforaance of this plate by succgssi\!aly solving
equations (19), i11) anc (12). However, this oprocedure is considerably
more complicated trian ithe solution presentec in section 7.1 which ignores
- ! the small effecis of energy transfer by convection and the cooling

requirec to recuce the supoly coolant to the fusion tesperature.
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SYMBOLS

surface or face area
circumference or specific heat
glycol specific heat
hydravlic diameter

firs per inch

mass velocity °
gravitational constant

fin height

heat convection coefficient
heat of fusion ’
heat of sublimution

ice layer thickn.ss
constant

therm~l conductivity

liquid layer thickness or fin length
flow length

Nusselt Number

Porosity

pressure

heat fux

gas constant

flow resistance

Reynolds Wumber

tewperature

vorous plate thickness

fin thickness

M8 7024 Y/e2
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STME0LS  (Continued)

e

S

ey M

BihruRwme o

or pp

Xl “w'g o

| -

equivalent thermal conductance
fin wicth

flow rate

cistance measured from reference
effectiveness

water passage spacing

fin efficiency

overall fin efficiency
molecvlar mean free path

dynamic viscosity

SUSSCRIPTS:

evaporation .
effective glycol aide parameter
elfective water side parameter
fin

glycol

glycol inlet

glycol outlet

ice

liquid

log mean

retal

heated plate or surfsce

porous plate

sublimation

secondary surface

total surface

water

inlet

outlet
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