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ABSTRACT

Fifteen polymer coatings were evalua*ed fecr <heir
atility *%c promot2 and sustain droowisz ccrdsznsaticon of
team t¢ erhances tte haet <*ransfer cacability cf steanm
cocndenseérs. Of the fifteen ccatings, nine s2mplcyed a £luo-

olym2r as 2 major constituent. 0f the other six, fcur

o

m

2 hydrccarbons, <¢ne & chlorocarboa znd one & zilicone.
&

Fach ccating was 2pplied to four different me-al substrates:
krass, ccpper, naval trass, and titanium. While exposed to
Steam at* a*mospheric pressure, 2ach coating was visuzlly
evaluated fcr its ability +o promote dropwise condernsa*icn.
Chbserva+icns were c¢cnducted ovar a pesriod of 4000 hcours.
Hzrdness and adhasion tests wsre performed on sslected spec-
imens bcth befora2 and after expeosure.

On: “he lasis of sustained performance, six coatings were
szlzected fc¢r heat-transfer cfecrmancs evaluation. A sera-
rate appara*tus was used in which coated copoer tubes wsrs
rcunted hkcrizontally in a test section through which stean
flowed vertically downward. Vapor-side heat-transfer coef-
ficients were inferred frcm overall measurements. Test
results indicate that the outside coandz2nsing coefficien* can
be increased by a factor of five to eight through th2 use of
Folymer coatings to promo*e dropwise condensa<ion.
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JONENCLATUORE

ea 1(Cy)m, m?

r
area 1l(Cy)w, m?
e

vecific heat, kJs/kg K

Inner diameter, m

Outer diameter, m

Inside heat-trarsfer coefficient, W/m2K
Outside heat-transfer coefficient, W/m2K
Thermal conductivity, W/m K

Thermal conductivity of the liguid, W/n X
Lengtk of *tube, =n

Mags flow ra*e c¢f coolirg water, kg/s
Naval brass

Prandtl number

Hezt-transfer rate, W

Heat “lux, W/m?

Rough surface finish

Reynolds number

Wall *hermal resistance, m?K/W

smcoth surface finish

Temperature, K

Ccclanrt inlet tempsrature, K

Coclant outlet temperaturz, K

Titanium

Coclant Temperature rise, K

LMID, ( T/ {(Tsat~Ti }/(Tsat=Tcol), K
Urkncwrn or progrietary

Overall heat-transfer coefficien:, W/mZX
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v Inside wall

h GRZEZK SY¥BOLS
A Differen=iali (
1 U Dyremic viscosity, N s/m?
L v Kinematic visccsity, n?/s
i o Surface Tension, dyres/cn i
(
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I. INTRCDUCTION

A. EBRCKGROUND INFOREATIOX

T m,

The realization tha< th2 <carzth's rescurces ares £inizse
ard ne* egquelly distritut=d has been zmply ffzmomstrat:zi by
the Aramatic 1rise iz %he cost <¢f en2-gy and cTaw meatezizls
within <he past ten years. In additiorn, +%the cozt of

] constructicrn £for the basic Rarkins c¢vcle power —rplant,
whether marinz c¢r stetionary, has also incrzased. Thess
facts have pcinted *c the need to apply advarced technelegy

{ to becilzsrs and condensers.
Marine applicaticns pose the great:sst problsms since the

7'. v

pcewer rlant is limited by both size and cost. Ir the past,
mes~ of +“te effort in increasing =2£f£iciancy hes bzen
directed a+t boilsr design, whils marine condensers have
zemained tasically unchanged. Fer naval applica+icrs, ° <he
increassd yse of gas turbir2 and diesel engines for mein
ptopulsicn has diminished the importance of the imprcvements
achisved in fossil fueled boiler da2sign. However, with +hs
introducticn of the Rankine Cycl: Energy Rscovery Sys=en
(RACER) ard the existence <¢f numerous nrnuclear propulsion
sys+-eums, *he *ime has <ccme2 tc dirzct at*enticr *o0o the
imprcvement of marine condens=srs,
Search [Ref. 1] rerformed a fsasibility study *o dz+cr-
pinz what ipprovements could be made in wmarine ccndensers.
Bis rescarch indicates that an increase of more than thizty
percznt in heat trarnsfsrz, a thirty peccen®t reductiorn 1in
) veigh%, and a twenty per cent reduction in volums cculd =211
te achieved if the ccndensa%*ion mode within +he ccndenser
! were drorwise rather than filmwise. Unfortunately, filawise
' cendensztion is +the rormal, stable mode o0f condensa*icn on

14




vir-ually 21l «ccnderser ma an
2 taksn tc prom.,te the dqropwis2 mod:.

E. FILMEISE VS. DROPWISE CONDENSATION

Filmwis:s condensa*ion is charac+erizsd by the formztion
¢f a ccntizuous sheet of ligquid on the surface 0% the
conigncsr, Becauss ¢f -he rela%ivaly simple shzze 2and flavw
¢f +*hke condensats <£ila, the hea+t-transfsr Zate can be
analyzticelly predicteé using the WNussel: analysis, Tris
sheet cf 1liquid forms 2 relatively high conducticn rzsis-

tznces between +the condensing vapo:- an the condenser
face. Urnéer mos:t conditiocns, it is this rszsis+tancs which
3+ *ransfer rate. FCr sz2am, the exzernal heat
ocefficient associated with <ilmwiss condensa=ion
is ncrmally in +he range of 10,000 to 14,000 W/m’ K. On +hs=
cther henrd, dropwise condensation can produce h=2a%* trca
coefficients up <o tweaty times that of £filmwise ccnienza-
tion. This marksd dincrease is a result ¢f +he precess of
d-op fo-mation and removzl £ocr the condanser surfacs.

In 1939, th= theory *hat primary droos formed a<t submi-
croscopic nucleation sites on tha sucface was fizs+t
propcsed. This nucleation theory of drop initiation was
later elaborated wupcn by McCormick and Westwa+ter [(R2f. 10)
and ccrnfizmed by Reistig [Ref. 11] through ths use cf micro-
fhotcagraghy. It is during this phase of drop forma+tion +hat
the mpadcr propor~ion of the Leat transfer <takes placs. As
+he drcp grews, it comes in ccntact with @many other small
drops which coalesc? +o f>rm larger drops. This coalescence
unccvers nucleation sites which immediately start <+c form
additicral drops. When *he drop is approxima%*ely 0.15 sm in
diame*ez, the increzse in conduction resistance grea<ly
r2duces direct condensation. Experimental evidence Inii-
cates that cvar 90% cf “he hea~ +t-ansfer takss place Juring

15




the ccncdenser surface, As th: drop 3Jeparts a vsrzical

sucface, i- coalesces with drcps in i%s path, wiping =henm

from %¢hz surface and exvosing addi“icnal nucleation sitzs.
Graham ([(Ref. 2] kas shown %that =th2 condenser suzfec:

during drorwise ccndensaticn can be cha
follcows: 10% bare surface, 30% active drops (l=ss +han 0.15
+

gm in diameter) and 60% dead drops (grsater *+han 0.15 wmm in
diame+ex). I+ is important t¢ no%*t= tha+ vapor ccndsnsss

i
cnly ¢n the surface ¢f +*he drogs aad not on the bare surzface
€ hrou

t
areas, In addition, very lit“le hzat is t-ansferred <hrough
+he dead drceps. Therefore, at any poin+t in *ime, caly 307%
cf the ar 90% of +he
j

ccndenser surface 1is %ransfecring o
heat. The largs heat-transfsr :tatess ass

wise ccndensaticn are due +o the fac
cond=nsate thickness is much less then that asso g
filawise ccndensatior, thus greatly r2ducing the cond
resistance, Figura 1.1 [Ref. 14 ] depicts the relative

¢f the varicus s*ages and modes of condensation.

C. DECP FOEMATION

Ir 1804 Thomas Ycung first proposed the following equa-
tion +*o describée the equilitrium condition of a drcp on a
solid syrface:

osv Gsl olvcos e

where Iy is the surface tension at <he solid-vapor inter-
facs, 9.1 the surface tensicn a+ the s01id ligquid interface,

%y “he surface tension at +h2 1liquid vapor IiIn*erfzce and

16




A . . . . . . . . N

AVERAGE SIZE
"ACTIVE DROP" ——

A
D=.01mm J

AVERAGE SIZE
WDEAD DROP" —

D=.2mm

. g

FILM THICKNESS
t=.3mm

h . . . . . ¥

Vel

AVERAGE SIZE
DEPARTING DROP
D=2.0mm

Figure 1.1 Relative Sizes of Condensation Modes.
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b
‘coa<-ed with a substance which has a critical surface tensio:n
o)

@ ig 3efirel as +*e contact angle (Figuo=2 1.2). mris
equaticn is 2zc:zptively sippl: and poses @many expsrliaintel
and ccnceptuzl problers, Hawgverz, the ncticn of =z Tontacs
angles t¢ charac=srize thz degrze %5 wiaich a surfacs will wsz-
is ex*ramely useful. Zisman {Ref. 13] azd other irvzszxiga-
+crs have <chown that there is a rectilinear relatiorshio
t=ztvween 91y and the con*act argle. Sx<trzpole+ting thz dztz
“2 the reint at wnich cosinz 9 =1.0, a3t point a+t which =%~
surface ccmrletely wets, 1t is possible «c dzfine 2ar empis

ical valus, the critical su-facs tension, =0 cha
+he wettability cf lcw ensrgy solid surfaces. Tabl
the critical surface tensions for various low-ersrgy

e

rganic
surfaces. I+ fcllows from thz da2finition o0f <the crti+ical
surface tersion, that a 1liguid wizh a surface <cernsion
greater ~han +the critical surface tensicn o¢f the surfacs
will rct spiead. In additioen, <4he rasults of many experi-~
men=s irndica*te “hat tlte wettability of high en=srzgy suc-fac=ss

ccated bty crganic f£ilms are essantially dez:zrmined ©b
ure ard packing c¢f the exrc¢szd4 surfacs atoms. Thus, a
high energy surface car be made hydrophecbic 1f i+t ¢

less than <+“ha* ¢f +tFke condersing liguid. In the cass
water, +shich has a 1liguid-vapor su-face +t2nsion c¢f 71.9
dynes/cm a%t 25 C, all of the surfaces listed in Table T w

te hydrcphebic with +the heavily £luorinated surfaces ¢+
post hyldrerhobic {Ref. 13].

D. FACTCRS WHICH INFIUENCE DROPWISE CONDENSATION

Since metal surfaces have a ra2latively high surface
energy, the most impcrtant factor is the existence cf a2 low
nergy karrier or prcmoter cn ths condenser such tha+ the
critical surface tesnsicn of the condanser surface 1is less

“han *hat of *“he coréensing 1ligquid. This is 2a necessary
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TABLE I
Critical Surface Tensiors of Lcw Erergy Surfaces

-CF, 5
~-CT L E 15
-CF: and -CFQ- 17
-CF,- 18 '
-CHZ—CF3 29
-CF,-CFH- 22
-CF,~CH,- 25 ,
-CF4-CH, - 29 '

—CHB (crystal) 2z
-CZ~~I3 (monolayer) 2u '
-CH,~- 31
—CHz- and «+CHer 33
++CHv+» (phenyl ring edge) 35 _
C. Chlorocarbon Surfaces
—CClI-CHz- 33
-CCl1,-CH,~ 40
Z 2
==CC1, 43 -
D. Nitrated ‘iydrocarbon Surfaces
-CHZONO2 (crystal) 49
-C(N0, ), (monolayer) 42 ,
-CH2NHNO2 (crystal) by
-CH, ONG, (crystal) 45
e
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diticr fer Adropwise condensation. Tanasawa [Rz2£f, 2]
ed an additional twsnty-oLe factors whic?
]

1)
i
e
<
N
-
[
i

crsz4er ¢z lasssr  degr=sz, an influsncs
_______ c cient of dropwise condensation. Cf *azss
addi<icnal Zaz+-ors, +the most lmpor=an%t ars: 1)

t+he cc¢ndenser material, (2) =non
gaszs, (3) externeal fcrces, and (4) condenser surfac=
roughrzss.,

The effect of +tle thermal propacties <Zrem which +h=2

h

condznear is manufactur=d on the hea< <%r-ansfer coefficien<
¢f dropwiss condensation is 1ot completely resolved.
Hannewar and Mikic {Bef. 4] have proposed the +heory that
the ncn-uniformity of drop size and spacing produces a non-
unifcrmity in the surface wall temperature since ths large
d-ops act as insulatcrs while the small dreops are highly
ccnductive., The net result is a *hermal cons<riction resis-
+ance. Materials c¢f low thermal conductivity allcw lzss
lateral heat transfer a* th2 surface and thereforse have a
high ceonstriction resistarnce. Rose [Ref. 5] believaes that
the ncn-uniformities ere rapidly homogsnized by <he £frequsan+
coalescerce bestween drops. Therafeore, the constriction
rasistance will be srall. Data =&are available +to suppcr*
toth peints of view. Regardless cf whather the constriction
rasistance is large c¢r small, the nmaterial selected for
condenser censtructicn will be 1limited by other constraints
such as durabili*y, machineability, availability and cost.

The effects cf the second aad <hi-rd facters, nen-
condensing gases and external fcrces, can be minimized by
proper design. The condenser must be able to operates under
vacuug ccnditions without producing tagnant rsegions within
+he turdle where non-ccndensing gases can concentrate, Tha
design shculd b2 such thkat gravity and vapor shear work
tcgether “c remove the condensa+e drcps.




The f£or+*h factor is surfacs roughness. For lieuids
=xh_cizing centaect  e&ngias l2s33  +thaa 90 dsgTesz, o ZUuro
surfacs decrozzses +hs contact angls. This corolucgs peooar
guality ccadensation Lty causing the largsr dzeps to ccoupy &
greatsr surface area than would b= normal. There 1z l=z=s
rcom for ctiv ticn sites

e drops and more potential nucle
h

reported o

ol
T
a

are ccvered. Beth Griffith {Ref. 153 and Gzzha
€ d h
e
a

a
ress, dcw ¢ 25 will be pcinted ou= la=zer in =his <hesis,
a cer*aln amournt of surface rcughress is ona2cessary fcr %h=
fzopsr 2dhesion of scme of “he crganic polymers tested.

E. FECMCIICN OF PERFANERT L[RCPWISE CONDENSATION

Drcruise condensaticn can be promoted by: (1) direct
applica<jon of a suitable chemical, such as oleic zcid or
gontan wax, to *the ccndenser surface, (2) injecting ncn-
vetting chemicals dinto +the vapor which adsorb c¢n the
ccndernsar surfacs, anrd (3) usirng a low erergy polymer or
ncble me+al coating.

Bcth the firs+ ard second method are limited in that
reitter prcduces a permanent hydrophobic coating. Results
vazy widely but usually +the effactiveness of these promoters
is measursd in %the hvundreds of hours. The “hird method, <+he
use cf pe-manent coatings, has been the subject of censider-
able interest, At present, there ar2 *wo tyves of coatings
wvhich car ke used tc promote permansnt dropwise condensa-
tiont nctle metals ard organic polymers.

€f the noble metals, only gold has been <shewn %o
consistently produce excellent dropwise condensation. This
would aogeac to contradict tleory siance the surface ensrgy
¢f gcld is relatively high., Recent experimen+s have shcwn

— e e
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*ham & "clzan" gclé surfacs applied undzr carzi:liv
ccrntrclled conditions will spcentaneously w2t as pr:iic=sd,

How2ver, gold has tli= aoility to attract and zcetain cogenlcs
which rendsr the surface hydrcphobic, Fecr this resascn, gcléd
is referied tc as a "“s=2lf-prcmotzr." An ex+tsznsive inveszti-
gazicn ty Weceiruff [ Hef. 12 ] ccncluded thaz *he promc
dcopwiss condsensation of 2 goldi-ylated surf
telated to the surface gcld and carbon co
invarezly 1relat2d +c +the cooper, aluminam and oxvgern
ccncen*traticns.

Although gold has been chown to produce excellent
droowise condensatior, its behavior over =&x:ended pericds
urd=2r varying conditicns is uncertain. Ir addi+ion, Frac-
*ical ccnsiderations such as cost and availability make gcld
vnattractive for this purposs.

2. Crganic EPolymsars

Tke second wethod c¢f cproducing permanent drorpwise
condensaticn is to apply ar crganic polymer with a low
surface energy to the condensing surface. Althcugh many
experiments have beer conducted, virtually all of +he reas-
earch has been done using a fluorocarbon or <siliccne
rolymer.

Flucrocarbon rolymers exhibit +he desirable charac-
teristics c¢f high thermal stability, very low surfacs
€reray, and are highly resistant +o chemical attack.
However, *ley also have the undesirable characteristic of a
relatively low thermal corduct*ivity usually cn the crder of
0.3 W/m K. Assuming a realistic value of a tenfold increase
in +he cutside heat-transfer coefficient due to dropwise
rather than filmwis® condensa*ion and a nominal value c¢f 0.3
W/m K for thermal concductivity, the maximpum film *hickness
which «cculd be emplcyed te orcducs an incrsase 3in the

cverall tea<~transfar coefficiant would be on the crder of
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20 ziczseezsrs., Filgs cof grsatsz thicknzes wculd SToA o
therpal taz-rier 30 largs that it weoull naga+= anv »insZi-
Azrived frem a2ltaring %h2 mcéz of coniansaticn. Thz mos-
ccmmecn pclymer which ras been =2apleysd is PIFE (pelyz=izzi-
luorcethylene) ., PTEE is commonly ==zfexred <¢ as Tz¢lca,

LuPon+'s registersd tradsmark f£or a noan-stick €inish,
In 1956, Smith (Ref. 7] conclud=d tha:, w
vy u+tilizing +he existing application +*echnigques, —niz
cr ccatings were nc* satisfac*sry for incrzasing over-all
nsfer rates fcr Naval appliications. In 19¢é4, Fox
reported on tests conducted with a small ccndenser
in which the tubes had been <coated by Teflon to a thicknass
cf 12.5 micrometa2rs (0.0005 in). Performance was not
significantly increased. Shertly tharea fter, further-
studies into Aropwise ccndensation by +he Navy were
suspended. In 1966, Brown and Thomas [Ref. 24] ccnduc=ed
expzriments with +tukes of Admiralrty brass coated with 2.5
wicrcretsrs (0.0001 inch) cf PTFE. The outside theat-
tzansfer ccefficient for dropwise <condensation averaged
approximately three times that ¢f filawiss condensation. 1In
1963, Graham (Ref. W] also achieved a <threefold incrzase
using £lat, copper rlates coated with a Teflon film esti-
ra+t2d tc be 1.5 micrcmetars {(0.00006 inches) thick. This
represented the vpractical 1limit for +he applicaticn of
T12f1lcr films using standard techniques. In 1979, both
Manvel (Ref. 8] and Ferkins [Ref. 22] used vacuum-defposition
sputtering *o apply vultra-thin layers of PTFE. Thicknesses
ranged from a minimum of 0.04  micromsters to 2 maximum cf
C.13 micicmeters. The resulis were disappointing 2nd unex-
rec*ed. Although tte dropwise performance was gocd, <*he
steam-side heat- transfer coefficient was increased ty a
maximum ¢£f only 1.6. This result was attributed tc the
presencs ¢f non-condensing gases. In addition, all of the
coatings shcwed sigrs of physical deteriora“ion after vary
short c¢perating pericds.
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. I~ 1959, Xu

m=nted with a commercially-~avzilable, semi-verm
cone releas¢ agent, E-671. #ith a film thickness <stipateld
+o ke 10 zicrometers (0.0004 iry, an incrszess ¢f 1,5 in k=

n &
cverall teat-transfer coefficient was obzairnad. DPrelin
erdurance tests indicated that the coating was carat
rroducing dropwise ccndensaticn for psricds in axcess oI
1500 kcurs, A stbsequen+t study conducted Ly the

Wes2inghcuse Corporation <£e¢r the U. S. Navy investigated

five silicen compounds, including R-671, and Teflon. Thesea
+tes+<s prcduced only r=cdsrate increases in th: overall heat-
transfer ccefficient. dost ispcrtant, &ll of +the silicenz
coatings exhibitad 1imi*ed endurance. The best siliccae

cecmpcund hacd been recduced tc €0% dropwise and 20% filmwise
withir 135 hours of cpeqation. Frcem thzse *es*ts, it was
concluded +tkat Tz2flon was the only coa*ting of “he gr-cup *=ha+
exhitited a life -expesctancy sufficient to warran+t
investigaticn.,

In 1966, ©Ert and 7Thalen [Ref. 23] conducted an
€xtensive investigaticn of permanent hydrophobic ccatings.
Althcugh they were primarily «ccncerned with sulfide films
and nckie metals, <tlkey also investigated organic polymers.
One cf thke polymers investiga=ed was PTFE and another was 2
relatively new compcund developed by the Union <Carbide
Corpceraticn, parylene-XN. Farylene-N is a polymer ¢f rpara-
Xylylene which <can ke vapor depcsited in ver <hin films.
Unlike FTFE, parylene-N contains no £luorine and thercefcre
weculd nct be 2xpected to be as hydrophobic as *he fluoropo-
lymers, However, a cne-micrcmeter- thick £ilm produced good
dropwise condensation in excess cf 2400 hours of continuous
oparation. The overall hea+ <fransfer coefficient vwas
increased ty a factor c¢f zpprecximately 1.5.
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Fecin®t 4davzlerments In tschrnijues o7 ke zizlica-
+ion c¢f ul+tra-+hin ccatings, in addi=zion %o Ths dsvelc.oran:
¢l nszw 3atzxizlz, hag put the uze of organic neolesaTs %
promcte dropwise condznsation within he TEBLT of
feasirility.

¥. PURFCSE OF STUDY

The cverall purpcse ¢f this study was %0 =2svaluats he
rerfcrmarce of varicus orgaric pclymecss as effective droo-
wiss prcmoters, Thkis was accomplished i twe distinct
stages.

Fifteen different «coatings, which were applied <+o

fecur different substrates with <“wo different surface pre

a
raticns, were subjected to an endurance test. The tes

or

consicted c¢f continucus expocsure +*o steam at atmespheric
Fressurs. Visuzal olkservatiors were made *o determine which
coatings could sustain dropwise condsasacion. Thosa coat-
ings which showed 1little or no degradatioé after a minipum
cf 2000 hours of expcsure were used in the second s+tage of
this s=tudy.

2.

:m
()]

at-Transfer Evalunaticn

Cn the basis of the endurance tests, six coatings
were selected for quantitative evaluation: {1) Nedox, a
coating system developed by th2 General Magnarlate
Corporatiocn, (2) No-S+ik, a coating developed by Plasma
Ccatirgs, Inc., (3) rparylene-N, (4) parylens-D, (5) NRL C-6
fluorcegpcxy, and (6) NRL fluorcacrylic. These coatings were
applied tc copper tukes in order to gquantify *heir effect on
+ha cutside heat-trarsfer coefficisnt.
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A. INTIRCDUCTION

Tests and evalua*tions wers ccrnducted in =“wo stz2ges.

Luring =te first stace, prevared sanples of selacted coax-
W

ings wzres svubjected to a rigorcus endurance %23t pricr tc
the seccnéd stags, keat-transfzr =2valuztion. Ducting *hsz
erdurance test, the coatings were visually =valuated for
their abili+ty %o pro densaticn,

gcte and sustain dropwise con
Those coatings which performed satisfactierily in  ex
2600 hours were selected for the second stage, hsat-t s
evalyaticn. During this stage, the effect of the coating on

+he outside heat-transfer ccefficient was detsrmined.

E. ENDUFANCE TEST FACILITY

The endurance test ccensisted of exposing rrapazred
samples to steam at atmospheric pressure while mounted on a
hea* sink. The heat sink was nacessary to provide a thermal
gradier+ of sufficient magni+tude <*o induce vigorous corden-
sa*icn, Thte endurarce test was to run continuously for an
indefinite geriod. Therefore, a principle concern was to
design and cons+*truct a facility which was simple, reliable,
and cculd be left unattended for extendad pericds. 1In addi-
tion, =ince photograprhy would be used to assess +the quality
¢f the dropwise condersation and provide a visual reccrd of
changes with time, it was essential *hat t*the specimens be
displayed with an unckstructsd view. These cbjectives were
accomgpliched by the construction of an endurance +esting
apparatus consisting cf three major components: (1) s*eanm
chamber, (2) heat sink, and (3) de-superheater. Pigures 2.1

depicts a schema+tic ¢f this systen.
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Fiqure 2.1 Endurance Test Apparatus Schematic.
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Tte steam chaxbzsr was a rec*angular box with cverzall

)

1]

dimersicrps 0.457 z (18 in) in l:agth, 0.127 m (5 :in i
depth arnd 0.165 m (6.5 in) in height. Tha main bedy cf 4h2
chamter, tcp, tLottcr and end plaztes, was ccnstruc+24d fronm
4.8 mm (0.1€75 in) thick, stezinless-stesl plats. Thz gid=
panels swere constructed from two pieces of 6.3 am (0.25 in)
+hick torrosilicate glass. The 4inner glass was raczssed
intc the bedy of +hs <chamber whils *hs outar qlass wa s

r threaded,
e terirhery

iplaid ir a stainless-steel frame. Twanty~£f

TJ‘C-'

o
stainless s*eel studs were butt welded along ¢t
cf cach side to hold +he glass parsls in place. Tc provide
for an adequate dead air space between the glass panels, 2
6.3 me (C.25 in) thick aluminum spacer was used. The entirs
assemkly, <+he inner glass, stacer, and ou+*er frame, was
held in place by ttolting +he out=zr frame to the main
chamker. A Necprene "O" ring was us2d to provide a seal
ketwveen “he inner glass and the chamber. Bcth sides cf the
chamter were identical. Fiqure 2.2 shows the assembled
chamlter in cperation.

Steam was intrcduced through 25.4 mm (1.0 in) OD
stainless steel +tubing a* +*he top <center of the chamber.
The steam was distrituted alcng the centerline through a
perfcrated stainless steel manifeld =zunning the length of
+he chanmtker. A drain in the <center of thes bottcm of ths
chamber returned the condensate +to the de-superheater. A
horizcntal tranch lire located in the return 1line directly
keneath the chamler was open t¢ atmospher=s. This prevented
the charber from beccming pressurized. In addition, a
contiruous jet of steam issuing from this tube indicated
that ths surply to the chamber was adequate.
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Steam Chamber Close-up Showing Rod Heater
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n czder o lavs a clear f£i21id cf view ifcz warxinna
Fictires, 1+t was mnecessary t¢ prsvent corndensaticn on =h:
irside 0f the iInrer glass cranel. This was accomplizhii bv
heatin¢ <le air spece betwesn <the glass panels with o7
keaters. <The heaters werzs 0.4383 2 (19.0 in) long aré 3.0 mm
(D.12¢ in in diameter with a power output of 165 Wa+t*s
€ache. The heaters +vswere inserted through holzs d&Grilled in

the ends cf ths spacer frame, TwO heaters wzTe -2quized pec
side; one was placed along the bottom of ths 2ir space 2n1i
the cth=r approximately half way up. All four hea=zs

controlled with cne rheostat. The heaters are visibtle in

-

Figure Z2.2Z.
2. Hegat sink

The test specimens were mounted on a heat sink which
was centered within tte chamberx. Ths keat sink was €abri-
cat=d frcm two sheets of copper 0.388 @ (15.25 in) lecng, 95
mm (3.75 in) wide and 6.35 mm (0.25 in) thick held apar+
along the periphery ty 6.35 mm (0.25 in) square, brass tar
stock. The intericr was divided in%o <+thrze longitudinal
chamkers bty brass baffles. Cccling water entsred and axited
each chagber through 6.35 mm (0.25 in) OD stainless s+teel
tubes which protzuded from the ends of tha heat sink. After
installing the irternal baffles, <+he antire unit was brazed
along the periphery tc form a single, leak-free unis. Once
assemkled, +the large flats were lappad to prcvide a smcoth,
unifcrr centact surface. The heat sink was suspended in the
center 2f the steam chamber by passing the watar inle% and
cutlet tubes in+to ‘tulkhead fittings mounted in <+the end
plates. The end plates were bclted in place before tight~
ening the ccmpression nuts cr “he bulkhead £it+tings. The
coolant, tap water making a single pass, was suppliasd and
discharged through 6.35 mm (0.25 in) diameter nylon *ubing.
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was ncminaiiv O UeU3 in) or 1.5 mm (U.3cu 17
dz2perdirg vzen the substrate ma*erial and coeting svestem. 2

rimary ccncern was the ability %o hold <+he specimens
e}

tightly agairnst *he hea® sink in order %o minimize contac-
resistancsz. In order *c acccrplish this, four =cuispacsed
staipless steel tracks, 3.2 mm (0.125 in) by 4.7 mm (0.1875
in), wers fastened +o sach face of the hza<t sink with
counter-sunk machine screws. The tracks wsre pre-drillel
and tapped %o receive stainless-steel «c¢lips which were hLeld

in place Lty set screws. The clips were dssigned <o securely
clamp each specinmen against *h2 heat-transfer surface ty *he

upper anc¢ lcwer edges.

3. C=e

An additional concern was the ability +*o provide =z
reliakle steam supply. Heuse steanm £rom a c2ntral beller
was availarlse, but +the service pressure was grea+ly in
excess of a+mospheric. Therefore, when thro*tled tc atmce-
Fheric rressure, +*he stzam entering the chamber would be
superhea*ed by approximately 60 K. Tn addi+tion, <con*ami-
nants such as rust and scale were common in the systen. In
czder to recduce the pressure and the d=gree of superh=za* and
provide 2 <sediment trap fcr ncn-volatile contamirants, a
stairless~-steel *ank was fahricated. The tank was 0.66 n
(26 in) in leng*h and 0.33 o (13 in) in diameter. The becttonm
cf the tank was situated 1.82 m (72 in) below the bottcm of

the st=am chanmber. The stean supply 1lire from *he
de-superteater to +tle chamber was 25.4 am (1 in) 0D
stairless-s*e21 tubing, while the condensa*te return line was

12.7 om (0.% in) OD stainless-steel tubing. The combination
cf elevaticr and steanm line diameters made a gravity returrn
gossitls, thus =2liminatirg “he need for a condensa+e ra-urn
FUmP.

w
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Cveraticn cecrmenczsd by Injectiag s=sam It -av
bovzcm ¢f the d=e-superheater thrcugh a sgpargsr tuls:, i
am2iant of s+zzn was centzelled by 3 sarottli-~g wvaleus, T
steam fpass:? through +thz dJda-superheater <o the chanbszo,
condensed ocn the heat sink &and the condensatz r2turned o
the ds-scpeckeatar. After cne hour, steady-sizte corditicrns
prevailed in which tle de-superh2atsr was approxima=zl;
cne-third <full of watar and <+he «r2+tura condsnsats wa=

kalarced by overflow from ths de-superheat=r.

C. EEFAT-TRANSFPER EVAIUATION FACILITY

Tte apparatus used to dstermine the quantitative offec=
cf a coating on the outside heat-transfer coefficien*t was
descrited in de*ail ty Poole [Bef. 20). A brief descrirc*icen
of “he apparatus will be given here. A schematic of ths
systex is =hown in Figure 2.4,

Steam was generated in a 0.305 m (12 ir) Adiameter glass
toiler using <%en 40CC-wa*tt immersion heaters, Th2 s%ezan
tken passed through a 0.305 o (12 in) to 0.152 m (6 in)
ra2ducer intoc a 2.44 @ 18 ft) vertical sec+ion, through a 180
degree bend, ard then down a 1.52 m (5 ft) wvertical sectiorn
tefcre z2rtezing the stainless steel test section. The tube
to re tested was mounted hcrizontally in the center cf <+he
test secticn behind a viswing port. team that did no=
condense on +he +*uke passed on to an auxiliary cecil
condens~r. A1l condensate was raturn=d to the beciler by
gravity through stairless steel +tubing. Opsratirg under
vacuur ccnditions of 0.012 MPa (1.62 psie), *+he test appa-
ratus produced vapor velocities of approximately 2.0 m/s
(6.5 ft/s) rast the tube.

Cceling water £fcr the tubes was provided by a centri-
fugal pump. A throttling valve was emploved to ccntrol the
£low through the tuke €rom zero <o a maximum c¢f 0.52
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litezsys (A.3 gali/mir) wihich preduced 2 maxirum velcci-v <7
) s

<3 n/ } <+hrough the tub=, 3 con<inucus surily
cf tep water was used for ceolliy  taz auxillizry ceonlsncar.
Ey thro+tling the (flcw c¢f tap water to +*the =zuxiliary
condenss3z, the pressuce withirn +the sys+==en cculé b=
regulatsc.

e rrzviously stated, the ¢
gasses can have a relatively 1la
transfer rats. Extreme care was
heat transfsr tfest arparatus was virtually 1l=sak fres, As
documented in (Ref. 201, the experimental appara
successively improved wuntil it could be repeatedl
estrated that +he rise in prassura due to <*he ing
non-condensing gasses was less than 5.0 mm Hg (0.1 psia
twenty-Zcur hours with a system pr2ssure of 80.0 mm Hg (1.6
Esia).

Aft=sr the installaticn c¢f +the test tupe, an air eject
was used tc rasduce the systam pressure “¢ roughly 100.0 mm
Hg (1.9 tsia). At tlis point, the air ejector was secured
and the loiler was energized. After boiling had ccmmernced,
+he air ejector was again activated <for approximately 10
minutes. Cver many data runs, this purging prccedure was
validated Lty the absence c¢f any improvament in the
hea<-transfzr by additicnal purging.

1. Instrumentaticn

The power +c¢ the heaters was regulated through a
silicen-centrolled rectifier. This provided precise ccrntrol
and an accurate measure of the power being consumed. :\
mercury-in-glass mancmeter, calibrated in millimeters, was
ysed tc measure the internal pressure cf the systen. The

amperatvre rise thrcugh the tube was measured by a dual

channel Eewlett~Packard 28042 quartz thermcmeter. In o-der
to previde in situ verification of +the readings from the
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Tence gerpsrated by ¢
. The significarnce ¢f i
. Thrcughcut all -f “he da
and <he thermco a
czlitrated rotameter wzs used tc meas
hzcrgh the tube.

2811 rcaw datz were recozded on 3isk by a Hs
tackard <826A computer. With the excep*ion of the ma

n
and rc+ameter, all data were intarfaced thzcugh 2 Hawlet+

Fackard 3497A Data Acquisiticn/Control Unit The rctameter
and mancmeter <readings were manually entered from +the
keybcard irnto an interactive data logging and reduction

Erogranm.

B. TEST SEECIMENS

1. Endurance Iest

ot

he construction of condensers

[{Q

Fcur metals «ttsed i
+

n
€st specimen substrates: cogper,

wzre selected for use as
krass (70% copper, 0% zinc), Naval brass (60% cogper,
39.25% zinc, 0.75% tin), and ti%<aniun. The copper, brass
and titzniur specimens wer2 0.76 mm (0.03 in) =*hick, whils
+he MNaval lrass was 1.52 nm (0.06 izn). The <sheets wers
sheared intc 25.4 nm (1.0 in) <squares. Care was exercised
+5 ensure *hat tre sltearing operation did not warp the spec-
imens. Ericr o surface preparation, the edges were lightly
drassed with a file %o remove *he slight burr lef: by the
shearing prccess.

Twec surface finishes were used during this stage of
+es*ing. A "smcoth" surface finish was preduced by lapring
the frcert face on a bel+

Ul

ander using 180 grit silicon
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cazkide atrasivs pzisecz. Triz Was £cllowsd by hand z<z2vin:
the specigens on UCC gzit <fcllicowed by 600 grit zcorTazive
IZpPeI mctntsd on a glass table. Whear changing g-it, Tas
svacirer was Zc=zted 90 degrees arnd stzeked in only  cne
dire2cticr urtil *he markings from the previous abrasive were
removed. The specimen was then placed in an uitra-scrnic
fath ccntzining methanel for fif+tean ainutes and then tlcwn
dzv. rcr adhesicn purposss, & airror-liks finish was dezaed

ratle, The prccedure described was dssigned only <o

é g

1 surface free of gross irze
' surfac= was prepared by gri

o
[
¢}
[
[te]
[ o |

size 40 glass Leads with the air pressure s=%* at 0.138 MPa
{20 rsig). The surface roughness produced by “his precedurs
d by mears of a surface profilspeter.
samples were fcund to have a surface rcugh-
¢m thirty to f£if+y microinches RHS. These

scecipern were also «clezned in thes ultra~sonic tkz+*h asg
previcusly described.

The surface preparation fer <*he ccamsrcial coa*irngs
that were tzsted was dictated by “he manufacturer. In mcst

cases, +he preparation was considered +to be prceprietary
inforratice. Therefore, if the ac*ual surface prepara*icn is
ot kncwn, <+his fact will ke noted. Otherwisa, <the t=z2rms
"smccth™ and "rough" refsr *o0o +the procedures described in

2. Hzai-Transfsr Tes:

The <“ubes wused 1in the heat-transfer tests were
machined frcm thick wall, lcw-cxygen copper pipe. The tubes
¥8re C.129 1 (9 in) long with an inside diamster of 12.7 am
(0.5 in) and an outside diameter of 19.0 mm (0.75 irn). all
cf the tubes were machined a* +he Naval Pcstgraduate Schcol
and ther shipped tc vazious 1laboratories and commercial
concerns fcz applica*tion of +the pac-ticular coating.

3¢
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E. ECLIXER COATINGS

cia
availabkle, while <Fke remaining <five are stric*ly exce
a

Vo]

e
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n
n

m=ntal. A preliminary screenin T
identify which coatings were 1ikely +o producs drogpwi

condenszticrm, The poinciple caarcactecsiszics for considera-
“ion wezZe: (1) critical =surface =2nerxgy, (2) thermzl
s+abili<y, (3) the abllity %o be applisd In ual=rca-+kin

layers, and (4) methcd of apglication.

The c¢ri<ical surface tensicn Is not a parametsr which is
rcrmally measured. However, knowing the chemical structure
of the ©polymer, it was possitle to =stimats hcw well the
coating could be expectad to perform. Knowing <hat water
has a zurface tensict of approximatesly 71.9 dyrnes/cmx znd
referring +c Table I, it car be seen +hat the flucrinatsd
rolymers cculd te expected tc produce the best d-orpwise
condensaticrn, with the hydrccarbon surfaces the rext best
cpticro, For this reason, onine of <the coating systems
selected contained f£luorine. All of %the coating systems had
paximum reccmmended service temperatures in excess of 150 C.
In addi+ion, all but one system was advertised as teing
pcssible %*c¢ apply 3in *hicknesses of <+welve micrometers
(0.0005 in) or less.

It 1is ZImportant to rote +hat the endurance test was
designed tc b2 rather harsh. None of the coatings ¢ested
vere formuleted cr developed spacifically €for the purpcss of
rromcting dropwise ccndensation. Therefore, gqualitative
assessments such as "poor dropwise!" or "degraded with time®
should nct be ccenstrued as a critical statemsnt of a coat-
ing's atility +tc perform satisfactorily und2r the enviren-
ren+al ccnditions for which i% was intended. Simply s*-ated,
such ccrments are meant only tc indicate that a ccating did
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1. No-stik

Nec=-S+ik is a thermally conducting coztingy, imrreg-
r2t=d with DPTFE, which is applied by a <hecmal ¢z plasnma
seray technique. Nc-Stik was deva2loped by Plasma Ccatings,
. fcr wuse as a hard-wsariag, corrosion-rasis=ant mcld
case for the paper, food and plastics industries. The
ual crrocess is prorrietary information. Thermal cornduc-
ity is erchanced ty loading the spray with copper during

caticn. Ne-Stik has superior hardness and %he abilis

(o2l s

tc stand temperatures ir excess o¢f 200 C (400 F).
Unfortunately, the ccating cannot be applied in thicknzsses
c¢f less *hen 50 micrcmeters (0.002 in). If the coating wer=z
stric*ly an erganic pelymer, a thickness of this magnitudz
would provide a thermal resistance far greater %han th=
resducticn in thormal resistance due to dropwise ccndencsa-
tion. Bcwever, sirce the cecating is heavily doped wi%h
copper, it's thermal conductivity is difficult to estimate.
Therefore, al*hough the thickness of +the coating 4:id no+*
fall kelcw th=2 estimated cpayback value ¢£ 20 micrometers

(0.0015 in), it was still included for evaluation.

-~

P

-

edcx

Nedcecx is a cemmercially-available coating develorped
Ey +tte General Magnaplate Corporation fer use as a
corrosion-resistant mcld releass. The coating *echnique is
a prcprietary process in which a very po-ous, hard surface
¢f chrome-nickel allcy is electro-deposited on the substrats
surface, The pores are snrlarged <“hrough a series of
p:ocessés “0 accept the infusion of PTFE which forms a
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clzar, ultrz=thin ccating cver the entire surifacs.
allcews tne ccazine -2 be applied as thin asz Zivs

TieTamzmiTa {(2.0302 iIny. Thi

P R - - e

Earalorn, a regis ad2mack o0f <hz Achesorn
Cclloids Ccrmpany, refers *o a family of resin-bas=zd, flucro-

folyrer ccatings., Epralon 333 is a2 one component klend of

o

fluorccarken lubricants in ar organic resin bhindaz, This
coatirg was developed to provide dry-£film 1lubri

relsase rrorerties for a variety cf industrial purposs
additicr *0o a service temperature in exc=2ss of 200 C, the
ccatirg exhibits excellen*t resistance +o ebrasicn, humidity,
and chemical a*tack. Applicaticr is achieved with an
exterpal atcmizer gun using an MBC #30 nozzle, The optimum
thickness fcr wear and abrasicn resistance is advertised tc
Ee twenty-£five micrcmeters (0.001 in). The £ilm +hickness
us2d feo- endurance testing was 20 micrometers (.0008 in).

‘4, TIsonel 47

Iscrel 1is a registered <trademark of Schenectady
Chemicals, Inc., 1Isonel 472 is a clear, thermosetting, modi-
fied pclyes*er insulating varnish. Although not expected to
rerfcrm as well as the fluorinated compounds, ease of appli-
cation, availability, and lcw cost mads investiga%icn wcrth-
while. Application was accomplished by fas*ening a
substrate *c a horizcantal turntable, placing a small amount
cf the varnish in +he center followed by spinning at 5000
rpm fcr six*y seconds. A viscesity of 0.235-0.3 kg/m s at
25 C prcduced a f£ilm +hickness of 5 +to 10 micrometers
(0.0CC2~-C.0004 in). The specimen was then cur<d at 150 C
for two hcurs. Aprrlicaticn was performed 2% the Naval
Fostgradvate Scheol.
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was arppliséd in

¥or the pas4 £if+=z2n  ysars, davelopaen+t cf fluori-
ratsd fpclyrers has ‘*een a continuing ressarch effort at
Naval Rssearch Laboratorv lccated in Washingten, D.C. Th=
C-6 flucroepoxy was developed by Dr. dJames Griffith a% %h=
Naval R2search 1labceratory in an effort to produce a +*hin,

“ough trctective coating which would also provide extremely
low £luid acsorption. At present, the coatings are experi-
merntal and not availalkle to the general public. All ¢f th2
NRL ccatings referenced in this thesis wer formulated and
applied ty Tr. Griffith.

C-6 fluoroepcxy is a +thermosetting polymerx. I« is
so narz3 because of the perflucrirated, straight-chain hexyl
g-oup present on the five pesition of the central banzene2
ring (see Figure 2.5). Thermoseéting compcunds are

nT
77
(CF2)f
2 —
CF CT
cY _CHCH Q(l; > @ (l:Cg— QHCH,
v?—A V5A2 ' v l 2 r/ 2
Ik ol nT
wr 3 ~ i 3 v

Figuore 2.5 Chemical Structure of NRL C-6 Pluoroerpoxy.

chtazactarized by being insoluble in virtually all cecmmezcial
solvents and by the lack 2f a msl4ing point. When exposed
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y ¢ the rsactive epcxy g-oups z2a4d

(WA
4]
ok
=
m

g

olymerizaticn <resaction. In =284iticrn,

-tearing fluorine 1is to*ally fiuocrinasted.

The C-6 flucroepcxy h
toth Manvel ([Ref, 8] ard Fer
were disappcinting because of
coatirg. Manvel [Ref. 8] reported *that the cocating ap
to dissclve after a short pericd of =2xposure tc

Since tle epoxy is a thermosetting polymer, dissolut
virtually impossible undsr the test conditions stated.
likely, these2 earlier rssults were caused by an inad

(o7}

rond ketween “he substrats an the coating, allowing
ks ghysically r=smoved, c¢r by an dinsufficient cure
allowed the " coa*ing to remain intact but lose its
thobic properties.
Griffith, a modified C-6 was supplizd for the end
test. The catalyst tsed was ethyleane-diamine Curin
place at room temperature for eight hours follow

for+y-eicht hours at S0 C.
7. XBL BCE

The BCE-7 flucroepoxy has an chemical struct
Although similar to the C-6,
are basic differences ir the group at+ached to the

depicted in Figure 2.6€.
position on the cen*ral ring. In addition, a flucro
dride curing agent was utilized wi+h +the following
schedule: <three days at rocmr *emperature, twanty-four
at 70 C and seventy-twe hcurs a+t 120 C.
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Figure 2.6 Chemical Structure of

8. NBL C-6' Fluczoepoxy

Tte C-6' flucroepoxy was &

flucrcepcxy formulated by wusing an

roepoxy as *he curing agent.
seme as tha=< of the ECE-?7 coca*ing.

9. XNBRL Fluoroacrylate

NRL BCE-7 Flucrcepoxy.

varla

hion of *he ECE-7
adduct cf =t

he C-6 fluo-
e

The curing process was the

1ikes *he flucroepoxies, <*he NRL fluoroacrylate is a

therncse*ting polymer.
were csubjected *to a ritrcgen purge

Af<er application, the specimens

at 50 C. Catalysis was

wy

0 CF.
‘Cﬁg Ol -
“CH,= —'kl— N
C

= (D= (D
(a0} ’
O
=
@]
1

Figure 2.7 Chemical Structure of NRL Fluorcacrylate.
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acconplished by expcsura tc lcng wava 1lasngsh, ulsravi:le-
ligh= 2= 80 C foz 30 aminutss,. The chenical ercang:szs. o7
*hz flunrcactylave is shown in Tigure 2.7,
1C. BRI ZluzIioaczylic

The NRL Fluorcacrylic was characteristic of & linszar
thermcplas=ic. The acrylic differs from the spoxiesz and th=
acrylats 3in the+* there is nc =arsz2 dimensional, Cross-
linking tetween the pclym=r chains, This makes ths z2crylic
irherently less <*ough. In ad4d4ition, being 2 thermcplastic
rather *kan a thermc¢se:ting plas+ic, polymzrizaticn +akss
place rpricr to application. After peoclymerizatiorn, the
acrylic can be dissclved in a ccamercizl solvent and *hen
applied. In this <case, frecn was used as the carrier.
Curing wés accomplisked at rccm tamperature by eveapcration

Figure 2.8

cf the carrier.

can te removed

u u
° a4z
-\(-—--\,=*v
g H
<
i
M
COCH
I 3
~
“l A
J

Chemical Structure of NRL Fluorocacrylic.

Unlike a thermosettirng plastic, the acrylic

bty dissolving it with frecn. The chzmical

structure of the flucrcacrylic is showa in Figure 2.8.
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& *rhe Lewisz Ressgarch C=zrnts
Adminis+
rlacing
coatsd it
filled a* lcw pressurs with an imnert gzs. An
Fly is u%ilizasd tc previde a ns
2 + which causes it %o Lbacome a col

itter. The emitted electrens icn
which =2r1e then accelerated toward th
target. The positive ions strike <he t
ferce tc¢ dislodgs a*tcms c¢r molecule
mcleculss mcve through the plzsme azd re
substratss and the exposed surfaces of the chamb
oughk descrirption of thke glow discharge process is given
9.

This process has the ability to depesit al=ra-thin

coatings ¢f uniform thickness cn virtually any subst
The prccess does have some d-awbacks. Depos?tion is tasi-
cally line-cf-sight and relatively slow. These characteris-
tics make i+t somewhat difficul* o coat a round okject such
as a tute. The one-inch~-square sputter coat2d specimzns had
a coatin thickness of approxima=2ly 0.4 micrometers which
required approximately one hcur of deposition tinme.

12. Earylenpe-=N

Farylene is a generic nam2? for a family of thermo-
Flastic polymers developed by the Union Carbide Company for
use as a corformal, insulating coating for the elec%rcnics
industry. The most tasic parylene member, parylene-N, has
the simrle chemical structure shown in Figure 2.9. Because

)]

it ie rct practical to melt or extrude and bzcause it i

46
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Figure 2.9 Chemical Structure of Parylene-N.

insolutle irn conventicnal solvents, parylene is not produceid
as a pclymer like wmcst thermevlestics. Instead, it 1is
rroduced as a dimer. The dimer is put through a tTwc-stsp
keating prccess under vacuum. This process produces a r=zac-
tive mcncmer vapor which, when passed over ar object at rcom
tsmperature, polymerizes on *he surface forming a unifcrm
coating. Farylene is tough, <can be applied as thir as C.1
gicrcreter (4.0x107° 3n), has excellen= chemical resistance
and is +hermally stable up to 120 C. Most impertantly,
unlike mcst other vacuum depcsition processss, the precess
is nct "line-of-sight." The process will produce a uniform
coating c¢n *he tep, kcttom, 2and edges, 1inside a2nd cut, on
virtvually any obiject.

The parylene coatings were appli=2d by +the lawrerce
liverrcre National Llaktcratory (LLNL), which is licensed by
*+he Union Carbide Ccrporaticen. Two sets 0f samples were
ccated wit parylene-N; one set with a thickness o¢f 0.5
BiCICUETeT (2.01{10"5 in) and +he other 1.0 wmicrometer
(4.0x10° in)..
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13. Zaruylane-

Farvlane-D, a double chlorinated parvylisrnsg, is
arp_ied iz -te same rannsr as rarylensz-i. IT Za3 =L+ zliga-
Cl
CH CH
2 2
Cl

Figure 2.10 Chemical Stxructure of Parylene-D.

i

ical =stzucture shewn iz Figurs 2.10. Parvlane-D was
£

selected for evaluation because it Dpecssesses a mcecisture-
vapcr transmissicn rate only cne-sixth that of parylere-N.
As befcre, *wo sets cf samplas with thicknzsses of 0.5 and

1.0 micrcmeter were supplied bty LLNL.

4. Eerco 61

5

o

122 is a graghite-based, solid film lubricant

[ )

Eegco
develcped £cr the nuclear industry by Power and Engineered
Ecoduc*s, Co. This c¢cating is stable to 300 C, has a ccef-
ficient c¢f£f friction c¢cf 0.08, is chemically cesistarnt, and
can e applied by spray as thin as 12.0 micrometers (0.0005
iny.

12, gilicone

i'ﬁ
I

Silicone polymers fcssess unusually low surface
tensions. Siliccnes are available as oils, greases, rubbers
and as thermoplastic or thermcsetting polymers depending
upon +he nmcnomer and polymerizing coandi<ions. The tasic

4e




gilicenz structure consists of a silicon-oxygern-silicon
W
-l

- 1- ry - - - TR SN - -~ - o wmey s o~ -
tzckbecrz ccambind witk organic go-oups. By wzzving  tn
¢zgarnic side cheins, the pUcpexzties of mhe wolvnET Dot he
v.:..u.‘i -~ - g B ask y? e = PPN Vim g L om A -

Ar123C. SO sz dample, nMetny:l grouns aavs DEELOiT T T

promo*e *thermal stalkility and wazsr respsllency in silizcas
fluids. An examinaticn of Table I indicates that a critical
surface tension as 1lcw as 21 dynes/cm could b= 2xpectsd £:zom
+hiz cecrkinaticn,

c
The silicorne testsd was Silgan J-500, a highk quality
cemmercial coa*ting manufactured by +the SWS Silicones, 1Ixc.,
known for i+ts Aurability and *oughness. Application of “his
coating was performeé at +the Naval Research Labcratory.
Unfcrtunately, <the coating proved to be somewhat difficul:
to apply which resulted in a rather thick, unzven cca*irng.
It was decided 4o test the ccating for its endurance and
hyd-opholkic characteristics before attempting to develor =2
rrocedure fcr aprlying a thin, uniform layer.
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8. ENDUEANCE TEST

Fecrceps were ussé to hold the spzci

o
rile they were clamp2d in placz., Th

n ars
ves

W placed in rpositicrn and +the n sscursd fingszr-
tight. Tis thrse ccclant con*tool valve wars opensd *0
their waxiwum positicrs ailowing watsr to pass +thrcugh thz
heat sirk. Thz steam ragulating valve was copened un<il
steam issued from the branch 1line bzazath ths chamber. As
the stzam condenssd, the condensate would crTeturn =and
commenc2 filling +he d=-superheatser. Tsa

o)
S

reached in apprcximately one hcur whan <+he &
i

~superhnsater
%3S rcugkly one-third full. A+ *his poin= the rsturred
condensate was balanced by cverflow from the de-supserheater

discharge. The steam regulating valve was then adjus+sd *o
grovide a s+teady f£low of steam fzom the branch line. Thi
ensured *ha*t the charker was receiving the maximum amount of
steanm which could be condensed.

Visual chservaticns were conducted daily. In crder *c
provide a permanent, visual rececrd, photographs w=zre taken
at the fcllcwing intervals: 0, 260, 790, 1509, anad 2000
hours. teriodically, the system was shut dcwn in crder *o
remcve sgrecimens which were nct performing satisfactcrily.
1Thase were set aside for examiration nunder the <scanning
electror microscope (SEM), and new samples were installed iz
their rlaces.
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B« HEAT-TRANSPER EVAIUATION FEOCEDURE

With cne excepicn, Pocie [Ref. 20] provides a I-:1sll:’
descripnicn ol %hs cperational coosccluoss, fzte ndidsTLn,
and ccrrat=r vpIograts utilizsd during the Lhezwe=ransiso
evaluaticn s*age. Tre ore exception concerns thz us=2 of 2
spiral insert placed within +he tube being tested in crder
*c enhance “he inside hesat-transfer cozfficient., The justi-
Ziceziin f¢z sntancsasnt 9f the insils coafflzient carn S
explainzd Yy examining *he manner ir which <he cu%isde
teat-trarsfsr efficient was d=2¢erminedi,

The total hkeat transfer can be compu+ed <frcm equation
{(3.1): *he righ*-hard side bsing measured or krnown guanti-
Q=m¢c AT (3.1)
ties. The overall heat-transier coefficient can now be

computed using equaticn (3.2):
0 =¢/AAT1nm (3.2)

€ince ttre inside

tes+ing, ané all of tle nonccndensing gasas were effectiv

the resist

considered regligibls.

€limirated,

inside h
established
the wall resistarnce uas

Since the
cusly keen

tzansfer cocefficient,

saticn 1resistance and

computed frem equaticn

1/ho ‘l/Uo - Ao /hi Ai

o€ the tube was

ances

eat~trans
using
well
which
the

(3.3):
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+tabl

due *to these two

+te Siede:-Tate correla
ished,

thoroughly cleaned Lkefcre

sly
factors were

coefficient had previ-

+ticn and
the outside heat-

a combination of the conden-

nating

resistance,

can be

(3.3)
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Purine Zilrwiss conlensa=ion ¢cn a2 smon*th <ube, %k~ onw=ziids
and ingids res.ezTancss a2 o7 Th: sams: oTdec ¢ L L=,

wise condernsation, i1t was ansicrpzz:zi =ihL-

tt ance would t2 much smailer +than tht inszids
resistance and <+he inside Tesistancs would ccntrocl ths
Frocess. Thereforse, small uncerteianties in the detec-rina-
tion ¢i the inside resistance would groduce r=lzwively l=zIge
veIluticos In iz compuetad valus of the cuiziis zoszizcance.
In order %c minizize *his effect, thes inside coefficisn* uas
enhzancad by utilizing 2 concentric gpirzl inser+ which rar
the length ¢£ tha tute, The increaszd turbulence crcdéuced
by “he irsert resulted in a dzcrease in the internal +hecma

resistance. Utilizing a plain copper tube insirumented wix
six wall +hermocouples and the spiral iansert

coefficient was determined using a Sieder-Tate-type correla-
ticn c¢f <te form shewr in squation (3.4):

Nu = CiReo'BPrl/e'(u/uw)o'l“ + B (3.4)

Tetails regardirgy the determirnation of “his cosfficisnt ar
provided in Ref. 20 ard Ref. 26.

m

C. FRYSICAI PROPERTIES TESTIS

Twc standard testing preceduras were employed to assess

specific fphysical characteristics of each coating; ASTM
specificaticns D 3356-78 Measuring Adh2sion by Tapz Iz2s% and

[3363~74, Film Hardness by Esncil Tesi. Since both cf these
tes<s are destructive, it was nct possible to subject speci-

mens which were *o bke tested fcr endurance. Thersfcre, a+
least cne sgecimen frcm each group of coa*tings was held back
for destructive testing. The results derived from the
testirg cre specimen per set were assumed to b2 representa-
tive cf all samples ir that set.
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Curing +this stage c¢f the thesis, sveluation was ligpi-zed
*¢0  visuwxl chgserwvaticn suymnatt3d  bv psriodic phcectcegravhic
ssssicrne, Aith ideal dropwise <condensaticn, <+<he édreps
shoulé appear spaerical in shepe, =exhibit a laczge ccntact
angle and grow tc nc¢ more +*han two o three mm in diame<e:
kefore departure. Ceparture from a vartical surface should
ke swif%, straight dJdown and <*h2 &rop shculd retain its
spherical stape. A flat apreearance with irragularly-shag=sd
eiges drrirg grcwth and the pressncz of a "tail" during

d2parture are indicetions <¢£f "less-than-ideal" drogpwise
condensaticr. Althcugh ideal dropwise cordensatior was *hs
most desirakle characteristic, duzability and sa2se ¢f arpli-~
caticr were also impcertant ccnsiderations. Thereforz, a of
npumkber <coa*ings whick exhibited somawhat lzss +han ideal
dropuwise ccendensation were still considered for Lkeat-
transfer measurements. A surmary of all the <ccatings and
the results of this stags ¢f *t2sting are provided in Tatle
II.

1. No-stik

Twc iden*ical sets, each consisting ¢f four samples
representing the €fovr different =substrates, were +ested.
Bpplica*icn and surface preparation were performed Dby the
menufactrrer. In order to verify previous observations, the
second set was installed in the steam chamber approximately
2000 hcurs 2fter the first set. Micrometers were used to
determine & mear ccating thickness of approximately 60
gicrcmeters (0.0025 Zin). Cue o +he uneven texture of the
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Figure 4.1 Ro-Stik and Nedox onm NBr 0 hrs.

Figure 8.2

Ro-Stik Br

5¢

Ti

790 hrs.




T

Figure 4.3 No-Stik Cu Br Ti 1500 hrs.

Figure 4.4 No-stik Cu Br 4000 hrs.

56

|-

A4




X
contact angle, and grew tc approxin
+ W

at2ly 2.5 mre befcIz
departtre. However, the rate a“ hich +he drops d=parted
the suz-facs was noticeably less than that of other specimens
with *hinnsr ccatings. Thiz indica+tzd & laowaz hiz= flux

caused by the thermal barzier imposed by the coating.

Af-er more than 4000 hours of continuous <3xposure,
this ccating showed wvirtually no signs of physical dszgrada-
tion. 1he brass and copper samples were lightly speckled
with green which was attributed to oxidation of the ccpper.
An exapination c¢f an "as delivered" sample with the SEM
ravealed small holes in the coating which exposed +he
subs+trate. Exemination of an s2xposed specimen revsaled
that, z21lthcugh the ccating was not affected, the suts*trate
was teing attacked at these vcid sites. However, +his 4id
not arr2ar *o affect *he quality of <he dropwise ccrndensa-
tion, =acr did the cxidation appeer to undermine ths cca%ing
in the immediate vicinity of +he voids.

tased upon tke quality cf the condensation and the
durability cf th=s ccating, No-Stik was selected fcr heat-
transfe- measurements,

2. Nedcx

A tctal cof eight Nedox samples were tested, twec sets
of the fcur different substrates. Surface preparaticn and
applicaticn were perfcrmed by *he marufacturer. The coating
thickress, supplied try *he manufactur2r, was approximately
5.0 micrcemeters (0.00C2 in) . This was confirmed by viewing a
secticned sample under the SEM.
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Figure 4.5

Figure 4.6

Nedox Br Ti

Nedox Br Ti Cun

5€¢

0 hrs.

264 hrs.
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Figure 4.7 Nedox Ti Cu Blank 790 hrs.

Figure 4.8 Sedcx Cu 2000 hrs.
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tion c¢Z thé su
the gquality of +he drcpwise ¢
affzcted. Af 240 hours,

upper-half c¢f the neval brass
r
cnly %*he ccpper specimen = xhi
gtic
de is readily evident
d set was installed.
varied, the pattern cf perfc

very gocd to &xcellent dr
iritially, with a gradual

fcllcwsd by a gradual degradac
Exazination ¢f a&an uns
revaaled a rottl=zd surface' ccv

can ke sesr in Fiqure

&
cexceliznz. This was tzu: oo
forty-2ight hcu:s, aill ¢f =t=
in cels indica+ing a zzzc-
anvironment. A* *his pcin+,

cndensation was nct ne*iceably

+he condensaticrn mede on *he

srecimzn was <filmwice. This

removzd fcr examinazion, Af-er 1200 ncucs

bi<ed ny degree of drcrwise

D The changes in the guality of the ccndesnsa-

€rom Figures 4.5 through 4.8,

c
After 30C0 hours, thke remaining sSpecimens were removed ani
ccr

Although the =exposure time

rmance was virtually the sane;

cowise condensation cccurred
of the subs*trate

ien in drcepwise perfermance.,

darkenin

xpcsed specimen under the SEY
erad by a thin, smooth, %rans-

paren*t film. The +transparent film was presumed <c be the

Teflcrn ccating while the mottled appearance was due +c the

chrome-nickel plating. Exami
revealed that although the chr

+he £ilm had been peeled back

nation of an exposed specimen
ome-nickel plating was intact,

er completely ramoved. 2Piaces

cf the £ilm still partially attached weze visible with th2

nakad <¢ye. The loss of the

Teflon film accounted fcr the

loss of the hydrophckic characteristics of the cca*ing.

er, th2 eoxact cause

Leasgpite reservatiocns

coating, <*he excellent nature

rads this
experiments.

coa*ing a cardi

cf this loss could no+ be

about the durability of +this
¢f the dropwise condensation
date for the heat-transfer
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3. Empralon 333

A *c%tal of saven Zmrelon sSamples WweTe tistel.
Applicaticn z2nd surface nrezazratiam ueTe sgonrnliahof® owe ot
menutacturer 2f the ating. A sst of four samples, one Zor
each suybstrate, wvas i&itially loaded into the chamter while
the seccnd set cf t sangles, copper, titanium, znd
trass, was installed pn*oximately 2000 hours later. The
naval tress sample was withheld for dastructive testing.

Cn startup, all of the sampiss behaved predictably;
corndernsa-ion was mizxed o filmwise, This behavior was

an+icipated because the fluorccarbon lubricants are bendad
t¢ the subs+rate with an crganic =cesin binder which was not
likely +*o possess & particularly 1low surface <energy.
Examination under +he SEM revealad flucrocarbon particles
imbedded in a resin rmatirx. However, with one excepticn,
thke mcde cf condensation gradually bagan *¢ change after
apprcximately 500 hotrs of exposure. Except fcr +he ccprer
sample, +*he condensaticr first turned from mixed +c¢ pcor
drorwiss and then tc good drorpwise, £fter 1000 hours, tha
+itarium, Etrass and naval trass samples were producing fairc
to axcellent dropwise condensation (se2 Figurss 4.9 through
4.12) . An SEM examination of the sxposed specimens revealed
that the resin binder had teen washed or ercded away,
therekty expcsing more of the imbedded fluorocarbons. This
effectively lowered the c¢ritical surface tension of the
condersing surface. The ccrper spzcimen never prcduced
dropwise cecndensation. In fact, since faint copper colored
areas could be seen with the naked ey2, it was evident tha*
the <ccating had besr almest completely removed. These
results vwere consistert for bcth sets of specimens.

Although the rrass, <i‘anium and raval brass sgpeci-
mens prcduced gcod +to excellent dropwise condensaticn in
excess of U000 hours, Emralcn 333 was noct considered for
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Figure 4.9 Fsralon 333 Br Cu Ti 1500 hrs.

Figuzxe 4.10 Emralon 333 Br Cu Ti 2000 hrs. %

62




Figure 4.11 Earalcn 333 Cu Ti 2700 hrs.

Pigure 4.12 Earalon 333 Br Ti 3000 hrs.
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heat +transfar aeasurements Lteceuse of <the neceszszi~y =3
“agsirg" the coatlng and the wundesirable effect cf ccon-zzi-
raticr ¢f +he he tzansfer apparatus dus +o the remeyzl of

A tctal of eight 1Iscrp=2l 472 samples were ~mested;
four suts*rates, €ach with rough and octh surface
finishes. The initizl condensation mode was charactszsrized

as fair +o rpoor dropvuise. The drops exhibitesd & relativzl

(o

lew centact angle, were irreqular in shape, and grew to
approximately 5.C mm (0.2 in) befores slowly depar*ing th=
surface. After twenty-four hcurs of exposure, the ccndensa-
+ion mcde had changed to filmwise. This indica%<ed a change
in the critical surface tersicn of the ccrdsnsing surfzce
This change was attributed +c absorption of water Ly the
cca<ting. This result was the same for all samples. Af tex
1000 hours, the samples were rzmovad. No fur+her cbserva-
tions were conducted.

5. Isopel 31-33¢

3 tctal cf sight samples were tested. The results
were virtually identical with *those of the Isonel 472. No
fur<her ckservations were ccnducted.

The perfecrmance of the 472 nd the 31-398 was not
unexpected. These pclyesters could be sxpacted to present
tasically e hydrocarkcn 'surface to the ccndensing s4sam.
Therefcre, these compcunds could be expected %o have a rela-
tively high critical surface +ension which should prcduce
relatively roor quality dropwise condensa*ion. ther rhys-
ical charzacteristics, such as ease of application and avail-
ability, made polyes+ers an attractive candidate. However,
their irnability to ststain dropwise condensaticn eliminated
+them frem farther ccnsideration. No further tests werse
terfcrpsd with these compounds
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5. 3EL C-6 Fluorcepcxy

=]

Six C-6 samples were tasted; substrates c¢f coegpar,

.
LB

naval trzss, and ti%aniua were usa2d with the 4“wWe Zuilac

finistes vprasvicusly described. The brass sa2mples wzr»
reserved for destructive testing. Because this ccmgpound is
cnly availakle in limited gquantities, applicaziorn was by
trush r2ther than by spraving or spinning. This r2sulted in
2L UNEVSnL surface textur2 estinmated =2 be 5.0 *¢c 10.0 micro-
meters +hick. The estimate ¢f the ccating +hicknzss was
detazgined with micrometers and confirmed by viewing a

sectioned pcrtion of 2 specimen with the SEM.

411 of the tes* specimers produced fair tc gcod
dropwise ccndencsaticr. As can be seen in Figures 4.13
thrcugh 4.1¢€, the drops are somewhat flat, irregular irn
shape, and grow to 4.0 mm (0.16 in) in diameter tefore
slowly departing the surface. After 100 hours of expcsure,
the surfaces of the ccpper ard naval brass specimens showed
signs of oxidation. The oxidaticn gra2w progressively worss
until after 1000 hotrs the surfaces were completely tlack.
The oxiéaticn of the surfaces ¢f tha reactive substrates
indicated that the ccating was ircapable of completely insu~
lating <lte subs%iate from the envircnment. However, this
did »rct seem tc adversaly =zffect th2 performance of the
ccating which reraineé virtually unchanged during the firs*
2000 hcuvrs of operation. After 2400 hours, =all of the
smooth samples exhitited some degree of separaticn of the
coating frcm the substrate. After 3000 hours, the coating
tecare urbcended from the smooth samples causirg blisters and
tare spots cver 20% tc 30% c¢f the surface. This ccndition
existed in excess of 4000 hours.

Although the cxidaticn of the copper and naval trass
surfaces cculd be tLtlamed for <+he deterioratien of <he
adhesive qualities of the epcxy, this is not +the case for
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Figure 4.13

Figure 4.14

BRL C-6 Cu/S Cu/R 0 hrs.

NBRL C-6 Ti/R Cu/S 790 hrs.
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FPigure &.15

Figure 4.16

NRL C-6 Cu/S Cu/R 1500 hrs.

NBL C-6 Cu/S Cu/R 4000 hrs.
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ti+anium. Ra+ther, this «ccndition sezms <%0 indica=e =T
iradequate bord with <+he sacectnh suzfaces, Arthiuan ot

T
f the coating.
upon durability and gocd dropwise perforamancs,
3

i
ot
t

2T zralua+icn.

s selected fcr hzat

7. XEL Cz6' Flucrospoxy

The specimen arrangement for the C-6' fluoroepoxy as
well as <*hés application and thickness of the coating ware
identical tc the C-6 epoxy. In addition, ths endurance test
results were virtually +*he sane. The reactive surfaces
experisnced preogressive oxidation, changing 3in color fronm a
tright «corper or brass to a uniform dull black. After
roughly 1000 hours, th=2 coatings on the smooth specimens
showed signs of deterioration. Approxima+tely 30% of the
ccating kad beer remcved f£rcm <ths smooth <itanium sample,
while ¢a the smoeth ccpper and naval brass samplzss, altltough
physicélly Eresent, the coating had blistered and cracked
allcwing ccndensate to pass btetween the coating and the
substrate. After 2400 hours, the rough specimens were still
perfcrming w=ll. The departure size and shave of +ke drops
did net differ markeély frcem the C-6. Tharefore, £hi
coatirg was not selected for heat~-transfer measurements.

€. NBL BCE-7 Flucroepoxy

A total ¢f six BCE-7 specimens were tested including
Ecth rough and smooth surfaces of the copper, naval Lbrass
and titariurm substrates. Al+*hough this coating should have
Eeen highly hydrcphotic because ¢f the high concentraticn of
-CF3 grcups, the drorwise condensation was judged toc ke ornly
fai-. Within two hcurs, the condensaticn mode had changed
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te f£ilewiss, Closer sxamination revs=aledi +hat over 907 of
th2 ccering had been rexoved frcm the substrate. Thz zapil
detaric-aticn of this ccating was entirsly urexpsczai. in
explaraticr fer +the inadequate bonding of the <ccazing o

the suks*rate was not apparent. However, +*he performancs
was ccnsistent fer all substrates and surface finishes. No
further tes*s were attempted with this cecating.

9. NBL Flugroacrylazs

d
3 ——

2 tctal of six fluorocacrylate spacimsns wers tested
including beth rough and smceth surfaces of the Ccpper,
+itanium and naval Lkrass substrates. As with the BCE-7
fluorcepcxy, this ccating was virtually non-=2xistent on any
cf t+he sutstrates withkin twc hours. Since both coatings are

jaT]

therrmcsattirg polymers, they cannot be issolved.
Therefore, +his behavior agrears to indicate an inadequate
tond ketween the coating and +he substrate. An adequate
explana<icn for this bshavicr could not be discerned from
the liri%<zd nrumb=r of samples involved. No further testing

cf “his par*icular ccating was attamptad.

1C. NRL Fluoroacrylic

As with the fluoroepoxies, six samples were tested.
The *hree smooth samgples failed almost immediately. Small
ratches ¢f the ccating could b2 =seern floating away with the
ccndensate. However, all of +the rough specimens produced
good tc excellent cordensaticn in excess of 2500 hcurs with
rc signs of physical ¢r hydrophcbic degradation (see Figures
4.17 thrcugh 4.20). Although *+he drops are somewhat large,
3.8 o (.15 in) in diameter tefore departure, +they exhitit
a larger contact angle and a wpore uniform shape than a2ither
cf the epcxies. In addition, the oxidation rate of the
reactive surfaces was noticeakly 1less than either of <the
€epoxy ccatad surfaces, This indicates *ha* *h2 acrylic was
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Pigure 4.17 NRL Acrylic Cu/s Ti/R 0 hrs.

: Figure 4.18 ¥Fl Acrylic Cu/R Cu/S Ti/R 700 hrs.
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Figure 4.19 NBL BAcrylic Ccu/R 1000 hrs.

: Figure 4.20 BRL Acrylic Cu/R Ti/R 2000 hrs.
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A tctal of sixteen ETFE samples, two complete sets
0f four sulstrates =end two surface finishes, werz %*as*tzd,
Spaclgerns fzca the first szt were testsd for =z woTal cf 2000
hours tefore being replaced ty the second sst tc verify

grevicus observations.

Inmediately after startup, all of the srpescimens
produced excellent drcpwise condersa*iorn. However, withkin
four hours, the condensaticr mode on the brass aréd naval
trass srecimens had changed from dropwise tc almesz
completely filmwise. The titapium samples also shewed signs
cf failipg, After €fcrty-eight hours, only the covper sgeci-
mens continued +to prcpote dropwise condensation. Aftax 240
hours ¢f exrosure, the non-rerforming specimzns were regoved
for exarina+ion under the SEM.

ct
L]

, The copper =specimens were 2xposed in k test
chambexr fcr 3000 hours, ' The performance of +hese specimens
during thkis period is shown in Figures 4,21 +through 4.2u
Thrcughcut th2 test, <+h2 copper substrates showed sigrs of
oxidaticn; +their colcr gradually turned from a bright ccprer
+5 a dull klack. As can be seen ia Figurs 4.24, bo*h ccpcer
specigers were performing poorly at the end of the test. At
this point, the copper specimens wsre removad for examina-
tion and the second set was installed. Nene of the sarmples
from the second set produced dropwise condensaticn after
four hours c¢f exrposure.

Exarination c¢f varicus specimens under +he SEM
revealed different mcées of failure. 1In the case c¢cf tita-
rium, tte PTFE was nct adequately bendzd to the substrate.

a
Aft2r a shert period cf exposure, the coating flaked off irn




Fiqure &.21 Sputtered PTFE Cu/S Cu/R 0 hrs.
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) Figure 4.22  Sputtered ETFE Cu/S Cu/R 790 hrs. €
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Figure 4.23

2

Figure 4.24

Sputtered PTFE Cu/S Cu/R 2000 hrs.

Sputtered PTFE Cu/S Cu/R 2700 hrs..
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spall ratches exposing the bars substrtate., This was cornsl:-
m specimens., The failure nci- ¢
pecimens was similar. Calv £ha
ccprer specimens 2xhibitsd adesquatas adhesion throughcua® ths
duzaticr of +the test. Howsvsr, SEM rhctogrephs r=2vezle?
that th2 ultra-thin coating cf PTFE was 1incapable c¢f insu-
lating “te substrate frcm the environment. Numsr
troker blisters caused by +he oxidation of the substrat=
teneath the coca*ting, covered mucha of whe surface. This
conditicn was revealed macrcscopically by a gradual dack-
ening ¢f the surface and a degradation ¢f the hydrophotic
characteris+*ics of tke coating. The rapid failure <cf +«h2
seccnd set can only ke attributed to poor adhesien.

As rointed out in Ref 9, adhasion is dependent uron
gany factors scme <¢f which are rnot fully unders+ocd.
Althcugh scme film-substrate combina*ions exhibit gccéd adhe-
sion, =cme of the mcre interesting combinations ars inccm-
ratible in terms of adhssiorn. The <esults of <+this test
irdicate that +the adtesion gualities <c¢f spu*tsred ETFE on
the various substrates must be <thoroughly 4investigatsad
te2fore utilizing this process %o deposit <hin £films on
condensar tubes. Eased upcn these rasults, this ccating
techrigue was not pursued for heat transfer measurements.

12. Earylene-=N

A tctal cf eicht sanmples, four different sukstrates
with +two coating thicknesses of 0.5 micrometers and 1.0
micrcmeter, were tested. The coatings were applied by the
lLawrence Livermore National Lakcratory or an "as available"
tasie. Due to scheduling difficulties, it was not rossitle
*0 ©prepare the sulstrate =surfaces prior to coating.
Therefcre, utnlike the other specimens, none of the specimens
to be coated with parylene-N wunderwent ary surface prerara-
tion. All of +he specimens were plated in +the Mas
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Figure 4.25 Parylene-N NBr 0 hrs,

ol
®
D)
1
’ .
1
> Figure 4,26 Parylene~-N NBr 800 hrs. o
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icion waz simpilat =c *h=

ol
icusly dsascribed. fiowever, <the nazval

trass was received with a surfac2 similar to the "rcugn"®
surface ¢f th2 prepared spacimsns.

Upen exposure to stean, seven ¢£ the sgeacimzns
failed withir twenty~four hours, Large, water-£filled rlis-
“ars covered as much as 90% of the substrate surfaces. Th=2
crly =sgecimen +to perfornm satisfactozily was <+the one2-

as

pmicrcepe-er-thick ccating cn *he n1navzl brass substrz
can te seen in Figures 4.25 and 4.26, <+this coating prcduced
dropwise condensation which could bs characterized as fair
t¢c good. The drops are somewbat irregular but grcw tc only
3.5 mr (.14 in) in diameter befors guickly departing the
surface. After 1500 hours c¢f exposurs, this specimen showed
no signs of physical cr hydrcphebic degradatioen.

Eassd upcn the limited rnumber of parylene sazples
involved ané¢ observations c¢f cther coatings under similar
conditicns, failurs can be at*ribu+ad to two causes: surfacs
finish andé coating thkickness. The fact that onrly the naval
krass specimen with the .0 micrometer coating endured,
indicates that a rough surface is necessary tc insure prcrer
tonding. This finding is consistent with observaticns of
cther ccatiags. In additicn, thicknesses of less than c¢ne
vicrcmetsr appear to be incapable of withstanding <the test
envircnnent, It is surmised that water vapor can penetrats
the ultra-thin coatings in sufficient gquantity to eventually
undermine the bend tetween <“he coating and the substrate
surface, This cbservation is supported by the failure of
the 0.5 micrometer coating ¢n the <zough, naval brass
substrate and ths appearance cf water filled blisters c¢n all
0of +the failed specimens. The bilsters indicated +hat,
althcugh the coating was continuous and firmly at*ached a:
+he edges, cendensate had scmehow collacted between the filnm
and the sukstrate.
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The parylene-L specimens were received toc laze for
*the test zesults *o e included in <this thssis. Bowevar,
sixteen vparylene-D si=cimens, four substrates wi+h bcth
surface finishes and thicknessess of 0.5 and 1.0 micrcmeter
are curiently undergoing erdurance testing during th=

wriczing ¢f «his thesis,

14. Eepgco 6122

Since th2 application and substrate preparaticn for
this ccating were prcpristary, only four specimens repre-
sen+ing the different substrates ware %tested. Althcugh th=
initial ccndensaticn mods was dropwise, i+ gradually “urned
to mixzd ccndensaticn, part dropwiss and pact filmwise,
within 100 hours. Ttis remeained <¢the s%tecady-state mcde of
ccndensaticn £or over 2000 hours., The most likely explana-
tion for the gradual change was the abscrption and retention
cf water by the coating. This had tha effect of gradually
altering the critical surface tension. Although the ccating
d2d nct rprcrote dropwises condensation to a degree that would
warcant further investigation, the coating did not suffer
rhysical degradatior by exposure to s*eam at atmospheric
rressure in excess of 2000 hcurs.

[

15. §il

cone

Itn

The silicone compcund tested produced only faic
dropwise condensation. The drops wers relatively large,
flat, and irregular in shape. In addition, *the coating diad
not adhere *o either the rough or smcoth surfaces c¢f any
substrate. Blisters, f£fill2d4 with wazer, appeared within
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*wenty-fcur hours. These klisters continued +o grew wail=
undarmwiaing +he ccawing and fcrcing it to separavws TIod Tas
substreve., Bacause the guality of =he dropwisse conisnzatlis
wa3 cnly fair and acdherence appsared to be inadegusze, 0
further testing was dcne.

E. FHBYSICAL PROPERTIES TESTS

The results ¢f the physiczl properties tests as wzll as

+he endurance test results are summarized in Table II.

C. EBEAT-TRANSFPER RESULTS

A total of six ccatings wer2 selected for heat-transfer
reasuremerts, Realizing +hat, for dropwise condensaticn,
+he determinaticn of the outside heat-transfer coefficient
is very sensitive +tc variaticns in the inside coefficient,
extreme care was exercised in establishing a reliable,
repeatakle Sieder-Tate ccefficient fer an internally
enhanczd smcoth tube. A coefficiant (Ci) of 0.0638 with an
intercept of (B) 26.9 was established for +he Sieder-Tate
equaticn through +the analysis’' cf data taken £rom a plain
copper tube instrumented with six <thermocouples. Although
not ncrmally associated with the Sieder~Tate =quaticn, the
preserce of an intercept was necessitated by the lew L/D
ratio of +he test tutes. These values were used for deter-
ginirg tte inside heat-transfer‘Coefficient for all subse-
quent data rums. A description of the data acquisitior and
reducticn for determining +these values is prcvided in Ref.
20 and FRef. 26. Fiqure 4.29 shows +the variation of the
Nusselt numter as a functicn of the Sieder-Tate parameter
fcr +tke ins+rumented tube. A11 of the data runs, a minimunm
¢f twc fcr each coatirng, wvere mads under vacuum conditions,
approximately 0.012 MPa (1.6 psia). The mass concentration
cf the ncr-condensing gases was maintained at #0.5% (i.e.
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ccuracy c¢f the temparatucse and [TssTeTe

ra2nertg) Anring 211 data runs.
h €

< g
ison pvrposes, data rzepresenting the performance of a rlain,
smoo+th *ubke are also gplotted. Because the program used for
reducirg ané plottinc the data wes slightly differsznt from
that tsed in Ref. 20, a lis*ing ¢f th=2 program (JxE3) &nd &
sample <¢f “he <reduced data are provided in Apperndix A.
thotcgraths ¢£ the tubes under actual 4=2s% c¢onditions are
provided in Figures 4.30 through 4.33. The parfermanca cof

each ccating was as fcllows:
1. No-Stik

Even though this coating produc=d excellent drcpwise
condensatiorn, the cu*side heat-transfer coefficient was
reduced Lty a factor of two-thirds when ccmpared with 2
smooth ttbe undergoing filmwise <condensation. This rasult
is explained by the thickness of the coating which avaraged
75 tc 10C micromsters (0.003 to 0.004 in) thick. Although
*ke cca*ing was heavily doped with copper to improve corduc-
+ivity, +the thermal resistance imposed by the coating was
far tcec great to be offset by the Dbeneficial effects of
dropwise condensation.

2. Nedcx

The N2dox coating imprcved the outsids heat-transfer
coefficient by 700% to 900%. This represented the bhes+
enhancement produced ty any coa*ing. However, questicns as
tc the durability of this ccating, which were raised durin
tke endurance test, still remain. No degradation was
evident during the heat-transfer tasts.

(o]
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3. Ezrylszexd

Twe thicknesses ¢f parylene~-k wears tastszd: 0,7 zn3
1.0 miczcmater. Tte 0.5 micrometer coazin enharnced Thec
out=ide coefficient frcm 6003% to 750%. As expec=ed, &
the increased thickness, the 1.0 micrometer coating proé
a lower enharcamernt cf 500% +¢c 600%., Howsver, clsse in
+3i0n ¢cf +he 0.5 micicme*tar coz2-ing zfter =ha hea<-+tzarns
teste, 1revzalad small arzas in which the cca=ing was fkegin-
ning tc reel or crack. The cne-micrometer coating shcewzd nc
signs of deterioraticn., This result was consistent with ths
endurance *est which indica*tes that 0.5 micrcmeters is toc
thin tc¢ prcducz reliatle durability.

4. ¢

The NRL C=-6 fluocroepcxy rroduced an improvement of
200% +o Zu0%. Althcugh considarably greater than a swmocth
tube undergcing filrwise condensation, these results are
less thar *hcse achieved by fir tubes (S22 Ref. 20). This
disafppcintirg perfcrmance was probably a result of the
coaéing thickness. applicaticn by brush produces & ccating
which is sligh+*ly toc thick. The thickness on the test tube
was estigated to be 10.0 to 20.0 micrometers. Al+though very
durakle, an aprlica*ion technigquz which will consistently
rrodcce ern ultra-thin, unifcre coating must be utilized if

thkis ccating is to be exploited for enhancing heat transfer.

5. Elugroacrylic

Since the NRL fluorocacrylic is a thermcplastic
pclymer, it can be weasily thinnad prior to applicaticn.
This makes a +thin, wuniform coating more easily obtainable
when ccmpared to the epoxies. In this case, the coating was
estimated *tc be 5.0 to 10.0 micrometers. Therefore, the
flucrcacrylic was cagpable of producing enhancements of 500%
tc 6CC%.
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Figure 4.30 Nedox.

Pigure 4,31

NRL Fluoroacrylic.
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Figure &4.32

Figure 4.33
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d. CCNCIUSIONS

1. During the cordensation of steam on horizcntal
tubes, tle cutside heat-transier ccefficient car be enhanced
five tc eight times through the use of organic polymer coat-
ings. A 500% increase can be achieved with coatings cf
demcnstra<ed durebility, (i. =. coa*tings which skowed no
degradation over a gininum period of 2000 hours), whereas
the higher rates can be achieved only by coztings of ques-
tionable durability.

2. Because of tleir hydrothoebic charactaristics, eass
cf arpplication and the ability to be applied in ultra-thic
layers, +he flucroepcxies and <£fluoroaccylics represasnt the
b2st alterznative for the application of a low energy, fluo-
rocarkon surface. '

3. Bcth the Nedox coating and the parylemes cffer
pcssikle alternatives to the epoxies and acrylics once their
durability is firmly established. '

4, A rough surface is e=ssential for the proper bonrding
c¢f the pclymer ccatings testeqd.

5. The ultra-thin polymer coatings testad were inca-
Fable ¢f ccmpietely insulating reactive substrates from the
environment.

6. The outside heat-transfar coefficient is highly
sensitive *to uncertainties in the dinside coefficient.
Therefore, the inside coefficient wmust be clearly es:ab-
lished tefore attempting to infer tha outside coefficisn:

Tom cverall measurepents.
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Be. EBECCEMENDATIONS

a2 b=an dave

hav
fied +o enhance duratcilizy,
Y s

while maintaining most of their hydrophchic charac*erictics.
2. Devise 2 msthcd for applying a controlled, unifornm,
Tepeatable thickness for the £luoroacrylics and

fluorcescxies.

3. Cortinuas to 2valua*te the parylenes for duratili+y.
When ccmrared to the cther vparylenes, parylense-C Las rela-
ively 1lcw water vapor and oxygen transmissien rates.
Therefcre, rarylene-C should be included in the evaluation.

4. Attempt to reduce the thickness of the No-Stik
coatirg.

5. TCetermine and eliminate the cause for the deteriora-~
+ion ¢f the NEDOX coating.

6. Aprly s=2lec+ted coatings to. tubes made of materials
with low thermal conductivities, 'such as stainless st
titanivm, tc d=2termine the effect of tha constrictioen
+ance upcn *hermal petformance.

7. In crder to prevent cxidation and eventual ccating
failure, use nen-reactive substrates. If +this is no=
possitls, the substrate should be plated with a non-~reactive

sub-layer.
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AR
’.‘J"':llx;
MENUS
Vit
1040
HB L

[y
SO T

10— 5. DWW L. LR
OSSO DI

PIPI s ot om b v b — 4 = s

1230

N TihED

REC

lleamher 19, 1920

CEM ey L0

DIM Emf(

DATA N, TO086091 25707 . 9a3R, - 767245, 5295, 78025535, 31
DATA ;9247&85589.8.97583E*11.-2.65192E*13.3.94078E‘1a
READ Coe)

Di=, 0127 ! Inside dianeter of test tube

Do=.01305 ! Qutstde diameter of test tube

Dr=.01%875 ! Outs:ide drameter of the outlat end

Dssp=.1524 ! Ingside diameter of stainless steel test sectinn
Ax=PlePazo 2/4-P1lsDael

IR AR t Crondenzing tznath

L1=.0L032% ' Inlet end “fin length”

L2=.0234925 ' Outlet end “fin length”

Kew= 365 ' Thermal conductivity 3f Copper
Rm=Do*L0G(Do/D1)/(2%Keu) ' Wall resistance based on outside area
PRINTCR IS ¢

CLEAR 709

BEEF

FRINT USTHG 4%, ““SELECT NPTIOM: """

PRINT USING "8X.""1 Tal 1na data or re-processing orevious data
PRINT (JSTHG "6X.""2 Platting data™""

INPUT Inc

PRINTER IS 701

IF lop=2 THEN 4620

BEEP

IHPUT “EMTER MOMNTH, DATE QND TIME (MM:DD:HH:MM:SS)* DateS
oUTPT 709:"TD":Dates

QUTPYT 709:7TD~
ENTER 709:Date$

PRIMT Month. Jate and time :":Dates
PRINT
PRIMT USING “10X,""MRTE: Program name : DRPJ™"""
BEEF

INPUT “ZMTER DISK MNUMBER™ . Dn

PRIMT HSING 18X .""“Dizk number = "7 . DD":Dn

BEEP

INPUT “INTER [MPUT MOPE ¢1=3054R.2=FILED".Im

IF Im=1 THEN

BgEe

IMeUT “GIUE A MAME FOR THE RAW DATA FILE”.D _file$ !
PRINT HSTHG "16Y,""File name ¢ "ULU18A"D_fileS
LPEATE EDAT D_f1les, 15

ASSTIGN @F le TO D_f1ile$

[Fa=y

Inp=?

Twt-=n

UTPHT »F le:f3,lnn

IF 1fq<0 THEN QUTPUT RF le:Tut

ELS

BEEFR

TMPUT “GIVE THE MAME OF THE ZXISTING DATA FILE",D_files

PRINT USING "1EX.""Thic analysis was performed for data tn file "",10R":D

BEEF

IMPUT EMTER THFE MUMBER OF RUNS STORED™.Nrun
ASSIGN aF(le TN D_file%

ENTER #F1]e:Ifq,.Inn

IF [fq=0 THEM ENTER &File;[wt

END IF

BEEP
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oy
e
194D
1650
1550
1670

ILE readings

1680
1630
1700
1710
1729
1730
1740
1750
1760
1770
1730
1790
1300
1810
1320
1830
1340
1850
1360
1370
1380
1830
1990
1910

1920
1930
1340
1950
12360
1970

THEPUT CCTER SETION s T YLt U0 SeabGE) Y [ tm

arpe

IHPRT TENMTER LR TILi fOR BRG] SIS SR L RN )

IF Dtm=1 THEN SRINT 7Inn "X, ""Thys apaivsis uses §CT readings”™""

IF Itm=2 THEM PRINT USIMNG "“!AX.""This anaiysis uses 1-FPILE readings™ "

IF Itm=3 THEN PRINT 051N "16X:""Thxs analys1s uses average of QLY and T-P

[F Ife=1 THEM PRINT USING "16X.""This analysis includes end-fin effect
IF Ife=0 THEN PRINT USIMG "16X.""This analysis neglects end-fin effect
IF Ife=1 AND Inn=0 THEH Ci1=.0224
IF Ife=0 AND Inn=0 THEN C1=.032
I[F I€e=1 AND Inn=! THEN €.=.070
IF 1fe=0 AND Imn=t THEL (1=.07% ' This value is arbitrary
IF Ife=1 OND Inn=2 THEH C1=.042
IF Ife=0 AND Inn=3 THEN C1=.0487
;Rggf USING “16X.""Sieder~Tate coefficient « ", 7.aD":Ci
EE
IMPUT “GIVE A MAME FOR PLOT DATA FILE" . P_files
CREATE BDAT P_file%.5
ASSIGN 3Filep TD P_Fi1led

BEEP
INPUT “ENTER QUTPUT YERSION (1=SHORT,2=LONG)", Jov
)]

reenss

IF Tow=! THEN

PRIMI

1IF Inf=1 THEN

PRINT USING “10X,”"Data Yu Uo Ho Op Vv F Ny

FRINT USING "10X,”" = (m/s) (W/m 2-K)(W/m 2-K} (W/m &) (m/5)"""
ELSE

PRINT USING "10X,""Data Yu Uo Ho e

PRINT USING ™10X."" £ (n/s) (H/m 2-¥0 (W/m™ 2-K) (W/m 2) (m/3)

[TIVREL
e

EMD IF

END TIF
Go_an=l
Repeat:!

Ok 3=1

J=J#1

IF ém-l THEM

BEE
IMPUT “LIKE TO CHECK MG COHCEMTRATIOH (1=Y . 0=N)>?" . Ng
P

REEF

INPUT “CHTER FLOWMETER READING™ .Fm
QUTPUT 709:"AR AFKD ALE3 VRS™
QUTPUT 709:"AS SA™

EMTER 707:Etp

DUTPUT 709:"AS SA"

Vtran=0

FOR I=t 70 S0

ENTER 7073:Vt

Vtran=Ytran+Vt

NEXT 1

Jtran=Vtran/50

QUTPUT 7093:"AS SA™

BEEP

INPUT "COMHECT YOLTAGE LIMNE™,DK
ENTER 703:8vol

BEEP

INPUT “DISCOMMECT YOLTAGE LINE™ .0k
QUTPYT 703:"AS 3A"
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ENTER 7)Y :8amp
MITPYT 7R9:"AR AF2N AL24 VRIT
FOR 1«0 10 4

QUTPUT 703:"AS SA”
Se~0

FOR K«0 TD 10

ENTER 709:E

Se=Sa+k

NEXT K
Enf(1)=ABS(Se/10)
MEXT 1

QUTPYT 799:"AS SA™
GUIPYT 212 TIR2E"
WATT 2

ENTER 713:711
DUTPUT 713:"T2R2E™
WALT 2

ENTER 713;72

BEEP

INPUT “ENTER 712,12
1229.0378E-2+72=1.0034511
QUTPUT 713;"TIR2E™
HWRIT 2

ENTER 713:712
T1a(TI1+T1 205
QUTPUT 712;:"13R2E"
1F gq-o THEN 2590

BEE
égzg? “ENTER MANOMETER READINGS (HL .HR,HRW)" H}, Hr Hru
INPUT 0K TO ACCEPT THIS RUN (!=Y=DEFAULT,0=N>" 0k3

IF Ok3=0 THEN
JeJ-t

GOTN 1960

EMD IF

Phg=H] +Hr
Puwater=Hr-Hry

ELSE
ENTER 3 1le:Bvol.Bamp Vtran.Etp,Enf(0) EnfC1) Emf(2) Enf(3) ,Emf(d) Fm, 71,7

Puater

}F {*l OR J=10 OR J=20 OR J=Nrun THEN
Hg=

ELSE

Ng=0

END IF

END IF .
Tsteam=FHTvav(Emf(0)) t COMPUTE STEAM TEMPERATURE
Troom=FNTvsutEmf(3))

If Iwt=! THEN

Twm=0.

FOR =0 TR S

Twt D =FNTvev(Emf (1¢S5

Tume=Fym+Tu ()

NEXT |

Tum=Tum/6

END IF

Teon=FNTusv(Emf(a))
Psat«FNPvst(Tstaamd
Rohg=123529-122«(Troom-25.95)/50
Rowvater=FNRhow(Troom)
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2790 Ptest=(Pha*Rahg-“yater=~Rowater)+9.799/10U0
oGl Pom=btestsii:, 200

2210 PimePrestet £-2

2820 Pks=Psat=1.E-2

2830 Pkt=FNPvsv(Vtran)e!.E-3

2840 Tsat=FNTvsp(Ptest)

2950 Vst=FNVvst(Tsteam)

2860 Ppng=(Ptest-Psat)/Ptect

2870 FPpst=1-Ppng

2880 Ming=1/(1418.015/28.97+Psat/(Ptest-Psat))
2890 Vfng=Mina/(1.,608-.6N8«Mfng)

27900 Mfag=Mfng=10

2910 Ving=Vfng=100

<920 BEEP

2930 IF Iov=2 THEN

2941 PRINT

2950 PRINT USING "10X,”"Data set number = D0l

2960 END IF

2370 IF lov=2 RND Mg=1 THEN

2980 PRINT USING “10X,"* P Psat Ptran Tmeas Tsat N
g

2990 FRINT USING “10X.”"” (mm) (kPa) (kPa) tkPay (C) o) Molal

Mass
3000 PRINT USING "10X,5¢30.00.2X>.2¢2D0.D0.2X),2(M3D.D.2X)>" :Pmm ,Pkm.Pks ,Pkt.Tste
am.Tsat.Ving,Mfng
3010 PRINT
3020 END IF
3030 IF Mfng>.5 THEN
3040 BEEP
2050 PRINT
3060 IF Im=t AND Ng=t1 THEHM
307Q BEEF
3080 PRINT
3090 PRINT USING "10X.""Energize the vacuum system """
3100 BEEP
3110 INPUT "0K TO ACCEPT THIS RUN (1=Y,0=N)?", 0k
3120 IF Qk=0 THEN
2130 BEEP
3140 DISP "NOTE: THIS DATA SET WILL BE DISCARDED!! *
2150 WRIT S
3160 GOTND 1380
3170 EMND IF
2180 END IF
3190 END IF
2200 IF Im=1 THEM
2210 IF Fm<10 DR Fm>100 THENM
3220 Ifm=0

BEEP
3240 IMPUT “IMCORRECT FM (1=ACCEPT.0=DELETE)" ,Ifm
3250 IF Ifm=0 THEN 1960
5260 END IF
3270 IF Jfg=1 DR lut=0 THEN
3280 OUTPUT ¥ ile:Bvol.Bamp,.Ytran.Etp .EmfC0) ,EmfC1) ,Emf(2) ,Emf(3) Emf (A} Fm. TT,
12.%hg.Puater
3230 END IF
2200 IF Ifg=0 AND Iwt=~1 THEN QUTPUT #File:Bvol,Bame.Ytran.Etp.Emf(*) ,Fm,T1.72,P
hg,Pyater
3310 END IF
3320 IF Tfg~0 AND Iwt=) THEN QUTPUT aFi1lel;Tule)
3330! ANALYSIS BEGIMS
3340 Ti=FNTvsv(Emf(2))
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GracsFHGradti[1¢T e Ty
Tos1:1+4BS(Etp)/(10ei5rad) el E4n
Ert=ARS(T,-T1)
PRINTER IS5 !
PRINT SING """71 (GCT = Ut 0DL3DT T
PRINT USING """Ti (1) e DDA
IF Ert>.5 THEW

I

BEES
gggyr “OCT AND TC DIFFER BY MURE THAN 0.5 C
INFUT “OK 7D 60 AHEAD C1eY. QN> 0k|

END IF

PRINT USING """DT (DT 0 (LR ST N
PRINT YSING """DT (T-PILEY = " 7.30":Te-Ti
IF Dk1=0 9ND Er1>.5 THEMN ab40
Er2=ABS((T2-T1H-(To-T M /tT2-T1)

IF €r2>.05 THEM

PEEF

?EIHI “QCT AMD T-PILE DIFFER BY MORE THAN S%™
BEEF

INPUT 0K TO GO AHEAD C1=Y, Q=72 0k2
IF Nk2=0 AND Er2>.05 THEM 4640
END IF

PRINTER IS 701

IF Itm=1 THEN

T1 ;=71

T2o=T12

END IF

IF Itm=2 THEN

T1i=T1

T20=Ta

END IF

I[F 1tm=32 THENM

Thi=(T14T1)e .5

TZa=(T2+¢Ta)re=.5

EMD IF

Tavgeti1i1+1200% %

Cpw=FNCpuwtTava)

Rhow»FMNRhqu(Tavyg)

Md=5 . D00N49E-346.9851227E - 3»Fn
Md=Md=¢1.0365-1 . 96644E- 3% Taug+d, 252E-K=Tavg 2)/.395434
Mf=Md/Rhow

Yn=MF/(PTeDL 274)

[F Inn=0 THEN T20=T20-¢C J138+.0012Vy"2)
IF Ian=t THEN T2n=Tlo-.004<Vy 2
IF Inn=3 THEN T20=T20-.0018%Vw"2
N=Md*Cpu*tT20~T1 1)

Qp=0Q/(PI=DosL)

Ku=FHKw(Tavq)

Muw=FMMpw! Tavg)
Ret*Rhow*YyeDi/Muy
Pru=FNPru(Tavqg}

Fel=,

Fel=0.

Cfet,

Hi=Kye1/D1*Re .3«Pry ,3333+Cf
Dt=R/(PInfiin(LslToFal+{ 2eFedreH))
Cle=tMyy/FHMuwt Tavg+Dt)) .14

IF ABS((Cfc-CFY/CFc)>.01 THEM
CPa(CFesCfcre .5
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4380
4290

4310

4329
43130
a4n
4250
43610
Uo Ho,
4371
4380

v

42910
4400
4410
a420
4430
4440
4450
4460
1471
4490
4430
4500
as10
3520

GNTA 2200
eND [E
17 17 TeDn T ot

[ S

P1=Pie(N+D)

Hi=tDo-D1)«PI«(D tp0)=.5

MI={Hi*P1/(Kcy=Al)) .S

Pl=Ple(Ni+Dr)

A2=(Dr-Di)=PIn(L1¢Dr)~.5

M2=(H P2/ (Kcu=A2)) .9
FetsFNTanh(Mlel 1)/ (M1t 1)
Fe2+FNTanh(M2e 2) /(M2 )
Lmtd=CTl0-T141/L0C((Tgteam-T1 1)/ (Tsteam-T202)
Hazi}s (L atqePieNne
Ho=1/01/0o-DosL/(Nye(L ¢ 1eFal+_ 2eFa2)*H1)-Rm)
DtexR/(PleDie(L s 1oFatel 2eFalreHy)

IF ABS((Dtc~Dt)/Dtcr> .0t THEM 3900
Hfa~FNHfa(Tg team)

AUTPYT ¥F 1 ]lep:Qp.Ho

Q=500

Jloss=01/¢100-2%)r«(Tsteam-Troom?
Hfc=FNHf(Tcon)

Hf=sFNHftTgteam)

Mdv=0

Bo=tBvol=tnl) 2/5.768

Mdve=((Bp-Qloss) ~Mave(Hf-Hfc)) /Hig

IF ABS((Mdv~Mdvc)/Mdvc)> .01 THEN
Mdv=(Mdv+Mdvcre.5
GOTO 4130

END IF
Mdv=(Mdv+Mdve)=.5
Vg=FNVvst(Tstean)

Yv=MdyveYq/Ax

IF Tov=2 THEN

PRINT USING "10X%."" T (Inlet) Delta-I"""

PRINT USING "10X."™ QCT A QCT  T-PILE™™™

PRIMT USING "10X.2¢DD.DD.2X)Y . 2¢Z.3D,2X)":71,71,72-Tt ,To-Ti

PRINT HSING “10X."" Vuw Re1 Hi Un Ho a
Yyt

PRINT USING "™10X.Z2.DD.1X,5¢MZ7 . 3DE, 1X) . MZ.DD" :Yu,Ret . H1 ,Uo . Ho.Qp .Yy

EnuD IF

IF Iosv=1 THEN

IF Inf=1 THEN

PRINT USING “11X.DD.2X.Z.D0D.2X.2¢5D.D.2X),Z.3DE.1X,2.DD.2¢1X.3D.DD?" ). Yu,
DD:VV,F.Nr

ELSE

PRINT USING “11X.DD.2X.,Z.0D.2%,2¢(MD ., 4DE,2X).Z.3DE,3X.2.0D":J.Yw.Uo.Ho.Qp .V
END IF

END IF

IF Im=1 THEN

BEEP

IMPUT “WILL THERE BE ANOTHER RPUM (1aY 0=N)?",Go_on

Nruns=

IF Go_on=1 THEN Repeat

ELSE

IF J<Nrun THEN Repeat
END IF
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D_Frin%

4 dnid
4540
as5¢9
45690

£Gir
geER
PRINT

PRINT HSING “10X,""N(TE: ", ZZ."" X-Y pairs vere stored in plot cata file

"ULI0AMI) P Lt

4570
4580
a5
4600
4610
AR20
4630
4640
2#£50
46RR0

4379
4980

5000
antg
5020
5030
5040
5050
5060
5070
5080
510901
5100
5110

ASSIGH sFile O =

ASSIGN #Fjlep TN =

BEEP

THPUT “LIXE 10 PLOT DATA (1=Y G=NI?" 0k
IF Qb=t THEN

TaLl Plat

END
DEF FHPust(Tsteam)
DIM KD

DATA -7.531234564,-25.00022636., -168. 1706546 ,54.23285504,-118.364622

DATA 4,16711732,20.3750676.1.E3.%
READ K (=)

T=(Tgteam+273.15)/647 .2

Sum=1

FOR N=0 T &

Sum=Sum+K (M)« (1-T) (N+1)

NEXT M

Br=Sum/(To (14K (5o 1=-T)+K(EI*([=T) 2V =C1-T)/(K(72=(1-T) 2+K(B))
Pr=EXP(Er)

P=22120000+Pr

RETURMN P

FMEND

DEF FNHEg(T)
HEg=24877.00-2450(T-10)

RETHRN Hfqg

FHEND

DEF FNMuw(T)

A=247.3/¢7+133.1%)

Mu=2.4E-5=10 A

RETURMN My

FHEND

DEF FMVust(Tt)

P=FMPust(Tt)

T=Tt+273.15

X=1500/T

Fl=t/¢1+Tet E-4)

F2e(1-EXP(-X)) 2.5=EXP(X)/% .5
B=,0015«F1-,000342+F2-.0004882+X
K=2=P/ (461 ,32«T)

U=(1+(1+2eB2K) " ,5) /K

RETIURM V

FHEND

DEF FNCpw(T)
Cpw=q.21120858-T(2,26826E-3-T»(4,42361E-5+2.71428€-7+T))
RETURN Cow=1001

FMEND

DEF FHRhow(T)
Ro=399.52946+T+(,N1263-T«(5.882513E-3-T=1.234147E-5)
RETURM Rn

FMNEND

DEF FNPrw(T)

Pru='0 ¢1.0997660%-T=(1.2749326E-2-T~(3.368875E-5-3.45026E-7+T)))
Prw=FNCpw(T)wFNMuw( T) /FNKy(T)
RETURN Prw
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THENN
NEF P

— T

Kiy= 5625054+ w02 DA GQ4RE - 1-Te 1 S09706E-5-8 ,0SRI1B52E-8T))

X=(T+273,15)/273 .15

K== .92247+X=€2,33935-X*C 1 . BU07-X»¢,52577-.07244=X)))
RETURN Yuw

FHEMD

DEF FMTanh(X)

P=EXP(X)

Q=EXC-X
Tanh=(P-J)/(P+)y
RETURN Tanh

FHMEMD

DEF FNTvsvtV)

COM /Cc/ CKD)
T=Ct

FOR =1 TO 7
T=T+C(I)sV [

NEXT [
T=T+4.73386E-3+T=(7.592834E-3-T=R.077927E-5)
RETURN T

FMNEND

DEF FNHf(T»

Hf=Te(4,203849-T(5 ,88132E~-4-T+4,55160317E-6))
RETURN Hf=1000

FNEMD

DEF FNGrad(T)

Grad=37.9853+,104383«T

RETURN Grad

FMEND

DEF FNTvsp(P)

Tu=110

Tl=10

Ta=(Ty+Tlre .S

PeafFNPvat(Ta)

IF ABS((P-Pe)/P)> . 001 THEN

IF Pc<P THEN Ti=Ta

IF PP THEN Tys=Tta

GNTN 5450

END IF

RETURM Ta !
FMEND

DEF FNPvsv(W)
P=8132.513342.236051E+4»Y

RETURN P

FHEMD

SUE Plot

DIM CeP

;géNTER 15 705

INPUT 0K TO SELECT DEFAULT VYALUES FOR CARGE “.0rd
IF Dkd=1 THEN

REEP

INPUT "EMTER PRESSURE CIOMDITION «(1=v 2=q)",[va
END IF

BEEP

INPUT “SELECT OPTION (1=Ho . 2=[1t)", [ht
IF Dkd=1 THEN

IF Iva=! AND Iht=! THEM

Xmin=100000

Xmax=600000
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Ymin=N

Ymax=} U000y
Xster=100000
Ystep=20000
eNn IF

IF Iwva=2 AND Inht=1 THEN
Xmin=400000Q
Xmax=!.6E+8
Ymin=0

tmax~ 121000
X5 tep=40NNNE
tzatep=cNOUY
END IF

IF Iva=! AND Iht=Z THEN
Xmin=0
Xmax* 30
Ymin=100000
Ymax=600000
Xstep=10
Ystep~ 110000
END IF

IF Iva=2 AND [ht=2 TuEM
Xnin=0
Amax=30
Ymin=400000
Ymax=1.5E¢6
Xstep=10
Ystep=400000
END IF

END IF

[F Okd=0 THEN

BEEP
INPYT "ENTER MIMIMUM AnD MAXIMUM X-YALUES™.Xmin, Xmax

EEP
IMNPUT "CHTER MINTIMUM anD MAXIMUM Y-VALUES"” ., Ymin, Ymax
BEEP
[HPYT “ENTER STEP SIZE FOR X-AXL1S" . Xstep
BEERP
IHPUT “ENTER STEP SIZE FOR v-aX[S”,Ystep
END IF
REEP
PRINT "[M:SPUIP 2290,1800.8300.6800:"
PRINT "SC 0,100.0,100:TL 2,07
5Fx=100/(Xmax~Amin)
Sfy=100/¢Ymax-Ym1n?
BEEP
lecqe-0
[MPUT "LIKE O BY-PASS CAGE C(1=Y,0=N=DEFAULT)?" Icq
If Icg=' THEN 6ES0
PRINT P 0,0 PO~
FOR Xa=Xmin T0 Xmax STEFP Xstep
X=(Xa-Xmin)eSfx
PRINT "PA™:X."™.,0: XT:"
MEXT Xa
PRIMNT "PA 100,.D:P1:"
PRINT P PA 0.0 FD"
FOR YarYmin T0 Ymax STEP Ystap
Ye(fa-Ymin)=Sfy
PRINT PR 0,":Y,"YT"
HEXT Ya
PRINT "PA N, 100 T 0 2"
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£ra0
(AN
eI
k370
5380
6399
6400
410
642

K430
faan
5451
6460
5470
65480
5391}
6500
6510
6520
5530

FOP Ng=bmip 70 ¥Ymav OT7F wzvap
-3~ Xnin)oifx

SEINT UPATIXLT TR X7

HEXT Xa

PRINT "PA 1GN, 100 PY 24 (4.0 #D”
FOR Ya=Ymin TN Ymax STEF Ystep
Y=(Y3~Ymin)=Sfy

PRINT “PD PA 1NQ ", v YT

MEXT Ya

PRINT “FA 100,100 PU™

PRIMT "PA Q.-2 SF 1.5,2"

FOR 4a=imia D ¥max STED Xeteo
X=(Xa-Xmin)*Sfx

PRINT “FA“:X.,".0:"

IF Iht=1 THEN PRIMT “CP -4,-1:LB":Xa:™"
I Tht=2 THEN FRINT "CP -0 -1:iLR":ixa:™"
NEXY Xa

PRINT U PA D.0"

FOR Ya=Ymin T Ymax STEP Yster
Y=(Ya~-Ymin)~Sfy

PRINT “PA 0.":Y.,""

PRINT “CP -7,-.25:l.B":Ya:""

NEXT Ya

BEEP

INPUT “ENTER X-LABEL".Xlabel3
BEEP

(MPUT “ENTER Y-LAREL".Ylabel$

PRIMT "SR 1.5.2:PU Pa 50.-10 CP":-LEM(Xlabel%)/2;"0:LB":Xlabels:""
PRINT "PA -18.50 P 0,":-LEN(Y]label$)/2+5/6:"DI 0,1:LB":Ylabhels:""

FRIMT "CP 9.0 DI"
Repeat:!

BEEP

NPT “LIKE TO PLOT DATA FROM A FILE (1=Y,0=t)7" 0k
hp=0

IF Dk=1 THEN

BEEFP

IMFUT “WANT TO CHRANGE FEM (1Y 0=N)" Okp

IF o=t THEN

FRINT “SPo”

INPYT "CHANGE PEN AND HIT COMTIME™.Okec

PRINT “SP1*

EMND IF

BEEF

NPT "ENTER THE MAME OF THE DATA FILE".D_files
ASSIGN #File TO D_friet

Sx=N

Svelt

S’

SxysD

BEEP

IMPUT "ENTER THE BEGINNING RUM NUMBER™ .Md

BEEF

[MPYT “EMTER THE NUMPRER OF X-Y PAIRS STORED” Meairs
Bee®

T9PUT “SELECT A SYMBOL FOR THE PLOTTER (1=, 3=+ 2=z ,420,5= )" Sym

PRINT f1r DI

IF Svm=t THEN PRINT “GHe”
IF Sym=2 THEHN PRINT “SM+™
IF Sym=3 THEM PRINT "TMc"
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FoSymsd o Thbls PRl oM

IF SymsS THEM PRINT G

IF Md>Hparrs THEH

FOR I=1 TN (Md-1)

FMTER AF (le:Xa.Ya

MEXT I

EMD IF

FOR I=1 [0 Npairs

EMTER ®F,le:Xa.Ya

Yt=Xa

XarXxa’Ya

Ta=Yt

Ye=LUGt(Ya)

Ac=LNG(Xa)

Sx=Sx*Xe

Sy=$y‘¥-2

Sx2=5x2+¢Xc 2

Sxy=Sxy+Xc=Tc

IF Iht=1 THEN

Xt=Ya

Ya=Ya/Xa

a=d(t

END IF

A= (Xa-Xmin)=5fx

Y=(Ya-Ymin)=Sfy

IF ¥>100 OR YO THEN 7220

PRINT “PA™ . X.Y.""

HEXT I

BEEP

INPUT “WANY TO PL T A LEAST-SNUARRES LIME™ . Ile
IF Ils=' THEN

FRIMT "OM"
Bh=(MpatrseSay-Sy*S)/(Npatrs+Sx2-Sx 2)
Aa=(S5y-8b=Sx)/Npa,rs

Ra=EXP(Aa)

PRINTER % 1

PRINT USING ™10X.""a = "".l.aDE"1Aa
PRINT USING “10X,”"n = " .7,4DE":Bb
SRIMTIER IS 705

FNR Xa=Xmin TO Xmax STEP Xstep/4n
IF Iht=2 THEM Ya=Aasi(Xa) Bb

IF 1ht=1 THEH Ya=Aa (1/Bb)=Xa ((Bb-1)/Bb}
Yo(Ya-Ymin)eSfy

Y=(Xa-Xmin)»Sfx

IF ¥<1) THEM Y=1)

IF ¥Y>100 THEM GOTO 7420

PRIMT "PA™ X,Y."FD"

NEXT Xa

PRINT "Py"

EMD IF

ASSIGN 3Fije TN «

GNTR 6650

EMD [F

PRINT Py gM*

BEEP

INPOT “WANT TD FLOT MUSSELT LINE (1=Y Q0=M)»?",Tnp
IF Ine=0 THEN 7620

REEP

égEgT “ENTER SLOPE FAR CONSTANT IN HNy ves 9, 5]
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K%

ST e NI CTT 0 UM T T TA MM en a0 RIS

AR xg oamrn ) amax I Naten/Uh
fa=tic-yjedat . Xa .00 073
X=(Xa-Xnin)e3fx

Y=(Ya-Ym n)*Sfy
PRINT "PA“.X,Y,"PD"

MEXT Xa
PRINT "PY PA 0,07
BEEP

INPYT “LIKE TO DRAW A STRAIGHT LIHE (1=Y,0=N)?" Gou_on
If Go_on=1 THEN
2EEP
IHPUT “ENTER THE SLOPE™.<1
BEEP
INFUT “CNTER THE I[NTERCERT™.Ae
FOR Xa=Xmin TU Xmax STEP (Xmax-Xmin)
ra~Ac+sieXxa
Y=(Ya-Ymim) =Sty
X=tXa-Xmin)»Sfx
IF Y<Q THEM
Xam=(Ymin-Ac)/SI
X=(Xam-Xmin)=Sfx
1=0
END [F
IF ¥>100 THEN
Xam=>(Ymax-RAr)/S!
A= (Xam=-C(min)»Six
Y=100
END IF
PRINT "PA™ . X.Y,"“FD"
NEXT Xa
enp IfF
[

[HPUT “HANT TO PLAT A POLYHNOMIRL C(i=Y . 0=ND?" Go_on
IF Go_on=1 THEM

BFEP

IHPUT “ENTER THE NRDER OF POLYMOMIAL®™ .M

FOR =N TO M

REEP

IF J>0 THEM INPUT “EMTER THE MEXT COEFFICIEHT™.CC))
%gx#-o THEM INPUT "ENTER THE FIRST COEFFICIENT™,C(M)
MEXT J

Ya=C(N)

FOR Xa=Xmin TO Xmax STEP Xstep/10

FOR U=t T M

YasYasCeJrXa J

NEXT

Y=(Ya-Ymin)*Sfy

X*(Xa-Xmin)=*Sfy

IF Y<n THEN Y=0

IF Y>100 THEN GOTD 8070

PRINT "eQ™ X,Y."PD"

NEXT Xa

END IF

PRINT “PU PA 0.1 SPO™

SUBEND
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