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Abstract—Overall heat-transfer measurements were made while condensing steam on horizontal tubes
of copper, brass, aluminium and stainless steel, promoted with dioctadecyl disulphide. A second set of
measurements was made when the brass, aluminium and stainless steel tubes had been copper-plated to
a thickness of 9+ 1 um. After tube-wall resistances (based on uniform radial conduction) had been
subtracted, the overall heat-transfer coeflicients for the copper, brass, copper-plated brass, copper-plated
aluminium and copper-plated steel tubes were essentially the same. The overall coefficients for the
unplated aluminium and steel tubes were markedly lower. Recently reported [1] differences in the results
for different tube materials are considered to be due to differences in promoter effectiveness on the
different surfaces rather than the thermal properties of the tube material. Visual observation indicated
mixed or film condensation for the aluminium and stainless steel surfaces and ideal dropwise conden-
sation on the copper, brass and copper-plated surfaces. In the case of the copper, brass and copper-
plated tubes, the results were, within experimental error, consistant with established vapour-side heat-
transfer coefficients for dropwise condensation.

All tests were conducted at pressures near to atmospheric. The non-condensing gas content of the steam
was minimised by pre-boiling and possible effects of remaining traces of gas obviated by vapour cross flow
over the condenser tube. In all cases measurements were repeated on different days with excellent
reproducibility. The heat-transfer rate obtained from the mass flow rate and temperature rise of the coolant

was in good agreement with that obtained by measuring the condensation rate.
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NOMENCLATURE

cp,  Isobaric specific heat capacity of coolant;
d, outside diameter of tube;
d,, inside diameter of tube;
k, thermal conductivity of coolant;
k, thermal conductivity of tube;
Nu, ad/k;
Pr, ucplk;
0, heat flux at inside surface;
Q.  heat flux at outside surface;
R, Tv - T;: do (do‘ .

—=>In{-);

Qn 2kt di )

Re,  updi/u;
T.  (TotT,)2;
T, tube wall inside temperature;;
T,  coolant inlet temperature;
T,.» coolant outlet temperature ;
T, vapour temperature;
u, coolant velocity;
a, O/T—T);
i, viscosity of coolant at T ;
Ui, viscosity of coolant at T;;
P, density of coolant.

INTRODUCTION
THis work was prompted by a recent report [1] that,
for dropwise condensation of steam on tubes of different
materials, the vapour-side heat-transfer coefficient
(based on overall heat-transfer measurements) de-
pended strongly on the tube material as well as on
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the wall thickness. It was suggested that this de-
pendence was due to the thermal properties of the
tube material along the lines of a theoretical treatment
[2], which considered the heat-transfer resistance
arising from the non-uniformity of heat flux near the
condensing surface. In contrast, direct measurements,
using copper and copper-plated (12 um) steel surfaces
[3]. indicated that the vapour-side coefficients for the
two materials were essentially the same. An important
difference between these investigations is that in [3]
the surfaces were both copper, whereas in [1] the tubes
were not copper plated.

The present work was undertaken to test the
hypothesis that the differences in results for different
materials (as found in [1]) are due to differences in
promoter effectiveness on the different surfaces rather
than to differences in the thermal properties of the
materials.

There have been earlier reports of significant de-
pendence of heat-transfer coefficients on condenser
material [4,5]. As suggested in [3], these may be
attributable either to systematic error in measurement
of the surface temperature or to promoter ineffective-
ness on certain surfaces. Moreover, as pointed out in
[3], the vapour-side coefficients for dropwise conden-
sation of steam on teflon [6,7] were essentially the
same as those for copper surfaces.

Very recently further theoretical [8] and experi-
mental [9] work, indicating a dependence of heat-
transfer coefficient on the thermal conductivity of the
condensing surface material, have been reported. In
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[9] it was found that the coefficient for stainless steel
was lower than that for copper by a factor of about
2.4. Different surface temperature measurement tech-
niques were used in [9] for the copper and stainless
steel surfaces; that for the latter was extremely elabo-
rate (a film resistance thermometer being separated
from the base material and the gold vapour-side
surface by very thin layers of insulating material).

APPARATUS AND PROCEDURE
Referring to Fig. 1, steam, generated from distilled
water in a small electrically-heated boiler (maximum
power 10kW), flowed over the horizontal condenser
tube (nominal outside diameter 13 mm, exposed length
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by thermocouples located in narrow bore copper tubes.
Care was taken to ensure adequate isothermal immer-
sion of the leads. The calibration of the thermocouples.
wiring of the leads and precautions taken to avoid
errors in the thermo-electric measurements were the
same as those described in [10]. The thermo-electric
em.f’s were measured by a digital voltmeter rcading
to 1 uv.,

Copper. brass, aluminium and stainless steel con-
denser tubes were used. Each tube was thoroughly
cteaned with metal polish followed by acetone before
inserting, via O-ring seals, into the test section. The
downstream end of the condenser section couid be
removed to permit the temporary insertion of a trough
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To drain

Measuring
cylinder

)
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108 mm) located in, and normal to the axis of, the
horizontal cylindrical test section (inside diameter
120mm). Water was passed through the condenser
tube via a float-type flowmeter, calibrated by weighing
water collected over measured time intervals. The
condensate from the test condenser could be collected,
for measuring, when required. Excess steam was con-
densed in a secondary condenser downstream of the
test condenser. The proportion of the steam supplied
which was condensed by the test condenser varied from
about 10% at the lowest condensation rates to about
60, at the highest condensation rates. The pressure
in the test section was always close to atmospheric.
The temperatures of the coolant at inlet and outlet
of the test condenser and of the steam were measured

‘X = Position_of thermocouple pockets

F1G. 1. Apparatus.

which encircled the condenser tube. The tube was
promoted in situ by filling the trough with a 17
solution of dioctadecy! disulphide in carbon tetra-
chloride, so as to cover the tube., which was then
rotated slowly for about 20 min.

Tests were carried out for a range of coolant flow
rates using each tube in turn. In all cases, measure-
ments were repeated on different days. Finally the
brass, aluminium and steel tubes were copper-plated to
a thickness of 9+ 1 ym and further sets of observations
taken.

The heat-transfer rate to the condenser tube was
determined from the mass flow rate and temperature
rise of the coolant. On a few occasions a second
estimate was obtained by collecting condensate over a
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measured time interval. The relatively small conden-
sation rate on the test section walls was first observed
(when the inside of the condenser tube was dry) and an
appropriate correction made. The two values of the
heat-transfer rate were found to be in good agreement,
the largest discrepancy being about 5%,.

RESULTS
Figure 2 shows the observed dependence of the heat
flux on coolant velocity for the four different tubes. It
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temperature. Visual observations indicated ideal drop-
wise condensation on the copper, brass and copper-
plated tubes and either mixed or film condensation on
the unplated aluminium and stainless steel tubes. The
results for the aluminium and stainless steel clearly
illustrate the advantage of dropwise over filmwise
condensation. For aluminium, for which the tube-wall
thermal resistance is relatively small, the overall heat-
transfer coefficient with dropwise condensation ex-
ceeds that with filmwise condensation by a factor of
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F1G. 2. Dependence of heat flux on coolant velocity. Different symbols denote different test runs. + x * z, unplated tubes;
O O A <&, copper-plated tubes.

may be seen that the results for the brass and
copper-plated brass surfaces were essentially the same
and close to those obtained for the copper tube. The
observed heat fluxes for the aluminium and stainless-
steel tubes were substantially higher when copper-
plated than when unplated.

For each of the seven cases, four separate runs were
made on at least two different days. The repeatability
of the observations is seen to be good. Part of the
small difference in results between runs using the same
tube and surface treatment is attributable to small
differences in coolant inlet temperature and steam

about 3 at the highest flow rate.

In fig. 3 the effect of the tube wall resistance is
removed by plotting R, the observed overall thermal
resistance less that of the tube, the latter evaluated
on the basis of uniform radial conduction, thus:

T,—-T, d d
R="v_"c_ Zoqp{%}
o () @
The values of k, used were 383, 129,231 and 17 W/mK
for the copper, brass, aluminium and stainless steel

respectively. It may be seen that the values of R for
the copper, brass and copper-plated tubes are essen-
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F1G. 3. Dependence of combined steam- and water-side resistance on coolant velocity. O, copper: A, brass: +, copper-plated
brass; x, aluminium: ¢, copper-plated aluminium A, stainless steel: X, copper-plated stainless steel.

tially the same. The relatively small differences are less
than those arising from uncertainties in the values of
k, and may, to some extent, also be attributable to
variations in coolant inlet temperature and to the
effect of differences in coolant-side resistance resulting
from differences in inside wall temperature.

In a separate investigation [11] using the same
apparatus, but with thermocouples fitted in the tube
wall, it was established that the coolant-side heat
transfer could be very precisely represented by

Nu = 0.03Re"3Pr! 3 (g, 1. 2)
(The coefficient 0.03 in the above is greater than the
usual value of 0.023 for “long” tubes owing to thermal
entrance effects.) Equation (2) was used with the present
overall heat-transfer data, and assuming uniform radial
conduction in the tube wall, to estimate vapour-side
coefficients. For the copper, brass and copper-plated
tubes, values in the approximate range 100-200
kW/m? K were obtained, the higher values being found
for the brass and stainless steel. These may be com-
pared with established and more precisely determined
values for dropwise condensation on vertical surfaces
which, for the present range of heat flux, vary from

about 150kW/m? K to about 300 kW/m? K. For the
unplated aluminium and stainless steel tubes values
close to 10kW/m? K were found.

As a check on the above estimates. the vapour-side
coefficient for each data set was regarded as constant
{i.e. independent of heat flux) and the coolant-side
heat transfer represented by:

Nu = CRe®BPr! Hprp )1 (3

Then, for each data set, the vapour-side coeflicient and
C were determined by minimizing the sum of the
squares of the differences between the observed and
“predicted” overall temperature differences. In all cases
C was found to be close to 0.03 and the vapour-side
coefficients were close to those obtained previously.

CONCLUSION

The vapour-side heat-transfer coefficients for drop-
wise condensation on the surfaces listed below arc
essentially* the same as those for copper surfaces

*Certainly this statement is considered valid for the
purpose of calculating overall coefficients for water-cooled
tubes.
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(k, ~ 380 W/mK):

brass (k, ~ 130 W/mK) [present work ] ;

Teflon (k, ~ 0.25 W/mK) [6,7];

copper-plated (~9 pm) aluminium (k, ~ 230 W/mK)

[present work];

copper-plated (~ 9 pm) stainless-steel

(k, ~ 17W/mK) [present work];

copper-plated (~ 12 pm) mild steel (k, ~ 46 W/m K)
3]

[ }\s has been suggested earlier [3], it is possible that

the extremely high rate of coalescence during dropwise

condensation leads to space- and time-wise temper-

ature fluctuations of such high frequency that the

surface temperature is essentially uniform and steady,

so that the material of the condensing surface plays a

negligible part in determining the vapour-side heat-

transfer coefficient.
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EFFET DE LA MATIERE DES TUBES DE CONDENSEUR SUR LE TRANSFERT THERMIQUE
LORS DE LA CONDENSATION EN GOUTTES DE LA VAPEUR D’EAU

Reésumé—Des mesures du transfert thermique global sont faites sur la condensation de vapeur d’eau sur des
tubes horizontaux en cuivre, laiton, aluminium et acier inoxydable et en présence de disulfure dioctadecyl.
Une deuxiéme sériec de mesures est faite avec des tubes de laiton, d’aluminium et d’acier inoxydable
recouverts d’une couche de 9+ 1 um de cuivre. Aprés soustraction des résistances de paroi (basées sur la
conduction radiale uniforme), les coefficients de transfert thermique pour tous les tubes sont pratiquement les
mémes mais beaucoup plus faibles pour ceux en aluminium et en acier inoxydable. Des différences récemment
publiées [1] pour divers matériaux sont dues plus a des différences entre efficacités de promoteurs qu’'a des
differences entre proprietés thermiques des matériaux. Une visualisation révéle une condensation mixte ou en
film pour 'aluminium et I’acier inoxydable et une condensation idéale en gouttes sur les surfaces de cuivre, de
laiton ou recouverte par du cuivre. Dans le cas des tubes de cuivre, de laiton et recouverts de cuivre, les
résultats sont, dans la marge des erreurs expérimentales, en accord avec les coefficients de transfert établis
pour la condensation en gouttes. Tous les essais sont menés a des pressions proches de la pression
atmosphérique. La présence de gaz incondensable est réduite par une ébullition préalable et des effets
possibles de traces de gaz éliminés par une circulation forcée de vapeur sur les tubes du condenseur. Dans
tous les cas, les mesures sont répétées a des jours differents avec une excellente reproductibilité. Les
coefficients de transfert obtenus a partir du débit massique et de 'accroissement de la température du
réfrigérant sont en bon accord avec ceux obtenus par la mesure du déebit du condensat.

EINFLUSS DES ROHRMATERIALS IM KONDENSATOR AUF DEN
WARMEUBERGANG BEI DER TROPFENKONDENSATION VON DAMPF

Zusammenfassung—Es wurden Wirmedurchgangsmessungen mit kondensierendem Dampf an waagerech-

ten Rohren aus Kupfer, Messing, Aluminium und rostfreiem Stahl durchgefiihrt. Als Arbeitsmittel wurde

Dioktadecyl-Disulfid verwendet. Eine zweite MeBreihe wurde durchgefiihrt, nachdem die Rohre aus
Messing, Aluminium und rostfreiem Stahl mit einer Kupferschicht von 9+ 1 pm Dicke beschichtet wurden.
Nachdem der Warmewiderstand der Rohrwand, verursacht durch gleichmiBige, radiale Wirmeleitung, aus
den Ergebnissen eliminiert war, ergaben sich nahezu gleiche Wirmedurchgangskoeffizienten fiir die Rohre
aus Kupfer, Messing, kupferbeschichtetem Messing, kupferbeschichtetem Aluminium und kupfer-
beschichtetem Stahl. Die Warmedurchgangskoeffizienten fiir die unbeschichteten Aluminium- und Stahl-
rohre waren bedeutend niedriger. Unterschiedliche Ergebnisse fiir verschiedent Rohrmaterialien, wie sie vor
kurzem in [1] berichtet wurden, sind wahrscheinlich mehr auf die Verbesserung des Wirmeiibergangs bei
den verschiedenen Oberflichen zuriickzufithren als auf die thermischen Eigenschaften des Rohrmaterials.
Versuchsbeobachtungen zeigten Misch- oder Filmkondensation an der Oberfléiche bei Aluminium und
rostfreiem Stahl und ausgeprigte Tropfenkondensation bei Kupfer, Messing und kupferbeschichtetem
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Material. Fir die Rohre aus Kupfer, Messing und Kupferbeschichtungen gab es innerhalb der
Mebgenauigkeit eine gute Ubereinstimmung mit bekannten Wirmeiibergangskoeffizienten fiir die Trop-
fenkondensation von Dampl. Alle Messungen wurden etwa bel Atmosphirendruck durchgefiihirt. Der nicht
kondensterbare Fremdgasanteil des Dampfes wurde durch Vorsieden verringert und mégliche Effekte von
verbleibenden Gasspuren durch einen Dampfstrom tiber das Kondensatorrohr ausgeschaltet. In allen Fiillen
wurden die Messungen an verschiedenen Tagen mit hervorragender Reproduzierbarkeit wiederholt. Der
libertragene Warmestrom, berechnet aus Massenstrom und Temperaturanstieg des Kiihlmittels, war in
guter Ubereinstimmung mit dem Wiarmestrom. den man durch Messung des Kondensatstroms bestimmen
kann.

BJAMAHUE MATEPHUAIJIA KOHHEHQATOPHOVI TPYBKU HA TENJIONEPEHOC
NP1 KATIEJIbLHOW KOHAEHCALIMH TTAPA

AunoTauus — W3Mepsancs TernooOMeH [pH KOHOEHCAUMH Mapa Ha TOPU3OHTasIbHbIX TpyDKax,
BbIOJTHEHHBIX W3 MEOM, NATYHU, aNOMHHHS M HEPXKABEIOWEH CTajlW, akTMBUPOBAHHBIX JMOKTae-
HUABHLIM AKCYAbGOUAOM. BTOpas cepus u3MepeHHil NPOBOAMIIACh HA MENHBIX, aJHIOMHHUEBLIX U U3
HepkaBetowed crasiu TpyOkax ¢ HAHECEHHLIM HA HUX CNOeM MeaM TOJIMHOM 1o 94 1 m. Ecmm
BLIMECTH CONPOTHUBIIEHHE CTEHKM TPYOKM (B TPENIOIOKEHMH PABHOMEPHOrO paaManbHOTO pac-
npeaeseHus). TO MOIHbie KOIPPULKEHTh TennoobMeHa OKa3bIBAIOTCA MOYTH OJMHAKOBLIMM JUIS
MEIHBIX, JTATYHHbIX, JJATYHHBIX ¢ MEIHbIM MOKPBLITHEM, ATIOMUHHUEBBIX C MEAHLIM MOKPBITHEM H U3
CTalu ¢ MedHbIM [OKpbiTHeM TpyOox. Kosdpduumentsl ke TensoobmeHa Afsl antOMHUHWEBBIX M
CTabHbIX TPYBOk 0e3 nokpbiTUsa ObUIM 3HAYNTEILHO HUXE. M3 nocneanux coobwenyit [1] caenyer,
4TO pa3IMYMe B pely.bTaTax [0 TEI0oOMEHY ISl pa3siHvHbIX MaTepHanos Tpybok obbsicHseTCs
cxopee pa3Hoit IPPEKTUBHOCTBIO AKTHBATOPA, 4€M TerIo(U3IMiIecKMMH cBONCTBAMM MaTepHana,
13 KOTOPOro caenadsl TpyOku. I1yTéM Bru3yanbHOro Hab1t01eHNS YCTAHOBIEHO HaTHYHUE CMEILAHHON
WilM TIJIEHOYHOW KOH/IEHCALlMU Ha NOBEPXHOCTAX AIFOMMHHEBON H M3 HepxkaBeroweh cTaan Tpybok u
nieabHOM KanenbHOM KOHIEHCAUMM HA ME/IHBIX, TaTyHHbIX U C MEHbIM MMOKPBITUEM [I0BEPXHOCTAX.
JAna nocaeaHnx pe3y ibTaThl HAXOAATCH B MPeaeidx 3KCNEPHMEHTANIbHON NOTPEHOCTH M corJia-
CYIOTCs ¢ KO3GhHULIMEHTAMK TerIonepesoca /s napa npy KanenbHol koHaeHncauud. Bee akenepu-
MEHTbI NPOBOAUNHCH NPH JaBIeHHsAX BiIN3KkKX K aTMochepHoMy. KONMYECTBO HEKOHAECHCHPYHOLIETOCS
rasa B nape ObI1O CBEAEHO A0 MUHUMYMa NYTEM NPEABapuTe/ibHOTO Harpepa, a BO3MOXKHOE BUSHHE
OCTATOYHBIX C.ICA0B ra3a YCTPaHSIOCH MOMNEPEYHbIM NMOTOKOM Mapa B KOHAEHCATOpHOH TpyOxe.
Bocnpou3BoaMMOCTh SKCNEPUMEHTOB B pasHble IHM Obina xopouwed. Habnonanoce yaosnersopu-
TeIbHOE COOTBETCTBME MEXK,1y 3HAYEHMAMM CKOpPOCTH NMEpeHOca Tenja, ONpeleneHHBIMU [0 Mac-
COBOMY DPACX0iy ral3a M yBEIWYEHHIO TeMfIepaTypbl OXJIaAMTENd, H ONPENE/ICHHBIMH 10 CKOPOCTH
KOH/ICHCALIMH.



