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Abstract-Measurements of vapour-to-condensing surface temperature difference and heat flux, for various 
vapour pressures, during dropwise condensation of mercury on a plane vertical surface are reported. The test 
condenser was a copper block of thickness 45 mm. A stainless steel plate was bonded (using a technique 
which gave low thermal interface resistance) to the vapour-side of the block and machined to a thickness of 
0.25 mm. Thermocouples accurately located and spaced through the copper block served to measure, by 
extrapolation, the copper-steel interface temperature at the mid-height of the plate. The heat flux and hence 
the temperature of the stainless steel condensing surface were found from the temperature gradient in the 
block. Errors due to the presence of non-condensing gases were eliminated by vapour cross flow, vertically 
downwards over the condensing surface. The strong effect of non-condensing gases, resulting from ‘out- 
gassing’ of the walls of the apparatus at the higher temperatures, in the absence of cross flow, was 
demonstrated. The vapour-side heat-transfer coefficient was found to increase with increasing vapour 
pressure but was essentially independent of heat flux at a given vapour pressure. The results are in fair 

agreement with those of the most recent earlier investigation. 

NOMENCLATURE 

cross-sectional area of test condenser 
chamber; 
isobaric specific heat-capacity of coolant 
(secondary condenser); 
specific enthalpy of vapour-liquid phase 
change; 
coolant mass flow rate (secondary 
condenser); 
heat flux (test condenser); 
vapour temperature; 
specific volume of ‘saturated’ vapour; 
vapour-to-surface (stainless steel) 
heat-transfer coefficient ; 
vapour-to-surface (stainless steel) 
temperature difference; 
temperature increase of coolant (secondary 
condenser). 

INTRODUCTION 

FEW HEAT-TRANSFER measurements have so far been 
made for dropwise condensation of mercury. There are 
wide discrepancies between such data as exist. The 
present work was undertaken in order to resolve these 
differences and to provide reliable results for com- 
parison with theories of dropwise condensation, which 
to date are based almost entirely on measurements for 
steam. 

APPARATUS 

The stainless steel test loop, comprising boiler, test 
condenser and secondary condenser, was basically as 
used in earlier film condensation measurements [l]. 
The vapour flowed downwards over the vertical plane 
stainless steel surface of the test condenser. Cross flow 
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was generated by the secondary condenser situated 
below the test condenser. A vent tube, which passed via 
a liquid nitrogen ‘cold trap’ to a vacuum pump, was 
located near the base of the secondary condenser. The 
condensate from both test condenser and secondary 
condenser was returned by gravity to the boiler. 

The copper test condenser block (thickness 45 mm, 
condensing surface 40 mm square) was constructed as 
described earlier [l], so that five thermocouple holes 
(0.3 mm square) passed through the block from side to 
side, parallel to and at different distances from, the 
condensing surface, in the mid-height horizontal 
plane. Butt-welded thermocouples were placed in the 
holes so that the junctions were located in the central 
vertical plane of the block. 

In order to obtain dropwise condensation, a stain- 
less steel plate was bonded to the condensing side 
of the copper block and machined to a thickness 
of 0.25mm. A joint of low thermal resistance was 
achieved by the technique of ‘silver-copper eutectic 
diffusion bonding’. The surfaces were made accurately 
flat. The copper surface was silver plated and the 
stainless steel surface was copper plated, each to a 
thickness of 0.025 mm, before being clamped together 
in a vacuum furnace at temperature of 800°C for 
30 min. 

The heat flux was found from the temperature 
gradient in the block. The temperature at the 
copper-steel interface was found by extrapolation and 
the condensing surface temperature obtained by add- 
ing the calculated temperature difference across the 
steel plate. 

So as to reduce the velocity-induced temperature 
non-uniformities in the vapour (see [I]), the secondary 
condenser was modified and the cross section of the 
test condenser chamber was increased. 

Full details of the apparatus are given in [2]. 
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OBSERVATIONS 

Unfortunately the block was incorrectly assembled 
so that the thermocouples were remote from the 
condensing surface, leading to increased uncertainty in 
the extrapolated surface temperature. However, owing 
to the smallness of the holes and of the precision with 
which they were located, this was less serious than 
would otherwise have been the case. The possible 
systematic error resulting from uncertainty of ther- 

mocouple position (estimated along the lines given by 

Wilcox and Rohsenow [3]) is proportional to the heat 
flux, and for the present results ranged from 0.02 to 
0.65 K. 

After out-gassing the apparatus and admitting 
mercury under vacuum as described in [l], it was 
discovered that the pressure had risen significantly 

overnight owing to a fault in the seat of the valve 
between the test loop and the vacuum pump. It was 
considered however that the vapour cross flow over 
the test condenser and venting from the secondary 
condenser would be adequate to eliminate the effects of 
out-gassing during operation. Tests were also carried 
out without cross flow so as to assess the effects of out- 

gassing on the results under these conditions. 
Observations were made at vapour temperatures of 

105, 139, 179, 219 and 258°C using several different 

coolant flow rates at each vapour temperature. When 
the coolant flow rate was changed, the power input to 
the boiler was adjusted so as to maintain the desired 
vapour temperature. Sets of measurements were taken 

both with and without operation of the secondary 
condenser. When using the secondary condenser, its 
coolant mass flow rate and temperature increase were 
observed and the downstream (of the test condenser) 
vapour velocity estimated by ic,AT,u$h,,A (i.e. as- 
suming the vapour to be ‘saturated’). The values 
ranged from about 4 m/s at the highest vapour tem- 
perature to about 60m/s at the lowest vapour tem- 

perature. 
The appearance of the test condenser surface was 

that of ideal dropwise condensation throughout all 

tests. 

RESULTS 

The results obtained with and without operation of 
the secondary condenser are shown in Fig. 1. It is 

apparent that, in general, the graphs of ATvs Q are 
adequately represented by straight lines through the 
origin, indicating that the heat-transfer coefficient is 
essentially constant for a given vapour temperature. 

Figure 2 shows the dependence of the mean heat- 
transfer coefficient on vapour temperature. It may be 
seen that, at the lower temperatures, vapour cross flow 
had little effect on the heat-transfer coefficient despite 
the fact that, at these temperatures, cross-flow velo- 
cities were the highest (due to the high values ofvapour 
specific volume). At the highest vapour temperature 
the value of C( with vapour cross flow exceeds that for 
zero cross flow by a factor of around 10. These results 
illustrate clearly the strong effect of non-condensing 
gases arising from out-gassing of the walls of the 

apparatus. At the lowest vapour temperatures where 
out-gassing is small, relatively high vapour velocities 
had little effect on the heat-transfer coefficient while at 

the higher temperatures where out-gassing is greater. 
relatively low cross-flow velocities had a strong effect 
on the heat-transfer coefficient. 

These results may be compared with earlier hlmwise 
condensation measurements [I] where, when using a 
well out-gassed apparatus. vwpour velocity was found 
to have little or no effect on the heat-transfer coef- 
ficient. 

In Fig. 3 the present results (with vapour cross flow) 
are compared with those of Ivanovskii et al. [4], who 
also found that the heat-transfer coefficient was, for a 
given vapour temperature. essentially independent of 
heat-flux. [It may be noted that Ivanovskii r~ ii/. 
reported that the values of x fell with decreasing Q. Tot 
values of AT below about 2 K. Evidence of a fall in x at 
low values of AT is also seen in the present results for 

the three highest temperatures (see Fig. 1 b).] 
It may be seen form Fig. 3 that, at the lowest vapoui- 

temperatures, the present heat-transfer coefficients are 
smaller than those reported by Ivanovskii (‘t al.. 
whereas the reverse is true iit the higher vapour 
temperatures. Even though the present values of x. at 

the high vapour temperatures exceed those of Ivanov- 
skii by a factor of about 3, this might easil! be 

attributable to systematic experimental error [result- 
ing from (i) uncertainties in the thermocouple po- 
sitions, (ii) uncertainty in the value of the thermal 
conductivity of the stainless steel or (iii) possible 
significant resistance at the copper steel interface] in 
one or other or both investigations, since the vapour- 
to-surface temperature differences at the high vapour 
temperatures were very small (1 3 K). The discrepan- 
cies at the low vapour temperatures (where the present 
values of AT lay in the approximate range 6--60 K ) are 
more significant. The above notwithstanding. it is 

apparent that the present results are in broad agree- 
ment with those of Ivanovskii ct CL/. 

The earlier data of Misra and Bonilla [S] and ot 
Gelman [6] do not, in general, agree with the present 
results. Misra and Bonilla report that for temperatures 
less than 26O”c‘, their values of x ranged from about 80 
to about 450 kW/m’ K. They do not report any 
systematic trend with variation of T,. ‘This range of 

values is broadly in line with the present results. For 
vapour temperatures exceeding 260-C the heat- 
transfer coefficients reported by Misra and Bonilla 
varied in the approximate range of XI- 25 kW;m2 K, 
i.e. much lower than those found in the present work 
and suggesting that r decreased with increasing T, 
rather than increased as found in the present work and 

[4]. Such a fall in a ;it high values of vapour 
temperature suggests that the results were affected by 
non-condensing gases arising from out-gassing of the 

walls of the apparatus. 
Gelman [6] obtained heat-transfer coefficients rang- 

ing from values similar to those of [4] down to values 
lower by factors of 30 to 40. The strong dependence on 
vapour velocity and apparently weak dependence on 
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Fig. 2. Variation of mean heat-transfer coefficient with vapour temperature. 

ro*- 
+ t +t 

=t 
+ 

;; o+ + l 

“E 
. 4 

++ l 

z 
0 

2 toa: + 06 

0 pant result* twtn crou ffwf 

-k + ref. [4] 

-0 
0 film ca_h [\1 

i0’ I i 1 I I I I ! I 
100 120 140 f(io 160 200 220 240 260 260 xx) 

iv . Y 

Fig. 3. Variation of mean heat-transfer coefficient with vapour temperature. Comparison of present results with those of [4) 
and with film condensation measurements [l]. 

non-condensing gas content, both suggest that signi- of similar magnitude. At the higher vapour tempera- 
ficant amounts of non-condensing gas were present in tures the present dropwise values and those of Ivanov- 
the tests with supposedly pure vapour. 

Film condensation measurements [I] are also 
skii et al. [4] exceed the filmwise values by factors of 
about 5 and 2 respectively. The fact that the dropwise 

shown in Fig. 3. It may be seen that at the lower vapour to filmwise heat-transfer coehicient ratio is much 
temperatures the dropwise and filmwise values of a are smaller for mercury than for water is due to the high 
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thermal conductivity of the condensate which, m the 
case of mercury, gives high heat-transfer coefficients 
even for film condensation. I. 

The fact that the heat-transfer coefficient increases 
with vapour temperature for dropwise and filmwise ‘. 
condensation is due to the significant role played by 
the vapour-liquid interface resistance in both cases. 3, 

CONCLUDING REMARKS 

The results of Ivanovskii er a(. [4], together with 
those of the present work, constitute the most reliable 4. 
data at present available for dropwise condensation of 
mercury. It was shown earlier [7] that the measure- 5, 
ments of Ivanovskii et UI. were in fair agreement with 

theory. New and more accurate measurements, using a 
new test condenser block and a well-outgassed ap- 
paratus, are planned. Further detailed comparison 6. 

with theory will be deferred until the new results are 7, 
available. 
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MESURE DE TRANSFERT THERMIQUE PENDANT 
LA CONDENSATION EN GOUTTES DU MERCURE 

RBsumB-On decrit les mesures de la difference de temperature entre vapeur et surface de condensation 
et de flux thermique, pour differentes pressions de vapeur, lors de la condensation en gouttes du mercur’e 
sur une surface plane et verticale. Le condenseur est un bloc de cuivre de 45mm d’epaisseur. Une 
plaque d’acier inoxydable est Ii& au bloc (par une technique qui assure une resistance thermique tres 
faible a I’interface) et usi& jusqu’a une epaisseur de 0,25mm. Des thermocouples disposes avec 
precision dans I’epaisseur du bloc de cuivre servent h la mesure, par extrapolation, de la temperature de 
I’interface cuivre-acier, a mi-hauteur de la plaque. Le flux de chaleur et par suite la temperature de la 
surface de condensation sont determines b partir du gradient de temperature dans le bloc. On elimine 
des erreurs dues a la presence de gaz incondensables par balayage de la vapeur descendant verticalement 
sur la surface. On a dtmontre la forte influence des gaz incondensables resultant du digazage des parois 
de l’appareil aux temperatures les plus elevees, en l’absence de balayage. Le coefficient de transfert de 
chaleur du coti: de la vapeur augmente avec la pression de vapeur mais il est indtpendant du flux 
thermique pour une pression de vapeur donnee. Les rbultats s’accordent bien avec ceux des travauz 

les plus r&cents. 

WARMEUBERGANGSMESSUNGEN BE1 DER TROPFENKONDENSATION 
VON QUECKSILBER 

Zusammenfassung--Es wird iiber Messungen des Wlrmestroms und der Temperaturditrerenz zwischen 
Dampf und Kondensationsoberflache bei verschiedenen Dampfdriicken bei Tropfenkondensation van 
Quecksilber an einer ebenen vertikalen Wand berichtet. Der Versuchskondensator bestand aus einem 
Kupferblock mit 45mm Dicke. Eine 0,25mm dicke Plattierung aus rostfreiem Stahl wurde auf die 
dampfseitige Fllche dieses Blockes aufgebracht (mit einer, einen geringen Kontaktwiderstand hervor- 
rufenden Technik). Mit genau plazierten Thermoelementen im Kupferblock wurde extrapolativ die 
Temperatur der Grenzfliiche zwischen Stahl und Kupfer ermittelt. Der Warmestrom und die Temperatut 
der Kondensationsoberflache wurde iiber den Temperaturgradienten im Kupferblock bestimmt. Fehler 
infolge des Vorhandenseins nicht kondensierbarer Gase wurden durch eine vertikal nach unten 
gerichtete Kreuzstromfijhrung des Dampfes eliminiert. Der starke EinfluB nicht kondensierbarer Gase. 
bedingt durch das Ausgasen der Apparatewande bei hiiherer Temperatur, ohne diese Kreuzstrom- 
fuhrung wird aufgezeigt. Der dampfseitige Warmetibergangskoeffizient nahm mit zunehmendem Dampf- 
druck zu, war jedoch bei gegebenem Dampfdruck im wesentlichen unabhangig vom Warmestrom. Die 

Ergebnisse stimmen gut mit ktirzlich veriiffentlichten Untersuchungen iiberein. 

M3MEPEHHE XAPAKTEPHCTHK TEHJIOHEPEHOCA HPH KAHEJIbHOH 
KOHAEHCAHHH PTYTH 

AmnoTaqnn - CooGmaeTcn o peaynbrarax si3Mepermx paanocrri TeMnepaTyp napa a nosepxaocru 
xorrnencanmi, a Tamue rennonoro nororca npa pasmmwrx nannennnx napa n cnygae xanenbnoir 
KOHneHCZ,mH PTyTH Ha l-UIOCK0i-i BepTElKE3J,bHOZi IIOBepXHOCTH. ~KCnepEMeHTiWbHblM KOH&eHCaTO- 

POM cnymEiJI MeAHbtZt 6no~ TO,EtI,KHOti B 45 MM. HnacTurrxa R3 aepxatx5txuefi CTaJrH IIpncoeJlHHrr- 
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nacb K 6110~~ co cTopoHbr rrapa (c mxonb30BamieM MeTonmoi, 06ecrre~romeR II83~oe TermoBoe 

corrpo~sne~euoBepx~ocTIi pa3AeJIa)~3aAeJIbIBanacbriamy6HHy0,25 ~~~%.T~~MOII~~~I,BMOHT%~- 

poBaHHbIe B MemabIP BJIOK, 1103~on5u1~ 0npeAennTb nyTeh4 ~XCT~~IIO~ISIIV~E TerdnepaTypy noaepx- 

~o~~~pa3A~a~eLtb_cTa~nOCepe~ennacT~I.Tennoao~n0~0~,acneAoBa~~o,Te~nepaTypa 

~oB~~~HOCTE~XOHA~HC~I~HHOII~~A~JUU~KC~H~ BeJIEiYHHbITeMIIepaTypHOrO rpaAEeHTaB 6noKe. 
O~H~KH, 06ycnosneHHbIe HaJUiYKeM HeKOHAeHcIipyIoIQExcr ra3oB, EcKJnoYaJIHcb 6naroAaprr 

nonepewiobfy noToxy napa. nOXa3ruIO 3HaYETeJIbHOe BJJBKHEie HeKOELAeHClipyIOJQHxC~ ra30B, 

BO3IiHKBIOIL@iX B pe3yJIbTaTe Wa3OBbIAeJIeH~I,~ CTeHOK 3XClIepHMeHTaJIbHOrO yCTpOztCTBa IIpEi 

BbIcoKzix TenMepaTypax, B cnyrae OTC~TFBHSI nonepeYIior0 rIoToxa. HaaAeHO, YTO x03@$iwieHT 

Tennoo6~eHa~Kuapa~enuYwBaeTcrrcp0cT0~AaaneHwanapa~He3aBwcuTo~BenuY~HbI Tenno- 
BOrO tIOT0KZ-i IIpEi AaIiHOM AaBJIeHKH IIapa. nOJIyYeIiHbIe p3yJIbTaTbI XOpOILIO COrJIaCyIoTCK C AaH- 

IibIME 6onbmaacTBa 6oneepa~~ux~CCneAOBa~~~. 
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