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Abstract—The electrolytic method {see proceeding article) was used to measure mass transfer in a

hydraulic fully-developed flow within a tube for steady, pulsating, and oscillating flows. The mass transfer

was investigated at the entrarice region as well as after the concentration profile has developed. The mass

transfer increases by oscillation up to 2.5 times the value of the steady flow and was up to 129 larger

than could be expected accordirig to the “quasi steady model”. The recordings show details of turbulence,
separation of flow, and backflow near the wall.

NOMENCLATURE
Dimensionless numbers
ad
Nu, = PR Nusselt number;
ne,
Pr, = - Prandtl number;
dug ,
Reg, =—, Reynolds number of stationary
v
flow;
dvy p
Re,, =—, Reynolds number of oscillating
v
flow;
Se, = /D, Schmidt number;
Bd
Sh, = D Sherwood number;
dZ
Sk, = —, Stokes number;
vty
v*
LY, = L—,dimensionless length in the

v
direction of flow;

B*, = B/v* dimensionless mass-transfer
coefficient ;

c,,  specific heat capacity [Jkg 'K~ '];

D,  diffusion coefficient [m?s™1];

d, diameter of the test section [m];

L, distance from the beginning of mass

transfer to the end of the cathode [m];
L, length of the cathode [m];

t, time [s];

to,  duration of a period [s];

Vo, amplitude of the oscillation of flow
[ms™'];

vg,  stationary velocity [ms™'];

v*, = (r,/p)*/?, shear stress velocity.
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Greek symbols
a, heat-transfer coefficient [Wm™*K ™ '];
B,  mass-transfer coefficient [ms™'];
n,  dynamic viscosity [kgm™*s™'];
A, thermal conductivity [Wm™ 'K ™'];
v, kinematic viscosity [m2s™'];
P, density [kgm™];
1,,  shear stress at the wall [kgm™'s™%];
o,  angular velocity [s™1].

Superscripts and mathematical symbols

L, local value at L;

0 — L, average from beginning of mass transfer to
L;

P, pulsation;

q, quasi-steady;

S, steady,

oo,  developed concentration profile;

| . absolute value;

°, averaged over a period.

1. INTRODUCTION

PuLsATING and oscillating flows are often used in
heat- and mass-transfer equipment especially in
chemical engineering. Examples are pulsating col-
umns for extraction and coolers following reciprocat-
ing pumps. It is well known, that pulsation increases
the transfer coefficients, however, the details of this
are not yet known. The electrolytic method allows
measurement of the instantaneous value of mass
transfer for the different phases of a pulsating flow
and shows, if there is turbulence, separation of flow
from the wall, and backflow. This helps to under-
stand the mechanism of this increase.

2, TEST SECTION
The test section [1] was a tube 346 mm long with
an inner diameter of 22mm. This tube was divided
longitudinally into two parts: two thirds of the
interior surface for the anode, the other third could
be used as cathodes. In this larger cathodes smaller,
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F1G. 1. Test section with the locations of electrodes.

isolated cathodes were inserted (Fig. 1) for measur-
ing local values of mass transfer. Also a part of these
electrodes could be used as anodes, e.g. for the
measurements of Figs. 2, 5, 6 and 7. Before entering
the test section, the electrolyte had to pass a tube,
810mm long, having the same diameter as the test
section. Therefore, the flow entering it, was hydrauli-
cally fully developed. The flow was measured using
an electromagnetic flow meter. The oscillating or
puisating flow was generated using a bellows pump.
It was possible to measure instantaneous valueg and,
by means of an electronical integrator, also values of
the current averaged over various lengths of time.

The ranges of the measurements were:

Steady Re number 0 and 100 < Reg < 51250; oscil-
lating Re number 0 < Re,, < 42800; Stokes number
18.7 < Sk < 600

(corresponding frequencies lay between 0.069 and
1.74 5~ ') Schmidt number 2770 and 11 200.

Dimensionless distances from the beginning of
mass transfer:

0.032t < L/d < 15.7.

The electrolyte was a solution of 0.025kmolm 3K,
Fe (CN)s+0.025kmolm~* K, Fe (CN), with 2.0
respectively—for increasing the Sc number—
50kmolm? Na OH.

3. ENTRANCE REGION AT STEADY FLOWS
The arrangement of the cathodes allowed to
measure the local mass-transfer coefficients of the
hydraulically developed steady flows at different
distances from the beginning of mass transfer. The
results for laminar flow agree perfectly with the
theory of Lévéque [2], that is with the equation:

Shso1, = 1.615(d/L)"*Rel?Sc', (1)

For turbulent flow and not too small values of d/L
the equation derived by Elser [3].

Shgo-r, = 0.275(d/L)"*Re]!12Sc! 3, 2)

agrees well with the present experimental results
(Figs. 2 and 3). For larger values of L or—more
exactly—larger values of the dimensionless length Lt
= Lv*/v the equations derived by Spalding [4] fit
very well with the experimental results (Fig. 3). They
also agree very well with the experiments of Schiitz
[5, 6], obtained by the same method, however with a
completely different arrangement.
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Fi1G. 2. Average of the Sherwood number from 0 to L for the entry region and turbulent flow.
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Fi1G. 3. Local, dimensionless mass-transfer coefficient for turbulent flow as a function of the dimensionless
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4. TURBULENT FLOWS WITH DEVELOPED 3000 -
CONCENTRATION PROFILES
For these measurements all cathodes were con- -
nected to voltage. However the current of one of the 3, Rey* 14300
cathodes only was measured. This cathode was at a §
mean distance of 183 mm or more downstream from
the beginning of mass transfer. The results for both
S¢ numbers—2770 and 11 200—could be correlated 1600 1= ] | l | N
with a mean error of the average of 0.12 and 0.33% o | 2
by the equation: t, s
Shg., = 0.02178Rel/85c0-264, 3)
The mean errors of the individual measurements are 2000
+1.29 respectively +2.2%.
5. THE CRITICAL Re NUMBER FOR 5 Re.= 17500
OSCILLATING AND PULSATING FLOW é 2000 €
. I3 . P
To demonstrate the influence of the oscillation on ¢
the critical Re number experiments with oscillating
flow were performed. “Oscillating flow” means, that 1000 |REs™C ll_‘.%"T'I’:‘n’; Sc=2769 Sk=43)
the velocity averaged over a whole period is zero ! I ! 1 )

(Fig. 4). In this case the flow is dependent on the
Stokes number Sk = d%/(vt,) and on the amplitude.
The dependence Sk, that is where turbulence
begins, on the Re, number gives approximately the
following equation:

Sk = 8.7 x 10 *Red?
for 2300 < Re, < 15300. (4)

For larger frequencies, that is for Sk > 300 no
increase beyond Re,,;, = 15300 could be detected.

For pulsating flows the dependences are more
complicated, as a third variable, the Re number Reg
of the steady flow, enters the problem [1].

6. MASS TRANSFER FOR PULSATING
AND OSCILLATING FLOWS

In the “quasi-steady model” [7] it is assumed, that
the instantaneous Sh number Sh,, is equal to that of

! 2

t, s

FI1G. 4. Reynolds and Sherwood numbers as a function of
time in the entry region at beginning of turbulence.

a steady flow, whose velocity is equal to the
instantaneous velocity of the oscillating flow in
question. Assuming the Sh number being pro-
portional to Re" it follows:

Eae

Shy 2

For n< 1 this function decreases with increasing
Re,/Res. However, the instantaneous Sh number
cannot become negative. Therefore the absolute
value of the integrand has to be taken. Numerical
calculations show, that beginning with Re, x Reg

" Re
1+
Reg

)sin wt-’nd(wt). (5)
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F1G. 8. Reynolds number and mean value of the Sherwood number from L =163 to 183mm for
pulsating, turbulent flow and developed concentration profile as a function of time.

the integral increases with increasing values of
Reg/Res.

Figure 5 shows for the entrance region and
laminar flow (n = 1/3), that depending on the value
of Sk the results of the experiments lie above the
curves corresponding to the quasi-steady model,
equation (5). This may be due to backflow near the
wall at large amplitudes. Contrary to former in-
vestigations our experimental set up allowed even
negative velocities for a fraction of the period. Figure
6 shows such a case. The steep increase of the Sh
number, indicating a separation of the flow from the
wall and the following turbulence can clearly be seen.

When the concentration profile for turbulent flow
is fully developed the measured values lie up to 12%
above the curve corresponding to the quasi-steady
model (Fig. 7). Within the range of the measure-
ments Sh numbers up to 2.5 times of that of the
steady flow were recorded.

Figure 8 shows the instantaneous Sh number for
the fully developed flow as a function of time.
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APPLICATIONS DE LA METHODE ELECTROLYTIQUE
ITéeme PARTIE: TRANSFERT MASSIQUE DANS UN TUBE POUR
DES ECOULEMENTS PERMANENTS, OSCILLANTS OU PULSES

Résumeé—La méthode électrolytique (voir Particle précédent) a été utilisée pour mesurer le transfert

massique dans un écoulement hydrauliquement établi dans un tube, pour des écoulements permanents,

pulsés et oscillants. Le transfert massique est mesuré dans la région d’entrée aussi bien qu'aprés que le

profil de concentration soit établi. Le transfert massique croit du fait des oscillations jusqu’a 2,5 fois la

valeur de ’écoulement permanent et il est jusqu’a 129 plus ¢levé que ce qui peut étre espéré par le modéle

quasi permanent. Les enregistrements montrent des détails sur la turbulence, la séparation de
I’écoulement et les courants de retour prés de la paroi.

ANWENDUNGEN DER ELEKTROLYTISCHEN METHODE
TEIL II: STOFFUBERGANG IN EINEM ROHR BEI STATIONAREN,
OSZILLIERENDEN UND PULSIERENDEN STROMUNGEN

Zusammenfassung—Die elektrolytische Methode wird beniitzt, den Stoffaustausch einer hydraulisch
ausgebildeten stationdren oder pulsierenden oder oszilierenden Rohrstrdmung zu untersuchen, und zwar
ebensowohl unmittelbar stromab vom Beginn des Stoffaustauschs wie auch bei ausgebildetem
Konzentrationsprofil. Innerhalb des Versuchsbereichs stieg der Stoffaustausch bis auf das 2.5 fache des
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Wertes fiir die stationire Stromung und war bis 129, hoher als nach dem quasistationdren Model zu
erwarten. Die Registrierkurven zeigen Einzelheiten der Turbulenz, der Abldsung und der wandnahen
Riickstromung.

NMPUMEHEHME 3JIEKTPOJIMTHYECKOrO METOHA. YACTb 2. IEPEHOC MACCHI
B TPYBE TP CTALUHOHAPHOM, KOJIEBIIOIEMCS M NMYJIbCHPYIOIEM TEUYEHUAX

Ansoraums — C NOMOUIBIO JMEKTPOIHTHYECKOIO METOAA TPOBCACHH M3MEPEHHT Maccomepenoca s
THAPaBNHYECKH TOAHOCTLIO DPAa3BHTOM ROTOKE B TPyGe npH CTAHHOHAPHOM, MyJLCHPYIOWEM M
xonebmomemca TedeHusx. Mccnenopanus NpoBOAHIMCE Ha BXOJHOM Y4acTke B B 06JaCTH ¢ pa3BATEIM
npopunem xoHuenrpauud. HaiimeHo, 4TO HanoXKeHHE MyNbCAUMHA HMHTEHCHPHIIHDYET MACCONEPEHOC
NPHUMEDHO B 2,5 pasa N0 CPABHCHHMIO CO CTALHOHAPHBIM TCHCHHWEM H wTO BesiMynHa AuddysHonnoro
noToka npumepro Ha 129, Gonpiue pacuéTHOTO 3HAYMCHMA, BHIYHCICHHOIO C NOMOUBIO KBA3MCTa-
uMonapuo#i monenw». [lonyuena nerTasiibHas XapTHHa TYPOYJIEHTHOTO TeYeHHsA, OTPHIBA NOTOKA M
BO3BPATHOIO TEYEHUS Y CTEHKH.



