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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
A, cross-sectional area of test condenser
chamber;
cp,  isobaric specific heat-capacity of coolant

(secondary condenser);
hg,  specific enthalpy of vapour-liquid phase

change;
m, coolant mass flow rate (secondary
condenser);
0, heat flux (test condenser);
T,, vapour temperature;
Vg, specific volume of ‘saturated’ vapour;
o, vapour-to-surface (stainless steel)

heat-transfer coefficient;

AT,  vapour-to-surface (stainless steel)
temperature difference;
AT,, 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 [1].
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 [1], 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 [1]), 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-

mocOinia nncifinn factimatord alanag tha limac gruvan
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
0.65K.

After out-gassing the apparatus and admitting
mercury under vacuum as described in L‘J’ 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 Lcuxpuauiu:b 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 mcpAT v, /he A (ie. as-
suming the vapour to be ‘saturated’). The values
ranged from about 4 m/s at the highest vapour tem-
perature to about 60 m/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 AT vs @ 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 of vapour
specific volume). At the highest vapour temperature
the value of a with vapour cross flow exceeds that for
zero cross flow by a factor of around 10. These results
iltustrate 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 filmwise
condensation measurements [ 1] where, when using a
well out-gassed apparatus, vapour 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 er al.
reported that the values of x fell with decreasing Q, for
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. 1b).]

It may be seen form Fig. 3 that, at the lowest vapour
temperatures, the present heat-transfer coefficients are
smaller than those reported by Ivanovskili et al.
whereas the reverse is true at the higher vapour
temperatures. Even though the present values of «. at
the high vapour temperatures exceed those of Ivanov-
skii by a factor of about 3, this might easily be
attributable to systematic experimental error [result-
ing from (i) uncertainties in the thermocouple po-
sitions, (i1} 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 et al.

The earlier data of Misra and Bonilla [5] and of
Gelman [6] do not, in general, agree with the present
results. Misra and Bonilla report that for temperatures
less than 260°C, their values of x ranged from about 80
to about 450kW/m? K. They do not report any
systematic trend with variation of 7' 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 20-25 kW/m* K,
i.e. much lower than those found in the present work
and suggesting that « decreased with increasing 7,
rather than increased as found in the present work and
[4]. Such a fall in « at 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 1. Variation of vapour-to-surface temperature difference with heat flux; (a) without cross flow, (b) with cross flow.
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Fig. 2. Variation of mean heat-transfer coefficient with vapour temperature.
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Fig. 3. Variation of mean heat-transfer coefficient with vapour temperature. Comparison of present results with those of [4]
and with film condensation measurements [ 1].

non-condensing gas content, both suggest that signi-
ficant amounts of non-condensing gas were present in
the tests with supposedly pure vapour.

Film condensation measurements [1] are also
shown in Fig. 3. It may be seen that at the lower vapour
temperatures the dropwise and filmwise values of a are

of similar magnitude. At the higher vapour tempera-
tures the present dropwise values and those of Ivanov-
skii et al. [4] exceed the filmwise values by factors of
about 5 and 2 respectively. The fact that the dropwise
to filmwise heat-transfer coefficient ratio is much
smaller for mercury than for water is due to the high
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thermal conductivity of the condensate which, in the
case of mercury, gives high heat-transfer coefficients
even for film condensation.

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.

CONCLUDING REMARKS

The results of Ivanovskii et al. [4], together with
those of the present work, constitute the most reliable
data at present available for dropwise condensation of
mercury. It was shown earlier [ 7] that the measure-
ments of Ivanovskii et al. 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
with theory will be deferred until the new results are
available.
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MESURE DE TRANSFERT THERMIQUE PENDANT
LA CONDENSATION EN GOUTTES DU MERCURE

Résumé—On décrit les mesures de la différence de température entre vapeur et surface de condensation
et de flux thermique, pour différentes pressions de vapeur, lors de la condensation en gouttes du mercure
sur une surface plane et verticale. Le condenseur est un bloc de cuivre de 45mm d’épaisseur. Une
plaque d’acier inoxydable est liée au bloc (par une technique qui assure une résistance thermique trés
faible a lPinterface) et usinée jusqu'a une épaisseur de 0,25mm. Des thermocouples disposés avec
précision dans Pépaisseur du bloc de cuivre servent a la mesure, par extrapolation, de la température de
Iinterface cuivre-acier, a mi-hauteur de la plaque. Le flux de chaleur et par suite la température de la
surface de condensation sont déterminés a partir du gradient de température dans le bloc. On élimine
des erreurs dues a la présence de gaz incondensables par balayage de la vapeur descendant verticalement
sur la surface. On a démontré la forte influence des gaz incondensables résultant du dégazage des parois
de l'appareil aux températures les plus élevées, en I'absence de balayage. Le coefficient de transfert de
chaleur du c¢6té de la vapeur augmente avec la pression de vapeur mais il est indépendant du flux
thermique pour une pression de vapeur donnée. Les résultats s’accordent bien avec ceux des travaux
les plus récents.

WARMEUBERGANGSMESSUNGEN BEI DER TROPFENKONDENSATION
VON QUECKSILBER

Zusammenfassung - Es wird iber Messungen des Warmestroms und der Temperaturdifferenz zwischen
Dampf und Kondensationsoberfliche bei verschiedenen Dampfdriicken bei Tropfenkondensation von
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 aufl die
dampfseitige Fliche dieses Blockes aufgebracht (mit einer, einen geringen Kontaktwiderstand hervor-
rufenden Technik). Mit genau plazierten Thermoelementen im Kupferblock wurde extrapolativ die
Temperatur der Grenzfliche zwischen Stahl und Kupfer ermittelt. Der Wéarmestrom und die Temperatur
der Kondensationsoberfliche wurde tiber den Temperaturgradienten im Kupferblock bestimmt. Fehler
infolge des Vorhandenseins nicht kondensierbarer Gase wurden durch eine vertikal nach unten
gerichtete Kreuzstromfiihrung des Dampfes eliminiert. Der starke Einflu nicht kondensierbarer Gase.
bedingt durch das Ausgasen der Apparatewinde bei hoherer Temperatur, ohne diese Kreuzstrom-
filhrung wird aufgezeigt. Der dampfseitige Wirmeiibergangskoeffizient nahm mit zunehmendem Dampf-
druck zu, war jedoch bei gegebenem Dampfdruck im wesentlichen unabhingig vom Wirmestrom. Die
Ergebnisse stimmen gut mit kiirzlich veroffentlichten Untersuchungen iiberein.

U3MEPEHUE XAPAKTEPHCTHUK TEIUIONIEPEHOCA ITPY KATIEJIBHOMA
KOHOEHCAIIMN PTYTH

Annoramas — Coobmaercs 0 pe3ynbTaTax M3MEDEHHsl Pa3HOCTH TeMIEpaTyp Mapa M MOBEPXHOCTH
KOH/IEHCAIAK, @ TakKe TEIUIOBOTO IIOTOKA NpPH DAa3lMYHbIX JABICHUAX [apa B CllyYae KanesbHOH
KOHIEHCAIRY PTYTH HA IUIOCKOM BEPTHKAJIbHOH NMOBEPXHOCTH. DKCHEPHMEHTANILHBIM KOHJEHCATO-
POM CITYXKHI MEHbIH 610K ToMuEHOH B 45 MM. IlnacTHHKa H3 HepxXaperomelf CTaim OPUCOENHHS -
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71ach K 670Ky €O CTOPOHSBI Napa (C HCIONMB30BaHUEM METOIMKH, obecneuuBalomieli HA3KOE TEIIOBOE
COTPOTHRIICHHE OBEPXHOCTH pa3jieia) B 3a/enbisanack Ha rnybuny 0,25 mm. TepMonapsr, BMOHTH-
poOBaHHbIe B MeIHLI GJIOK, MO3BOJIAIA ONPECHATh MyTeM 3KCTPANOJsIMA TEMOEPATypy HOBEpX-
HOCTH pa3jena Melb-CTalib NocepeuHe IuacTunsl. TEIoBoi MOTOK, a CIe0BaTeNIbHO, TeMNEpaTypa
[OBEPXHOCTH KOHACHCAILIMA ONpPEIeNANNCh W3 BEJIMYMHLI TEMIEPATYPHOIO rpajlieHTa B GJIOKE.
Ommnbxu, OOYCNOBNEHHBIC HANMMHMEM HEKOHIICHCHDYIOIIMXCS ra30B, HCKIIOYANHCH Onaromaps
NONEepeYHOMY IIOTOKY napa. IlokazaHO 3HAYHTENBHOE BIMSHHE HEKOHACHCHDYIOLIMXCS Ia30B,
BO3HHKAIONMX B pe3yibTaTe «ra30BLIIENEHHA» CTEHOK 3KCIIEPHMEHTANBHOIO YCTpOUCTBA NpH
BBICOKHX TENMMEpaTypax, B Clly4ae OTCYTCTBMS momepedHoro notoka. Ha#neno, uto xoadpuuuent
TeriooOMeHa IUTA mapa YBENHYHBAETCA ¢ POCTOM LABJICHHUs Mapa M He 3aBHCHT OT BEJIMYMHBI TEM0-
BOTO MOTOKA OpM NaHHOM AaBiieHHMM napa. IlomydeHHBIE pe3yNbTATH XOPOILIO COTMACYIOTCH C AaH-
HbIMH GONBIIAHCTBA 60Jiee paHHKMX MCCNENOBAHHAMN.
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