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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 w. After tube-wall resistances (based on uniform radial conduction) had been 
subtracted, the overall heat-transfer coefficients 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 [l] 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. 

NOMENCLATURE the wall thickness. It was suggested that this de- 

CP, isobaric specific heat capacity of coolant; pendence was due to the thermal properties of the 

d 

d;,’ 
outside diameter of tube ; tube material along the lines of a theoretical treatment 

inside diameter of tube; [2], which considered the heat-transfer resistance 

k, thermal conductivity of coolant; arising from the non-uniformity of heat flux near the 

kt, thermal conductivity of tube; condensing surface. In contrast, direct measurements, 

Nu, ad,/k ; using copper and copper-plated (12 ~.un) steel surfaces 

Pr, pcdk ; [3], indicated that the vapour-side coefficients for the 

Qit heat flux at inside surface; two materials were essentially the same. An important 

Qw heat flux at outside surface; difference between these investigations is that in [3] 

R, T-T d, U_kln $ ; 
0 

the .s~rfaces were both copper, whereas in [I] the tubes 
were not copper plated. 

Qo t 1 The present work was undertaken to test the 

Re, UPdilP ; hypothesis that the differences in results for different 

T,> (T,,t+ 7i’,)/2; materials (as found in [l]) are due to differences in 

Ti, tube wall inside temperature; promoter effectiveness on the different surfaces rather 

L coolant inlet temperature; than to differences in the thermal properties of the 
T 0°C) coolant outlet temperature; materials. 

T,, vapour temperature ; There have been earlier reports of significant de- 
u, coolant velocity; pcndence of heat-transfer coefficients on condenser 
a, Qi/Vi-T,); material [4,5]. As suggested in [3], these may be 
K viscosity of coolant at T, ; attributable either to systematic error in measurement 

Pi> viscosity of coolant at q; of the surface temperature or to promoter ineffective- 
P, density of coolant. ness on certain surfaces. Moreover, as pointed out in 

[3], the vapour-side coefficients for dropwise conden- 
INTRODUCTION 

THIS work was prompted by a recent report [l] that, 
sation of steam on teflon [6,7] were essentially the 
same as those for copper surfaces. 

for dropwise condensation of steam on tubes of different 
materials, the vapour-side heat-transfer coefficient 

Very recently further theoretical [8] and experi- 
mental [9] work, indicating a dependence of heat- 

(based on overall heat-transfer measurements) de- transfer coefficient on the thermal conductivity of the 
pended strongly on the tube material as well as on condensing surface material, have been reported. In 
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[9] it was found that the coefficient for stainless steel by thermocouples located in narrow bore copper :ubes. 
was lower than that for copper by a factor of about Care was taken to ensure adequate isothermal immer- 
2.4. Different surface temperature measurement tech- sion of the leads. The calibration of the thermocouples. 
niques were used in [9] for the copper and stainless wiring of the leads and precautrons taken ?o avotti 
steel surfaces; that for the latter was extremely elabo- errors in the thermo-electric mcasurcments were thr, 
rate (a film resistance thermometer being separated same as those described in [lo]. The thermo-zlcctric 
from the base material and the gold vapour-side c.m.f.‘s were measured by a digital loltmrtcr rcadinr 

surface by very thin layers of insulating material). to 1 pv. 

APPARATUS AND PROCEDURE 

Referring to Fig. 1, steam, generated from distilled 
water in a small electrically-heated boiler (maximum 

power lOkW), flowed over the horizontal condenser 

tube (nominal outside diameter 13mm, exposed length 

Condenser tube 

Glass section for 
inspection of 
condenser tube 

\ 

\ 

\ 

Copper. brass. aluminium and stainless steel LXX- 

denser tubes were used. Each tube was thoroughi! 
cleaned with metal polish followed by acetone bcforc 
inserting. via O-ring seals. into the test section. The 

downstream end of the condenser section could bc 
removed to permit the temporary insertion of :i trough 

‘X’- Position of thermocouple Dockets 

Boiler FIN;. I. Apparatus. 

i To drain 

108mm) 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 

which encircled the condenser tube. The tube was 
promoted in situ by filling the trough with a I”,, 

solution of dioctadecyl 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 1 urn 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 

I 00 2.00 3 .oo 400 5DO 600 

“1 m/s 

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 ouerall’heat- 
transfer coefficient with dropwise condensation ex- 
ceeds that with filmwise condensation by a factor of 

1 

4 
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140, 
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FIG. 2. Dependence of heat flux on coolant velocity. Different symbols denote different test runs. f x * z, unplated tubes; 
0 0 A 0, 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: 

R= 

The values of k, used were 383,129,23 1 and 17 W/m K 
for the copper, brass, almninium 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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FIG. 3. Dependence ofc~mbined steam- and water-side resistance on coolant velocity. 0, copper: A, brass: i-, ~op~er-pl~~te~ 
brass; x , al~min~urn ; O_ copper-plated aluminium ;&, stainless steel: x. copper-plated slainless steel. 

tially the same. The relatively small differences are less about 150 kW/m’ K to about 300 kW/m” K. For the 
than those arising from uncertainties in the values of unplated aluminium and stainiess steel tubes values 
k, and may, to some extent, also be attributable to close to 10 kWjmZ K were found. 
variations in coolant inlet temperature and to the As a check on the above estimates. the ~~~pour-~i~~ 
effect of differences in coolant-side resistance resulting coefficient for each data set was regarded as constant 
from differences in inside wall temperature. (i.e. independent of heat flux) and the coolant-side 

In a separate investigation [I 1’~ using the same heat transfer represented by: 
apparatus, but with thermocouples fitted in the tube 
wall, it was established that the coolant-side heat /Vu = CRe*,LIPl.’ i(/“.j’;)” I4 i?l 

transfer could be very precisely represented by Then, for each data set, the vapour-side coeticient :md 
NM = 0.03Re0.8Pr’ J[kL;Jii)*.N 12) f were determined by minimizing the sum of the 

(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 
induction 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 

squares of the differences between the obser-ved and 
“predicted” overall temperature differences. Xn all cases 

C was found to be close to 0.03 and the vnpour-side 
coeffcients were close to those obtained previously. 

CONCLUSlOli 

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 overa coefficients for water-cooled 
tubes. 
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(k, N 380 W/mK): 
brass (k, N 130 W/m K) [present work]; 
Teflon (k, N 0.25 W/m K) [6,7]; 
copper-plated (N 9 urn) aluminium (k, N 230 W/m K) 
[present work] ; 
copper-plated (N 9 urn) stainless-steel 
(k, z 17 W/m K) [present work] ; 
copper-plated (1 12 pm) mild steel (k, 2 46 W/m K ) 
PI. 

As 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 

R&urn&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 presence de disulfure dioctadecyl. 
Une deuxieme strie de mesures est faite avec des tubes de laiton, d’aluminium et d’acier inoxydable 
recouverts d’une couche de 9+ 1 urn de cuivre. Apres soustraction des resistances de paroi (bastes sur la 
conduction radiale uniforme), les coefficients de transfert thermique pour tous les tubes sont pratiquement les 
memes mais beaucoup plus faibles pour ceux en aluminium et en acier inoxydable. Des differences rtcemment 
publites [1] pour divers materiaux sont dues plus a des differences entre efficacites de promoteurs qu’a des 
differences entre proprietes thermiques des materiaux. Une visualisation rtvele une condensation mixte ou en 
film pour l’aluminium et l’acier inoxydable et une condensation ideale 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 
rtsultats sont, dans la marge des erreurs experimentales, en accord avec les coefficients de transfert etablis 
pour la condensation en gouttes. Tous les essais sont men& a des pressions proches de la pression 
atmospherique. La presence de gaz incondensable est reduite par une tbullition prealable et des etlets 
possibles de traces de gaz elimines par une circulation for&e de vapeur sur les tubes du condenseur. Dans 
tous les cas, les mesures sont rep&es a des jours differents avec une excellente reproductibilitt. Les 
coefficients de transfert obtenus a partir du debit massique et de I’accroissement de la temperature du 

rifrigcrant sont en bon accord avec ceux obtenus par la mesure du debit du condensat. 

EINFLUSS DES ROHRMATERIALS IM KONDENSATOR AUF DEN 
WARMEUBERGANG BE1 DER TROPFENKONDENSATION VON DAMPF 

Zusammenfassung-Es wurden Warmedurchgangsmessungen mit kondensierendem Dampf an waagerech- 
ten Rahren aus Kupfer, Messing, Aluminium und rostfreiem Stahl durchgefuhrt. Als Arbeitsmittel wurde 
DioktadecylIDisulfid 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 gleicht&ige, radiale Warmeleitung, aus 
den Ergebnissen eliminiert war, ergaben sich nahezu gleiche Wlrmedurchgangskoefiienten fur die Rohre 
aus Kupfer, Messing, kupferbeschichtetem Messing, kupferbeschichtetem Aluminium und kupfer- 
beschichtetem Stahl. Die Warmedurchgangskoehizienten fur die unbeschichteten Aluminium- und Stahl- 
rohre waren bedeutend niedriger. Unterschiedliche Ergebnisse fur verschiedent Rohrmaterialien, wie sie vor 
kurzem in [l] berichtet wurden, sind wahrscheinlich mehr auf die Verbesserung des Wlrmelbergangs bei 
den verschiedenen Oberfllchen zurtickzufiihren als auf die thermischen Eigenschaften des Rohrmaterials. 
Versuchsbeobachtungen zeigten Misch- oder Filmkondensation an der Oberfllche bei Aluminium und 
rostfreiem Stahl und ausgeprlgte Tropfenkondensation bei Kupfer, Messing und kupferbeschichtetem 
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Material. FLII- die Rohre aus Kupfer. Messing und Kupferbeschlchtungen gab es mnerhalb de!- 
Mellgenauigkeit eme gute iSbereinstimmung mit hekannten WBrmeiibergangskoeffizienten fiir die Trop- 
fenkondensation van Dampf. Alle Messungen wurden etwa bei Atmosphirendruck durchgefiihrt. Der mcht 
kondensierbare Fremdgasanteil des Dampfes wurde durch Vorsieden verringert und mogliche Effekte van 
verbleibenden Gasspuren durch einen Dampfstrom iiber das Kondensatorrohr ausgeschaltet. In allen FHllen 
wurden die Messungen an verschiedenen Tagcn mit hervorragendcr Reproduzierbarkeit wiederholt. Der 
tibertragene Wirmestrom, berechnet aus Massenstrom und Temperaturanstieg des Kiihlmittels. war in 
gutel- Uhercinstimmung mit dem WSrmestrom. den man durch Messung des Kondensatstroms bestimmen 

BJ~MI;HME MATEPMAJIA KOH,QEHCATOPHOfi TPY6KM HA TEWIOFIEPEHOC 
FIPM KAnEAbHOR KOHLlEHCAlJMM nAPA 

~HOTaUHR-~3MepR,lcSl TennOO6MeH rlpM KOHLteHcaUHM napa Ha rOpM30HTanbHblX rpy6KaX, 

BblnOnHeHHblXM3 MeLtM. .'laTyHM,anbOMNHHfi H Hep~aBeEOtI,efi cTanll,aKTMBMpOBaHHblX IIMOKTane- 

UMIlbHblhl&4cyjlbt$~ilOM. BTopan CepM8 LlPMepeHMii "pOBOA,Mnacb "a Me,I,HblX,an%OMHHHeBblX )1 113 

Hep~aBeiOtttefi CTa:IM Tpy6KaX c HaHeCeHHblM Ha HHX CnOeM MenM TOJlLUMHOti DO ')im 1 M. Ecnrr 
BblYecTb COIlpOTMBF2HHe CTeHKM Tpy6KM (B IlpeLtIlOnO~eHHM PaBHOMepHOrO PaLtManbHOrO paC- 

npeZteneH!Ut). TO IlOnHble KOY&@&fUMeHTbl Ten,-lOO6MeHa OKa3blBaEOTCII nOqTM OIlHHaKOBbiMH IUR 

MeLtHbIX. .laTyHHblX, ,laTyHHblX c MeLlHblM IIOKpblTMeM, a,qK)MMHMeBb,X c MeflHblM lTOKpblTMt?hl M 113 

cTa_lM C hleIlHblM nOKpblIMeM TPy60K. K03t$&iUMeHTbl Te TennOO6MeHa ItfiR afltOMMHMeBblX M 

CTaulbHblX TPy60K 6e3 tlOKPblTM~6blnM'~Ha9MTe.'tbHO HMW(e. M3 IlOCJleIIHHX coo6luetiHii [I] CiieLIyeT, 

'IT0 pa3,lH'iHe B pe3y;lbTaTaX fl0 Tennoo6MeHy IIJIR ,,a3nHYHblX MarepHanoB ~py6OK 06bflCHneTCSI 

CKOpee pa3HOii 3@@eKTMBHOC~bFO aKTMBaTOpa, qeM Tenno&wwecKw.w cBoi2cTsarm iwarepsana, 

M3 KOTOpOrOC.lCnaHbl~p~6KPf. nyTihlBM3yanbHOrO Ha6nIoneHMnyCTaHOBneHOHanrrrMecMelLIaHHO~ 

tiUM rlneHOqHOfi KOH;leHCatlMti Ha IlOBe,IXHOCT5lXa:lloMMHMeBO~ M M3 HepxaBetoUeti CIaL;IM Tpy6OK M 

!,I,ea.lbHOii Ka,le,lbHOii KOH~eHCaUMM Ha %W,Hb,X.~aTyHHblX MCMenHblM nOK,,b,T,,eM rlOBepXHOCTRX. 

,$,n "OC,?eJHNX pe3y:lbTaTbl HaXOnRTCH B npeL,enax 3KCIlepHMeHTaJTbHOfi nOrpeUlHOCTi4 M COrna- 

CymTm c K03@+iuMeHTahli4 Tenuonepettoca nnn napa npr4 KanenbHoB KoHneHcauwi. Bee 3Kcnepw 

,MeHTblnpOBO;IMIIMCbllpM :,a~~;leHM~X6~1M3KMXKaTMOC~epHOMy.KOnMYeCTBOHeKOH~CHcMPy~ULCTOCII 

ra3a nnape6btnoCeeile~oilo~~~~~1~h~a nyreh4 npensap~TenbHoroHarpeBa,aB03MoxttoeBn~~HHe 

OCTaTOYHblX C:leLlOB ra3a yc~paHR;IOCh nOnepWHblM nOTOKOM napa B KOHIWHCaTOpHOfi Tpy6Ke. 

BOc~pOM3BODHMOCrb 3KcrlepMMetIlou B pa3Hble UHM 6blna XOpOtUei?. Ha6nlonanocb ynOBneTBOpM- 

Te;lbHoe cooTBeTuime ~ei~,ty 3tia~eHimMhf CK~~OCTM nepeHoca Tenna, 0npeneneHHblm no MaC- 

Cosovy pacxony ra3a H yfsenMveHMt0 Tei-mepa~ypbf oxnanmens, M 0npeneneHHbhw no CKO~~CTM 

KowteHcauMM. 


