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Abstract-The analogy between heat and mass transfer is applied to various systems, and the results of mass 
transfer tests on the evaporation of mercury vapour from amalgamated surfaces are compared with 
published data on heat transfer in systems where the mechanics of the processes are similar. Experimentally 
measured mass transfer rates from stationary and rotating cylinders in transverse air streams, and from 
rotating cylinders and stationary flat surfaces due to the action of an impinging jet of air, are related to 

the corresponding heat transfer process. 

NOMENCLATURE 

heat or mass transfer area; 
diameter; 
molar density of solution of mercury 
vapour and air; 
specific heat at constant pressure; 
diffusiv~ty of mercury vapour in air; 
heat transfer coefficient; 
thermal conductivity; 
mass transfer coefficient; 
partial pressure of mercury vapour; 
radius or radial distance; 
linear velocity; 
molar rate of addition of species A; 
mole fraction of species A in a given 
phase; 
thermal diffusivity; 
kinematic viscosity; 
rotational speed; 
fluid density; 
fluid viscosity; 
Nusselt number, hd/k; 
Schmidt number, v/D; 

Re, 
Rely 
Rep, 

Rej, 

Pr, 
JH' 
ID, 

Sherwood number, k,d/cD, based on 
the test cylinder diameter; 
Sherwood number based on the jet 
nozzle diameter; 
Reynolds number, vd/v; 
rotational Reynolds number, c&/v; 
Reynolds number based on main flow 
velocity and cylinder diameter; 
Reynolds number based on jet velocity 
and jet nozzle diameter; 
Prandtl number, c~/~; 
heat transfer j-factor, Nu Re- 1 Pr- *; 
mass transfer j-factor, Sh Re- l Pr-*. 

1. ~TRODU~ION 
PROBLEMS involving the estimation of convective 
heat and mass transfer rates from stationary 
and moving surfaces arise in connection with a 
wide range of industrial processes. The present 
experimental method, initiated by Maxwell 
and Storrow [ 11, eliminates difftculties associated 
with accurate measurement of heat transfer 
coefficients in systems where mathematical 
modelling becomes cumbersome or imprecise 

* NOW at Mechanical Engng Dept, Hendon College of due to the complex nature of the fluid flow 
Technology, London. patterns. 
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In the present study, rates of mass transfer of 
mercury evaporating from amalgamated surfaces 
were experimentally determined by means of a 
mercury detection meter [Z]. Using the Chilton- 
Colburn analogy [3] between heat and mass 
transfer, the results were then related to those 
in the corresponding heat transfer process. 

The mercury vapour technique of mass 
transfer analysis has the advantage that sur- 
faces of various shapes can be readily formed 
from the material used (copper insets in perspex), 
and that highly accurate measurements are 
possible due to the sensitivity of mercury 
detection meters. As’s means of predicting heat 
transfer rates, the method offers the further 
advantage of eliminating problems associated 
with accurate temperature measurement in 
analogous heat transfer tests. 

The analogy method requires, in addition to 
geometrical and bulk fluid flow similarity, 
correspondence of heat and mass transfer 
boundary conditions. For the mass transfer 
experiments performed, the boundary condi- 
tions comprised a constant mercury vapour 
pressure at the solid-fluid interface and negligible 
mercury vapour pressure in the incoming fluid. 
These conditions correspond to a constant 
surface temperature and fluid inlet temperature 
in the heat transfer case. 

The objects of the experiments were: 

The ability of amalgamated surfaces, with a 
copper or brass substrate, to retain a mercury 
Mm for a sufficient period of time was demon- 
strated in preliminary tests [4]. It is, however, 
vital that in the experiments the surface and 
fluid temperatures should be virtually identical 
to allow accurate determination of the saturated 
vapour pressure at the surface. As explained in 
the next section, this requirement was shown 
to be satisfied during the tests. (4 

@I 

to investigate the use of the mercury 
evaporation technique as a means of pre- 
dicting mass and heat transfer rates from 
stationary and rotating cylinders in cross 
flow and from rotating cylinders and sta- 
tionary flat surfaces due to the action of 
impinging jets ; 
to obtain transfer data applicable to rotating 
cylinders, and to a jet of fluid impinging on 
both stationary and moving surfaces, for 
use in an associated research project. 

Mercury vapaur meter 
mercury 
moname 

2. EXPERIMENTAL PROCEDURE 

The arrangement of the equipment used in the 
tests is shown in Fig. 1. Compressed air was 
passed from a receiver through a battery of 
parallel mounted Rotometers, thence through 
a calming section into the test section of the 
duct, and finally through a mixing section to 
exhaust into the atmosphere. The air flow rate 
was controlled by adjustment of valves at the 

FIG. 1. Schematic arrangement of evaporation test rig. 
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inlet to each Rotameter, to give a range of mean of mercury concentration measurement Prior 
test section velocity of between 06 and 6.5 ms- I. to test runs, readings were taken with a trans- 
The pressure of the air entering the Rotameters versing sampling probe to ensure that the 
was measured by a mercury manometer adjacent samples obtained in the tests were representative 
to the inlet manifold. Air temperatures were of the mercury concentration in the duct. 
measured by two mercury-in-glass thermo- As part of the preliminary testing, an investiga- 
meters mounted respectively upstream and tion of the comparative temperature of the test 
downstream of the test section and sufficiently surface and of the air stream was carried out. For 
remote from it to prevent disturbance of the air this investigation, a special specimen fitted with 
stream around the specimen. thermistors beneath the test surface was used, 

4in. 

Section through cylinder showing location Section through slip 
of two thermistors rmg ossembly 

FIG. 2. Arrangement of thermistors in a special test cylinder. 

Two specimens of identical dimensions were 
used at different times during each series of 
tests. One specimen had a copper test surface 
which was covered with a thin film of mercury 
during tests. The surface was cleansed with 
nitric acid and recoated with mercury before 
each test run. The second specimen had a 
lacquered surface and was used to obtain 
readings of zero mass transfer at the mercury 
vapour meter. A maximum duration of two 
minutes was allowed for each test run, pre- 
liminary work [4] having shown that no ap- 
preciable decay in the rate of mass transfer 
would occur during this period. 

The rate of mercury evaporation during the 
tests was evaluated by measurements of mercury 
evaporation in samples of air taken from the 
mixing section of the duct. The meter depended 
for its operation on the difference in the absorp- 
tion of ultra-violet radiation by the sample in 
question and by filtered mercury free air. It 
provided a highly sensitive and accurate means 

as shown in Fig. 2. No significant differences in 
temperature were found during the tests. 

The final series of experiments was designed 
to determine the effect on the mass transfer rate 
of a jet of air impinging normally onto the 
test surface. For these tests it was desirable to 
eliminate mass transfer due to the main air 
stream sweeping across the test surface; never- 
theless, a flow greater than that provided by 
the jet was needed for the mercury concentra- 
tion meter. The test section was accordingly 
modified by the addition of a perspex guard, 
mounted upstream of the test specimens, in- 
corporating bye-pass slots to direct the main 
air stream well clear of the specimens, see Fig. 3. 
The jet nozzle directed air from a separate 
supply onto the test surfaces. 

3. EVALUATION OF THE OVERALL MASS 

TRANSFER COEFFICIENT 

For mass transfer in a closed chant-d with 

known interfacial area and composition, 
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dY4 = k&A0 - xAb) + XAo(d WA -I- dw,) 

(3.1) 

where kxtm is the local mass transfer coefficient, 

‘A0 and XAb 
are the local cup-mixing mole 

fractions of the species A in the given phase, in 

FIG. 3. Sectional views through duct showing nozzle and 
guard. 

the element of area dA, and d WA and dWB are 
the elemental molar rates of addition of the 
species A into the species B, and of species B 
into species A, respectively [5]. 

For mass transfer between a submerged 
object and a surrounding fluid, mass transfer 
coefficients are reported for the entire surface 
area A. If the fluid concentration next to the 
surface is uniform, equation (3.1) is rewritten, 

WA = kxA(xAo - xAm ) + xAo(wa + w$ (3’2) 

in which xAm is the uniform composition of the 
fluid approaching the object. 

If mercury be species A and air is species B, 
the solubility of air in mercury may be neglected, 
so that W, = 0. Therefore, 

(3.3) 

k,=~xl-XAO~ 
A0 - 'Aa, 

(3.4) 

In computing xAo, ideal gas behaviour is 
assumed, i.e. the mole fraction xAo is propor- 
tional to the vapour pressure of mercury at the 
interphase temperature and pressure. If the 
operating pressure of the air within the closed 
channel remains at one atmosphere, and since 
the mercury concentration in the approaching 
air stream is negligible, from equation (3.4), 

(3.5) 

where p, is the vapour pressure of mercury 
expressed in atmospheres. 

4. THE CHILTON-COLBURN ANALOGY 

Chilton and Colburn [3] postulated the 
theory that the processes in which a material is 
transferred by diffusion are closely related to 
a heat transfer process, since the latter can be 
considered merely as the diffusion of hot 
molecules into a region of cold ones and a 
corresponding diffusion of cold molecules in 
the reverse direction. Through a method which 
has as its basis the Reynolds analogy between 
heat transfer and fluid friction, a correlation 
between j-factors, defined as 

j, = Nu Re-’ Pr-.’ Heat Transfer (4.1) 

and 

j, = Sh Re- ’ SC-+ Mass Transfer (4.2) 

is obtained of the form 

jH = jD = if. (4.3) 

The relationship agrees closely with the predic- 
tions of boundary layer theory for a flat plate, 
when Pr and SC exceed 05, but in flow over 
curved boundaries where form drag occurs, $f 
may exceed j, andj, considerably. However, the 
more limited empirical analogy, 

jN = j, = a function of Re, 

geometry and boundary conditions (4.4) or, 
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has proved useful for a number of flow situa- 
tions. Equation (4.4) is the usual form of the 
Chilton-Colburn analogy. 

5. PRESENTATION AND DISCUSSION OF 
RESULTS 

5.1 Stationary cylindrical surfaces 
The experimental results for mass transfer 

from stationary cylinders in a transverse air 
stream are shown in Fig. 4. in comparison with 

FIG. 4. Stationary plot ofj, versus Re. 

heat transfer data taken from Sherwood and 
Pigford [6] and McAdams [7] as representative 
of a large collection of data. Whilst the difference 
between the results and the heat transfer data 
is less than 2 per cent at Re = 104, a wider 
difference is indicated at the lower range of 
Reynolds number values up to a maximum of 
32 per cent at Re = 10’. 

Since the results of the mass transfer tests 
are here compared with heat transfer data for 
cylinders in a free stream, additional tests were 
conducted to determine the effect due to the 
constraints of the duct walls. The mass transfer 
rates from four cylinders of different diameter 
were measured and the results were collated 
in the form of Sherwood number versus the 
ratio of cylinder diameter to height of duct 
(d/h), for constant Reynolds number values. 
The effect of the proximity of the duct walls to 
the surface of the cylinders, at the lower air 

flow rates, is shown by the two curves in Fig. 5. 
For the extreme case of d/h = 0.25, the Sherwood 
number value is approximately 34 per cent 
above that for the corresponding free stream 
condition, obtained from the extrapolated value 

,4 ___--- 
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FIG. 5. Cylinders with transverse flow-effect of dimensions 
of duct on Sherwood number. 

at d/h = 0. The tests also showed that a pro- 
gressively smaller correction was required as 
the Re values increase. For air flow rates in 
excess of Re = 2 x 103, the effect of the duct 
wall constraints was minimal. 

5.2 Rotating cylinders 
A comparison between the averaged results, 

obtained by drawing the estimated best line 
through the plotted values, for tests on rotating 
cylinders and stationary cylinders in a trans- 
verse air stream is shown in Fig. 6. 

In similar tests on heat transfer from rotating 
cylinders, Bjorklund [8] found that his results 
can be correlated to within f 15 per cent by the 
equation Nu = 0=18[(2Re + Rea + Gr)Pr]0’315, 
which is based on Etemad’s [9] empirical 
method of correlation, valid up to lo9 of the 
bracketed group (2Ref + Rei + Gr) Pr. Bjork- 
lurid’s equation can be simplified for comparison 
by assuming that Pr = 1.0 for air and that 
Gr = 0 for isothermal boundary conditions. 
The derived relationship then becomes 

j, = 018Re;’ (2Ref + Reg)0’315. 

The curves of this relationship are shown 
plotted in Fig. 6, for values of Re, of 633 and 
5064. The difference between the derived rela- 
tionship and the results of the mass transfer 
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tests is 55 per cent at Re, = 10 and a maximum 
of 60 per cent at Re, = 104. It is significant to 
note, however, that the values of jN, for Rer = 
633, from the derived relationship are less than 
those for stationary cylinders for Re, > 103. 

----8jorklund [S] -Derived relationship 

1 

I- I 

0~0001 ’ “‘I’ll’ ’ “““” ’ “““” ’ “1 10 102 IO3 
ReF = vd/u 

FIG. 6. Averaged results of tests on rotating cylinders in a 
transverse air stream. 

The flow pattern that exists about a rotating 
cylinder placed in a transverse air stream is 
explained by Schlichting [lo]. On the upper 
side in the present tests, where the flow was 
opposite to the direction of movement of the 
cylinder wall, separation is developed only 
incompletely. On the lower side, where the 
flow and the cylinder move in the same direction, 
separation is completely eliminated. 

5.3 Impingment of jets on stationary and rotating 
cylinders 

The results of this particular series of tests 
proved to be far more satisfactory in respect of 
the degree of fluctuation of the mass transfer 
rate than other tests and, because the average 
temperature of the air stream varied by only 
three degrees C during the test period, an 

extremely good correlation of results is obtained 
on a basis of Shj vs. Rej. The results also tend 
to confirm the original assumption that the 
mass transfer rate is a function of the cross- 
sectional area of the jet nozzle, which value 
was used in the evaluation of Sh,. 

The effect on the mass transfer rate due to a 
variation in the distance from the jet orifice 
to the cylindrical surface is illustrated by 
Figs. 7 and 8. The results indicate that the mass 

Jet dio. 

Cyhnder 

0238cm 

5 

F 
n 

4 0 Jet orlflce to Cylinder I.905 cm 
G Jet onflce to cylinder I 270 cm 

3 ll Jet orlflce to cylinder 0635 cm 

P 

FIG. 7. Effect on Sherwood number due to a variation of 
distance from jet orifice to cylinder. 

transfer rate remains unaffected for distances 
of up to eight diameters of the jet nozzle, from 
a minima spacing of slightly less than three 
nozzle diameters. 

In tests to determine the effect on the mass 
transfer rate due to a variation in the rotational 
speed of the cylinders, the distance from the 
orifice to the cylindrical surfaces was kept at 
a constant eight nozzle diameters. The results 
are shown in Figs. 9 and 10. They indicate 
that the effect is negligible for rotational speeds 
of between 500 and 5000 rpm, and for average 
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FIG. 8. Effect on Sherwood number due to a variation of 
distance from jet orifice to cylinder. 

FIG. 10. Effect on Sherwood number due to a variation of 
rotational speed of test cylinder. 
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FIG. 9. Effect on Sherwood number due to a variation of 
rotational speed of test cylinder. 

Average test results 
5 
9- 

3- 

2- 

104 - 
1: 

:- 
5- 
4- 

3- 

c’ 2 
cr, - 

IO’ - 

!I 
5r 
4 

3 1 
,i: 

Id 2 3 4 5 6 7e9,04 2 3 4 5 6781 

4 
FIG. 11. Effect on Sherwood number due to a variation of 

ratio of nozzle diameter io test cylinder diameter. 



392 R. W. MAXWELL and K. L. NASH 

air jet velocities of between 1500 and 18750 
cm/s. 

The averaged results are shown in Fig. 11, 
which illustrates the effect on the Sherwood 
number values due to a variation in the ratio of 
jet diameter to test cylinder diameter (d/D). 

a mercury vapour detection meter capable of 
the accurate measurement of mercury concentra- 
tions to within one microgramme of mercury 
per cubic meter of air. Such an instrument would 
make possible the measurement of local mass 
transfer rates from extremely small amalga- 
mated surfaces of precise geometry. 

6. CONCLUSIONS 

The results of the experiment demonstrate 
that the mercury evaporation technique is a 
valuable method of determining mass transfer 
rates and predicting heat transfer data for 
similar systems. The mechanism of diffusion of 
mercury vapour into air has been shown to 
agree closely with established correlations of 
mass transfer data from a variety of different 
techniques, and the method can be used to 
predict heat transfer data from similar geo- 
metrical configurations and with constant sur- 
face temperature in the heat transfer situation. 
The sensitivity of the mercury detection meter 
is such that the survey of mass transfer of 
mercury from amalgamated surfaces is more 
versatile than other mass transfer techniques, 
and provides a powerful tool for fundamental 
studies. 
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TRANSFERT MASSIQUE PAR CONVECTION DEPUIS DES SURFACES STATIONNAIRES 
OU MOUVANTES AVEC UTILISATION D’UNE TECHNIOUE D’EVAPORATION DE 

MERCURE 

Rt%umC-L’analogie entre les transfer% thermiques et massiques est appliqute d diffkrents systemes et 
les rtsultats des essais de transfert massique sur I’tvaporation de mercure g partir de surfaces amalgamCes 
sont comparb B des rCsultats publib concernant le transfert thermique dans des syst&nes oi les mticanismes 
des processus sont similaires. Lea flux massiques mesur& ex~rimentalement ;i partir de cyiindres station- 
naires ou toumants dans de-s courants d’air transversaux, & partir de cylindres toumants et des surfaces 
planes stationnaires attaqu&s par un jet d’air sont relies au processus correspondant du transfert thermique. 

KONVEKTIVER STOFFTRANSPORT VON RUHENDEN UND BEWEGTEN 
OBERFLACHEN BEI QUECKSILBERVERDAMPFUNG 

Z~~~~g-Es wurde die Analogie zwischen W&me- und Stoffu~rtragung auf verschiedene 
Systeme angewandt Die Ergebnisse der Versuche filr den Stoffubergang bei Quecksilberverdampfung 
von amalgam&ten Obe.r%chen wurden verglichen mit veriiffentlichten Daten des W%meiibergangs in 
Systemen mit den gleichen Bedingungen. Die experimentell bestimmten StotXibergangsraten von ruhenden 
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und rotierenden, von LuA quer angestriimten Zylindem und von rotiexenden Zylindem und ruhenden 
ebenen Plattcn bei AnstrBmung durch einen Luftstrahl wurden mit den entsprechenden WBrmeiibcr- 

gangsvorgingen verglichen. 

BCCJlEflORAHkIE KOHREKTI4RHOl’O MACCOHEPEHOCh OT CTA~MOHAPHbIS 
II ~BklXQ’lI~klXCH HOREPXHOCTEm C IIOMOI~hIO METOfiLIKM I4CIIAPEHkIII 

PTS;Tkl 

AHHOT~~~~-AHWIO~HH ~elKHy TeKIO-M MaCCOlleJK!HOCOM rIpMMeHfleTCfl ki pa:UIM~IHbIM 

CnCTeM3M.%KIIepHMeHTanbHbIe pe3yJIbTaTbI n0 MaCCOrlepeHOCy npH l'ICnapeHI4NnapOB ['TyT" 

C aMS.JIbrElpOBaHHbIX IlOBepXHOCTeii CpaBHKBaIOTCR C O~y6;lMKOBaHIIbIMII JJaHHIdMR 110 

Tenno"epeHoCy B CHCTeMaX C aHaJIOrHYHOii MeXaHllIfOii IIpOIJeCCOB. ~KCIIeplfMeHTaJIbIIO 

n3MepeHHbIe c~opoc~~ MacconepeHoca 0T CTaI&kIOHapHbIX 11 BpaU(aKW@XCH I&KJIHHflpOB, 

nonepe~Hoo6Te~aerbIxnoTo~aM~fBo:~~yxa, Cl OT Bpa~aIOIIWXCfI I[Hn#H~pOB 11 CTaqMOHaPHbIX 

“JIOCKHX I,oBepXHOCT&, IIO;[ $@lCTBlWM na,?WOWti CTPJW BO3nJ’Xa, OTHACCHhI li COOTBeT- 

cmymqekty upoqeccy TennonepeIIoca. 


