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Abstract—This paper reports the results of an experimental investigation, which employs the technique
of “Diffusion-Controlled Electrolysis”, for the determination of mass-transfer rates in the separated and
redeveloping regions downstream of a sudden enlargement of a circular pipe. The data are presented for
Schmidt number of 1400 and 2500 and for Reynolds number ranging between 2500 and 89 000.

The results are compared with some other existing data and it is concluded that the mass-transfer

behaviour is strongly influenced by the boundary conditions but its dependence on Schmidt number is
rather weak. Finally it is shown that the reattachment-zone mass-transfer rates show a simple power-law
dependence on the Reynolds number.

NOMENCLATURE

{(All the dimensional quantities are assumed to
be in SI units.)

dy,
dP )
D,

Dy,
Im>

G
J -

Pr,
Re,
Sc,
St,

S Lmax>
St

diameter of the nozzle;

diameter of the pipe;

diameter ratio (=dp/dy);

height of the step formed at enlarge-
ment [ =(dp — dy)/2];

mean mass-transfer coefficient ;

mean mass velocity in the pipe;
mean diffusion-controlled limiting-
current density;

Prandtl number (= u/pl});

Reynolds number (=G, dp/p);
Schmidt number (= y/pl,);

Stanton number (=g,,/G,);
maximum value of Stanton number ;
value of Stanton number for fully
developed pipe flow;
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z, axial distance measured from the
sudden enlargement ;

Z, non-dimensional  axial distance
(=z/Dy).

Greek symbols

r, diffusivity for mass-species;

r, diffusivity for enthalpy ;

U, dynamic viscosity ;

P, mass density;

¢, mass-concentration of ferricyanide

ions per unit mass of the electrolyte.

1. INTRODUCTION

Pripes are perhaps the most widely used carriers
in engineering industry. Flow in such pipes is
frequently interrupted by pipe-joints or monitor
and control devices. This often provokes flow
separation and local recirculation, and has
considerable influence on the momentum-, heat-
and mass-, transfer behaviour. In general, re-
circulating flows are characterized by the
occurrence of regions of high levels of turbulence,



782 A. K. RUNCHAL

low shear stresses and high heat- and mass-
transfer rates.

The available experimental data for heat/mass
transfer immediately downstream of a sudden
enlargement of a pipe is scarce. The data that are
available, show large discrepancies in their
qualitative nature (see, e.g. [ 1]). Moreover almost
all of the existing data were obtained with air or
water as the working medium and hence, they
represent a rather limited range of Prandtl
number (or, its mass-transfer equivalent, Schmidt
number).

The series of experiments reported in this
paper was designed to provide information about
the mass-transfer behaviour of fluids at very high
Schmidt numbers for turbulent incompressible
flow behind a sudden enlargement of a pipe.
The experimental technique which was used is
commonly termed, the “Diffusion-Controlled
Electrolysis™; although this technique is well-
established for boundary-layer type of flows.
its potential of application to separated flows
is only beginning to be realized.

2. THE EXPERIMENTAL TECHNIQUE

The use of Diffusion-Controlled Electrolysis
to obtain the wall-fluxes for high Schmidt
numbers is well-documented. A comprehensive
account of the technique is available, for
example, in [2]; therefore only a brief descrip-
tion of its essential features is given here.

According to the concept of the ionic theory,
the molecules of a binary electrolyte in solution
dissociate into two types of ions: the cations
possessing a negative charge and the anions
possessing a positive charge. When an electro-
motive force (e.m.f), above a certain critical
value, is applied between two electrodes in such
a solution, there is a transfer of electrons to the
anions from the cathode and a transfer of
electrons to the anode from the cations. This
sets up an ionic current. In the steady state,
the reacting ions must be continuously supplied
to the electrodes from the solution, In general
three mechanisms take part in this exchange:
(a) migration under the influence of the potential

gradient, (b) diffusion under the influence of the
concentration gradient, and (c} convection.

Migration of ions can be eliminated by
reducing the potential gradient in the flow,
almost, to zero by adding a high concentration
of a non-reacting electrolyte with high electrical
conductivity. The ionic-transfer theory states
that, for such a flow, the rate of the electro-
chemical reaction increases, at first, expo-
nentially with the applied e.m.f, but when the
e.m.f is sufficiently high, the rate of reaction is
independent of it and is determined only by the
rate of ionic-transport to the electrodes [3];
the reaction is then termed “diffusion-
controlled” and the current flowing through the
cell is termed the “limiting-current™ If, in
addition, the flux of ions at the cathode is much
greater than that at the anode, then the limiting-
current conditions are first reached at the
cathode and the reaction is then ‘“‘cathode-
controlled”. For such a reaction, the ions
transported to the cathode react very rapidly
and their concentration at the electrode surface
falls almost to zero.

In the series of experiments reported here the
limiting-current was cathode-controlled by
making the surface area of the cathode much
smaller than that of the anode. The reaction
employed was that between the ferricynide and
ferrocynide ions:

cathode
anode

Fe(CN)2~ + electron’™ Fe(CN):™. (2.1)

1t can be shown that for this reaction g, (see
Nomenclature) is given by [4]:

G = 2196 x 1071 /. 2.2)

3. THE APPARATUS

3.1. The flow circuit

A schematic diagram of the apparatus used is
shown in Fig. 1. A centrifugal pump (2)
maintains a supply of liquid from the reservoir
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Legend

Liquid reservoir
Centrifugal pump
Heat exchanger
Thermostatic device
Bypass

Large rotameter
Small rotameter
Flexible tubing
Flow straightener
Position indicator
Approach nozzle
Leakage container

Test nozzle
Upstream tube -
Downstream tube 14in.
Cy cathode upstream
Cw cathode middle
Cp cathode downstream
A anode
Nitrogen gas 20in.
5
| I A -
Bypass

'PVC' return pipe T

FI1G. 1. Schematic diagram of the apparatus.

(1) to the Rotameters (6, 7) via a thermostati-
cally controlled heat exchanger (3). The liquid
from the Rotameters is led through a flow-
straightner device (9) and an approach nozzle
(11) to the test nozzle (13). The jet of fluid
issuing from the test nozzle expands into the
test section and then returns to the reservoir.
The test section contains three cathodes named
Cy Cy and Cp; their axial lengths are 0498,
0091 and 0498 in. respectively. Further details
and photographs of the apparatus have been
presented by the author elsewhere [4].

The test nozzle assembly (Fig. 2) was designed
to be movable along the upstream tube (14) of
the test section made of six mutually insulated
lengths of nickel tubing (Fig. 1); the movement
being absorbed by the flexible tubing (8) at the
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FiG. 2. Nozzle assembly detail.

top. The relative position of the nozzle in the
test-section was obtained with a scale-and-
pointer device (10) as shown in Fig. 1. The
lower part of the nozzle assembly was sur-
rounded by a leakage container (12) which
could be partially, or completely, filled with the
electrolyte to counterbalance the leakage-
pressure through the sliding joint between the
nozzle and the test-section. The necessity of a
movable nozzle arose from the fact that the
measurements were required at a number of
positions downstream of the sudden enlarge-
ment. With a fixed nozzle this can be achieved
only by employing a large number of cathodes
along the length of the pipe; with a movable
nozzle the same purpose can be served even by
a single cathode.

The electrolyte employed consisted of
equimolar concentrations of potassium ferri-
cyanide, K ;Fe(CN)s;, and potassium ferro-
cyanide, K ,Fe(CN)s, in aqueous solution of
sodium hydroxide, NaOH. High purity “‘analar”
chemicals and distilled water were used for the
above purpose. Details of composition of the
electrolyte are given later in Table 1. It is to be
noted that only ferricyanide and ferrocyanide
ions take part in the electrolysis as described
by equation (1); sodium hydroxide merely
provides a supporting electrolyte of high
electrical conductivity.

To prevent oxidation of the ferricyanide ions,
special precautions were taken during the
construction, assembly and operation stages.
The exposure to light and oxygen was minimized ;
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an oxygen-free-nitrogen atmosphere was main-
tained in the reservoir and the transparent parts
of the apparatus were covered with deep orange
celluloid paper. All the inner surfaces and joints
of the test section and the test nozzle assembly
were carefully smoothed and polished; the
mean roughness on the electrode surfaces was
less than 10~ in. and the steps at joints were less
than 5 x 1072 in. The electrolyte was maintained
at 25 + 0-1°C by a thermostatic device. Further
details are given in [4].

3.2. The electrical circuit

The essential features of the electrical circuit
are shown in Fig. 3. The circuit was designed to

To respective cathodes

. To anode
Cy I Cwn Co T A

S

o

E; Ve

& variable

% Calibration E.MF source

>

To current measuring circuit

Monitor ;termlnals I L I

FIG. 3. Essential features of the electrical circuit.

allow the operation of the electrochemical cell
with any combination of the cathodes. It also
enabled measurement of the current through,
and potential-drop across, any of the cathodes
individually or in combination with others.

The current through the circuit was obtained
by measuring the potential-drop across a
standard one-ohm resistor with a high-precision
Digital Voltmeter*. An external resistance-
capacitance filter-cum-integrater with a variable
time period (50 pus—10 s) was used to even-out the
strong fluctuations in, and to obtain a time-

* “Fenlow” DVM 301-A; 10 pV-1000 V range with 0-01
per cent DC accuracy.
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mean value of, the signal; most of the readings
were taken with this filter set between 2 and 5 s.
A calibration circuit, consisting of a motor-
driven potential divider and a chart recorder,
was used to check the diffusion-control charac-
teristics of the system from time to time.

3.3. The choice of cathode combinations

The choice of cathode combination has an
important bearing on the mass-transfer
behaviour of a cathode-controlled system such
as the present one. It should be recalled from
section 1 that the concentration of ferricyanide
ions at the cathode surface will fall to zero; at an
inactive surface preceding or succeeding such a
cathode the concentration of ferricyanide ions is
equal to that in the bulk flow. An active cathode
thus implies a step-change in the boundary
condition; and the mass-transfer behaviour of
the cell depends upon which of the cathodes are
made active.

The number of cathodes available is three
(Fig. 1) and various types of boundary conditions
can be simulated by electrically connecting some
or all of these cathodes to the circuit. After a
preliminary investigation [4], the following two
cathode groups were selected for final series of
tests:

Group I—with C,, alone active with Cy and C,
disconnected from the electrical circuit. This
corresponds to a small locally active surface.

Group II—with C,,, Cy and C,, all active. This
corresponds to a zone of active surface.

For both groups, it was the current generated by
C,, alone that was measured. The length of this
cathode was small enough (#5th the pipe
diameter) to justify the assumption that it
represented the local value of mass transfer.

4. THE RESULTS AND DISCUSSION
4.1. The experimental data
The data were obtained for two values of the
Schmidt number: 1400 and 2500; the range of
Reynolds number investigated was from 2550 to
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88500. Concentrations of the corresponding
solutions and other details are given in Table 1.
The mass-transfer rates were measured at various
locations downstream of the sudden enlarge-
ment; in terms of the non-dimensional distance
Z, the range investigated was from 17 to 34°8.

Table 1. Fluid-property data of the solutions employed for the
mass-transfer experiments

Solution NaOH K;Fe(CN), Re Data

Se
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The data is displayed graphically in Figs. 4-7
as plots of St vs. Z for various Reynolds numbers.
Also shown are the asymptotic values, for fully
developed pipe flow obtained by Gosman [5].

The present data far downstream of the
enlargement compare favourably with the
asymptotic values. The data for the separated
and the redeveloping regions of the flow follow
the well-established pattern of behaviour in its
general trends: the mass-transfer rate rises
rapidly to a maximum in the reattachment zone

A
u

no. (g-moles/l) (g-moles/l) range appearin and then decays to its asymptotic values.
However, there are two features of the present
1 0520 oo0sts 1490 3550 Figs  data which do not seem to have been reported
+7% 88500 4and5 . . . . o s
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F1G. 4. Mass transfer downstream of the sudden enlargement with a small active zone at the point of measurement for
Schmidt number of 1400.
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F1G. 5. Mass transfer downstream of the sudden enlargement with the point of measurement in the middle of a large active
zone for Schmidt number of 1400,

group I exhibit maxima, on the average, in the
vicinity of Z = 5-6, whereas the maxima for the
cathode group II are located near Z = 7°0. The
second novel feature is the appearance of a
second maximum for the data of the cathode
group I at low Reynolds number.

1t is generally agreed that the location of the
maximum heat/mass transfer is in the vicinity
of, or at, the reattachment point; however,
reattachment point itself is known to show strong
oscillations about the mean position with time
(e.g. [6]). Since the instantaneous values at a
certain location are a function of the boundary
conditions, it is conceivable that these two
special features of the data, reported above, are
caused by the time and space averaging process
since both the time-interval of the measurements
and the size of the cathode are finite. Another
strong possibility is that the inactive cathode

C,, for cathode group I may act as a pseudo-
anode by providing a short circuit path for the
electron flow between the cathode Cy and the
anode A. This will cause a local increase in the
concentration of the ferricyanide ions at Cp
according to equation (2.1) and will result in
increased rates of mass transfer at Cy whenever
the local direction of flow is from Cp to Cy:
this is likely to happen when C,, is situated
within the reversed flow region so that C, is
situated locally upstream. If this is the cause of
the appearance of a second maxima then it
must be considered a limitation of the present
experimental technique in its application to
reversed flow situations. It can be shown [4]
that this local increase in mass transfer will not
exceed 5 per cent or so for cathode group I,
whereas it is completely absent for cathode
group IL It will be interesting to know exactly
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FIG. 6. Mass transfer downstream of the sudden enlargement with a small active zone at the point of measurement for
Schmidt number of 2500.

why this second maximum appears on the scene
for a boundary with a local step-change in
boundary condition and also whether any
similar effect has been noted in other heat-
transfer problems.

In the existing literature, the maxima in
heat/mass transfer and the reattachment points
are reported to lie between Z value of 4 and
12 [1]. The most frequent values quoted in this
respect are between the Z values of 6 and 8. It is
interesting to note that almost identical values
have been quoted for some external flow such
as the flow past a step [7]. The present data,
especially those for cathode group II, are thus
consistent with the data obtained by earlier
workers. It should be noted that all of the
earlier data were obtained with uniform
(temperature or heat-flux) boundary conditions
for a considerable length downstream of separa-
tion: the boundary conditions of the cathode II

are nearer to this situation than those of the
cathode group I (see section 3.3). For the present
problem, the thermal boundary condition can in
no way influence the fluidynamic behaviour; it
follows that the reattachment point for both the
cathode group I and the cathode group II
experiments must be the same. In view of the
existing literature, and the discussion in previous
paragraph, it seems that the results of cathode
group II should be taken as indicative of the
reattachment point location ; which will then be
in the vicinity of Z of 7.

4.2. Correlation of the data

A small locally active surface: cathode group 1.
For very high Schmidt numbers and small
mass-transfer surfaces, the concentration
boundary layer is likely to lie entirely within the
viscous sub-layer. It can be shown [8] that away
from the reattachment point:



788 A. K. RUNCHAL

0178 = Cathode group II
Soiution No 2
Schmidt No 2500
Diameter
0-140 ratio = 2
[ 2]
Q
* 2
& ) o
0105 o
- z s 3
; - Fa} g
el w ; [
g 2 & 'S
c 21 o 2550
s 0070 22 o 3950
E 23 © 6550
P 24 o 10 200
25 @ 15 500
26 © 25 200
27 A 41 000
o.
3% 28 & 65 300
000 | i ! J | I
0-00 500 10-00 15-00 20-00 2500 30-00 35 00

Distance from step in step-heights , Z

F1G. 7. Mass transfer downstream of the sudden enlargement with the point of measurement in the middle of a large active
zone for Schmidt number of 2500.

St oc Se73, @.1)

and therefore, for purposes of correlation, let
us say,

St = const. Re™4Sc™%. 4.2)

Figure 8 presents plots of Re vs. StSc? for two
locations downstream of the sudden enlarge-
ment: the location of the mass-transfer maxima
and a location far downstream of the enlarge-
ment. In both cases, the data can be well
correlated with g of 045,

According to Spalding [8], the value of g for a
fully developed pipe flow at high Schmidt and
Reynolds numbers is 0'417. In the vicinity of the
reattachment point in a turbulent separated flow
Spalding [9] deduced the value of g to be 0-40.
The value 045 obtained above is thus in
reasonable agreement with these deductions.
The departure is, perhaps, partly due to the fact

it
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F16. 8. Correlation of the experimental data for the small
locally active surface: cathode group 1.
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that the deductions of Spalding were based
upon one-dimensional models.

A zone of active surface: cathode group 1.
For fully developed turbulent flow at high
Schmidt and Reynolds numbers, it can be

shown [10] that:
St = const. Re~#S¢™ %, 4.3)

Though the boundary conditions of the
cathode group II are unlikely to yield a fully
developed flow, it is convenient to employ the
following generalization of the above relation:

4.4)
Figure 9 displays Re vs. St.Sc? for two locations

St = const. Re™4Sc~ %,
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FiG. 9. Correlation of the experimental data for the zone of
active surface: cathode group II.

similar to the ones for the cathode group L In
this case, however, the data can be correlated
as a simple power law only far the location of the
maximum mass transfer ; the index of the power
law, ¢, is equal to 0:35. The values far down-
stream cannot be represented by a simple power
law; in fact, even the dependence on Schmidt
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number does not appear to be a simple power
of 2. However, for Re greater than 25 x 10 gin
the above equation may be chosen as 0-20.

It is to be noted, in comparison, that the
values reported by earlier research workers, for
uniform heat-flux, at the wall are close to g of
0-33 in the reattachment region. The value of g
predicted by Spalding [9] for this region is 0-40.

4.3. Comparison with previous investigations

A number of investigations have now been
conducted into the behaviour of the separated
flows, and some of these have already been
referred to in the preceding sections; however,
none is directly comparable with the present
one in both the geometrical arrangement and the
experimental conditions.

Figure 10 presents the data of Krall and
Sparrow [1] and Ede et al. [11] along with some
data from the present investigation. All these
data were obtained for sudden enlargement in a
circular pipe for a diameter ratio of two;
however the experimental conditions varied
considerably. Krall and Sparrow induced
separation by inserting an orifice into a pipe
with fully developed upstream flow; the pipe
was heated electrically and the tests were
conducted at Prandtl number of 3 and 6. The
data of Ede and co-workers was obtained for the
sudden expansion of a fully developed pipe
flow into a bigger pipe; electric heating and a
Prandtl number of 9 were employed. In Fig. 10,
St for the data of Ede et al. was obtained from a
correlation recommended by Knight [12] for
similar data, which is:

St, = 00109 Re™%'!16 pr=0¢ (4.5

It should be noted that the slopes of —0-033
and —0225 were derived from the correlation
of the maxima and the asymptotic solutions
recommended in [8] and [10].

Figure 10 shows that the effect of Prandtl or
Schmidt number on St,,./St., especially at
high Reynolds numbers, is small. The differences
between the results of Krall and Sparrow and
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FiG. 10. Comparison of experimental data for the maximum heat/mass transfer downstream of a sudden
enlargement of a circular pipe.

those of Ede and co-workers can, then, only be
ascribed to the differences in the experimental
conditions, such as the increased turbulence in
the incoming flow in the case of Krall and
Sparrow because of the presence of an orifice
in the pipe.

The Reynolds number dependence of
Stmax/Ste is considerably influenced by the
boundary condition as can be seen from a
comparison of the data for the cathode group I
with those of the cathode group IL Also, the
data show a large variation in the magnitude
of St.,/St, at any fixed Reynolds number.

5. CONCLUSIONS

1. Effect of Schmidt number on St../St..
especially at Reynolds numbers above 104, is
small.

2. Boundary conditions exert a considerable
influence on the Reynolds number depen-
dence of St,,,/St..

3. The flow reattachment, as inferred from mass-
transfer behaviour, occurs between 6-8 step-
heights (about 13-2 large pipe-diameters
from enlargement).

4. The data in the reattachment zone can be
well correlated as a simple power law
dependence of the Stanton number on the
Reynolds number. However, the value of
the exponent of the Reynolds number is a
function of the boundary condition and
varies from —045 for a locally active surface
to —033 for uniform boundary condition
over a large zone.

5. A comparison of the measurements with the
corresponding asymptotic value for fully
developed pipe flow shows that the recovery
of flow from the effects of separation is faster
as the Reynolds number increases.
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ETUDE DU TRANSFERT MASSIQUE POUR DES NOMBRES DE SCHMIDT TRES
GRANDS DANS UN ECOULEMENT TURBULENT EN AVAL D'UN BRUSQUE
ELARGISSEMENT D'UN TUYAU CIRCULAIRE

Résumé—Ce mémoire apporte les résultats d’une recherche expérimentale employant la technigue
“d’¢électrolyse contrélée par diffusion”, afin de déterminer les flux massiques dans les régions séparées et de
réorganisation en aval d’un brusque élargissement d’un tube circulaire. On présente les résultats pour des
nombres de Schmidt de 1400 et 2500 et un nombre de Reynolds compris entre 2500 et 89000,

Les résultats sont comparés a quelques résultats déja existants, et on en conclut que le comportement du
transfert massique est fortement influencé par les conditions limites mais que sa dépendance au nombre
de Schmidt est plut6t faible. Finalement on montre que les flux de transfert massique dans la zone de

réattachement dépend par une loi de puissance simple du nombre de Reynolds.

UNTERSUCHUNG DES STOFFAUSTAUSCHES IN EINER TURBULENTEN STROMUNG
HINTER EINER PLOTZLICHEN ERWEITERUNG EINES KREISFORMIGEN ROHRES BEI
SEHR HOHEN SCHMIDT-ZAHLEN

Zusammenfassung—Die Arbeit berichtet iiber die Ergebnisse einer experimentellen Untersuchung, in
der mit Hilfe der “diffusionskontrollierten Elektrolyse” die Anteile des Stoffaustausches in der abgelosten
und in der sich wieder anlegenden Stromung hinter einer plotzlichen Erweiterung eines kreisrunden

Rohres bestimmt wurden.

Ergebnisse werden angegeben fiir Schmidt-Zahlen von 1400 bis 2500 und fiir Reynolds-Zahlen zwischen
2500 und 89000. Die Ergebnisse werden mit einigen vorhandenen Daten verglichen. Daraus ergibt sich
die Folgerung, dass das Stoffaustauschverhalten von den Randbedingungen stark beeinflusst wird, dass
seine Abhdngigkeit von der Schmidt-Zahl jedoch ziemlich gering ist. Schliesslich wird gezeigt, dass die
Stoffaustauschanteile der wieder angelegten Strémung eine einfache Potenzgesetz-Abhingigkeit von der

Reynolds-Zahl besitzen.

NCCIAEJOBAHNE MACCOOBMEHA B TYPBYJIEHTHOM IIOTOKE 3A
PE3KUM PACIINPEHMEM KPYIJVION TPYBbLI IIPN OYEHDL BOJABIMUX
YUCJIAX HIMUJITA

AHHOT&U,"H-—B pa60Te NPUBOJATCH Pe3yJbTaThl HKCIIEPDUMEHTAJILHOTO HUCCHEeI0BAHUA C

IIPUMEHEHNEM METOJUKH

«3NEeKTPOsIN3a, 3aBucAmero ot auddysun,» 0o ONpereseHUIo

CHOpOCTH MaccooOMeHa Ha OTPHIBHBIX H BHOBb DpPa3BUBARINUXCA YYaCTHKAX 34 pe3Kkum

pacuimpeneM Kpyriaod TpyGHL.

Ipencrarmnensl gaunsie A uncen llmumara 1400 u 2500 u gnsa uucen Pefinonepaca B

nuanasosne ot 25600 xo 89 000.
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PesyabTaThl CpaBHIBAKOTCH ¢ UMCIOUIMUCH  JAHHBIMIL 1 JEJACTEH BBLBOL, UTG e
MACCOOOMEHA CHIBHO BABHCHT OT IPAHMYHBIX YCAOBHIL, B TO BPEMS Kdl ©I'0 BABHCHMOCThL o
suavednit umcerx HImudra neBesmka. M, HakoHel, HOKasaHO, YTO II# CKOPOCTH MACCo-
MepeHoca B 30He BOCCOATITHEHMA XAPAKTepHa HPOCTag 3aBUCHMOCTh oT uyneed Peifnonslea.



