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Abstract - Local mass transfer rates around a circular tub e placed in a tube bank of square in-line layout are
measured by the eleclrochemical technique. Four different pitches are investigated and the resulis are

compared with theoretical values and simpler geometries,
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r\O;\IEl"CLATURE

A area of transferring surface
Co bulk concentration of reacting ion
D diffusion coefficient
d tube diameter
F Faraday constant

limiting current
k mass transfer coefficient
s pitch
II flow velocity
!:i. V voltage between electrodes
z valence change in electrochemical reaction

Dimensionless numbers
J j-factor for mass transfer, ShjRe Sell]
Re Reynolds number, ud]v
Se Schmidt number, ,ojD
S1I Sherwood number, kdjD

Greek symbols
E: void fraction
v kinematic viscosity
o angular coordinate from forward stagnation

point

Subscripts
o local
r:IJ refers to superficial velocity through the

maximum flow section

I. Il"TRODUCfIOl"

THE KKOWLEDGE of local heat transfer coefficients on
the shell side of tube banks may be of considerable
importance in order to avoid failures due to hot spots.
These may be produced by (he irregular distribution of
the heat transfer over the perimeter of the tube.

Most of the work so far in the literature has de alt with
heat transfer problems at high Reynolds numbers [1-4]
and only LeClair and Hamielec [5] have presented a
theoretical model which allows the prediction of local
heat and mass transfer rates at intermediate Reynolds
numbers.

Because of the lack of further information, an
experimental study was undertaken using the electro
chemical method to obtain local mass transfer coef
ficients around a cylinder placed in a tube bank,
across which the fluid is forced to flow normal to the
tube axes. It was assumed that, by analogy, the results
could be transferred to the heat transfer distribution in
a tube bundle working in the transition and early
turbulent regimen.

2. EXPERI;\IEl'ooTAL

Mass transfer coefficients were determined by the
electrochemical technique [6-8]. It consists of
measuring the current flowing in the electrode circuit
when an excess ofinert electrolyte is used and when the
test electrode is pol arized.

The electrode reaction studied was the cathodic
reduction of pot assium ferricyanide. All solutions,
0.001 M equimolar in ferri-ferrocyanide contained
an excess of supporting electrolyte, 0.5 M sodium
hydroxide. Thus the concentration drops sharply
across a thin layer near the cathode and the transfer of
the ion is primarily driven by the concentration
gradient. Under limiting current conditions the
concentrations offerricyanide at the cathode surface is
assumed to be zero and the mass transfer coefficient is
given by

i
k=--.

zFACo

The investigations were carried out with in-line
square tube banks constructed of1.5 em 0.0., 8 em long
lucite tubes placed in a rectangular shell, 60 em high.
The lower part of this column contains a calming
section filled with 0.5 em glass beads and the upper part
contains nickel plated bronze screens with an area of
approximately 570 em? which act as the anode. The
other tube bank characteristics are presented in Table I.

The center tube of the penultimate row is replaced by
the test cylinder (Fig. I), part of which is made from a
nickel plated bronze rod. It constitutes the cathode of
the electrochemical cell, permitting the determination
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FIG. 1. Active cylinder. (a) Acrylic terminal. (b) Strip. (c) Hollow cylinder of nickel plated bronze. (d) Electrical
connection of (b). (e) Electrical connection of (c). (f) Needle. (g) Jack system.

FIG. 2. Polarization curves. (a) Cylindrical part. (b) Strip,
0=45°.

With the whole test cylinder at work, limiting
currents were obtained for both, the cylindrical part
and the strip, varying the angular position of the latter.
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of overall mass transfer rates. Simultaneously the local
mass transfer value can be measured by means of a
small nickel strip inserted along the generator line of the
metal cylinder and insulated from the rest of the
cathode. This test cylinder can be turned around its
longitudinal axis by 360', thus yielding local mass
transfer coefficients around the entire circumference. A
needle soldered to the cylinder, showing the direction of
this small electrode, indicates its angular position on a
protractor placed on the front wall of the cell. The
current leads of both parts ofthe cathode leave through
the co-axial conduct of the cylinder; with the help of a
plug-jack system the current flowing at each individual
part can be measured, both being simultaneously
active.

Special care was taken in all experiments in
saturating the electrolyte with nitrogen, blocking offthe
cell from light exposure and activating the electrodes.
Polarization curves were determined in all runs varying
the voltage between electrodes from 0 to 1.2 V as the
current was recorded. Figure 2 shows some typical
plots. The constant current plateau of the curves yields
the diffusion controlled current related to the mass
transfer coefficient by equation (1).

The solution, held at constant temperature in a
storage tank, was circulated by a plastic pump. Appro
priate valves allowed the adjustment of flow rate to
any desired value, which could be measured by one of a
series of three rotameters.

Table 1. Characteristics of tube bank models. Tube layout: in-line

Outside tube diameter [cm] 1.5 1.5 1.5 1.5
Length of tubes [cm] 8.0 8.0 8.0 8.0
Pitch, center-to-center distance

between adjacent tubes [cm] 1.7 2.2 3.4 4.4
Tube clearance [ern] 0.2 0.7 1.9 2.9
Pitch-diameter ratio 1.13 1.46 2.27 2.93
Number of tubes 72 49 20 12
Number of tubes per row 9 7 5 3
Maximum flow area [cm2

] 116.80 116.80 116.80 81.60
Minimum flow area [cm2

] 15.6 35.60 58.80 46.80
Void fraction 0.388 0.634 0.846 0.908



Cross flow through tube banks at intermediate Reynold s numbers

FIG. 3. Local mass transfer around a cylinder placed in a tube bank, S = 1.7 em.
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3. ~ESULTS

Figures 3-6 present the mass transfer distribution
presented as local Sherwood number in polar
coordinates for the four tube bank models studied, i.e.
for different pitches, and for several Reynolds numbers.
For consistency with heat exchanger practice, Re is
formed with the tube diameter and the calculated
velocity in the smallest cross section between tub es.

As can be seen, all arrangements, except for s =
1.7 em, show the same behavior. Starting from the
front side, the mass transfer rate presents a relative
minimum because of the blockage effect of the
upstream cylinders in-line with the test cylinder. This
minimum does not exist for the smallest spacing
studied , is very sharply defined for s = 2.2 em and
again disapp ears for very low Reynold s numbers and
the widest spacing.

The local Sherwood number then increases, reaching
a maximum value in the region between 50 and 70'
measured from the forward stagnation point, this im
provement being more pronounced the smaller the
spacing. The acceleration of the fluid due to the
changing cross section and the reattachment of the
swirls and eddies separated from the upstream
cylinders are responsible for thi s increase and
counteract the resistance of the growing bound ary
layer. Afterward the local mass transfer coefficient

FIG. 4. Local mass transfer around a cylinder placed in a tub e
bank, S = 2.2 em.

drops to a minimum in the separation region and rises
again until the back of the tube is reached.

In the case of s = 1.7 em this behavior in the rear
region happens only for Reynolds numbers greater
than 800, approximately. For smaller Reynolds
numbers the mass transfer rate rises to a peak after the
separation occurred, but drops again to a minimum at
the rear stagnation point. The turbulence of the fluid
caused by the boundary layer separation seems to have
too Iowa level to penetrate the gap and enhance the
mass transfer rate.

Figure 7 shows the before mentioned differences by
comparing the results obtained for the four spacings at
the same Reynolds number.

4. CO;\II'ARISO:-: WITH A THEORETICAL I\IODEL

LeClair and Harnielec used the velocity profiles
derived from the complete solution of the Navier
Stokes equations along with the thin concentration
boundary layer theory to obtain predictions for forced
convection mass transfer rates formultiparticlesystems
in the intermediate Reynolds number range. Among
the systems studied they considered the case of cross
now to banks of circular tubes. The system is
represented as an assemblage of uniform cylinders
equallyspaced in the radial and longitudinal directions,

FIG.5. Local mass transfer around a cylinder placed in a tube
bank, S = 3.4 em.
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FIG. 6. Localmasstransferaround a cylinderplacedin a tube
bank, s = 4.4 em.

FIG. 7. Comparison of local mass transfer in tube banks of
different pitch.

5. CO:\lPARISO:-; WITII SIMPLER

GEO:\IETRIES

The mass transfer distribution around single cyl
inders and cylinders placed in vertical and horizontal
arrangements of tubes, normal to the flow, has been
studied in previous investigations [9-11] in order to
assist in the interpretation of mass transfer measure
ments in the more complex tube banks. Comparison
with these simpler geometries will be carried out for
the case of equal superficial velocity through the
entire cross section of the unobstructed duct and for
equal maximum velocity corresponding to the mini
mum cross section of the tube bank.

all experiencing the same flow field. Each cylinder with
a circular envelope of fluid, whose outer boundary
depends on the bed porosity, constitutes a cell for which
the microscopic transport equations are solved. The
interaction between adjacent cylinders is accounted for
in the boundary conditions specified on the outer
surface of the cell. As stated by the authors, who call
their model a 'preliminary surface-interaction model',
reasonable agreement only will be found for high
porosities, since themodel does not adequately account
for the blockage effect of the upstream rows of tubes.

Figure 8 compares a sample of the present results
with those published by LeClaii and Hamielec. As can
be seen there really are important differences between
theory and experiment; mainly in the front part of the
cylinder where, in practice the upstream cylinder causes
a considerable diminution of the mass transfer
coefficient. In the rear region there is satisfactory
agreement between predicted values and experimental
findings only at wider spacings, i.e. higher void
fractions. However it is worth mentioning that overall
transferrates given by LeClair and Hamielec differ from
present results in no more than 4%, as can be seen from
Table 2. This agreement can only be explained by the
existence of compensating effects as can be deduced
from the graphs showing the mass transfer distribution.
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FIG. 8.Comparisonoflocal masstransferdata for tubebankswiththeoreticalresultsobtainedby LeClairand
Hamielec.
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FIG.9. Comparison oflocal mass transfer in tube banks with results for a single tube (curve a).(a) Re", = 500
and s = 1.7em. (b) Rea> = 150 and s = 2.2 em. (c) Re", = 630 and s = 4.4 em.

Table 2. Average mass transfer. Comparison with data of
LeClair and Hamielec

LeClair and Hamielec This work
E Re", J", E Re", J",

0.399 100 0.155 0.388 105 0.136
0.605 100 0.109 0.634 110 0.113
0.789 100 0.088 0.847 103 0.083

.'-;'''::'::';' Re=500
s= 1.7cm
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FIG. 11. Distribution oflocal mass transfer. (a) Single tube. (b)
Horizontal arrangement. (c) Vertical arrangement. (<I) Tube

bank.
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6. COl\'CLUSIOl\'S

The aim of this report is to communicate results on
the distribution of mass transfer rates around a cylinder
placed in a tube bank for the lower Reynolds number
range, not covered in the literature. Due to the analogy
which holds for mass and heat transport phenomena
the results may be helpful to the engineer in designing

FIG.10. Distribution oflocal mass transfer. (a) Single tube. (b)
Horizontal arrangement. (c) Vertical arrangement. (d) Tube

bank.

Figure 9 shows typical results for the first case,
comparing the mass transfer distribution around single
cylinders with that in the tube bundle. Although local
coefficients may be higher in the front region for the
single tube [Fig. 9(b)] the overall transfer is always
greater for a tube in the bank, than for the single tube.

In the tube bank the region where the separation of
the laminar boundary layer occurs, is shifted down
stream when compared with the single cylinder. The
adjacent tubes accelerate the fluid flow in the case of
bundles causing a longer attachment of the boundary
layer.

Figures 10 and 11 show the mass transfer distri
bution for a single tube (curve a),a single horizontal row
of tubes (curve b), a vertical arrangement of cylinders
(curve c) and a tube bank (curve d), all working at the
same maximum velocity.

. The blockage effect of preceding cylinders is clearly
shown in the case ofvertical arrays and the tube bank. It
also can be seen that the mass transfer rate in the region
between 30° and 70° is improved by the swirls
originated on the upstream cylinders. This increase is
higher in the case of tube banks, due to the additional
effect of the neighbored cylinders which cause an
acceleration of the fluid.

The increment of fluid velocity is also responsible for
the maximum mass transfer coefficient on the sides of
the tubes placed in the horizontal arrangement; in this
case upstream rows forming vortices are absent.

From the graphs it also can be concluded that the
separation point moves farther back on the cylinder as
the system gets more complex. Modifications in the rear
part of the cylinder are not so important. The local
Sherwood numbers are higher for the single cylinder,
because of the vortex street which builds up freely
behind the cylinder.
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heat exchangers. As pointed out for instance by
Mizushina [12] heat transfer has been repeatedly
simulated with electrochemical mass transfer yielding
useful information specially about local transfer rates.
Thus the nonuniform distribution of the transfer rates
over the tube perimeter found in the present paper
should be taken into account to avoid problems such as
local overheating.

The results also encourage further research on
possible ways to uniform heat transfer rates around the
tubes.
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TRANSFERT MASSIQUE LOCAL POUR UN ECOULEMENT TRANSVERSAL A UN
FAISCEAU DE TUBES, A DES NOMDRES DE REYNOLDS INTERMEDIAIRES

(DISPOSITION: EN LIGNE, MAILLE CARREE)

Resume-e-Les flux massiques locaux autour d'un tube circulaire place dans un faisceau de tubes en ligne, a
arrangement amaille carree, sont rnesures par la technique electrochimique. Quatre pas differents sont etudies

et Ies resultats sont compares avec les valeurs theoriques et des geometries plus simples.

DER ORTLICHE STOFFOBERGANG AN ROHRBONDELN BEl KREUZSTROM BEl
MITTLEREN REYNOLDS-ZAHLEN (ROHRANORDNUNG: QUADRATISCH FLUCHTEND)

Zusammenfassung-Der ortliche StofTiibergang an einern Kreisrohr, das sich in einem Rohrbiindel mit
quadratisch fluchtender Anordnung befindet, wird mit Hilfe eines elektrochemischen Verfahrens gemessen.
Vier verschiedene Teilungen werden untersucht und die Ergebnisse mit theoretischen Werten und einfacheren

Geometrien verglichen.

JIOKAJIbHbIA MACCOnEPEHOC nrn nOnEPE4HOM OIiTEKAHI1H nY4KOB TPYIi
nPII npOME)KYT04HbIX 3HA4EHI1RX 411CJIA PEfmoJIbACA (KBAAPATHO

KOPIIAOPHbIft nY40K TPYIi)

AHHOTaUHlI-3JIeKTpOXIl~lIlqeCKIl~1MeT0!10~l 1l3~lepliJIlICb noxansnsre CKOpOCTIl xracconepeuoca no
nepaxrerpy xpyrxoil Tpy6bl, pacnonoxeanoii B KBa!1paTHO-KOPII!10PIlO~1 nyxxe, I1CC_le!10BaJIlICb sersrpe
nysxa c pa3JIllqllbI~1Il paccroaansxrn Me)l(!1y Tp)'6a~1Il; peayns'rarsr cpaBHIIBaJIIICb c reopernsecxusin

3HaqeHlI1I~1II II c nauusnm .u.nll 60,lee npocrux reoxrerpnii.




