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Free convective mass transfer at up-pointing truncated cones
J. Krysé*, D. Houf2, C.F. Oduoz4, A.A. WraggP

a Department of Inorganic Technology, Institute of Chemical Technology, Technicka 5, 166 28 Prague 6, Czech Republic
b School of Engineering and Computer Science, University of Exeter, Exeter EX4 4QF, UK

Received 5 January 2001 ; accepted 13 April 2001

Abstract

Free convective mass transfer at the individual surfaces and total surface of up-pointing truncated cones of different height and base
diameter were experimentally studied using the limiting diffusion current technique. It was found that the mass transfer rate is highest
for the upward-facing horizontal surface. The experimental mass transfer coefficient for the combination of downward-facing horizontal
and conical surface is lower than that obtained from the equivalent summed separate surfaces due to the fact that the conical surface is
exposed to solution which has already been depleted in cupric ions. The total mass transfer was successfully correlated using a single
characteristic dimension (defined as a surface area divided by perimeter projected onto horizontal plane) which takes into account all the
relevant dimensions of a truncated cone, i.e. the height and two diameters. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction conical surface has negative inclination. In this particular
study, the truncated cone is investigated in up-pointing

Knowledge of free convective heat transfer and, there- orientation, where the inclination of the conical surface is

fore, the prediction of heat losses from various objects of positive.

complex geometry is very important, for instance, in de-  The aim of this study was to measure mass transfer rates

sign for heat dissipation from electronic components [1,2]. atthe individual and total surfaces and to correlate data using

Mass transfer measurements are known to provide goodan appropriate characteristic dimension.

simulation of free convective heat transfer [3]. The limiting

diffusion current technique of mass transfer measurement is

attractive as a cold modelling method for heat transfer since 2. Experimental

the measurements are usually simpler, cheaper and speedier

than direct heat transfer measurements. Moreover, it is also 1he experiments were performed in a rectangular 3dm

easy to determine the heat transfer performance of the in-9lass container of dimensions 15cm30cm and height

dividual surfaces in a complex multi-surface geometry. The 25c¢m. The technique used involved the cathodic deposition

work of Worthington et al. [2] on the mass transfer simu- Of cupric ions from a CuS@H>SQi/H20 electrolyte. In

lation of heat transfer at cuboid shapes was prompted byorder to vary the density difference between bulk fluid and

an industrial need for data concerning the passive cooling surface, the cupric ion concentration was varied from 0.03

of electronic components. However, such components mayt© 0-14moldm®. Each solution contained 1.5moldth

also be of cylindrical shape and non-uniform cross-section. Sulphuric acid as supporting electrolyte. The electrolyte

In this work, therefore, we treat a shape with two hor- temperature was carefully measured and always lay within

izontal surfaces and a varying diameter, the truncated the range 19-22C being constant te-0.1°C during each

cone. individual experiment. The electrodes were machined from
This work continues previous studies devoted to free Solid brass. Each electrode was supported using a 2mm

convective mass transfer at complex 3D objects such asdiameter brass wire glued into a hole in the centre of the

vertical cylinders [4], up- and down-pointing pyramids horizontal base. This wire also served as a current car-

trolyte. Two copper plates situated either side of the cones

* Corresponding author. Teks42-2-2435-4112; fax:-42-2-311-4777. served as a counter electrode (anode). The arrangement
E-mail address: krysaj@vscht.cz (J. Kisa). of the apparatus is similar to that described previously
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Nomenclature

A surface area (cf)

Ch bulk concentration of cupric ions (mol drf)

d2 diameter of the top surface of
truncated cone (cm) (Fig. 2)

di diameter of the bottom surface of
truncated cone (cm) (Fig. 2)

D diffusion coefficient of cupric
ions (nfs™1)

F Faraday constant (9648T mol~1)

g gravitational acceleration (nT$)

Grr,  Grashof number based on characteristic
length Ly, Grp,, = ApgLd p/u?

H height of truncated cone (cm) (Fig. 2)

I limiting diffusion current (mA cn?)

k mass transfer coefficient (m¥)

K thermal conductivity (W m®K—1)

L length of conical surface of truncated
cone (cm)

Lw characteristic length defined by Weber
et al. [10],Ly: surface area/perimeter
projected onto the horizontal plane (cm)

n charge number of cupric iom, = 2

Nu Nusselt numbefNu = hL/K

p pressure (Pa)

Ra Rayleigh numberRa = Gr x S

< Schmidt numbery/pD

Sy,  Sherwood numbeklL,/D

T electrolyte temperature (K)

Greek symbols

o inclination angle from the vertical
(°) (Fig. 2)

w dynamic viscosity (kgm!s1)

v kinematic viscosity (ris™1)

0 density (kg n3)

Ap density difference between bulk solution
and interface (kg m3)

Subscripts

C conical surface of truncated cone

D down-facing horizontal base of truncated cohe

DC combination of down-facing horizontal and
conical surface

T total surface of truncated cone

U up-facing horizontal base of truncated cone

[5-7] and is shown in Fig. 1. The actual €uconcen-
tration was periodically determined by spectrophotometric
analysis.

The usual electrical circuit for limiting current mea-
surement was employed, consisting of a d.c. power supply
with a voltage regulator, a high impedance voltmeter and
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Fig. 1. Apparatus.

a multi-range ammeter. Limiting currents were obtained
by the well-known procedure, which has been reported
in detail previously [8]. The anode acted as a reference
electrode in view of its high area compared to that of the
cathode. Under such conditions, polarisation is negligible
at the anode and the cell current—voltage relationship de-
pends only on the conditions prevailing at the cathode.
The onset of the limiting current was sharp and repro-
ducible. The geometrical parameters of the truncated cones
are illustrated in Fig. 2. Table 1 lists the dimensions used.
In this investigationH ranged from 0.2 to 8.0cm and

from 11° to 83. Inclination angles are counted positive
to indicate the up-facing orientation of the conical surface
and for consistency with the work of Patrick et al. [9].
The mass transfer controlled limiting currents at the coni-
cal surface and at the top and bottom horizontal surfaces
were measured separately and in combination. Surfaces
not required to be active were stopped off with lacquer
(Lacomit).

Fig. 2. Geometry of up-pointing truncated cone.
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Table 1
Geometric parameters of truncated cones

Truncated cone dy (cm) dp(cm) H(em) L(em) «(®) Ac(@md) Ap (cm?) Ay (cm?)  Ar (cm?)  di/d, Ly (cm)

1 3.0 1.0 0.2 1.02 78.7 6.4 71 0.8 14.3 3.0 151
2 3.0 0.9 0.5 1.12 63.4 7.0 6.6 0.7 14.3 3.2 1.52
3 2.9 1.0 1.0 1.42 45.0 8.9 71 0.8 16.7 3.0 1.78
4 3.0 1.0 2.0 2.25 27.0 14.1 7.1 0.8 22.0 3.0 2.41
5 3.0 1.0 4.0 4.12 14.0 25.9 7.1 0.8 338 3.0 2.35
6 3.0 1.0 8.0 8.06 7.0 50.6 7.1 0.8 58.5 3.0 6.21
7 3.0 2.0 0.5 0.71 45.0 5.6 7.1 31 15.8 15 1.67
8 3.0 0.5 1.25 1.77 45.0 9.7 7.1 0.2 16.7 6.0 1.77
9 5.0 0.5 2.25 3.18 45.0 275 19.6 0.2 47.3 10.0 3.01
3. Results and discussion f
w
3.1. Mass transfer measurement e/‘\—% A /h

. - -faci up-facin conical
For each experiment, the mass transfer coefficient was cal- down-facing P 9

9U|ated from the measured limiting current using the equa- Fig. 4. Schematic flow around individual surfaces: (a) down-facing surface;
tion (b) up-facing surface; (c) conical surface.

I
k= 1
AnFcy (1)

The area in this equation was the total available for mass

transfer for the particular experiment. The correction for the face. Due o the constant horizontal diameters. mass transfer
attachment of the supporting wire was small, never being coeﬁicients for these surfaces do not depend c;n cone height
more than 2% of the exposed area, and usually being much . i P gnt.
| A down-facing horizontal surface hinders the upward
ess. electrolyte flow which has to flow radially outwards (Fig. 4a)
The effect of the truncated cone heighton the mass 7 . y 9-
and this is responsible for the low mass transfer coefficient.

transfer coefficient for the separate surfaces of up-pointing For up-facing horizontal surfaces, turbulent flow behaviour
truncated cones of constant top (1 cm) and bottom base di-. P 9 '

ameter (2cm).cones 1-6, i shown n Fg. 3. From th ge- = 970 (FIg. 48)and i represente by ol mess
ometry of a truncated cone, it is clear that with increasing '

height (from 0.2 to 8cm), the inclination angle decreases cor_1ica| surface_ decreases_ with increa_sing Iengt_h Wh.iCh Is
(from 78.7 to 7°). The superior mass transfer performance typical for laminar flow (Fig. 5). Both increase in height

of the up-facing horizontal surface is immediately apparent,
especially compared with the down-facing horizontal sur-
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Fig. 3. Dependence of mass transfer coefficient on truncated cone Fig. 5. Dependence of mass transfer coefficient on truncated cone height
height for individual and total surfaces (cupric ion concentration for the conical and down-facing horizontal surfaces separately and in
0.14 mol dn3). combination (cupric ion concentratiea 0.14 mol dnT3).
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and decrease in inclination angle lead to a decrease in mas3able 2
transfer coefficient. The mass transfer coefficient for the Uncertainty of measured quantities

total surface decreases with increasing conical height andquantity Nominal value Uncertainty Error (%)
is s_|gn|f|cantly reduced by the presence of the down-facing q Loaom 0.0Lam 1
horizontal base. H 0.5¢cm 0.01cm 2

The effect of the truncated cone heighton the mass H 8.0cm 0.01cm 0.13
transfer coefficient for the conical and down-facing horizon- ¢ 0.16 mol dnr3 0.0005 mol drm3 0.3
tal surfaces and their combination is shown in Fig. 5. It is ® 0.03 mol dnr® 0.0005 mol drrr® 2.0

. . . 2 2
apparent that the mass transfer rate for the combination is'- 20mAcnm 0-3mA e 15

strongly affected by the down-facing surface. The experi-
mental mass transfer coefficiebt, exp) for a combination ) )

of both surfaces was compared with that calculated assum-AhR"’Wle'g_h pulmberlland a Shhervt\)/oodd Punéber based on this
ing that the down-facing horizontal and the conical surface characteristic lengthy, can then be defined as

do not influence each other, i.e. both surfaces contribute to AolL3
. . R —Gr S = §ApLyp 4
the overall mass transfer proportionally to their surface area "Lw = L, X = u2  pD (4)
Apkp + Ackc
k = 2 kL
DC, calc Abc ) S, = FW (5)

From Fig. 5, it can be seen that experimental mass transfer . a )
coefficients are about 10-15% lower than those calculated The diffusivity of the Cu™ ions was calculated using the
and the difference is particularly high for truncated cone data of Wilke et al. [11]. Electrolyte density and viscosity
height 0.2 cm, where the ratio of bottom and conical surface Were calculated using data of Eisenberg et al. [12]. The

is the highest. The reason is that the flow of the fluid around 2# t€rms were taken from Wilke et al. [11]. The effect of
the down-facing horizontal surface means that the conical Mgration on the copper deposition rate was negligible [13].

surface is exposed to solution which has already been de- The uncertainties in the measured quantities are expressed

pleted of cupric ions (Fig. 6). This boundary layer spillover " Table 2. In addition, the uncertainty in the fluid properties

effect causes the mass transfer for a combination to be lowerP: # @ndAp was taken as 0.5%. The uncertainty in the de-
than that for the equivalent summed separate surfaces. termination of the Sherwood number and Rayleigh number
depends on the concentration of cupric sulphate solution. For

0.02 moldnt3 it was estimated as 4%; for 0.16 mol dfh
as 1.5%.
The mass transfer data for entire truncated cones from 1

Ra number were considered. The use of truncated coneto 9 are plot’ged In tgrms of Sherwooq n_umber vs. Rayleigh
number in Fig. 7 using the characteristic lendtl, Least

height does not take into account the fact that the horizontal . ;
surfaces are also active. On the other hand, using the diam>duare analysis gives the correlation
eter of a horizontal surface does not take into account the sh;,, = 0.43Ra0-2%° (6)
effect of the conical surface. Furthermore, there are two hor-

izontal surfaces each of different diameter. Therefore, the for Ra,,, in the range B x 108-5.9 x 10t°.

total mass transfer was correlated using the single charac- Weber et al. [10] measured mass transfer coefficients for
teristic dimension previously defined by Weber et al. [10] a variety of spherical and non-spherical 3D objects (spheres,
which takes into account all the relevant dimensions of a

truncated cone (height and two diameters) in the form given

in the following equation: 400

3.2. Overall mass transfer correlation

Different characteristic lengths for calculation &f and

cone 1 —— present correlation
cone2  gh =0.43Ra, *®°
cone 3 b L
cone 4
cone 5
cone 6
cone7
cone 8
cone 9

surface area 300

- perimeter projected onto horizontal plane
_ Ap + Ac+ Ay 200

ya

Fig. 6. Schematic flow around the combination of down-facing and conical Fig. 7. Mass transfer correlation for up-pointing truncated cone using the
surface. Weber characteristic dimension.
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cylinders and cones). Using the characteristic lengghin
calculatingSh and Gr, they obtained the correlation

Sy, = 0.53Ral2%® (7)

The exponent in the present correlation (Eg. (6)) is about 4%
higher and the constant about 20% lower than for the Weber
correlating equation. Fig. 7 illustrates agreement between
the two correlating equations.

151

to solution which has already been depleted of cupric
ions.

3. Overall mass transfer data for up-pointing truncated

cones obtained using a single characteristic length are in
good agreement with the Weber general correlation [10]
for 3D objects.

The exponent in Eq. (6) is close to 0.265 showing that Acknowledgements
flow at the conical surface remains laminar and attached.
Nevertheless it can be seen that points for truncated cone 9 This research was supported by the Ministry of Education,
are a long away off the correlation. Patrick and Wragg [14] Youth and Sports of the Czech Republic (project number
measured free convection mass transfer at up-facing coni-CEZ: MSM 223100001).

cal surfaces. They identified critical Rayleigh numbers for
the transition of attached laminar free convection bound-
ary layer at the sloping surfaces to give a pseudo-turbulent
multi-plumed flow. CriticalRa number was found to de-
crease with increasing inclinatioRa numbers for truncated
cone 9(2-7 x 10%) are significantly higher (about 1 order)
than the criticaRa number corresponding to inclination45
(1-3 x 108 [14]). This means that for this truncated cone,
transition from attached laminar to turbulent flow occurs and

this inevitably leads to a notable increase in mass transfer

rate.
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