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Fifteen polymer coatings were evaluated for their

a-ility tc promote and sustain dropwise ccndensaticn of
st am tc erhanc= tle heat transfer capability cf s :ea

condensers. Of the fifteen coatings, nine employed a fluo-

ropolym-r as a major constituennt. Of the other six, four

were hydrocarbons, cne a chlorocarbon ad one a silicone.

Each ccating was applied to four different metal substrates:

brass, copper, naval brass, and titanium. While exposed to

steam a-t atmospheric pressure, each coating was visually

evaluated for its ability to promote dropwise condensation.

Cbservaticns were conducted over a period of 4000 hours.

Hardness and adhesion tests were performed on selected spec-
imens both before and after exposure.

On. the tasis of sustained psrformance, six coatings wsr_

s=lected for heat-transfer psrformance evaluation. A sepa-

rate apparatus was used in which coated copper tubes were

tounted hcrizontally in a test section through which s-.eam

flowed vertically downward. Vapor-sids heat-transfer coef-

ficients were inferred from overall measurements. Test

results indicate that the outside condensing coefficient can

be increased by a factor of five to eight through ths uss of

polymer coatings to promote dropwise condensation.
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30 BECLATURE

Ai Inside area I(C i ) Tr, m 2

A0  Ou.tsi 1 area 1 (r o ) -, m2

AD As delivered

Br Brass

cP Specific heat, kJ/kg K

Cu Copper D

ri Inner diameter, m

Do  outer diameter, m

h i  Inside heat-trarsfer coefficient, W/m2K

ho  Outside heat-transfer coefficient, W/m2K

k Thermal conductivity, W/D K

kI  Thermal conductivity of the liquid, W/m K

! Length of tube, m

sass flow rate cf cooling water, kg/s

NBr Naval brass

Pr Prandtl number

C Ut-transfer rate, W

g Heat flux, W/m2 2

E Rough surface finish

Re Reynolds number

Bw Wall thermal resistance, m2K/W

C Smcoth surface finish S

I Temperature, K

7i Ccclant inlet temperature, K

T o  Coolant outlet temperature, K

7i Titanium 0

AT Coclant Temperature rise, K

1Im LMID, ( T/!n((Isat-Tci )/(Tsat-Tco)), K

U Unkncwn or proprietary

Uo Overall heat-transfer coefficient, W/m K 0
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w In.sidc wall

GRZEK SYM'BOLS

P Dynami-c vi-scosity, N s/n 2

u Kinematic visccsity, m2 /S

a Surface Tsnsion, dynes/cm
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I. INTHODUCTION1

I. EICKGROUND INFORNATION

The realization that th? sar-:h's resourczes are finize

a d nc eaual!v distribu:- sIas been a m py io-srat b"

the zdamatic riSe in the cost cf en.rgy and -aw rate:ia.s

within -he oast ten years. In addition, the cost of

constructior. for the basic Rankine cycle power plant,

whether marine or stationary, has also increased. These

facts have pointed tc the need to apply advanced tschnol-gy

to bcilsrs and condensers.

Marine applicaticns pose the greatSst problems since the

sower Flant is limited by both size and cost. In the past,

most of the effort in increasing efficiency has been

direct.d at boiler design, while marine condensers have

remained basically unchanged. For naval applicaticns, * the

increased use of gas turbine and diesel engines for main

p:opulsicn has diminished the iaportance of the imprcvem=nts

achieved in fossil fueled boiler design. However, with the

introduction of the Rankine Cycle Energy Recovery System

(RACER) and the existence of numerous nuclear propulsion

systems, the time has come tc direct attention to the

imprcvement of marine condensers.

Search [Ref. 11 performed a feasibility study to dstEr-

mine what improvements could be made in marine condensers.

fis research indicates that an increase of more than thirty

percent in heat transfer, a thirty percent reduction in

weight, and a twenty per cent reduction in volume cculd all

he achieved if the ccndensatio mode within the ccnd.nser

were dropwise rather than filmwise. Unfortunately, filmwisc

condensation is the normal, stable mode of condensation on



- --- ~--.--- -~ -- - - I

v .r.ual.y all ccndenser mat-r:ais an! s:-rs M us -

h: tak.n tc promite the dropwise node.

E. FILliISE VS. DROPWISE CONDENSATION

Falmbis- condensation is characterized by mhr forms-ion

cf a ccntinuous shcst of !iqulid on the surface of the
c":- CSr. Becausm of -hq re.lativaiv sim'il- sh " - i flw

cf the condensate fil:, the he at-transfer rate can be

analy-ically predicted using the Nussel-. analysis. This

she9t cf liquid forms a relativaly high conduction r-sis-
ta nc betwssn the condensing vapo and the con deinser

surface. Under most conditions, it is this r:sistancs which
limits the heat transfer rate. For steam, the external heat
transfer coefficient associated with filmwise condensation
is ncrmally in the range of 10,000 to 14,000 W/m2 K. On ths

cther hand, dropwise conensation can produce heat transfer

coefficients up to twenty times that of filmwiss ccndensa-
t:on. Ihis marked incrase 4e a result cf the prccess of

dron formation and removal from the condenser surface.

In 1939, the theory that primary drops formed at submi-

croscopic nucleation sites on the surface was first
proposed. This nucleation theory of drop initiation was

later elaborated upcn by McCormick and Westwater (Rsf. 10]
and ccnfirm d by Reishig [Ref. 11] through the use of micro-

Fhotcgraphy. It is during this phase of drop formation that
the maicr p:oportion of the heat transfer takes place. As
the drop grcws, it comes in contact with many other small

drops which coalesce to form larger drops. This coalescence
uncovers nucleation sites which immediately start tc form

additicnal drops. When the drop is approximately 0. 15 sm in

diameter, the increase in conduction resistance greatly

reduces dir.ct condensation. Experimental evidence inai-

cates that cver 90% cf the heat transfer takes place during

15
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n I auc aticn a3/ n .cwh Phae s h drcp cont f

grow, prmariiy by ccal sc~nc-, until 1- reaches a c_-- c-

S_ Z at vwhich pit :res, 7 ,C'n ;M C

rapr, shear, ove.rcozE the surface tension of ". C-_ -h

the ccnden~sr surfacp. As -h. drop departs a vi-r-ical

surface, i- coalesces with drcps in i-s path, wipin the

from th- surfacs and exoosina additional nucleation -

Graham (Ref. 2) has shown that th . condenser su fac

during dro pwise ccnde nsa ticn can be characte riz ed as

follows: 10% bare surface, 30 active drops (!-ss than 0.15

gm in diameter) and 601 dead drops (greater than 0.15 mm in

diameter). It is important tc nots that vapor ccndsnses

cnly cn the surface cf the drops and not on the bare surfaca

areas. In addition, very little heat is transferred through

the dead drops. Therefore, at any point in tima., cnly 30'1

cf the ccndenser surface is transf =erig over 901 of the

heat. 1he large heat-transfer :ats associated with 4-rcp-

% ise ccndensatior. are due to the fact that the avsrage.

condensat. thickness is much less then that associated with

filmwise ccndensatior, thus greatly reducing the conduction

resistance. Figure 1.1 [Ref. 14) depicts the relative sizes

cf the varicus stages and modes of condensation.

C. DECP ?OEMkTION

Ir 1a04 Thomas Ycung first proposed the following equa-

tion to describe the equilibrium condition of a drcp on a

solid su"face:

-~ol 01 COS e (1.1)aOSV -asl=C V o

where a is the surface tension at the solid-vapor inter-sv
facs, a the surface tension a- the solid liquid interface,

alv the surface tension at the liquii vapor interface and

16
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2.0m

11

AAVERAGE SIZE
.4 DEPARTING DROP

AVERAGE SIZE D =2.0mm

"ACTIVE DROP"
D -. 01 mm

AVERAGE SIZE
"DEAD DROP"
D= .2mm

FILM THICKNESS
t -. 3 mmOT

I

101

figure 1. 1 Relative Sizes of Condensation Modes.
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0 i e ... as t... contact angle (Figur? 1.2).

equaticrn is c -zi4v-y S-mIB a:d p:sas many exp-._int"

and conceptual problezs. U'Wevq:, 0-t n

angle tc characterize th _ degree -: which a surface wii! z--
is extr-mely useful. Zisman (Ref. 13] and other irvsstiga-

tots have shown that there is a rectilinear r-.latiorship

between aiv and the contact angle. Ex-.:apolating t,- Aata

to the Ecint at which cosine =1.0, -aa- Point at which -

surface ccmpletely wets, it is possible to d-:i a r. empir-

ical vaiue, the critical surface tension, to characterize

the wetability of low energy solid surfaces. Table I lists

the critical surface tensions for various low-energy organic

surfaces. It follows from the definition of the critical

surface tension, that a liquid with a surface -tenson

greater than the critical surface tension of the surfac6

will rct spmrad. In addition, the results of many experi-

men-s indicate that the wettability of high cnergy surfaces

coated by organic films are essantially de-trmined by th .

nature and packing cf the expcsed surface atoms. Thus, a

high energy surface can be made hydrophcbic if it can b

coated with a substance which has a critical surface tension

less than that of the condensing liquid. In the case of

water, which has a liquid-vapor surface tension of 71.9

dynes/om at 25 C, all of the surfaces listed in Table I will

ke hydrcphcbic %ith the heavily flaorinated surfaces thC

mos hy!dzcphobic (Ref. 13].

0

V. PJCTCRS WHICH INIFUENCE DROPWISE CONDENSATION

Since mptal surfaces have a relatively high surface

energy, the most impcrtant facto- is the existence of a low

energy harrier or promoter on the condenser such that thc

critical surface tension of the condenser surface is less

than that of the cordensing liquid. This is a necessary



TABLE I

Critical Surface Ternsiozs of Lcw Enezgy Surfacc

iurface ~o.:. x

dynes/cm at 20 2

A. Fluorocarbon Surfaces

-CF 0

-CF and -CF- 17'2
-CF - 11

-CH 2 -CF 3  20

-CF 2-CFH- 22

2-CF 2 -C 2 - 25

B. idrocarbon Surfaces

-C. 3 (crystal) 2

-CH - (monolayer) 24
-CH 2 - 31

-CH2- and -T CHvv 33

vvCHv, (phenyl ring edge) 35

C. Chlorocarbon Surfaces

-CC1H-CH2 - 39

-CCl 2-CH 2- 40

- CI 2  43 0

D. Nitrated 'ydrocarbon Surfaces

-CH2 0NO2 (crystal) 40

-C(N02) 3 (monolayer) 42

-CH2 NHNO 2 (crystal) 44

2C ONO 2 (crystal) 45

0
20

l
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condition fcr dropsiss condensation. Tanasawa [Rsf. 31

roted a: aad.ional twe.n.y-or.eC- factors which hav -, - t=

re -- c r Z.s... d.gr=t, an i.unc-a u-on " s n-

---:.sfe: coefficient of dropwise condensation. Of tn~s;

addi-.icnal faztors, the most impo:tant are: (1) the rhemal

properties cf the ccndenser material, (2) non-cr.dns:ng

gases, (3) external forces, and (4) condense: s urfacegi zroughness.

The effect of tle thermal proparrtis wrom ihich th:?

cond=nsez is manufactur-4d on the hean trans-f__ cosfficien:

cf dropwise condensation is not completely resolved.

Hanneran and Mikic [Bef. 4] have proposed the theory that

the ncn-uniformity of drop size and spacing produces a non-

unifcrmity in the strface wall temperature since the large

drops act as insulatcrs while the small drops are highly

conductive. The net result is a thermal constriction re.sis-

tance. materials cf low thermal conductivity allow less

lateral heat transfer at the surface and therefore have a

high constriction resistance. Rose (Ref. 5] believes that

the ncn-uniformities are rapidly homogenized by the frequent

coalesce.ce between drops. Therefore, the constriction

resistance will be small. Data are available to support

both pcints of view. Regardless of whether the constriction

resistance is large cr small, the material selected for

condenser ccnstructicn will be limited by other constraints

such as durability, machineability, availability and cost.

Ihe effects of the second and third factors, ncn-

condensing gases and external forces, can be minimized by

proper design. The condenser must be able to operate under

vacuum ccnditions without producing stagnant regiors within

the bundle where non-ccndensing gases can concentrate. The

design should b _ such that gravity and vapor shear work

tcgether to remove the condensate drcps.

o
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The for-h factor is surface roughness. For I ......

rxhi-. ccntact z g7 l9-- th~a n 9J j .- , . .

surface {c:ases .... .c::tac- anglz. This r=;c-s '-

qua ity ccndensation ty cauz-ng the larg-.r drops to occupy a

greater surface area than would he no:mal . 'In6 SZS

room for active drops and more potential nucleation sites

are ccvered. Both Griffith (Bef. 15] and Graham (Ref. 14]

rer~ d erduced h at trarnsfer as a i-u-: . rrfac cuqh-

ness. Hcwever, as will be pointed ou: later in this thesis,

a cei.ni, amount of surface roughness is necessary for th=

proper adhesion of scme of the organic polymers tested.

E. PECMCTICN OF PERMANENT rROPWISE CONDENSATION

Drcibise_ condensation can be promoted by: (1) direct

application of a suitable chemical, such as olsic acid or

rontan wax, to the ccndenser surface, (2) injecting non-

wetting chemicals into the vapor which adsorb on the

ccnder ner surface, and (3) using a low energy polyme or

noble metal coating.

Ecth. th° first and second method are limited in that

nitler prcduces a permanent hydrophobic coating. Results

vary %ide.ly but usually the effectiveness of these promoters

is measure d in the hundreds of hours. The third method, the

use Cf pErmanent coatings, has been the subject of consider-

able interest. At present, there are two types of coatings

which can te used tc promote permanent dropwise condensa-

tion- ncble metals ard organic polymers.

1. Noble Metals

Cf the noble metals, only gold has been shown to

consistently produce excellent dropwise condensation. This

would appear to contradict tleory since the surface energy

cf gcld is relatively high. Recent experiments have shown
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_- "clear" gcld sUrfer' applied usnr car f:2.1lY

ccr.trclled conditions will spocntaneously wet as prn.i--z

Howevez, go h_ --  ity tz -tract and -et .in

which render the surface hydrophobic. Fcr this rasc:n, acld

is referred tc as a "self-prcmotr." An extensive inves-i-

ca'ticn ty Wcoruff (Bef. 12] ccncluded that the pro-mci:c. of
dropwise condensation of a gold- Iated surface was I;_-:7ctly

related to the surface gcld and carbon concentraticns an'

-v.:s=ely related tc thF copper, alumin:m and oxygen

ccncen- aticns.
Although gold has been shown to produce excellent

droowise condensation, its behavior over Pxtended pericds

under varying conditicns is uncertain. In addition, prac-

tical ccnsiderations such as cost and availabIlity make gcld

unattractive for this purpose.

2. C.sanic PolIZers

7he second zethod cf producing permanent dropwise

condensation is to apply an organic polymer with a low

surface energy to the condensing surface. Although many

experiments have beer conducted, virtually all of the reas-

earch has been done using a fluorocarbon or siliccne

polymer.

Fluorocarbon polymers exhibit the desirable charac-

teristics of high thermal stability, very low surface

eneray, and are highly resistant to chemical attack.

However, they also have the undesirable characteristic of a

relatively low thermal conductivity usually cn the crder of

0.3 %/m K. Assuming a realistic value of a tenfold increase

in the outside heat-transfer coefficient due to dropwise

rather than filmwise condensation and a nominal value of 0.3

W/m K for thermal conductivity, the maximum film thickness

which could be emolcyed to oroduc_ an increase in the

cverall heat-transfer coefficient would be on the crd~r of
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2, c4- I as c ea- -f az ck nss would I

t__o a ari= r so lar;e that it wou!- za--.

i ved fro m - Iof c a tnsahi n. -=_o

ccmmcn pclymer which has been empoyed is PTFE ("y---=-

luorcetiylene) . PTE is commonly =ferred t as T fI,,
ruPo-n's registered trademark for a non-stick finish.

In 1956, Smith (Ref. 7] concluded that, when aocie

hv utilizing the existing application techniques, -rn_

Isflcr ccatings were not satisfactory for increasing ovsra!

heat-transfer rates fcr Naval applications. In 1964, Fox

(Ref. 21] reported on tests conducted *with a small ccnderse-

in which thc tubes had been coated by Tsflon to a thickness

cf 12.5 micrometars (0.0005 in). Performance was not

significantly increased. Shortly thereafter, further

studies into drop %ise c cndensation by the Navy were

suspended. In 1966, Brown and Thomas (Ref. 24] ccnducted

exp-riments with tubes of Admiralty brass coated with 2.5

ricrczeters (0.0001 inch) of PTFE. The outside heat-

t-ansfer ccefficient for dropwise condensation averaged

approximately three times that of filmwise condensation. In

1969, Graham (Ref. 14] also achieved a threefold increase

using flat, copper plates coated with a Teflon film zsti-

rated to be 1.5 micrcmeters (0.00006 inches) thick. This

represented the practical limit for the applicaticn of

I ?flcr films using standard techniques. In 1979, both

Manvel (Bef. 8] and Perkins (Ref. 22] used vacuum-deposition

sputtering to apply ultra-thin layers of PTFE. Thicknesses

ranged from a minimuz of 0.04 micrometers to a maximum cf

C.13 ziczcmeters. The results were disappointing and unex-
pected. Although the dropwise performance was good, the

steam-side heat- transfer coefficient was increased hy a

maximum cf only 1.6. This result was attributed tc the

presence of non-condensing gases. In addition, all of the

coatings showed signs of physical deterioration after vsry

short cperating pericds.

24

| I



' UZ. a o4 siiccns tc promote rc -wi S cc=nd

+ion tegan in the 195Q's and cont'nu'- intc '- £a Iv

. . . 1959 , u2.... ..q : ... 1 'R ef. 254 x ri-

menmed with a commercially-avaiiaDle, semi-permanenn sili-

cone relc.asi agent, B-671. With a film thickness estimate2

to he 10 micrometers (0.0004 ir), an increase cf: 1.5 in -. m

cvarall leat-transfer coefficient was ob-:ained. ?r:liminary

endurance tests indicated that the coating was ca-atie of

Froducing dropwise ccndensaticn for periods in excess of

1500 hcurs. A subsequent study conducted !V the

Westinghcuse Corporation for the U. S. Navy investigatei

five siliccn compounds, including R-671, and Teflon. These

tests produced only Ecderate increases in mhs overall heat-

transfer coefficient. most i4pcztant, all of the sliccn -

coatings exhibited iimited endurance. The best siliccne

compound had been reduced to E0% dropwise and 20' filmwise

withir 1-25 hours of cperation. From these tests, it was

concluded that Teflor was the only coating of the group that

exhibited a life expectancy sufficient to warrant

:nve st gaticn.

In 1966, Erb and Thalen (Ref. 23] conducted an

extensive investigaticn of permanent hydrophobic coatings.

Althcugh they were primarily concerned with sulfide films

and ncbie metals, they also investigated organic polymers.

One of the polymers investigated was PTFE and another was a

relatively new comrcund developed by the Union Carbide

Corporation, parylene-N. Parylene-N is a polymer of para-

xylylene which can he vapor deposited in very thin films.

Unlike PTEE, parylene-N contains no fluorine and therefore

would nct be expected to be as hydrophobic as the fluoropo-

lymers. However, a cne-micrcmeter- thick film produced good

dropwise condensation in excess of 2400 hours of continuous

operation. The. overall heat transfer coefficient was

increased by a factor of approximately 1.5.
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Rc-.nt d-v.lcrme-nts :-n tc i-hn4u=s f L - -

tion cf u!tra-thin ccaains, i a ddiion to -h , vI

promcte droowise condan sation v--hin - ! M or

feasikility.

P. PUBPCSI OF STUDY

The cverall purpcse of this study was to evaluate -h?

Psrfclmlr.ce of vTAricus organic polymezs as effective dro0-

wise promoters. This was accomplished in two distinct

stages.

1. Endurance

Fifteen different coatings, which were applied to

four aifferent substrates with two different surface prepa-

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

consisted cf continucus exposure to steam at atmospheric

pressure. Visual observatior.s were made to determine which

coatings could sustain dropwise condensation. Those coat-

ings uhich showed little or no degradation after a minimum

of 2000 hours of exposure were used in the second stage of

this study.

2. flat-Transfer Evaluaticn

Cn the basis of the endurance tests, six coatings

were selcected for quantitative evaluation: (1) Nedox, a

coating system developed by the General Magnaplate

Corporation, (2) No-Stik, a coating developed by Plasma

Coatings, Inc., (3) parylene-N, (4) parylene-D, (5) NRL C-6

fluorcepcxy, and (6) NRL fluoroacrylic. These coatings were

applied to copper tubes in order to quantify their effect on

the outside heat-transfer coefficient.
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II. EXPERIBENTAL APPIRATUS

A. I1ECDUCTION

Iiestc and evaluations were ccr.ducted in -:wo sag=es.

ruring -ke first stace, prepared samples of selicted coat-

ings were subjected to a rigorous endurance test pricr tc

the second st ag e, leat-transfe--r evaluntion. Duri- n thS

endurancs test, the coatings were visually evaluated for

their ability to promcte and sustain dropwise condensation.

Those coatings which performed satisfactorily in excess of

2000 hours were selected for the second stage, heat-transfer

evaluaticn. During this stage, the effect of the coating on

the outside heat-transfer ccefficient was detsrmined.

E. INDUBANCE TEST FACILITY

The endurance test consisted of exposing prepared

samples to steam at atmospheric pressure while mounted on a

heat sink. The heat sink was nacessazy to provide a thermal

gradient of sufficient magnitude to induce vigorous conden-

saticn. The endurance test was to run continuously for an

indefinite period. Therefore, a principle concern was to

design and construct a facility which was simple, reliable,

and could be left unattended for extended periods. In addi-

tion, since photography would be used to assess the quality

cf the dropwise condensation and provide a visual reccrd of

changes %ith tim?, it was essential that the specimens be

displayed with an unckstructed view. These objectives were

accomfli h-d by the construction of an endurance testing

apparatus consisting of three major components: (1) steam

chamber, (2) heat sink, and (3) de-superheater. Figure 2.1

depicts a schematic cf this system.
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Figure 2.1 Endurance Test kpparatus Schematic.
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-e steam chazber was a rectangular box with cv'.rali

di mrsicans 0.457 m (18 in) in lezgth, 0.127 m (5 "n) in

depth and 0.165 m (6.5 in) in height. The main body of th-3

chamber, top, tottc¢ and ind pla-es, was ccnstructed from

4.8 mm (0.1675 in) thick, stainless-steel plate. lh= sidl

panels %ere constructed from two pieces of 6.3 mm (0.25 in)

thick horrosilicate glass. The inner glass was :ecssse!

into the body of the chamber while the outer glass was

inlaid ir a stainless-steel frame. Twenty-four threaded,

stainless steel studs were butt welded along the periphery

cf each side to hold the glass panels in place. To provide

for an adequate dead air space between the glass panels, a

6.3 ms (C.25 in) thick aluminum spacer was used. The entire

assembly, the inner glass, spacer, and outer frame, was

held in place by bolting the outer frame to the main

chamber. A Neoprene 110O" ring was used to provide a seal

between the inner glass and the chamber. Both sides of the

chamber were identical. Figure 2.2 shows the assembled

chamber in operation.

Steam was introduced through 25.4 mm (1.0 in) OD

stainless steel tubing at the top center of the chamber.

The steam was distributed alcng the centerline through a

perfcratsd stainless steel manifold running the length of

the chamber. A drain in the center of the bottom of ths

chamber returned the condensate to the de-superheater. A

horizontal branch line located in the return line directly

beneath the chamber %as open to atmosphere. This prevented

the chamber from beccming pressurized. In addition, a

continuous jet of steam issuing from this tube indicated

that the supply to the chamber was adequate.
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in crder -o have a clear fieId of view : ... . ,

Picttras, .t was necessary tc pr ven t condensa-t-c - -I
r oZAC,; t"e in er gass ranel. This was accomn'lsh'i bv

heatinc the air space between the glass panl with ri

he-aters. The heaters were 0.433 m (19.0 in) long and 3.0 mm
(0.125 in) in diameter with a power output of 165 at'.F

each. The heaters were inserted through holes .i.. ir..

the enis of the spacer frame. Two heaters were -equired per
side; one was placed along the bottom of the air space an-d

the ether approximately half way up. All four heatc.rs w-r-z

controlled with one rheostat. The heaters are visible in

Figure 2.2.

2. Heat Sink

The test specimens were mounted on a heat sink which

was centered within the chamber. The heat sink was fabri-

cated frcm two sheets of copper 0.388 m (15.25 in) lcng, 95
mm (3.75 in) wide and 6.35 mm (0.25 in) thick held apart

along the periphery hy 6.35 mm (0.25 in) square, brass bar

stock. Thg intericr was divided into three longitudinal

chambers by brass baffles. Cccling water entered and exited

each chaiber through 6.35 mm (0.25 in) OD stainless steel
tubes which protruded from the ends of the heat sink. After

installing the internal baffles, the entire unit was brazed
along the pe.riphery tc form a single, leak-free unit. Once

assemtled, the large flats were lapped to provide a smcoth,

unifcrm contact surface. The heat sink was suspended in the

center of the steam chamber by passing the water inlet and
cutlet tubes into bulkhead fittings mounted in the end

plates. The end plates were bclted in place before tight-

ening the compression nuts on the bulkhead fittings. The

coolann., tap water making a single pass, was supplied and

discharged through 6.35 mm (0.25 in) diameter nylon tubing.

310
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hs heat sink was 1-igned to hold eiahtv- ':r 2 a

mn (1 in) square s-cme-s. The thickness of tha '-:

was ncmirally G.io im (w.03 in) or 1.5 min (0. '0 >.)

daperdirg uzcn the substrate material and coating sys-em. A

primary ccncern was the ability to hold thC srecimqns

tightly against the heat sink in order -o mnn mzze contac-

resistance. In ordr to acccmplish this, four scuispaced

stairless steel tracks, 3.2 mm (0.125 in) by 4.7 mm (0.1875
in) , were fastened to each face of the h-=- SInk with

counter-sunk machine screws. The tracks we re pre-drille !

and tapped to receive stainless-steel clips which were held

in place by set screws. The clips were designed to securely
clamp each specimen against the heat-transfer surface by the

upper and lcwer edges.

3. re:Supsrhister

An additional concern was the ability to provide a

reliable steam supply. House steam from a central bciler

was available, but the service pre3sure was greatly in

excess of atmospheric. Therefore, when throttled to atmcz-

Fheric pressure, the steam entering the chamber would be

superheated by approximately 60 K. in addition, contami-

nants such as rust and scale were common in the sys-tem. In

crder to reduce the pressure and the degree of superheat and

provide a sediment trap fcr ncn-volatils contaminants, a

stairless-steel tank was fabricated. The tank was 0.66 m

(26 in) in length and 0.33 m (13 in) in diameter. The bcttom

cf the tank was situated 1.82 m (72 in) below the bottcm of

the steam chamber. The steam supply line from the

de-superleater to tie chamber was 25.4 mm (1 in) OD *
stainless-steel tubing, while the condensate return line was

12.7 mm 10.5 in) OD stainless-steel tubing. The combination

cf elevation and steam line diameters made a gravity return

possible, thus eliminating the need for a condensate raturn
pump.
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Ce n-:tIcn cc ,mienc a y ect ia sa . ...

bottcm cf the dc.-supsrhsater th-cuqh a spars-r - -

am -ant c'! slt-an was ccntrcll' bvotl- II
steam passad through the de-superheater to the chanb:-,

condensed on the heat sink and the condensate returns., -o

the de-supezheatvr. After one hour, steady-state corditicrns

prevailed in which tke d.-superheater was approxima-tBly

€ne-third full of %ater and the rsturn condensate wat

balanced by overflow from the de-superheat-r.

C. ETIT-TRANSFER EVAIUATION FICILITY p

The apparatus used to determine the quantitative effec-

cf a coating on the outside heat-transfer coefficient was

described in detail hy Pools [Bef. 20]. A brief descriptio

of the apparatus will be given here. A schematic of the

syster is sEhown in Figure 2.4.

Steam was generated in a 0.305 m (12 in) diameter glass

toiler using ten 40C-watt immersion heaters. Th- ste.am

then passed through a 0.305 m (12 in) to 0.152 m (6 in)

reducer into a 2.44 m (8 ft) vertical section, through a 180

degrse bend, and then down a 1.52 m (5 ft) vertical section

before ertering the stainless steel test section. The tube

to be tested was mounted hcrizontally in the center of the

test secticn behind a vie wing port. Steam that did not

condense on the tube passed on to an auxiliary coil

condenser. All condensate was returned to the boiler by

gravity through stairless steel tubing. Operating under

vacuuz ccnditions of 0.012 MPa (1.62 psia), the test appa-

ratus produced vapor velocities of approximately 2.0 m/s

(6.5 ft/s) past the tube.

Cocling water for the tubes was provided by a centri-

fugal pump. A throttling valve was employed to control ths

flow through the tube from zero to a maximum of 0.52
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8ite-sp' U8.3 a a/mir) which prcduced a maxirum velcci" : ':

. 3 i/s (14 .0 ft/s) through the tube. A continucus su:tv

C- tar water was used for cc I:..- -. '. au J.ia;.' cc -

Ey throttling the flow cf tap water to th- auxiliary

conderser, the pressure wi -hin the systesm ccuid b

regulat . d.

As p rviously stated, the prsence of enr-cndensfng

gasses can have a relatively large effect on thc heat-

transfer rate. Extreme care was taken to .nsqr. that the

heat transf er test apparatus was virtually leak frcF. As

documented in (Ref. 20], the experimental apparatus was

successively improved until it could be repeatedly demcn-

strated that the rise in pressure due to the ingress of

non-condensing gasses was less than 5.0 mm Hg (0. 1 psia) in

twenty-four hours with a system pressure of 80.0 mm Hg (1.6

psia) .

Aftqir the installation cf the test tube, an air ej ector

was used tc reduce the system pressure to roughly 100.0 mm

Hg (1.9 .tsia). At this point, the air ejector was secured

and the boiler was energized. After boiling had ccmmenced,

the air ejector was again activated for approximately 10

minutes. Cver many data runs, this purging procedure was

validated by the absence of any improvement in the

heat-transfer by additional purging.

1. Instrumentaticn

The power tc the heaters was regulated through a

silicc.-ccntrolled rectifier. This provided precise ccntrol

and an accurate measure of the power being consumed. A

mercury-in-glass mancmeter, calibrated in millimeters, was

used to icasure the internal pressure of the system. The

temperature rise thrcugh the tube was measured by a dual

channel Eewlett-Packard 2804A quartz thermometer. In order

to prcvide in situ verification of the readings from the
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q'-A - - r r)7t -r, -= *.:- - .-7C- ermO c l:j was a so

....... A r.tu. r . Prover sh_ din- -.

Z. Z --aBd the considerable - ::

interference ganerated by the boiler -ectifier a- cw volt-

ages. The significance of this problem documented by Focl'

(Ref. 207. Thrcughcut all of the iata runs, -he quartz

thenrcm.ete and the thermcoil acreed to within ±0.03 K. A

calibrated rotameter was used tc measure the coolant flow

rate th:crgh the tube.

All raw data were racorded on d.isk by a Hewlett

Packard S826A computer. With the exception of the manometer

and rckameter, all data were interfaced throuah a Hwlett

Packard 3497A Data Acquisiticn/Control Unit. The rotameter

and mancmeter readings were manually entered from the

keyboard into an interactive data logging and reduction

Frogram.

D. 71ST SPICIMENS

1. Endurance Test

Four metals used in the construction of condensers

wre selected for use as test specimen substrates: copper,

brass (70- copper, 3O0 zinc), Naval brass (60A copper,

39. 25 zinc, 0.75% tin) , and titanium. The copper, brass

and titanium specimens were 0.76 mm (0.03 in) thick, while

the Naval trass was 1.52 mm (0.06 in) . The sheets were

sheared intc 25.4 mm (1.0 in) squares. Care was exercised

to ensure that the slearing operation did not warp the spec-

imens. Ericr to surface preparation, the edges were lightly

dressed %ith a file to remove the slight burr left by the

shearing prccess.

7wc surface finishes were used during this stage of

testing. A 'smcoth" surface finish was produced by lapping

the frcrt face on a belt sander using 180 grit silicon
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car::bide a tZ A-iv~ r-Z T hi wa s f --11o wl d b v h.a ai
the s c- rs n 4CC grit t; 1 :v d,'C by 600 cri-nt --

=psr Mcnt-r: on a alass -table. Whei c !"a:,qn qr~

snecimen was rotated 90 degrees arAI st=ck4d : l c n::

di-r2cti;Acr urtil the markings from -:he :3rev-Lous abrasive were

removed. Th,? s peciimen was then placed in an ultra-scnic

hath ccntain-ing mnethazol f'or fif-tc-n minutes and the .. bw

dr y. icr adhes icn pu--posies, a f-Lror-lik sfdnish-- m a
uda-=s irlb le . The pt-ccedurs d-escribed was designed only -,o

pr ovide a ;-.1form surface free of gross i-rresgualaritlies.

A "Tough" surfacs was prepared by grit_' blasting with

size 40 glass heads 1with th-. air pressure set at 0.138 1MPa

(2 0 p si4 ) . The surface roughness produced by 'this procedure

was d e tesr mi4ne d by mears of a surface profilsmeter.

B epresentative samples were fcund to have a surface rough-

rsss rangi-ng from t hir-t y t o fiJf t Y m -'cr oin c:h es RMS. Thesq

ssc--mens were also cleaned inP the ultra-:Sonic bath as

prsvicusly described.

i The surface Freparation for the ccminerci-aJ coati-ngs

that uere te=st.ed was dictated y the manufacturer. In mcst

cases, the preparation was considemred to be propristary

'nformaticr. Therefore, if the actual surface preparation is
not known, this fact will he noted. Otherwise, The ter~ms

"smccth" and "r-ough" -Refezr to the Procedures described in

this section.

2. H-at*-T-.aisf er Tes-

The tubes used in the heat-transfer tests were

machined frcm thick wall, lcw-cxygen copper pi-pe. The tubes

uere C.129 1 (9 in) long with an inside diameter of 12.7 mm

(0.5 in) and an outside diameter of 19.0 mm (0.75 in). All

cf the tubes wqre machined at the Naval Pcstqraduate Schcol

and thsr shipped tc various laboratories; and commercial

concerns f'c: application of the particular coating.
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II

E. tCLYMER COATINGS

Fifteen o rQan ic Scang systems were consi&d: =1 fo:

anduzarcs -stina. Ten of tne coatings are commercially

available, while the remaining five are strictly exreri-

mental. A preliminary screening procedure was necessary to

identify which coatings were 1ikely to producs drowis-

condrensation. lhe :inciple cha:actiis-ics for considera-

tion were: (1) critical surface energy, (2) ther ai

stability, (3) the ability to be applied in ultra-thin

layers, and (4) methcd of application.

The critical surface tension is not a parameter which is

normally measured. However, knowing the chemical structure

of the polymer, it was possible to astimate how well the

coating could be expected to perform. Knowing that water

has a surface tensicz of approximately 71.9 dynes/cm and

riferring tc Table I, it can be seen that the fluorinated

polymers cculd be expected to produce the best dropwise

condensation, with the hyd:ocarbon surfaces the next best

cpticn. For this reason, nine of the coating systems

selected contained fluorine. All of the coating systems had

maximum reccmmended service temperatures in excess of 150 C.

In addition, all but one system was advertised as being

possible tc apply in thicknesses of twelve micrometers

(0.0005 in) or less.

It is important to note that the endurance test was

designed to be rather harsh. None of the coatings tested
were formulated or developed specifically for the purpose of

promcting dropwise ccndensation. Therefore, qualitative

assessments such as "poor dropwise" or "degraded with time"

should nct be construed as a critical statement of a coat-

ing's ability to perform satisfactorily undsr the envircn-

mental conditions for which it was intended. Simply stated,

such cc~ments are meant only tc indicate that a coating did
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rc. iifcr.satisaccil und-:: savsri ccndi-:ions f- ,o

it was nct -qesiang. Af-.r the evalua-ion of con.--d-::it!

Pc d ucz an, re s ... ata, ... .atl1w I' n Z;

selected fcr evaluaticn:

1. No-Stik

.Nc-Stik is a thermally conducting coati-n;, im reg-

rt=_d with PT FE, which is appli-d by a thermal cr plasma

spray technique. vc-Stik was d-veloped by Plasma Ccatings,

Inc. fcr use as a hard-wearing, corrosion-rasis-ant mcld

release for the paper, food and plastics industries. The

actual ;rocess is proprietary information. Thermal conduc-

tivity iS enhanced ty loading the spray with copper during

application. No-Stik has superior hardness and the ability

to withstand temperatures in excess of 200 C (400 F).

Unfortunately, the coating cannot be applied in thicknssses

of less then 50 micrcmeters (0.002 in). If the coating were

strictly an organic pclymer, a thickness of this magnitude

would provide a thermal resistance far greater than thm

reduction in thermal resistance due to dropwse condensa-
tion. Fcwever, since the coating is heavily doped with

copper, it's thermal conductivity is difficult to estimate.

Therefore, although the thickness of the coating did not

fall belcw the estimated payback value of 20 micrometers

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

2. Nedcx

Nedcx is a ccrmmercially-available coating developed

by tte General Magnaplate Corporation for use as a

corrosion-resistant mcld release. The coating technique is

a proprietary process in which a very porous, hard surface

of chrome-nickel allcy is electro-deposited on the substrats

surface. The pores are enlarged through a series of

processes to accept the infusion of PTFE which forms a
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cle=r, ultra-.hin ccat  ve the r- : " ..a..=.
con-rcl allcws the cca-z:!g -o be applieda h as _av:.

testircg.

3. Emralon 333

Bmralon, a registere+ d tradamark of the Acheson

Colloids Company, refers to a family of resin-based, fluoro-

Folyrez ccatings. 1mralon 333 is a -ne component blend of

fluorccarbcn lubricants in an organic resin binde:. This

coating was daveloped to provide dry-film lubricaticn and

release ro;erties for a variety cf industrial purposes. In

addition to a service temperature in excess of 200 C, tha

coating exhibits excellent resistance to abrasicn, humidity,

and chemical attack. Application is achieved with an

external atcmizer gun using an MBC #30 nozzle. The optimum

thickness fcr wear and abrasicn resistance is advertised to

hp twenty-five micrcmeters (0.001 in). The film thickness

used fc endurance testing was 20 micrometers (.0008 in).

4. Isonel 472

Iscnel is a registered trademark of Schenectady

Chemicals, Inc. Isone! 472 is a clear, thermosetting, modi-

fied polyester insulating varnish. Although not expected to

perfcrm as %ell as the fluorinated compounds, ease of appli-

cation, availability, and lcw cost made investigaticn wcrth-

while. Application was accomplished by fastening a

substrate tc a horizcntal turntable, placing a small amount

cf the varnish in the center followed by spinning at 5000

rpm fcr sixty seconds. A viscosity of 0.235-0.3 kg/m s at

25 C prcduced a film thickness of 5 to 10 micrometers

(0. OCC2-C.0004 in). The spcimen was then ;uLed at 150 C

for two hcurs. AFplicaticn was performed at the Naval

Postgraduate School.
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.l 3-_:t I 472 Th

was appl id in the sane manner as previously descr:-d, but

curirg was accomplished at 100 C for one hour.

6. *"EL C-6 Fluor1cezo),xy

F sr h pa si l- a 7 c':fl uori-

rated pclyiers has keen a continuing research effort at

Naval Research Laboratorv iccated in Washinaton, D.C. Th

C-6 flucioepoxy was developed by Dr. JameS Griffith at th-

Naval Research laboratory in an effort to produce a thin,

tough prctective coating which would also provide extremely

low fluid absorption. At present, the coatings are experi-

mental and not availatle to the general public. All of tha

NFL ccatings referenced in this thesis were formulated and

applied hy rr. Griffith.

C-6 fluoroepcxy is a thermosetting polymer. It is

so naze! because of the perfluorinated, straight-chain hexyl

group p-resent on the five pcsition of the central benzene

ring (see Figure 2.5). Thermosetting compounds are

1 3
(CF)

CF 2 CF
2- 1 ( 1 V

Figure 2.5 Chemical Structure of NRL C-6 Flnoroepoxy. 0

characterized by being insoluble in virtually all commercial

solverts and by the lack of a melting point. When exposed
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-tz high I-eneratures, am 1rh Ze.s ccmpounds d c: :-
:_'-zha, rhan 71,_ es e ch a::;_ct i -i dictat t1, ...e_

-r lac on the surface after a oli ci . - -  I-

is im pc-tant to note that the fluorine is no-, in the

vicinity cf the reactive pocxy groups and th s  7 ,ays no

role in the polymerization rsaction. In additicn, ach

carbcr-b.ar ng fluorine is totally fluor inat ed. This

results in maximum stability with regard to envircnm-ena'

degradation.

1he C-6 flucroepoxy had previously been tes-.sd by

both Manvel (Ref. 8] and Perkins [Ref. 22]. The results

were disappcinting because of the rapid dsgradaticn of the

coating. Manvel [Ref. 8) reported that the coating appeared

to dissclve after a short period of exposure to steam.

Since tle eroxy is a thermosetting polymer, dissolution is

virtually impossible under the test conditions stated. Mors

liksly, these earlier results were caused by an inadequate

bond ketween the substrate and the coating, allowing it to

bs physically removed, or by an insufficient cure which

allowed the coating to remain intact but lose its hydro-

phobic properties. After discussing these problems with Dr.

Griffith, a modified C-6 was supplied for the endurance

test. The catalyst used was ethylene-diamine. Curing took

place at room temperature for eight hours followed by

forty-eicht hours at SO C.

7. NRI BCE-7 Fluoroeoxy

Ihe BCE-7 flucroepoxy has an chemical structure as

depicted in Figure 2.6. Although similar to the C-6, there

are basic differences in the group attached to the five

position on the central ring. In addition, a fluoro anhy-

dri-e cuting agent vas utilized with the following cure

schedule: three days at rocm temperature, twenty-four hours

at 70 C and seventy-two hours at 120 C.
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I

, (Ii (I C IO
I (Lo, - V

Figure 2.6 Chemical Structure of NRL BCE-7 Flucrcepoxy.

*
8. NRL C-62 Flucoe _x .

2be C-6' flucroepoxy was a variation of the BCE-7

flucrcpcxy formulated by using an adduct of the C-6 fluo-

roepoxy as the curing agent. The curing process was th,

same as tha- of the ECE-7 coating.

9. NRL Fluo roacrylate

liko the flucroepoxies, the NRL fluoroacrylate 's a

thermcsetting polymer. Aftezr application, the specimens

were subjected to a ritrcgen purge at 50 C. Catalysis was

o Cr-. (N CFD 3
2 1

3

Figure 2.7 Chemical Structure of NRL Fluoroacrylate.
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accomisi by expcsuri to long wave length, ult~.:
n~~ h - P0 C co 3 0 nu s T~-s c 1SM:.ca_ r~'

1C. NRT ura C: y Co

7he NRL Fluorcaczylic was characterist; ic of a linar

tnermcplas-!:ic. The acrylic di f Zers fZo m t he s ox--' a -,d th~
acrylatt, In that there is no -:hrea dimensional, crosEs-
1 inkIr. hetweez ths pclymer chains. Th71is makes thea acrylic

in-he-rsntlIy less tough. In adlition, being a t-hermnl~astic
rather th an a thermcaetting plastic-, oy~aor.tk

.L&C -ro toapicto. After polymerization, the

acrylic can be dissclved in a ccmmercial solvent and then

applied. In this case, freon was used as the carrier.

Curing was accomplished at rccm tamperature by evaporati-on

(-FO

33

Figure 2.8 Chemical Structure of NRL Fluoroacrylic.

of the carrier. Unlike a thsrmosetrting plastic, the acrylic

can he removed by dissolving it with freon. The che3mical

structure of the flucicacrylic is shown in Figure 2.8.
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ETFE was sputter de:csitad on the various -

a- t he LewIs Ies arcb C-t- s - , t.... A_ - " Z

Administration. Briefly, sputtering is acccntDished by

placing a target, in this case PTFE, and the substra: to bs

coated "i. a vacuum chamber. Th, chambe: Is svacuata and

then tackfilled at lcw pressure with an inr.4 s. An RF

scwer suply is utilized tc provide a negative voltage on

the target which causes it to bscome a cold cathode electron
tt er. he mit ele c-s ionize atoms of the gasEmit r. The emi6tted aec.

which are then accelerated toward the negatively charged

target. The positive ions strike the target with sufficient

force tc dislodge atcms or molecules. These dislodged

moleculis move through the plasma and re-polymerize on the

substrat-as and the exposed surfaces of the chamber. A thor-

ough description of t e glow discharge process is given Ref.

9.
This process has the ability to deposit a-ra-thin

coatings cf uniform thickness cn virtually any substrate.

The prccsss does have some drawbacks. Deposdtihon is hasi-

cally line-cf-sight and relativsly slow. These characteris-

tics make it somewhat difficult to coat a round object such

as a tube. The one-inch-square sputter coated specimens had

a coating thickness of approximately 0.4 micrometers which

required approximately one hour of deposition time.

12. _Parv1ene -N

Parylene is a generic name for a family of thermo-

plastic polymers developed by the Union Carbide Company for

use as a conformal, insulating coating for the electronics

industry. The most basic parylene member, parylene-N, has

the simple chemical structure shown in Figure 2.9. Because

it is rct ;ractical to melt or extrude and because it is
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Figure 2.9 Chemical Structure of Parylene-N.

insoluble in conventicnal solvents, parylene is not produced I

as a polymer like mcst thermoplastics. Instead, it is

produced as a dimer. The dimer is put through a mwo-stenp

heating process under vacuum. This process produces a reac-

tive moncmer vapor which, when passed over an object at rcom

temperatrre, polymerizes on the surface forming a uniform

coating. Parylene is tough, can be applied as thin as 0.1

K4c:cmeter (4. 0x0 -b in) , has excellent chemical resistance,

and is thermally stable up to 120 C. lost importantly, .

unlike mcst other vacuum deposition process-?s, the process

is nct "line-of-s-4ght." The process will produce a uniform

coating cn the top, cttom, and edges, inside and cut, on

virtuallj any object.

The parylene coatings were applied by the Lawrence

Liverrcre National Laboratory (LLNL), which is licensed by

the-Union Carbide Cc:poraticn. Two sets of samples were

coated %th parylene-N; one set with a thickness of 0.5 0

micrcxe-er (2.0x0 -5 in) and the other 1.0 micrometer

(4.Oxl0-s in).

1 7



13 . :a r7_-z S-D

Earvlene-D, a louble chlorinated parvJisnn, ..

apli-ed in -he same fan:er as uarylen.-:. i- h

/_Cl S

CH 2 Q ' OH2

Cl

Figure 2.10 Cbezical Structure of Parylene-D.

ical s uc ture shcwn in4- Figura 2.10. Parylene-D was

selected fc_ evaluation because it possesses a mcisture-

vapor transmission rate only cne-sixth that of paryere-N.

As befcer_, two sets cf samples with thicknesses of 0.5 and

1.0 micrcmeter were supplied by LLNL.

14. Perco 6122

repco 6122 is a graphite-based, solid film lubricant

develcpsd fcr the nuclear industry by Power and Engineered

E:oducks, Co. This ccating is stable to 300 C, has a ccef-

ficient cf friction Cf 0.08, is chemically :esistant, and

can be applied by spray as thin as 12.0 micrometers (0.0005 •

in) .

15. silicone

Silicone polymers pcssess unusually low surface S

tensions. Silicones are available as oils, greases, rubbers

and as thermoplastic or thermcsetting polymers depending

upon the monomer and polymerizing conditions. The basic

4 E



siliccn- structure consists of a silicon-oxygen-st!i co.
£ c - -  c mab .- -I w' ' t..... .:7 1 z-'

crgan-.c S i_ c h a_. .S t.. -C s , S So.v . .. e) v

Var-. -u -Cr axampie, methy. groups nave: ,- t- -
promote thermal statility and wa:er r.pcliency in si:cone
fluids. An examinaticn of Table I indicates that a critical

surface tension as lcw as 21 dynes/cm could b: expectzd_ f:_onm
this ccIm inltiCn.

The silicone tested was Silgan J-500, a high quality

ccmmercial coating manufactured by the SWS Silicones, 1nc.,
known for its durability and toughness. Application of this

coating was performEd at the Naval Research Labcratory.
Unfortunately, the coating proved to be somewhat difficult

to apply which resulted in a rather thick, uneven coating.
It was decided to test the coating for its endurance and
hydrophotic characteristics before attempting to develop a
procedure fcr applying a thin, uniform layer.

4 9
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III. EXPERIMENTAt PROCEDURES

A. INDUBANCE TEST

Forceps were used to hold the specimens against th heat

sik r.ile they were clamped in p.ace. The g

were then placed in Fositicn and the nuts secured finger-

tight. Ihe three coolant control valves wsr. opened to

their iaximum positicr.s allowing wat-r to pass through th-

heat sink. Ths steam regulating valve was opened until

steam issued from the branch line beneath the chamber. As

the steam condensed, the condensate would return and

commence filling the de-superheater. Smeady-state was

reached in approximately one hcur when the de-superheater

was rcuchly one-third full. At this point the returned

condensate was balanced by overflow from the de-suvperheater

discharge. The steam regulating valve was then adjustEd to

Erovidg a steady flo1w of steam from the branch line. This

ensured that the chamber was receiving the maximum amount of

steam which could be condensed.

Visual cbservaticns were conducted daily. In order to

provide a permanent, visual record, photographs were taken

at the fcllcwing intervals: 0, 260, 790, 1500, and 2000

hours. Periodically, the system was shut dcwn in order to

remcve Epecimens which were nct performing satisfactorily.

these were set aside for examination under the scanning

electron microscope (SEM), and new samples were installed in

th-ir places.
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E. HIAT-TRANSFER EVaIUATION PROCEDURE

; i I, i C-x ceoticr, joCie (Bef. 20] ovi -

desc::p-c- oI P' C;Catio ai t -.*, 0.La - u Z- :

a-,d cc rt1z-r 3noorazs -i liz d uiring the r,.-- a n E z

evaluaticn stage. Ike one exception concerns ,h= use or a

spiral insert placed within the tube being tested in crder

tc anhance the inside heat-transfer coefficient. T . jus:i-

explainsd by examining the manner in which the cutisde

heat-transfer coefficient was determinsd.

The total heat transfer can be computed from equation

(3. 1): the right-hard side being measured or known quanti-

Q=mc A T (3.1)
P

ties. The overall heat-transfer coefficient can now be

computed using equaticn (3. 2):

U =C/AA Tlm (3.2)

Since t s inside of the tube was thoroughly cleaned bsfcre

testing, and all of tie nonccndensing gase s were effectiv-ly

eliminated, the resistances due to these two factors were

considered negligible.

Sincs the inside heat-transfer coefficient had previ-

cusly been established using the Sieder-Tate correlaticn and

the wall resistance as well established, the outside heat-

transfer coefficient, which 's a combination of the conden-

saticn resistance and the coating resistance, can be

computed frcm equaticn (3.3):

"I
1/h = 1/U - A /h. A. -R (3.3)

0 0 0 13. W
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z I:r - s~ c sers a t ion c n a sn th tu b e, ~
and iid res"stances a- f ....i d-..

howevE:, vi1-h drcwisr condensation, t wa z :a I .

th - c tsl rsistance would be much smaller than t i -

resistance and the inside resistance would ccntro! -:he

process. 7herefore, small u-certainties in the dete.raina-

t_o c f t h i.nside resistance would produce r-=ltiv:lv -_

In order to minimize this effect, the inside coefficies-  was

snhanced by utilizinc a concentric soi - 2i t which rar

the length cf the tube. The increased turbulence crcduced

hy the insert resulted in a decrease in the internal thermal

resistance. Utilizing a plain copper tube instrumented with

six wall thermocouples and the spiral insert, the inside
coefficient was determined using a Sieder-Tate-type correla-

tion cf tre form shcwr in equation (3.L4):

Nu = C.Re°.8Prl/( /, ,i )0.1 + B (3.4)
I W

Letails regarding the determination of this coefficient are

provided in Ref. 20 and Ref. 26.

C. PEYSICAL PROPERTIES TESTS

Tuc standard testing prccedures were employed to assess

specific physical characteristics of each coating; ASTM

specificaticns D 335S-78 Measuring Adhasion by Tape Test and

E3363-74, jilm Hardness by Eencil Test. Since both cf these

tests are destructive, it was not possible to subject speci-

mens which were to be tested fcr endurance. Therefcre, at

least cne sFecimen frcm each group of coatings was held back

for destructive testing. The results derived from the

testirg cue specimen per set were assumed to be representa-

tive cf all samples in that set.
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T c x c vi d statistic ally v al id r esult s whic - 'ci~

Is nerf-crmed or- a largs num.bar of sampes.
1 t C- I~- -

p cS Si t Ie. These tests were ~ef~ndto provi4,1m a 'v

indicatIcn cf. toughness and durability and tc indica-tc the

J-ikelihccd cf --he de-cradaticn of these characteristics upn
Expcstr~z tc steau fcr s xn 1--.d pericd S.
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IV. RESULTS AND DISCUSSION

A. INDUFANCE TEST

ruring this stage cf the thesis, -va-ua-ion was 1i x-ei
o0. cAvr1b41 ' c phctcg-ra .hic

sess..cs. With id e.a dropwise condensatin, drcps

should appear spherical in shape, exhJbit a larg cc-tact

angle and grow tc nc more than two to three mm in diameter

before departure. Departure from a vertical surface should

he suift, straight down and the drop should retain its

spherical shape. A flat appearance with irregularly-shaped

edges dcrirg grcwth and the presence of a "tail" durinq

departure are indications cf "less-than-ideal" dropwise

condensatior. Althcugh ideal dropwise condensation was the

most desirahle characteristic, durability and ease cf arppli-

caticr were also imocrtant ccnsiderations. Therefore, a of

number coatings which exhibited somewhat less than ideal

dropwise condensation were still considered for heat-

transfer measurementz. A summary of all the coatings and

the results of this stage of t~szing are provided in Table
II.

1. No-Stik

Iwc identical sets, each consisting of four samples

repressnting the four different substrates, were tested.

Applicaticn and surface preparation were performed by the

manufacturer. In order to verify previous observations, the

second set was installed in the steam chamber approximately

2000 hcurs after the first set. Micrometers were used to

determine a mean ccating thickness of approximately 60

sicrcmeters (0.0025 in). Due to the uneven texture of the

5
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figure 41.1 Io-Stik and Nedox on NBr 0 hrs.

Figure 4.2 No-Stik Br Ti 790 hrs.
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Figure 4.3 No-Stik Cu Br Ti 1500 hrs.

Figure 4.4 No-Stik Cu Br 4000 hrs.
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coating, an exact Pic-!sureTnsnt of the coating thickness ;=s

not Fcssib.. Ths xcii.nt quality of the d-owi - c.. c ..-.

satc.- i -caiiiy ap46:en Fn .igures 4.1 throuqh . -

0 ojxZ a r r C:ni -3~:.c ~ e X'.1 1) a r.2i§ -- aV --I
contact anle, and grcw tc approximat _ly 2.5 mT' be .cza

departure. Howsver, the rate at which the drops d.parted

the surfac- was noticeably less than that of other specimens
'ith thinner ccatincs. Thi ind1icatesd a lcw,-  h:-

caused by the thermal barrier imposed by the coating.

After more than 4000 hours of continuous exposure,

this ccating showed virtually no signs of physical degrada-

tion. 1he brass and copper samples were lightly speckled

with green which was attributed to oxidation of the ccpper.

An examination cf an "as delivered" sample with the SEM

* revealed small holes in the coating which exposed the

substra'e. Examination of an exposed specimen revealed

that, althcugh the coating was not affected, the substrate

was being attacked at these vcid sites. However, this did

not appear to affect the quality of the dropwise ccndensa-

tion, ncr did the oxidation appear to undermine the coating

in the immediate vicinity of the voids.

Eased upon the quality of the condensation and thq

durability cf the coating, No-Stik was selected fcr heat-

transfer measurements.

2. Ndcx

A tctal of eight Nedox samples were tested, twc sets

of the four different substrates. Surface preparation and

applicaticn were perfcrmed by the manufacturer. The coating

thickness, supplied ty the manufacturer, was approximately

5.0 micrcmeters (O.00C2 in) . This was confirmed by viewing a

secticned sample under the SEM.
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Figure 14.5 Nedox Br Ti 0 hrs.

Figure .6 ledox Er Ti Cu 264 hrs.
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As can be see in F-igure 4.5, the initial d:'C :

condensation was very good tc excellen-. This was -u:. - -

all imens. However, aft=r forty-eigqht hoi::s, all Z:

samnles were noticeably darker in color, indicating a :rac-

tion cf the substrate with! the env:-onment . At this pcin-,

the qualt y of the dcpwise ccndensation was not ncticeabiy
affected. After 240 hours, the condensation mode on the

upper-half of the naval brass spacim-n was _i:mwize. This

specizen was removed for examinazion. After 1200 hours,

cnly the ccpper specimen exhibited any degree of drcrwiss

condensaticn. The changes in the quality of the ccndAensa- •

tion McdS is readily evident from Figures (4.5 nhrough 4.8.

After 30C0 hours, the remaining specimens were removed and

the seccrd set was installed. Although the sxposure time

varied, the pattern cf performance was virtually the same-

very good to excellent drcpwise condensation cccurred

initially, with a gradual darkening of the substrate

fcllcwd by a gradual degradation in drcpwise performance.

Exazination of an unsx-osed specimen under the SEM .

revealed a zottlsd surface covered by a thin, smooth, trans-

parent film. The transparent film was presumed tc be the

7eflcn coating while the mottled appearance was due to the

chrome-nickel plating. Examination of an exposed specimen

revealed that although the chrome-nickel plating was intact,

the film had been peeled back or completely removed. Pieces
Cf the film still partially attached were visible with the

naked eye. The loss of the Teflon film accounted for the S

loss of the hydrophctic characteristics of the coating.

However, the exact cause of this loss could not be

deter mined.

respite reservations about the durability of this -

coatinc, the excellent nature of the dropwise condensation

rade this coating a candidate for the heat-transfer

experiments.
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3. _Emralor 333

A to al of seven Zmraln sa mples we i.

manufacture= of the ccating. A set of four samplces, on- for

each substrata, was initially Loaded into the chamher while

the seccnd set cf three samples, copper, titanium, an!

brass, was installed approximately 2000 hours later. The

naval brass sample was withheld for dastructive testing.

Cn startup, all of the samples behaved predictably:

condensation was mixed to filmwise. This behavior was

anticipated because the fluorccarbon lubricants are bcnded

tc the substrate with an organic resin binder which was not

likely to possess a particularly low surface energy.

Examination under t he SEm revealed fluorocarbon particles

imbedded in a resin atirx. However, with one excepticn,

the mcde cf condensation gradually began to change after

approximately 500 hotrs of exposure. Except for the ccpper

semple, th condensation first turned from mixed to Door
dropwise and then tc good dropwise. After 1000 hours, the

titanium, brass and naval brass samples were producing fair

to excellent dropwise condensation (see Figures 4.9 through

4.12). An SEM1 examination of the exposed specimens rsvealed

that the resin binder had been washed or eroded away,

thereby expcsing more of the imbedded fluorocarbons. This

effectively lowered the critical surface tension of the

condersing surface. The copper specimen never produced

dropwise ccndensation. In fact, since faint copper colored

areas could be seen with the naked eye, it was evident that

the coating had been almost completely removed. These

results were consistent for bcth sets of specimens.

Although the brass, titanium and naval brass speci-

mens prcduced gcod to excellent dropwise condensation in

excess of 4000 hours, Emralcn 333 was not considered for
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Pigure 4.9 BuraloD 333 Br Cu Ti. 1500 hrs.

Figure 4.10 Furailon 333 Br Cu Ti 2000 hrs.
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Figure 4.11 Ezra lcn 333 Cu Ti 2700 hrs.

Figure 1.12 Euralon 333 Br Ti 3000 hrs.
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hear transfer measurement s b4cause of zhe nsce - _
"ageirg" the coating and the undesirable effect c -

raticn cf t e heat transfer anparatus due to th= rc1I! of

the tinder.

4. Isonel 472

A tctal of eight Iscrel 472 samples were .es-:.d;

four suhstra-es, each with rough and smooth surface

finishes. The initial condensation mode waS charactarized

as fair to poor dropwise. The drops exhibited a relatively

lcw ccntact angle, were irregular in shape, and grew to

approximately 5.C mm (0.2 in) before slowly departing the

surface. After twenty-four hcurs of exposure, the ccndensa-

tion mcde had changed to filmwise. This indicated a change

in the critical surface tensicn of the condensing surface.

This change was attributed to absorption of water by the

ccating. This result was the same for all samples. After

1000 hours, the samples were removed. No further cbserva-

tions were conducted.

5. Isonel 31-39E

A tctal cf eight samples were tested. The results

wsre virtually identical with those of the Isonel 472. No

further observations were conducted.

7he performance of the 472 and the 31-398 was not

unexpected. These Eclyesters could be expected to present

hasically a hydrocazbcn surface to the ccndensing steam.

Therefore, these compounds could be expected to have a rela-

tively high critical surface tension which should prcduce

relatively poor quality dropwise condensation. Other phys-

ical characteristics, such as ease of application and avail-

ability, made polyesters an attractive candidate. However,

their inability to sustain dropwise condensation eliminated

them from further consideration. No further tests were

perfcrmed with these compounds.

64

I S



6. IL C-6 F

Six C-6 samples w.re tested; substrates cf C( p:.i,

Vltrass, 6-It.:~arn".un W~r' a S---d . t1- the aw
finishes previously described. The brass samples wsr-

reserved for destructive testing. Because this compound is

only available in liited quantities, applica:ion was by

brush r -th: than by spraying or spinning. This r-sultsd in

an ureven surface texture estimated to be 5.0 tc 10.0 micro-

meters thick. The estimate of the ccating thickn ss was

detazmine. with micrometers and confirmed by viewing a

sectioned pcrtion of a specimen with the SEM.

All of the test specimens produced fair to gcod

dropwise ccndensaticn. As can be seen in Figure.s 4.13

through 4.16, the drops are somewhat flat, irregular in

shape, and grow to 4.0 mm (0.16 in) in diameter before

slowly departing the surface. After 100 hours of :xpcsure,

the surfaces of the ccpper and naval brass specimens showed

signs of oxidation. The oxidation "gr.w progressively worse

until after 1000 hotrs the surfaces were completely black.

The oxidaticn of the surfaces of the reactive substrates

indicated that the coating was incapable of completely insu-

lating -e substiate from the environment. However, this

did rct seem to adversely affect the performance of the

coating which remained virtually unchanged during the first

2000 hcurs of operation. After 2400 hours, all of the

smooth samples exhibited some degree of separaticn of the

coating from the substrate. After 3000 hours, the coating

became unbcnded from the smooth samples causing blisters and

tare spots over 20% tc 30% of the surface. This condition

existed in excess of 4000 hours.

Although the oxidation of the copper and naval brass

surfaces could be blamed for the deterioration of the

adhesive qualities of the epoxy, this is not the case for
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IPA,

Fi.gure 4.13 NRL C-6 Cu/S CU/R 0 hrS.

Figure 4.14 NiL C-6 Ti/fl Cu/S 790 hrs.
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Figure 4.15 lNlL C-6 Cu/S Cu/B 1500 hrs.

F igure 4.16 IlL C-6 Cu/S Cu/B '4000 hrs.
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-t-anium. Rather, this ccndition seems to indica-

inadieuate bond wit! the z h ccth su:faces. A- I
rough spicimens 1id 'nct zyps:4c an y delamination cv :
4000 hours cf testinc, it is antiCipated tha.. th. of

the cxide layer will eventually have a deleterious upcn the

adherence of the coating.

Easid upon durability and good dropwise performance,

thiS ccatin- was selEcted fcor -s~ il a~~

7. HEL C6 ' F!_u-Cloe_§x x

1he specimen arrangement for the C-6' fluoroepoxy as

well as the application and thickness of the coating were

identical tc the C-6 epoxy. In addition, tha endurance test

results were virtually the same. Thp reactive surfaces

experiEnced progressive oxidation, changing in color from a

bright copper or brass to a uniform dull black. After

roughly 1000 hours, the coatings on the smooth specimens

showed signs of deterioration. Approximately 30% of the

ccating had been rercved from the smooth titanium sample,

while cn the smooth copper and naval brass sampls, although

physically present, the coating had blistered and cracked

allowing ccndensate to pass between the coating and the

substrate. After 2400 hours, the rough specimens were still

Ferfcxming well. The departure size and shape of the drops

did net differ markedly from the C-6. Therefore, this

coating was not selected for heat-transfer measurements.

8. NL BCE-7 Flucr oe2oxv

A total cf six BCE-7 specimens were tested including

bcth rough and smooth surfaces of the copper, naval brass

and titanium substrates. Although this coating should have

been highly hydrophotic because cf the high concentraticn of

-CF3 groups, the dropwise condensation was judged to be only

fair. within two hcurs, the condensation mode had changed

6E



tc l Closer examination revealed that over 9. o,

ceasing had been re moved fm- the subs-ra-e. : _

dataricra:icn of this cca--i:ng as entirely unex-c--.

explaraticn for the inadequate bonding of the cca-._r.g to

the sutstrate was not apparent. Howevpr, the performancs

was ccnsistent for all substrates and surface finishes. No

further tests were attempted with this coaring.

9. NRL Fluoroacrv-ate

A tctal of six fluoroacrylate speciamns w ere trsted

including both rough and smooth surfaces of the ccpper,

titanium and naval brass substrates. As with the ECE-7

fluorcepcxy, this coating was virtually non-.xister.t on any

of the substrates within two hours. Since both coatings are

thermcsetting polymers, they cannot be dissolved.

Therefore, this behavior appears to indicate an inadequate

bond betueen the coating and the substrate. An adequate

explanation for this behavicr could not be discerned from

the limitsd number of samples involved. No further testing

cf this particular ccating was attempted.

1C. HI El21-_a6c_rlic

As with the fluoroepoxies, six samples were tested.

The three smooth samples failed almost immediately. Small

patches cf the coating could be seen floating away with the

condensate. However, all of the rough specimens produced

good tc excellent cordensation in excess of 2500 hours with

no signs of physical or hydrophcbic degradation (see Figures

4.17 thrcugh 4.20). Although the drops are somewhat large,

3.8 mm 1.15 in) in diameter before departure, they exhibit
a larger contact angle and a more uniform shape than either

of the epoxies. In addition, the oxidation rate of the

reactive surfaces was noticeably less than either of the

epoxy ccated surfaces. This indicates that ths acrylic was
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Figure 4.17 WRL Acrylic Cu/S Ti/R 0 hrs.

Figure 4.18 NIL Acrylic Cu/l Cu/S Ti/R 700 hrs.
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Figure '4.19 IRL Acrylic Ca/R 1000 hrs.

~ . ..................

Figure 4.20 NEL Acrylic Cu/R Ti/R 2000 hrs.



tetter abis to insulate the substrate from thp onv .

Cn -h-e basis of prf¢cmance and aurabi', tLe c

1 1. F;

A tctal of sixteen FTFF samples, two complete sets

of four substrates and two surface finishes, were tqstd.

S pc-*e z f : .-- . It-. S-t w-e tEsted for -t-:a2I c 2C--

hours before being replaced by the second s.t to vs.rify

Erevicas observations.

Immediately after startup, all of the spacimsns

produced excellent dycpwise condensation. However, within

four hours, the condensaticn mode on the brass ard naval

brass specimens had changed from dropwise to almcsz

completely filmwise. The titanium samples also shcwed signs

cf failing. After forty-eight hours, only the copper speci-

mens continued to prcote dropwise condensation. After 240

hours cf exposure, the non-performing specimens were removed

for examination under the SEM.

The copper specimens were exposed in th test

chamber for 3000 hours. The performance of these sp.cimens

during this period is shown in Figures 4.21 through 4.24

7hrcughct -the test, the copper substrates showed signs of

oxidation; their colcr gradually turned from a bright ccpper

to a dull black. As can be seen in Figur- 4.24, both copper

specimers were performing poorly at the end of the test. At

this point, the copper specimens were removed for examina-

tion and the second set was installed. None of the samples

from the second set produced dropwise condensaticn after

four hours cf exposure.

Examination cf various specimens under the SEM

revealed different mcdes of failure. In the case of tita-

rium, the PTFE was not adequately bcnded to the subst=ate.

After a shcrt period cf exposure, the coating flaked off in
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Figure 4. 21 Sputtered PTFE Cu/S Cu/H 0 hrs.

..... .' .. .-

M,0

Figue 422 Suttred TFECu/SCu/ 790hrs
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ligure 4.23 Sputtered PTFE Cu/S Cu/P 2000 hrs.

figuare 4.241 Sputtered PTFE CU/S Cu/l 2700 hrs..

744
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small patches exposing the bat:e subs-rate. This wa :-

ten-t for all of the titanium saec -mns. The faiiuUr :,c,-.

the brass and naval brass specimens was similar. C2:D. th-%

ccpper specimens exhibited adequate adhesion throug!:,:t the

duration of the test. However, SEM Fhctoaraphs revale

that the ultra-thin coating of PTE was incaoable cf _..su-

lating the substrate from the environment. Nurnrcus S-all,

broker blisters caused by the oxidation of the substrare

beneath the coating, covered much of the surface. This

conditicn was revealed macrcscopically by a gzaaual dark-

ening of the surface and a degradation of the hydrophotic

characteristics of the coating. The rapid failure cf th?

second set can only be attributed to poor adhesion.

As pointed out in Ref 9, adhesion is dependent upon

many factors some cf which are not fully understocd.

Although scme film-substrate combInations exhibit gccd adhe-

sion, scme of the mce interesting combinations are incom-

patible in terms of adhesion. The results of this test

indicate that the adhesion qualities of sputtered PTFE on

the various substrates must be thoroughly investigated

before utilizing this process to deposit thin films on

condenser tubes. Eased upcn these rssults, this ccating

technigue was not pursued for heat transfer measurements.

12. rlln=

A tctal cf eight samples, four different substrates
ith two coating thicknesses of 0.5 micrometers and 1.0

micrcmeter, wer tested. The coatings were applied by the

Lawrence Livermore National Laboratory on an "as available"

basise. Due to scheduling difficulties, it was not possible

to prepare the substrate surfaces prior to coating.

Iherefcre, unlike the other specimens, none of the specimens

to bre coated with parylene-N underwent any surface prepara-

tion. All of the specimens were plated in the "as

75



Figure '4.25 Parylene-V NB: 0 hirs.

Figure 4I.26 Parylene-N N~r 800 hrs.
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delivered" condition. Fo ths copper, brass a." ":it;-im

,ubstrate.s -he "as dglivered", condition was simil>: -c th!.

"smcc-h" surface previously d -scribed. however, zhe naval

hrass was received with a surface similar to the "rcugin"

surface cf the prepared specimens.

Upon exposure to steam, seven cf the specimns

failed within twenty-four hours. Large, wa-er-filled tls-

ters covered as much as 90 of the substrate surfaces. The

only specimen to perform satisfac-orily was the one-
micrcmeter-thick coating on the rava. b!ass substrat2. 3S

can he seen in Figures 4.25 and 4.26, this coating prcduced

dropwise condensation which could be characterized as fair

to good. The drops are somewhat irregular but grcw tc only

3.5 mr (.14 in) in diameter before quickly departing the

surface. After 1500 hours cf exposure, this specimen showed

no signs of physical cr hydrophcbic degradation.

Eased upon the limited number of parylene samples

involved and observations cf other coatings under similar

conditions, failure can be attributed to two causes: surface;

finish and coating thickness. The fact that only the naval

brass specimen with the 1.0 micrometer coating endured,

indicates that a rough surface is necessary to insure proper

bonding. This finding is consistent with observations of

cther coatings. In addition, thicknesses of less than one

Kicrcreter appear to be incapable of withstanding the test

environment. It is surmised that water vapor can penetrate

the ultra-thin coatings in sufficient quantity to eventually

undermine the bond between the coating and the substrate

surface. This observation is supported by the failure of

the 0.5 micometer coating on the rough, naval brass

substrate and the appearance of water filled blisters on all

of the failed specimens. The bilsters indicated that,

althcugh the coating was continuous and firmly attached at

the edges, condensate had somehow collected between the film

and the substrate.
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Eas-id upcn the performance of the one gocd s _ir_,

i ;-c c sid .ra-icn g:ven to its uniqu-e application : tC

parylenr.-N %as selected for heat-transfer measurements:.

13..rarylene-D

The parylene-E specimens were received too lat:e for

the test results to ke included in this thesis. However,
sixteen parylene-D zecimens, four substrates wi-h bcth

surface finishes and thicknesses of 0.5 and 1.0 microreter

are currently undergoing endurance testing during thz

wri:ing cf this thesIS.

14. Fej2,S 612

Since the application and substrate preparaticn for

this ccating were pzcpriatary, only four specimens repre-

senting the different substrates were tested. Althcugh the

initial ccndensaticn mode was dropwise, it gradually turned

to mixed ccndensaticn, part dropwise and part filmwise,

w thin 100 hours. This remained the steady-state mcde of

ccndersaticn for over 2000 hours. The most likely explana-

tion for the gradual change was the absorption and retention

cf water by the coating. This had the effect of gradually

altering the critical surface tension. Although the ccating

did nct Ercrote droptise condensation to a degree that would

warrant further investigation, the coating did nct suffer

physical degradatior by exposure to steam at atmospheric

pressure in excess of 2000 hcurs.
15. Silicone

The silicone compcund tested produced only fair

dropwise condensation. The drops were relatively large,

flat, and irregular in shape. In addition, the coating did

not adhere to either the rough or sacoth surfaces of any

substrate. Blisters, filled with water, appeared within
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twenty-fcur hours. These blisters continued to arc-;

undaermining the coa-:ng and fcrcing it to separar - -

.ubStra -, Because th quality o fie dr4psise cc.........
w23 cnlv fa r and adherencE appeared to be ina s ua a n'.

further testinq was dcne.

E. PUISICAI PROPERTIIS TESTS

The results cf the physical properties tests as w-!l as

the endurance test results are summarized in Table II.

C. EMAT-TRANSFER RESULTS

A total of six coatings were selected for heat-transfer

reasuiements. Realizing that, for dropwise condensation,

the determination of the outside heat-transfer coefficient

is very sensitive tc variaticns in the inside coefficient,

.xtreve care was exercised in establishing a reliable,

repeatable Sieder-Tate ccefficient for an internally

enhanced smcoth tube. A coefficia-nt (C i ) of 0.0638 with an

intercept of (B) 26.9 was established for the Sieder-Tate

c.quaticn through the analysis of data taken from a plain

copper tube instrumented with six thermocouples. Although

not normally associated with the Sieder-Tate equaticn, the

presence of an intercept was necessitated by the low L/D

ratio of the test tubes. These values were used for d.ter-

nining t.e inside heat-transfer coefficient for all subse-

quent data runs. A description of the data acquisition and

reduction for determining these values is provided in Ref.

20 and Bef. 26. Figure 4.29 shows the variation of the

Nusselt number as a functicn of the Sieder-Tate parameter

for the instrumented tube. All of the data runs, a minimum

cf twc fc: each coating, were made 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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z~: to within the accuracy cf ths ts-mparatu~e and ;- z-_

reasuz--r.nts) auring all data runs.

Ihq zssults of all the da . zuans with a Ieas- .--S

carve ar >tt-d in Figurs 4.27 and 4.28. Fcr c:-

ison purposes, data representing the performance of a plain,
smooth tube are also plotted. Because the program used for

reducirg and plottinc the data was slightly different from

that ussd in Ref. 20, a listing ci the progran (Di 3) and a

sample cf the reduced data are provided in Appendix A.

rhotccraphs cf the tubes under actual test conditions are

provided in Figures 4.30 through 4.33. The perfcrmance of

each ccating was as fcllows:

1. o-Stik

Even though this coating produced excellent drcpwise

condenseation, the outside heat-transfer coefficient was

reduced by a factor of two-thirds when ccmpared with a

smooth tube undergoing filmwise condensation. This result

is explained by the thickness of the coating which averaged

15 tc 100 micrometers (0.003 to 0.004 in) thick. Although

the ccating was heavily doped with copper to improve conduc-

tivity, the thermal resistance imposed by the coating was

far tcc great to be offset by the beneficial effects of

dropwise condensation.

2. Nedcx

The Nedox coating imprcved the outside heat-transfer

coefficient by 700% to 900%. This represented the best

enhancement produced hy any coating. However, questicns as

to the durability of this ccating, which were raised during

the endurance test, still remain. No degradation was

evident during the heat-transfer tests.

8-



,!we thi-cknessses of paryl.ene-N W ere t's t sd S. n

1.0 miczrcme ta:. Th.e 0.5 microrneter coatring sinharced
outside CoeffiCie--t from 6001 to 75H~. Asxpced t

the incrsase d thickness, the 1.0 micrometer coalting produced

a lower- enban-cament cf 500% to- 600%. .9owsv9=, c147se. inspec-

tion cf thke 0 .5 m ictcmeter coating a f h ter ~ -~nse

tests, revsealed small areas in whiLch the coati.-ng was tegin-

ning to peel or crack. The one-mi4crometer coating showsed no

23igns c'_ deter2.orat.icr. This result was cornsistent with the

endurance test which indicates that 0.5 micrcmeters is too

thin tc Erculure reliable durabil.ity.

4. C=§ Fluoro2c xy

The NRL C-6 fluoroepoxy produced an improvement of

200% to 240%. Although considerably greater than a smocth

tube unlergcing filrvise condensation, these results are

less than those achieved by fir tubes (S-se Ref. 20) . This

d -sa p pc 4 t i g psrf crma-nce was probably a result of the

coating thickness. Applicaticn by brush produces a costing

which is slightly toc thick. The thickness on the test tube

was estiza ted to be 10.0 to 20.0 micrometers. Although very

durahle, an application techniqua which will consistently

produce an ultra-thin, unifcrm coating must be ut-ilized if

this coating is to be exploited for enhancing heat transfer.

5. .Uacroaca14 c

Since the NBL fluoroacrylic is a thermcplastic

polyzez, it ca~n be easily thinned pri.-4or to applicaticn.

This makes a thin, uniform coating more easily obtainable

when ccmpared to the epoxies. In this case, the coating was

estimated to be 5.0 to 10.0 micrometears. Therefore, the

fluorcacrylic was capable of producing enhancements of 500%

to 6CCX.
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Sfigure 41.30 Nedox.
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Figure 4.32 no-Stik.

Figure 4.33 Paryleie-N.
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V. CONCIUSIONS AND RECOMmENDATIONS
B

A. CCNCIUSIONS

1. During the cotdensation of steam on horizcntal

tubes, -- e outside heat-transer coefficient can be enhanced

five tc eight times through the use of organic polymer coat-

ings. A 500% increase can be achieved with coatings cf

demcnstrated durability, (i. e. coatings which showed no

degradation over a uinimum period of 2000 hours), whereas

the higher rates can be achieved only by coatings of ques-

tionable durability.

2. Because of their hydrophobic charactristics, ease

cf application and the ability to be applied in ultra-thin

layers, the flucroepcxies and fluoroacrylics represent the

bost ale. nativa for the application of a low energy, fluo-

rocarkon surface.

3. Bcth the Nedox coating and the parylenes offer

possible alternatives to the epoxies and acrylics once their

durability is firmly established.

4. A rough surface is essential for the proper bonding

cf the polymer coatings tested.

5. The ultra-thin polymer coatings tested were inca-

Fable cf ccmpletely insulating reactive substrates from the

environment.

6. The outside heat-transfer coefficient is highly I 0

sensitive to uncertainties in the inside coefficient.

Therefore, the inside coefficient must be clearly estab-

lished before attempting to infer the outside coefficient

from cverall measurements.
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B. BIC EM INDATIONS

1 Ccr.tinu; thi svaiuatfcr. rf he fluoro f- C x .Z

f ucrcacry!- N"ew compounds have been. dev,!ooe'i. pz; .To -

previcusly tested can be modified to enhance dur a J_ y

while maintaining most of their hydrophcbic characteristics.

2. Devise a methcd for applying a controllcd, uni -om,

repeatable thickness for the fluoroacrylics and

fluorceocxies.

3. Continue to evaluate the parylenes for durability.

When ccmFared to the cther parylenes, parylene-C has re!a-

tively low water vapor and oxygen transmission rates.

Therefcre, parylsne-C should be included in the evaluation.

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

coatirg.

5. Cetermine and eliminate the cause for the deteriora-

tion of the NEDOX coating.

6. Apply selected coatings to tubes made of materials

with low thermal conductivities, such as stainless ste.l or

titanitm, tc dtermi.e the effect of the constriction resis-

tance upon thermal petformance.

7. In crder to prevent cxidation and eventual coating

failure, use nCn-reactive substrates. If this is not

possihlrz, the substrate should be plated with a non-reactive

sub-layer.
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APDINDIX A
COBPUTEa 2RCG O LISTING

The fcllowing pages contain a listing of t.he coipute:

program used for data acquisition, dat.a reducticn an.!

r!otting.
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p, ri

1040 DIM' Emf Ui
!:150 DATA 0 . ! 008609i1.2572' 1 7K4. 7?45.1295, 78112$5V .91
1060 DATA -9247486589.6.97688E+11.-2'.66192E+13,3.94018E414
1070' READ Cc-)
7080 Di .0127 1Inside diamieter of test tube
7190 Do-. 019V5 1 OfutSide diannpter of test tube
II( 1 r0 !057 Outfl,rde d1arnete2r of the outlet end
lip) Dsov.1524 ! Inside diamete r of stainless steel test sectijon
119' Ax-PT-sso 2/4-PIFo-

1150 LZ2.03'i925 Outlet ed "Fin lengthi"
1 160 KcLV'385 7 hermal cond.ctiqi ty :1f Copper
1170 R M-Do-LOG(Do/0o/(2-Kcu) ! Wall resistance based on outside area
!!,? FRI'JTT'R IS 1

1190 CLEAR 709
121-G1 BEE'
12-10 PRINT USIG "!sX .""SELECT OPTION:'--
1220 PRINT 1US114 "6X a" 111-in data or re-processing P'reviou±s data""
1230 PR IN T 01740GX." Plotting data.
1240 INPUT Inc
1250 PRINITER IS 701
1260 IF Iop-2 THEN 4620
12703 BEEP
28' .0 INIPUTj "*ENER MjONTH. DOTE AND TIME UlM:D0:HH:MM:1S9",DateS

1290 OIJTPUJT 702 :"TD":Date$
1 300 O3UTPUT 703:"TO"
1310 ENTER 709:Date$
1 320 PINT C4onth. -late and time :":DateS
1231) PRINT

Pp140" PRINT, 031111;"O,""IOTF: Program name : ORPJ".."
1350 8FEP
360( INPUT 'ENTER DISK 1lUMBER",EOn

1370 PR INT UjSINGr "ISY.-"'Di number r"" .DD"*:In
I 8U BEEP

I Nf911 IPT "t:' TER IPUT 0OPE ( I - 30540. 2=-FTLE)" In?

Ij'0 PEE"'
12' TINjPUT "IEA IlAME FOR THE RAW DATA FILE.D-filet

1430 PRINT '.SIN "!11S"il nae :-.O" filet
14403 -PEATE EDAT D-filetS.15
lO )(! ASSIGN O4File TO 0 fileS
I60 Irag'J

1470 Inn'

'410 OU TPUjT Wr iIe: If,i.I nnP
1500 IF if-i-O THEN OUTPUT QFile:I'dt
I;1I)I ELSE
'520 BEEP
7'30 INPU.T "GlVE THE NAME CF THlE EXISTINIG DATA FILE". Df fLet,
15 411 PRINT IJSING -1EX.""This analysis ijas performed for data in file "".1OA":D.

7550 BEEF
$60o INPUT "EPIER THE NUILMBER OF RUNS S.TORED". Nrun

1570 ASSIGN ~ic le TO 0 Wetp
1580 ENTFER iFle:Ifq.Inn
1590 IF Ifl-0 THEN ENTER #iFile:Tut
If110 END IF
IRIO BEEP

9 3



Li

,', :~pc

06$O IF Itm=l THEN *R[11T ,'.' s X -";l ana, vs i is; gCT readina. ......
-6O IF Irn-2 THE'I PR[!If USVI'G6 " X ,'his analysis ,.tses T-PILE readings...'
1I70 I Itn-3 THEN PRINT USING "IX,""This analysis uses average of OCT and T-P
ILE readings"...

1680 IF Ife-I THEN PRINT USIN, " I6X.""This analysis includes end-fin effect ......
160 IF Ife-0 THEN PRINT UIING "16X.""This analysis neglects end-fin effect" ....
1700 IF 1fe-1 AND Inn.0 TjjEN Ci-.0284
11710 F Ife-O AND Inn=O THEf4 Ct=.032

720 IF !fef ND Inn I TIPE k -.V 0

1730 IF ife=0 AIND Irn= T ;E 1 '. This value is arbitra-'
1740 IF Ife-1 OND InnI T EI Ci-.042
1750 IF Ife-0 AND Inn-3 THEN Ci:.043?
1760 PRINT USING "t6X.""Sieder-Tate coefficient .... ,ZAO":Ci
1770 BEED
.'30 PIPUT "GIVE A 'AME FOR PLOT DATA FILE",P jo'S
1790 CREATE BDAT Pfile$.5
!00 S2SIGN ;Filep TO PFjle$

1810 BEEP
1820 INPUT "ENTER OUTPUT VERSION (I=SHORT.2-LONG)".Iov S
1830 .0O

.340 IF -iv ! THEN
1850 PRINl
1360 IF Infl- THEN
1370 PRINT USING "lOX,""Data t/w Uo No Op Vv F Nr

1980 PRINT LISING " vOX," (m/s) IW/m2-K)(W/m 2-K) (W/m 2) (m/s)"....
1890 ELSE
'90 PRINT USING "lgX."'Data NV jo Op U', .

1910 PRINT USING "lOX.""- (m/s) (W/m 2-K) (W/m'2-K) (W/m 2) (r/s

1920 END 1c
1930 END IF
1940 1;o-on-I
1950 Repeat:!
1?60 Ok 3-I
1970 J-Jl.
??P0 IF Im-1 THEN
1990 BEEP
'000 IMPUT "LIKE TO CHECK iG CONCENTRATION (1-Y.O-N)".N,
2010 BEEP
2020 INPUT "CEt-TER PLWMETER READING".Fm
2030 OUTPUT 709:"AR AF60 AL63 VR5"
20a OUTPUT 709:"AS SA"
2050 ENTER 709:Etp
2060 OUTPUT 709:"AS SA"
2070 Vtran-0 S
L080 FOR 1-1 TO 50
2090 ENTER 709:Vt
2100 Vtran=Ytran+Vt
2110 NEXT I
2120 lt ran-Vtran/50
2130 OUTPUT 709:"AS SA"
140 BEEP

'150 INPUT "CONIECT 'OLTAGE LiNE",k
2160 ENTER 709:Bvol
2170 BEEP
'180 INPUT "DISCONNECT VOLTAGE LINE",0k
2190 OUTPUT 709:"AS SA"
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2" 9 fl1TPIIT 79lq."AR AF2) AL24 \JRl"

2230 OUJTPUT 7093."AS SA-
22'JO Se-O
,250 FOR K-0 TO 10
'260 ENTER 709:E
2270 Se-Se#E
2280 NEXT K
22 90 Eirf()-ABS(Se/10)
1 -:00 NEX T I
2211 O~jTPIT 799:"AS SA"

j2. thliPUT 7f12 TUR~2E*
2330 WAIT 2
2340 ENTER 713;T7
2350! OUTPUT 713:"TMRE"
'360! WAIT 2
2370? ENTER 713;T2
2?80 BEEP
2390 INPUT -ENTER T2"., 7
2*00 T2-S.0378E-2+12-1 .0034511
2410 OUTPUT 713;"TIR2E"
2420 WAIT 2
2430 ENTER 713j:Tl2
2440 Tl-(T,1#T?2)*.5,
2450? OUTPUT 713:"-T3R2E-"
2460 IF Ng-0 THEN 2590
4*70 BEEP
2480 INPUT "ENTER MAN4OMETER READINGS (HL.HR.HRW)".HI.Hr,Hrwj
2490 BEEP
2500 INPUT *'UK TO ACCEPT THIS RUN f-?'-0EFAULT,0-N)",0k3
2510 IF 0k3-0 THEN
2520 J-J-1
2530 GOT1) 1960
2540 END IF
2550 Phg-HI+Hr
2560 Pwater-Hr-Hrlj
2570 ELSE
'580 ENTER Fl:vlBmta.t)EfOm~)Ef2.m()Ef4.mT,
2 .Phg.Pwater
.:530] IF j-I OR J-10 OR J-20 OR J-Nrun THEN
2600 f4g- I
2S10 ELSE
2620 Ng-0
Zr,,0 END IF
2640 END IF
2fo50 steaim-F4Tvsv(Ei'iB0l) COMIPUTE STEAM TEMPERATURE
2660 Triom-FNTvsvEmfi3))
2670 IF Iwt-r THEN
2680 Twm-0.
I2s30 FOR 1-0 it) S
2700 Tw.(IhFNTvv(Emf(1+5))
2710 twdan.fvm+Tw(I)
2720 NEXT 1
21730 Twi- twj/G
2740 END IF
2750 Tcon-FNTsvsv(Emf(4))
2760 PsatFNPvt(Tsteam)
2770 Rh-159 2(ro-69~5
2780 Rowater-FNRhow(Troom)
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'790 Ptpst-(Ph 9  ~a~%.ae)-9.799/ !DUU

2820 P~s-Psat1I.E-3
2830 Pkt.F7NPvsv(Vtran)-.E-3
2840 Tsat-FNTvsp(Ptest)
2850 Vst-FNVvst(Tsteam)
2860 Ppng-(Ptest-Psat )/Ptest
2970 Post-l-Ppng
29130 Mfng.I/(14l8.0153/28.97-Psat/(Ptest-Psat))
2890 VfnQ-MfnQ/(1.608-.608-Mfng)

2910 hfng-VfnglOO0
2920 BEEP
2930 IF 1ov-2 THEN
'940 PRINT
2950 PRINT USING "IOX."ata set numberD"J
2960 END IF
"370 IF lov-2 AND Ng-1 THEN
2980 PRINT USING *i0X." P Psat Ptran Tmeas Tsat N
G -/..
2990 PRINT USING "1OX.(mm) (kPa) (kpa) lkpa) 'C) (C) Molal

Mass."
3000 PRIU;T USING "IOX.5(3D.0D.2X).e3D.00.2X).2(M3.D2X"Pmm,Pk.Pks.Pkt.Tste
am.Tsat.Vfng,Mfng
3010 PRINT
3020 END IF
3030 IF Mfng>.5 THEN
3n4~0 BEEP
3050 PRINT
1060 IF 1m- I AND Nq- I THENl
3070 BEEF'
3080 PRINT
3090 PRINT USING "l0X.""Energize the vacuum system
3100 BEEP
3110 INPUT "OK TO ACCEPT THIS RUN U1-.,0-N)V,Ok
3120 IF OP-0 THEN
3130 BEEP
3140 [)ISP "NOTE: THIS DATA SET WILL BE DISCARDEDI!
3150 WAIT 5
3160 GUTO 1980
3170 END IF
3180 END IF
3190 END IF
2200 IF Ii'i1 THEN
3210 IF Fmi(10 OR Fm>100 THEN
3220 fm-0
3230 BEEP
'240 INPUT "INCORRECT FM (I-AC:CEPT.0-DELETE)".Ifm~
3250 IF IfmO0 THEN 1960
3260 END IF
3270 IF Jfg-l OR iwt-o THEN
3280 OUTPUT IFie:Bvol.BasupVtran.Etp.Emf(0),Emfll),Emf(2),Emf(3).Emf(4).Fm.T.
12 .Phg.Piiater
3290 END IF
1300 IF Ifg- AND Iwt-1 THEN OUTPUT '4File.volBampU)tran.Etp.Emf(-),Fm.T1.T2,P
hg.Pwater
3210 END IF
3320 IF Tf.3-0 AND Iwt-I THEN OUTPUT Wilel :Tw(-)
3330! ANALYSIS BEGINS
334i0 TL-FNTvsv(Emf(2))
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2360 To-1 i ABS(Etr,)/( 10 -Grad )-I .E
3370 ErTIAPS(TI-Tl)
?380 PRITER IS
MO39 PRINT i USING ...TI (GCT) -".D3-T
3400 PRINT USING -- T (IC) -~D.DT
34110 IF Erl>.5 THE,)
3420 BEEP
,a3n PRINT 'gCT AND rC DIFFER BY NORE THAN 0.5 C"
3440 BEEP
3450 IMPUT "OK TO GO AHEAD ( 0N "'h
3460 END IF
-.,70 PRINT JISING -DT JCT) 7*.. 'f)": K'- I
3480 PRINT IJSING -- DT (IT-PILE) *'Z3V' tr,- I

4 90 1)IF Q I- 11 4ND E rI > .5 T H lN l'6. 0
3500 Er2-ABSU(TZ'-tI)-(To-TLI))(T2.-T1)
'3510 ir Er2)A.05 THEN
3520o PEEP
3530 PRIllr "OCT AMD I-PILE DIFFER BY MORE THAN 57"
3540 BEEP
3550 INPUT "OK TO GO AHEAD (I1.Y.0=N)7",Ok2
3560 IF Okl-O AND Er2>.05 THEN 4646
3570 END IF
3580 PRINTER IS 701
3590 IF Itm-1 THEN
3800 Tli-TI
'10 T2o-T2
38-0 END IF
580 IF It.-2 THEN

3840 Tli-T,
3650 T2o-To
3880 END IF
2370 IF Itim=3 THEN
31-,80 Tli-(TI.Til-.I,
'r.10 T-(T2+-Tej-.5
3 700 END Ir
3711) Tavg-( iii T2o)-.5
3720 CP.J-FNCpoel Tavc'
3730 Row-FNRhow( Tavq)
3741 Md-5.0004E-3+6.91937E-3-Fm
3750 -ddc1.65'.84E3f,..SE8a.a2.953
3780 Mf Md/Rh..k
'.770 V'aJMf/(PI.Dt 2/11)
1790 IF inn-0 THEN T2o-T2-(.Ul38+.00l-Viv2)
-.790 IF InI THENtl n~-.0.~
3800 IF Inrn-l THEN4 T2o)T2o- .00lB-Vw'
38t0 Q-Md-CPvJ'hT20-TfL)
3820 Op-/(PI-DoL)
J 830 'w-FHKj( Tavq)
3880 Muw-FNMuw' Tavg)
3850 Ret-Rhow-Voo-liMD
3860 Prw-FNPrw( Tavq(
28,*7 0 F? -0 I.
3880 Fe2-O.
2,890 Cf-I.
3900 NE-K'.,C.i/DiRet .3Prj .3333-Cf

2920 Cf c-( Mu.j/FIMttw( Tavg+Dt)) *14
3930 IF A8S((Cc-Cf)ICfc)).01 THEN
31340 Cf-(Cf4Cfc)-.5
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4000 M1L(P/(KcuPI))

4020 A2-(Dr-Di)*P1(Di4Dr)-.5
'*636 M2.(Hi1 P2/(Kcu-A2)) .5
40A0 Fel'IFNTanh(MIU)/(M10)
41050 Fe2-FNTanh(M2-L2)fNM2L2)
4060 Lmtd(ro-ri/L(C(Tstean-Tli?/(Tstean-T2v))

4090Dt/(IDLIe.2r2-,
4100 IF fBS((Dtc-D+)/Dtc)>.')t THEN 3900
4110 Hfc-FNHfa(Tsta.*
131290 OIJPIT 0Fjlep:0p.Ho
4130 01-50i0
48140 0Ioss-01/( l00-25)-(Tsteam-Troom)
4150 HFc-FIHf(Tcon)
14160 HF-FNHf(Tstea, S
4170 Mdv-0
.3181) So(E~vl-dtO) 2/5.?;;
4190 Mdvc-((Bp-01ass)Mv.4-(f-H:)/Hfq
4200 IF ABS((Mdv-Mdvc)/Mlvc*).0l THEN
4210 ?dv(Mdv+Mdvc)-.5-
41120 GOTO 4190
42'30 EN4D IF
4240 Mdv-(tdv+Mdvc) .5
4250 Vg-FN~vst( Tsteaft0
4'r.0 Vv-Mdv-kg!Ax
4270 IF 1.,,2 THEN
a280 PRINT UJSING "10M"" T (Inlet) Delta-f--
4290 PRINT USING "IMX"" OCT TC OCT T-PILE"""
a300 PRINT USING "10X.2(DD.DD.2X).2'(Z.JD,2X)":Tl.Tz,T2-TI.To-Ti
4310 PRINT UINHG "10X."" kho ReL 14 U Ho

'*329 PRINT USING *70X.Z.DDIX.5(M7.3DEIX).MZ.DD":h,,.Re.Hi,LoHo.p.',/
4330 ENID IF
1114nJ IF Iv1THEN

,~)0 IF Inf-I THEN
1"360 PRINT USING "IIX.DD.X.Z.DD2',2.5D.P.2X).Z.3iDE.IX.Z.DD).2UIX.3D.DD):j.~u.7
JoHo.OP.V%,,F.Nr
41701 ELSE
4380 PRINT USING "I IX.DD).2X.Z.DD.2X,2(M.1DE.2X) .Z.3DE.3-X.ZDD":J.VwtL.Uo.Ho.OIpV

-'330 END IF
4400 END IF
441i0 IF Iru* 1 THEM
4420 BEEP
'*43o INPUTr "WILL THERE BE 'NOTHER RUIN (t-Y.0-N)7"Go-on
4440 Nr'in-j
'j450 IF Go-on-1 THEN Rerpeat
4460 ELSE
J470 IF J<Nrun THEN Reveat
44RO EN4D Ir
41430 Ic' I'm-I THEN 6
4500 BEEP
4510 PRINT
'*520 PRINT USING "IOX""NOTE: '.ZZ."- data ruins were tored in file " O"J
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450 BEEP
a550O PRIMT
11560 PRINT 1JSING "10X.'-1N0TE: '.ZZ.", X-Y *airs were stored in plot data file

4570 ASSIGN W'ile FO
4580 ASSIGN @Fjile TO
is591) BEEP
4600 INjPtT "L!I<E TO PLOT DATA(1y.)')
4610 IF 01 -1 THEN

49630 END IF
'4640 END
10G50 DEF FfNP'st(Tst,?am)
hS60 DIM KtC)
4670) DATA -. 32..U 3.181O566.3854-l83L62
46PO DATA 4.16711732.20.9750676.1.E9.6
46,90 READ K(-)
4700 T-(Tsteam+273.15)/647.3
4710 Sum-1)
41720 FOR N-0 TO a'
4730 Sum-iSw.+K(N)-( -TD (N4I)
4740 NEXT Ni
4750 BSi/r(.()Ir-()l7~)lT/K7~-)Kf)
4760 Pr-EXP(Er)
1J770 P-22l20000-Pr
4780 RETUJRN P
4i790 PIEND
4800 DEF FNHfqCT)
U)310 Hfg 24/7290-2450.(T-10)
4820 RETURN Hfg
'4830 FIJEND
4840 DEF FN~uu,(T)
"R50 A-247.3/(,r+133.15)
4860 Mu2.4E-5-10 A
a870 RETURN Mu
4F80 FIIEND

4'200 P-FNP\'3t (T t)
'j? 1 T-Tt-273.15
492) X-1500/T

4940 F?.(l-EXPC-Xfl 2.5-EXPX/X .5
4950 B-.001-.Fl- .0U0942-F2-.o004882-(
4960 K-2.P/(461.52-T)
'4970 kl-(I +(I +2-B-K)'5/
4q8O RETURN V
.3990 FIIEND
5000 DEF FNCP-w(T)
'Afll) Cpdj-'.2l I7oB58-T.(2..6826E-3-f-'1.42%r6E-5+12.7f428$E-7-Tb)
5020 RETURN Com-1000
5030 FHEND
5fl40 DEF FI4Rhow(T)
5050 Ro-39.52946+T.(.I)2169-T(5.485t)3E-3-TI.34147E-5)l
5060 RETUJRN Ro
5070 FNEND
5080 DEF FNPr,£(T)
51190! Prw-'I (I.099760.-T..749326E-2-T.().368875E-S-3.45026E-7-T)))
5100 Prw-FNf~pw.(T)-FN4Mgiw(T)/FNIKwt(T)
5110 RETURNl Pr'j
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~~'O 1.T(.?5k- - (I.5O7rE--.058 1 652E-8-T))
5150 X(T.273.15)'V3.15-
5160 ~w.- .,322'47+X(2.83195,-X-(1.8007-F (.521577- .I7344-X)))
5170 RETURN Yi'
5180 FNEND
5190 DE17 FNTanho()
57200 P-EXP(X)
Q~ 1 0 0=Exp(-X)
7. ' 0 T an -(l- ) PS)

'f REMTRN Tarih
00 FNEND

5 '50 DEF FNTvsv(V)
M S COl /Cc/ C(7)

5 "*70 T-C(0O
5280 PFOR 1-1 TO3 7
5290 T.T+CI).V'I
5300 NEXT I
5310 T-T.4.73386E-3-T-.O.692831E-3-T-.077927E-5)
5320 RETUJRN T
5330 FSEND
5340 DEF FNI-If(T)
5350 Hf-T.4.203849-T-.5.881 32E-4-T-4.55l60317E-61)
5360 RETURN H-1000
5179 FNEND
5380 DEF FNGrad(T)
5390 Grad-3l.9853+. 104388"V
5400 RETURN Grad
F-41 0 FNEND
5420 DEF FNTvso(P)
,iI30 Tu- I 10

5;440 TI-10
5a 5 0 T a(T u+TI).5
5460 Pc-FfPvst(Ta)
c5a7g IF R(P-)P.0ITHEN
54PO IF Pc(P THEN 1 11Ta
5490 IF Pc)P THEN ru-T&
5500 GOTO 5450
',z. 1 ENID IF
5520 RETUJRN Ta
51-3 0 FNEND
5540 DEF FNPvsv(V)
5550 P-8133j.5133+41.236051E+o-V
5560) RETURN P
5570 FIIEND
5580 SUE Plot

550DIM C(9)
5600 PRINTER IS 705
5-6101 BEEP
5620 INPUT "OK TO SELECT DEFAUJLT VALUES FOR CAGE ".OI'd
5630 IF Okd-1 THEN
5640 BEEP
5650 INPUT "ENTER PRESSURE CONDITION (1-V.24A)". Eva
5660 END IF
5670 BEEP
5630 INPUT "SELECT OPTION (1-Ho.21DtI",Iht
5690 IF OHd-i THEN
'700 IF Iva-I AND !ht-1 THEN
5710 Xmin-100000
5720 X(rax600000
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50 tev-l00no0
0760 Ys tep-20f0)1
5770 END IF
5780 IF 1,,a-' RUD Iht-I THEN
5790 Xmi-40 000
'300 XmaA".6E-9

30 X-3 tp-f010W

W~50 END IF
5A60 IF Iva-l AND 1ht-2 THEN
5870 Xmin-0

5080 Xmax-30

5890 YnIv-10000O -
5910 XsteplO1
5920 tstep100000
5930 END IF
5140 IF 1-a-2 AND 1ht-,2 TH4EN
5950 xn~n-0
S-960 Xnax-30
5970 Ymir'-400000
S980 Ymx-I.GE*6
5990 XsteplO0
6000 Ystep-400009
S010 E110 IF
flo END IF

6030 IF Okd-0 THEN
b1140 BEEP
1..050 INPUT "ENTEt? MINIM1UM OND 4AXIMUM X-VALUFG".Xmzn.Xm~tx
6060 BEEP
6,070 INPUT "ENTER MINIMUM ArND M44XIMIJM Y-VALUIES". Ynin.Ymax
60130 BEEP
'.1CJ0 IIPIJT "LENTER STEP 'SITZE r,!R X-AXIS".Xstep

6M1) BEEP
Et I 1 INPUIT -ENTER 'STEP IZE FiDR Y-'AXIS'. ,Ystep
61 f)j Elio IF
6; if BEEP
,,7f .4 0 PRINT -vivi:S - ip i. i8no. s3oo. 69o:"
6150 PRIN4T -SC 0 ,100 .0 . i0(i: TL ~I
6160 sfx-l00(Xma*-Amjn)
617n SFY.100/(Ym&X-YMLn)
6;180 BEEP

6lOIr- 0

0;--0 IPUT "LIKE TO 6Y-PASS CAGE U1-Y.0-M-DEFAULT)7".Icg
62110 IF IcqgI THEN 66i50
Z' ) PRINT "PU 0. r0**

6'30 FOR Xa-Xmin TO Xnax STEP Xst-ep

615(1 PRINT -PA*":X.".0: XT:"
k60 INEXT Xa
170 PRINT "PA 10f0.0:PJ:"
Z T0 PRN *"Ri) PA 0.9 REV'

6 90 FOR Ya-Yrin TO Ymax STEP Yst-n-
:300 Y-( V-YmtnI-Sfv
F31n PRINT "PA 0,":Y."YT"

: '"0 NEXT Ya
4330 PRINT "PA (1,100 TI (1 21
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63180 PRINT -PA rOfl1100 PIJ DO '00.d PD-
6390 FOR Ya-Ymjn TO Ymax IEP Ystep
6400 Y-(Ya'-Ymin)Sfv
6410 PRINT "P!) PA JnflO.".v,--YT-
61420 PlEXT Ya
6430 PR INT "FA 1100. 100 PU"
r;4140 rPINT -rPA 0.- SP I r).-"0

6460 Y-)(a-X,,in)-'fw
6/470 PRINT "A:..:
6480 IF Iht-1 THEII PRINJT "!.P -4i-I :LB":Xa:""'
64'3UJ IF lht-2 THEN F[ZINT " 1R - 2. L Lr :.a:
6500 NEYT Xa
6.T 10 "PRINT -01J PA 0.0"
6520 FOR Ya-Ymin TO Yrmax STEP Yster.
'530 Y-(Ya-Y.nn)Sfy
65140 PRINT "PA 0."2Y.*'
P550 PRINT -CP -7.-.25:I.B":Ya:-""
656) NjEYT Ya
6570 BEEP
S580 INPUJT "ENTER X-LASEL".Xiab-IS
;590 BEEP
r6O0 INPUT "EfNTER Y-LABEL.Yiaboel$
5610 PRINT *ISR I .5.2:PU PA 50,-10 CP": -LEN(X I aoel$/2:"0:LB":XlIahe[I$:--
6620 PRINT "PA -18.50 CP 9.':-LEIJ(YIabl)25/6:"DI 0,1:LB":YlabelS; ...
6630 PRINT -CP 1.0 DI-
r66140 Rereat:!

-60BEEP
U60 INPIIT "LIKE TO PLOT DATA FROM A FILE 1,0I:"0
66711 Cl p - (
C.i'.80 IF Qk - THN
6690 BEEP
.7 00 1 NP 11T" WAN TOT1 CHNGE P i Ht Y 0 -N) Ok p

6710 IF Oj~n- rf4Fe4
6729) P
6730 PRIT "5SPl-
;67. 1) BEEP
6750 INPUT -CHANGE PEN AND HIT CONTINE" .Okc
6760 PRINT 'SPI'
'1770 E4D IF
67830 BEEP
(D791) I'IP'!i "ENTER THE NIAME OF THE DATA FILE". D~fi Ios
68100 ASSIGN 'iFie TO 0_fL~eT

6A330 w'
68140 S'xy-o
t-;850 PEEP
6860 INPUIT "ENIER THE RFJ3ItlNIlc, RL'N NUMBER" Md
q870 BEEP

.BPij INP1UT "E:NTER THE NUMBER OF X-Y PAIRS STORED" .Npal rs
6830 BEE;

C,11 l 'P'.'T "SELEC-T A SYMBOL FOR THE PLOTTER ( ,.3. .5 )".Sym
6-3!ln PR IN T "Of, DI"
r;? Z IF ':;vm- I THE! PRIT -S~i*"
6?3 IF SymC2 THEN PRINT -!SM -
6340 IF Sym3 THEN PRINT "'TMc"
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997n IF Md)?Npatrs THF1I
1-,980 FOR 1-1 TO (Md-i)
61?0 FtITER 9FLIe;Xa.Ya
7'1OU MEXT I
7nin END IF

'17 "R 1 -1 rO Npairs
7039 E!NTER QFile:Xa.Ya

7'hf2 Xa

'1)0 Yaflt
70f Yc-LOG(Ya'

.7080 Xc-LIJ((Xa)
7090 sx-sXc
7, 00 sy-qy~y.:
7110 Sx2-Sx2+Xc',2
7;20 Szxy4X~ c-Yc
7130 IF Ih~t-l THEN3
71140 Xt-Ya
7150 Ya-Ya/Xa
7 a~wt
7170 END IF
7!80 X-(Xa-X,,in)-Sfx
7190 Y-(Ya-Ymin)-Sfy
72'09 IF Y>100 OR Y<O THEN ?220
7210 PRINT **PA",X.Y."-
7220 N1EXT 1
72130 REEP
" ti IlNP1T '*!4pN1 To P1.j o LEAS~T -7SOIARES LINE" .1l
7250 IF Ils-1 THEN
7~ ; 0 R "srti"
7270 Bh-( patrsSy-;Y.SX)/(ti~airs.x2-Sx 2)
7200~ Aa-(Sy-9bSx)/4oair
,'290 Aa-EXP(Aa)
7500 PRINjTEP IS, 1
7 3 l PRINT H51140 "IOX.* ..a = 2iE A
7320 PRI14T UJSING "lOX,"", - '" .Z.14DE .Bb

''220 P91WER 1S' 705
7'340 FOR Xa-kimin TO Xmvax STEP Ystop/4l
7350 IF Jht-2 THEN Ya-Aa-Xa) Bb
7360 IF Iht-1 THEN Ya-Aa (1/Bb)-Xa ((Bb-l)/Bb)
7370 Y-(Ya-Vmin)-S~y
7380 YX(Xa-X'mn)5hf
7390 IF Y(f) THEN Y-1)
7400 IF Y>100 THEN rOTO 71420
7411)PRT 'A.,.PIB
71420 NEXT Xa
7,31) PRINT "Pu-.
7440 END IF
7i5j AF!SICN Ftie TO
74A0 flnfTn ER5o
74j7n END IF
749l0 PPINT "OiJ SM**
700f FEEP
7/,00 IPuT "WANT TO PLOT MUSSELT LINE (T-Y.0.N)?".rnc075 10 IF Inp,-f THEN 7620n
Trt3 PEEP
7530 INPUT "ENTER SLOPE Fi)R COINSTANT IN N~ vs~* ~
7541) BEEP
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ra 1 1 , T ' o :

7580 X-(Xa-Xtn)$"fx
7S90 Y-(Ya-Yin)-Sfy
7600 PRINT "PA".X,Y.*"PD
7610 NEXT Xa
7620) PPINT "PuJ PA 0.0"
79 BEEPI ~~7640O IMPUT -LIKE TO GRAW A S TRjJGHT LINE ?.N 'Go n
7E.50 Tr Gno no THE'l

-60 SEEP
7670 INPUT "ENTER T14E SLOPE"'l
7680 BEEP
7;90 INPUT -E ' TER THE ItITERCEPT' .fr
7700) FOR Xa-Xnin TU Xmax STEP (Xmax-Xmin)

'T0 a'Ac+$iXa
?720 Y-(Ya-Yin)-Sfy

j7730 X-(Xa-Xi'un)Sfx
7740 IF Y(O THEN
7750 Xam-(Ymin-Ac)/SI
7760 X-(Xajr,-Xmin)-Sf
7770 Y-0
7780 END IF
7730 IF Y>InO THEN
7800 Xam-(Ymax-FMc)/Sl

7820 Y-100
7.9'0 END IF
79. 0 PRINT "PA".X.Y.'PD"
79350 NEXT Xa
7?6 0 END IF

7q70 BEEP'
'!8) I 1rPUjT 4AN i TO PLO T 14 POL f OINL CI - .0-N) 7" ..Go-,:n
7991) IF Go-on-l THEM
7900 BEEP
7910 INJPUT "EITER THE ORDER OF Pgt.YtNOMIAL".M
7920n FOR J-0 TO M
'330 PEEP
79dO !F W) TPENl IfNPT "ENTER THE NEXT COEFF ICIENT" *C( )
7950 IF J-0 THEM INPUT "ENTER THE FIRST COEFFICIENT".C(0)
?'960 NlEXT i
197') ya-r(f)
'380 FOR Xa-Xmin TO Xntax STEP Xstep/10
'990 FOR J-1 TO M
!000 Ya-Ya+CJ-Xa Ji 010 NEXT f2
'029 Y(Ya-Y'inI-Sfy
3030 X-(Xa-Xmnin).Sfy
")40 IF Yt<0 THEN Y-11
31050 IF Y>100 THEN GOTO 8070
0n60 PRINT "rA.X.Y."PD"
WO7 NEXT Xa
0M0 END IF

!090 PRINT '*PU PA 0.01 SPO"
M100 SIJBEND
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