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ABSTRACT

Experiments were conducted to investigate the effect of various dynamic
and geometric parameters on wall-liquid mass transfer coefficient and
friction factor in the case of flow of an electrolyte through a modified
annulus. Hourglass promoter assembly has been employed asthe turbulent
promoter. To measure the mass transfer coefficient the limiting current
technique was chosen. The el ectrolyte employed was an equimolar 0.01 N
potassium ferrocyanide and potassium ferricyanide solution in the
presence of an inert sodium hydroxide of 0.5 N. Measurement of limiting
current was made at the point electrodes fixed flush with the inner surface
of the tube wall. Pressure drop measurements revealed that the friction
factor decreased with increasing pitch and increased with increasing
characteristic length of the hourglass. Similar trends were aso observed
for mass transfer coefficient. The mass transfer coefficient data were
correlated as Coulburn j-factor expressed asafunction of Reynolds number
and the geometrical parameters of the promoter. The friction factor data
were correlated as a function of Reynolds number and geometrical
parameters of the promoter element.  © 2013 Trade Sciencelnc. - INDIA
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INTRODUCTION

Thedesign engineer isalwaysin search of new de-
vicesand methodol ogiesthat yield higher heat and mass
transfer rates. Effective operation, miniaturization of
equipment and control arethemain objectivesthat chal -
lenge the design engineer’s capability. Redlization of
these tasks can be done by employing asuitable aug-
mentation technique. Various augmentation techniques
inusewere comprehensively reviewed by Bergles?.
Heclass fied theaugmentation techniquesavailableinto
two broad categories:. activeand passive. Theactive
methods requirethe application of externd energy. In

passive methods, augmentation isattained by modify-
ing the flow passage for the advantage of increased
transfer rates. Asreveaed by Bergled¥ thereisahuge
scope and ampleopportunitiesfor researchinthisfield.
However itisobviousthat theemphasisisinthedirec-
tion of finding cost effectivetechniques.

Mg ority of investigationsa med at augmentation of
heat and masstransfer ratesfocused mainly on passive
augmentativetechniques. Thesetechniquesbasically
modify theflow path thusintensify theturbulencewhich
renderstheres stancefilm thinleading to increased heet
and masstransfer rates. Use of treated surfaces, rough
surfaces, extended surfaces, displaced enhancement
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devices, swirl flow devicesand coil tubeswerethevari-
oustechniquesemployed generaly for enhancement of
heat and masstransfer rates.

Dewan et d? reviewed al the passive augmenta-
tion techniques. Compound augmentation isa so often
used by combining the passive and the active methods.

In homogeneousflow of e ectrolyte, augmentation
of masstransfer rateshasbeeninvestigated experimen-
tally by employing displaced promoters such ascross-
flow dements?, coiled wires¥, string of spheres®, string
of coned®, string of discd”, helical tape on arod®,
twisted tapes® etc. All theseinvestigatorg®® employed
limiting current techniquefor obtaining the masstrans-
fer coefficient between thecolumnwall andtheflowing
liquidelectrolyte.

Thelimiting current techniquehasthefollowing ad-
vantagesfor the measurement of masstransfer coeffi-
cient: (i) thechemicd polarizationinvolvedisnegligible
(i1) thereacting surfaceremains smooth and unaffected
unlikeinthe casesof solidsdissolution or sublimation
processesand (iii) themeasurementsarerdatively fast,
accurate and reproducible. Thefluid electrolyte con-
sistsof 0.01 N potassium ferrocyanide and potassium
ferricyanidewith 0.5 N sodium hydroxideasinert elec-
trolyte. Limiting current ismeasured for thereduction
of ferricyanideion represented by thefollowing reac-
tionequation:

[Fe(CN)¢]* +e—>[Fe(CN)s]* @
Computation of wall-liquid of masstransfer coefficient
ismadeby measured limiting current at point € ectrodes
fixed flush with theinner surface of the prespex tube
using thefollowing formuld™®,

i
k, =—2 2
" nAFC, @

Although thereare alarge number of studiescarried
out in heat transfer acloselook at theliteraturereveds
that not too many investigationsareamed towardsmass
transfer. Very few workswere reported in which the
studiesweredirected towardstheinvestigation of hy-
drodynamicsand wall-liquid masstransfer using bluff
bodies. Further, investigationsempl oying an hourglass
promoter dement for enhancement of masstrander rates
werefound to be scarce*?.

Inview of this, the present study has been attempted
toinvestigatethe effect of liquid vel ocity and the geo-
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metricvariablesof thepromoter e ement on masstrandfer
coefficient and friction factor in the presence of hour-
glass promoter. Therangeof variablescovered inthe
present study has been compiled inTABLE 1.

TABLE : 1Rangeof variablescovered in the present study
S.No

Parametersstudied Minimum Maximum
Superficial velocity of

L JigudVinmis 0.04 0.26
5 Dl_ameters of therod, 10
diincm
3 Pitch, pincm 5.0 10.0
Characteritic length
4  of thehourglass 3.0 5.0

element, dy,in cm

EXPERIMENTAL

The equipment was designed and fabricated to
carryout studieson liquid-wall masstransfer at thein-
ner surface of the outer column of an annular electro-
chemical cell. A string of hour glassdementsfixedona
rod with different pitches was employed as a
promoterassembly, which wasplaced concentrically in
thedectrochemica cell.

Theschematic diagram of the experimenta set-up
used inthe present investigation wasshowninfigure 1.
The equipment and apparatus cons sted of asintex cy-
lindricd storagetank (S), centrifuga pump (P) for cir-
culaingtheeectrolyte, arotameters(R,) for measuring
theflow rate of the electrolyte and anitrogen cylinder
(N) for supply of nitrogen gasalongwith regulator (R).
A U-tubedifferentid manometer (U) wasprovided to
measurethepressuredifference acrossthetest section
(B). VavesV, toV wereusedto control theflow rates
of liquid whilethrough theexperimental column.

The storage tank was of 100 liters capacity, com-
pletely covered with asintex sheet to diminate continu-
ous contact with the surrounding air. The bottom side
of the tank was connected to the suction side of the
pump (P) through aglobevalve (V). Another globe
valve(V,) wasprovided at the bottom of the storage
tank tofacilitatethe periodic cleaning. A spird coil (CC)
with perforations was placed in the storage tank for
deseration of thee ectrolytewith nitrogengas. Thepump
(P) of Kirloskar makewas made of stainless stedl that
hasacapacity of 1 hp. Thedischargeend of the pump
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wasdivided into two lines, onedirectly connected to
rotameter (R) and the other to aby-passline. Theby-
passlinewasprovided with aglobevaveV , to control
theflow through rotameter. Therotameter (R) was of
Indus make hasrange of 0to 60 litersper minute. One

v

morevaveV , wasprovided a the entry point of rota-
meter. ValveV, provided at the discharge end of the
rotameter facilitated thefluid dectrolytetoflow through
theexperimenta column.

Theexperimentd columnshowninfigure3.1manly

A- Entrance calming section; B- test section; C- exit section; CC — copper coil; D- distributer wire mesh; DR- drain; E-
electrodes; F, F,- flanges; N- nitrogen cylinder; P-pump, R — rotameter; S- storage tank; T, T,- pressure tapings, U- manom-

eter; V- vent; V, to V- valves.

Figurel: Schematic diagram of the experimental unit

cong sted of thefollowing three sections. An entrance
caming section (A), atest section (B) and an exit sec-
tion (C). Theentrance calming section (A) madeof a
copper tube of 6.73 cm inner diameter and 1.07 m
long, wasfilled with marble stones of random size, to
eliminatethe effectsdueto tangentia entry of thefluid
el ectrolyte and to minimizetheflow fluctuationswas
connected to the main test section (B) by meansof a
flange (F,). Theinlet provided at the bottom of theen-
trance calming section facilitated the flow of the me-
tered fluid dectrolyte.

Thetest section (B), which served asthe el ectro-
chemical cell, was made of smooth Perspex tube of
6.73 cm inner diameter and 0.6 m height. Theinner
wall of thetest section was provided with copper point
electrodes of diameter 3.42 mm. Thepoint electrodes
34 in number were machined to the size out of 4 mm
diameter copper rod. One end of these electrodeswas

fixed flushwith thesurface of theinner wall of thetest
section whilethe other end projected outward served
asterminal for connecting the e ectrodesto theexterna
circuit. Two pressure taps, (T,) at the bottom flange
and (T,) at thetop flange have been provided across
thetest section for pressure drop measurements. The
Taps(T,and T,) wereconnected to thelimbsof the U-
tube manometer to measure the pressure drop. Car-
bon tetrachl oridewasused asmanometricfluid. A stain-
less steel wire mesh (D) was placed at the bottom of
thetest section served asa supporter to hold the pro-
moter e ement. Thewiremesh aso alowed thedistri-
bution of liquidinto theexperimenta test section with-
out appreciable pressuredrop.

Entrance calming section; B- test section; C- exit
section; CC— copper coil; D- distributer wire mesh;
DR- drain; E- electrodes, F,, F,- flanges; N- nitrogen

cylinder; P-pump, R - rotameter; S—storagetank; T,
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T,- pressure tapings, U- manometer; V- vent; V. to
V_-valves

Two hemispheres of samediameter d, werejoined
together in the hour glasstype arrangement and this
arrangement was used asthe repeating e ement inthe
promoter assembly. Thediameter of thehemispheresis
cong dered asthe characteristicslength of thehourglass
assembly. Hourglasselementsof different sizes(d,) were
placed concentrically onastainlesssted rod of 1.0cm
diameter with varied pitch p acted astheturbulent pro-
moter showninfigure2. Promoter dementsof different
geometrical characterigtics(viz., pitch pand character-
isticlength d,) werefabricated and the detail s of the
promoter geometriesused inthe present study arecom-
piledinTABLE 2.

Theexit section (C) wasa so of the samediameter

Figure2: Detailsof_hourglasspromoter
TABLE 2: Detailsof promoter geometry

SNo. Diameter of the Pitch, _ hemisphere
' rod d,(cm) P(cm) diameter, d, (cm)
1 1.0 5.0 4.0
2 1.0 7.0 3.0
3 1.0 7.0 4.0.
4 1.0 7.0 5.0
5 1.0 10.0 4.0

asA and B with its open end into the separator, was
connected to thetest section (B) by meansof aflange
F,. Thefluid électrolytefrom thetest section wasdrawn
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from the bottom of the separator (D).

Prior to the assembly of thetest section, the sur-
faces of thepoint el ectrodeswere polished with athree
zero emery paper and cleaned thoroughly. About 70
litersof equimolar solution of potassium ferrocyanide
and potassium ferricyanide of about 0.01Nand0.5N
of sodium hydroxidewere prepared fromanalar grade
reagentsusing distilled water of 5 mmho specification.
Thissolution was used asthe d ectrolyte. Therotame-
terswerecdibrated using thisfluid dectrolyte. The so-
|ution was deaerated using nitrogen prior to recircula
tion through the test section. Thetest el ectrodes used
were point el ectrodes of diameter 0.00342 m.

Thedectrolytefromthe storage tank was metered
and circul ated through the test section. Therotameter
R was used to measuretheflow rate of eectrolyteand
theflow ratewas adjusted by using the control and by
passvalves. Then limiting current was measured by
applying an electric potential in small incrementsbe-
tweenthetest eectrode (T) and thewall eectrode (W).
Initidly blank runswere conducted withindifferent eec-
trolyte alone. Since no appreciable currentswere de-
tected the measured limiting currents obtained during

‘red-ox processwereessentialy dueto thedepolarizing

agent.

Themeasurement of limiting current wasmadein
thelinessmilar tothosereported earlier inthe studies
onionic masstransfer®19, Duringeach runthereacting
ion concentration was obtaned by volumetricanayss.

Ferrocyanideion concentration was estimated by
permanganometrictitration method and theferricyanide
concentration was obtained usingiodometrictitration
method*2,

RESULTSAND DISCUSSION

Before commencing the experimentation with the
present set up, masstransfer coefficient datawere ob-
tained in homogeneousflow with disc promoter. Thek
values thus obtained are found to agree the data of
Venkateswarlu et al” within 8% deviation.

M ass transfer

When asolid surface and aflowing liquid come
into contact, there appearsaboundary layer otherwise
also known asviscous sublayer. If either heat or mass
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transfer to occur fromtheliquid to the solid surface or
viceversa, themajor resistancefor any such transfer
processisoffered by thislaminar sublayer. Themore
thethicknessof thislayer, themoretheresistancetothe
transfer process. By increasi ng theturbulence, thethick-
ness of thislayer can bereduced. Theincrease of tur-
bulence can be done by increasing thefluid vel ocity
and a so by creating vigorous churning of theliquid. If
thefluidisallowed to passthrough across section that
contains a series of sudden expansionsand contrac-
tions, thentheresulting scouring actionleadstointense
turbulent fieldsyielding reduced film thickness. Hour-
glasspromoter ement isonesuchinterna € ement that
modify the flow passage such that aseries of sudden
contractionsand expansionsresults.

Therefore, it can be anticipated that the hourglass
promoter hasthe capacity of yielding high heat/mass
transfer coefficients.

Augmentation with hour glasspromoter

The experimental dataobtainedin the present ex-
periment have been andyzed graphicdly inreationto
variousdynamicand geometric variables. Figure3gives
the data of the present study plotted as average mass
transfer coefficient kL,avg against liquid velocity V for
three cases of (i) homogeneous liquid flow through
empty column (PlotA), (i) homogeneousliquidflowin
the presence of an hourglasspromoter {d, =4cm; p=
10cm} (Plot B), (iii) homogeneousliquid flow inthe
presence of another hourglasspromoter {d, =5cm; p
=7 cm} (Plot C). The magnitudes of improvements
over empty columnwereshownin plotsB and C. Plot
A isthedatapredicted form Lin et a™® for the case of
homogeneousflow of dectrolytethrough anempty con-
duit. The present experimental dataobtainedin homo-
geneousliquid flow with two different hourglass pro-
moterswere presented asplotsB and C. PlotsA and B
showstheimprovementsin kL,a\/g dueto the presence
of an hourglass promoter { d. =4 cm; p=10cm} were
upto 50% on lower liquid vel ocity end and upto 140%
on higher liquid velocity end. PlotsA and C showsthe
improvementsin kvag duetothe presence of introduc-
ing an hourglass promoter {d, =5cm; p=7cm} were
upto 5.5fold onlower liquid velocity end and upto 7.5
fold on higher liquid velocity end. These observations
indicate that the presence of an hourglasspromoter as-

sembly inahomogeneousflow isdefinitely advanta-
geousasit enhancesturbulenceresultinginincreased
masstransfer.

Effect of axial length

50x10€

P [cm] d, [cm] Plot
30x106 e
o 7 5 C ]

& 100 4 B P

20x10°% Linetal [10] A

10x10° o

k, [m/s]

7x10°%

5x10° "

3x10%

2x10

1x10® T T T T
0.03 0.05 0.07 0.1 02 0.

V [m/s]
Figure 3: Augmentation of masstransfer coefficient

Whenafluidisflowinginacircular or annular con-
duit or in any conduit of uniform cross sectiona area,
and if thetest sectionistakenin such away that the
boundary layer isfully devel oped, thenthevel ocity pro-
fileremainssameaongtheaxia length of thetest sec-
tion provided steady flow ismaintained. One canthen
expect that themeasured limiting current dengtieswould
not be affected by theaxid distance. If aninterna such
asan hourglass promoter, which containsacentra rod
onwhich astring of hourglasselementswas placed at
equispaced distancescoaxialy in thetest section, then
theflowing fluid would be subjected to aseries of sud-
den contractionsand expansionsresultinginregionsin
which thedegree of turbulenceintensity varies. Since
thethicknessof boundary layer istheessentia compo-
nent of resistance offered to transfer process, morethe
turbulence, lessthethicknessof theboundary layer. Thus
it can beanticipated that themeasured local masstrans-
fer coefficient would vary a ong thelength of thetest
section. Figures.4a, 4b and 4c show the plots of mass
transfer coefficient drawn againg axiad distancefor hour-
glasspromotersof threedifferent pitchesviz., 5, 7 and
10cm. Inall these cases, the masstransfer coefficient
wasfound to fluctuate with thelongitudinal distance.
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Theaverageof masstransfer coefficient computed from
arithmetic meanisalso showninthefigures. Average
masstransfer coefficient datahave been consideredin

7
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al futurediscussionsasthetransfer processfromwall
toliquidor liquidtowall isthemain objectiveof present

study.
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Figureda: Variation of kL with longitudinal distancefor apitch of 5cm
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Figuredb : Variation of KL with longitudinal distancefor apitch of 7cm
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Figuredc: Variation of kL with longitudinal direction for apitch of 10cm
Effect of pitch pitch may cause adecreasein masstransfer coefficient.

Pitch of the hourglass promoter elementisan es-
sentid parameter that influencestheflow pattern at the
wall thussgnificantly affecting the thicknessof there-
sistancefilm. It can be anticipated that theincreasein

Figure 5 represents the dataon kL,avg plotted against
liquid velocity for three different pitch values. Plot A
correspondsto a pitch of 5 cm, plot B for 7 cm and
plot C for a pitch of 10 cm. It is observed that the
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higher the pitch thelower isthe masstransfer coeffi-
cient asexpected. Asthepitchincreasesthemasstrans-
fer coefficient decreaseswhichisasalso reveaded by
figure5a, theinset of figure5.
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Figure5: Effect of pitch onkL for db=4cm
Effect of characteristiclength

Theflow past an hourglassinterna isidentica to
flow past a bluff body. The flow istransverseto the
direction of the hourglass orientation and one can ex-
pect vigorouswake formation both at theleading edge
and at thetrailing edge of thehourglassthusresultingin
severeturbulence.

Thediameter of the hemisphere hasbeen consid-
ered asthe characteristic length of the hourglassele-
ment. Increas ng hemi spherediameter meansdecreased
availableflow area, hence subsequent increaseinthe
locdl velocity of thefluid, thus, augmentation of theav-
erage masstransfer coefficient at thewd can beantici-
pated. Thiscould be established from thetrends of the
masstransfer coefficient dataplottedinfigure6. Inthis
figurethe plotswere drawn betweenk _ andliquid
velocity for three different diameters erripfoyed inthe
present experiment. Plot A shows the mass transfer
coefficient datawith the characteristiclength of 3.0cm,
plot B corresponding to 4.0 cm and plot C represents
the datawith that of 5.0 cm. A closeinspection of the
plotsof thefigurereveal sthat the masstransfer coeffi-
cient increased withincreasein characteristic length.
Thisisalso evident from the cross-pl ot presented as
inset figure6a.

Corrdation

Thedataonk,, obtainedin the present experi-
ment have been correl ated inthej -Reformat by re-

gression analys sand thefollowing equationisobta ned.

-0.27 0.62 -2.52
i —o1g PRV )[4 ) [
° n D.) \D.

Averagedeviation=7.63%
Standard deviation =9.84%

The correlation plot according to equation (3) has
been showninfigure?.

3

Je-3
Figéa
g roeg | V01RO
3e-5 ;ﬂ 1505 A A
- o AT
e -
1065 R
5 2 3 4 5 5 = . g
—  2e5 3 5 v
& dy, [em] . B . o
£ C N
- -
] B &7 o~
™ [
d, [em]  Plot A
le-5 1
o 3 A
A 4 B
Te6 Ha L
Se-6 T
0.03 0.05 0.07 0.1 02 03
V [m/s]

Figure6: Effect of characteristiclengthonkL for p=7cm
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Figure7: Correlation plot in accor dancewith eqn.(3)
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Pressuredrop studies

Study of pressuredropisvery important Sinceit is
related to the power consumption inaparticular op-
eraion. Thereforeitisdirectly affectingthevariablecosts
of the operation and hence the total product cost. In
view of this, the pressure drop datawere a so obtai ned
inthe present experiment. Thedatawere analyzed as
pressuredrop versusve ocity.

Effect of pitch
The pressuredrop datain the present study have
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been measured using a U-tube manometer connected
between two pressure tapi ngs across the test section.
Thesedatawere converted into pascals, and that data
have been plotted against liquid velocity for various
pitchesof thehourglasspromoter e ement with the char-
acteristic length being 4 cm. Threepitch valueshave
been considered in the present caseviz., 5, 7 and 10
cm. The corresponding datawere represented through
plotsA, B and C respectively infigure8. It isconspicu-
ousfrom theplotsof thefigurethat the pressure drop
decreased with increasein the pitch value. However,
thevariationin the pressure drop between pitch values
5and 7isvery large and the difference between pitch
values7 and 10isnearly very less. However, for the
entirerange of pitch under consideration, adecreasing
trend has been observed. Thistrend isal so conspicu-
ousfromtheplot of thefigure8a, theinset figure.
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Figure8: Effect of pitch on pressuredrop for db=4cm

Effect of characteristiclength

Thediameter of the hemisphere d, has been cho-
sen asthe characteristiclength of the promoter eement
i.e., thehourglass e ement. The dataobtained on pres-
suredrop have been plotted against liquid velocity for
threedifferent characteristiclengthsconsdered inthe
present study. It can be expected that anincreasein
characteristic length reducesthe flow areaand hence
anincreasein pressuredrop can beanticipated. A close
ingpection of theplotsof figure9 anditsinset figure9a
indicatessimilar trends.

Corrdation

A correlation has been obtained between friction
factor and Reynoldsnumber by regression andysispre-
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sented asegn.5.2.
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Averagedeviation=8.57%
Standard deviation =10.86%

The correlation plot according to equation (4) has
been showninfigure 10.

1000

(4)

700 1 1000 =
500 Fig.9a
[V =0.1875 m/s]
300
10 :;100 g s
100 4 >
= 70 o . #
g 50 10 i
Z 2 3 4 5 6
£ 2 3 :
o 20 d, [em] B 2 °
>
10
7 d,, [cm] Plot A
5 o 3 A
3 A 4 B
2, o 5 C
1 T
0.01 0.02 0.03 005 007 0.1 0.2 0.

V [m/s]
Figure9: Effect of characteristiclength on Pressuredrop
for p=7cm.
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Figure10: Correlation plot in accor dancewith eqn (4)
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CONCLUSIONS

The experimental dataobtained on masstransfer
coefficient have been andyzed from which thefollow-
ing conclusonsweredrawn:

e About 7.5fold improvement in masstransfer coef-
ficient hasbeen observed in homogeneousflow due
to the presence of hourglass promoter el ementsin
comparison with homogeneousflow without any
promoter.
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Themasstransfer coefficient decreased within-
creasingpitchvaue

Themeasstransfer coefficient increased withincrees-
ing characteristic length of the promoter € ement.
Themasstransfer coefficient iscorrelatedinj -Re
format of equation.

The pressure drop decreased with increasing pitch.
The pressure drop increased with increasing char-
acteristiclength of the promoter eement.

NOTATION
A area of thereacting surface [m?]
Co concesqtratlon of reacting ion (F€’ [kmol/m?]
or Fe™)

d characteristic length of hourglass

0 element [m]
d rod diameter [m]
D¢ column diameter [m]
D, diffusivity of reacting ion [m%s]
F Faraday constant [C]
I current [A]
iy limiting current density [A/m?]
I limiting current [A]
k, mass transfer coefficient [m/g]
kL.avg average mass transfer coefficient [m/q]
P pitch [m]
V superficial liquid velocity [m/g]
X longitudina distance [m]
n number of electronsreleased or []

consumed during thereaction
Greek symbols

AP pressure drop acrosstest section [Pa]
u liquid viscosity [kg/m g
p liquid density [kg/m?]

Dimensionlessgroups

F
I

Re

2(Ap)p

Frication factor, = 5

k
Coulburn j-factor = %Scz’3
pD.V
u

Reynolds number =

Schmidt number = —*—
pD,

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]
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