LBL-2242
c.\

TRANSPORT PROCESSES IN HIGH RATE ELECTROLYSIS

Raul FEdmundo Acosta
(Ph.D. thesis)

May 1974

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

4 ™

For Reference

Not to be taken trom this room

- _J

\?

2¥2e-1d1



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



~iii-

 TRANSPORT PROCESSES IN HIGH RATE ELECTROLYSIS

Contents

’ . AbStract . .o v ¢ ot 4 s e e e e e e e e e e e e e e e e e e
: Table of Symbols . - .','. e e e e e e e e e e ... .
I. Introduction . ; SRR ._; c e e e e e ¢ e e
II. Fundamenfals T T T T
III. .EXpérimental Méthod and Apparatusv e e .:. « e e
. A. iimiting.Current Method . . . v v v v v v v v v o
B.'lDetermination of Friction Factor . . ... « + . . . .
C. -Electrolyte Properties . .. e e e e
‘D, Experiméﬁtél CellS v v v v v e e e e e e e e e e e
E. Roughness.  Types‘and Measurement .»; e e e e e
F. Test Facility and Instrumentation . . . . . .‘. . .
G. frqcedu?és e e o ;V. . . ;.. e e e e e e e
1. Operatién C e e e .. e e ;'. .
2f Data-Reductién e e e e u ; T T T S PO
H: Estiméﬁes of Ekperimental Errors:. e e e e e e e
IV, Pfeéénta?ibn and Analysis of the Results for Smooth Cells
- . © - A. Cell I, Smooth ... o
‘h 1. Effeéf of the Channel Corners . . . ... . . . .
. | 2. Dependence of the Mass Transfer Coefficient on
\ tﬁe Diétance from the Mass Transfer Section
Leadiné Edge . . . .‘... e e e e e e e
3.  Laminar Results' s e e e e e e e
4."Turbuient Regime . . v v ¢ v v v & v o o o v o .

vii

16

16

24

27

30
39
40

53

‘.53 ,

56

58

66

66

66

71

75

77



—iv— 

5. Friction Factors . . . . .-. B 3
6. 3p/(f/2) Ratio . . . ..o i oo . BG
B. Presentation of Results for Cell II; Smooth. e e e e . . B4
V. Presentétion:and Anaiysis of the Results fér Rough Cells . . 96
A. Results for Cell I, Roﬁgh' e e e e e e ; . . 96
1. Effecf'of Chanﬁél Corneré_ e e e ..f e e e e . .97

2. Dependencg of<;he Mass Trahsfer Coefficient on the
Distance‘from thg Mass Transfer Leading Edge . ... 98
3. Lamiﬁar{Results s e e e e e e e e e e e e ; « « o 103
4, Turbﬁlent Regime . . . . .1. e h e e e e ; e . . . 103
5. Friction Féétofs Ce e e c e . . e+ ... 108
6. .jD/(f/Z) Ratio . v v v v v v oo o e e e . . 114
B. Pfesentatibn of Reéults for Cell II, Rough . . . ... . . 116
Iv. Summéry and Conclusioné « .o ,1. T . 130
-Aéknowledgements PR ; P ;.. . . .'. e e e e o s . . 133
:Appendix I. Design of thevExpefimentél-Cells . ; B ; 134
Appendix TI. End EEfects . « « v v o o v s oo oo e e o . . 152
Appendix;III; Fluctuétions in thesHydrodynamic Transition Regioﬁ 157
Appendix iV.'AGas Evolution . . . . . .. R

‘References . . . . . . c e e e e e . . . 200



TRANSPORT PROCESSES IN HIGH RATE ELECTROLYSIS
Raul Edmundo Acosta
Iﬁorganic Materials Research Division, Lawrence Berkeley

> : . Laboratory and Department of Chemistry; University
of California, Berkeley, California 94720

ABSTRACT

Ratésrof mass trdngéort to planar electfodes imbedded into
closélYOSpaced-walls (0}2 - 0.5 mm) of flat réctangﬁlar channels
were-determined_by the‘limiting'Current_technique.: The nickel
'eleétrodes,'on which férric cyanidé was.réduced fo fgrrous cyanide,
were subdivided into four electrically insulated segments, alloWing‘
for the determination of decliné of ﬁransport‘rétéé in the direction
‘of flow. The electrode surfaces were polished to optical
smoothnésé, or providéd with well define& roughnesé‘patterns.
Fricfion factors were'obtained Ey measurémentvof pressure drop
between fdﬁr'positionsvin the hydrodynamic entrance region; and
four-in the mass- transport seqtion. The ranges ofrsignificant

variables and parameters were:

220 < velocity, cm/sec.< 7,700

1,300 < Reynolds Number < 22,000

: , 2,200 < Schmidt Number < 3,050

Electrode length
— duct equiv. diameter —

28

0;05_E‘PeakAto-Peaknroughness, u > 60 .

a

; In the laminar regime,-on_smOOth and moderately rough surfaces,
the mass transfer coefficients were found to follow the extension

to the Graetz-Levéque equation:



o o, \1/3
Shave = 1.85 (Re Sc Dh/x)- .
'MaSS'transfer éoefficients and friction factors obtained in

" the hydraulicélly smooth channel in turbulent flow (Re > 104) can

be correlated by the Chilton-Colburn equation:

2/3 _
)

0.25

jp = St Sec = 0.0395 Re

Mass transport rates obtained on roughehed surfaces, beéause
of the contribution of the form-drag, show significant depatture
from those predicted by the Chilton—Colburh;analogy; jD/(f72) >1

when Re > 2 - 4 x 10° .
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TABLE OF SYMBOLS
Concentration
Diameter

' . : v = 4 (wetted Area)
Hydraulic Diameter, Dh_’ perimeter :

Diffusivity
Faraday's Constant

Interelectrode Gap

Gravitationa . Constant

Currént Deﬁsity

Limiting Current Density

Molar flux with respect to the mass average
velocity (v), qu.(2—16)'

Mass Transfer Coefficienf, Eq. (3-3)
Mass‘Transfer Coeffigient, Eq. (2-22)

Molar Flux, Eq. (2f2a) ‘

Pressure Dtop‘

Volumetfic Reactioﬁ Rate

Temperature
Température
Mobility of ionic species i
Velocity

Frictional Velocity v,= VTlp

Width of the Channel

Distance from the maSS transfer leading edge

Valence of ionic'speéies i

,

’[g»molewcm-g sec ]

[g mole cn™]

[em]

[em]

[cn® sec ]
[96,494 Coulomb]
[em] |
[981 cm sec 2]
(Aem?]
[A‘cmle

-1

[Cﬁ Sec_l]
[em sec-l]

_1]

[gmole cm_z'sec

_ [Dyne cm—3]

_1]

[gmole cm—srsec
ec1

[°K]

[cm2 gmole sec-l]
[cm'sec—ll

[cm'sec_l]

[cm]

[em]
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Greek Symbols

€ Roughness, Peék—té—Peak.-

€ . Turbulenf Diffusivity of Mass
€y Turbuieﬁt Diffusivity of Momentum
u. Viscosity
9 - Kinematic Viscosity -  '
0 > Density
T -~Momeﬁtum Flux
o :, Potentiél Field |
Subscripts
ave Avefage Quanfity
b ‘Bulk Quantiﬁy .

8 ,.'Quantify Evaluated at y=29§
k  Belonging to Species "k"

Tt Evélu5£ed at Temperature t
W Evaluated at fhe Wall |
x. In the x Direcfion
-y. In the y Directibn

Superscripts

t Turbulént Quantity
+ Dimensionless Quantity .

Other Symbols

- (Overscore) Time Average
~'  (Tilde) Fluctuating Quantity
( ) Mass Average

' Derivative with Respect to y

[Hm]

' [cm2 sec—li

[cm2 sec_l]
[cps]
[sz sec_l]

[g cn ]

[V e 1]
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Dimensionless Numbers -

f  Friction Factor’

Gr Grashpf'Number. Gr = guACx3/(V2)

ChiltonfColburnvfactor; i~ = Sh/(Re Scl/3)

ip D
Nu Nﬁsselt Number. Nu = kx/D

Pr Praﬁdtl Number. Pr. V/a
Ra Rayleigh Number. Ra = Gr Sc
Re' ' Reyﬁdlds Number., - Re = bv/v
Sc¢  Schmidt Number. Sc = V/D
Sh Sherwood Number. Sh = kx/D

St Stanton Number..vSt = Sh/(Re Sc)
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I, INTRQDUciioN

Industfial electrschemical processes are characteristically carried
out at vsrybmodesi (low) fates (10—2#1}0 A/sz) (see Table I). This
necessitaﬁes large capital investmenfs, heavy labor csargss and large
physical size of plants. In recent years, there has been a growing
interest in the possibility of'increasing-the rates at_which these
processes can bercarried out, To date, omnly one process is operated at
current densities of the order of 100'A/sm2: eiectrocheﬁical machining -
(ECM).. Tﬁis prpcess is of interest as a means for shaping very hard
metsl alloys without iﬁtrbducing,mechanical strains in the worked piéce.

Since electrolytes are‘relativeiy-poor conductors, increase of rate,
i.e., of current density, results in increasing snergy costs in ‘almost
direct proportiona Also; for processes that émploy elec;rolyte
solutions (as opposed to molten salt.electiolysis processes) one of the
- immediate disadvantages in increasing the current density is the
soncomitwﬁtvincrease in the amount df heat produced as a iesult of the
ohmic potential droplacrdss the elecfrodes. .Siﬁce the-conductiﬁity of
_aQUsous eiectrolytes is of ths order of 0.10 ( cm)_l, a surrent
density oi 100 A/cmz) ablOO tqi10,000 increase'ovsr the usual rstes) would
involve a rate of productioﬁ of heat of 1,400 kcal/min cm3 of electroiyte
sontained Between‘the slectrodes. When one considers that in cdnventional
ceil.procésses typical distances between elecfrodes are of the order of
a centimeter, the problem of dissipating all the heat produced between

the electrodes becomes very serious.




Table I. Typical current densities of industrial
‘ electroqhemical processes. '

Amp/cm2
Au plating , : "~ 0.001
Cu refining : 0.01
Cl2 (diaphragm) 0.1
Mg, Al reduction 1.

ECM 100
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Two possiﬁle,avéﬁues are open to solve>this proB1emf7‘(a) improve -
the conductivity of the working electrolfte by increasing the con-
centration of the ionic sblute, or (b) decrease fhe distanﬁe separating
the electrodes. The first ﬁoésibility_is very limited since the
solubilify éf»salts used in electrolyte composiéions is in genefal fairly

small (at most several molal), and in practical situations the con—

: ductivity could not be increased more than two fold. The second

possibility gives more latitude since decreasing the electrode separation
to fractions of a millimeter is conceivable.

It is this latter solution that forms the object of ‘the present

stﬁdy. A broader application of high rate electrolysis (using closely -

épaced eleétrodes) hés been hindered by almost complete lack of
understandiﬁg of the controlling paraméters.v In particular, in ECM
qog;ly-triél'ahd éfror is required to determine the conditions of
pperatioﬁ’for any new application. Anodic phénomena in ECM are.obscuréd
by the interplay of_mass transport, electfical'and surface effects., Part
of the probleﬁ in elucidating this situation arises from the lack of
ﬁhderstanding‘of'transport:prOCESses'outside the laminar regime. Our -
knowledge is-mps;ly empirical or semiempirical, aﬁd we have to fely _

upon correlations to calculate the rates at which these processes will .

occur for a given set of conditions. Since most experimental work on

momehtum and mass (or heat) transfer has been carried out using flow

channels with an equivalent diameter of 2 cm or more, extrapolation of
these results to flows that occur in channels involving one er two orders

of magnitude smaller equivalent diameters could lead to serious errors.




Té date, no systematic study of'mass and momentum transfer fates
in channelé with equivéléht diameters of frac;ions-of a millimeter has
been published. The ﬁroblem of heat“trénsfer_in very thin éhanneis has
attrac;ed the attention of investigators in the field of huclear reactor
'technology‘ Table iI lists reports of_ﬁork_carried out in ducts with
equivalent diémeters‘of the order of a millimeter. Tﬁese ére the smallest
values. of Dh that have begﬁ studied tb date.. The‘d13crepéncies.in these
résﬁlts are too large to consi&er the problem settled.

The preSent work involved meaéurements of the rates_of mass and
momen tum ﬁransfer in channels with equivalenﬁ_diameters of 0.096 and
0.038 cm,-using éleétfolyte fiow ratés in the Reynolds nﬁmber raﬂge of
1,300 to 22,000 (200‘to 7,700 cm/sec). Since in'practical applications
electrodés‘are éeldom hy&rauli;élly émooth, iﬁ ad&ition to'opticaliy
smooth walls four different degrees of roughness were also emplqyed.

A stﬁdy of cathodic gas evolution in véry narrow gaés (of importance

in electrochemical machining) is reportéd in Appendix IV.

X
.



Table II. Heat tfgnsfer:in thin channels.

Author

Reference  Duct Re Pr Medium  Entrance Remarks
Number Dimensions Length . i : . o
(g"w), mm : v :
4 ) . ] 0.8. 0.14 Tw -0.7 | - ~0.7 Tw

Battista and 1 2.41X2.41 2.1%10 unspecified Air 100-Dh ~-Nu = 0.021 Re " "Pr "’ T 1 +(§— . T
Perkins ‘ to 4.9%10% : ‘Ube h ‘b
Gambill and Bundy 17 1.34 to 9"103 to unspecified Water unspecified -~f values fall within 15Z of Moody Chart .line for

1.44%26.92  2.7%10° ' - o . - . S
’ o D= 0.00064 (roughness was not indeperidently
measured). o
- --Nu within 26% of Sieder-Tate Jn
L B, \0.14 !
[Nu = 0.027 Re¥-8p 0-33 (u—b—> : - e
James et al. 20 3.17 to 3"103 to 6.5 to 100 Water, 67 Dh --Sieder-Tate does not correlate results.
254%6.35 1%10° Glycerine- : : ) O \213 Re0-9
water 0.0016 Pr+0.75  _0.4{ b e
. 0.104 Re . Pr T,
~-Nu = — -
0134 PI) 05 4+ 1.62 e 8/V]
Jergel et al. 21 0.1 to unspecified unspecified Liqﬁid unspecified --Nucleate boiling conditions
: 1.0%10 Helium ) ’ :
_Perroud and 35 1%6 8"103 to unspecified Gaseous . 40 D, ~-Nu within 20% of Ditus-Boelter correlation -
‘Rebiere Ix103 : Hydrogen ‘ [Nu = 0.023 Reo'BProfa]

1 40 4 — € oyl < ornd
Ricque and ID 2 1X10" to 2.5 to 9.2 Water 50 D; f values fall on T = 2X10 ° line for Re < 6%10 ;
Siboul and 1.47%10° ‘ h ' b 4

D 4 and on hydraulically smooth line for Re > 6%10

(roughness was not independently measured).

)JW

N u, 10.14
~-Nu = 0.0092 Reo'sePrO'S[—b]




" II. FUNDAMENTALS

The equationé déséribing the processes of mass and momentum’
transport in c1oséd'channe1s have been established and_uséd by numerous
authors to'calculéte rates of tramsport, In the case of developed laminar
flow the equation for the velocity at.any poiﬁt'in the Cﬁannel is known
fbr a varieﬁy of channel cross_section éohfigurations}sa This makes it
fossible to prédict mass (héét) transfer rates with a satisfactofy dégree
of accuracy. . In thg case oflturbulent transport, however, our imprecise
knowledge of the nature of turbulence demandé méking some assﬁmptiéns
régarding'the distributionlof ﬁhe velocity and the mechanism of trénspo:t.
These asshﬁptions‘aie used ﬁq find apprdximaté solﬁtions to the momentumv
and mass transfer equatiqﬁs;v |

In this work, no'attempt_was made -at estaﬁlishing stili another
seﬁi-empirical eQuétion fof the rate of mass énd momentum transport for
thé geometgy‘used in the eXpérimentaIVWOrk. |
| | The fundamental equétioné describing the fiénsport process; as well
as»the generél apprdach to theif solution, are feviewea below.

For sgéadi sfate conditions, thé ¢oqcenttétioﬁ and fﬁe potentialv‘
distributions in‘a dilﬁte'solution containing n'ionic species are described

by.the following n + 1 equations:

_v-Nk' + R =0 ' | | (2-1)
. | o
Y zc =0 , ' - (2-2)
k=1 f ko |

where the flux_Nk is given by the equation

N, = Cv = DVC - 70 FC V4

/



Since reactions in an eléctrochemical system are frequently
restricted to thévinterface eléctrode—electrolyte, the bulk reaction
term Rk is zero and Eq. (2-1) simplifies to:
VeN, 20 _ (2-4)
The Current‘density in an'glectrolyte solution is due to the motion
of charged species-and is given by:
' . n B C
i=F Z Z N, : ‘ (2-5)
- k=1 : ’ : .
The flﬁid velocity is determined by the solution to the Navier-Stokes
equation'
pveVv = -Vp -~ UWV'v + pg : , , (2-6)
and the equation of coﬁtinuity for an incompressible fluid
Vew 2 0 . ' : - (2-7)
For the reaction of a minor ionic species in a solution containing

excess supporting electrolyte the contribution of the ionic migration

to the flux can_be'neglected, so that Eq. (2-3) becomes

Nk = —DkVCk + ka (2—8)
and substitution into Eq. (2—4) yields
yeve, = D V%C. | o | (2-9)
k k' "k o o . '

_This is the same équation that describes convective transpoft in
non-electrolytic solutions, consequently many of the results of studies

in heat and mass trahsport can be directly applied to the study of



eléctrochemicallsyétems-that fﬁlfill thi;'coﬁdition.’ Cénvérsely,
eleetrochémical systems sdmetimes-prOViaé the mbsﬁ convenient exﬁérimental
means for testing these results or for‘arriving at new ones for systems “
t&o complex to analyze. |
For fhe-qaéelof laminar flow,'the-solution.tb the velocity equation‘
is available.in a closed analytical form for the'gebmetry of a circular
pipe and in tﬁe form of infiﬁite series for a number of other geometries;
In tufbulentvflow_the motion of the fluid is irregular, which in
genérallcéuSes all the intensive variables ;6 fIUCtuaté_irregulérly in
space and time. A simplification that is oftén;used invblves the assumption
that the_same>différential equations that describe laminar flow caﬁ be
appiied fo'turbulent_flow, with the proViSOt;hat the concentration, velocity,

~ ete, be expréssed in the_fofm

ve=vy+ (2-10a)

RS

(2-10b)

o

+

al

v c -

ﬁhere the overscore indicates‘a'time average Quantity, and the tilde the
. superimposed effect of turbulence, a variable.in’space and time.

By definition, the time aVeragé of the fluctuating>§uantities is
identically zero. Substituting the valug ofvv.ffom Eq. (2:10) into

Eq. (2.6). ohg‘obtains after téking the time average

PYV% = ~Vp - WVPT + pg - VeTT ‘ (2-11)

: —t ' - B -
where T  is the turbulent momentum flux. The components of Tt,'

e CTo T = H T = H
(d.e., x vavx P T,y vavy ; etc) are referred to as the Reynolds

~
e

Steesses.



Following the definition of Boussinesqz-for the eddy diffﬁsivity:
Pyv = utV;, we can éﬁpress Eq. (2-12) as
- -.-‘ ' : t 2= o v. ‘
pveVv = =Vp - (W + 1) Vv + pg . . (2-13)
Simiiarly, for component k,

e 2= ”e
veVC, = (D, +€)) V°C, . | - (2-14)

where
-Tv=evC, N (2-13)
Sherwood45 has reviewed the generalized development of semiempirical

correlations relating mass (heat) and momentum transfer. Define a molar

flux of species k with respect to the mass average velocity (v},

J‘=

0= M clvy . o  (2-16)

We can express the fluxes of momentum and mass as

T=-(v+EY Vv : (2~17a)

J- = —(Dk + s:D)‘VCk

k
The simplest sdlﬁtion, the Reyﬁoldéf anaidgy, is to assume that
wte) = @+ey . | | ‘_ BReRTS
aﬁd that the mass flux is prqportionél to the ﬁomentum'flux
5 = at - o | (2-19)
Then,

- : | | | :' (2-20)

(2-17b)"
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W Tk,w o L
~ = S : (2-21)
pfv) | T, A .

o - o '
and defining a mass transfer coefficient_k

R 35 A o | - (2-22)

and the friction factor

T
——'._w—-_—
(1/2)p(v)2

(2-23)

T

=£= . i - . - '
—y =5 =5t | Hv (2-24)

Most later attacks to thé‘problem héve soﬁght fo accéunt fpr‘the
variation of € with bositioﬁ. In order to do this the mean velocity
:prqfile and the eddy diffﬁsiﬁity distribution for the turbulent flow have
to be describéd by use of diménSionleés_Variables,with the assistance 6f
the "Law of the Wail"_,2 Thesé'distributions,‘originally proposed
. for flows in.a smobthvcircular pipe, have been_apﬁlied'to two-dimensional
.éhannels,é:agd to channels of large aspect ratio.49‘ The approach
is as foliows. Definévthe dimensioniess»quantitiés

+
v -—

f<|§

+
and y -—% Vi
% T

where 'y is the distance measured from the wall, and the frictional

velocity, Vv, is defined by
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The véloéity profile éanfthen'Be»expressed in dimensionless form as

vf = f(y+) .

. The velocity gradient becomes

]

+.

T
dv._ w dv ' w ' +
dy. :
Substituting this value in Eq. (2-17a) we obtain
. €.\ : :
(1 . v\i) N ' | (2-26)
£ () . '

where it has been assumed that T = Tw since most of the resistance occurs

near the wall.

The:velocity distribution can be obtained from Eq. (2-25)

T S o : _ B
vy E f RN - @)
o ‘ 0 . ' : :

Similérly, for the mass flux, assuming that for 0 <y < G,Jk'is

constant,

C, x-C,__=-—v e (2-28)
k,0 kyw v, f (Dk + ED-,k)
0
_ I | 8 ot '
C, . =€ g= —= —y ' (2-29)
SN E: 1, ok ‘ |
5~ 0 Sc Y]
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and assuming that

J, +
‘ _ - _k dy (e
Cew T %6 7 f (_1_ A 1) (2-30)
¥
0\ £ oD |

At this point a specific value of the function f(y+) has bo be chosen
in order to be able to perform the integrations. The earliest and
simplest model was that due to Taylor, who pictured a laminar film
adjacent to the tube wall, where
+  +
v o=

and €ps EV = 0 since the transfer processes are assumed to occur by

molecular processes only. Choosing § empirically as 8.7, and with

£ = 0.08 Ref1/4-

L-s Re 411 + 1.74 Re 8 (5c - )] (2-31)

USing'velocity'distributions determined empirically,lseverai
férmulations have been proposed for ;he fqnétion f(y+). In order to
obtain better agreement with eXperiméntal data, these equations dividé
'the:region of validity of the law éf the wall in one,38’49.’52
tWo9 and.éﬁen three54a different ranges.of y+. From_thése
equations the distributions_of'eddy diffusivity for momentum can be

calculated. A complete review of velocity and eddy diffusivity

distributions is g_iven'by_Spalding49 and by Kitamoto;22
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The empirical approach to the problem of momentum and mass'transfef
has been suceessful in many instances. The (1/7)-power law of turbulent

velocity distribution

: yv, P\ 1/7
v . %
v, ~.8.56( Hﬁ') (2-32)
can be used to calculate the_average velocity
y Rv,P\1/7
v . .
S (0.817)(8.56)( ) . (2-33)
* : .

and from this, the Blasius equation for the friction factor is smooth

pipes,

f = 0.079 Re 1/% (2-34)

f

This equation has been found to represent exﬁerimental values of f
.accurateiy up toAabout Re-=_105.
For mass (heat) transfer Chilton and Colburn6 in 1934 found that

the equation

sesc?/3 - L - - O (2-35)

frepresentéd available éxpefiﬁéntal daﬁa rather:well. The.usefqlness
_of this equation Has been recently confirmed among others by Sﬁefwoodvandv
Pigford4§ and Hubbard.16 |

Lin, Moulton, and Putnam29 based their development on von Kéfamén's
appro&ch, but‘introduéed aﬁ empiricalAallowance'for eddy diffusion in the

region very closé_to the wall. |, In the region O < y+ < 5, they assume an

 eddy diffusivity dependence.of the form
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éD, x\3 - : :
vo" ‘(14.5) - | (2-36)

This dependence on the third power of y+ has been critiegized by some'

9,11,48

authors who conclude that the eddy diffusivity

must show a dependence on (y+)4, However, later studiesl6’39’47

seem to support the form adopted by Lin et al. Their fidal result

is

1 2 [2 . | ' '

= £ < ' o _ -37
= f+,/f¢<Sc) o | (2-37)
where ¢(Sc).is a-cdmplicated_function.df the Schmidt number. The limiting

result for.high Sc is:
Sh = 0.05704 Re ,/-g sel/3 _ (2-38)

Equation (2-38) agrees.with~experimental'data with-an'error of
+10% over the range 0.6 < Sc <-3,200;
| Table ITIIL preseﬂts some of the more reiiéble empirical andvsemi—
empirical equations fdrlthe rate of mass trénsfer in fully developed

tubBulent flow.
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‘Fully developed mass transfer. Turbulent regime.

“'Authors' Equation Remarks
. .6 .
Chilton—-Colburn Sh = g-ReScl/3 Empirlcal
Deissler’ Sh ='0.0789 V/F ReScl/é. e“(y+)4
Levich27 Sh~Re Vf Scl/4 e“(y+)4
sh~re /F scl/3 e~yh)3
Lin, Moulton Sh. = 0.05704 \’5 ReSc:'l/3 E~(Y+)3
and Putnam?29 ' . ’
- Vsl £ 173 |
vieth, Porter, Sh = 4.586 v |3 ReSc semi-empirical
and Sherwood 2%
"Spaldingso' Sh = 0.053 f ReScl/3 j . semi-empirical
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III. EXPERIMENTAL METHOD AND APPARATUS
The experimental ﬁethod employéd in this study for the determination’
of‘massrtranéfer coefficients involved the measurement of limifing
cufrents‘ip the cathodic reducfion of‘ferricyanide ion'oﬁ nickel
electrodes.
Friction fagtbr coefficientsvweré_determined from pressure drop
measurements in the same flow channel ﬁsed for the masé transfer experiments.

A, Limiting Current Method .

Whgﬁ an electric cﬁrrent is caused to flow across two electrodes
éonnected by an-electrolyte, two or more reactions~occur at the interfaces
bétween the eiec#rodes.and,the electrolyte: oxidation at the anode and
reduction ét thé cathode. | |

For cases wﬁen_the reaction at the electrode is "fast" (small charge
'transfer_énd/or reaction and‘crystallization overpotential), the rate
may be limited by the slow{sﬁpply of the,reactgnt to the electrode
‘interfacef 'Under_these.céndi;ions, further’increase of the applied
potential will ﬁét,result in increaged ﬁassage of current until such a

 §otentia1 is regéhed when another reactioﬁ becomes féasiblé. If one
constructs a plot of curfent‘péssing through the elecfrode.against
the-appliédlpoténtial, fhe above meﬁtioned limitation in fgaction rate
will be manifested By.thé appéarancé_of a flat éectidn in the éufve, =
the limiting current-plateau..
Sinée the reaction rate at the:limiting current is determined by
the rate of transfer of fhe_reacting ionic species, i, the value of the
. limiting current for a given set of conditioﬁs'gives us a direct

‘measurement of the maximum rate of mass transfer of species 1 for those
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conditiohs.hlvariafioﬁs leading to a”chgﬁgevin the magnitude of.this
rate will be reflected in corresponding chaﬁgés in the 1limiting current
v&iﬁe:(See*Fig. IIIEIS. Acéordingly, the measurement of iiﬁitiﬁg current
values as é'function of*Reyﬁolds Number,.Schmidf Number, etc, provides-

d means forvfhe determination of thg,dependence ofvmass,transfer rates

¢n those ﬁéraméters.

At the iimiting.currenf the rate of transport ofAthe reactant to
the interfécg is smaller than the rate at which it can potentially be
consumed By the qhafge transfer reaction. As'évresult,bat the interface
the conéentratioﬁ_of this species approaches zeré.

Since
B S o (3.1

defining 4 mass transfer coefficient k as

Ny =:k<cb -C) o | - G2
'k = (Cb — Co) oF (3.3)

"and ‘at the limiting current

ilim

E;?EFY (3.4)

k =

_ from which it is possible to evaluate the coefficients and exponents of

functional relations of the type

Sh = ¢(Re,Sé,x/Dh,Ra,Gf,-etc) _ S ' (3.5)
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Fig. III-1. Effect of Reynolds number and distance downétream of the
leading edge on the value of the limiting current.
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Several_éssumptions areiimplicit:in-thé.above definition'of the
mass tranéféf coefficient.‘ The firSt.assumption is that the reaction
‘is limited only at the electrode under consideration, and not at the
cdunter'electrode.v That is, the conditions of 6peration»must be such
that.it is precisely the.reéction under @bnsiderétion that is giving .'
:ﬁs the potenfialvinvariant limiting,plateau, not the reaction'ét the other
electrode. | |

‘The.séCOnd aséumption is that the limitiné current is due entirely
to the‘eléctrOChemical reaction that is being considered; side reactions
will introduce errors.

The third assumption is that fhe contribﬁtion of the electric field
to the ionic mass flux (i.e.,fmigration) is négligiblé.- The complete’

flux equation written for any component _i_is:32

N, = -D,VC, ~ 2z, u,FC. V¢ + C,.v - : (3.6)
i Tii ii 7 i

'The_defiﬁifi;n of ‘a mass traﬁsfer coeffiéient given in Eq.»(3;2) should
be valid for any species regardless of‘whether it is ioﬁig or.elecgrically
neutral. For this to be trﬁe.it is ne;eésary that the second term, that
>due to tHe potential field acting on the species i, be zero. For the
.case of electricaily charged species this éffebt can be very large if

the contribution of fhe rgacting species i to the conductivity of the
electrolyte is large. In order to ﬁake the ﬁigrétion effect'negligible,.
the concéntratién of species i (assuming similar mobilities for all

species) relative to the total iocnic concentration must be small. This

is achieved by flooding the electrol&te with a large excess of an

‘"indifferent" electrolyte. .
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The fourth assumption is that the ﬁass transfer coefficient is
independent of the magnifude of the bulk éoncentration»qf componéntii.
Measurement of 1imiting curfen£s is én experimental technique thaf
‘has been quite widely employed in ﬁaés transfer studies.3’12’16’29’44’51’53’56
' Ité relative simplicity and flexibiiity make tﬁe limiting current method
a powerful tool in.eXperiﬁental stqdies'of:forced and free convection,
as: well as in pure diffusion studies. However, its inherent limitations
ha&e been éither oﬁerlooked or treated lightly. A recent review of the
advantagés and limitations of this method by Selman44 shouid help place
this methdd within the prdper framework as an,experimental tool.
Thebimpoftant'criteria‘for seléétion of an electrolyte suifable
for 1imi£ing_current stuaies ére: |
1) 1t sﬁould give a long plateaﬁ, i.e,, the éotential at which
avconsecufiﬁe reaction occurs shoﬁld be very differént from that of
‘the feaction of interest. |
"2) 4 Its preparation and analysié shouldvbg simple,
3) The splubility of the reacting .species should not be too small.,
Twovmain types of reaétidns are usable ihllimitihg‘current
measurements, - |
a) Dééositi&n of the.reacting‘épécies at ‘the cathode (e.g., Cu
ffom-Cu__SO4 deposited on copper elecfrodes, gold, silver, cadmium
-~ on mercﬁry); |
b) Oﬁidation (at the anode) or reduction (at the cathode) of a
species in solution to give a soluble spécies at the interfacg (e.g;, a -

redox cbuple, oXygen—OH,"iodine—triodide)..



' These‘tﬁb typés of reactions have iﬁhefent advantages as well as
disadvantages, 'A'wise'choice of the reaction will greatly simplify
the experimental pfoaedure and provide greateerrecision in the
_ determination of the true 1imiting currents.va

Deposition reactionsia.géneral praduce-large density gradients
Between the interface and the bulk of tha solution. Tﬁis makes them
particularly suitable for the study'df.mass t;ansfef‘uﬁder free con-
' vectionl »36 ana in the mixed regime of forced.and free convection.51

One very imporfant'disadvantaga of deposition reactions is the
fact that near the limiting current the metal tends to form a rough
deposit. fn this respect experiments-ﬁsing depositian'reaatiops
ptesent the same ﬁroblem.as experimeﬁts using.solublelwails, i.e,, the
sﬁrface cﬁanges as fhe éxperifnent.progresses.32 ‘In fofced convection
studies thiafmay alter the hydrodynamic characteristics of the flow
past the syrface,‘limiting the usefﬁlness af_this method to situationa
.where theyruhs’are of a éhort:duratién, or to those conditions where
the change iﬁ rdughness is not appreciable or impbrtant.: One way of
avoiding the problem of rough deposits inherent in the aSe of the
copper suifate bath‘is‘to use addition agents, e.g., gelatin, In this
case, howeVef, tha physical properties of the solution at the interface
become very difficult to evaluate.

Redoxbreactigns in whiah:both the reacting and tha producf species
are in solution have the advantage of not altering the nature of the
alectrode surface, However, the faaf that at fhé interface an axidized

ion appears for each reduced ion being transformed, and vice versa,

'results in very small densification coefficients which renders redox



-22-

L : 3
redox reactions not well suited for the study of free convection effects.
In forced convection studies, redox reactions would seem to be the

ideal choice. In fact, the ferri-ferrocyanide system has been used

8,12,16,48,53

extensively for this purpose over the past twenty years.

The Potassium Ferricyanide-Potassium Ferrocyanide System.
In this system, the net reactions at the electrodes are:

Cathode:

i

Fe(CN) + e Fe (CN)
Anode:

> Fe(CN)i + e

oy il

Fe(CN)

Since thé value of thé standard eleéﬁrode potential for this
~couple is v® = 0.36 volt, for the cathodic reduction of ferricyanide .
in thé presence of a large excess of NaOH one has a very cénvenient large
potentiél span, available befOré hydrogen evolution is possible. On
the other Hand,‘the difference between‘the standard poteﬁtial for
oXidatién of.ferrqus cyanide:and that for OH to oxygen is rather small

(VgH_,O = 0.40); therefore,‘the oxidation.reéction offers a less
'éonveniznt vehicle for mass transfer studies.
Limitations to the use of this system are:
a) Slow decomposition of the solution,
'b) sensitivity of the electrodes to "poiéoning" by'cyaniAe ion, -
c) short plateaus for oxidation of ferfocyanide ion,

d) overlap of the potential for reduction of fefricyanide ion

and dissolved oxygen,



a) Férricyanidé is a strong oxidizing agént; it oxidizes drganic
ﬁaterials very Quickly,.l,Howéver, polyméric materials are only attacked
very slowly; rubber gaskets that were used in fhe experiméntal équipmént
underwent a very slow attack that became evident oﬁlyvafter sevérél
»weeks of standing in_contadt with the solution.v In additipn fo the
aBove, thé.férrocyanide ion has been reported.ﬁo undergo spontaneous
12,25 |

oxidation. When exposed to light the ferrocyanide ion decomposes -

according to

= light C_ -
Fe(CN)6 + H20, — [Fe(cN)S-Hzo]“ + CN

CN + H,0 = HCN + OH

Perricyanide ion, in addition to undergoing such decompoéition, may

undergo hydrolysis in alkaline solutions24 according to:

2Fe (CN). + 60H < 2Fe(OH). + 126N
6 3

In ordér to.pré§ent the effect of light on the solution it must
be kept in fhe dark. To minimize»the effects of spontaneous degradation
of the ferricyanide ion, . the solution ﬁay héve fo be discarded after
only a few days of uée.

.b) The sensitivity of the electrodés‘to poisoning has been a
recurrent source of,chagrin in studies conducted in 'this.laboratory..12
.Some experimenters have reported no difficulty'wﬁatsoever using fhis
system, but out experience iﬁdicates thaf reliable results are obtained
only through very careful‘haﬁal§ng énd continuoﬁs cheéking of the state of

the electrodés.



c) The inconvenience.of_a_short plaﬁeau for the oxidation of
ferrocjanide is eééily offset by meésuring only the cathodic 1imiting
éurrent. Using anode surfaces that‘aré much laréer than the cathode
surface ensures that the limiting current for the ferrocyanide is never
attained. Another method,“é‘simpler one,.is the use of a ferroéyanide
ion conceﬁtratiqﬁ larger than that of ferricyanide ion. Since the
diffnsion.coefficiént of»ferricyanide is approximatelyFZOZ less than
that of fefrocyanide,‘electrolyte compositioné containing proporfionately
larger cpncentraﬁions'of ferrocyanidé.ion-will enéure tha; the anodic
limiting current will not be reached.

d) Thé ocecurrence of.éthef reggfidns simulfaneous with the discharge
of ferriéygnide.ion_will’1ead fo increased currents and skewed, or
nbn-discernible, 1imiting.current plateaus. One possible simultaneous
reaction is the reduction:of dissplvéd oxygen, -This reaction can occur
at potentials of =0.3 to *OLG_Voltsv(on a stainless steel electrode28).'
.Siﬁcebthis potentiai region overlaps the'potentiél region'for reduction
of ferricyanide ioh,vthe solution must be fhomoughiy purged with an
_ihért gaé,fé.g. nitrogen, in order to'remo§e>anyvdissolved oxygen.

B. Determination of Friction Faétor

The friction factors.for the channels uséd were calculated from
pressure drop measuréﬁents made duringvthe coursé of the mass transfer
experiménts;., This pressure drop was calculated from pressure drop
measurements at four points in the channel spanning the léngth of tﬁe
mass transfer section, The channel.was proviaed with elght pressure
taps, five upstream of the mass transfer section, two in the mass

transfer section, and one downstream from the mass transfer section
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(see Section III-D). The absolute values of the static pressure, when

plotted as a function of position, gave a 1in¢ that becomes essentially

straight for the foﬁr positions spanning the electrodes. This was taken

as an indication that the entrance length provided was sufficient to

allow for‘a fully developed flow at the mass transfer region (Fig. III-2).
The flow rate used for salculating the f value defined below was

that given by the magnetic flow meter.” This was also the value used for

the calculation of the Reynolds number used for plotting the mass transfer

results.

The friction coefficient was then calculated according to the -

equation
g D, (AP/L)
= —j:_z?yq-
(zpv

Inaccuracies in the pressure drop measurements were mainly due to
disturbances of the flow caused by the presence of the pressure taps.
Even though measurement of static pressure gradients during flow in
smooth ducts and pipes is usually made through piezometer holes on

"the walls, due to the extremely smail hydraulic diameter of the present
system, the presence of holes in the walls is bound to disturb the flow.
The error introduced by this disturbance is difficult to emtimate.
Nevertheless, since we were interested in pressure differences only,

and since. the opening bf the piezometric holes appeared to be the same
when inspected through a microscope, it is reasonable to believe that
any error introduced by the hole itself.would be substantially the same
‘at each measuring station, and consequently would cancel out when the

difference between two readings was taken.
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At the sﬁallest flow rates used in this work the pressure
differences being measured were very:small, TFor these measurements
a differential U-tube manometer was employed, using chloroform in
contact with the electrolyte for the manometer fluid. Since the pressure
taps were of capillary dimensions, at the smallest flow rates the
response time of the system was very long, which lead to uncertainty
's to when a steady value had been obtained. .The accuracy of these
1easurement§ was low,

For the measurement of the friction factor for the rough channels
+till another uncertainty was introduced: The roughness at the mouth of
hg piezometric hole could not be controlled to be the same for all the

holes. Since the turbulence created by the rough edge will depend
strongly on the local charactefistics, the assumption that the errors
introduced by the presence of the hole cancel upon taking the difference
between twq readiﬁgs is difficult to justify. A possible solution to
this problem might have been to leave a smooth area around each of the
piezometric holes. However, the effect that the upstream and downstream
roughness would have had on the pressure.value would still have been
unknown, and no posifive advantage would.have been derived with thié
artifice.

C. Electrolyte Properties

The electrolyte used in this study was an aqueous solution of
potassium ferricyanide and potassium ferrocyanide, with a relatively high
concentration of NaOH as a supporting electrolyte. The approximate

concentration of the solution was:
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K Fe(CN) 0.04 M
K, Fe (CN) 0.20 M
NaOH 2.0 M

The solution was prepared in a polyethylene tank by dissolving the
weighed amounts of reagent—-grade chemicals in a measured amount of
water that had been treated in a commercial deionizing system and
afterwards distilled in an all glass still.

The rélevant physical properties of the solution were viscosity,
diffusivity, density and concentration of ferricyanide ion.

Concentration of each of the components was determined from samples
taken daily from the tank immediately after completion of a series of
experiments. At the initiation of this study, samples had been taken
before and. after a series of experiments. However, since it was found
that the concentration of the components did not change in a detectable
manner during the course of a run, in later stages of this study the
concentrations were checked only after the completion of the run.

The concentration of ferricyanide ion was determined by the
iodometric method using sodium thiosulfate to titrate the amount of
iodine liberated during reduction of ferricyanide.

Ferrocyanide ion concentration was determined potentiometrically
by measufing the equivalence point when titrating with potassium
permanganate in an acidified solution.23

Hydroxide concentration was determined by titration with 1 N

hydrochloric acid using phenolphtalein as indicator.
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The density of the solution was measured using a 25 c.c. calibrated
pycnometer. It was also calculated from the measured concentrations
uéing a polynomial equation derived by Boeffard3 for this solution.
Agreement of the measured values and those calculated was always within
0.5%.

The viscosity and diffusion coefficient of the solution were
respectively calculated from a polynomial equation given by Boeffard3-
and from tﬁe equation given by Gordon et al.13 In using the latter, a
correction for ionic strength was included.

Since some of the experimental runé could not be conducted at the
temperéture of 25°C, correction for temperature effects was made by

using a -relationship of the form

Mo = Hygll +0(25 - t)]

The value for the temperature coefficient, 0, was estimated from
values of the viscosity of watef vs temperature obtained from.18
Although this method of correction is not exact, the deviations are

of necessity smail, since the concentration of the components was not
very large and the deviation of the temperature from the standard value
of‘25°C was always small (never larger than *2.5°C).

- The equations used and the confidence limits given by the original

sources are:

3
P(g/em™) = 0,99702 + 0.04423 C + 0.17118 C .+ 0.23119 C
NaOH Ferri Ferro
2 .
- 0700133 Capy ™ 000787 G o G g~ D.O0978 G o G

Standard deviation = 0.0005



=)=

W= 0.96714 + 0.09622 Cy . = 0.20528 Cp, . + 0.090255 Cp .
e 2 2 2 ’
+ 0.05404 Cy_... + 0,53303 Cp_ . + 0.43505 Cg__
+ 0.23546 Cy_ 0 Cp. . + 0.302585 Cy_ o Cp .+ 0.99923 Cp - CL .

Standard Deviation = 0.0046

| 2
DU = (0,234 + 0.0014T) 1072 S&_poise
T sec K

Standard deviation = 0,005,

D.  Experimental Cells

Limiting.currents and friction factor coefficients measured in the
present experimental study were determined in experimentél cells I and
II; The description below applies directly to cell I, cell II being
a replica of cell I, except that it was of smaller dimensions. The
exact dimensions of the two cells are given at the end of this section.

Appendix I contains details of the design.

Expefimental cell I contained a rectangular cross section flow
channel 0.05 cm deep, and with an aspect rétio width/height of 30 (40 and
20 :for some experiments). The mass transfer sections were formed by

facing rectangﬁlar pieces of nickel imbedded in the two widest walls of
the channel. The surface of the nickel electrode was flush with the wall
of the channel and occupied its entire width. See Figs. III-3 and III-4.

The total length of the channel was 10.6 cm. The leading edge of

the electrode was located 7.8 cm from the entrance to the channel,

providing for a hydrodynamic entrance length equal to 80 D This rather

h'

long entrance length was required to assure a fully developed velocity
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profile at the beginning of the mass transfer region. Even though

shorter entrance lengths have been employed in earlier mass transfer

: 8,16,51
experiments, = the concensus of more recent hydrodynamic

experiments fixes the length necessary to insure a fully developed
557
hl

measurements conducted for the determination of the friction factor

velocity profile at 75 D In any case, the pressure drop
coefficient verified that a fully developed velocity profile existed
at the 1eaaing edge of the electrode.

As mentioned above, the two electrodes were located on opposite
walls of the channel. The one on the top was connected as the anode and
the one af the bottom of the channel as the cathode. The cathode was
composed of four sections (hereafter named sectioﬁs I, II, IIT and IV)
electrically insulated from each other by strips of epoxy resin 25U in
thickness. The length of these four sections in the axial (flow) direction
was approximately 4} 4, 8 and 4 Dh respectively (Fig. III-5). This
~sectioned cathode permitted the determination of the mass transfer
coefficient (and hence Sh) as a function of the distance from the leading
edge of the mass transfer section. Since the limiting current measured
is obtaine& over the entire length of the individual section, the wvalues

of ilim provide average mass transfer coefficients over that individual

section. The assignment of this value to any specific point can of

course represent anly a approximation. TFor ease in understanding, in
this section we refer to this average mass transfer coefficient as if
it were assigned to a point halfway along the length of the electrode

section, Correction for a non-linear dependence of the mass transfer
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Fig. III-5. Sectioned cathode, Cell I.
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coefficient on the distance from the leacing edge has the effect of moving
these points closer to the leading edge, see Section IV-A.

By a simple scheme, the four cathode sections allowed the assignment
of eight points in the curve of k (or Sh) vs x/Dh: with the four
sections active (electrically connected to the power source), the points

obtained corresponded to positions at x/D, values of approximately

h
2, 6, 12 and 18, When section I was disconnected the points obtained
corresponded to x/Dh'Values of 2, 8 and 14, With only sections III and
IV active, the x/Dh values were 4 and 10, while section IV alone gave
again the average maes transfer coefficient for an x/Dh value of 2.
It-must be kept in mind that by this scheme of successively
disconnecting the upstream sections of the cathode the hydrodynamic
entrance length was in effect increased by nalues of 4, 8 and 16 Dh.
Since the limiting current values obtained for the position x/Dh equal
to 2 were in very good agreement we have a further assurance that the
hydrodynamic velocity profile was fully developed at the leading edge
of section I.
As stated above, the values of the mass transfer coefficient at
point x/Dh =2 agree within a narrow limit. The small scatter of the
values was due to the small variations in the actual length of the
electrode sections I, II and IV (see table of values at the end of this
section). However, there was no apparent trend in this scatter that would
point to hydrodynamically different conditions at each of the sections.
Indeed, when Section IV was influenced by disturbances at the

exit of the channel, this condition was dramatically reflected by

substantially different values of k for x/Dh = 2 than those obtained
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with Sections I and II, These effects afe described in Appendix ITII.
The electrode facing the aathode had the same overall length and

consisted of only two sections, 4 and 16 D, in length (Fig. IITI-6). The

h
first section (4 Dh) was used as the reference electrode to measure the
cathode potential, while the large section was connected as the anode

of the electrolytic cell. These two sections were also insulated from
each other by an epoxy resin strip 25U thick. To verify that = = .

the value of the limiting current at the cathode was not affected by

the smaller size of the anode,.the two sections were shorted (i.e., the
whole elecﬁrode served as the anode) while the upstream supply pipe was
used as the reference electrode. As was to be expected, due to the

much higher concentration of ferrocyanide ion employed (see Section III-A),
the limiting currents obtained were independent of the size of the anode.

In addition to facilities for measuring mass transfer coefficients,
the flow ghannel cell was provided with eight pressure taps located on
the center line of the wall eontaining the anode. ‘These pressure taps
allowed the measurément of pressure drop in the flow direction. The
locatiog of these pressure taps measured from the entrance of the
channel is given at the end of this section (see page 38).

The friction factor coefficients reportéd are those obtained from
pressure drops determined across taps 5, 6, 7 and 8 spanning the length
of the electrode (see Section IV)., As mentioned before, the pressure taps
in the region of developing flow served to verify the flow was fully

developed at the point where the mass transfer region begins.
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Table IV. Dimensions of the experimental cells (cm),

:

Cell T Cell II
Total Length 10.40 5.644
Entrance Length 7.80 ’ 3.735
Length After Electrodes 0.55 0.920
Width "1.00 (1.5; 1.00
2.0)
%
Height (Electrode Separation) 0.05080 0.01877
o
Cathode Dimensions
Section I 0.39056 0.19680
Section II : 0.40029 0.19745
Section III 0.79956 0.39795
Section IV 0.39828 0.19680
Hydraulic Diameter 0.09530 0.03689
(0.09692, 0.09904)
Aspect Ratio 20(30,40) 53.2
Kk

Pressure Tap Locations

#1 0.70 11350
f#2 2.6136 2.1669
#3 4.5240 2.6390
#4 6.4236 3.1398
#5 7.3824 3.6381
#6 8.7332 4.1432
#7 9.5346 4.5455
#8 10.1371 4.9310

*Determined by measuring the thickness of the Mylar spacer
with a micrometer. This dimension was rechecked after

the cell had been assembled using a micrometer depth gauge.
**These dimensions were determined with an X-Y travelling
measuring microscope built at LBL. The X-Y readings are
digitally displayed with a resolution of 0.5 and lu in the
X and Y directions respectively. :
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E. Roughness, Types and Measurement

"The mass transfer coefficient and the friction factor were determined
for four types of roughness, in addition to those for hydraulically
smooth walls. Three of these roughnesses were of a random distribution
nature, while the fourth was geometrically well defined.

Hydraulically smooth channel. Because of the small gap between .

electrodes and the resulting extreme thinness of the mass transfer
boundary léyer, it was necessary to polish the cell to optical
sméothneés to obtain hydraulically smooth surfaces.

Roughness I. This was obtained by sandblasting the surface with a
finé abrasive (274 mesh).

Roughness II. The surface of the cell walls was ground with

a fine aluminum oxide wheel. The travel of the grinding»wheel

was in the axial direction of the cell always: hence, the roughness
obtained was not strickly random. However, analysis of the roughness
using the Surfanalyzer (see below) showed the roughness to be random

in a microscopic sense.

Roughness III. The surface of the cell was sandblasted using a

coarse abrasive (mesh size 36).

Roughness IV. The surface was inscribed with '"V" grooves running
perpendicular to the flow direction. For Cell I these grooves were
0.005 in. wide at the base, 0.002 in. deep at the apex of the triangle
and with a separation of 0.015 in. between axis of the triangles
(Three times the width of the base). TFor Cell II, the corresponding
dimensions were 0.003, 0.001 and 0.010 in. respectively, These

.configurations were arbitrarily chosen. This type of roughness is
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not normally present in rough.electrodes; It was studied only as an
extreme case of the effect of roughness on the transfer coefficients,

The four types of roughness, as well as the smooth surface, were
evaluated in a surfanalizer profilometer.* This instrument permits the
determinatioﬁ of the surface roughness, surface profile and roughness
average**.through the electronic analysis of the vertical displ;cement
of a stylus travelling over the surface. Sample traces of the profilometer
reading, aé well as the relevant values of the roughness for both cells

are given in Figs. III-7a and III-7b.

F. Test Facility and Instrumentation

An overall view of the test facility is shown in Fig, III-8, while
Fig. ILI-9 proyides a simplified diagram of the system.

The basic features of the facility are best described by referring
to Fig, T1III-9.

Due to the very wide range of pumping pressures needed to run
the experimeﬁts with the very small channel gaps used, two separate

pumping systems were required. The first one consisted of a regenerative

* ,
Model 21-1330-20 with Surfanalyzer 150 Drive. Gould Inc,, El Monte, CA,
The diamond stylus used (#21-3100-00407) had a tip radius of 0,000l in.,

it excerted a maximum vertical ‘force of 50 mg, and its maximum vertical
displacement was 0,004 in,

The Roughness Average is the arithmetic average of the deviations from a
base line over a specified sampling length (the cut-off length), The
cut-off length used here was 0.030 in.
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centrifugal turbine pump with a maximum head of 130 psi (302 ft of water)

"
ing system

and a rated constant delivery of 3.5 GPM. The secon

(m W
"3

ump
consisted of a pneumatic pump, custom-built for this application, capable
of delivering 2,5 gal of solution at a maximum pressure of 3600 psi
at the exit of the pump. The test facility will first be described
with the mechanical pump in use; the important differences when the
pneumatic pump was used will be described later.

The fiow circuit was built of schedule 40,1/2 in. stainless steel
pipe. The flow circuit consisted of a feed line to the experimental
cell and a bypass line to control the flow. Both lines emptied into
a holding tank made of polyethylene wrapped with aluminum foil to prevent

decomposition of the solution (see Section III-A).
The output of the pump was continuously passed through a cartridge
%k
filter.
The fraction of the flow passing through the experimental cell was
determined by the opening of needle values E for the bypass and F
and G for the cell.
The flow rate through the cell was measured by means of a magnetic

flow meter.i located downstream of the cell, H. The signal from the

magnetic flow meter was displayed on the dial of the instrument and

*
Model 5 SC 2129HC. Roy E. Roth Company, Rock Island, Illinois.

%%
Model 1B1-2278F1, Cuno Engineering Corporation, Meridian, Conn.
Polypropylene cartridges with a rated pore size of 51U were used.

.Tquel 346 921516 with signal converter Model 460-1, Brooks Instruments
Division, Hatfield, FPenn.
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and alternatively, for greater accuracy, by a digital voltmeter,

The electrolyte solution was maintained at the working temperature
of 25°C by means of a temperature control system formed with heating
and cooling elements. These were immersed in the solution contained
in the holding tank. The cooler consisted of a coil, A, formed with 20 ft
of thin walled 1/4 in. nickel tubing through which house cooling water
at approximately 15°C was continuously circulated. The heater, B,
consisted of four electric immersion heaters, each with a rated power
of 500 Watts, whose output was determined by a proportional controller C.
The sensing unit of the proportional controller* was a thermistor, D,
located in a well just downstream of the experimental cell. By means
of this control system, the temperatufe of the solution could be
maintained at 25%¥0.5°C. The actual temperature variation during the
course of a potential scan (see page 54) never exceeded 0.1°C.

The temperature of the electrolyte was independently checked by
means of two axially located bimetallic thermometers placed 1 ft
upstream and 1 .ft downstream from the experimental cell. The stem of the
thermometers extended 3 in. into the flow.

The pressure taps from the experimental cell were connected through
1/8 in. stainless steel tubing to a pressure manifold made of stainless
steel. (Fig. III-10). The pressure at each of the piezometric stations was

%
measured by means of a strain gauge pressure traasducer connected to the

S :
Model 70<115. RFL Industries, Boonton, N. J.

**Models 254; 187; 2201; 185; 206-SA. Teledyne Taber, Inc., North
Tonawanda, N. Y.

"Models AP-B4F-50; GP-46F-100-8455; GP-54F-500; GP-46F-500. Transducers
Inc., Santa Fe Springs, CA.
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Fig. III-10. Cell II pressure taps connected to pressure manifold.
The pressure transducers used for the measurements are
installed in place in the pressure manifold.
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pressure manifold. The output signals of the pressure transducers were
successively displayed by a digital voltmeter and were recorded by the
experimenter.

Alternatively, for the very small pressure differences at the
lowest Reynolds numbers in Cell I, two adjacent piezometric taps were
connected to a glass U-tube manometer. The measuring fluid in the
manometer was chloroform, and the readings were visually determined by
the experimenter using a scale built into the manometer and recorded by
hand.

Electric current was supplied to the electrolysis cell by means
of a potentiostat,* with a maximum controlled potential of 2 volts and
a maximum current of 3 amp.

The cathodic current from the poténtiostat passed through a shunt
box equipped with four on-off switches that permitted disconnecting
the sections of the cathode as required by the scheme of measurement
(see Section.III—D). The current to the individual cathode sections
passed through four precision resistors R1, R2, R3 and R4.** By
measuring the voltage drop across these resistors the current flowing
through each of the individual cafhode sections was determined.

The voltage dfop across any of the measuring resistors R1 through R4

‘was displayed as the '"y'" signal in an X-Y recorder.+ The potential

*
Wenking Potentiostat. Model 78-TS-3. G. E. Bank Elektronik, West
Germany.

**The values of the R1, R2, R3 and R4 resistors were 16.66, 16.66, 10.00
and 16.66 m Q) respectively.. These small resistances were necessitated in
order to maintain the potential at the electrode sections uniform within
1.3 mV for the largest difference in total current between electrode
sections, ’

+Model 7001 A. Hewlett-Packard, San Diego, CA.
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| between the common cafhode lead and fhevréference_eleétrdde constituting
the "x" signal simultanecusly fed to it. In this manner, cathodic -—
potentialééurrent curves could be traéed-and the limiting éurrent
determined.. By means of a low-resistance four—poéitidn switch the current
passingvthfough any of fhe‘four'cathode sectiéné could be seleéted as
the "y"vsignal Being displayed.

A ﬁiring.diagfam‘of the electriéai connecfions needed fof méasuremenp

of the limiting current curves is shown in Fig. III-11.

Pnéuﬁatié Pumé Facility. Forvthe lérgeét Reynolds numbers studied
when using. Cell 11, the préssﬁre drbp through.phe flow cﬁannel déﬁaﬁdéa
that a pUmping.systém caﬁablé of delivering the solution at préssures
up to 3,000 psi be employed. The only mechanicél<pumPS‘capablé of
delivering this heéd are.fhdse'of the reciprééating aé£i§n t§pg.; Since
_réciproéafing'action pﬁmpé give a pulséting flo&, they were congidered
_undesirable for the present application. For this reason a pneumaticA
pump was designed and built for use in this range of pressure héa&s.

A schematic diagram Gf the pneumatic pump i§‘given in Fig. I1I-12,
Afhe pneumatic'pump consisted a hydraﬁlic_aécumﬁlato;:used as a flow
.separator, and a pressurebreéuiator to‘fix the:delivery pfessure of
‘the pump. - The inside of ;he‘cést iron aqéumulatbr sheei_was nickel
pléted to'évoid conféminatiqn_ of tﬁe working électrolyte, while the
bladder was of a Bﬁfyl rugber compositiop that resisté oxidation by
this solution; Thé.pﬁeumétic:pump Wéé connected to the cell by means

- of 0.035 ih. wall thickness 1/4*in. stainlesé stee11304‘tubing.

1

— . | | .
. Model A4842-200. Greer Hydraulics, Inc., Los Angles, CA. °
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xX=Y
RECORDER

Fig. III-11.

Wiring diagram.

POTENTIOSTAT. S
v : . o ANODE
) '
! | =—71— MEASUREMENT
vz 4 4y SWITCH
CELL _ 3
VOLTAGE 16.66ma )
AN ~C SECT. |
CATHODE boVoiua - SECT. 2
CURRENT : X
CATHODE
IOma. : .
A - SECT. 3
16.66mn ’
— wam . SECT. 4
CATHODE.
POTENTIAL REFERENCE
: CATHODE
[ &
3/ |
v 2 » 46
L
CALIBRATION
SWITCH

XBL 742 - 5618

Electrical connection of the cell

for measurement of limiting current curves.
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Fig. III-12.

ATM.
,\T:i<§
e, S
i
D;AHQ

. PNEUMATIC SYSTEM DIAGRAM

R. Pressure regulator
RV, Relief valve

T. Stainless steel holding tank

—= ATMOSPHERE

XBL742-5643

Schematic diagram of the pneumatic system,
~ A. Hydraulic accumulator used as flow separator
+ P, Manometer (Bourdon type)
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| . TR |
High pressure fittings_- and gate valves were used in this line,

In-operaﬁion the solution was pumpéd into.the sheil while the
bladder was veﬁted to the atﬁospheré. Once the shell.wasbfull,‘nitrogen
gas at the préssﬁre néeded t; gbtaip the required Reynolds Numﬁer'in |
the cell waé fed.into the bladder throUgh avbressure regulator.
jwhén the valve controlling the flow of £he sélﬁtioh was opened, the
constant'ﬁfessure that the nitrogen exerted on the butyl bladder‘forced_
.thé exit of the solution at é;stead& rate. In this manner, pulsé—free
flow coul& be delivered to the cell; A diSad§aﬁtége of this séstém is
’that the'duratioh.of ﬁhe runs was limited by the'capécity.of the
.accumulato; (2.5'gallons), coupled with tﬁe fact that once the pneumétic
pump ﬁadvbéen emptied it took appréximatély 10 min to bleed the nitrogen
_gasﬂfrom the bladder and refill the shell withvsolutioﬁ.

Whep.using'fhe pneumgtic pump thekfempefature control system couid
_not be employéd.' Theée runs'were pefformed.at room temperature, quite .
constant at approximately 22°C. Alsé,»sinéé'fhe pressufe drop through a
filtering medium would have been prdhibitive'fbf‘these rqns; the SOlﬁtion
-ﬁhs paésed unfilﬁered‘through the cell for several runs, énd fheh.
filtered in the 1ow preSSuré éystem before returnihg iﬁ to'theppneumatic

system.

SwagewLock. Crawford Fitting Co., Cleveland Oth.

Hoke Inc., Creeskill N, J.
1-

GD-80, Victor Controls,-Saaramento, CA;
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‘G. Procedures

1. Operation

Previoﬁé to staffiﬁg a funnnitrogen gas was bubbled through the
electrolyte solution éontained in the holding tank for a period of
30 min'té 1 hr. Tﬁe nitrogén pufginé was continued throughout the
duration of thejexpefimental'run.

A'typical run was conducted in'the following manner;

bi) Thé disassémbled cell was washed usiég deionized water and
a.cotton wad impregnated with Téeﬁol* sdap. Aftervrinsing-with distilled
water and acetone it was allowéd to dfy, For the experiﬁents-ﬁsing
the roughehéd electrode surfaces it was found necessary to follow the
éoap wash.by a quick scrubbing using a coftpn'wad impreénated ﬁith
dilute sulfuric acidf' This‘quickly removed the;tarnish that appeared
oh-the'elécffode'after it had.beenvpolarized a number of times. The'
falue of 1imiting'currents obtained in suéceSsive runs gradually
declined when tarnished eiéctrbdes were ﬁéed.- The problem of eleétrode
poisoning was also noticed.wheh using fhe émooth elecfrodes, but in that
case siméle washing with Teepol soap and treatmentﬁby cathodic hydrogen
evolﬁtion'(see below) was found sufficient to restore the activity of
the‘electrddé. Avsimilér_problemvwhén using the ferriéferrocyénide
system ﬁith rough électrédés'has been reported by Dawson and Iraés.

2) The cell was éssembled using the‘apprOpfiate My1ar spacer.

3) The cell was connected in place in the flow circuit.

— | o .
- Trade Mark, Shell 0il Company.
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4) Electrical connéctions to tﬁe cei1 were.made.

5) ThevpiezometriC'oﬁenings were'cohnected to the appropriate
pressure transducers installed in the.pressure manifold.

65 The mechanical pump was stantedrwith_thé bypass valve fully ’
open and the cell valves>totally closed.

7) The fémpérature control Was activated b& furning op the -
proportionél controller and opéning'the coolihgﬂﬁater valve,

'8) Ihé céll valves wére then slowly opened and the air trapééd
in the ceii was aiiéwed tqlbefcarried off by the electrolyte. Once no
more air bubbles weré visible in a tfanépafeﬁt éecfion qf_Tygon
tubing located downstream of the céll, current was passed'through the
~ electrodes. 40ften_the first. current vs pofential curve would show a
steep slant instead of a ?lateéu. In these casés,'the potential of
the ele;trode was maintained in the region where hydrogen gas was
evolved at_theAeléctfodé-~abdve one volt against a Ni electrode
.immersed,in'the same solution——foria period of 2 to 3 min. This.was
invariabiy sufficient to givebé flat‘plateéu'in subsequent:potential'
‘écéns. | | |

9)»0£ceAa'flat plateaﬁ‘had ﬁeén bbtained, the flow‘wés adjusted
to give the rquiréd Reynolds Number in the cell and the‘temperatureiwas
ailowed-tb étabilizé. Then the potential was scanned at a rate of
épfroximately 10 mV/séc.v For.runs inZWhiqh the pnéuﬁatié pump wés used
the‘potential scan had to be made as Quickly as p&séible since thg
duration of the run was limited by fﬁe_capacity'qf the pump (see Section E)..
In these éases, the current vs potentiailcurvesféhowed a ?eak Beforé the

1limiting current plateau was reached. However, the value of the limiting
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current plateau was thefsaﬁe'fOf curvéS;éﬁtainéd using a slower potential
scan rate at the_éame Reynolds Numberf - This tfansient effect has been
analyzed by Sélman.Aé B

10) When the curreﬁt‘ﬁlateau-wasvreached for a giveﬁ electrode
séction,‘the current signal*to the XrY reéorder was switched to the next
:section,. This switching permitted obtéining'as many as four current
plateaus (for the four sections of the electrode) within the samé
poteﬁtial écan. This expédient was possible due to the very wide
plateau that is obtained'in the reduction of fefripyanide ion (cf'
Section A). Pepiodically, it was confirmed that'this artifice_qid not
‘give false values of the limiting current.fdf each of the cathode
sections,' This.was‘done,by obtaining the 1imiting currents at.a given
vReynolds Number bothvby swifching the signal from one electrode to another
‘within the same potential scan and by performing avpotentiél scan for |
eaéh indi&idual electrode section.’

11) dnce the vélue of“thellimitiﬁg current had:been”obtained,for
the eight x/Dh_Valﬁes (see éection D), the proceés was repeated at the
same Reynolds Number. |

12) Tﬁe.value of theipreésure_at”each of the pieZQmétric stations
was‘read”from the pressuré transducers qutput and recorded.

13) Next the flow was-adjusted'to anéther value of the Reynolds
Nﬁﬁber, the temperatufe of the eledtrolyte.was-éllowed'tq stabilize,
vana:steps 9'through 12 repeated at this new Refnolds Number valﬁe.

14)vAftér'determinatidn of‘théjlimiting current vaiﬁe for five
different}Re&noldsANumbérs.the Reynolds Numbgrbwas adjusted to the value

first ﬁsedeith a "fresh" cell. Then the limiting current was determined
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agéin forAthevfour‘éathode sedtions;'}if.these.values différed by more than
5% from those first dbtamﬁed; the pne&ious eXperfments were discgrded
and the éell disassambled, wéshed,and sdrubbed.with sulfuric acid.wheﬁ
necessary, - |

15) At the end of.an experimental run én& wﬁ;le the solution was
still beiﬁg'circulated thfough the flow>system; a sample of the :
‘electrOIYté was collected from fhe holding taﬁk. The compositién
détefmined'from-this sample (cf Section C) was used to calculate the
mass transfer coefficienfs corresponding to‘the limiting currents
obtained in thatuexﬁerimental run. o

16) The cell valvé was closed (the total flow going-through-the
" bypass) and thevpump stopped. The ﬁitrogenvgé§ pufge was shut off,
and the temperature control system turned off. The bypass Qélve was !
closed, aﬁa the pﬁmp rinsed using deidnized watér. The next day, %
before fhe solution-ﬁas circulated through tﬁe flow system, the pump. - ;
was started for a cbuple of secbnds_while divérting the effluent to
the.drain in order fo élte; the éoﬁcentration_of the éolution as little
as possible,

2._ Data Reduction

As-expléined in Section D, the current flow through each in&ividual
cathode section wés measured as a potential. drop across a precisién
resistor. This_pbténtial drdp was the "y" signal fed to the X?Y recorder,
while the cathodic potential with reséect to the referénce electrode ﬁas
éﬁg x signal. At a giveﬁARéyﬁqlds ﬁumber-thg cathode potential was
scanned until the 1imitiné current_plateau_was reached. These cumwes

were afterwards read, and the value of the limiting current in terms of



; Han

V Q EJ }wg iy ‘wﬁ' {\E :z} . f»-'; i é‘g

. 757‘

-millivolt‘potentiél dfop.reéorded, togéther with the conditions of
temperature, éqncedtfation; and magﬁeticvfloﬁ meter reading. Erom these
data the necessafy values quSherwood Number‘ahd jd factor'were to be
éalculated.  The calCulations ﬁéedéd are all simplé and straigﬁt—fbrward.
Héwever, because of tﬁe\large number of Reynoldé Numbers stﬁdied, and
thé number of experimeﬁts repéatedyuﬁder the same conditions, the
calculations provéd to be long and tedious{.»Conéequently, use was made
of é'digitél computer to handle the'bookkeeping. A progfam in'FORTRAN'
'languagé was written for this purpose. The input needed for»this program
was: tempe¥atﬁré énd volumetric flowirate, concentration of the three
solutes in the electrolyte, interelectrodé spacing and‘chahnel ﬁidth.‘
The outpﬁt'ofbthe-ﬁrogram gévé: the value'of the'déﬁsity, viscosity and
diffusivityvbf the solution cd;rectéd to the temperature of the
experimeﬁt’, the Réynolds,and. Schmidtv Numbers, the value of fhe 1imitiﬁg

‘current density, Sherwood and S_h/Scl/3

for each of the cathode sections,

fhe avetage Sherwood'Numbér.ahd jd facfor, and. the values reached by

'Sh and ja at the last eiectrode-(the ”infinity" values éf these'qﬁantities);
- The output signal of thé‘pressure transﬂucefsvms recorded as a

Voltage vﬁlue_in'hv. From'éalibration curves for each of the pressﬁre

-traﬁsducefs tﬁe equivalent &alues of'pgessure-Wére reéd,'and the preésure

érop calculated, From these'AP_vaers the.friction factor coefficient

was calculated as a function of the Reynolds Number.
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H. Estimates of Experimental Errors

The purpose of this section is to present an estimate of errors in
the values of f and k determined in these experiments.
- In general, the approximate total error expected in a number Q

céléulatgd'frém factors X1 22, .. xﬁ is given by58
AQ = lg-%l b, + "gg—l &2 + ’%}%—! b,
-1 2 i

where Axi is the error assoéiatéd wifh anjexperiméntally measﬁred.
quantity‘xi. |

Two types of error appeat: random efrors.in the.expefimental
measurements aﬁdvconstant efrors_arising'frbm_inaccuracies in the values
of some of the cbnstant parameters used in the calculations, suchAas
the value of.the resistors used'fo measure the individual section
cufrents,_the dimensions of the electrode sections, the.dimensions
of the chéhnel, distance between pressure taps, etc. The latter were

in general‘small.

Inte;pretation.of Limitiﬁg Current Measuréﬁents. The‘conditions
for validity of limiting,current,meésurEments-have been reviewed by
Selman.44v He.éonéipdes,that correct'interprgtétidn of these measurements
requires: (a)-weli defined limiting current plateaus, (b) knowledge
of the contribution 6f_ionié migration, (c) proper coﬁsideration~bf
changing‘(increasihg) surface roughness (fof‘depqsition rééctioné);
and td) sléw approach to tHe 1iqiting éurrent (under chronogalvanostatic
or éhronopotentiostatic contiql). In the interpretation:of iLJ daté :

iqnic diffusivities, not molecular diffuéivities, must be used
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in the calculation df mass transfer coefficiénté.

In Ehe present experiﬁentshthe first_foﬁr conditions-wére met:
(a) the ferri-ferrocyanide system gives long and well defined plateaus
(see Fig. III-1); (b) the migrationalvcontribution.was negligible since
the electroiyte was flooded with a 1érée'exce3svof sddium'hydrOXide;
(c) redox}réactions to not altef the natufe offthe surface; (d) to
fulfill ﬁﬁe‘cbndition of quasistatic.apﬁroach to the‘limiting current
the:scan'of-the'pétential was very slow (approximately 10 mV/sec).
Only Whenvusing.the pneumatic ppmp was é faster potential scan employed, "

because of the limited volumetric capacity of the pump. In these

. runs a small peak appeared before the limiting current plateau was reached.

. .Control experiments run using a slower potential scan revealed that -

the value‘df.the plateau was not affected by this transient effect.
In the calculation of the mass transfer coefficient, effective ionic
13
diffusivities were used.

‘A major source of inaccuracy in the determination of the limiting

current values was noise in the signal recorded. 1In order to keep

‘the potential of the cathode sections éé uniform as possible, the

value of the resistors used to measure the current was very small
(see Section III-F). As a consequence, the potential drops recorded
were of the order Qf 0.025mV at the lowest flow rates employed. In

certain runs superimposed on this signai was background noise with an

~amplitude of up to 0.25 mV. Since the oscillations caused by the

" — . v .
The resistors employed were precislon resistors. No variation with time

was noticed in the value of the resistance. The individual values could

be determined to within 0.01%. : R
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noise were very ?egulgr, tﬁe value assigﬁed toAthe 1imiting curfent was
read at the center of.thé fluctuating value. A'maxiﬁum error of 17 may
be assigned to the current value read in thié manner.

For measurements in the hydrodynamic transition reéion fluctuations
due to hydroaynamic effects were noticed (see Appendix III). In the
worst cases (Fig. AIIi—l)'these oscillations had amplitudes in the range
‘ of’approximately 10%Z of the current being ﬁéaSuréd. Assignment of the
limiting cdrfent value for these cases- could be in error by up to 5%.

Errors associated with the recording equipment were much smaller
than those above. Upoh.reaéhing the plateau the value of ;he current does
not changé, and the manufacturer's specificafibn for steédy state
measurements in fhé lowest potential range used is 0.2%.

Rate of Flow. As explained in Section III-G, the rate of flow

through the cell wés adjusted by the relative obening of the bypass

aﬁd cell valves.. This.gave rise to some fluctuations in the flow thfough
fhe cell, particularly at the lowest flow rates. Volumetric calibration
of the flow meter showed_that‘at the lowest flow rates variations of

up to ZZ-were_present. At ﬁighér flow rates the variatioﬁs were

smaller (0.5% maximum).
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Composition.AiErtors in ihe:detefmination of the totai electrolyte
composition affect the value of the physical ?roperties pfithe.eléctrOlYte
(density, viscosity and diffusivity). Erfors incurred aue.to unqertainties
in overall coﬁposition were small, since the controlling cgmponent, the |
cOncéntratién ofiNaOH (2.0 M) could bé determiﬁed-very accurately
(+£0.05%) . vdn the other haﬁd, the calculated mass transfer coefficient
is invefsely propdrtionél toithe concentration oi ferricyanide ion.
The'léteixcquld not be.determined with an accﬁracy bétter than *1%.

_ Temgératu;e; Tﬁe tempefature cdﬁtrol éystem was capable of.
maihtaining,the éiectrolyte temperature constant at 25%0.5°C. During
the:short timeineedea f&r'a pofential scan the'temferaturé'never vatied.by

more than +0.1°C. This could cause an uncertainty in the interpretation

‘of the limiting current of approximately *0.3%.

Pressure Drop Measurements. Two sources of error were associated
with these-measurementé, 'The.relatively large diameter of the preésure
tap hole and the distance between taps. In the absenceiqf detailed
deséription of the disturbance created by ﬁhe‘presence of_thg préssure

taps, conservatively an error limit of *2% was assigned»to this source.*

‘The error associated with the measurement of the distance between

5 | . - _
For Cell II, in the hydrodynamic transition region‘this error may have

been much larger, see Section IV-B.

o

e
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pressure taps is négligible; it was ‘determined with a'meaéuring
microscope (Section III~D), - The maximuﬂ error associated with
this measurement was 0.0006 and 0.0012% for.Cell I and Cell II, s

respectively.

Dimensions of the Chanﬁel, The dimensions of the channel cross
section were detérmined by the size of th¢ cut-out in the Mylar
spacer (seé Appeﬁdixrl). Since Mylaf'becomes brittlé when immersed
in the cauétic ele;trolyte solution, the spacer had to be replaced
e?ery time that the cell was disassambled. Ali the spacers used | j\
with each‘qf the cells werelcpt from the same Mylér sheets. The.thickness
of the Mylar sheets was raﬁdomly cheékéd with a micrometer and found
to be uniform. The maximum error assbciated with the thickness
(interelectrode gap) was 0.5 and 1.5% for Cell I and Cell IT respectively.
This error was constant and did not produce scatter of the data.'

Tha width of the channel was determined by the jig used to cut

-ﬁhe spacer., It was estimated that the width could vary. by as much

as i0.0l.cﬁ. ‘The maximum error assoclated with the uncertain knowledge
of the width is il%..

Length of Electrode Séctions. The value of the electrodeilength

was determined with a measuring>micrdscope (see Seétion'III—D). The
maximum eérror associated with this measurement is +0.0025%. This

error was constant and did not introduce scatter in the data. However, .
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since electrode Sections I,»iI.and IV were used to determine the

first point in the Sh vs x/Dh curve (refer to.the scheme of measurements,

Section,IIIfD), some scatter must be expected in'the data corresponding

to this point. The sméll scattef_observed did not show any definite

trend that could be attributed to the use of different electrodes.

Table V gives the estimated error limits for the experimentally

determined quantitigs, while Table VI:gives the error associated with

the.éalculated quantities.
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Table V. Error limits of experimentally détermihed quantities.

Quantity “ o Erfor of'MeaSurement
Lim (due to fluctuations in the ° | E +1.0%
trace of the X~Y recorder)
Volumetric Flow Readings . : . iO.é%
Concentratioﬁ of Ferricyanide : *1.0%
Temperaturé of Eléctralyte ' - +0.4%
Pfessufe Transducer Readings A',t i2.b%
Channel Width . D $1.07 -
Channel Heighf - _ V' £0.5%
Cathodé Widthv(same as channel width) o +1.072

Cathode Length . - Negligible (0.0025%)




Table VI.. Maximﬁm expected error in calculatédvfesults.

Calculated Quantity : ' Expgcted Relative Error
Cross'Sectiénél Area.of Channel ' +1.5%
Equivalent Diameter | . iO.S%
Cathode'Area‘(Smooth) o | il.OZ v
Limiting Current Density v - 12;02
Diffusion Coefficient C s0.32
KRinematic Viscosity - o +0.2%
Linear Veiqcity of Electrolyté o iZ.CZ_
Mass Traﬁsfeeroefficient - S #3.0%
échmidt Number = - | o +0,5%
ij'Factor ... .1 ' , ' ‘iBQOZ
Sherwood Number . £3.0%
Réynoids Nuﬁﬁer R _ | *2.5%

Ffiction'Factor - _ o . +6.5%
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IV. PRESENTATION AND ANALYSIS OF THE RESULTS FOR SMOOTH CELLS

A, Cell I, Smooth

1. Effect of the Channel.Corners,

Most of the»eiﬁeriméntal,data on mass tranéfer coefficients in laminar
as wéll as in turbulent flow have beeh.obtained using cylindrical ducts.
The few experimentél efforts involving rectangular chanﬁels may be questioned
o N\
for the following reasons: (1) the aspect ratio of :the channel used was
‘very'closé}fo one and hence the éffect of secondary hydrodynamie currents
at the corners of the channei'may have been very.important, (2) in
experiments‘using the electrochemical technique-the'eleétrodes.ﬁere made

narrower than,the Channell6’22’30

to avoid thg effect of secondéry
hydrodynamic currents, bpt'no account was takeﬁ of the enhanced rates
of mass and charge transfer at the ‘edges of'thé eleétfode. The former
érises frém the edges being exposedfto fresh solution with a higﬁer'
réactant c@ncentration;'this is unimpoftént at tﬁe limiting current if

the thickness of the mass transfer boundary layer, § is much smaller

M?
than the electrode width. :The 1atternrésﬁlté from the electrode fiela
 éffect which; below the 1imiting current, causes high’current densities
éf}the e&gés;'this Cap interfere wiﬁh‘obfaining a good plateau as’the
limiting current is app:oahhed, even when GM ;<‘e1ectrode width.

To sblve-this problem, Hickman and Tobias51 ‘and Landau and Tobias
Aemployed electrically insﬁiated "puffer" electrodes along the longitudinal
‘edges of the working electrode. These buffer electrodes; polarized to
thé same‘poténtial asithe central wérking electrédg,‘"absorbed" any -

effects of secondary flows at the corners during:limiting current

measurements.
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In the present work an alternative sdlution was used for this

problem: The cathode extended ‘across the full width of the channel,

but the aspect ratios employed were very large (20, 30 and 40 for
€ell I; 56 for Cell II). Comparison of the values of the mass.transfer
coefficient for the three different aspect ratios used with Cell I are

presented in Figs. IV-1 and IV-2 in the form of the jD.factor Vs

Reynolds Number. For Fig. IV41, thé mass transfer coefficient used was

the éverage obtained from the mass tiansfer ratés-measured for the four
cathode séctions. Figure IV-2 presentéAeduivalent resuité using the
mass traﬁsfer coefficient detérmined for tﬁe last-elec;rode section
(Section 1IV) Qhen the enfife electrode was polériéed; From both figures
it appgarsrthat‘for thesevlérge aspect ratios the value of the mass |

transfer rate is independent of the aspect ratio employed. The values

- present a scatter of 57, but no trend with aspect ratio is discernible.

For laminar flows it is possible to calculate the effect that the
side walls will have on the velocit'yvpr»ofile,,l:;a and hence on the mass

transfer'poefficient. This calculatidn'indiqates that the effect will

_extend to a distance approximately equalyto the interelectrode separation.

This prediction is consistent with the experimental results of

Rousar et al. . where the variation of the mass flux in the tranverse

direction was measured using one single aspect ratio.

For the case of tqrbulenfrflow such calculation.isgnot possible.

42

indicate that in turbulent'fiows the corner effect is also restricted

to a distance smaller than the width of the narrower walls.
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Effect of aspect ratio on the mass transfer coefficient,

Cell I. 'The k value employed to calculate j

was the average

" value for the four cathode sections. Se¢ = 2,000-3,200,
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Fig. IV-2. Effect of the aspect ratio on the mass transfer
.coefficient, Cell I. The k for the last cathode
section was employed to calculate the value of jD.
Sec = 2,000-3,200. i ' :
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According to these considerations, for the three aspect ratios used

with Cell I the cofﬁef effect would affect 10, 6.6 and 5% respecti&ely »
,Of'the totai electrode -width. In the case of the laminar regime the
corner effect produces a gradual diminution.of the mass flux from the
value in the core of the flow to a minimﬁm value at thevcdrner where
- the velocity reaches a zerb value, This; togepher with the very narrow
width affected, leads to a verj smali'décrease_ih the total value éf the
mass flux across the.width-of the eléétrode.
| For the turbuleﬁt fegime the case is‘more complicated and only

conjéctures één be madé. The: region 6f.the corner will be affected Ey
'eddiqs from the secondary Currenté, whéré the fluid flows out of the
‘corner along'the'bisectrix aﬁd retufnS’3weeping aloﬁg the”walls.l-'j

In this caseionevwoﬁld expect a non—ménotonic decrease of the mass flux
 towards- the corner and a_émall'variation in the;value of the total mass
fiux. Experimehtal vérification of tﬁe variation in mass flux across
the walls is not available at present. Picket aﬁd Stanmoré36 report a
1.5% différence in overall current density Between one éentralland two
 iate;a1-stfip‘electfgdes iﬁ;a'rectanguiar channel of éspect ratio 1:6.
However,.fhéir elecffodés did.not.cdver'tﬁe full width of tﬁe éhannel
(the chanﬁel was 3 cm wide, and thé strip‘electrédes ex;ended to 0.097 cm
from the Sideiwalls)} Isothermal lines détermined'by Ibragimo§ et ai.19
for a sduare.duct'indicatevé non-monotonic variétion of heat flux across

the walls.
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2. Dependence of the Mass Transfer Coeffieient'on the Distance
-from the Mass Transfer Section Leading Edge

As expleined en page 33, the mass transfer coefficients determined
are, in effect, aVerage mass. transfer coefficients over a given electrode
eection, aﬁd assignment of this value to'any speeific point represents
only an appfoximation. Forrthe case of maes transfer in thevlaminar
regime the_theqreticel solution to the problem dicates'the-manner’in which
these average mass transfer coefficients have to be assigned. The extension
Of‘the,classic.Graetz—Laveque problem to perallel plate channels given by

Newman31 is:

Sh = 1,2325 (ReSeD, /x)/3

and by ihfegration, the aVefage Sherwood .number over a section of-
' length L is.

- Sh = 1.8488 (ReScD /L)l/3
ave L h

From these equations we can calculate the value of the distance x that
would give a local mass transfer coefficient equal to the average mass

transfer coefficient for a section of length L comprised between x =X,

, .,
e ol—@3.L |-
',XE/B _ X§/3»

and x = X

Mass transfer in the turbulent regime is characterized by very short
'entfance lengths and a very fast approach to-an asymptotic, fully developed,

* value of the mass transfer coefficient. van Shaw, Reiss and Hanratty

'expefimentally.determined the value of the entrance length. They find
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that for 5;000 < Re < 75,000 their exberiﬁental results may be closely
represented by

| L 0.58,. . 1/3
Shave = 07276 Re (SCDh/L)

‘in the régiéﬁ 0.0177 < _L/Dh < 0.178, Their experimentai points seem to.

1/3

extends to L values from 2 D,

indicate that this dependence on L~ b

t640.2 Dh.for the.Reynolds Number range indicafed. Wasan et al.55
developed an. equation showing a similar dependence of Sh on L.

In the.presentvexperimgntal work the -smallest elecfrodes were too
long to allow the’déterminatioﬁ of thé value of the entrance length.,
Furthermore, the fact that for the largest Reynolds Numbers employed
only part of the leading electrode was"in the developing'region gave greater
uncertainty to the value of.x assigned to a given section average mass-
trénsfer qoeffiéieﬁt: |

Figuré.IV—B presents the experiméntal results in the form of the
ratio Sh/SﬁL'vs x/Dh. The value of x assigned td.the Sherwood number of
. each section'was calculafed according tb the considerations above. The
Sherwood ﬁumber calculated for the electrode farthést dowﬁstream (electrode
FSeétionvIV when the four seétions were pPolarized) was used for the value
of Shh' .

Tt should be noticed that all the data fall on smooth lines. As
" explained §ﬁ page 35, by the scheme.of measuremént some_of.thé intermediate
points in the curve were obnéined with longer values of the entrance
Iength. If'the hydrodynamic éonditioﬁs had beén differenf for each value

- of the entrance length one would have expected the expérimental points

‘to oscillate around a smooth line. The fact that.this was not the case

®
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leading edge. Shy is the value calculated using the k value obtained for electrode
Section IV when the four sections were polarized. :
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gives assurance tﬁat the flow was élreéd& fuliy'developed at thé location
of the fifst electrode section.

From this figure it can be seenlthat the data corresponding'to
Re<2,700 all fall on the same line, aé was to be expected from the
unique solqtionvfor the purély lamihéf regime. Béydnd this valué of
Re (at Re‘>v2,900) the data-fall on seﬁérate linesvforiéach Reynolds
number stu&ied. Thé,diSpiacement of-theée curves from the position of
the ‘laminar resulfs agrees with the trend predicted 5y Spalding's
calculations 49 and with the experimental results of van'Shaw et al.53
As expiained above, the limitations presented by the relativeiy.large
- size of the leading electrodes do 'not - ailow-one to draw definite
éonclusions regafdiﬁg theﬁvalﬁebof the entrance length in the turbulent
regime. -This is further~illustrated in ‘Fig. IV-4, where the unéertainty
limits in the assignment pffthe proper value of x/Dh is indicated for
thelsh/ShL.vs x/D, curves for Re = 5,000. The entrance effect indicated
ﬁy these data seems:to extgnd to x/Dh = 6. Thié entrance length value
is largér than'fhose reported >3 for .tubes.: . Picket and Stanmore

have also reportéd longer entrance lengths in rectangular channels,

3. " Laminar Results

As mentioned in.Section\IV—A—Z; the extenéion of the’Graetz—Levéque
problem gives tﬁe‘solﬁtibn to the laminar mass transfer in parallel plate
channels. A test to the véiidity of the présenﬁ results is the agreement
with this-éolufion.. Figure IV-5 presents the values of fhe local
lSherwood numbgr ploﬁted against ,the &imensionless groﬁp @eSth/x)l/Bf

For 1,500 < Re < 2,700 the spread of the data around the straight

line with slope 1.2325 is only *1%. At Re>2,900 the departure from
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this line 1is noticeable, particularly at larger vélues’of x (low values

of the abscissa)..

P
k]

4;_ Turbﬁlent Regime
One ofithe objectiveé of.the-preéent study was to tesf the applicagility

of mass transfer porrelatiohs’that were obtained using systems withblarger
equivalent &iameters. A complete reviewvéf correlations-pfoposed in the
past is beyond the séope of the present work. These correlations éan be
groﬁpéd inté two categories: embiriéal and sémiempirical. Comparisoﬁ

‘of the mass transfer aata availéble in the litérature is;difficult, due

to the fact fhat the data spread oﬁer a very Qide rangé of values. This
spréad has been aftribﬁted to the'fOfmation of minute roughness on ﬁhe
surfaces? since the technique émployedﬂiﬁ maﬁy of the experiments was the
dissolutioq:of solidbwalls. :Ihis explanation is aépealiné,.since for
systems with;a’high Schmidt number the mass transfef boundary layer is
véfy thin. On the o;her hand; semiempirical corfelatioﬁsiaiffer mainl&
in the predicted effect of the Schmidﬁ humbervqn the tranéfer rate. This
discrepancy'ié due to.the:&iffefeht_models employéd to evalpate the eddy
diffusivity in the regionvvefy-cloSe td the wall, the all-~important
region forlthin maés transfer boundary layers. |

A,Hu_bbard16 made a_tﬁorough‘review bf‘turbulent mass transfer

correlations, both empiiical and semiempiricél, and compafed them to
Athe'simplet Chilton;Colbqrq Eorrelation,- He'points out that given our
scant knowledge of.turbulenée'in closed chaﬁnéls the‘deveiopment of .
sémi—émpiriéal correiationé hés,reacﬁed the point of minimum return.
>'Hubbard repofted friction factérs measured in the same rectangular

‘channel in which he had obtained mass transfer coefficients. However,
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-His-experimental equipment'previded only.45 hydiaulie diameters for the
entrancevlength,vand the friction factors were calculated-from pressure
'dfops measured across only two pressure.taps'which spanned the length
of his_mass transfer region; The f vaiues that he obteined differed by
up to 202 from those reported by Whan.*57 Comparing his experimental
results with the Chilton-Colburn cofrelation, Hubbard concluded that
this correletion-is probably)adequate'fof most design furpbses.
The.results of the preseht study'for Re > 2,700 |
are plotted in Fig. IV-6 in the form of the Colburn JD factor vs
Reynolde number.** The jD dimensionless group-was chosen since it
includes the value Sel/B; this dependepce of the_Shefwood humber on the
Schmidt'nﬁmber is proposeé in the ﬁost relieble empirical ‘and semi-
empirical - correlations.G.29 20, 54 de_regions are distinguishable in this
plot: a'txansition regime'in the regéon 2,700 <.Re < 5,400, followed by
tﬁe turbuient region at Re > 5,400. The transition regime is characterized
Aby a fairly_sbarp'increase iﬁ jD with Re, and extende,te rather high vaiues
of Re. In.tﬁe turbulent regien the ijfactbrldeereéses with increasing Re.
Using the value of theffrictionefactors éetermined (see below) from the
pressureAarop measurements performed usiﬁg the same experimental channel,'the
1/3 '

group Shave/Sc is plotted egainstbRe T invFig, IV-7 and against Ré f

* o o

Whan reported experimental pressure drops obtained using an entrance
length of 77 Dy, since other values that he had obtained with shorter
entrance lengths showed considerable scatter and deviation from linearity.

The points shown in Fig. IV-7 are average values of the data obtained
using three different aspect ratios shown in Fig. IV-1. '
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'~ Fig. IV-7. 'Comparison of the mass transfer and friction:
. factors experimentally determineg using Cell I,
smooth, with the Chilton-Colburn  correlation.
Se = 2,000-3,200. - :



oy
Rt
F acas
st
LW
s
Rt
gy
A
sl
Mo
g5
S
LA
2
o
%
&

-81-

in- Fig. IV-8. -Thefdependence‘en the first pewer of fis inplicit in theh
Chiltbn—Cblburnbcornelation, and is also shown.inhthewcsrrelation of
Vieth, Porter, and Sh.erWood.54 A dependence on the square root of_f is
~ shown by the semifempiricalvcorrelafipns of Deissler,9 Lefzich,27 and
Lin et a1.29-'

5. Friction Factors

The friction factors caleulated for the entire Reynelds number range

are.presented in Fig, IV-9,) in the forﬁ f vs Rel

| At Beynolds numbers less than 2,700 the results follow a dlstinct
litear relationship‘with a negative slepe of -1. This is,ﬁhe type of
dependenee that is predieted by the'Hagen Poiseuille solution for
smoothatnbes: f = 16/Re. However,‘for ;his"rectangular channel the
_coefficient is larger. A similar behavior'has been observed by Patel and
Head34 using a large aspect ratio (1: 48) parallel plate channel. |

| In the Reynolds number range from 2 700 to 5,000 the value of the
frietion factor rises rapidly following a trend that has been reported
for smooth pipes and channels. The range over which this'fransition region
extends is longer than that’ commonly reported for pipes,‘and the approach
to a linear»(fnlly turbulent) behavior_is rather slow;- Similar behavior

: ' o 34
has been reported by Patel and Headr
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At vélues ovae largér than 5,000 fhe dependence of [ on Re appeérs
to'Be.linéar, foliowing‘a 1ihe'para11e1‘to the well known Blasius
equétion fof smooth pipes; Again, thé value df the coefficient is.larger
than for fouﬁd_ducts. This may be due to the effect of the channel |
corners, since an_éxtra amounf of moméntum energy will be dissipated in
the secondary currénts. A similar result has been reported‘ﬁy Hartﬁett,

Koh and McComas.14

6.  jD/(f/2):Ratio

Of importance for the present problem is the value of the
ratio j_./(f/2). Since the pressure drop for a given Reynolds number is
ip : g

proportional to D - the expenditure of pumping bower»when operating

h
eiectrdchemiéal cells with élosely sPaced electrodes becomés a very.
'importanf cpnsideration.- The.magnitqde~of the problem is indicated in
Tabie VII, ﬁhere the préssure dfops calculated for hydraﬁlically smooth
chénnels‘is presented.‘ For.many conditions, one will want to operéte

in a regimé where-ﬁaiimum mass transfér (or heat dissipation) ié'achieved
with a minimum'pressuré dfop."Figure V-10 gives the ratio jD/(fYZ) for
the Reynolds number range studied. Even though the Chiltén—Cdlburﬁ-
cérrelatién (jD = f/2) couldvnot be.éxpectéd'to.apply in fhis Reynolds
number range, the value qf'ohe for this fatib gives us a'measure‘of the
.actual'gain-achiévéd when oﬁenating with rough electrbdes; as will be

ﬁresented later (Section V-f).

B. Presentation of Results for Cell II, Smooth
" Figures IV-1i to IV-18 present the results for Cell II, smooth, in
" the same order as used for the'presentation of the results for Cellbl

in Bection A above. In the case of Cell II, the effect of the channmel

corners was not studied, since the aspect ratio (1:56) was even larger
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_ expressed as jp/(f/2) for cell I, smooth.

Sc = 2,000-3,200.

20 T T T T T T
CELL I, SMOOTH
PEAK -TO-PEAK ROUGHNESS, £=0.05p
o
(f/2)
1.0
0.5 - I 1
103 2 4 6 8 0% 2 4
' Re
: XBL742-5621
Fig. IV—lO..'Ratio of mass to momentum trénéfer coefficient
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Fig. IV-11. .Dependence of the mass transfer coefficient on the distance from the mass transfer

section leading edge. Shy, is the value calculated using the k value obtained
for electrode section IV when ‘the four sections were polarlzed
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than those uéed_with Céll I, and as it hés already been pointed out in
Section A; at these'large.éspect ratios the corner efféct’is negligible.

The remarks to‘the resultvof Cell I smooth (Section A) apply in |
. general.to the reéults fof‘Cell II émooth.A | |

Figﬁfe Iv-12 indicatésa.&eparture from the'laminar.behaviﬁr at a value
of Re=2,750. This value is 1§Wer than that correépdnding'to Cell I smooth.
(Re = 2,900). No sbecial siéﬁificanéefis attached to- this departﬁre at
a.iower Reynolds number, sinée'both cells are polished to the same degree
of'smoothhéés but- the rétio_of~their‘equiva1Enﬁ diamgters was equal to 2.7.
The valueé of the Sherwood number at Re = 2,750 are indicated in Fig. Iv-15.

Attention is called to the regioﬁ’2;500 < Re < 4,000 in Fig.;IV—l?,
‘In this range of Reynolds numbers the valueé‘of'f obtained were not as
reproducible'as-thqse for lafger, and'émallef, Reynolds nﬁmbers. Aisimilar
problem wésAobserved'when usihg Cell II with réﬁghened ﬁéils (éeé Fig; V-19).
Recall thafgfoerell I1 thé ratio of the diameter of the pressure tap
.hbles to the channel gap was equal to 0.8.' In this region of hydrodynamic
lfransition, the (relative)'large size of ‘the holes, ﬁlus any small
differences in ﬁhevshape>of'fheir 6pén1hg,Amust have created disturbances
that weré sqbéﬁantiélly different from one préssure tép to the other..
The value of AP, and hence f, evideﬁced thié éondition. This explanation-
is substantiated by the 6bservation.that fhevmass transfer coefficient--
measuréd on the opposite wall of the channel--did not show unusual
Behavior.in the same Reynolds number range (see Fig. IV-14).

| Thé'qddlvalueé of f fof_2h500 <'Re < 4,000 are reflected in

Figs. IV-15, IV-16 and Iv-18,
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Fig. IV-14. jD factor for Cell II, smooth., " Sc = 3,100-3,500.
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CELL II, SMOOTH

CHILTON - COLBURN
sh/sc'/3 =Re(f/2)

10 | I IR N N B
10 2 | 4 6 8 |02
| . Re (f/2) |
o  XBL 742-5633
Fig. IV-15. ‘Comparisonvof the mass-transfér coefficientéAand

friction factors experimentally determined using
Cell II, smogth, with the correlation of Chilton
and Colburn.® sc = 3,100-3,500.
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Fig. IV-17. Experimental friction factors for Cell II, smooth.
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V. PRESENTATION AND ANALYSIS OF THE RESULTS FOR ROUGH CELLS

A. 'Results for Cell I, Rough

As expléined in the intfoductiop,'in.practical applidétions the
electrodes are seldom hydrauliéally ;mooth; énd it was.therefore_of
interest to study the effect tﬁat various types of roﬁghness have on the
méss transfer coefficient,_the frictioh féctor; and the ratio jD/(fVZ).

The iiterature on the subject of roﬁghness:effects on'mass transfer
vis.pfacticélly non—exiéting. .Levichz? has reviewed this

queStion‘at'Some length. Ross and Badhwar?7a

and Dawson and 'I_‘rass8
have presented a moré systematic approachvté the determinétion of fhe
effect that different degreesbof'roughness will have on the mass traﬁsfer
coefficienf; | |

- One.of the most difficuit problems in deaiihg:with‘the subject 1is the
'éﬁéracteriZation of the roughﬁess. 'The practice prevalent today in
friction_facfor'étudies is the following: friction faéﬁoré are determined
at very high Reynolds numberé (Nikuradse's "Fully Rough Region"> where
the friction factof beﬁomqs independent of Re and depends sélely on‘the
 value of the relative»roughnéss; Then,'by COmbarison with the f values
obtainéd-by Nikura@se"using éand rbughened pipés, an "equiQalent sand
roughness value" is assigned to.the'roughnéss iﬁ question. The argument
for this pr6¢édure_seems ponderous.v In many-céses the measured size ‘
6f the roﬁghness‘elements, even when sand graiﬁs.are used,.bears no
.rélationship to the value obtained by the equivalent génd,foughness -
.détérmiﬁatipn; Aléo, the values of f'obtainedAat intermediate Reynolds
numbers méy différ=sub5tantially for the same value of the equivalent

sand roughness.



Eveﬂ if this method of:rdughnesé'Chéfactérization wgre effective
for momenfﬁﬁ transfer,studies, there is no valid reasoﬁ.to-expect‘that
it WOuld work equally well for'the case of mass'gr heat'transfef; 'Already
for smooth:surfaces the anaIOgyvbetween'the three proéeéses Has been |
found tolﬁreak down when'thé-Scﬁmidt (Prandtl) number id substantially
.different from 1.  For rouéh surfaces the appliéability of the turbulenﬁ
éddy_diffusivity has néVer been extensively examined. Kline et al,23a
»pbint out fhat the,turbulénce mechanism for flow adjacent to rough surfaces
méy be entirely differént from fhat for floﬁ aiong smooth walls. Townes
'ét al?la froﬁ ﬁeasurements of the cross-correlation of the fluctuatiﬁg
components:of velocity in séﬁd—roughened_pipeé concludedvfhat for fully
developed_turbulent'flow‘the smooth pipe flow model is not valid. |
An ih-depth-study for:the_charactériZation éf the.réugh surfaces
used in tﬁé'present experiments was not possiblé within.thelscope of this
wq;k. The_#ype éf_roughness‘gnd the method emﬁloyed to oBtain ity as well
éé the peak;to—pgak and the_afithmetip'avérage valuesigivén by a stylus

surface ﬁrqfilometer, are specified in Section III-E.

‘1. Effect of Channel Corners

Althsugh'tﬂe éecondary.currents formed at.thé corners of a rectangular
chéﬁnel.will.be affected byithé'degree and fypé of rougﬁness of.thé w&ll,.‘
it is the non4uniformity_of_the roughneés that will exert. a decisive
influence on the éeéondar§ cufrents.15 Since the valué of the roughness
Was.uniform»acroés the width of the channel (Section;III;E), and since for
thé:smoofh channels it was found thaf at these very large aspect ratios the
corner_efféct was not di;tinguishable,-it wés considered unnecessary to

l perform a whole set of experiments using different aspect ratios. Only
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two: aspect ratios, 1:20 and 1: 30 were used with Cell I, rough * The
ranges of Reynolds numbers covered in thls manner overlapped 1n the
range 7,000<Re\10,000. No effect of the aspect ratio was discernible,

2. Dependence of the Mass Transfer Coefficiént
on_the Distance from the Mass Transfer Leading Edge

The individual section average mass transfer coefficients were
assigned'to specifié x/Dh véiues assuﬁing thét the dependence on x—1/3
that applies to mass transfer in smooth electrodes (Séctién IV—A;Z)'alsQ
’appiies to réugh surfaceé. " To datg;nd studies have been conducted on
thé effect of wall roughness on thé,length of the mass transfef.entrance
length. | |

As explained in Chapter_lv; tﬁe length of tHe electrode sections used
.in this study did not allow an exact detgrminatioﬁ of the vélue of the
éntrence ;ength at higtheynblds numbef. However, qualitative conclusions
éan be dréWn-frdm the prgsent experimenté; . The results-afe presented in
Figs. V-1 to V-4. Comparing'these curves with those for a smooth channel
presentea'in Eig; IV—3‘the foilowing,c0nc1usions can be drawn:
increasing the roughness.of,thé mass. transfer section leads to a departure
from the 1amiharvrésults ;t a iowér'Reyholds'number, whi1e at large
_ values of Ré thé ent£énce iéngth becomes shorter.

The first.conclusioﬁ-agrees with what would be expected from

hydrodynamié considerations:“the Reynolds number region of stability of

*This was done fof"convenience in the experimental procedure. The magnitude
of the flow through the cell was determined by the opening of the cell
valves relative to that of the bypass. When the cell flow was a very

- small fraction of the total flow it fluctuated and tended to drift to a

different value. A larger aspect ratio (larger volumetric flow) alleviated
"this condition. Also, in this way it was avoided to use the magnetic flow
meter in its lowest range, where its accuracy was lowest.
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a iaminarjflowvdécreases with,turbuléﬁce'induééd_by the rqughnéSSgof
the wall.:

The‘secohd cbnclusion can also.be‘substantiéfed by hydrodynamic
.consideréfions. In boundary-layer fléw the preéénce of "boundary layer
trippers" 1eéds to an early development'df the fully developed boundary
1?yer thickness. Similariy one will expect that disturbances present at
fﬁe point wﬂere the mass transfer boundary layer begins will iead to

: ité reachiﬁg thé fully developed value faster, thereby shortening the

entrance length.

3. Laminar Results
¢ At low Reynolds. numbers, as long as the flow remains laminar, the
mechaﬁism:of'masé'transfer will not be affected by the roughness of

the walls. Figures V-Sa—d-éhow‘the values of the local Sherwood number

1/3

ploﬁted against the,dimenéibnless group (ReSéDh/x) . For each of‘fhe
’roﬁghness ﬁalues.studied the depérture of the data from the straight_
line with”slopé 1.2325 becomes evident at lower Reynolds numbers than
for the'smoéth channel. The iéwest value of”Re at which -departure from

the Graetz~Levéque solution was observed is indicated in each case.

4. Turbuient_Regime

For rough surfaées thé néed to défefmiﬁe.the reiationship betweeﬁ
tﬁe mass_transferlénd the momeﬁtum traﬁsfef cbefficient is even mdre
‘évidenﬁ than'for sﬁooth channels. As'explained_in the beginning of the
present ﬁhapter, the literature on the subject is very scant. No claim
fof'generaiity is intended»for tpe présent‘results. .Aé explained,aﬁove,
the:tfansport process.depéndston type and degree bf’roughness, and there

is no-reliable method available to specify it. The rationale for including
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'roggh surfaces in the pre;ént study is the almostlabBOIUtejlack of
informétiﬁn on the Subject.‘. | |
Thevfesults for 2,700 <-Ré < 22;000iare piétted in Fig. V-6 in
the form of the Cblburn coefficient jb vs Re for the four roughnesées
employed. | |
| In each case, two regions are\&istinguishable:‘.a traﬁsition regime
followed by a fuliy turbulent region. The transition reéion, characterized
by ‘a more or less sharp ;ncrease in the value of jD with Re varies in
width depending on the roughness. For roughnéSs I and IiI (the two sand-
blasted surfaces) the transition reg;on occupiés the Reynolds number
region 2,700 < Re < 5;400, roughly:the same iﬁtervai occupied ﬁy the
trénsitién_region.for.the smooth channel. Roughness II presents a slightly
shorter transition regioﬁ 2,700 S Re <‘4,700, while roughness IV presents
an even shqrtef one, 2,500 < Re < 3,400,:fhgt begins ét_a smallef Reynolds
number. . |
In the turbulent regime the value of jD decreases with increasing

Reynolds ﬁuﬁbér. In the'casé.éf Roughness III and IV, this decrease is
sharper than for smaller values“of the roughnésé.

-.Using the frigtion facfor values détermined'fér the same experimental
1/3 '

channel (See below),:the group Sh/Sc is plotted against the abscissa

Re f and Re/f in Figs. V-7 and V-8, respectively.

5. Friction Factors

The friction factors calculated.for thé entire Reynqlds number range
arefprésented in Fig. V—9_in th? form fvs Re.

At 1oﬁ Reynolds nuﬁber (in the laminar regine) theA#alue of the

friction factor for the two smaller roughneéses coincides with that for

&
H

4
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Fig. V-9. Experimental,friction.factors for Cell I, rough.
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fhe_smoofh*channel, For tﬁe éhannel ;Oﬁéhneés IIT and IV the friétion
factor also follo&s'avfaiélys1ineaf dépendence’on the #eyﬁolds.number,'
.but'fhe vélﬁe‘of'the'slope ié greater thén‘—l, and the value of the .
coéfficieht'is ﬁuch larger than for the sﬁooth.éhannel (eXtrapolation ofv
the resﬁlts gives thergqﬁatiohs f»=_23[Re and f'= 25/Re fof roughness III
and IV, respéctively). . - | |

| For»fhe cééelbf the g;éovgd surface it iélpossiblevto calcuiaté in a
' féiriy éccﬁratefmanner,theﬁinéreased'surface.of'fhe chaﬁnel walls and
hence to ¢orrgct the value Qf.the true drag force on the walls. Recall

that the friction factor fis defined2 by

F = AKf. :

where Fk:iS'the force ékérted'by the fluid on the surface:of the duct
by_Virtue of 1its MOvemént, A is the wetted surface; and K a characteristic
kinetic enérgy'per unit volume. For flow ﬁithout changes in pdtentiai

energy through a channel with reétangular cross.section w g, the friction

féctor_is given by

f = 2.Al’(w g)- ‘ ‘
/20v%) Awéttédlsﬁrface

" From the meééured,vaiue of the grooves, the increase in wetted érea
is approximately 13.72, 'This correction would bring the'value of the
friction.factprifOr Roughgsurface IV closer to the valueé.of f for the
smooéh walléd channel,.bﬁt:there‘stiii would exist a.disagreement. One
explanafion féfvthis diséreéahCy is fhe'féct that the:vélﬁe correcfed for
"the inc:eased sﬁrféée stiil_féils to include fhe»form-drag_caused by |

the shape of the gtodves.
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The transition regime for‘RoughneSS;I énd iI exteﬁds throﬁghithe
same Reynolﬂs number range as for the smopth'channel, 2,400 < Re < 5,000.
As a matter of fact, the values of f,for the smooth channel and
Rough I'and II are substantially indistiﬁguishable in this range.

For Roughﬁeés IV the transition regime extends through a wider
Reynolds number range, 2,400 < Re < l0,0dO,,befOre f becémes independent
of -the Réynolds nuﬁber. . |

6. ' g‘_D/(‘f‘/é) Ratio

. Whethef or not rough electrodes are adventageous for use in technoloéy
depends on the specifié applicétion cbntemplated{ In general, however, the
ratio jD/(f72) is important, along with jD’ in considering the relative
merit of mags‘fraﬁsfer surfaces, this ratio being feiated to the mass .
transfer’obtainablé pér uﬁit of pumping power. Even though the Chilton-
Céibufn cofrelatioﬁ (jD = f/2) appliés-only at-keynolds nﬁmbers in the
fully turbulent regimé, andvfor'the.caSe of rough surfaces the f;iction
faEtor includes the form drag, a depérture from the value'of 1vfor this
rétio can be used as an iﬁ&ex of thereffectivgheSS of a giving roughness
in increasiné-the transfer coefficient.

Figu;é’Velo presents the_?aiues of’jD/(f/Zjbvs:Re. - From this
figure it is éeen that fof eléttrodeé with a sﬁall roughness valug this'
ratio becomes larger thén 1 only for Re > 104. On the éther hand, for
a 1arge roughnesslvaiue the ratio reaches a maximum (greater than 1) in
the,transition‘region;; and then quickly dfopé’towards a &alue of i.
Limitations in the experimental‘systém.did not aliow opération at higher
Re to ascertain if ésjmpbotic behavior is reached for this ratio. \Similar

results have been reported by Dipprey10 for the ratio jH/(f/Z). His



Fig. V-10. Ratio of mass to momentum transfer coefficient expressed

aS'jD/(f/Z) for Cell I, rough. Sc = 3,000-3,500.
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exberiments_were conducted agvhigher Reyﬁolds_numbe;s (14,000 < Re < 120,000)
and 1.20 < fr’< 5.94.j At tﬁe high values of Pr he found that the ratio
jH/(f/2) ;éachéd a‘maximum at infermediate valugs of the Reynolds numbef,

the position of this maximmm,dependiﬁg oh the value of the roughnegs.

For the largest roughness thatAhe employed (€/D = 0.048) the maiimum
apparently fellibeIOW the loweét Reynolds numbe: at which ﬁe operated.'

B. Presentation of Results for Cell iI, Rough

'Figures V-11 to V-20 present the tesults for,Cell_II, rough, in the
same order as uséd for the pféSentation of_the results:for Cell I,
rough, in Section A above. | | /

The_femafké to the resulté for Cell I, rough, apply in genefal
to the fesults for Cell II, rough. Héwever, it must be kept in mind
that the ratio EVDh for'éach;of the foughness valueé emplqyed was
different for Cell T and Cell TT.

| In”thg_Reynoldé number range 2,500 < Re < 4,000 (see Fig.vV-iQ), the
.value of ﬁhe.frictién factor present fﬁe‘same problem indicated for
Cell 11, smooth'(refer to Section-IV—B). Again, the mass transfer
-coéfficient, measuféd on the oﬁpbsiﬁe wali; did not éhow unusual

behavior (Fig. V-16).
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VI. SUMMARY AND COﬁCLﬁSIONS
'Coeffiéients fqr'mass aﬁdgmomentumutransport in reétangular qross—
' éection chahnels Qith equivalent diameteré of 0.b96 and 0.038 cm have
beenrsucéeSSfully‘déterminéd:in the Reynolds Nﬁmber rangé of 1,500 to
22,000. At the largest Reynolds numﬁers employed an equivalent mass
trahsfer1bodndéry layer thickness of 2.-3><10_5 cm was obtained. To the
aﬁthor's knowledge mass trangfer bouﬁdary layers: as thinlas this have
notvbeen préviously reported. |

Thévéoefficients of mass and momentum trénsport.in smooth rectangulér
channels Qith wall separations in the:rangevof,fraqtions éf a millimetér
cén.sucdesSfuliy be correlated‘by therequatiqns tﬁat aﬁply to smooth
chénnels of much largér equivalent diameter., However, for thin channels
to be cohéidered'"Hydraulically>smooth"‘at Re >.2,500, the‘walls must
Bé polishea to optical smoothness. Siﬁce thiSQCOﬁdition is rarely
éncounte;ed injpracgical.applications,'dare must be exercised in
extrapolating results obtaiﬁed witﬁ large eqtivalent diameters.

Under coﬁditiéns where,ihe.Reyndlds’number félls in the lamina;
.fégine, only very gross surface roughness has an effect on the value of
the trahépoft'coefficients.‘ For smooth Surfé¢es‘the mass transfer rate
is given by;thé extension to the Gréetz-Lev@que,éolﬁtion:

o . 1/3
Shave —.lfSS(ReSc Dh/x). :

For smooth surfaces, the -Chilton-Colburn correlation

=L Resct/3 ' ‘ !
nave 2 _ _

'satisfaétprily predicts the value of the mass transfer coefficient in
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the turbulent regime, Re > 10,000. L :
| When the'sprféces are rough, the ratio of the mass transfer coefficient
“to the ffiétiéﬁ factor depends strongly §n the type and degree of roﬁghness
of.the sﬁrface. For_the twovlargest roughness values employed in'this
study, tﬁis ratio-had well défingd makima_at 2,700 < Re < 10,000.
A COmpreheﬁéive étudy‘ofvroughness charécterization woﬁid be nécessary
befpre ajgenefally usefulsanalogy between mass (heat)’and momen tum v
transfer;cén'be dévélopedvfér»rough surfaceé; Lécking this, the dependence
f>of the jD/(f/Z).ratio.on Reﬁfor industrial electgolyticbcells with very
small Dh will héve'to,begdetermined gxpefimgntally. This question ié
df great»importance, sinte their operatidn is limited by ;he very lérge :
requireﬁént of pumpihgipdwe:.v |

In the turbulent regime,the mass transfer entrance léngth declined

from 10‘Dh‘at Re‘=’5><103.t012.'5.Dh at Re =‘2x104, The present study .
did not‘atﬁémpt tb prdvide_é detailed analysis of entraﬁce phenomena.
.Clearly mqte detailed_studiesvare justified since ﬁrevioﬁsly reﬁorted
values are not reliable.

. The pfesent results-éhould be of help in ciéfifying_ﬁhe problems
that appear in eiectrochémi¢al machining. With a bettervunderstanding

of the masé'tfansfer effecfs_in this process, elﬁcidation of some surface
‘and trangient eléctricai.effé¢té in Eigh rate anodic dissolution should
be facilitatéd. | | | | |

-The.concluSion that correlations developed for large D, channels

h
aré‘applicable to thin'channels:-provided that careful attention is given

to ‘the effect of surface roughness--should be applicable to the problem
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éfiheat transfer in véry narréw slits (e;g.,(in nuclear reactors). It is
hot claiméa here that an exéct analogy exists between the'two transfer
process.. Héwéver, it ié known that in electrochemical mass transfe?
experiments a significantlyvhigher degrée‘of preciéion:can be échieved
than in heat transfer:étudies. SinceAdepartures from the'behavidr
oﬁserved iﬁ systems inyolving'large Dh WOuld more likely occur when the
boqndary layer is thin:(large Schmidﬁ-(Pfadtl).number), one would expect
'thét‘heat:fransfer correlations obtaiﬁed for iaﬁge Dh (and.small Prandtl
number) wduklal;o ﬁe appliéable to he;t transfer in tﬁin channels.

| Future work using very small equivalentvdiameters should extend the
present reéults to much larger-Reyndlds numbers, to attain fully
Adeﬁeloped turbuléhcel 'Thé experimental difficulties iﬁvolved in £his_
type of endeévour will bevsigﬁificant‘bécause of the very large_preséure

drops associated with operation at high Reynolds numbers.
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APPENDIX I, -DESIGN OFxTHE:EXPERIMENTAL CELLS‘

The minute dimensiOn_of_the intérélectrode gaps used.in this study,
‘together with the very highiflbw'veloéitiéé.neCessary to achie&e turbuleht
flow, give rise to rather exacfing specifications in ;he design of the'
experimental cells. “ |

The foliowing charagtériétics Were.reéuired of the cells:.

i) Ease in cleaning the glectrbdés and in refinishing them when
neée3sary;'_As explained invChapter.III, one‘of the.disadvantages of the
redox system employéd in this study is the sensitivity of the nickel \
eléctrodes‘;o poisoning. Aiso, it was neceSSAry to be able to change
the texture of the cell walls:to study.the effect of roﬁghness on the
momentum and mass transfer gbefficients. |

il) Wail strength to withstand a differentiél pressuie along the
ceii of the1ordér,ofu2,500‘pSi. Dué to the very'large pressure .drop
»gthét results a;_the-highest‘Reynolds humbef studied,_(uﬁ_to 400 psi/cm)
é very figid structure was nécessary toAminimize diéfortiohs undér.the
operating condi t_ions . | | |

| i1i) A precise Separation between:the eiéctrodes. Ih'order to
égcertain-the valﬁe of the hydraﬁlié’diametef to within 1z, the'maximum.
variation inithejintereleétréde gap‘wés:not allowed to. exceed 0.0004 cm

(for D, = 0.04 cm).

h
iv) Convenient chahging of the aspecf ratio of the_cell."This
_feature was nécessary in order to discriminaté from fhe ﬁaés transfer'_
resuits tﬁe effect of secondary,floﬁ.at_the cornersvof the channel,
'v) SeCtibnéd electrodes to allow méésdrement of fhé mass transfer.

coefficient as a function of distance downstream from.thé mass transfer

leading edge.



=135=

vi) Pressure taps for measurement of thé pressure variation in the
flow direction,

vii) An entrance length befofe the mass transfer region (the
electrodes) sufficient to allow for fully developed flow at that location.

viii) Minimum pressure drop.

The first feature was obtained using a sandwich type cell formed
by bolting together two plates separated by an insulating shim, see Fig. AI-1
and Fig. AI-2. The two plates were made of 316 stainless steel to give
the necessary wall strength (item ii above), and to makelthem resistant
to attack by spillé of the caustic electrolyte employed. The insulatipg
shim was a piece of Mylar sheet.

Mylar was chosen as the material for the spacer since it is an
insulating material with negligible compressibility and is available
in thin sheets of uniform thickness. The latter was needed to insure
a precise separation between the electrodes (item iii).

The channel for electrolyte flow was formed by cutting out a slot
of the desired width in the Mylar spacer. When the two plates were
bolted together with the Mylar sheet in between them, the edges of the
slot in the Mylar formed the side (narrow) walls of the channel, while
the bounding plates formed the wider walls, Fig. AI-3. Different aspect
ratios were in this way easily attainable, by simply exchanging spacers.

The.stainless steel plates forming the body of the cell were
machined to the desiréd dimensions and a 3/8 in. deep
cavity was milled on the two fécing surface. This cavity was later

filled with an oven-cure epoxy resin,* refer to Fig. AT-3. In this

*The epoxy resin formulation was: Resin 826 (Shell Chemical Co.) 76.5%
by weight, Resin 736 (Dow Chemical Co.) 8.5% by weight, Catalyst D-40
(Furane Plastics, Inc.) 15.07% by weight.
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Fig. AI-1. Overall view of Cell I, opened. (a) Mylar spacer.
(b) 7° effuser. (c) Silicone "0" ring. (d) Segmented
electrode. (e) Capillary pressure tap holes.
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Fig. AI-2. Overall view of Cell II, opened.
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manner the channel outside the mass tfanéfer region was non-conducting,
preventing stray currents. The epoxy surface was also found convenient
when drilling the very small holes needed for thé pressure taps (see
below). A rectangular opening was milled through the center of the
plate. This opening housed the sectioned electrode in the finished cell.
For Cell I casting of the epoxy was made directl& into the cavity with
the electrode positioned in the rectangular opeﬁing.‘ Since the epoxy
resin was cured at 65°C, when the cell was removed from the oven contraction
of the stainless steel plate caused the epoxy resin to crack, thereby.
ruining the cell. For this cell a solution to this problem was found

by placing a thin layer of cork sheet arouna the edges of the cavity
before the iiquid epoxy was poured in. This prevented the epoxy layer
from cracking upon cooling the cell, but left the epoxy layer in a state
of unrelieved strain which made it susceptible to cracking. For Cell II,
the epoxy facing was cast around the sectioned electrode in a separate
tray made of aluminum foil. After curing the resin in the oven and
allowing for a slow rate of cooling, the epoxy plates with the electrodes
were machined to the dimensions of the cavity in the stainless steel plate
and cemented in, place using room temperature cure epoxy. In both cases,
the final piece had to be milled and ground to make it flat previous to
polishing. = Grinding was performed using an aluminum oxide wheel.
Polishing of the cell for the Vsmooth".experiments was done using a
polishing wheel with velvet 5acking and diamond powder of 0.lu size. -
The whole cell was polished unt;l flét to within two wave lengths over
its entire surface. Different formulations of epoxy resins were tfied

'in order to find one giving the least differences in behavior upon
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polishing between epoxy and nickel. Howéver, since a compromise had
to be made between hardness of the epoxy resin and its brittleness, the
final formulation used did show some undesirable characteristics upon
polishing. Namely, there was a '"rounding" of the epoxy in the proximity
of the nickel insert, the surface of the latter resulting 2-3 micronS'
below the surface of the epoxy far from it. A profilogram trace obtained
with the Sﬁrfanalyzer showing this problem is presented in Fig. AI-4.
Several unéuccessful attempts were made to eliminate this effect.
Considering that the change in hydraulic diameter due to the recessed
electrode was oﬁly 2-3/1,000, and that this change in diameter occurred
over a distance of 10 hydraulic diameters (the scale vertical/horizontal
dimensions in Fig. AI-4 is 1:100) it was assumed that this effect would be
negligible. One solution to this problem would be to cast a piece of
nickel upstream’from'the electrode proper, electrically insulated from
it, so that any disturbance of the flow would occur far frdm the electrode.
This solution would also alleviate the problem of a crevice appearing
in the junction epoxy-nickel, refer to Fig. A4, since it was found that
in the very thin layers of epoxy insulating one electrode section from
another this crevice was very small (in some cases undetectable either
by microscope inspection or through the surfanalyzer).

~The sections forming the electrodes were cut of 99.9% pure nickel
plate, and machined to close specifications. The sides of these sections
were sandblasted with a fine abrasive to assure adhesion of the epoxy
resin. The electrode surface and a narrow region below it were masked

for this operation, in order to preserve the straight electrode edges.
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Profilogram trace of the smooth cathode.

Fig. AI-4.
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Short strips of 0.001 in. thick Mylar shéet were glued to one of their
sides and then all the pieces were clamped together (see Fig. AI-5). The
clamped unit was immersed in warm oven-cure epoxy resin and vacuum

was applied to thé.container. This succeeded in drawing the resin into
the narrow crevice created between the electrode sections by the
presence of the Mylar strips. The resin in the container, with the
electrode still immersed, was put in an oven to cure. After the curing
period, and allowing for a slow rate of cooling, the excess resin was
mechined off the electrode. The resulting unit was then located in the
center hole of the cell plate and cast in place simultaneously with

the epoxy resin‘facing.

As Fig. AT-4 shows, the polished surface of the sectioned electrode
was flat and the insulating strips were barely noticeable. However,
when the cells were sandblasted for the rough surface experiments,
the-insulating strips tended to erode more rapidly than the nickel
segments, giving a more noticeable discontinuity (Fig. AI-6). This
imposes a limitation on the number of electrode segments employed since
under ideal conditions (completely smooth junction epoxy-nickel) the
velocity field over the electrode should be undisturbed. In any case,
there will be a discontinuity in the mass transfer boundary layer since
the transfer process is interrupted at the insulator (see Fig. AI-7).
Under actual conditions both the flow field and the mass transfer boundary
layer will be affected, and one will want to keep this disturbance to
a minimum. ;

Pressure Taps. At the initiation of this project several means

of measuring pressﬁre drop in the flow channel were considered: hooked
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AI-5. Detail of the construction of the sectioned electrode.
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Fig. AI-6. Profilogram trace of the sandblasted cathode.
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tubes inserted in the flow, direct installation of strain gauge pressure
transducers in the walls, and piezometric holes on the walls. Hooked
tubes are generally considered to give more accurate pressure values.
However, in order for them to be rigid, the diameter for the tube would
have to be several times the value of the channel gap. Direct installation
of strain gauge pressure transducers in the walls presented a problem
due to the large sensor surface, since for the smallest hydraulic
diameter a pressure drop.of the order of 25 atm/cm occurs at the
larger Reynolds number. Difficulties would also have been encountered
in trying to install the transducers flush with the wall surface,
particularly when the exchange of transducers became necessary to cover
the wide range of pressures that result from the range of flow rates.

In view of tﬁe above considerations recourse waé taken to tap
holes drilled in the wall of the channel. 1In order to affect the flow
as little possible by the presence of the pressure tap .openings, the
diameter of the pressure‘tap hole had to be as small as possible. The
pressure tap holes also had to be deep enough to allow repeated polishing
and refinishing of the cell. The holes in the epoxy walls were drilled
6 mils in diameter, and 1/4 in. deep. It was found impracticable to
drill holes with a smaller diameter. For the case of the pressure
tap holes in the electrode proper, recourse had to be taken to drilling
holes 0.040 in. in diameter, and to insert in them a short length of 0.004 in.
ID tube that fitted snugly in. the hole (see Fig. AI-8). This tube was
manufactured from hypodermic sgainless steel tube with a 0.008 in. OD
to which nickel was electroplated until the necessary diameter was

“attained. After polishing it was found that the outline of the tube inserted
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was still‘visible (see Fig. AI-9). However, a profilometer trace over
. that section revealed an almost imperceptible crevice, which hopefully
did not disturb the flow appreciably. Nevertheless, the effect of

the hole itself on the value of the pressure measured may not be
negligible; if we consider that the depth of the smallest ehannel was
7.5 mils, a hole in the wall with a diameter of 4 mils may produce a
considerable distﬁrbance in the hydrodynamic flow.

Hydrodynamic Entrance Length. A change in cross section, or direction,

of the channél through which a fluid flows is accompanied by a disturbance
of the velocity profile and a change in the pressure gradient of the
flow. Whenever this occurs a certain distance, the entrance length, is
required before the velocity profile and the pressure gradient regain
their fully developed (i.e., constant) values. This distance is very
long since the flow approaches the "fully developed" value in an
asymptotic manner. Since the developed profile becomes establishgd
first near the walls, the fully developed profile growing inwards
towards the axis of the flow, the pressure entrance length is éomewhat
shorter than the velocity entrance length.

In practice, the entrance length is reported as the "5%,
or the 1%, entrance length", meaning that that is the length necessary for
the velocity at all points, or the pressure gradient, to come to within
5%, or 1% respectively, of - the fully developed value. This quantity
is often less carefully defined in the literature on the subject.

Recent experimental work 537 fixes the 1% entrance length at
75 hydraulic diameters. A value of 80 Dh was employed in the design

of the experimental cells.



—

w149~

XBB 728-4050

.
100 .

Fig. AI-9, Close-up photograph of a pressure tap in the nickel electrode
showing the outline of the hypodermic tubing insert.
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Pressure. Drop. One of the main concerns in the design of the

present flow channels was to keep the pressure drop to a minimum. To
this end, economy had to be exercised in the total length of the narrow
gap forming the cell, and also measures had to be takeﬁ to minimize
the pressure drop that occurs due to the change in cross section between
the flow channel and the flow circuit.

The magnitude of the problem becomes clear from consideration of the
following figures: Using the Blasius equation for the fpiction factor
of a hydraulically smooth channel, f = 0.079 Re_l/4, the hydraulic
diameter of 0.038 em for Cell II (0.02 cm interelectrode gap), a kinematic
viscosity V. = 1.38><10_2 cmz/sec, density p = 1.13 g/cm3 and a Reynolds
number of 25,000, the pressure drop in the celliis 31 atm/cm. For this
hydraulic diameter an entrance length of 80 Dh equals 3.2 cm. Given a
mass transfer section 1.0 cm long, and an exit length of 0.8 cm (20 Dh),
the total iength of the channel is 5 cm, with a resultant pressure drop
of 155 atm.

A sudden expansidn in the cross section of a channel has been

empirically found to represent a major loss in pressure head. The

equivalent length for pressure drop being given by

o= L B2
2 8. &

where vy is the linear velocity before the expansion. For the channel
under consideration, expansion of the cross section to a 1.0 cm diameter

pipe would represent a pressure drop of 74 atm. Alternatively, for



ducts with a circular cross séétion, iﬁ-has Beéh‘found that a flared
exit with 7° diverging wa11§ gives a-miniﬁum loss in pressure‘he'ad.35a
The minimum length of the channel was determinéd by the requirements
of fully developed'flow at the'e1ectrodes, the neéd for long electrodes
to be able to determihe éevéral poinfs in the Sh vs x/Dh_CUrve, and
énbpgh exit length to prevent end effects. Since théAtotal length of
‘the channél.was fixed,.miﬁimization éf the.préssure drop had to be
bachieved by using a suitable exit. |
Lacking any other reliéble criteria, it was.degided to e#paqd
the cross sectioﬁ of the channel usiﬁg a7° aﬁgle of divergence between
the two widest walls. 'At thefinitiatioq of this w0rk.thé side walls of
'the_chaﬁnel, those‘formgd by fheicut—out‘in'the Mylar spacer, were»left
parallel.. However, when the experimental ruQS'were conducted at the
larger fiow rates it was found that the Mylar spacer tended to break
at the édges_of the flaring!Walls. _Tﬁ'sdl&e this.probleﬁ, first.the
‘cut—out in the spdcer was widened af fight anglés at'the point where
fhe wider.walls’bggin to flé;e, but this produced disturbances in the
_ mass transfer at the last eiectrode Segtion, see Appendix III. The final
éolution consisted in cutting the'Mylaf'Spacer also with a 7° flare

beginning at the same'point'where the wider walls flare.

£
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APPENDIX II. END EFFECTS

Even thohgh,vthe actual'velueiof the ehtfance length is still a
subject'of arguﬁent; reliaﬁleeestimates are'avaiiable and one can
confidently design a flow chaﬁhel for mass transfer experiments where
the flow veloeity will‘have_aﬁtainee its fully developed profile at
the point where the mass transfer begins. |

On the .other hend, thelquestion'of'the 1eegth of channel over
which exit.effects are of:importance.haé been neglected. On thie subject
there are no established critefia andgene has te reiy on an intuitive
guess to prevent disturbences-of the yelocity profile from.propagating_'
ugstreem.and distorting the results obtained in mass tragsfer experiments.

The dimensiohs of the present fiow channels were kept eonstent
dowpstream-from the electrodes_for,a_length equi§a1ent to 4.5 and‘24 Dh'
for cells I and II respectiﬁely (see.Seetion'IIi—D). These lengths
were arbitrarily’chbseh. When;cathede S8ection IV was the only active
sectioneof the electrode, the limiting currene values obfained coincided
witﬁ those obtained for cathode Section I. Henee, we ﬁere reassured that
these exit iengths were sufficient to prevent smell\disturbances in the
fiow (caueed by the smooth change iﬁ channel cross sectien) from propagating‘
upstream to:the mass tran;fer region. |

However, there were eome insteﬁces ﬁhenwsmell irregulerities in the
cﬁannel located at the end of the exit section resulted in disturbed
rates of mass transfer ae the electrodes;' For instance, when the'eleetrode
spacer was Cﬁtﬂin such a way that the channel widened at right'angles.at
the begihﬁing of the flaring sectioﬁs,‘thetmass'transfer trates ae the

downstream electrodes was substantially increased, leading to the type
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Fig. AII-1. Disturbance of the mass transfer rates caused by a spacer
. cut at right angles 4 Dh downstream from the mass transfer
section.
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of. Sh vs X/Dh curve; shown-in Fig. AIPJ;krefer to scheme of measurements
in Sectidﬁ III-D). This'condition was hoticeéble’oﬁly at high -
Reynoldslnumber,‘the departurerfrom a smooth surve atlsmall Re being
veryfsmail and within the'experimental’scétter of the points. This
irregulérity in the Sherwood-distance curve diséppéafed when the spacer .
was cut with a f°'flare. :Thevpost—faéto explanation for £his effect is
that the wake produced in the flow by thé steb.created a nérrowing in the

central flow field (an effect similar to a vena contracta). One-cther

possible éXplanation is that_the edge 6f»the.step.was not completelyv
smooth, and this led to the fdrmation ofAthe wake upstream of the
_ channel. This latter explanation is rather unlikely, wince inspection
of ‘the spacer using a micfoscdpe did hof reveal any protrusions af
the corhérs._ | | |

A more dramatic effect was found when larger dispmrbgnces were
present.iﬁ’the'channel.effuser. Wheﬁ the effect of the sharp step in.
‘thé spacer descriﬁed in the ﬁrévious péragraph‘was first noticed, it
was attributed to én;inSufficient e#it‘length and an attempt was made
_to lengfhen.it; The effuser of Gell.I'Was filled with foom tempefature

cure epoxy resin, then it.was milled leaving a longer (10 D, ) exit

Dy
1ength, and the whole cell repolished. When experiments at high
Reynolds number were run, ﬁhe Sherwood—diétance curves showed an even
more startling irregularity, see Fig. $iI“2- ﬁpon disasseﬁbling the
ceil, it wés found that the eléctrolyte solution had éttacked the epoxy
rééin patch éausing it to swell, Tﬁis*swelling was not lérgg enough

to make.the effuser ﬁarrower than the 0.05 cm gap used in the mass.<

transfer section, .and was located approximatelyjz.S cm (25 Dh) downstrean

from the electrode edge.
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All these effects point to the fact. that the state of the flow
channel downstream from the mass transfer section may be as important
as that of the upstream, and that attention should be dedicated to this

neglected aspect of channel flow properties.
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APPENDIX III. ' FLUCTUATIONS IN THE HYDRODYNAMIC
| TRANSITION REGTON '

The reéion'of transition from é pUrély laminar to a turbulent flow
has‘beeﬂ traditionally assigned to thé regime 2,000 < Re.< 10,000. 1In
this region the transport of méss and mdmentum is greatly increased
ébove the values that one bbtaiﬁs in the purely‘laminar fegion. This
effect is appareﬁﬁ:by the hump in the friction factor vs Reynolds number
curve. |

In thevpresent study an interesting_phenomenon was observed: when
experiments were run at Reynolds numbers corfesponding:to thévbeginning
- of the hydrodynamicltranéitioﬁ flow,:very marked.fluctuatiOns of the
valﬁe of_the current appeared:superimposed on the limiting currentﬁplateaus.
Tﬁese~flﬁctuations-becamé'leés‘pronouﬁcedg and eventually diséppeared,
ét_higherIReynolds numbers, see Fig. AIII—l; _‘

Since'thé present experiments were COnduCted.usingva chronopotentiostatic
control there Wasvthe'pOSéibility that the fluctuating voltage wéé an
artifact of.the equipment: 'thé fiﬁite'éapacitaﬁce due to the distance
IS¢pérating the.reference eléctrode and the cathode couid_produce a time
-delay that was not being coﬁpensated‘for'by>the potentiosfat, In order
 to testAthis possibility, a pé;allel set of éxperiments was done using
'chrono-galvanostatic_cpntrol,* Again'the-current Vs potential was
traced an& this time fluctuatidns apprb#imately 1 volt ﬁide in the
cathbde §s reference-e1ectrodé potentiél were obtained upon reaching the

limiting current plateau, see Fig..AIII—Z.

)

* :
~Galvanostat Model C-618. Electronic Measurements, Eatontown, N. J.
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Fluctuations in the value of the limiting

current at various Reynolds Numbers in the
hydrodynamic transition region.
Chronopotentiostatic control.
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One.possibilitquas‘thatvthese fluctuations in potential were -
caused by fluctuations,in’the reference electrode potential——due toa ' ) {
varying.concentration cause& by back flow from the anode. To rule
this out,_a_third set of exheriments_was run, this time’also using .
| chnono—galvanostatic control but simultaneously monitoring* the notential
_of the reference electrode'against the upstream stainless steel pipe.
Since the plpe is in contact with the_SolutiOn, but in a position
‘where there is no possibility of concentration'fluctuations caused by
‘the passage'of current throughhthe electrodes,‘any.change in concen—_.
tration at the reference electrode would have been reflected in a
fluCtuation of the reference electrodegvs,pipe notential.l This ™~
potential'remalned'praCtically undisturbed.' The fluctuations observedi
were of'the'orderlof 3to5 nv; compared,with cathodelpotential
_ fluctuations 1 V in magnitude.' R R . : ‘ |

In summary; at the beginning of the hydrodynamic transltion‘region
fluctuations in the l1miting current (for potentiostatlc control),
or of the potential at the limiting current (for galvanostatic control),
‘are obtained while the potential of the.reference electrode remains
constant.: - |

These current (potential) fluctuations are believed to be caused
by the fluctuating concentration of the electrolyte next to the electrode
' surface. This explanation is at variance with the picture of the mass
transfer occurring in.a turbulent flow nhere the change in concentration . i

occurs over-a thin "mass transfer boundary layer'with a more or less

_ OSc1llograph Series 2300. ‘Brush Instrument Division of Clevite Corporation,
Cleveland, Ohio. : : .
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well definedlthickhess. Alth&ugh'this‘aﬁproach'to,turbulent mass transfer
»'is of wide—sprgad uée, and its'pedagogic;l advantaggs.are'great, it can
not be taken as é»totally:accurate ?icture of the turbulent transfer ,
- process.

One finds support fo;,the conclusion that'thelbbserVed phenomenon
'is due to cohcentration fluétuationslin_the;veCinity of tﬁe cathode by'

comparing'these results with those of Schraub and Klihe,43

Using
hydrbgen bﬁbb1é4evolntion next to the wall of a flow channel they were
able to dbserve'fbursts of turbulent activity", the frequency of these
.bursts increasing with increasing Reynoids‘number. Along ;hese'iineé
one mayvpostulate that at the begiﬁning'of the transition region éﬁe‘
frequency of turbulent bursts-is so small that the electrode surface

is periodically swept alternatively by,pdékets of eleétroiyte with tﬂe 
bﬁlk concéntration_and pockéts-with»the conceﬁtrétion from the upstream
fegion, giving rise to différent values of the limiting current for a
vgiVen potenfial. As the frequency of these bursts is increased, the
electrodé_becomeg unable to "gee" the varying concentratibn field, and
_ the limitingVCurrept'that is obtaiﬁéd.represents thevaverage valuetfor«.:
a mixed concentration’ifield.

The fact that_in turbulent flow the mass transfer rate in a region

adjacent to the wall is not constant is of course inherent to the
) 47,48

turbulent néture'of_the flow. Hanrattyﬁand;his co-workers
have used point electrodes to study the fluctuation correlation in the
axial and radial directions of a turbulent flow. What is remarkable

'

is that this fluctuating nature of the flow could be detected wﬁen the
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' measurements -are averaged over a faifly 1arge sﬁrface;ﬂ The limiting
cufrents dorféSponding'to Figs. III4l.were obtaiﬁea over:a surface
measuring S:hydraulic diam in the fiow direcfidn'and 25 perpendicular
té'it. Thié typegéf‘fluctuations wa; reborted by Ross and'Badhwar37a
but in'their'experiments'it is not clear that the fluctuations WE£e
due to a hyﬁrodynamic effect, and not to an artiféct of the eléctrochémical
system. | |

.Even if one is to accept that in the véry thin region next to
the eIeétfode the flow is never disturbed by:thevturbﬁlence activity
in the core of the flow,.one still has'to.considér the possibility
that the:uﬁstable n#fure of the core flow will ﬁeriodiqally alter‘the '
'thickness of_that thin 1ayer; and in this way iead to a fluctuétihg

rate of transfer at the wall,
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APPENDIX IV. GAS EVOLUTION

0f importance in‘ECM is the effeét thaf the evolution of hydrogen at
‘the cathode may have on thebmass transfer'pfocess at the anode.

This Appendix is formed.by the report "An Optical Study of Cathodic
‘.Hydrogen Evolution in-High—Ratg Electrolysis', published in the Journal
':of the Electrocﬁemical Society 117(6), 839 (1970).

Most relevanf'to the prééent work.aré the following.conclusions_
(Conclﬁsioﬁs 4 and 5) of the above stﬁdy: |

"No plug.phenbmena seem to have been indﬁcéd by the gas evélutipn
under tﬁe conditions‘éﬁplofed’in the.present_sfudy.

"The iﬁfluence of.cathodic gas evolution‘bn anoaic processes sﬁch as

mass transfer and current efficiency was usually very small."
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AN OPTICAL STUDY OF CATHODIC HYDROGEN EVOLUTION

IN HIGH RATE ELECTROLYSIS

Dieter Landoltt Raul Acésta, Rolf H. Mulfer and Chafles wf Tobias
 Inorganié Materials Research Division, Lawrence_Radiation Laboratory and
Departmerit of Chemical Engineering, University of California
' Berkeley, California 94720
ABSTRACT o
Hydrbgen bubbies evolved cathodicaiiy under'cénditions encountered in
electrdéhemical maéhining.hgve‘beeq stﬁdied'by stop-motion phofography.
éénstantvcurrent densities ub‘to 150 A/cm2 and_fiow rates up to 2500 cm/sec
have been.employed-with an experimeﬁtal floﬁ éhannel df 0.5 mm gap width.
The obéerved bubble size decreased'strongly with increasing flow rate and -
inéreaséd with increasing cﬁrrent density. Aﬁ fiow rates above 800 cm/sgc,
the bubbie-éizevwas alﬁays'beiow 20 u, the émaliest'diaméter resolved by
the optiéal arrangement used. Less”gas was evolved in nitrate than in
.chloridé'eiectrqutes under otherwiééiidentical cqndifions. The hydrogen
.bubbleé were usually confined to a region ﬁear the cathode. Voltage
'oscillationé and'electric_bfeakdbwh ¢oiﬁcided with the appearance of a

new. type of bubble.

: +Present Address:"University of California
o Department of Engineering.
Los Angeles, California. 90024
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INfRODUCTIQN:

In_eléctrochemical méchining, mépalé are dissolved'anodicaliy at
éurrent densitiés in the order of 100 A/cm2 or higher."VHydrogeh‘gas is
 fdrmed'cathodidally and must bé trénéported 5wéy‘from.th§ reactibn‘zone
"by the electrolyt; stream.v’This hydrogeh may affect the‘elect;olytic
brocess in severalkways: It may increase the oﬁmic resistancelbf the
electrolyté, resulting invhigher cell voltagé-and different local currént
distribution. - It-ﬁéy be oxidized at thebanodelghd thus, decrease the curreht
éfficieﬁcy bf the metal dissolutioh process. ‘It may form a continuous
gas bléﬁket at the éathode and thus,‘lead to_sparking, ~it may.accﬁmulate

_ iﬁ'largé bﬁbbies, which extend over the entire'inter—électrode‘gap, énd
.thus,.dfagtically affect_maéé-transfef conditions at the anode.  In order
to obtaiﬁ'a better understanding of the relative importance of such
-phgnomena; a phﬁtdgraphicvStﬁdy offcathodicall& generated gés bﬁbbles'ﬁas
initiated. During_the coufsé,of this_purSuif,.someﬁhat related work has
gppeared‘in thé litératufe.l’ In thé preseﬁt investigation, a more
'sdphisticated optioai-arrangement has béen emfloyed and a better control and
wider range'of Cfiticél variables, such as currént density and flow velocity
‘have'been employea in addition to the use of avyéll—defined flow system.
o EXPERIMENTAL TECHNIQUE

’The,épparatus qsed‘has,been describéd-before.3> vaéonsisted of:a
rectangUlér flow channel cell of 3 mm_Widfh-and”O.S'mm ﬁeight. Its
sidewalls wefe made Of‘flat-gl;ss piates, which provided for the optical
.observation of the inter;eiectfode gép. ,Thé‘total channel length was
8.5 em, the-éenter of the-eleéﬂrodes was po;iﬁiéned 1l em from the

‘downstream end. The design of tie flow cell provided for fully developed
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Qelocity profiles at tﬁé elgctrodes.'Flow rates up to 2500 cm/seé vere
Aemployed, corrésponding to inlet pressureé in the order of 10 atm. Siice
ﬁost.of-the pregsure drop occurs in the entrance léngth_of the flow
channel, the absolute pressure aﬁ tﬁe eieétrodes, even at the highest flow
'rate empioyed, was only abouﬁ 2 atm.’ A}thoUgh;under these conditiéns,the
effect of pressure on the gaé volume‘has to be taken into account, at
C flow rateé up to. 1000 cm/sec, where most oBservations were made,'tﬁe
absolute pressure at the electrodes waé énly‘l to 1.3 atm, ahd its effect
“on bubble size was negligible within the.éccuracy of the presént
measurements . ‘The copper electrodes were'3.17 mm long in the flow
direction'énd.0.53 mm wide. Before éxperiments, thé”electrodé surfacés vere
mechanicaliy‘poliShed’ﬁith 1yp diambnd pastes cleaned with aquéous
‘detergent-and acetone and.dégreased-by hydfogen_evolution in aqueous
caustic. | |
The'optical arrangehent is shqyn’schematically in Fig. 1%¥: A

commercial flash light source (A) of 0.5 sec flash duration** was used
v_for illumination of the‘gas bubbles generated in tne_flow cell (B) in
’ﬁransmitted'iight mode. A gamera‘(Hj with opéh shutter and high speed
film**¥ was attached to a microscébe tube cbntaining a 2x objective,(C)

\ .
(f = 48 mm, N.A. = 0.08) and a 10x eyepiece (E). A small circular

4

% Design considerations of the optical system will be discussed
elsewhere in more detail.
**¥  EG & G 594 microflash

¥%¥%  Kodak SO 340
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‘aperture (D) of 1.6mm diameter, located in the rear focal plane of the

. 4 ‘
objective (C) served as a telccentric stop. The purpose of this device

‘is to avoid variations in the apparent size of bubbles due to differing

distances—from_the objecti?e apd to ihcrégse‘tﬁe'depth,qf fieidL Unfortu-
nately;the telecen%ric stoé.also réduces|the speed and resolution of the

objective, the latter being aEOut 20 p. In order to.obtain a photographic
distinction beﬁween the elecﬁrode surféce and én adjacent, dense layer of
gas bubbles, a pre—expoéure ih the absenqé ofbbuﬁbles.wés made. at reduced

light inﬁensity. In a typical expérimental run, constarnt current was

applied to the cell for a.short peridd of time by switching the output of

- a constant current supply* from a dummy circuit to. the cell circuit. A

mercuryfreiay, actuated by a pulse génerator, was hséd for the'switching.
The circuit also served tovtrigger the flash light source after a pre-set
time,whiéh was choseéen to correépond.ﬁo.fhe passage of 12'coulomb/cm?.

The curreﬁt was switched back:to the dumm& load automagtically aftef thé
total passage of 15 couloﬁb/cmz. The charge passed between the start of
anrexperimenf and. the mbment the pictﬁre was.tékeﬁ,resulted in the

3 h&drogen (1 étm; 298°K) per cm2 eleétfode.
This was considered sufficient to establish speady state conditions with
respect té‘gas evolution.-.During the expérihents,curreni,and potentials

were recorded by means of a light beam oscillograph.

4

* Electronic measurements C-618
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EXPERIMENTAL‘RESULTS

Bubble Size |

Typical photographé obtained in 2 N KCl'solﬁtion at differentrflow
rates and current densitieé are given in Fiés. 2 to b. Figure 2 illustrates
the influence of flow rate and cathode orientation_on bubble size fér a
current density of 50 A/cmg. An ‘estimate of the size distribution of the
‘bubbles for the same experiments is given in Fig. 5. These distributions
‘were oﬁtained by measuring the diameter of all the bubbles which were
"individually discernible in the whéle iﬁter—éiectréde gap, and determining
the frgcfion in each.si;e bracket of 25 microns width. The quantitative
Validity of the»distribgtions given in Fig. 5 is limited for several
reasons: (1) The.number_of measured éas bubbles (27-60) represent only
partvof‘the total gas vqlume and - the differentiation between discernible
and no# discernible buBbles is Subjecf to personal interpretation. (2) The
variability of results in successive experiments probably requires a more
sophisticated statistical evaluation. (3) Bubbles close to the cathode
surfacé were usually not ihdividually discernible and could, therefore, not
be included in the count. (h) Bubble# smaller than 20y in diametef were
beloﬁ thé optical resolution. Qualitatively, howevef, Fig. S‘illustfates
not 6nly the-order of magnitude of cathodicélly generated bubbles, but it
~also shows the decrease.ih.size'with’increasing flow rates: the median
bubble diameters are 99, 69, and 35u for flow rates of 100, 200 and 400
em/sec, respectively. It should aléo be noted that at the lower flow rates
(below 400 cm/sec), a few large EubbleS'often existed in addition to a
large‘number of smaller ones. It was observed during the experiments that
these large bubbles were sticxing to the cathode surface for prolonged periods

of time while the smaller bubiles detached from areas in between. Figure 5 also
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.shows that the_ofientaﬁibﬁ éf the catﬁode, i.e. Qheﬂher it is facing
"up or down, has né.systemétic effect on Size_diétribution, except ét'
_the lowest fléw rate. |

Figure 3 illustrateé gaé'evolution at'high’flow rates. The size
of the generaied bubbles-deqreasés'rabidly:ﬁitb iﬁcfeasing velocity.in
this rangé and ﬁhe sizé distribution chomés narrower, so that the pre
'viously,obsefved'coeexistenée of few large bﬁbbles with smaller ones
‘disaﬁpeéfs. At flow rate§ of 800 cm/sec or higher, all indi&idual
buﬁbles'wére too small:(below 20u ) to be.resolved:photographically.

Tﬁe“effect of current density on bubblé size is illustrated in |
‘Figs. 4 and 6. A clear increase in bubble size is observed with
increasing'éurrent density under otherwise identical'conditions: the
medién bubble,diametéré are 56, 78 aﬁd 99, for cﬁrrent densities. of
5, 20 and 50 A/cmz,_réspéctively._,These ogservations_are in marked
contrast to findings répbrted by Venczel,5 th studied gas evolution
at verﬁical electrodes iﬁ.étagnaﬁt solutions and reported a_decrease
in bubble sige with inéreésing current density. Thevdiscrepancy might
possibly 5e explained by tﬁe different modes of convection. A bubble
| may béiassuméd‘fo detach ffom the surface when‘éxternal forces, such as
:gfavity-or fricﬁion with the moving liquid, becomé_lgrger than the nor-
'mal'conPOnént-of the surface tension. 'Siﬁée in a s£éghant sblutibn,
 the ratévof Stirfing is increased wheﬁ more gas is générated, higher
“current densities may lead to an.eaflier détaqhment of gas bubbles.
in our experiménts; on the other hand, local étirring was, mainly dué
to the hydrodynamic flow and was, thérefore, almost-independent.of
curreﬁt density. A decreaée, rather than‘aﬁ increase, in bubbie size
“with increasing cﬁrrenfndensity would also be'expecfed-from the work ol

Kabanov and Frumkin.6 They showed that the contact angle, which
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vaetermines the.nofmél coﬁpdnentﬂdf surface tension, depends on electrode -
.éotentiélf For.very slow hydrogen evolﬁtion on mercﬁry; smaller contact
_éngles and; hence,_smaller ﬁubbleé were observed at increasiﬁgly negétive
potentialéf. |

Fbrce balanqé; have been applied to the predictioﬁ of bubble siée in
forced convection boiling.'7 Such afforcé‘balance_for an individual
_ Bubblevﬁay_be fof@ﬁlated'as -
N PoeE 4R ()
where Fc ig the surfaée fensibn forcé which ﬁbids the bubble éh the électrodé,
-_Fi is the inertia fqrcg of the eleqtrolyte-aéting on_the bubble and Fb is
the buoyancy force of the bubble.‘ The latter can be neglected at high flow v
§elocities. Aécording to Tong7 a model of this kiﬁd predicts-a decreéSe in
bﬁbble'sizé wifh‘the ééuafe of.thevflow.veloéity. Sﬁch é depéndence is at
.least qQaliﬁatively consistent with the’préseht results, - Relétion (1)
does, hoﬁever, not accoupt for the influence éf éurrent dehsif&'and the
wide disﬁribution.of_bubbie diameters observed at low flow rates. This
distribution,is at 1eést partly due £o the fact that the presence of other
bubblesAbn'the surface‘leads;to locally.véryingvflow conditions. Considering
thé fact that not even the dynamicévof a single bubble, growiﬁg in a laminar
.velocityﬁfield,.has beeﬂ énalyzed,ino attempt ﬁas been made here to give a
 mbfe détailed'account ofithe vastly more complex case df multiple bubble
‘ dynamics_invturbﬁlent flow. Additionél expefimental studies should
-include tﬁe time-dependence of bubble growth for a more détailed descrip-
fion of.gas evolution under tﬁe present conditions‘in turbuient fld&.
_ Glas and Westwater8 have in?estigated electrochemical gas evolution in
~ stagnant solutions by high speed cinematography. They founé two. growth stages,

_'an-early rapid gfowth period, associated with bubble diamete}s'of up to
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about EOu; followed by a sloﬁ perio@) ‘Theoretical aspééts of gréwth
-mechanisms'have been discugsed by‘Cheh;9~who-applied“mass transfer
considerafions to prédict growth raﬁés in thé_siow (asyﬁptotic)~growth
period. No ‘theoretical models_exist ét'preseht which predict- growth -
‘rate in the rapid_growth périod. Since, in our study, the bubble size
',.was ofﬁén.smaller than SOp; growth fafe'énd residence fime oﬁ the F
céthode éurface coﬁld not be estimated on theoretical grouhds. 

Thickness of Two Phase Region

Fiés. 2~to L iliusfratevthe observation that fhe;gaS-bubbles ére.not
- dispersed uniformly*throughoutvthe gap, butvusﬁally occupy a région near
the cathode;: At flow rates above 100 cm/seé, the thickness of this
two—phaée‘région is ﬁhe'same'whether fhe cathode faces up or down. This
behavior is to be‘exéected, since at higher flow fates a gas bhbble,
ﬁnleés it is - very large,.is‘swept away from the‘inter;electrode‘gap too
_fast to be  affected by buoyancy. From’Stoke's law,‘which:may be épplied.
~to bubblesrof less than 1 ﬁm diameter,lo the éteady state veloéity due
to buoyancy can be described by eq;i(2). |
: » , ST . d2 | - |

YT S (2)

where g = gravitational constant, p = difference in dénsity of gas and
liguid, d = bubble diameter, n = viscosity of liquid. | Assuming an
electrolyte,fléw Velociﬁy:oflhoo cm/Seg and a bubble diaméter ofISOu,
the veféiéal distance traveled by the bubble §u¢ to gra&ity during the

time neéded to pasé over a 3-mm iong electrode is only 1.2u.
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.In order to account for the observed thiékness of the two-phase
region, unusually high velocifieé perpéndicular to the flow direction

are requiréd; In Fig; 3¢ for éxample (100 A/ém% 1000 gm/sec), bubbles

are found up to a distancé of appro#imately 0.3 mm from the céthode
-surface. A bubble moving stéadily outwgrd from the leading edgé of fhe
4-elec£rddé vould neéd an avérége velocity perpéndicular to the cathode

of 100 cm/sec to reach this ﬁosition-at'theldownstream.end of the
electrode; This”motién away from tﬁe éathodé surface is_aided'by the
.turbulénce in the iiquid.v Such an effect is suggested by the irregular
shape,of-the two-phase region, which can shqw large variations in local

. thickness (Fig. 3);- It is interesting.to note, howevéf, thaﬁ the |
averagé thicknesé scem; to increase little ddwn;tream from the middie of
the caﬁhode. If turbuignt mixing were the OQly mechanism determining the
spréadiﬁé of the two-phase regioﬁ;.we'would rather expect a steady.
increasé'of its avefage thiékness,in the floW'directiéhu It is, therefore,
possible that other mechanisms contfibuté té the dispersion of gas
bﬁbbles.‘ Ah example is the "rapid fire mechanism" mentioned by Glas and’
Wéstwatér,gnwho observed that in stagnant éoiution,'bubbles yeré
 »ffequen£ly ejected.from the electrode at a high velocity. This'phenomenon
is, at present, not wellvﬁnderstood; The rélatively smailer incfeaséqu
,1the two-phase fegion in the downstréam ﬁarﬁ'might aléé be ascribed:to a
lower Currént density in'this region, caused by the higher gas fraction
ana the.associated highef ohmic reéistance in the electrolyte. Dissolu-
tion ofvgasiin iheielectrolyte furnishes another,possibie éxplanation
fnr.thevsnme phoncménoﬁ. .Indeed, a simple éstimation-shows that,

~under most conditions, all the s2s generated could be dissolved in
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the total»electrolyte volumé»passing-through the gap. For example,
assuming a current density of 100 A/cme, 8 x'lO_6 moles. of hydrogen are
produced per second in our cell, while, at a flow rate of 1000 cm/sec,

3

40 cm® of electrblyte are'flowihg through it. A hdmogeneous dissolution

of all the generated hydrogenﬁwould result in a concentration of 2 x 10"“
méle/liﬁer, which is,of the same order as the saturation concentration
of hydrdgen in potaséium chloride,solutidns.;lv_However, the direct
>di$solution of ail:cathodically generated gas without the formation of
bubbles is, in‘genéral, not_possible because the concentration gradients
.aVailable under typical floﬁ condiﬁions_are foo small to éccount for
_the transport‘of dissolVed'hydrogeﬁ by convective diffusion. This is
the casé even'ﬁndéf ﬁhe-qﬁsumption of a.lOOO foid,supérsaturatioﬁ'at the
electrode surface. |

Avrabid dissolﬁtion 6f initiéliyvfofmed.gés‘bubbles could provide
‘ah alternate route to a. homogeneous solution.. Tﬁis process would also
affect the measured gas bubble diaméters. Sﬁch_a re-dissdlutibn-of gas
bubbles'WOuld be similar io the.behaViorvof vapor buﬁbles generated in a
.éupercooléd 1iquid under forced convéction. Gunthgrig'has shown that
lsﬁch bubbles became‘smallér and evénﬁually disappeéred‘upon moving
downstféém. The time feqﬁifed to diésolve‘SO%’of the volume of a bubble
of,50u_diameter can_be estimated asvfollows: If we assume»saturation
vconcentratioﬁ‘of thezgas at the gas-liquid interfaée under constant
pressure,”and‘zeré éas concentration in the bulk sblution, the copcentration
‘difference driving forée will be given by the saturation concentratién,
éay 5 x lO—h'mole/liter; For a constantvmassjflux per unit area of a

‘spherical bubble, the decrease in volume may then be expressed by eq. (3)
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'Qy;= ) ' /3 . .
at AkC_ .V (3)
’ _ RT 3y2/3 L . : neen i =
with A = P Y (EF) , qsat = satoratlon concentration, k = mass transfer

' coefficient (cm/sec), V = bubble volume. Integration leads to eq. (k)

33 L 13

T Ak Csat t : (h)

in which the volume is

where Vov= initial bubble volume. The timevtl/2

reduced fo 1/2 V_ is .
. - 2.38 vol/3

‘t = e . (5)
| | 1/2‘ | A_k Cognt
With an drbitrarily assumed mass transfer coefficient of lO"l cm/sec¥* one

obtains tl/

» = 1 sec for 1 -atm, 298°K. - This time is almost four orders

of magnitude larger than the reSidenée-time_of a buoble moving at 1000
cm/sec between the electrodes (B'x-lO-h sec). The redissolution of gas
is, therefore, too‘slow to produce'e homogeneous gas solution between the
electrodes or even to meesurably affect the diameter of bubbles in our

. photographs.

¥ Bince the relative motion between bubble and solution is not known, the

'vmass transfer coefficient k has to be assumed arbitrarily. The value
chosen is a maximum guess. It corresponds fo the figure estimated for the

electrode;solution interface at the highest flow rates‘employed.3
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-Influence of Electrolyté

Fig. 7 illustrates the surprising observation that less gas was

producedfat the cathode in KNO. than in KC1 éolutioné, under otherwise

3
identical'éonditioné. The relatife.volume df.the two-phase region in
the iﬁterelectrode gap; shown in Fig.'8; has:been obtained by planimetry
of the areas occupied by the dispersed gas in tﬁe photographs. Since
‘the solubility of hydrogen is aboutvthé same in both electrolytes;ll the
observed .difference must'be.due to other than diffefénces in solubility.
For exaﬁple, the same amqﬁnt_of hydrdgen could aﬁpear to be smaller in.
nitrate_solutions due to a more finely dispérsed form. A more likely
éxplanation is thét,.due #o the redugtion-éf nitrate at the céthodeé
Aonly pértvof the current is used for hydrogen evblution; In the present
.flow appafatug,.the'total'émount of evoived hydfogen-éould not be |
'determinéd, but some experiments wefé performed in sfagnant solutions of

: KNO,, and KCl at 5 A/cme} They confirmed that a much smaller volume Qf

3
hydrogen was produced in nitrate than in chlofide solution. A more
qﬁéntiﬁati&é ;nvestigation.bf cathodic reactions in nitrate solutions
haé been initiated. Thé_effect_of différent elécﬁrolyteé on the amount
of cathbdically'forméd gas was further investigated b& use of chlorate
.and su;fate so;ﬁtions. Eéth, photqgraphsutaken'in the flow system and
VOlumetrié measurements in stagnant SOIutions,,indicatéd that, Vithin
the expéfimental accuracy, the same émount of gas wvas genefated in
thése éiecfrolytes,as in»the éploride éolution;

Potehtial measufeménts under high current density coﬁditibns are
' dominated by large ohmic drops in.thefélectrblyfe between the working

3

_electrode and the tip of the reference electrode capillary. The

apparent cathode potentials;'thus determined at constant current density,
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provide éh indirecﬁ measure of elecfrolyte éonductivify and, §Qnsequentiy,
gas.volume fractioﬁ.. Appafent caﬁhéde potential measuréments are given

in Fig‘i9.'.It can be seen that a raﬁid:increase of potential with decreasing
flow rate, indicating the presencévof a sﬁbsfaptial volume fracfion of gas

in the electrode é;é, ocecurs at a highef!flow_rate in chloride‘than in
nitrate soiutions. This shift is consisteni with the evoiution’of a larger
gés‘volumé_invthe first electrolyte.

 DISCUSSION

Ohmic Resistance

Since one of the purpdSes of tﬁis study_was fo define the.effect of
cathodically generated gas oh thevelectrolyte'resistance;'the question
‘remains, under which conditioﬁs this effgét is éignificant. For the con-
ﬁrolled current operation of fhese eXperiménté, an increase in ﬁhe ohmic
résistance of the electfolytévresults in an inéfease inv0verali cgll volt-
’ége. A ﬁarkéd increase in céll voltage, which.is observea with decreasing
flow rate in 2N KC1 (Fig.'iO); can be attributed primarily to.cathodic
phenomeﬁé, since aﬁode.pétentials did noﬁ vary b& more than 1 to 4 volts
for. different flow raﬁes. This increase in cell voltage occurs at flow
'rétes which rise Qith incréasing»currentbdensity'and parallels‘the ohset
of voltagevfluctuations. Although the qualitativé influéﬁce of gas bubbies_
on cell voltage‘is thus strdngiy indicated, it has not been poésible to
aerive é simple quantitativé rélatioh'bgtweeﬁ thé‘gas volume fraction and
the.cell voltage, which would Qold-for différent current densities.  TEe
difficulty'méy, in part, be due to the fact_that the gas:was not hoﬁb-
‘geneousl& dispefSed,'neither in the direction normal nor parallel tb éhe

electrodes. The bubbleé which have been observed to stick to the cathode
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‘surface at. flow rates.belgw‘th»cm/sec'.fur£héf.complicate the situétion;
Cole énd'Hopénfeld; haye als§ inVestigafed the ipfluence of gas bubbles on
cell voltage undef_ECM.conditions. They accounted for the effect of the
dispefsed gas on the ohmic resistance 6f the electrolyte‘by using a felation

o]

given by De La Rﬁé énd Tobias;19 By making certain simplifying assumptions
abéut the two phaée régioﬁ and‘by adjusting one empirical parameter, they
obtained agreement between fheoretical.and‘experimental reéults. The |
preséni‘study suggésts,,however, that éuch'é simple treétment is not vaiid
for the raﬁge of cpnditions employed here.

Sparking

"The formation of continuous gas blénkets oﬁ verticai wire eiectrodeé

in sulfuric a¢id, at current densitiés of 6-8 A/cm2, has Béen described by
.Kellogg.lh The formation of his gas Blanket,coincided with a dfastic
iﬁcréase.in sﬁrface teﬁperaturé and & sharp drqp in current. A similar
phehomenon also is-knOWn.to occur in heat transfer under férced cqnvection
_coﬁditions,'where formation of.vapbr films leads fo a sharﬁ reduction in
ﬁeat flux (burn ou£; critical heat flux).;s It Qas, thérefore, of interest
to.see whethef, under ECM‘conditions; similar gas films are formed and :
whether they:may léadjto sparking and electrical breakdown. . As long as
;a ;ufficieﬁtiy high flow réteiwaé maintained ﬁo such phénomeha were observed
in -the present experiments,‘efen at current ‘densities mﬁéh higher than
those empldyed byFKéIloég.‘ Uéon decreasing the: flow rate, however, largé
voltaée fluctuations énd eventual spérking'occurred. Thése fluctﬁétions,
indicated by the broken line in Fig. 10, soom became so 1arge as to impéde

any measurement upon.further reduction of flow rate. A close parallelism -

‘between oscillations in cathode potential and cell voltage confirmed the
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cathodic origin of the oscillations. The onset of these fluctuations

-

L.

coincided wiih the_apﬁearance of a differenﬁjgype of gas bubble characteriged »
by a,iarge sizé aﬁd odd éhape. Picture (a) in Fig. 3 is typical for this
situation. It appears_thaﬁ, undér these conditions, small individual
bubbles are no.longer generated and continuous'gaé pockets may coﬁer a

- sizeable fraction of the cathode sﬁrf;ce. -Although an actual ébarking
evenﬁ cdulaiﬁot bg photographed,-it is péséible that‘Such a Breakdéwn
coincides'with.an instantaneous COmplete‘coveragé ofvthe cathode; The gas
volume fractiqﬁ; at whiCH uncontrolled fluctuatidns'set in,-hés been
estimated on the.basis of current_densify and flow rate-(neélecting gas
disséiution) to be approximately 0.4 at 100 and lSO.A/cme.

Anode Reactions

Voltage oééillatiohs‘in constaﬁt current electrolysis may also
origiﬁate at.the anode. While afdétailed,discussidn'of such phenomena is
beyoﬁd the scope'of‘thé présent report, it.is iﬁtefesting té note that the
anodig4oscillétions ﬁéve been observed under:certéin conditioné with
several eléctrOlytes, mqst qotably sodinm chlorate. Figs. 12a to c illﬁs_
trate how the anbdic'contfibution'té_fluctuations in overall cell.voitage
U iﬁcfeases'in the elgctrolyte éeries,'chloride, nitrate,;chlorate, whilé
the cathodic.contributién'reméinsAabout-the samel(exéept for a slight re-
ducfion in.nitrate; duevto the sﬁaller gas ?olume). Of particular interest
are the usgally well béhaved périqdic oscillations‘which originate at ﬁhé
anodé (as indicated by the apparent anode potentiai e

A

chlorate solution. The fréquency of these oscillations depended primarily

in Fig. 12¢) in

on current density and was only Slightly'affeCted by changes'in flow rate.
Typical frequencies werevl30 andv300 cps at 50 and 100 A/cmg,'respectively.

The voltage fluctuations which originate at the cathode were irregular. Their
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frequency was much higher (m6stly QVer 2000,cp$) and thé»émplitude
depehded‘Strongly on flow rate as well as current density. Periodic
phenomena at thelanode-can'be related to the formation of solid‘films,3’16_
and Fig. 11 shows indeed how solid dissolution'prodﬁéts are beihg
removed from the énéde surfécé, (togetﬁérbwifh a small émount of gas).
Similar, but less pronounced shedding‘of SOIid’reactién products has been
observedbin sulfate and.nitraté solutions. |

The photographicvpictures:obtainea in this study also demonéfréte
that, under the cdnditionsvof'a previous investigation of anodic'phenomen_a,ﬁ3
gas bubbles were usually confihed to-thé vicinity of the cathode. In
view of the low'solubility of hydrégen gaé, it can be concluded that
any fraction of the total anbdic curreﬁt possibly used.fof the oxidation
of hydrogén has been negligiblé. Tne distribution ofvgaé bubbles in the
inter-eiectrode gap gave no indiéation.of the occurrence of plug flow

phenomena, which could drastically affect mass transfer at the anode.

SUMMARY AND CONCLUSIONS
The present study waélaimed at pfoviding visual infbrmation 0n
céthodic gas.evolution during high raté.metal disSoiution, in order to
determine the importahce of_éathodic phenomena on ohmic electrolyte’
.reSistance; anode reactions ahd sparking. Qﬁalitative rather than
quantitafive-conclusions can be drawn from the results: |
1. The size of qaphodically generaﬁed gaé bubbles depends on
.-curfent_density as well as-flow.rate; _Af flow.rates above
~Loo cm/éec,'only very small bubbles (few microns diameter)
were generated and imnmediately removed by the electrolyte stream.

2. A substantially smaller gas evolution in nitrate than in
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éhioride solutions has been observed._ It indicates the

occurrence of cathodic reactions other than hydrogen

evolution in the former solution.

The influence of cathodically generatéd gas bubbles on the

- ohmic cell résistance was very Small at flow rates abbye
approximately 1000 ciz/sec, for all current densities employed

(ﬁp to 150 A/cmz). At lower flow rates, this influence can

be substantial. Models which are based on.a uniformly
distributed two phasc¢ region and, EMOng other'simplifications,

neglect the residence time of gas bubbles on the cathode

surface, did hqt.predict valid'electrolyte'résistances.

No_plug floW'phendmena seem to have been induced by the gas-

' évolutign under the conditions employed in the present study.

The influence of cathodic gas evolution on anodic processes
such as mass transfer and current efficiency was usually very

small.

At insufficient flow rates, sfrong'fluctuatioﬂs in cell voltages

 “were observed, which coincided with the formation of gas

patches at the cathode and which eventually led to electric

- breakdown. The effect was more pronounced in chloride than in

nitrate solutions, in agreement with the fact that less gas was

generated in the latter solutions under otherwise identical

~conditions.’ S

In the absence of & theoretical nmodel describing even the
: . i

most simple single bubble dynamics in a flow field, additional

experimental observations are necded to gain even a qualitative
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insight‘ihtb the factors which determine growth, detachment and

’ disPGrsién of gas bubbles generated at high current densities

and electrolyte flow rates in narrow gaps.
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FIGURE CAPTIONS
Fig. 1. Optical Arrangement for high speed photqgraphyléf gas_bﬁbbles
A. Light source (flash) |
ﬁ; .Flow channel -cell
C. Microscope objectivé
D.. Teiecenﬁric stop
E. Microscope eyepiece
F. Beém splittihg prism .
G. Magnifier for visual observation
H. Camera film plane |
Fig. 2. Ihfluéncé‘of flow rate and cathode orientatién_on gas’evolﬁtion
.'in 2 N KC1. Cﬁfrént density ASO A/cm?, electrode gap 0.5 m&.
a. Tflow rate 100 cm/sec cgthode’féciné down. ) d
B. flow fafe 200 cm/sec cathode facing down
. c. flow rate 400 ém/sec_cathode fécing down -
d.. flow»rateblOO gm/sec cathode facing up
e. flow rate 200 cm/sec cathode facing up
‘.f; flow rate 400 cm/sec cathode facing up
Fig. 3. infiuencé of flow rate on cathodic gas evolution in 2 N KC1.:
' Cﬁrrent density ,: 100 A/cmz, cathbdevfacing up. |
 &. flow rate hOd cm/sec |
b.  flow rate 600 cm/sec
.c;;-flbw_rafe'lOOO éem/sec
:df' flow rate 2500 cé/éec.
“Fig. k. Influencé.of current density on cathodic gas_evdlution»in 2 N KC1.

Flow rate 100 cm/éec, cathode facing down.
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7.

. cathode facing down (

‘Cathodic gas evolution at 100 A/cm® in 2 N KNO
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o . . 2
a. Current density = 5 A/cm
b. Current density = 20 A/cm2
" e¢. Current density = 50 A/cm2

! ( AU : ]
.Distribution of cathodic gasfbubble“diameters in 2 N KC1I.

50 A/em®, 100, 200 and 400 cm/sec. Total number of bubbles

'measured‘3l,:h3 and 50 respectively, for cathode facing up (---)

and 27, 32, 60,respectively, for cathode facing down' ( ).

t(Counts incomplete in range 0-25u, due to 1éck of resolution
~below 20u). .
i Diétribution of cathodic gas bubble diametefs in 2 N KC1. Flow

rate 100 cm/sec, current density 5, 20 and 50'A/cm2. Total

number of bubbles measured 47, 47 and 31, respectively for

cathode facing up (---) and 37, 42 and 27, respectively, for

). (Counts incomplete in range 0-25u,

due to lack of resolution below 20u).
& . X

5 end 2 N KCL,

- cathode facing’down.

a. KC1, flow rate 400 cm/sec

'b.  KC1, flow rate 800 cm/sec

c. KNOB,,flOW.rate 400 cm/sec

d. KNO3, flow;rate 800 cm/sec -

Appérent volume fractioh-of interelebtrode gap occupied by two

Y

phase region (gas-electrolyte mixture).
0 2 N KC1, L00- em/sec

® 2 N KC1, 800 em/sec
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Fig. 9 ‘Effect of gas evolution in different electrolytes on apparent
cathode potentials, measured vs. sat. calomel with capillary
upstream from the electrode. durrent density 100 A/cm2,
caﬁhode facingAup.
A 2 N KC1
] 2 N KNQ3
--—— amplitude range of voltage fluctuations
Fig. 10. Effect of gas evolution in 2 N KC1 at different current densities
on cell voltage.
® cathode fécing down
0 cathode facing up
Jp— amplitude range of voltage fluctuations

Fig. 11. Anodic dissolution products generated in 2 I NaCl0. at 50 A/cm2

3
end 100 cm/sec. Cathode facing up.

Fig. 12. Typical recorder traces of cell voltage U, current I, apparent

anode potential e, and apparent cathode potential e 50 A/cm2,

A c:

40O cm/sec.

a. 2 N KC1

. N KNO
b 2 I 3

. N
c. 21N Na ClO0,
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