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ABSTRACT 

<{ J '-, 

The distribution of ionic mass transport rates along a segmented 

plate-electrode embedded in the wall of a flow channel was measured by 

the limiting current technique. Local mass transfer coefficients were 

determined in the electrodeposition of copper from limiting currents 

passing through nine electrically isolated segments along the electrode. 

Flow rates and transport properties of the solutions were varied over 

the ranges: 

400 ~ Re ~ 125,000 

1200 ~ Sc ~ 25,000 

In the laminar flow region (400 ~ Re~ 2500) local transport rates 

are correlated by;: ·· 

d 0.331 

Sh = 1. 24 7 (Re Sc --.!!,) 
X X 

in excellent agreement with the Leveque equation. 

In furbulent flow, the length of the entrance section, Xe, is 

shown to be independent of Sc: . , 

IIi 
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The local turbulent transport rates in the entrance section 

(0 <X/~~ 0.73) are represented by: 

At the downstream end of the mass transport section, local limit-

ing currents are best.represented by two· separate correlations: For 

2800 < Re·< 12,000 

and for fully developed turbulent flow, 12,000 < Re < 1t5,000 

S~ = 0~0100 Re0 •
921 

Sc0 •
336 

These results indicate that the decay of turbulent eddies near a 

solid.wall is proportional to the cube of their distance from it. The 

exponent on the Re number points towards a St number dependence on VI 
rather than towards the linear dependence indicated by the Chilton-

Colburn analogy. 

Mechanically grooved electrodes, as well as electrodes with 

"random" type roughness~ yield higher limiting rates than those obtained 

on smooth surfaces. At flow rates beyond a critical transition Re num-

her, the downstream mass transport·rates for rough surfaces become 

approximately proportional to the Re number: 

.,. 
•' 
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The dependence of the transition Re numbers and of the rate in-

creases on the Sc nu'lllber indicates that the relative height of the 

roughness elemen.ts to the diffusion layer thickness (rather than to the ' 

hydrodynamic boundary layer thickness) is the dominant parameter. 

Qualitative information about flow interaction with surface pro-

trusions was gained by'visual inspection of the morphology of deposits 
/ 

produced at the limiting current. 

Preferential 9eposition was observed on surface protrusions small 

with respect to the boundary layer thickness. Larger protrusions gave 

rise to wake shaped deposits indicating the disruption of the boundary 

layer and the cr~ation of local eddies. 

'i 

< !( 
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I. INTEODUCTION 

.1.1 Scope 
·' 

ElectrocheJT~ical processes h?ve been traditionally outside the 

main domain of chemical engineering. Consequently, electr.ochemical re-

actors were often designed with little understanding of mass transport, 

resulting in very row rates. Cells such as plating baths, electro-

organic reactors and even fuel cells and batteries were often developed 

by "state of the art" concepts rather than from sound considerations of 

transport prqcesses. Copper plating baths, as an example, typically 

operate at low current densities of about 10-50 mA/cm2 
(1) and rely only 

inefficient air bubbling as means of agitation. As a result, the equip-

ment used in electrochemical technology is often bulky, heavy,and requires 

high capital outlay. 

Present needs in the fields of energy conversion, electro-chemical 

machining, and more sophisticated electro-deposition processes typical to 

space and electronic industries, are shifting electrochemical technology 

towards more efficient reactors, where current densities are measured 

2 . 2 
in amperes/em rather than in mA/cm • This change shifts the focus cif 

interest from the kinetics of the charge transfer reaction, which was 

historically the main subject .of electrochemical research, to ionic mass 

transport from the bulk of the solution to the electrode surfaces. 

Most of the resistance to the mass transport process is usually 

encountered in a relatively narrow region close to the electrode, where 

the concentration of the reacting species changes rapidly from its bulk 

value to the concentration at the interface. (2) This region of varying 
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concentrations is called the diffusion (or concentration, or mass trans

port) boundary layer, a concept first formulated by Noyes and Whitney~J) 

Since t:~e'~mass transport flux is determined by the diffusion across the 

concentr"~t,ion gradient at the electrode, the concentration profile in 

this layer and its thickness are important. Consequently, mass trans-

port can be enhanced by either increasing the bulk concentration of the 

reacting species, (~sually limited by the solubility), or by decreasing 

the diffusion layer thickness. · This thickness is inversely proport_ional 

to some function of the fluid velocity past the surface, and therefore 

mass transport can be increased by employing convective flow. This fact 
. . (4) . (5) 

was first stated in scientific terms by Nernst and by Brunner in 

1904, but was probably recognized ever since the early days of civiliza-

tion, when people started stirring food in utensils. 

Most electrochemical processes rely on natural convection or air 

bubbling to create flow past past the electrode - these are usually not 

very efficient. A more effective method eo control and reduce the diffu-

sion layer thickness is by employing forced convection. This can be 

achieved by either (a) moving the electrode inside' the solution, or (b) 

by having the solution flow past the,electrode. Most of the existing 

knowledge applies to the first case (a), for the configuration of 

. (6 7) . (6 8 9) (10) rotating electrodes, e.g. cylinders , disk~ , , spheres • The 

wide interest in rotating electrodes stems from the fact tha~ such sys-

·tems are easy to build and operate and therefore they are convenient for 

laboratory studies. Also, the hydrodynamic flow is well defined and can 
. . . (2 6) 

be determined from analytical solutions. ' Additional advantage for 

the rotating disk and sphere electrodes is that at certain current 
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densities, (limiting current for the disk, very low current densities 

for the sphere), the diffusion layer thickness is uniform over the 

electrode,· thereby ~scribing t~ uniform flu~.· Such electrodes are 

called uniformly;a~cessible. (6) 

Rotating electrodes have only limited industrial application. A 

more practical set-up is (b), in which the solution flows past a sta-

tionary electrode. In this case it is clear that the surface is no 

longer uniformly accessible. At the leading edge, where fresh solution 

comes into contact with the electrode, mass transport is very efficient. 

Downstream,· .towards the trailing end of the mass t'ransport section, the 

solution near the surface is already partially (or completely) depleted 

of the reacting ~pecies and therefore the current density at this 

location is lo~er. In terms of the diffusion layer, this situation 

corresponds to a developing boundary layer which .is very thin at the 

leading edge and is growing towards the trailing end. This non-

uniformity is of special importance for precision plating and for reac~ 

tions on short transport surfaces, where the entrance section comprises 

a significent portion of the total area available for transport. Exact 

analytical solutions for mass transport in a flowchannel are available 

only for laminar flow conditions. ( 11 • 12 ) This region is not particularly 

useful for industrial processes which, should einpioy. higher fluid veloc-

ities in the turbulent regime. Since a profound understanding of the 

nature of turbulence is lacking, exact analytical .solutions are non-

existant, and the transport rates in this important region are obtained 

from semi-empirical correlations. Because the three transfer processes 

of momentum, heat, and mass, involve transport from the bulk to the wall 
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(or vice versa), similar expressions for the rates can be expected if the 

tran~port coefficients are affected in the same manner by' the flow. 

>:. ·. (13 14 15 16) 
Severa~ analogies ' ' ' were suggested to represent this similarity. 

These -analogies are important not only from a theoretical standpoint b~t 

also due to the fact that there is abundance of momentum and heat trans-

port data, compared to relative scarcity of mass transport information. 

(Historically interest in pipe flow and in heat transfer developed prior 

to the emergence of the relatively new field of mass transport research) • 

. Reliable analogies would allow drawing information from momentum and heat 

transport and applying them to mass transport. Unfortunately, there are 

disagreements between the existing correlations regarding the coefficients 

and the exponential dependence of the various parameters. This becomes 
-' i 

even more critical when one expects to extrapolate information fromheat 

to mass transport systems, an extrapolation over ~hich some of the im~ 

portant variables such as the Sc or Pr numbers, often vary by a factor of 

about one thousand. Existing mass transport data obtained mostly from 

measuring rate of dissolution into a flowing stream or by electrochem-

ical techniques vary by more than ±30%. Such large discrepancies may be 
. 

caused by using incorrect diffusio~ coefficients or other physical prop-

erties, unsteady state measurements, edge and wall effects, averaging 

rates over short tra~sport surfaces neglecting the entrance effects, not 

providing enough entrance length to assure fully developed flow, andfree 

convection effects. Data is scarce especially for local mass transport 

rates in the entrance region where the fluxes are varying fast. 

~- ' 
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The present research is aimed towards two goals: First, to use 

the electrochemical limiting current method(17) as an accurate measuring 

technique f6r establishing local and average mass transport rates in the 

turbulent regime (Chapters .III,IV). Special care was taken to ensure 

that local, steady state rates, were obtained and that the side and en-

trance effects were eliminated, or ~ccounted for (Chapter II)~ Since 

any actual deposition (or other mass transport) process may involve 

rough surfaces, experiments were carried ·out also with grooved elec-

trodes, as well as with electrodes with random type roughness produced 

by prolo~ged electrodeposition (Chapter V). 

The second aim is to study actual high rate 'electrodeposition 
I . . 

from flowing electrolytes, paying special attention to the effects of 

flow on the morphology of the deposit" (Chapter VI)~ Deposition of 

copper was,chosen as a convenient vehicle, this process also has wide 

practical importance. Copper was electrodeposited from acidified copper 

sulfate solutions on a relatively large segmented electrode embedded in 

the wall of a. flow channel. The local rates were obtained by measuring 

the limiting currents passing through the electrically isolated elements. 

1.2. The Limiting Current Technique 

Mass transport rates were determined by the limiting current tech

nique. An extensive review of this subject is given by Selman. (17) The 

method is based on drivi-ng an electrochemical reaction·to its maximum 

possible rate, whree it is limited by mass transport. The limit is in-. 

dicated by a current plateau [the limiting current] on the current-

potential curve. 
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This process can be demonstrated in more detail by specifically 

considering a cathodic deposition' .reaction in a flow system.; Initially, 

befor'e:_potential or current is applied, the concentration of the reacting 
;.!,1 .. ; " . . . ' . 

: "1 .· 

species, S,• is uniform throughout. the so~ution •. As the cathode is ren-

dered increasingly negative, positive i~ns are .consumed by the charge 

transfer reaction and plate on the cathode, arid since the current is not 

exclusively carried by the discharging species, local depletion of the 

solution results. A concentration gradient is.established leading to 

diffusion of the reacting species from the bulk of the solution to the 

electrode surface. 

The ionic flux Ni' to the electrode can generally be described by 

the equation: 

(1-J) 

The first term on the right describes the diffusion.flux of ionic species 

i, having a diffusion coefficient Di across the concentration gradient 

ac/ay. The second term is specific to electrochemical systems and 

describes the migration flux of an ionic species with mobility Ui due 

to the influence of the electric field 'a~/'ay •. The third term on the 

right represents-transport by convection due to the bulk fluid velocity 

In most practical applications, excess supporting (or "indifferent'') 

electrolYte is added, consisting of an inert substance Which does not 

participate in the electrode reaction. Its function is merely to in

crease the conductivity of the solutio~, thereby reducing the electric 

field. Consequently only neg.ligible amount of· the current is carried by 
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the reacting species i, and the second term in Eq. (1-1) is usually 

neglected. (In non supported electrolytes, a correction term, involving 
, l ,._:• 

the transference number, t+' is included to account for the larger flux 

resulting from the uncancelled migration term. ;Detailed discussion of 

this is given, for example, by Newman. (6) 

At the electrode, the convection contribution expressed by the last 

term on the right, also cancels. The reason for this is that at the 

wall the velocity must be zero, since no net convective flow towards the 

electrode can exist near the solid surface. '·Wilke, Eisenberg and Tobias(lS) 

have shown that the velocity resulting from the mass flux towards the 

electrode in non-redox systems is also negligible. 

Con$equently, the flux at the electrode solely depends on the diffu-

siori across the concentration gradient, now given by: 

(1-2) 

As the potential is· further decreased, plated ions are consumed faster by 

the charge transfer reaction, resulting in even lower concentration at the 

electrode. Since the concentration cannot drop below zero, there is a 

limit which the reaction rate cannot exceed. This corresponds to the 

limiting current, easily and accurately detected by the current plateau 

obtained on the current-potential curve. 

A change in the limiting current may occur when the flow conditions 

are changed. · It will later be shown that the thickness of the diffusion 

layer depends on the hydrodynamic conditions, and when the flow rate is 

increased the diffusion layer thickness diminishes. If the concentration 

difference between the bulk and the interface is maintained, this change 
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corresponds to a higher current. 

··'The approximate shape of the current::..potential curve is obtained 
;t.,'• 

b}/ ~ssuming a simplified Nernst type <4> stagnant diffusion layer· of 

thickness od, with a linear concentration gradient of the reacting species. 

The gradient in.Eq •. 0-2) can now be ·replaced by a finite difference: 

i 
Ni=--= nF 

., 

(1-3) 

The limiting current is indicated by the condition C = O,yielding: 
0 

(1-4) 

The potential of the cathode in contact with electrolyte of concentration 

C
0 

differs from the potential of a reference electrode, made of the same 

metal but immersed in solution with concentration ~, according to the 
. I 

. (19) 
Nernst equation 

RT Ci 
.. Tlc a::- R.n

nF ~ 
(1-5) 

Tl , the potential difference arising from concentration variations is c 

known as the concentration overpotential. Combining Eqs. (1-3) and (1-5), 

the concentration ratio can be expressed in terms of the currents: 

.c 
0 

- c: 

.S, 
(1-6) 

Introducing (1-6) into Eq. (1-4) yields a logarithmic relationship 

between the current and the overpotential: 

·.l 
j 

,r:: 
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nc = RT R.n(l - .f-) 
nF ~L 

(1-7) 

This is an approximation of the experimentally obtained current-potential 

curve shown for example in Figure 2.18. ·Clearly, as the current ap-

proaches iL, .the overpotential changes logarithmically to infinity. In 

practice, the current plateau is eventually interrupted since at some 

more negative potential, a subsequent electrode reaction, such as hydro-

gen evolution takes place. The current increase above the plateau level 

seen in Figure 2.18 corresponds to this water splitting reaction. Actual 

hydrogen bubbles are observed on the cathode in this region, accompanied 

by large fluctuations of the local currents and potentials. 

The limiting current is an important design parameter since it 

represents the maximum rate at which an electrode reaction can proceed. 

Moreover, it provides a very convenient technique for transport rate 

studies, since mass transport coefficients can be readily and accurately 

calculated from the experimentally obtained current plateau corresonding 

The mass transport coefficient k is defined by: 

(1-8) 

Substituting the flux, using Eq. (1-3) yields: 

k = i (1-9) 

The only parameter on the right which caimot be directly measured is C . 
0 

However, at the limiting current C = 0 giving 
0 

) 
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k (1-10) 
••• t 

··,;·--... 

Mass tr,~nsport coefficients are often represented in terms of the dimen

* sionless Sherwood or Stanton numbers: 

k dh .iL dh 
Sh = --:z: 

D nF D Cb 
(1-11) 

St Sh iL 
= --= 

Re Sc nF cb vb 
(1-12) 

where: 

Re = Sc .v 
D 

(1-13) 

Experimental measurement of the' limiting current provides therefore an 

easy and direct me-thod for determination of the Sh and St numbers when 

the physical properties of the system are known. .·This technique com-

pares favorably with other methods for transport rates determination. 

It is considerabiy more sensitive than pressure drop measurements, and 

since the limiting current technique is applicable to high Sc number 

systems, it provides closer probing of the transport surface than possi-

ble with most heat transport methods. This last feature is extrem~ly 
) 

valuable for accurate determination of the eddy diffusivities near the 

wall, essential for theoretical modeling of turbulent transport. [A more 

,- detailed discussion of ·this subject is available in Section 1.3.3 and ih 

Chapter III]. For local transport rate· measurements the limiting current 

* The mass transport Sh number corresponds to the dimensionless Nusselt 
number in heat transfer: 

* Nu (1-11) 
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technique has a distinct advantage over heat transport point probes 

which are difficult to insulate and may exchange heat with the remainder 

of the surface and the measuri~g instruments~~ 

1. 3. Transport to Solid Surfaces -Theoretical Background 

Momentum, heat and mass transport at phase boundaries are the es-

sence of chemical engineering as well as of major branches of other dis-

ciplines such as mechanical, hydraulic and aeronautical engineering. 

Because of their great practical importance, the quantity of published 

experimental and theoretical studies is overwhelming. Several text books 

such as by Schlichting, (20) Levich, (2) Bird, Ste~art and Lightfoot, (2l) 

. (22) 
Knudsen and Katz are dedicated to the subject as well as many compre-

hensive review articles e.g. Sherwood, (23 Metzner and Friend;(24 ) and 

Kestin and Rich~rdson. (2S) Out of necessity, the following discussion 

has to be brief, and only those experimental studies having direct bear-

ing on the present invest·igation will be mentioned. 

This discussion has general relevance to transport from a moving 

fluid to any solid interface. However when a defined physical system is 

required- a pipe· flow is assumed.· 

In the turbulent region, it was experimentally found that charac-

(26 28) . (27) . (29) terizing rectangular, ' . tr~angular, or ell~ pic ducts, by an 

equivalent.hydraulic diameter (based on the cross section area A, and the 

wetted perimeter B) 

(1-14) 
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yields identical rates to those obtained in a circular pipe of the same 

diameter~ Ducts with very acute corners in which the laminar sublayer 

.·,' . (30 31) 
may be si~nificantly extended represent an except1on. , However, 

for mass. transport studies in a· rectangular channel at high Sc numbers, 

as employed in the present study, Eq. (1-14) is expected to provide good 

agreement with results in a circular pipe~ 

On the other hand in the laminar flow region, the shap·e of the 

conduit is known to affect the transport rates. These geometricalshape 

factors for the laminar region are discussed in Section 1.4. 

Fully developed hydrodynamic, thermal, and concentration profiles, 

which do not change along the transport section are assumed. [Entrance 

effects for turbulent flow are not considered until later in Section 1.4 

and Chapter IV 1 . As shown subsequently this assumption is not a severe 

constraint for pipes or channels with L/dh >s, for fluids with high Sc 

numbers. In the laminar region, only fully developed velocity profile 

is assumed. The concentration and transport rates variations along the 

transport section are incorporated into the Leveque solution(1Z) which 

correlates the experimental results. 

1.3.1. La~nar Flow 

Laminar flow typically exists when the flow velocity is very small 

and the viscous forces are controlling. This region is characterfzed by 

the streamline. pattern in which the fluid elements move throughout the 

electrolyte solution. The elements follow one another and'at no point 

or time do they cross from one streamline to another. The streamline 

pattern is maintained even when the fluid flows past sharp corners. 
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Therefore, laminar flow can be defined as one in which "the statistical 

path of every particle of fluid is known." <23 ) 

.. } i 

Since no gross exchange of fluid is allowed between the stream-

lines, any transport across the fl;uid layers is molecular by nature. 

The laws controlling molecular transport of momentum ( =viscosity), 

heat (conduction), and mass (=diffusion), are simple and well under.;.. 

stood. 

Molecular momentum transport is given by Newton~s law of viscosity: 

T = - ll v•V (1-15) 

similarly, Fourier's law of molecular heat conduction states: 

(1-16) 
--

The mass transport flux is established according to Fick's law of molec-

ular diffusion: 

N. =- D.'i7C 
-]. ]. 

(1-17) 

The three equations, (15), (16), and (17), are used to define the 

viscosity l.l, the thermal conductivity K, and diffusivity (=diffusion 

coefficient) D .. 
]. 

Here the assumption is made that p and C remain con
p 

stant. In heat transport problems where the density is temperature 

dependent, or in mass transport by free convection, Eqs. (15)-(16) 

should be replaced with more general forms. <21 ) 

Using these expressions, it is possible to derive exact equations 

I 
describing the transport processes in the laminar region, 'after formu-

lating two flow equations. One is an expression for conservation of 

mass, known as the equation of continuity which for fluids with constant 

density is: 
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.\I • v = au + av + aw = 0 - ax ay az (1-18) 

The sec<,md fluid equation, an expression of the conservation of momen-

tum, is also ~flown as the equation of motion. For systems of constant 
/,:,::· .. ~.:· j·: 

p and ]J this yields the well known Navier-Stokes. equation: 

av 
P a r + P r~ · \1 ~ 1 = - \1 P - l \1 "l J + P£ (1-19) 

These coupled partial differential equations can in principle be 

solved, and the transport !ates determined as function of the flow rate 

and the fluid properties. The difficulties in solving these equations 

I 

are mathematical in nature and mostly depend on the given boundary con-

ditions. TWo very well known solutions related to the ensuing discus-

sion are Poiseuille's equation for momentum transport (see, for example, 

Newman(6)), a~d the Graetz solution for heat transport rates and temper

ature distribution along a heated (or cooled) seetion of a pipe.< 11 ) 

For nonisothermal systems, where one consider.s heat transport to 

the wall, an equation for the conservation of energy can be obtained. 

·It's form for incompressible ( p = const.) Newtonian fluid with constant 

thermal conductivity is: 

aT + v • \IT = = 1 < \/•q) at - pc 
p 

The usual assumption of neglecting the energy dissipation [i.e. conversion 

of momentum to heat] was made in the derivation. 

Similarly, for processes involving mass transport assuming constant 

p and D, and in the absence of internal sources or sinks, one obtains: 
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~ + v • vc at --:- = - ( v • N.) 
-1 

(1-21) 

Most practical applications employ high flow rates in which the 

viscous forces no longer play a dominant role. This flow regime is 

called turbulent and is characterized-by irregular and random motion of 

the fluid elements, both in direction and in time, which are super-

imposed on the major flow. The extreme difficulty in studying turbulent 

flow stems from the fact that although these random fluctuations cannot 

be mathematically described and therefore are intractable to analytical 

treatment, they are the major contributors to the transport process in 

-turbulent flow. The fluid elements, fluctuating from one fluid "layer" 

to another, carry with them bulk quantities of momentum, heat, or mass, 

and therefore the main transport mechanism is no longer molecular. A 

very useful concept for simulating the nature of turbulent flow is by 

assuming the existence of turbulent eddies. These_ are macroscopic 

volumes of liquid with imaginary boundaries, fluctuating and rotating 

as a unit. In or,der to account for the kinetic energy dissipation one 

must assume the existence of a hierarchy, or spectrum, of eddy scales 

transporting the energy from the bulk of the turbulent flow to the wall. 

Hence, large scale eddies existing in the bulk, transfer energy to 

smaller scale eddies residing closer to the wall, until eventually the 

smallest existing eddies dissipate the energy into heat via the molecular 

viscous mechanism. This last stage must be molecular since turbulent 

eddies are damped near the solid wall, where no radical velocity component 
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may exist. 

The rapidly fluctuating velocities, temperatures, and concentra-

tions in turbulent flow are conveniently presented as sums of time 

stno(;>thed average values and t;ime dependent fluctuations: 

u u + u' 

T T + T' (1-22) 

C = C + C' 

The definition of the fluctuating terms requires that their time averages 

will cancel: 

(1-23) 

u' 2
, T' 2

, c' 2
· on the other hand, are not zero and often are used as an 

. di t. f h b 1 . . (32) 1n ca 1on or t e tur u ence 1ntens1ty. Similarly, the cross terms 

e.g. U'V',U'T' and U'C', are not zero .since both correspond to the same 

.eddy and therefore are correlated. 

Introducing the instantaneous terms, (1-22), into the continuity 

equa~ion, results in cancellation of the fluctuating terms and yields for 

turbulent flow an equation identical to (1-18) except that the former 

laminar velocities are exchanged by the corresponding turbulent, time 

averaged values. Equations (1-19)- (1-21), by the same procedure 

yield the following equations for turbulent momentum, heat, and_mass: 

For the momentum: 

av ~ - --
P ~ + p[V •'VV ]= ~ 'ilp + p~- [ 'il ·J: ]- p 'il• (V'~') (1~2.4) 

Heat: 

'dT - ~· 
at+ ~'VT =- - 1-'V•q -'il· (V'T') 

pC - ~ 
p 

(1-25) 
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:Mass: 

ac + V'VC = -'VN.- 'V• (_v~ .. c. 1
) at-· - .. 1 .. 

(1-26') 

These last 'three equations differ from the laminar expressions by 

each having an additional term involving the turbulent fluctuations or 

eddies which is not. cancelled. These account for the higher transport 

rates in turbulent flow. Since the fluctuations are poorly understood 

and can not be directly evaluated, it is convenient to express theeddy 

. b d f . . dJd. . . . ( t) dd . d' i . ( t) d. terms · y e 1n1ng e y v1scos1ty,. v , e y con uct v1ty, K • an 

eddy diffusivity, D(t), such that the turbulent equations are similar in 

form to the laminar flow equations. Defining: 

(t) 
T 

(t) 
q 

= - u(t) 'V·~ = P {YI ~~) , 

k ( t) 'V T = p c (VI T I ) 
p 

= -

N. ( t ) = - D . ( t) 'V c:- = (VIc I ) 
1 1 1 - i 

Equations (1-24) - (1-26) can now be written as: 

ai .·- - 1 - (t) - + V 'V T = - - 'V • ( q + q ) . : (Rea t) at - pc . p 

ac - - - -<t> - + V 'VC = - 'V• (N. + N. ) (Mass) at - -1 -1 

(1-27) 

(1-28) 

(1-29) 

(1-24) 

(1-25 I) 

(1-26 I) 

Defining effective shear stress, effective heat conduction, and effective 

fluxes by: 
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J(e) = T +T(t) 

q(e) = q +q(t) 

Ni(e)= N.+N. (t) 
l. l. 

(1-30) 

results it1- complete similarity between the laminar Eqs. (1-19) - (1-21) 

and the turbulent Eqs. (1-24) - (1-26), where the effective transport 

terms replace the more common molecular values. Important assumption in 

the derivation of these expressions is that the molecular and the turbu-

lent transport mechanisms are taking place in parallel and therefore are 

additive. 

One may anticipate that over certain regions of the channel the 

turbulent eddies are dominating. It is reasonableto assume that this 

condition exists near the center of the channel, in the turbulent core. 

Near the wall, the eddies are damped and molecular transport is prevail-

ing. The realization that different mechanisms are dominating in differ-

ent regions of the channel is the basis of many of the models presented 

subsequently,·where the flow region is arbitrarily divided, and each 

zone treated separately according to the dominating mechanism. 

As previously stated, the turbu~ent eddy mechanism is poorly under-

stood and the eddy terms given by Eqs. (1-27), (1-28) and (1-29) are only 

definitions which cannot be clearly related to physical properties of the 

system as the corresponding molecular terms. Instead, these may be ex-

pected to depend on the turbulent flow profile. Determination of the 

latter is especially difficult near the solid wall, a region of major 

importance for the transport processes. It was fourtd experimentally that 
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a universal~correlation for velocity profiles near the wall in the tur

bulent region is obtained by plotting the dimensionless velocity, u+, 

versus the dimensiorfiess distartce f~om the w~ll, y +. These are obtained 

by expanding the :ta~gential veloci_ty and the radial distance by means of 

the shear stress at the wall, T0 • 

+ u = 

+ y 

(1-31) 

(1-32) 

where u*' the friction velocity characteiistic of the turbulent flow, 1s 

defined by: 

~=U Fi p b 2 
0'-33) 

The l~st equality on the right follows from the definition of the fric-

tion factor f: 

(1-34) 

Plotting the experimentally obtained turbulent velocity data in 

terms of the universal velocity profile reveals a distinctly shaped 

(6) 
curve in which three regions are noted (see for example reference ; 

p. 290). 

(a} The viscous sublayer is the zone closest to the wall where 

for (1-35) 

.. ; 
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The linear r,elationship indicates a constant shea:r stress ·implying that 

the molecular viscosity mechanism is dominating here.as previously pos-

tulated. Careful measurements of local velocities in this region by 

(33) (34) . 
Klebanoff,· by Laufer and more recently, using laser doppler 

.. 

. . (34) . 
eff~.cts, by Angus et al., reveal the presence of fluctuat1.ons and .. 
oscillations indicating that this zone, although dominated by viscous 

forces, cannot be considered strictly laminar. Hence the name "viscous 

sublayer" is preferred to the comnonly used term "laminar sublayer" 

(b) + Transition .or "buffer" zone, extending between 5 < y < ·30. 

Here both the turbulent eddy mechanism and the mdlecular viscosity are 

important. The data in this region display considerable scatter .and 

consequently several correlations have been proposed. Probably the best 

known, is Von Karman's~ 16 ) 

0-36) 

Equation (1-36) was formulated such that it provides continuity, and 

+ + matches the correlations for the regions y < 5, and y > 30. 

Levich(Z) proposed a different expression of the form 

(1-37) 

Sleicher(36) found that good fit to experimental data is obtained by 

ascribing the
1
following numerical values to the constants in Levich's 

equation: 

(1-37') 
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Although Eq .. (1-37') offers better correlation to the data than Von 

Karman's equation, it fails to provide continuity with the correlations 

at the bord~ring regions. 

(c) Fully turbulent region.· Here the turbulent eddies are dominat-

(37) ' (14) 
ing and a logarithmic expression proposed by Prandt! and Taylor , 

' ' 

known as the "Law of the wall", correlates th~e data. 

+ + U = 2.5 tn y + 5.5; + y ~ 30 (1-38) 

Coles(3S) proposed a value of 5.1 instead of 5.5. 

The universal velocity profile has little theoretical significance 

and should be regarded merely as a method of curve fitting. The agree-

ment between the data and the proposed flow equations is however of crit-

ical importance, ,since obtaining general equations for turbuleJ;J.t trans-

port rates, as shown in the following section, requires prior knowledge 

(t) + . 
of the functional dependence between D and y . The connnon procedure is 

to assume an analogy between the momentum, heat, and mass transport pro

cesses, a~d ascribe··~ fixed value, normally \.lllity, to the ratio between 

D (t) and it>. Deriving the relationship between ].1 (t) and y + from the uni-

versal'velocity profile, one obtains therefore also the required depen

dence for D (t). Unfortunately, it follows from the eddy definition (1-27) 

that /t), or the ratio ].1 (t)tiJ, do not depend on ].1 + explicitly but rather on 

the velocity gradient, du + /dy +. This gradient cannot be obtained from the 

universal velocity profile with any accuracy(6)because of the smallness of ].1( t) 

relative to ].1, and uncertainties in the experimental data in the important 

region near the wall. The Sc number in mass transport systems on the other 

hand, is typically of the order of 1000, indicating that ].1 is several 
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orders of magnitude larger than D. In such a .case, although J.l (t) < < J.l; 

-one finds that D(t) is larger than D over a wide regiotl close to the 

wa11 (assuming D (t) = J.l (t)). The method of choice therefore is to measure 

miiss transport rates, and deriving directly from them the dependence of 

r}(t)/J..I on y+~ this approa-ch provides much more accurate probing of the 

boundary layer than comparable velocity measurements. 

1.3.3. Analogies Between Momentum Heat·and Mass Transport 

The transport processes of momentum heat and mass and dominated by 

similar molecular and turbulent eddy mechanisms and therefore it is rea-

·sonable to as~ume that some analogy exists between the three. This as-

sumption, if valid, may be extremely useful by allowing the use of data 

obtained in one field, in the study and interpretation of another. 

The existance· of an analogy is strongly suppprted by the striking 

similarity of the transport Eqs. (1-24) - (1-26). Not only the func-

tional dependence of the molecular terms is similar but also the turbu

lent eddy terms for the kinematic viscosity, v(t)/p, the eddy conductiv

ity a(t) = K(t)/p C , and the eddy diffusivity D(t), have the same 
. . p 

dimensions. Careful inspection of the equations under consideration 

however reveals the several restrictions imposed on the similarity: 

(a) The most apparent difference involves the momentum 

Eq. (1-24) containing two additional pressure related 

terms which do not appear in the corresponding·equations 

for heat and mass transport. These terms involving the 

pressure.gradients and the elevation have to be negligible 
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or cancel one another if the analogies are to be main-

tained. Usually this condition does not impose severe 

limitations; 

(b) The momentum is a vector quantity whereas heat and mass 

are scalars. Consequently the momentum transport Eq. (1-19) 

involve a tensor consisting of three vectorial equations, 

whereas the heat and mass transport Eqs. (1-20) and (1-21) 

involve vectors. For strict analogy, the y and z components 

of the velocity should be negligible. Again, this condi-

tion does not represent severe limitations since this as-

sumption is usually incorporated into the boundary layer 

theory and was clearly justified. (3g) 

(c) For strict similarity between_ ··the processes, the molecular 

transport coefficients should be equal: 

E. = 
p 

K pc- = D 
p 

or in dimensionless form: 

Pr = Sc = 1 

This constitutes a very severe restriction since this.condi-

tion is usually met only in some special cases in heat trans-

port. One of the major difficulties involved in establishing 

a useful analogy is properly accounting for the variation of 

the physical properties. Most of the existing analogies 

predict accurately transport rates at Sc or Pr = 1. The 

real touch-stone for an analogy is how well it predicts 

J 
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transport rates at very high or low Sc or Pr numbers. A 

good analogy is one which is valid over wide ranges. 

···(d) An additional requirement for turbulent transport is the 

equality of the eddy terms: 

or: 

Pr(t) Sc(t) 1 

where: 

Pr(t) = 
( ) \)(t) ( ) 

Sc t = · a t 7<) ' 
(t) 

K 

pC 
p 

This requires that the eddy transport mechanisms for momen-

tum, heat and mass be identical, and also that the spectrum 

and phase of the U' fluctuations be similar to T' and C'. 

Although there is a complete lackof agreement regarding the 

values of Pr(t) and its possible dependence on the flow, on 

the mole~ular properties, and even ori the distance from the 

wall, this disagreement does not impose severe restric,tion 

on the similarity concept since all contested values are quite 

close to unity.' 

The earliest argument stating that Pr(t) = 1 was presented by 

Reynolds! 13 ) The validity of this simple model was ques-

tioned, and several investigations were aimed at measuring it. 

Sherwood and co-workers(40 •41 ) studied the turbulent mixing 

of gases and obtained Pr(t)= 0.625. More recent studies 

indicate that Pr(t) ~or channel flow is a function of the 
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distance from the wall. Based on several experimen,tal 

' . . . (42 43 44 
.heat transfer measurements between parallel walls ' ' ' 

45 46 47t'. . . -'•: . . 
' ' Sherwood recommends a value of 0.66 near the wall 

and 1-0.83 in the center, commenting however that this trend 

is contrary to what may be expected from theoretical consid

erations. (23 )- Ludwieg(48 ) on the other hand, found that for 

air flowing in a pipe, Pr(t) varies from about 0.7 near the 

wall to about 0.5 in the center, in agreement with the trend 

predicted\y theory. Corcoran ef";aL (~9) found a more com-

plicated relationship which depends on the Re number and often 

displays a maximum of about 0.8 at y/r = 0.8. Isakoff and 

Drew(4S) found much higher .values correlated by a curve dis

playing a minimum of Pr(t) = l.l at y/r = 0.2. Some theories 

<51 •52 ) predict also that Pr(t) decreases with Pr and with 

v(t)/v whereas Reichardt(50) found an increase for Pr(t) 

with increasing Pr. 
·(t) 

It is entirely unclear whether Pr 

depends on Re. No information is available on Sc(t), and 

therefore it is usually assigned the value of unity. 

(e) Since the viscosity, thermal conductivity and diffusivity 

are different functions of temperature and concentration, one 

must assume constant physical properties.·. This is a severe 

restriction especially for heat transport experiments and for 

mass transport in free convection. 

(f) The transport equations are coupled when applied in the anal-

ogies, therefore the boundary conditions should be identical-

for all fluxes and potentials involved. 
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The starting point for most analogies involves two of the flux 

equations. Since most of the available data pertains to momentum trans-

port:-· the latter ,is usually combined with either the heat or the mass 
'.· c 

transport equations. Here, the momentum and mass transport equations 

are treated: 

T=p(v+v(t)) du 
dy 

N. =- (D + D(t)) de 
'1 . dy 

(1-15 I) 

(1-17') 

Integration: of equation (1-17') is clearly the goal of these studies, 

this however. cannot be achieved directly. Near the wall which is the 

region of interest, T is approximately equal to T0 . Introducing the 

friction VE:!l~city u* defined by (1-33), into Eq. (1-15') one obtains: 

u 2 
* --= 
\) 

v(t) · du 
(1 + v) dy (1-39) 

+ Integrating after introducing the dimensionless velocity u , and the 

distance y+, results in: 

+ 

/ 
0 

d + y 
v(t) 

1+-
v 

identical tnanipulation of tP,e mass transport Eq. (1-17~) yields: 

11c u* (Cb-C
0

)U* + 
dy+ 

+ y y . d + 
= = J J 

y 
N. N. D D(t) D (t) 1 l. l. 0 0 

0 0 -+-- -·-+-v v v Sc 

{1-40) 

(1-41) 



0 0 0 Q .r.J' 0 .;•-''j. 

7 
i 

3 . 
~ J ' 

-27-

Observing the analogous Eqs. (1-40) and 0-41), it becomes appar-

ent that their analytical or numerical integration requires detailed in

formation on the variation of D(t)/v and v(t)/v as function of y+. 

Determination of: 

is the major obstacle for obtaining turbulent transport rate correlations. 

The various available analogies assume different models for the behavior 

of this crucial term. 

Despite their importance, only few models are based on experimental 

data. Severe experimental difficulties evolve from the smallness of. the 

turbulent eddies near the wall in comparison with the molecular transport 

in this region, rendering any information gained from velocity profiles 
' ..... 

measurements inaccurate. The same argument applies to heat transport 

measurements with Pr- 1. Mass transport measurements at high Sc numbers, 

on the other hand, yield considerably more precise information, since the 

turbulent eddies'no~ contribute to the masstransport much more than the 

diminished molecular diffusion. 

For high Sc numbers, the exponent on the Sc number, in the inte-

grated transpor.t correlation (1-41), depends on the model assumed in 

(1-42) for the damping of the eddy diffusivity near the wall. Hence, 

for Sc > > 1: 

D(t) _ y+2 ~ St Sc -1/2 or ~h - sc 112 
(1~42a) 

D(t) +3 -y St Sc -2/3 Sh Scl/3 (1-42b) 

D(t) +4 St- Sc-314 
Sh - Sc

114 (1-42c) -y 
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Levich(9) following L~D. Landau has shown that D(t) should be propor_. 

tional to y3 or a higher power of y. This follows from· the cont.inuity 

·equations, where u', v', w' , are expanded in power series near the wall. 

Taking for u' only the first term of the expansion results in: 

U' = 8y (1-43) 

Integrating the continuity equation: 

(1-44) 

and from (1~27) one obtains: 

U'V' 
- p (u'v') = 8' 'y3 (1-45) 

(9) D(t) +3 (53)- +4 Levich proposed ~ y but later changed his preference to y 

D(t) ~ y+3 appears also in the experimental and theoretical publications 

f M h (54) L" l (55,56) R . h dt(50) o urp ree , 1n et a . , e1c ar · ; 
(57) -

Rannie , Wasan and 

Wilke, (5S) Veilstich, <59 ) Sirkar and Hanratty. (60) The relation D(t) 

+4 . h bli . f 1 d 61 . 1 62 d ~ y appears 1n t e pu cat1ons o E ro , De1ss er, Son an 

Hanratty,<63 ). and Spalding~64 •65 •66 ) Kishinevski(67) proposes D (t) ~ y +2 • 

Mizushina et a'!. (1 92 • 193) obtained from semi-theoretical analysis that 

D(t) +4 T.h . . 1 h (192) d (193) -1. 
~ y . e1r· exper1menta eat an mass transport resu ts 

indicate however that D (t) ~ y +3 • They conclude that the turbulent eddies' 

decay mechanism changes in the proximity of the wall. This change is re-
. + 

fleeted in variation of the exponent on y from +3 to +4 as the wall is 

approached. 
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Some of the analogies are discussed in the following. 

(a) Reynolds analogy,. proposed by Reynolds 03) in 1874 is the 

simplest. It is based on the assumption 

which is eq~ivalent to Sc = Sc(t)= 1. In addition Reynolds assumed that 

N. is proportional toT. Dividing (1-15') by (1-17'): 
l. 

The mass transport coefficient k is defined by: 

giving: 

. f 
St = 2 f Sh = - Re 

2 

Using the empirical Basius equation(68) for the friction factor 

f 2 = 0.0395 Re 
1/4 

one obtains: 

Sh ;., 0.04 Re314 

(1-47) 

(1-48) 

(1-49) 

(1-48') 

A more general approach than Reynold's, involves dividing the 

region over which the integration of (1-40) or (1-41) is performed into 

two (or more) zones. The first, in which both the molecular and the tur

+ bulent transport mechanisms are important extends to y
1 

. The second, 

further away from the eall and extending all the way into the turbulent 
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core, corresponds to the region where the contribution by the molecular 

, mechanism is. negligible. Consequently, the integrals in Eqs. (1-39) and 

(1-41) are divided: 

y1+ 
+ 

d + 
y 

·+ 
u+ 

J 
~ 

J 
dy 

\) ( t) .. (t) 
\) 

0 -+1 Y1+ --
\) \) 

(1-39') 

+ + 
b.c u* Y1 

d + ( ·+ 
= J 

~ + . dy 
N. D(t) 1 (t) 

1 \) 
0 0 --+- y1 . -·-v Sc \) 

(l-41') 

Using: 

>>v for + + 
y > y1 

Assuming D {t) = v {t) (Pr·(t) = 1) and subtracting (l-39 1 from (l-41') gives 

the required equation: 

b.C Ub =-1- = _?_ + ~ {j X 
N. . St f VI 

1 
0 

1 ) + 
D ( t) dy 
-+1 

(1-50) 

\) 

Here, the first term 2/f, accounts for the transport in the turbulent 

core, whereas the seconq term describes the contribution of the mixed 

region near the wall where both molecular and turbulent mechanism are 

active. 

(b) Taylor( 14) and ~randtl(69 ) w~re the first to use this ap-

proach and offered a modification to the Reynold's analogy, by replacing 

his simplified model by a two zone representation. Taylor assumed a 

laminar film adjacent to the wall~ in which transport is by molecular 
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diffusion only. + Outside this region, beyond y1 , turbulent eddies are 

domin?ting. + + In the laminar region, according to (1-35), y == u , there-

fore after integrating (1-50) on~ obtains: -

+ Prandtl proposed y1 

1 2 Vi + - = - + - (Sc-l)U St f . f 1 

8.7 obtaining: 

St = f/2 . 

1 + 8. 7 1./i/2 (Sc-1) 

Introducing the friction f~ctor according to Blasius: 

1 --= 
St 

The asymptotic value for high Sc numbers is ~iven by: 

Sh = 0.1149 v'fj; Re 

· or 

(1-51) 

(1-52) 

(1-52·') 

Sc > >1 (1-52") 

For heat transport systems employing liquids or gases where Pr is typ

ically in the rang~ of 0.8 < Pr < 16, and for Re -10 4 , Eq. (1-52) can be 

reduced to 'a form more applicable for heat transfer: , 

Nu = 0.05 Re
0

•8 Pr0 •4 (1-53) 

Equation (1-52) correlates experimental data very well when Sc -1. 

(c) Murphree (S.4) improved Taylor an~ Prandtl' s model by allowing 

some turbulent transport in the film adjacent to the wall. He assumed 

that in this region the eddy diffusivity varies according to (1-42b) 
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(l-42b I) 

This is probably the earliest model of turbulent eddy decay near 

the '-t:Tall which was later suggested also by Levich arid by Lin et al. 

Here D~t) is the eddy diffusivity in the turbulent core and y
1 

is 

found by assuming a parabolic velocity profile in this region. 

(d) 
. (15) 

Chilton and Colburn proposed a useful and well knoWn 

analogy based on correlating experimental results in terms of the j factor. 

Since this analogy is entirely empirical and does not postulate specific 

mechanism, it will be discussed in more detail in the next section dealing 

with transport rate correlations. 

( ) . . .. .. (1 6) li . h h dd d. ff . . h ld e Von Karman, rea z1ng t at t e e· y 1 us1v1ty s ou 

vary continuously from the bulk to the wall, divided th~ transport region 

into three zones, thereby allowing a more gradual transition than Prandtl 

and Taylor's model. He chose the zones in accordance with the turbulent 

velocity regions described in the previous section, maintaining the com-

pletely turbulent ·region for y > 30, but dividing the region closer to 

the wall into two sections: +-Near the wally < 5), a completely laminar 

region where molecular transport prevails, and further out into the bulk 

(5 < y + < 30). a mixed region where the eddy diffusivity is linearly damped. 

Hence 

D(t) 

v 0 

D{t) '+ y 
v -5--

D(t) v(t). = 
' 

1 

T --= 
Ni 

Canst. 

5 < y < 30 

30 < y + (Reynold's 
analogy)/ 
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Integration of (1-50) after substituting these values yields: 

1. 2 Vf [ 5 '] - = -+5 - (Sc-1) +~n 1+- (Sc -1) St f f 6 . (1-54) 

It can be shown that for high Sc numbers, (1-54) is reduced to: 

Sh = 0 • 2 '\.(fj2 Re (1-54') 

Voh Karman's equation correlates well heat transfer data for low. and 

medium Pr numbers. 

(f) Lin, Moulton and Putman (S6 ) ex~ended the applicability of 

Von Karman's analogy to high Sc numbers by allowing some turbulent eddies 

to penetrate the laminar region near the wall. They assumed accordingly 

the follm.;dng relations: 

D(t) + 3 

<i4. 5) 0 < + 
\) 

y 

(t) + + D _L_- 0.949 5 < y = 
\) 5 

D(t) + 
:t_- 1 33 < y + 

\) 2.5 

Integrating. (1~50) using these relations yield~: 

1 
St 

<"5 

< 33 

(1-55) 

Where F(Sc) is a complicated function, usually presented in tabulated 

form. For large Sc numbers this equation is reduced to 

. ~ ~ 1/3 
Sh = 0.057 V2 Re Sc Sc > > 1 (1-55 I) 
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( ) L . h(9,54,2) b' . d 1 . h . g ev1c o ta1ne a mass transport so ut1on whic · 1s 

less empirical than the previously mentioned a~alogies and based instead 

on arguments which relate to quite a realistic model of boundary layers. 

He co~sidered a four zone transport region and did not make the restric-

tive.assumption that the velocity_and the concentration profiles are iden-

tical. Instead, he evaluated separat·ely the fluxes and concentrations for 

each zone, matching them at the boundaries. 

Levich distinguished between the follo~ing zones. 

1. Main turbulent core. 

2. Turbulent boundary layer: D (t) > > D 

3. Viscous s~blayer: D(t) +3 (t) +4 
a: y or D · a: y 

4. Diffusion sublayer: D>>D(t) 

For the intermediate zone (3) where the turbulent eddies are grad

ually damped, Levich considered two models. In an early work( 9)he proposed 

D(t)ccy+3,but later(54 )he preferred D(t)ccy+4. These were derived using 

Prandtl's mixing length model and Kolmologroff theory for the dissipation 

of turbulent energy. 

Slei~her(36 ) obtained by careful measurements an equation conform-

. . . -(t) +3 
ing with the first model (D a: y ), but with numerical constants differ-

ing from those proposed by Levich: 

\) \) 

+ 3 
(L_} 
8.9 

(1-55) 

Using Levich's method, with Sleicher's experimental values (1-55), 

one obtains the mass transport coefficient in high Sc number systems: 

k :z: 
D (1-56) 
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.The thickness of the diffusion layer od is defined by the condition that 

at its solution-side boundary, the molecular and the eddy diffusivities 

are equal~ Setting: 

{t) 
D = D 

Orie obtai~s from (1-55): 

= 

or 

8.9 D1/2 v2/3 

ub Vfi2· 
(1-57) 

where U* is substituted according to (1-33). Ir11=roducing (1~57) into 

(1-56) on~ obtains: 

k = 0.057 Vf/i. ub sc-213 (1-58) 

or 

Sh = 0.075 ~ Re sc 1/ 3 (1-59) 

Introducing the friction factor according to Blasius yields: 

Sh = 0.015 Re0 · 88 Sc0 · 33 (1-59') 

(h) Deissler(6Z) chose a more complicated empirical function for 

the eddy diffusivity, which he claims holds for the entire boundary layer 

region: 

D(t) 
--= v 

0 < y+ < 26 

For very small values of y+ this is reduced to: 

4 +4 
= n y 

which is similar to (1-42C). 

+ y ~ 0 
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At y~> 26, Deissler assumed the existence of V~n Karman's logarithmic 

velocity profile, yielding for the eddy diffusivity: 

= 0.36 y+ -1 y+ > 26 

The n.Jri{e~ical value of the constant, n = 0.124, was obtained from exper-

imenta'l velocity distribution data. Deissler'sequation provides an ex-

cellent correlation for data over wide range of Sc numbers (0 .6 < Sc< 3200). 

For Pr = Sc >400, Deissler's correlation can adequately be approximated by 

1 rr Sc3/4 

St 
2nif 

< r-6o) 

or 

Sh -vi 1/4 0.0789 Re Sc (1-60') 

(i) Vieth, Porter and Sherwood(?O) abandoned the common represen

+ tation of models in terms of y , based on Von Karman's universal velocity 

profile. Instead they propose that the decay of. turbulent eddies is pro

portional to the cube of a modified dimensionless distance, y++: 

D (t) 3 
--= 1.77 (y++) ', y > 0 

v 
(1-42') 

where 

++ 
u 

f y - y (max) a: (I.) f n 
. v 2 r 

(1-32'). 

These were empirically chosen to provide good agreement with Chilton-

Colburn's analogy at high Sc numbers: 
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The validity of this model is questionable since the definitio.n of the 

dimensionless distance y* involves the radius of the channel. It may 

be argued that at short distances from the wall; only quantities which 

are related to the wall should app~ar. 

(].) .. h d ( 50) . d . d . .d . . . Re1c ar t , 1n or er to avo1 1ntro uc1ng any a-pr1or1 

assumptions concerning the variation of the eddy diffusivity near the 

wall, derived a form of the integrated flux equation where the effect of 

this term is expressed implicitly through the function b: 

St 

where 

b 

f/2 (cf> /8 ) rn rn 

- 1 + (Sc-1) cf>: -{i/2 b 
rn 

1+ Sc(D(t)/v) 

Ni (molecular) dU+ 

Ni (total) 

~is the ratio of mean to maximum velocities, and· 

ern is the same ratio for the temperature differences. 

(1-61) 

(1-62) 

(.k) s· ld. <64- 66) d · 1 h b d pa 1ng starte an ent1re y new approac to oun ary 

layer treatment by formulating a solution which is rnathernatically.exact. 

His method does not require prior integration of the equation of motion 

and therefore, eliminates the need for assumptions concerning the velocity 

profile. Instead, it hinges on solving a partial differential energy equa-

tion formulated for the entire boundary layer using a new function, Sp, 

which depends only on the Pr number and on a dimensionless distance, X+. 

This function is directly related to the St number through: 
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(1-63) 

The difficulty remains in obtaining numerical values for Sp which, of 

course, ·11 d . d . 1· . 1 h. . . . D ( t) /. st1 · epen s 1mp 1c1t y·on t e assumpt1ons concern1ng v 

.·.!:+ 
F(y ). 

(71) . (72) 
Kestin and Persen, Gardner and Kestin · and Smith and 

Shah(73 ) obtained numerical values for Spat different Pr numbers and 

various boundary conditions. 
. (74) 
Donovan et al. extended Spalding's 

method for several heat and mass transport cases, showing that the model 

(t) +3 . . . (t) +4 
D a: y prov1des better agreement than D a: y , between Spalding's 

solution and data available in the literature. 

Several additional analogies are discussed in the comprehensive 

reviews by Sherwood( 23 ) and by Kestin and Richardson. ( 2S) Unfortunately, 

the available experimental data, especially for the region close·to the 

wall, does not permit establishing which of the conflicting models is the 

correct one. The mass transport data and the discussion presented in 

Chapter III of the present investigation is aimed at shedding some addi-

tional light on this important issue. 

1.4. Transport Rate Correlations 

This discussion is restricted to transport rates measured in 

closed conduits. Emphasis is placed on mass transport meas.urements, put 

some related, weli known, heat transport studies are included. Fully 

developed flow profile prior to the beginning of.the mass -transport sec-

tion is assumed. Most of the analogies reported in the previous s.ectiort 

lead to transport rate correlations. These are not repeated here. In-

stead, emphasis is placed on correlation of experimental data. 

... 
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J 9 

Heat transport to the wall of a tube in laminar flow was first 

. (11) 
treated analytically by Graetz, using the method of separation of 

. (12) 
variables. Leveque~ realizing' that because of the thin diffusion 

layer, derivatives with respect to the distance from the wall become 

large, obtained a simpler solution applicable to short transport sec-

tions: 

N~T = 1~615 (Re Sc dh/L)
1

/
3 (1-64) 

Newman( 75) extended this solution by deriving correction terms 

which account for the inaccuracies introduced by Leveque's approximations. 

A more general form of Eq. (1-64) includes an additional factor,. 

F , extending the applicability of this equation to geometries other than 
g 

· circular tubes. 

(F Re Sc d /L)i/ 3 
g h 

Rao;( 76 ) Friend and Metzner(l7) and Newmim(7S) derived F 
g 

(1-64 I) 

as a 

function of the inner and outer radii of an annulus. For the particular 

case of flow between infinite parallel flat plates, F = 1. 5, giving a . g 

form of Eq. (1-64) which is applicable for the present study: 

(1-65) 

Rousar et al. ( 79 ) derived the correction term for short parallel 

plates, presented in tabulated form. They also carried electrochemical-

radioactive measurements verifying their results. 
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Other well known theoretical treatments of laminar flows include 

. , . (80) 
a paplir by Sellars et al. extending the Graetz solution' to arbitrary 

boundary conditions at the wall, and by Hsu( 81 ) considering axial conduc

tion. Churchill and Ozoe(8Z) compare several theoretical correlations 

with exp~rimental data. 

An early experimental verification of Leveque's equation was 

obtained by Sieder and Tate(83 ) who measured heat .transport in tubes. 

L . . " 1 <55 ) f d 1 t h . 1 . J.n et a • per orme e ec roc emJ.ca mass transport measurements J.n 

an annulus, reporting good agreement with Leveque's equation. Friend 

d M ( 84 ) . . . h h f k. . ' h an et.zner · .. ·crJ.tJ.cJ.ze t em owever, or not ta J.ng J.nto account t e 

appropriate geometrical shape factor which would render their results 

20% high, in part probably due to inaccuracies in the determination of 

the physical . (17) propertJ.es. 

Ross and Wragg(85 ) using a similar system, obtained results which 

were about 10% low. Re-correlation of their data,<86 ) using integral 

diffusion coefficient measured on rotating disks by Arvia et al. (8
7) 

yielded good agreement with Leveque's equation. 

A well known heat transport study of the parallel plate geometry 

is by No~ris and Streid(88 ) who found good agreement between their re

sults -and Eq~ (1-65). Tobias and Hickman (89 ) studied electrochemical 

mass transport rates in a similar system to the one used in the present 

investigation obtaining results within 7% of Eq. (1-65) .. Acosta,< 174) 

using the electrochemical limiting current technique for studying mass 

transport ·rates in very narrow channels, obtained also good agreement 

with Eq. (1.;.65). Other experimental electrochemical studies in a rec-

. (90) 1' (91) tangular channel were performed by Matsuda and by Iribarne et a . 

·- .. ~ -... - .:·-: 
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who included the effects of nonconducting sections. Picket et al. (92 , 93 ) 

found that electrochemical transport rates are best correlated by: 

(l-66) 

Wranglen and Nilsson (94) o'btained mass transport· data· in a channel 

which did not have enough entra~ce length to ensure fully developed hydro-

dynamic profile. Consequently, they found that their results are corre-

lated by 

1/2 Scl/3 ,, NuT = 0.677 Re ; (1-67) 

The exponent of 1/2 on the Re number is typical to boundary layer 

flow on a flat plate. (20) Bazan and Arvia~95 • 96 ) performing experiments . ' 

in an annular channel, also lacking sufficient entrance length, obtained 

similar results. 

1.4.2. Turbulent Flow 

Many experimental correlations of heat and mass transport rates 

in turbulent flow have been developed, since in this region no indepen-

dent theoretical solutions exist.-

Most of the data is correlated according to 

(1-68) 

where the coefficient "a" and the exponents "b" and "c" are selected to 

provide the best fit of the data. It was shown in the previous section 

that this form can be obtained analytically as an asymptotic solution 

for high Sc or Pr numbers. 
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Several well known heat transport correlations of this form are 

. (97) (98) 
available, _such ~s by Colburn or Dittus and Boelter. Sieder and 

Tate (B3i .~d.ded a viscosity ·depe,ndent term to correct for the variation in 

the physical properties due to radial temperature gradients in heat trans-

port systems: 

Nu = 0.026 Re0 · 8 sc 1/ 3 ()Jb /)J ) 0 ~ 14 
T , o 

(1-69) 

for Re > 20,000. 

Chilton and Colburn( 1S) proposed in 1934, the j factor correla-

tion, demonstrating that heat and mass transport data are correlated by 

the same equation as .the friction factor, when expressed in terms of the 

j factor. 

jD = jH f/2 (1-70) 

where: 

jD 
Sh 

jH 
Nu 

= 
sc 113 1/3 , 

Re Re Pr 
(1-71) 

The friction factor was taken on the basis of earlier measurements of 

(97)* 
Colburn as: 

* 

i = 0.023 Re-0 •20 
2 

(1-72) 

Today the Blasius' Equation (1-49) is considered as a better·approx-
imation of the friction factor. 

~ . . . 
· ..... '.·. 
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,Accordingly, they obtained: 

-Sh ! Re sc 113 = 0.023 ae0 •8 sc 1/ 3 
2 . 

_/ 

(1-73) 

Chilton and Colburn demonstrated that (1-73) correlates well the 

available heat and mass transport data, near Sc .or . Pr- 1. Linton and 

(99) . . 
Sherwood ·later extended the validity of this equation up to Sc-3,000. 

Hubbard and Lightfoot( 100) studied mass transport rates by the limiting 

current technique in the range 1, 700 < Sc < 30,000; 7, 000 < Re < 60,000; 

concluding that the Chilton-Colburn equation provides better correlation 

of their data than several other analogies. 

Lin et al. <55 ) also employing el~ctrochemical.limiting current 

technique. for turbulent flow through an annulus obtained good agreement 

with Eq •. (1-73). The accuracy with which the physical properties were 

determined in these experiments is however doubtful. (1 7) 

Harriott and Hamilton( 101) measuring dissolution rates of pipes 

in the range: 

10,000 < Re < 100,000 ; 430 < Sc < 100,000 

found that their data was represented with an average scatter of 5.4% 

by the correlation 

S4r= 0.0096 Re0.913 Sc0.346 (1-74) 

This correlation predicts mass transfer coefficients which are 5-10% 

lower than those calculated from Friend and Metzner's(S4) and 20-100% 

higher than obtained from the rate equations proposed by Chilton and 

Colburn, 05) Lin et al. (55 ) and Deissler. (62 ) 
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.•. (93) 
Pickett and Ong performing electrochemical mass transport 

experi~e,rits in the range 58 < Rc < 18,000; 2850 < Sc< 5140; also obtained 
. . 

good agreement with Chilton and Colburn's ~orrelation. 

McAdams~ 102 ) followed by Metzner and Friend,< 24 •841 criticize the 

suitability of an equation of the form (1-68) to correlate data over wide 

ranges of Pr or Sc numbers. Their objection stems from realizing that 

the integrated forms of Eq. (1-50), such as (1-52l reduce to the form bf 

(1-68) only for Sc>>1. Friend and Metzner(84 ) could not obtain good 

correlation between their heat transport data (0.5 < Pr < 600) and equa

tions of the form (1-'68). Instead, they choose Reichardt's (SO) Eq. (1-61), 

for which they obtained the constants by curve fitting their own and 

other's data in the range 0.5 < Sc, Pr < 3000. 

St = f/ 2 (1-61') 
T 1.20+11.8\ff/2(Sc-1)Sc-1/ 2 

(1-61') correlates the data with a standard deviation of 9.4%. For large 

Re and Sc numbers Eq. (1-61') assumes the asymptotic form: 

Sh = 0. 085 -y-;;-:; Re Sc 1 I 3 
T 

(1-61") 

(103) . Dawsori and Trass . also us1ng an electrochemical limiting 

current technique obtained for channel flow in the range 3000<Re<120,000; 

390 < Sc < 4600: 

ShT= 0.0153 Re0 ·~8 Sc0 · 32 . (1-75) 

They estimate that their data is about 32% higher than Lin's;ss) 

21% higher than Hubbard and Lightfoot' s,OOO) and Son and Hanratty' s,< 63 ) 

and 25% lower than Harriot and Hamilton's( 1011 data. 
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(104) Gughman and Kader, on the basis of heat transport exper-

iments covering the wide range: 4, 000 < Re < 350,000; 500 < Sc < 1, 000,000 

...... , 
and following careful statistical analysis of their own as well as other 

data obtained: 

(1-76) 

The standard errors on the coefficients were reported to be 

a = O.OJ88 ± 0.0002, b 0.845 ±0.006; c = 0.341 ± 0.003 

1.4. Hass Transport Entrance Region 

In the previous section, fully developed concentration and t'em-

perature profiles were assumed for the turbulent ~ransport analysis. 

This assumption is valid only for long transport sections, where the 

entrance region can be neglected. Here the analysis is extended to in-

elude the entrance effects. 

As a fully developed flow with a uniform concentration (or tem-

perature) profile enters the section of a channel where transport takes 

place, a concentration gradient near the wall is formed. At the point of 

entry, this gradient is infinite,. however as the fluid proceeds down the 

channel, the concentration in the boundary layer near the wall-decreases, 

and a finite gradient is_established. At ~ufficient downstream distance, 

equilibrium is reached and the concentration profile changes no more. 

This ·corresponds to a fully developed mass transport boundary layer. 

Although the entrance region is short, it's contribution to the 

total mass or heat transport often is not negligible, since transport 

rates in this region are very high. This becomes exceedingly important 
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when the entire transport section is short, such as in heat transfer in 

short pipes pr in electroplating small parts in a,flow system. 
' 1 -· ~·:. r' 

Despif~ ·¢'arly recognition of the importance of entrance section 

transport rates, only relatively fel-l analytical or numerical solutions, 

and even fewer experimental results are available. The reason is, that a 

sophisticated model which might represent a realistic situation is too 

complicated for analytical solution and lends itself only to numerical 

~amputations. In addition, the results obtained are very sensitive to 

a-priori assumptions concerning the ratio of the eddy conductivity to . 

the eddy v~scosity, D(t)/~(t), and i~e decay o£ turbulent edd~es near the 

wall. The uncertainties concerning these have already been discussed. 

Experimental work has been hindered by difficulties arising from the 

narrowness of the entrance region. This has mainly imposed difficulties 

on heat transport studies where short sections (small fraction of the 

hydraulic diameter) must be thermally insulated from one another. In 

addition, heat transport studies are more sensitive to assumptions con-

cerning mechanisms of diffusion in the turbulent core since the heat 

transport b~tirid~ry layer extends further into the bulk of the fluid. 

Because of these reasons, mass transport studies, such as by .electro-

chemical techniques, are more suitable for gaining information on en-

trance region transp•jo~t rates. One must, ho",.,ever, be extremely careful 

to align the.short transport sections and provide smooth surfaces since 

due to the high Sc number and/the proximity to the leading ed~e, the 

mass transport boundary layer is very thin and therefore more sensitive 

to disturbances. 
(99) .. 

Linton and Sherwood were the first to point out 

that.for diffusion in liquids (high Sc number), because of the small 



0 0 ~) 0 "J ~t) 'JJ 7 .r,ll 3 ""• ~ .-: , 

-47.;,_ 

diffusion coefficient, a region exists near the beginning of the mass 

transport section where the diffusing species wouldn't have yet pen

etrated. the viscou~ sublayer and entered inio the turbulent core. In 

this region only,, no fluctuations; exist and therefore the three last 

terms on the right of Eq. (1-26) describing the turbulent eddy diffusi-
\ .. 

vities can be eliminated, resulting in a considerably simpler equation: 

u ac 
dx 

(l-26') 

Here, the variations of concentration and ~elocity in the z direction are 

neglected, assuming also no net flow perpendicular to the wall (V = 0). 

Diffusion in the axial direction is considered a second order effect and , 

omitted too., The appropirate boundary conditions are: 

-
c = cb at X = 0 y > 0 

c 0 at y 0 X > 0 

c = cb at y-+oo X > 0 

Linton and Sherwood solved equation (1-26') assuming the velocity distri-

but ion 

u = fp 2 
2~ ub Y · 

and Colburn's friction factor( 97 ) given by·(1-72), and obtained: 

or 

0.232 Re-0 · 4 (L/d)-1/ 3 

Sh = 0.232 Re0 · 6 Scl/3 (X/d)- 1/ 3 
X 

(1-77) 

(1-78) 

(1-78') 

/ 
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Later, Van Shaw, Reiss, and Hanratty, ( 10S) using the same argu-

ments but assuming the Blasius expression for the friction factor, de-

rived: 
.·.· . 

. ·Sh = 0.276 Re0 · 58 Sc 1/ 3 (X/d)-l/ 3 
X 

(1. 79) 

Further discussion of these two publications is presented in Chapter IV. 

A more complete solution for flux variations along the transport 

section, applicable also to distances further away from the leading edge 

requires solving the equation 

u (1-26") 

This equation is identical to (1-26'),' except that now the effect 

of the eddy diffusivity is included. Solving (1-26") requires again know-_ 

ing a-priori the function D (t) = f (y +), entailing ·all the difficulties dis-

cussed in the previous section, except that now variations of concentra-

tions and fluxes in the x direction are also included. 

Latzko 006) was first to treat this problem by applying Graetz's 

solution for laminar flow to the turbulent region. His analysis is how-. 

ever restricted to Pr = 1 and limited by a simple model for the eddy dif-

fusivity. 

D .. 1 <62 • 107) . h; d 1 f 'dd d.ff . . 1 d e1ss er, · assum1ng 1s mo e· or e y 1 us1v1ty, so ve 

numerically the integral boundary layer equation obtaining flux distribu-

tion curves along the channel for various Sc numpers in the range 1-1000. 

A useful parameter for analyzing entrance effects is the "entrance length", 

defined as the downstream distance from the transport section leading edge, 
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at which the flux exceeds 5% of its asymptotic value. Deissler's re-

sults indicate that for the range of Sc ~ 10, contrary to the analytical 

- (108) 
findings of Berry, the entrance length decreases with increasing Re 

number. At Sc = 1, the asymptotic value is obtained after approximately 

9 equivalent diameters. At Sc = 1000 this value is reduced to 1.4 diam-

eters for Re = 10,000 and to about 0.2 diameters for Re = 100,000. These 

results are applicable to uniform wall temperature· or uniform concentra-

tions. Larger values are obtained for constant flux. 
I 

Sl .. h (36,44) f d .-1. . e1c er per orme a nurner1ca 1ntegrat1on of Eq. (1-26"), 

assuming a different model for the eddy diffusivity. His results cover 

a smaller range of Sc numbers (0 < Sc< 7. 5 ) than Deissler 's but in this 

range qui,te a good agreement is obt,ained ,between the two. Further dis

cussion of Sleicher's results is available in Chapter IV. A solution by 

Beckers(109) is quite similar to that by Sleicher and Tribus except that 

he assumed a different model for the eddy diffusivity. 

(110) . A well known study by Sparrow et.al. obta1ns heat transport 

results by combining separate solutions in the fully developed region and 

near the entrance.. They too, use the Graetz method obtaining numerical 

integration after assuming Deissler's model for the eddy diffusivity. 

Sparrow et.a~. found that the entry length decreases from 10 diameters 

to less than one a~·the Pr increases from 0~7 to 100. Their results are 

higher than Deissler's but show good agreement with Sleicher's analysis. 

. . .(Ill) 
Seigel and Sparrow later extended their analysis to arbitrary heat 

sources and varying wall heat transfer. A subsequent paper by the same 

(112) 
authors · compares results obtained by assuming uniform wall temper-

ature to those with uniform flux concluding that the difference cannot 
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i 
excee~ '4%. This is ~n contradiction with Deissler's results displaying 

signific'ant differences. 

Hatton et. al. (ll3,ll 4 ) extended 'the
1 
solutions discussed so far 

which are· based on the Graetz method, to include annular flow, and flow 

between parall~l plates. Their analysis includes asymmetrical boundary 

conditions where one wall of the channel ls heated 'and the other is 

cooled. Their res~l_ts are expressed in terms of tabulated eigen values 

which are function of Re and Pr. It should be noted that the complica-

tions arising from the temperature distribution which no longer is axi-

symmetrical near the center of the pipe, are not· expected to effect mass 

transport systems with high Sc numbers such as used in the present work 

where the diffusion layer is very thin. 

. (64) -
Spalding on the basis of his new approach in formulating 

transport solutions~ 6S) obtained an asymptotic solution valid for small 

distances from the leading edge. Assuming that Sc = Sc(t) (=D(t)/v(t)): 

..;.2/3 -1/3\ 
St = 0. 325 --Jf/2 Sc (X+) (1-80) 

X 

where 
X 

J (1-81) 

From the definition of the Sp number it follows that: 

(1-81 I) 

Introducing (1-81') into (1-80) and expressing the friction factor by 

the Blasius expression yields: 
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Sh = 0.2226 Re0 · 5833 Sc 113 (X/d )~l/ 3 
X h 

{1-80') 

Larson and Yerazunis( 11
S) obtained experimentai mass transport data at 

Sc = 0. 62 for the entr.ance region in a rectangular duct. This data cor-

relates well with Spalding's asymptotic solution, with Hatton's solution, 

and also with a numerical solution which they have obtained themselves. 

Other recent investigations of the entrance region include an experimen-

1 h d h ' h ' d . . 1 d d' (ll 6) ta eat transport stu y w ere un eate reg1ons are 1nc u e , an-

other experimenta-l study in an annulus where both the thermal and hydro-

d . b d·. 1 d 1 .. h . 117 d . ynam1c oun ary ayers start eve op1ng at t e same t1me, an a 

d 1 f . 1 h . ( 11 S) f '1 . . eve opment o a new numer1ca tee n1que or so v1ng entrance re-

gion heat transport taking into account variation of physical'properties. 

Furt~er discussion of these and .other relevant studies is avail~ 

able in Chapter III. 

1.5. Mass Transport to Rough Surfaces 

Most of the surfaces at which practical transport processes take 

place are not smooth. Their roughness either originates in their man-

ufacturing process or develops during extended operation. Despite this 

practical relevancy, only few studies have been conducted concerning 

(103 119 120) 
mass transport to rough surfaces. ' ' · The enhancement of mass 

transport rates at these surfaces are well recognized. Several inves-

. (99,207) .b d h d. . b d t1gators . attr1 ute t e apparent 1screpanc1es . etween measure 

higher mass-transport rates, and the rates predicted frommomentum or 

heat transfer analogies to the effects of surfac~ irregularities. Heat 

transfer studies to rough surfaces received considerably wider attention 
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. (20 121 and several compreh'ensive studies of this subject are ava1lable. ' ' 

122' 123), 
: ·~ .. , Studies of the relationship between wall roughness and friction 

fact8i~~6r flow in conduits have attracted investigators ever since quan-

titative studies of fluid flow and pressure drop in pipes have begun. In 

h . th. f M d 034 ) N.k d (lZS) and S hl. t• 026 ) t 1s area. e papers o oo y, 1 ura se, c 1c 1ng 
I 

are already in the classic domain. 

Theoretical and experimental studies of rough surfaces are quite 

complfcated since the rates depend not only on the magnitude of the rough:-

ness elements (peak to recess) but also on the shape, density and distri-

bution of these elements. Since it is technically difficult to duplicate 

the geometrical shape and size of various roughness elements, it is com-

mon practice to perform measurements on surfaces with a particular type 

of roughness and then compare the results with the comprehensive data of 

Nikuradse on sand roughness whi,ch are considered a "roughness 'yard-stick." 

By matching the friction factor d~ta for both surfaces one can obtain an 

equivalent sand roughness. This defines the experimental surface as 

giving rise to the same amount of friction as Nikuradse's sand covered 

pipes with a part~cular grain size. In practice this amounts to match-

ing the data .to a correlation, with one adjustable parameter. 

The increase of friction factor due to roughness is generally ex-

pected to be larger than the corresponding increase in heat or mass trans-

port. The reason for this is that rates of heat or mass transport are 

eventually limited by molecular transport, which is the dominating mech-

anism near the wall, no matter how rough the surface is. ·Mometnum trans-

port on the other hand propagates by two parallel mechanisms. One, the 

viscous shear stress is molecular. The second is the form drag, dominating 
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near large protrusions or at high Re numbers. Here T
0

and lip are found to be pro

portional to vb
2 

' indicating that the friction factor is independent of 

theRe number, and is only a function of the;protrusions size. Levich( 2 ) 

presents a more qetailed discussi~.~ of this matter. 

Early heat transport studies report conflicting observations about 

the effect of roughness on heat transport. 
(127) (128) 

Soennecken and Pohl 

reported lower heat transport rates in rough pipes as compared with cor

responding smooth tubes, whereas Stanton °29
) found higher rates in rough 

tubes. (130 131) . -Cope ' stud1ed heat transport,between water to tube walls 

roughened with geometrically similar pyramids. These were fairly large, 

ranging in height from 0.0625 to 0.011 of the pipe diameter (= e/d). He 

found that heat transport rates in the fully developed turbulent region 

were little effected by roughness. In the transition region on the other 

hand, large increases were observed. Cope analyzed the engineering-

economic aspects of introducing rough transpprt s~rfaces by plotting the 

heat transport rates per unit power expended on pumping, and concluded 

that smooth surfaces are economically superior to rough ones. 

N 0 32 ) · · d h . (P 0 72) fl unner 1nvest1gate eat transport to a1r r = . ow-

ing through pipe~ roughened by circumferential ribs of various size and . 

spacings. These were obtairied by placing coiled rings inside tubes. He 

fo.und a three fold maximum increase in heat transport coefficients where-

as the friction factor increased by as much as a .factor of fifteen. Com-

paring his friction factor results with roughness produced by closely 

packed sand roughness indicates that the ribs give rise to larger friction 

factors than sand roughness with elements of the same size. Nunner mea-

sured also the temperature and velocity distributions, finding that the 
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roughness elements change considerably the velocity profile whereas the 

temperature profile remains essentially unchanged. This led Nunner to 

the· conclusion that the roughness elements create wakes which disturb the 

boundary layer b't~;t. do not penetrate the viscous sublayer where most of the 

resistance io ~e~t tr~nsport is concentrated. On the basis of this model, 

and the Prandtl Taylor analogy, Nunner obtained. an expression for the Nu 

number in rough pipes. 

(121) (122) . 
Owen and Thomson and Dipprey and Sabersky publ1shed well 

known studies based on a somewhat similar approach. Both assume 'the exis-

tence of a "roughness boundary layer" extending to the height of the pro-

truding elements, but they visualize different models for the turbulent 

eddies, shed by the protruding elements. Owen and Thomson describe three 

dimensional eddies in the shape of a horse-shoe, whereas Dipprey and 

Sabersky indicate two dimensional rolling eddies. These studies are dis-

cussed in more detail in Chapter IV. 

Kolar (1 33 ) made extensive h~at transport .measurements on air and 

water flowing through threaded pipes. Comparison between statistical cor-

relations of this data and heat transport data from other sources provides 

good agreement w~th the theoretical analysis. An entirely different and 

possibly more promising approach to heat and mass transport analysis at 

rough surfaces is presented by Levich.( 2) His method of ·~rder of mag-

nitude" and dimensional analysis was recently extended by Yaglom and 

Kader (1 23 ) who obtained a transport .rate equation which is similar to an 

equation proposed by the same authors for turbulent transport to smooth 

(124) surfaces. This method of analysis is preferable to those previously 
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described since it does not require information or assumptions concerning 

the flow pattern in .between the roughness elements.· Yaglom's and Kader's 
·' 

' rate equation provides good agreement with experimental results from 

various sources. It also raises 'ihe.possibility that under certain flow 

conditions (high Re and Sc numbers) the rough surfaces will give rise to 

lower heat or mass transport rates than smooth surfaces. 

The exte~sive study of Jayatilleke( 135) as well as the papers con

cerning methods fo~ mass transport augmentation by Thomas(l)6 ) and by 

(137) . ' ' . 
Bergeles should also be ment1oned. 

The few available mass transport studies to rough surfaces are dis-

cussed in Chapter .IV. 

1.6. Electrohrystallization 

In its basi7 principles, electrodeposition is quite similar to 

other crystallization processes such as vapor deposition or crystalliza-

tion from a super-saturated solution. However because of its additional 

d~pendence on the electric potential, ele~trodepositiion offers consider-

ably more flexibility and control. Hence, not only the deposition rates 

can be effected by varying the potential but also the direction of the 

entire process can be reversed (anodic dissolution, electro-stripping, or 

electropolishing). Another application of this property is in periodic 

rever~_e, or pulse, plating. 

Electrodeposition processes, generally described by the overall 

equation 

Mn+ -+ M + n e· (1-82) 
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actually consists of several intermediate steps which are linked to one 

another. Typically one can distinguish qetween the following stages 

which the,plated ion must undergo: 
<)·:. 

(a) ';Transport of the participating ions through the bulk of 

the solution towards the electrode. In the bulk, when 

convection is applied - no concentration differences are 
( 

present and transport is achieved by gr~ss convection and 

by electric migration. The voltage drop associated with 

this stage is governed by the Laplace equation for the paten-

'tial and is usually referred to as the ohmic, or the IR drop. 

(b) Transport by diffusion through the mass transport boundary 

layer to the outer edge of the Helmholz double layer. The 

thickness of the diffusion layer was shown previously to de-

pend on the flow rate (Re number) and on the physical proper-

ties of the solution (Sc number) but typically(is of the order 

of magnitude of several microns. The Helmholz double layer is 

extremely close to the metal surface and generally extendsonly 

to a distance of 10-100 angstroms. The potential drop result-

ing fro~ the concentration di~ference of the ions across the 

diffusion layer is called the concentration (or the polariza-

tionf overpotential, and given by Eq. (1-5). 

(c) The charge transport step and the release of the accompanying 

hydration or complexing ions, is described by Eq. (1-82). 
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(d) Nucleation and adsorption of the new metallic ion. 

'·.r 
M.-+ M(ads) (1-83) 

'·} 

(e) Migration on the surface of the adsorped atom {= adatom) to 
11 

its fixed growth site. 

M(ads) -+ M(crystal) (1-84) 

Very often the boundaries between steps (c) (d) and (e) are diffuse 

and indistinguishable. ~n overall potential drop, called the kinetic-or 

activation overpotential, n , is associated with the overall energy re
a 

quired to overcome the barriers to these processes. 

Several theories suggest different mechanisms for these last three 

stages which.control the incorporation of the adatom into the crystalline 

structure and therefore are detrimental to the morphology and properties 

of the deposit. Hence, if the nucleation rate (d) exceeds the rate of 

the adatoms incorporation into available crystal steps and kinks (e), the 

deposition mechanism proceeds mainly through direct nucleation and growth 

resulting in powder formation. 

Because of the rather complicated mechanism of electrocrystalliza-

tion processes, 'the properties of the deposit are expected to depend not 

only on several process variables such as current density, fluid velocity, 

temperature, concentration, additives, and substrate preparation but also 

on the interaction between these factors. 

A large number of publications dealing with properties of deposits 

as a function of plating conditions are available. The main difficulty 

in reviewing these involves separating effects which are typical only to 

one particular chemical or physical system and describe phenomena in 
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general terms applicable to large number of systems. Another major dif-

ficulty lies in the fact that in several of the studies the conditions 

are no(~r;:i,gorously defined. This typically involves the convective flow 

past the :electrode which usually is described in very subjective terms 

such as"severe," or "moderate" agitation. 

General treatment of crystal growth from solutions is available 

(138) . (139 in monographs such as by Grove et. al. or by Ohara and Re1d. 

The effect of solution agitation on crystallization rates was first stud-

(140) . (141) 
ied quantitatively by Hixon and Knox. Burton, Cabrera and Frank . 

proposed a well-known model~ ·later simplified by Chernov 042 ) for diffu-

sion controiled crystallization. One of the earliest theories of elec

trolytic crystal growth is due to Volmer( 143 ) who assumed the periodic 

formation of new deposited layers on perfect crystalline planes. 

Vermilyea, 044 ) on the basis of thermodynamic and kinetic analysis has 

shown that this mechanism requires overvoltages of the order of 0.1 volts 

and suggests therefore that at low overvoltages the ·preferable growth 

mechanism is through kinks and atomic growth sites. Vermilyea also shows 

that at higher ov~rvoltages or at longer deposition t{mes the surface 

structure on the atomic crystalline scale has no effect on therdeposition 

rates. An extensive treatise of electrocrystallization was written by 

Fischer. (1 45 ) A more recent review by Harrison and Thirsk (1 46 ' 14 7) dis-

cusses several deposition mechanisms. 

Roughness formation qn the macro-scale is clearly related to dif-

fusion and migration limitations in the solution. 
. (148) 

Gardem first at~ 

tributed the leveling mechanism observed in certain nickel plating baths 

to.non-uniform diffusion to different locations on the substrate. 
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W 0 49 ) . f .1 • h . . b . d . f . agner · us1ng con orma mapp1ng tee n1ques o ta1ne express1ons or 

the varying current density along a cathode surface having a triangular 

shaped profile, in terms of the physical parameter~ of the cell. 

Ibl (150. 151) . f . • d h' . f . . f1rst po1nte out t e strong 1n l1Jence of mass transport 

limitations on formation of rough and powdery deposits. In a review 

paper (lSZ) he shows that roughness evolves as a result of preferential 

diffusion towards crests of initial imperfections on the surface. This 

mechanism is competing with the leveling effects of the kinetic over-

potential associated with the charge transfer reaction. The former 

mechanism is dominating when mass transport is controlling and the diffu

sion layer is thin. In another review article on deposition of powders~15] 

Ibl indicates that mass transport limitations are also the cause for pow

der formation. Ibl and Schadegg (1S4) measured surface roughness in 

copper deposition by the impedance technique observing that most of the 

roughness indeed evolves at the limiting current. More recently, Ibl et. 

(155) 
al. · demonstrated that by introducing small amounts of thiourea as 

leveling agent, smooth copper deposits are obtained even at the limiting' 
' 

current. Different leveling agents are discussed in other papers~156 • 157 • 
158) 

Ibl ascribes the leveling mechanism to the adsorption of these 
,• 

agents to growth sites on the surface thereby increasing the activation 

over-potential, towards more uniform current distribution. 

Barton and Bockris (1 59 ) applied these mass transport theories to 

the calculation of diffusion current towards silver dendrites. They have 

coupled mass transport considerations with thermodynamic argument~ ob

taining an optimal dendrite size which is most favored to grow. Their 

experimental measurements were in good agreement with the theory. 
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, Hamilton (1 60) suggested a different method for analyzing the same prob

lem. Diggle et.a1.!161 •
162

) Despi~ and Popov( 164
) published several 

papers in which they extend the concept of diffusion control as source 

for roughne"i·~ ·propagation to several systems. The review articles by 

' .. (165) (166) 
Despi~ and ·Pppov and by Bockris and Despic pra,vide a thorough 

discussion of these models. 

Two important review articles dealing with electrodeposition on 

rough surfaces are by Kardos and F~ulke (l6 7) and by De Levie. (1 6S) 

Copp~r electrodeposition is discussed specifically in several publications 

such as by Lamb et.al., 069) Pick et.al., (1 70) Hofer and Hinterm~mn~ 17 l,17Z) 

and Walker and Benn. (l 7J) 
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II. EXPERIMENTAL PROCEDURE AND APPARATUS 

2.1. General Description 

Copper was electrodeposited from flowing acidified copper sulfate 

solution on a planar electrode embedded_in the wall of a flow channel. 

Figure 2.1 shows a·· schematic diagram of the experimental apparatus. 

Both the cathode and the anode were made of copper. ·The 

electrochemical reaction used as a vehicle to study mass transport 

was the electrodeposition of copper: 

++- -Cu + 2e -+ Cu (2-1) . 

At the counter electrode, the ano<;Ie, copper dissolved according to: 

++- . -
-+ Cu + 2e 

Maintaining a. constant flow, the reaction rate was increased 

until mass transport limiting current was obtained all along the 

(2-2) 

cathode. Segmental currents and local overpotentials at. nine different 

locations along the cathode were monitored by a digital data 

acquisition system and recorded on a magnetic tape. This was later 

processed by computer (see section 2.10). 

2.2~· Design Objectives. 

T)'le present system design was based on experience obtained in 

this laboratory, ' (175) mainly by Hickman, with smaller scale electro-

deposition systems limited to lower flow rates. Most of the present 

(176) 
design, and part of the construction, was completed by J. R. Selman. 
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The system was designed with the following objectives: 

a. To obtain local mass transport rates at different locations along 

a planar plate electrode, while eliminating wall and other 

geometric side effects, a se.gmented electrode should be used. 

b. Well defined limiting current plateaus need to be established 

for each segment. The time lag in the development of the limiting 

current between the leading and the trailing edges(l75)might present 

a problem, unle_ss both currents and overpotentials 'are"'measured 
. \ \ 

locally along the electrode. 

c. The segmental currents and potentials, (in addition to the total 

current, potential, flow rate, temperature and pressure), 24 

variables altogether, should be recorded continuously during an 
. ' 

experimental run in order to ailow·corlstrucdon of local limiting 

current. curves. 

d. Since obtaining mass transport rates in the turbulent regime is 

of major interest, the electrolyte circulation system should 

provide high enough flow rates to reach Reynoids numbers of about 

100,000 in the flow channel. 

e. The flow should be as much as possible vibration free, very stable, 

and easily regulated. The flow rate should be m~asured and 

recorded with high accuracy. 

f. The velocity profile should be fully developed and uniform across 

the channel before it reaches the mass transport section. 
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\ .. · 

g. The system should be versatile. It should include provisions 

for the rotation of the cell on its axis for mi:x:ed. free and forced 

convection studies. In addition, it should pro~ide ·different· 

mod¢si':a_nd ranges of flow .. ·-- from vi!bration-free gravity fld~, 

to high flow-rate forced convection. In· order to accommodate 
' ". ·. 

late.r 'possible related studies employing modified arrangement, 

the. components of the system should be, as much as possible, 

replaceable and interchangeable. 

h. The electrode should be of sufficient length to allow attainment 

of the asymptotic value of the mass transport boundary layer even 

in low Re turbulent flows. It must also be long enough to allow 

free convection effects to appear in mixed convection experiments. 

i. A correspondingly large programable D.C. power source having both 

potentiostatic and galvanostatic modes of operations should be 

.provided. A variable rate ramp generator is required to avoid 

unsteady state effect~ at different flow rates, and to assure 

reproducibility. 

j. Ample cooling should be provided so that the electrolyte tempera-

ture can be maintained constant to within± l°C. 

k. Since the focus is on mass transfer studies, the electrochemical 

reaction should be as simple as possible, providing a wide 

reproducible, plateau, not extremely sensitive to surface prepara-

tion. Since the holdup of the system is large (150 liters minimum), 

the electrolyte should be inexpensive, stable and preferably the 

overall composition should not be modified by the electrochemical 

'·· 
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reaction. To allow the observation of free convection effects 

a metal deposition reaction is preferable to ·a redox reaction. 

1. The control panels should be concentrated in one area so that 

one person can operate the large system. Adequate protection 

should. be provided for the operator and the auxiliary electronic 

equipment in case of a catastrophic leak or other accident 

involving the corrosive electrolyte. 

2.3. The Segmented Cathode 

The cathode is made from OFHC grade (oxygen free high purity -) 

copper. The plate with a total_area of 600 cm2 is machined to a tolerance 

of less.than .001 inch. The 40 em long and 15 em wide electrode 

allows enough length for the establishment of the asymptotic thickness 

of the boundary layer, even at low turbulent flow rates. 

Since the side walls of the channel affect the transverse 1 

velocity profile and thereby also the current, the cathodt; over which 

the current densities are measured does not extend all the way to the 

side walls •. To maintain a reasonably uniform linear electric field 

two "dummy" electrodes each 3.5 em wide serve as side segments, 

running parallel along the main, central, section of the cathode 

(8 em wide) over which the limiting currents are·measured. 

In order to obtain local fluxes, the~ central part of the cathode 

is further sectioned into nine segments electrically insulated from 

each other.. The current to each segment is measured separately, 

yielding the current distribution along the electrode. The lengths 

' 



Fig. 2.2. Isometric view of the segmented cath~de. 

Drawing shows the nine central segments and the t~vG sLde sections. 

(All dimensions are in centimeters). 
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of the segments, starting from the leading edge, are: 0.5, 0 . 5, 1.0, · 

2.0, 4.0, 8.0, 8.0, 8.0, and 8.0 em. Since, as explained in Chapter I, 

the current density is higher and changes rapidly near the leading 

edge, the segments in this region are narrower than those towards the 

trailing edge. This provides better resolution the current distribution 

at the beginning of the mass transport section. Figure 2.2 is an 

isometric drawing of the segments and Figure 2.3 shows them embedded 

in the cathode holder, a wall section of the flow channel which can 

be opened and removed. 

In order that the segmented cathode approximate a continuous 

plate electrode, special attention was paid to the conditions of 

coplanarity and equipotentiality of the segments. 

The first condition necessitated polishing the segments to a 

coplanar surface prior to an experimental run, in a jig where they 

are positioned exactly as they would be in the cell. The segments 

slide into their respective positions along grooves in the channel 

wall (the cathode holder) and are held in place by leaf spring 

assemblies exerting pressure from the back (Figure 2.4). These 

springs were gold plated to avoid corrosion and assure good electrical 

contact [they also supply the electric current to the segments]. An 

insulating coating, clear acrylic plastic, was applied to the segments 

except on those surfaces in contact with the solution or the backside 

springs. To further assure electrical insulation between the segments, 

thin (0.003 inch), mylar strips were inserted between them. 
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Fig. 2.3. The segmented electrode embedded in the wall of the flow channel. One segment if 

removed, showing the electrical contact in the back. 
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The coplanarity of the segments was measured by a dial indicator 

after they were mounted in the cathode holder. The difference in 

elevation between the most extreme points on the surface was as much 

as 300 ~. however the difference between extreme points on any two 

neighboring segments did not exceed 30 ~- The step, between any two 

neighboring segments was measured also by a mechanical surface 

* analyzer, and found not to exceed 25 ~. 

The second condition (i.e. maintaining all segments at the same 

potential), requires the costly, and cumbersome separate potentiostatic 

control of each individual segment. A less precise but more economical 

approach was adopted instead: All segments are electrically connected 

to a common bus-bar through very low resistances: (0.00059-0.0205 ohms). 

The segmental currents were then obtained from measurements of the 

potential drop across these resistors. The potential difference between 

any two segments woujd not exceed two millivolts at the limiting 

currents. This 2 mV limit for potential difference was chosen 

arbitrarily; it is believed to provide a satisfactory approximation 

of a continuous electrode, since the overpotential of the cathode with 

respect to the solution exceeds 500 mV at the limiting current. 

Figure 2.5 presents a diagram of the electrical circuit. The 

resistances were measured after they were set by a Keithley milliohmeter 

model 503 to an accuracy of 1%. 

* C1evite system 150 equipped with 200 mg, 100 microinch probe made by 
Gould Inc. 
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These values were verified by passing constant current (supplied 

by a Magna~Anotrol potentiostat model 4700M, through each individual 

segment in series with a calibrated precision resistor (499.8 ~~ ± 

0.01%), and measuring the corresponding potential drop by a Vidar 

integrating digital voltmeter (model 520). To avoid - contact resistance, 

all tou~hing parts were either silver soldered or silver or gold plated. 

The shunts were placed in a sealed lucite container mounted on top of 

the cathode holder. 

2.4. The Flow Channel 

Both the anode and the cathode are embedded in the facing walls 

of a flow channel with a rectangular cross section. The height of 

the channel is 2.3 em, and its width is 15 em. It is built of 1.5 

to 3 centimeters thick lucite plates reinforced at the edges with 316 

stainless steel rails. The portion of the upper part of the channel, 

the cathode holder, which contains the segmented cathode, the contact 

springs, and the current measuring shunts, can be opened for easy 

inspection and removal of the segments (Figure 2.3). To support the 

heavy weight of the copper segments, the cathode holder is reinforced 

by an 1/8 inch thick, 316 stainless steel plate. The segments fit 

inside special grooves and are pressed into position by the backside 

springs so that their surface is flush with the channel. To avoid 

any sharp edge between the channel and the leading edge of the first 

segment, hot wax was applied at this location, and smoothed with a knife 

edge. The cathode holder is grooved along its circumference and is 
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fitted with very soft, neoprene 0-ring thereby avoiding any contamina-

tion of the electrolyte by sealing grease. 

The local overpotential of each individual segment is measured 

with respect to a reference electrode made from the same metal, 

(OFHC copper), in liquid contact with the bulk solution at the 

specific electi!Tode. These local liq'uid contacts are obtained by 

using backside "Luggin" cappilaries~l79) which offer the advantage of 

minimizing the obscuring effects due to the IR drop, without disturbing 

the flow pattern. The battery of nine reference electrodes mounted 

in speci~l lucite containers is shown together with the flow channel 

in Figure 2.6. Each compartment is connected to the solution via 

nylon tubing ending in capillary openings located in the lucite ridge 

separating the central and side electrodes (see Figure 2.4). The 

nine reference sells are equipped with 3- way stop-cocks for vacuum 

and pressure application. This serves the purpose of fast filling 

and emptying the comp£rtments as well as eliminating any air bubbles 

entrapped in the liquid bridge. 

' The anode, embedded in the opposite wall of the flow channel, was 

made of OFHC copper plate. Triangular grooves provided a large 

surface area to assure that the process would not be limited by 

crystalization of cuso
4 

on the dissolving anode when the bulk 

concentration of Cu++ was high. In very dilute copper solutions 

saturation at the anode will not occur and hence smooth plate can be 

used . 
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Fig. 2.6. Reference electrodes for local overpotential measurements. 

Battery of r ·eference electrodes (OFHC copper rods), each 

connected via liquid bridge to the corresponding Luggin 
/ 

capillary on the back-side of the cathode holder. The 

3-way stop-cocks permit vacuum or pressure application. 
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Fig. 2 . 7. The flow channel--top view. On the far right is the flow-spreading manifold, 

followed by the hydrodynamic entrance section and the mass transport section where 

the electrochemical reaction takes place. Holes on top of the cathode holder 

connect to the back-side Luggin capillaries. Also shown are the pressure taps. 

(Flow direction is from right to lef t, scale is in inches). 
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The flow channel shown in Figure 2.7 consists lengthwise, of 

the following components: An inlet manifold which spreads the flow 

evenly across the rectangular channel; a straight section, 165 em 

long, providing 85 em for an entrance section, 40 em for mass transport 

section and 40 em exit length; and finally an outlet manifold. The 

straight section is divided heightwise into two channels, each 1 em 

high, by a 3 mm lucite plate, except for the mass transport section 

where provisions for inserting a porous diaphragm in mid-channel are 

provided. This permits reducing the channel height from two to one 

centimeters and allows the application of different flow rates in the 

anolyte and catho~ite compartments. The diaphragm (Filtros brand #35) 

is 3.0 mm thick, and made of ceramic material. Its high porosity 

(- 40%) allows free passage of ions but not any appreciable bulk flow 

through it. Measurements indicated that the diaphragm increases the 

total potential drop across the cell by only a few millivolts. 

Figure 2.8 shows the cathode side of the open flow channel with 

the porous diaphragm in place. The electrolyte is introduced into 

the channel through two pipes with circular cross section of 3.75 I.C. 

each. In order to ensure unifofm, even, distribution of flow across 

the rectangular channel at the high flow rates employed, a specially 

designed inlet manifold (Figure 2.9) was attached to the flow cell. 

The inlet manifold is constructed of lucite elements into which 

nozzles and calming sections are built alternately. Each of the two 

circular inlet pipes branch symmetrically into two, then into four, 

eight and finally into sixteen circular nozzles spread evenly across 

.: 



0 

0 

c 
c 

,...,_ 
'"-''~ 

I t .. 
"" -...J 

-...J 
I " v; 

' 
co 

XBB 743-1869 

Fig. 2.8. The open flow channel showing the porous diaphragm. 
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the anolyte and catholyte compartments. Calming sections of proportional 

length are provided in-between the branching nozzle sections. The 

total cross sectmon of the channels is maintained constant throughout. 

Each of the last two (sixteen-fold) stages empties into a short section 

of a rectangular channel, 15 by 1 centimeters, where the fluid is 

allowed slight expansion in the width direction. After passing through 

a removable, 60 mesh, stainless steel screen it enters the straight 

channel. In view of the lack of experience, or theoretical approach, 

* of entrance behavior at high flow rates, it seemed to be advisable 

to provide a large number of flow straightening nozzles, with the 

possibility of later removing some of them if the resulting pressure 

drop would diminish the flow capacity of the cell too much. Therefore, 

the lucite elements in which the 8 and 16 nozzles are drilled, are 

not glued, but held in place and sealed by neoprene 0-rings under 

pressure from the inlet section flanges. These can be removed when 

necessary te reduce the pressuEe drop. The construction details of 

the manifold are shown in Figures 2.9(a) and (b). 

Downstream from the inlet manifold a 90 em long entrance section 

(45 hydraulic diameters for the channel with the diaphragm in place) 

preceded the electrolysis section. 

*The manifold used previously for laminar flow experiments (ll 5 ~roved 
to be unsatisfactory. 

I • 
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Fig. 2.9. Inlet manifold for flow spreading. (a) Dismantled - showing the nozzles, the screen 

and the calming section. (b) Flanged to the flow channel. 
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Pressure tap outlets were drilled in the side walls of the cathode 

and anode channels 7 ern down stream of the inlet section and 5 ern 

upstream of the outlet manifold. These are 1/4 inch diameter through 

the wall, except for the last 1/16 inch, which is of lil6 inch diameter. 

The flow channel is mounted on round hinges (shown in Figure 2.8) 

which rest on roll bearing allowing the cell to be rotated about its 

axis. This way experiments can be performed at any electrode 

orientation with respect to the vertical; a feature important in the 

* study of free and mixed convection. The cell could be easily rotated 

by loosening the inlet and outlet flanges and re-tightening them in 

their new respective positions on the manifold. To avoid "sagging" 

of the cell between the hihges, a 3/4 in. steel pipe with adjustable 

brackets was installed between the hinges, parallel to the channel, 

3 inches below it. It was adjusted to provide enough tension (or 

compression) to counteract the weight of the cell and maintain it 

level. 

An outlet manifold with four flanged exits was designed and 

machined of lucite. Only two of these outlets are used at a time, 

the others are plugged. To rotate cell 180 degrees the flanges are 

loosened and the outlet pipes are exchanged. For experiments 

performed with the cell facing sideways, the two outlets that have 

* The solution at the cathode becomes depleted of copper ions and 
therefore less dense than the solution at the ~node. When the 
cathode faces up, this creates an adverse density gradient leadin& 
to free convection flows superimposed on the main fluid velecity. re9) 
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been plugged so far, are connected. For other, in between, orientations 

of the electrodes with respect to the vertical, flexible belows, or 

interchangeable elements are employed. 

2.5. Electroly-te Circulation System 

2.5.1. General Hescription 

The flow circuit is large and versatile. It can be used, without 

any modifications, over wide range and modes of flow rates: F~om 

vibration free gravity flow to 220 GPM forced convection. (The latter 

corresponds to linear average velocity of 460 em/sec through the 2 by 

15 centimeters channel.) Further, the system can be used for mixed 

free and forced convection studies. 

Figure 2.10 is the piping diagram 'of the flow circuit, a view 

of which is shown in Figures 2.11 and 2.12. The system built in three 

levels, is enclosed inside a Unistrut support structure. This permits 

easy access to the electrochemical cell and the control valves (which 

are at hand level) while protecting the operator and the auxiliary 

electronic equipment from the corrosive, acidic electrolyte in case of 

an accident. The main 220 GPM pump, the throttling valves and the 

cell are also located at hand level. Two other pumps, [10 GPM (p3) 

and 70 GPM (p2)], and the holding tank [R2 (70 Gal.)] are located on 

a lower level. The main researvoir [Rl (90 Gal.)] as well as the 

two magnetic flow transmitters [Fl and F2 (60 GPM and 250 GMP)] are 

located on the uppermost level. 
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Fig. 2.10. Flow circuit diagram. (Numbered circles indicate pipe 

diameter in inches). 

LEGEND 

B - Ball valve 

G - Globe valve 

S - Vent 

P - Pump 

R - Reservoir 

C - Cell 

N - Nozzle 

F - Flow meter 

H - Heat exchanger 

PI - Pressure indicator 

TI - Temperature indicator 

LI - Liquid level indicator 

C: - Flexible joint 
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Fig. 2.10. 
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Fig.2.11. General view of the flow system. 
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CBB 708-3707 

Fig. 2.12. The main pump (220 GPM) and its support. 
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Because of the corrosive properties of the electrolyte (Cuso
4 

+ 

H2so4), the main 90 Gal. reservoir, as well as the gate valves, the 

flowmeters and all other metalic parts in contact with the solution 

such as flanges, pumps and pipe sections, are made of 316 stainless 

steel. (Lower grades of stainless steel would not last extended 

(181) 
service • . ) Most of the pipes are made of "Kimax" tempered glass 

(Owens-Illinois) or "Pyrex Double Tough" (Corning) glass. These 

are available in various pre-fabricated lengths and shapes, and 

are connected by "Corning" type flanges, sealed by teflon 0-rings. 

Connections to metal flanges are sealed by neoprene g~skets. Glass 

pipes offer the advantage of versatility in design and easy 

interchangeability and replacement of elements which might become 

necessary if the flow system is to be modified later for related 

studies. The glass sections used are of various inside diameters, 

up to 4 inches in the 220 GPM pump inlet branch. These are quite 

strong (they are specially hardened), can withssand moderate mechanical 

shocks, and are rated for pressures up to 50 psi. (Actually used 

with pressures up to 65 psi.) The glass pipes eliminate corrosion 

problems and being transparent, allow visual inspection of the flowing 

electrolyte to ensure el~mination of bubb±es due to air entrainment, 

cavitation, or hydrogen evolution on the cathode. Glass pipes also 

eliminate the problem of sagging connections and make continuous 

support of long lines unnecessary. In addition, all the construction 

work could be performed on location, by comparatively non-skilled 

labor (students), with minimal involvement of the machine shop. 
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The gate and globe valves used to regulate the flow by throttling 

are made of 316 stainless steel. The ball valves (non-regulating) 

are made of P.V.C. ; with teflon inserts. 

2.5.2. Support and Protective Structure 

To support firmly the heavy flow circuit element and avoid 

* vibrations, a basic support structure consisting of eight, 3.6 

meters long, Unistrut Double-Reinforced columns (P-1004-64) was 

erected. These are mounted between the floor and the ceiling forming 

a 1 by 4 meters rectangle with equal spacings. This design concept 

permitted construction of the system in three levels , away from the 

walls, combining maximum use of the available space with good 

accessibility to all the components for easy operation and maintenance. 

A separate support was provided for mounting both heavy circulation 

pumps, in such a way that propagation of pump vibrations through the 

frame would be avoided. All heavy parts of the circulation system 

are supported by single (P-1000) or double (P-1001) Unistrut channels 

mounted on this basic structure. 

A 3 inch deep dripping tray, fabricated from 0.052 inch stainless 

steel, was installed. Eight inches above the floor, covering the 

entire area below the flow circuit. It is equipped with a half inch 

diameter drain, through which spilled electrolyte can be disposed. 

* e.g. the cell - 150 lb, the main pump - 250 lbs, the main reservoir 
(full) - 1200 lb. 
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It also allows periodic spraying of the whole system with tap water to 

reduce corrosion. In case electrolyte has to be disposed, the tray 

is used as a mixing bath for diluting it with large excess of water 

prior to draining. 

On the long sides of the structure at w-orking height (40 to 82 

inches from the floor), stainless steel frames are mounted, in each of 

which four suspended plexiglass windows can slide. The windows are 

39 inches high by 30 inches wide and are fabricated from 1/4 inch 

thick Lucite. All the side area below the windows is covered with 

removable rectangular shields of stainless sbeels, each 28 inches 

high and 36 inches wide and 0.03 inches thick. Fixed plexiglass 

windows are mounted in the short sides of the structure and in the 

area above the sliding windows. All the valves can be operated and 

all the components can be seen from outside the windows. This 

enclosure provides protection for the operator, and for the expensive 

auxiliary electronic equipment against catastrophic breakage and 

spillage of acid. 

The enclosure is lit by three sealed industrial lamp fixtures, 

each containing three fluorescent lamps. All electrical contacts 

inside the enclosure, e.g. 220V pUmp power receptacles, are weather 

pro6f to prevent damage from acid spillage. The enclosure is provided 

with water -(tap and distilled), vacuum-and pressurized air lines. 
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2.5.3. Pumps 

Of the three pumps provided in the system two are used for 

circulating the electrolyte during experimental runs. The third 

is a small auxiliary pump for solution preparation, mixing and 

handling (e.g. pumping the electrolyte from the lower to the upper 

tank, or completely out of the system to external storage vessels). 

The use of two pumps for high and low flow rates offers the advantage 

of minimizing both the system mechanical vibrations and the flow rate 

fluctuations. Selection of the pumps was such that they provide 

overlapping flow region. Control of flow rate is achieved by either 

throttling the pump discharge lines or by opening available by-pass 

lines to divert part of the electrolyte from the cell. As explained 

in section 2.3, different flow rates can be applied in the catholyte 

and anolyte sections. 

* a. The 200 GPM centrifugal pump, Pl, (Figure 2.13), is 

directly mounted on the pipe and supported solely by it. This 

offers the advantage of relatively simple installation. In order 

to support the weight of the 250 lb pump, flanged stainless steel 

pipe sections of 4 and 3 inches (inlet and outlet ID, respectively) 

were bracketed to "Double Reinforced" Unistrut beams. These were 

mounted on the floor, separate from the main support structure in 

* Ingersol-Rand Inliner type V 



-90-

•• . 
••• . . ~· 
••• •• 

:•: . ~· 

(a) 

(b) 
XBB 743-1867 

F:i,g. 2.13. The main reservoir. (90 Gal.). (a) Tank lid (before 

installation showing one of the cooling coils, the glass 

windows, and an inlet flange. ' (b) Inside details include 

radial baffles, main baffle (with holes), screened outlet, 

and a wil).dow. 
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order to isolate pump vibrations. For the same reason, the stainless 

steel pipe sections were connected to the flow circuit via flexible 

* reinforced teflon bellows. The impeller was selected to provide 

high flow rates at moderate pressures. (The maximum pressure with 

completely throttled outlet pipe is 65 psi and exceeds somewhat 

the maxi~um operating pressure of 50 psi recommended by the glass 

pipes manufacturer. However, no problem developed even under these 

rather extreme operating conditions.) The pump is driven by a 

** General Electric motor. The motor power line is equipped with 

a double throw tripping switch, mounted in a convenient location 

outside the main structure and serves as an emergency stop wwitch. 

The pump is equipped with a mechanical seal, which effectively 

prevents any leakage at the shaft. 

b. t The smaller, centrifugal pump (p2) has a maximum capacity 

of 70 GPM, and a head of 35ft water(~ 18 psi). It is driven at 

tt 1750 RPM, by a General Electric Motor. The 5-3/4 inch diameter 

impellar was carefully balanced and aligned to minimiae vibrations. 

Here also, the pump is mounted in a similar fashion to the large 

pump with flexible bellows and a separate support isolated from the 

system. 

* Model 2VK, 7-1/2 inches 

** 7-1/2 HP, 3550 RPM rated at 30A, 220V, 3 phase, 60 cycles. It is 
actuated by a 3-pole manual start/stop switch. 

t 
Aurora, manuaactured by Aurora Corp., Ill. 

tt 
Tri-clad Capacitor motor, 1 HP, two phase, 1750 RPM rated at 208 
volts, 6.5 amperes. 
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c. The small auxiliary pump (p3) is a 10 GPM, total submersion 

* pump. 

2.5.4. Flow Measuring Devices 

Flow rates were measured by two Foxboro magnetic flow meters 

with maximum capacity of 250 GPM (Fl) and 60 GPM (F2). Two units 

are required, since different flow rates can be applied in the anolyte 

and catholyte compartments. The operation of these instruments is 

based on Faraday's law of electro-magnetic induction: An alternating 

magnetic field is applied perpendicular to the flowing electrolyte 

and the generated EMF is sensed by two platinum point electrodes, 

mounted flush with the non-magnetic pipe, and conducted to a Foxboro 

Magnetic Flow-to-Current Converter (model 696). The current generated 

passes through a standard, calibrated, resistor (0.201 ~),and the 

corresponding voltage drop, which is linearly proportional to the 

flow rate is displayed on a Keithley model 160 digital voltmeter 

and recorded by the data acquisition system. Magnetic flow meters 

offer the advantage of covering a very wide range of flow rates while 

introducing only negligible pressure drops (since there is no 

restriction in the flow lines) as compared with other conventional, 

flow measuring devices based on variable cross section. In addition, 

the calibration is unaffected by changes in pressure, temperature, 

* Cole-Parmer centrifugal pump, equipped with nylon impeller and body, 
and Cintron seal. 
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temperanure, viscosity or density of the flowing liquid. The 

instruments were calibrated by a Foxboro model 8121 Current 

Calibrator (style B) and a Foxboro model 8120 Calibrator for Magnetic 

Flow Dynalog Instruments (both are required!). The accuracy obtained 

is c: ±l% of full scale, with ±0.25% linearity, and ±0.25% repeatability 

of full scale reading. Thus for the range of 200 GPM, the signal 

obtained is accurate to within ±2 GPM. (The flow oscillations 

introduced by the pump at this maximum flow rate exceeded this value.) 

The calibration was checked against a removeable square edged 

orifice plate (316 stainless steel) with a diameter of 2.3 em, 

mounted in a 7.23 em ID pipe. Radius taps, 7.25 em upstream from 

the orifice and 3.55 em downstream of it, were provided for pressure 

measurements. Pressure drops were measured both by a mercury filled 

* U-Tube manometer and by electronic pressure transducers. 

2.5.5. Reservoirs 

a. The main, 90 Gal. tank (Rl) is made of 316 stainless steel 

and is located on top of the support structure, (just below the 

ceiling)(Figure 2.13). It's bottom is 110 em above the flow channel, 

so that it can supply enough head for gravity flow experiments. It's 

weight (about 1200 lb, full!) is supported by four rubber insulators 

mounted on Unistrut Double Reinforced beams. 

* (Teledyne-Taber; models 254 and 187.) 
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The tank is 24 inches high , 34 inches wide (inner diameter) 

and its side wall one eighth of an inch thick. In order to minimize 

air entrainment, five radial baffles are located on the circumference 

of the side walls. (Shown in Fig. 2.13(b)) Each of these is 5 inches 

wide and 3/32 inches thick. A main baffle, across the whole tank, 

5 inches off eenter, divides the tank into two sections: an input 

calming section, and an output section. This main baffle is shown 

in Figure 2.13(b). 

The fluid passes from one section to the other through 1/4 inch 

gap between the baffle and the tank wall and through twelve 1 inch 

diameter holes drilled in the baffle. These are also shown in 

Figure 2.13(b). In order to avoid evaporation and contamination, 

and to permit pressurization of the flow system (for higher flow 

rates without pumping), it is covered with a 316 stainless steel, 

1/4 inch thick, 37 inch diameter bolted lid. [shown before installation, 

in Figure 2.13(a)] 

The tank is equipped with a McDonnell, 240 series pressure relief 

valve, set to open at 65 psi, installed on the lid. 

The liquid enters the tank through six, 1-1/2 inch ID pipes, 

fitting flanges in the lid. The flow is divided in this manner to 

avoid channeling and to decrease bubble entrainment. A stainless 

steel cooling coil is suspended into the tank through the lid. This 

is shown in Figure 2.12 together with the windows provided for 

watching and lighting the inside bf the ~ank. The bottom of the 

tank is also fitted with two similar flanged windows. Again, to 
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avoid the major problem of bubble entrainment -- the main outlet, in 

the bottom of the tank, shown in Figure 2.14 is divided between two 

branches each 3 inches (lD) wide, which later merge into one 4 inch 

pipe. 
j • 

This keeps the outlet velocity from the tank low, eliminating 

bubble entrainment. In addition, two pipes, 2 inches ID each, enter 

the bottom of the tank. These are by-pass return lines, which allow 

better and smoother flow rate regulation. A side glass tube serves 

as a liquid level indicator and allows visual determination of the 

electrolyte level in the tank at any moment. 

b. A second tank (R2) with 70 Gal capacity, is provided for 

solution preparation, storage, and electrolyte collection when non-

circulating, gravity flow is employed. It is located at a lower 

level than the flow cell, right below the main reservoir (Figure 2.14). 

This tank serves also as an emergency reservoir, into which the 

electrolyte can be du~ped fast in case of an accident. It is connected 

to the flow system via two 2 inch ID pipes and one 1 inch pipe. All 

these lines are equipped with ball valves which aan be quickly opened. 

This tank has a rectangular cross section of 36 by 20 inches and a 

* height of 22 inches, and is made of conventional polyethylene. 

* "Agile", the Nalge Comp. Inc. 
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Fig. 2.14. Flow circuit details: Main tank outlets, 

Valves (ball and gate-) and solution preparation 

tank are shown. 

\.._ _ 
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2.6. Cooling System 

The physical properties of the electrolyte (especially the viscosiey) 

are considerably affected by temperature changes. Temperature increase 

causes a decrease in the kinematic viscosity [v-1 (dv/dT) ""-0.022 c-1], 

an increase in the diffusion coefficient [D-1 (dD/dT) ""0.03 c-1]. 

The corresponding decrease of the density is much s-Iler. This leads 

to a decrease of the Sc number and an increase of the Re number 

(based on maintaining constant volumetric flow), with increasing 

temperature. Therefore it is essential to maintain the electrolyte 

at a constant temperatu~e during an experimental run. To achieve 

this, two cooling coils (316 stainless steel) are suspended in the 

main tank. The cooling liquid is circulated and the heat removed 

* in a refrigerated recirculating heat exchanger with a cooling capacity 

of 9800 BTU/hr. (2900 W) It is equipped with water cooled compressor, 

proportional controller (0.05°C) and built in recirculating pump 

(20 psi). In order to increase the capacity of the unit, another 

** portable cooler with a cooling capacity of 1700 BTU/Hr (500 watts) 

has been added. Also provisions were made for circulating tap water 

through either or both of the cooling coils. (The advantage of using 

tap water is that very large volume and flow rate is available. 

* Neslab Instruments, model HX-100. 

** Neslab Instruments, model PBC-4. 
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During the winter months, this proved to be a major sour'ce of cooling 

capacity, however it was useless in the summer, when cooling was 

needed most!) 

The. resulting cooling capacity is adequate for experiments with 

the smaller, 70 GPM pump. The large, 220 ~BM pump, on the other 

hand, dissipates too much heat in the circulating electrolyte for 

isothermal operation. (A significant portion of its 5.6 k watts 

turns eventually, through friction dissipation, into heat, and only 

part of this is t ,ransferred to the surrounding by convection and 

conduction.) A correspondingly large heat exchanger (cooler) was 

too expensive and also would have required more floor space than 

was available. Fortunately, the experimental runs; especially at the 

high flow rates, are short and the temperature rise during any one 

experiment does not exceed 0,3°C, This problem is further alleviated 

by starting out with the refrigerating bath at lower temperature, 

thus increasing the short term cooling capacity. 

All experiments were performed at 25°C. The temperature deviation 

between runs in the lower flow rate experiments (below Re - 40,000) 

is less than ±0.2°C. The temperature· variation between runs in the 

higher flow rates was larger, usually ±1°0, however the temperature 

change during any one run did not exceed 0.3°C, The temperature was 

recorded and the limiting currents were corrected for deviations 

from 25°C according to: (di/dT)/T = 0.03°C-1 . 
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Since considerable amount of heat is evolved during the electroly t e 

preparation (dilution of concentrated sulfuric acid), an additional 

* cooler was provided and cooling water was cirGulated in coils suspended 

also in the solution preparation ' tank. 

2.7. Programmed Current Source 

The large electrodes and the highly turbulent flow rates lead 

to high mass transport fluxes corresponding to large currents. An 

adequately large programmed D.C. power supply with the required 

regulation was not available commercially, therefore one was designed 

** and built. 

Further description of the programmed power source including 

diagram and operation procedure is available in Appendix A. 

The unit is capable of supplying 100 amperes at 15 volts D.C . 

and can be operated either in a potentiostatic (where the electrode 

overpotential is controlled) or in a galvanostatic mode (where the 

current is being controlled). Both modes are needed, since they 

correspond to different control of the boundary conditions and respond 

differently i n dynamic and unsteady state situations. (Furbher 

discussion of this aspect will be presented later.) Either the 

current of the potential can be increased (or decreased) in linear 

* Forma-Temp. Jr. model 2095, Forma Scientific Inc., Marietta, Ohio, 
with a cooling capacity of 200 watts. 

** Designed by Paul Strom and Donald McLure of the L.B.L. Electronic 
Development Group, and later modified by Philip Eggers of the IMRD 
electronic maintenance group. 
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ramps of varying slopes -- another necessary feature for studying 

unsteady state effects (and for avoiding them). An important 

requirement is that the currents (and potentials) should be very 

stable (0.1%) and the current (and voltage) ramps be very linear (0.1%). 

The programmed current source consists of ~our main components 

shown schematically in Figure 2.5: 

(a) Transistori zed, water cooled, power supply (208 volts, 3-phase, 

30 amp. A.C.), containing 3 transformers and 6 rectifiers. It 

is equipped with a water interlock, which shutts off the power 

automatically in case of cooling water interruption. This unit 

supplies the 100 amp, 15 volt D.C. power to the control modules. 

(b) Gavanodynamic control unit supplying the constant current at any 

pre-set, adjustable value between 0 and 100 amp. This unit 

contains a built-in, current ramp generator, (A Kintel operational 

amplifier connected as an analog ~ntegrator is used to generate 

the ramp function), capable of producing current ramps in 1, 2, 

5, 10 and 20 minutes (=Times to reach the pre-set current). 

These correspond to continuous (since the maximum current can 

be adjusted continuously) ramp slopes between 0 and 1.6 amp/sec. 

The ramp can be interrupted at any moment, providing constant 

current output, or be changed to a different ramp, including 

negative slopes of deereasing current. The current ramp can 

also be reset and started again at any moment. 
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(d) A potentiodynamic control unit maintaining the cathode at a 

preset potential difference with respect to the reference electrodes. 

In this case, one specific reference electrode had to be chosen, 

out of the nine available, as the control electrode. In order 

to assure limiting current all along the cathode, usually the #9 

reference electrode located at the middle of the last segment 

(at the trailing, or downstream edge) was employed for this 

purpose. Another precaution had to be taken: At high currents 

(up to 100 amp.) the voltage drop in the power lines connecting 

the electrodes and the power supply causes the feedback potential 

to the instrument to differ from the actual cathode potential by 

as much as one volt. This necessitated the connection of a 

separate potential sensing cable, which carries no current, 

between the bus-bar and the potentiostatic unit. 

(d) The potential increase, in the potentiodynamic mode, is by means 

* 

of an external precision digital ramp generator, also designed 

* specifically for the present project. It can provide up to 

6.3 volts in 4095 steps (~f binary fraction thereof£), approximating 

very closely a linear ramp. (Linearity error< ±0.1%.) The 

total ramp time can be adjusted between 1/128 seconds and 3 hours. 

Designed by Eugene Binnal and Charles Ogden of the L.B.L. Special 
Projects Group. 
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2.8. Data Acquisition System 

2.8.1. General Description 

The determination of current distribution along the cathode 

requires continuous measurement of nine segmental currents and nine 
I 

local overpotentials in addition to currents in the two side segments, 

the total current and potential across the cell, and the electrolyte 

flow rate and temperature. These 24 signals vary considerably with time 

and relative to each other. In addition, most Of them are in the 

millivolt or microvolt range and should be measured with minimum 

current drainage. The resulting multiplicity of high quality 

instrumentation required for continuous monitoring of all these 

signals is prohibitive both from expenditure standpoint and from 

manpower availability to run the experiment (one graduate stddent). 

This problem is managed by simulating continuous multi-channel 

recordings, with rapid sequential (and repeated) scanning of all 

changels. This is made possible by using a fast digital data 

acquisition system (Figure 2.15) which was at the time (1966) the 

* first unit of its kind. Parts of the system were designed and built 

** specifically for the present project by Vidar Corporation and by the 

L.B.L. Special Projects Group. 

* Specifications were written by Dr. Rolf Muller of IMRD. 
** Mountain View, California. 
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Fig. 2.15. Digital data acquisition system. Modules in rack (from 

. top to bottom): 

a. Main eontrol f!anel 

b. Integrating Digital Voltmeter 

c. Digital Ramp Generator (Part of the power supply system) 

d. Digital Clock 

e. High Speed Printer 

f. Master and Slave Scanners 

g. System Coupler 

h. Analog Input Board 

j. Processing and Control Unit 

j. Core Memory (Ampex RF-1) (Tape drive unit not shown). 
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CBB 742-840 

Fig. 2.15. 

\ 
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The unit consists of a low level scannef capable of monitoring up to 

30 channels of in-put per second, a six digit integrating voltmeter 

with variable range and integrating period; a six digit clock with 

0.01 sec r~solution, 'which indi¢ates the time of channel sampling and 

can be used to initiate the scanning cycle at variable intervals; 

a system coupler; and a high speed printer indicating on a paper tape, 
-, 

the channel being scanned, its voltage and the time of sampling. 

In addition co those components. supplied by Vidar .Corp., a magnetic 

' * tape unit has been added consisting of interface and logic control, 

an Ampex RF-1 core memory and an Ampex magnetic tape drive. The on-

liaa high speed printer is used only to sample and cross-check results. 

The bulk of the measurements are obtained later, when the tape is 

-processed by the computer, yielding tables, plots ~nd cross-plots 

(on microfiche) of the final results. 

The system is capable of scanning up to 30 channels per second 

with 1 llV resolution or 3 channels per second with 0.1 llV resolution. 

The true average reading of a possibly fluctuating voltage often 

encountered in electrochemical and flow systems is assured by the 

integrating featureof the digital voltmeter. Since all integrating 

periods are multip~es of the sixty cycle line frequency, the most 

common kind of noiele is eliminated from the signal. (Nevertheless,· 

all lines and cables leading to the measuring instruments were 

carefully shielded, the shield always grounded only on one side to 

* By Eugene Binnal, Charles Ogden and Ray Kenyon of the L.B.L. Special 
Projects Group. 
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avoid ground loops.) Figure 2.5 is a block diagram of the electrical 
~ 

system including the data acquisition devices, part of this equipment 

is shown in Figure 2.15. 

In addition to the digital data logging system, some more 

conventional devices are used for on-line monitoring of the experiments: 

The limiting current curves (segmental currents v.s. local over-

potentials) of the first and the last segment were pihotted on two 

X-¥ recorders. (X2 and X3 in Figure 2.5.) The total current passed 

and the total voltage drop across the cell are displayed on meters 

mounted on the control panel and recorded by two X-T recorders (X4, X5). 

Also, the magnetic flow output was continuously displayed on a Keithly 

digital voltmeter (M3). 

The following section presents a more detailed description of the 

various components. 

2.8.2. Scanner (Master and Slave Scanners) 

The Vidar 604 low level scanner is the input device for the 

data logging system. It is capable of scanning through up to 30 

analog channels at a rate that varies from one channel per hour up 

to 30 channels per second. The analog signal is sent to the 

integrating digital voltmeter (IDVM) for digitizing, and a channel 

identification number in BCD is sent to the system coupler. The data-

signal switching is done by dry-reed relays surrounded by a switched 

guard shield, to reduce noise. The channels to be scanned .are 

pre-selected by front panel switches, and skipped channels do not 

introduce any delay. Manual, slow scanning is also possible. 
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2.8.3. Integrating Digital Voltmeter 

The "heart" of the data acquisition system is the Vidar model 

520 integrating voltmeter. It accepts the sequential analog inputs 

from the scanner.(voltages ranging from few microvolts to 300 volts) 

converts them by numerical counting over preselected gate period into 

digital form and sends the integrated average signal (BCD) to the 

coupler. In addition the !DVM has a six digit display with a full 

range of 10 mV to 100 V in six decade ranges, with automatic, manual 

or pre-programmed range change.· Polarity change indicator is automatic 

and 30.0% overrange of full scale is perm;ltted witho~t overloading. 

Pr.ogram range selection board allows separate predetermination 

of the .full scale range for' each channel being scanned. This overrides 

the auto-ranging mode and provides faster and uniform printing and 

display of the measurements when the expected range can be predicted. 

As mentioned earlier, integration gate period can be pre-selected 

as 1-2/3, 16-2/3, and 166-2/3 milliseconds (multiples of the 60 Hz 

line frequency) offering a resolution of 0.1 ]lV to 10 ]lV respectively, 

and rejection of the common 60 Hz noise. Another very important 

feature is the extremely high input impedance (1000 megohms per volt) 

which is present at all times and is not dependent upon any condition 

of balance within the !DVM or with the system. An internal calibration 

source is available with negligible drift or temperature coefficient. 

The accuracy with daily calibration against the internal standard 

is better than ±0.01% of full scale. 
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2.8.4. Clock 

The digital clock (Vidar model 625-03), generates the timing signal 

that initiates each scanning cycle. (The scanner can operate fn a 

continuous mode without the clock, loosing however the option of 

pre-seil:ected' time interval between successive scans.) In addition, 

it presents the digital time of each smapled channel, and the timing 

signals to the coupler. The time command pulses to initiate scans 

can be pre-selected at 70 time intervals between 1 sec to 25 hrs·. 

The time, with a resolution of 1/100 of a second can be measured either 

continuously, or, as. the case is here, from the beginning of current 

application:· The clock can be started remotely, thus activating 

the whole data acquisition system, simultoneousely with the current 

. ramp. In case of potentiostatic run, the digital ramp generator, 

automatically activates the clock. "Stop" and "reset" options are 

also provided locally or remotely. 

2.8.5. System Coupler 

The coupler (Vidar model .520-8) interfaces the scanner and !DVM 

outputs with the readout devices: It assembles the various digital 

inputs and formats them so th~t a full line (22 BCD characters 

-
including blanks) is presented in parallel to the Franklin high 

speed printer, for each channel of the scanner. In addition, it 

interlocks the component's modes of operation to ensure correct 

sequence and prevent garbling. 
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2.8.6. High Speed Printer 

The high speed printer (Franklin model 1030 D high speed digital 

printer) provide~· on-line co~tinuous decimal (numerical) output. It 

operates in parallel with the m_~gnetic tape unit and can be inhibited 

without stopping the data scanning process. The information printed 

on paper tape contains the.channel I.D., time, and corresponding voltage 

(polarity, six digits and exponent). 

2. 8. 7.: · Processing and Contrel Unit 

This unit was custom designed and built of DEC (Digital Equipment 

Corporation) logic boards, by the La~rence Berll:eley Laboratory Special 

Projects Group,. It consists of two major subunits: 

(a) Parallel to series converter. Its function is to accept 

from the Vidar coupler the 22 parallel BCD characters that 

comprise a "Line" (each of these characters is called a 

"Word," 22 words, or one line, correspond to one data point) 

and arrange them in a series form. It then outputs them 

sequentially, a character at a time, starting with character 

number one and erlding with character number 24, to-the buffer 

core memory. Characters 23 and 24 are special "end of line" 

characters that must be generated internally in the parallel-

to-series converter. 

(b) Control circuits. These provide the electronics to cause 

the proper sequencing of data chat'acters; the generation of 

·special characters (e.g. blanks, end of line, end of record; 

interlacing of memory "read" and ''write" cycles; and remote 

cont,rol of the tape handler. 
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2.8.8. Memory· 

The buffer core memory (Ampex RF-1) stores a tape record of 1008 
I 

characters (or words) corresponding to 42 Franklin printer lines. It 

is capable of sequentially addressed interlacing for reading and 

writing so that while a record is being transferred mnto the tape, 

new data may be written into the memory. The data is read on a, 

first in, first out basis. Its capacity is 1024x6 bits. (1 character 

6 bits.) 

2.8.9. Magnetic Tape Handler 

. ' 
The unit used is Ampex TM 7211 with tape density of 200/556 bH:s 

per inch. It is used in the higher density of 556 ppi. 

After each run an end of record signal is m~nually put on the 

tape. The tape is submitted, after a series of runs to the computer 

(CDC 6600) for processing .. 

. 2.8.10. Additional Display Devices . 

The digi~al data acquisition sy~tem provides the·capability of 

easy handling of large amounts of data. It has the disadvantage of 

long time lag between the actual experiment and the.availability of 

the plotted results. Since in the course of experimentation often 

some immediate information is needed, the following auxiliary display 

devices are used. 
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* An X-Y recorder is used to plot the segmental current 

(usually segment #9) v.s. the local overpotential. The 

recorder" pen is activated remotely 'together with the data 

acquisition system at the start of a run. 

' ** Another X-Y recorder, plots the limiting current curve 

of·segment Ill. This information is required for determining 

the end of the ~xperiment. (The run is ended when the 

limiting current is reached on the first segment.) 
' t ' 

(c) .A T-Y recorder plots the (total) current passing through 

the cell as a funGtion of time. 

(d) Anoth~r T-Y recordertt plot the total volta~e drop across 

the cell. This recorder too is activated remotely. 

(e) ttt " A digital voltmeter continuously displays the output 
/ 

signal from the magnetic flowmeter and allows adjusting the 

:l;low rate to the desired value. 

2.8.11. Auxiliary Equipment 

(a) Recorder switching board is provided for easy connection and 

switching of the X-Y recorders to the segmental currents and 

overpotentials. Four. recorder outputs are available, each 

can be switched to any of the nine segments. 

* Varian Associates, model F-80 

** Moseley Autograph, Moseley Corp. 
t ' 
Brown-Honeywell Electronic 19. 

tt '' 
Sargent, model MR. 

tttKeithley model 160. 
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(b) Scanner connection board. This board provides the interface 

between the current and potential measuring cables and the 

scanner. On it, each one of the lines carrying the shunt 

potentials is compared to, the common busbar potential yielding 

a voltage proportional to the current, which is fed t'o the 

Vidar scanner. Also here the reference electrode potentials 

which were floating so .fiar, are compare'd to the cathode 

potential (the bus bar) to produce the· local overpotentials. 

(c) A millivolt potential source (Honeywell potentiometer moqel 
/ 

2705) is used to feed a known pre-set voltage into one of the 

scanned channels (#24) as an experiment identifier. 

2. 9. The Electrolyte Composition and Its Properties 

2 • 9 .1. Compos! tion 

The electrochemical reaction is used mainly as a vehi'cle to study 
' ' . 

mass transport limitations, hence it should be relatively free of 

· kinetic complicatmons and should display a long limiting current 

plateau. The chemical systems most suited for these type of studies, 

(and most often used), are copper deposition from acidified ·copper 

sulfate solution of ferricyanide reduction at a nickel or platinum 

surface. Most of the other available-systems are e~~her very sensitive-

to impurities, the bulk concentration 'of the reactant is hard to 

determine and maintain, or produce rough., dendritic deposit. More 

extensive discussion of bhese aspects is presented by Selman. <17 ) 

'•'• 
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Since one of the goals of the present research was to study the effects 
. .- ,..; t .... . • 

of flow·on the morphology of the deposit, it was decided to employ 
,. 

the copper electrodeposition system rather than the ferricyanide redox ... I "J.,4 

reaction where no deposit is obtained. The copper system has also the 

advantageof offering higher densification (relative density decrease 

at the electrode due to depletion of reactant consumed by the cathodic 

reaction) than the ferricyanide reaction; a property needed for free 

and mixed convection studies. In view of the large liquid holdup 

volume of the system (150 lite~s are miniin\nn requirement for elimination 

of air entrainment), it was desirable to operate with a relatively 

inexpensive electrolyte which would hot be consumed or altered by the 

process. This is achieved by using an OFHC copper anode which undergoes 

the reverse process of the cathode (Equations 2...:1 and 2-2) and dissolves 

copper ions into the electrolyte by anodic dissolution at the same 

rate as copper ions are removed by deposition on the cathode. (This 
' 

is not tnue.at the limiting current, where hydrogen evolution causes 

the reaction to proceed with less than 100% Faradaic efficiency, 

resulting in an increase of bulk copper concentration. Nevertheless, 

this effect is rather small, and the copper concentration remains 

essentially the same over long periods.) The ferrycyanide on the 

other hand, is considerably more expensive chemical and undergoes 

constant oxidation. It is sensitive to light and a corresponding 

experimental systems have to be completely, and continually, sealed 

to visible light. Another advantage of employing copper electro-

deposition is the practical importance of the process. [i.e. electrowin-

ning and refining]. 
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rinsed with distilled water, acetone, and left again for 

10 min in the oven to dry. After cooling to room temperature 

it was weighed again. The copper concentration (Molarity) was 

determined from the w~ight difference according to: 

C = (We X 1000)/63.54 X V (2-3) 

Where We is the weight (in grams) of .the copper deposited 

on the electrode, V is the volume of the sample in ml. 

The accuracy of the method is ±0.0001 M. 

(b) The sulfuric acid (H
2
so

4
) concentration was determined by 

titration with 0.1 M, standard, sodium hydroxide solution. 

The end point was determined either by potentiometric 

monitoring of the pH change, or in solution dilute with 

copper, by Methyl Red indicator. 

The acid concentration was calculated with an accuracy 

of ± O.OlM. 

(c) Glycerol concentration was dete~ined when applicable by 

periodic acid (HI04) oxidation. The method is described in 

reference ~180 ) 

2.9.3. Physical Properties 

·.The physical properties of the electrolyte (JJ, p, D) affect the 

transport rates and it is therefore the accuracy with which these 

are known, which eventually determines the 'accuracy of the final 

mass transport correlation. 

) 

) 

) 
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The scatter of data and the variability of the correlations for 

. (17 177) 
physi~al properd.es, many of which are compiled in references, ' 

is especially noticeable for the diffusivities, where the available 

data varies by 'more than ± 20%. 

Since an attempt is made in the present research tio obtain higher 

accuracy, accurate experimental determination of the physical·properties 

of the solutions employed was required. In addition, many experiments 

were conducted with very dilute;solutions (to minimize roughening 

of the surface by excess deposition) or. with glycerol, cases. where 

the available data is meager or non-existent. 

The phys.ical properties of . the eXperimental solutions were 

determined.by the following methods: 

* 

(a) Kinematic viscosity. The kinematic viscosity was measured 

using Ubbelohde type viscometer suspended in a constant 

temperature (25°C ± 0.05°C) bath. Further experimental 

details are given ·elsewhere. (ll7) The accuracy was within 

± 0 .'002 centistokes (est). 

(b) Density. n·ensity measurements were done by the standard 

method of weighing bulb pyenometers, filled with the solution. 

Again, details are presented in Reference (177). The accuracy 

is estimated to be ± 0.0002 gr/ml. 

(c) Refractive Index. Refractive index of the electrolyte for 

d-wavelength of sodium light (5893 A) was determined by an 

* Abbe refractometer, with an accuracy of± 0.0001 units. 

"Abbe-3L" refractometer model 33-45-58,Bausch and Lomb.Inc., ·Rochester, 
New York. 
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(d) Diffusivities. Integral diffusion coefficients were measureq 

by the rotating disk electrode. method. (lJ) Since the equations 

describing mass transport (convective diffusipn equations) 

in laminar flow are similar for the geometries of rotating 
I 

disk and a ·flow channel, integral diffusion coefficients . . , ~ 

derived from rotating disk experiments may be used to 

interpret mass transport to the wall bf a channel. Bulk 

properties are used in both cases. (Care should be taken 

when applying diffusivities obtained by other methods, such. 

as in a stagnant ~iffusion cell, "where t;he governing 

equations are different.) The accuracy (or scatter) of the 

·experimentally obtained diffusivitiesdepend largely on the 

mechanical performance (vibrations, eccentricity) of the 

rotating disk s~stem. To improve these, a rotating disk 

{ring-disk) system was designed and built paying special 

attention to eliminate vibrations, and ensure constant 

angular velocity with as little e,ccentricity as possible. 

More detailed information about this system, including the 

experimental procedure is available in Appendix D. 

The measured diffusivities were obtained with an 

estimated accuracy of ± 5%. 
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2.10. Experimental Procedure 

2 .10·.1. Electrode,; Preparation 

Cathodes ~ere polished prior to each run (or series of runs) in 
J ~ . 1 

a polishing jig, i,n which the copper segments were fastened by bolts 

from the back. Previous copper deposits were removed by first polishing 

the surface with rough emery paper (#180), gradually changing to a 

finer grade and finishing with #004 paper. This procedure yielded 

a shiny surface with roughness. (peak to recess) of less than 0.5 microns. 

(For experiments where the quality ·of the deposit was studies, finer 

polishing of the segments was obtained using 1 micron diamond paste 

or 0.3 micron 
1
lens polishing co~pound (A12o

3
). These yielded a 

' - '~ . 
surface·roughness of less than 0.2 micron. 

The polished segments were mounted in the cathod holder and the 

mylar insulating strips placed in between them •.. All handling of the 
. .) 

segments was dol!e with cotton gloves to avoid finger print marks. 

Air was blown through the reference electrode capillaries to make 

sure that these were not plugged by copper sulfate crystals, dust, 

or dirt. The electrical connection to each segment was checked by a 

milliohmeter. In order to avoid any possible step between the lucite 

channel and the leading segment, wax was applied at this location and 

smoothed with a knife's edge. 

The surface was then rinsed with distilled water followed by 

acetone (A.R.), and subsequently by ethyl alcohol (200 pr~of) to 

assure removal of organic traces and oils. Chemical polishing of the 

electrode was tried by dipping it in phosphoric acid, or in a 
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commercial, copper-etching solution. These seemed only to dull the 

shiny appearance of the surface and did not effect the experimental 

results in any way. Therefore, this pre-treatment was discontinued. 
I 

Instead, br~ef anodic dissolution, followed by short cathodic deposition 

(at very low current densities) were applied after the cathode holder 

was tightened to the flow channel. This procedure ensured a homogeneous 

surface and eliminated any possible surface oxidation. 

It should be stated here that the experimentally obtained mass 

transport rates (unlike morphology and deposition studies) were not 

effected in any noticeable way, by the final surface treatment, 

provided, of course, that the surface was reasonably smooth (roughness 

< 20].1). This offered an important advantage over the ferricyanide 

reduction system in which the final surface preparation effect the 

shape of the plateau as noted first by Eisenberg, Tobias and Wilke. (178
) 

The nine reference electrodes were connected by nylon tubes 

(no metal parts!) to the corresponding backside capillaries, .and the 

power and signal sensing cables ("Canon" type plugs) were connected 

to the bus-bar. 

2.10.2. The Flow Circuit 

The electrolyte was first raised from the lower holding tank 

to the main tank by means of pump P2 or P3. (Figure 2.10) All valves 

(except the. return valves Bl5, B3, B8, G6 and, of course, G8 and G10) 

were then opened to fill the system by the electrolyte and get the 

trapped air out. 
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The solution .temperature was checked and the main and auxiliary 

heat exchanger, turned on. For raising the temperature, the large 

pump (Pl) served as an efficient heat sour~e. 

After the,;expected_ temperat~re was reached (25°C ± 0.1), the 

valves were set fQr the de-sired mode of operation and the respective 

pump started. (The pumps are positioned below the tanks and priming 

is not nec~ssary.) The power to the flow meters was turned on, and 
', 

the flow rate set to the pre-determined value by throttling, or opening 

a .by-pass, (or bo-th). The reference _elect'rode_ cells were then filled 
I , 

with elect~olyte by opening the corresponding 3~way stop-cocks. 

Vacuum'and pressure were applied, as needed, to enhance the filling 

rate and eliminate air bubbles trapped in the lines. This was checked 

visually and verified by operating the digital data acquisition system 

and scanning once through the reference electrrddes output (immediate 

numerical printout is available· from the Franklin printer): The "rest" 

potential difi'erence between the cathode and any reference electrode 

should not exceed 2 mV. (A small-potential difference,< 2 mV, is 

permissable'and accounted to surface and crystallographic differences 

between the cathode and the reference elect~odes.) 

Nitrogen ~as bubbled through the electrolyte in the early 

experiments in order to purge the Hissolved oxygen: It was thought 

that the dissolved oxygen might be reduced at the cathode, thus 

obscuring the copper limiting current curves, especially at low 

electrolyte concentrations. However, no noticeable effect o~ the 

limiting current curves was observed, and therefore this unnecessary 

procedure was discontinued. 
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2.10.3. Electric Circuit and Data Acquisition. 

The power supply was set according to the desired mode of 

operation. ·In galvanodynamic runs, where the current was. increased 

_linearly with time, the current range switch and the current multiplier . 

pot were set for the maximum current. The time to reach the current 

was selected so that the current/time ramp would not exceed the maximum 

permissible rate (for that particular flow rate), as dicated by the 

unsteady state effects. These maximum rates were determined experi
( 

mentally, by _applying different current increase rates and finding 

the ramp at which no further dhanges in mass transpo_rt rates were 

observed, for one particular flow rate. 

In case of potentiodynamic experiments, the maximum voltage and 

_ the time required to reach it were similarly set. 

The X-Y and X-T recorders were switched to the monitored channels 

and the range switches adjusted for the expected outputs. 

The data acquisition system was turned_on, an empty'magnetic 

tape (with a writing-ring) was loaded in the tape drive unit, advanced 

to the starting point (an aluminum foil, sensed by photoelectric eye) 

and set to be recorded remotely, at the higher _density of 560 bpi. 

The channels to be scanned were activated and the scanning rate 

selector set on the desired frequency, (u~ually so that about 80 data 

points were available for any particular run, unless higher resolution 

with time was needed). The integrating period of the !DVM was selected 

and the range mode was set to "program". The pegs on the program 

range selection board were set according to the expected range of the 



0 0 q .0 ·"- ., .... '.) 
4 

:...123.-

I 

results. (This did not require frequent·changes.) The Honeywell 

potentiometer was set to feed a constant voltage (corresponding, in 
' 

mV, to the run number) as a run identification to one of the channels 

{t/24). The clock was then set on "remote", and·. the master switch on 
I 

"record". Then, the current ramp, the data acquisition system and 

the recorders 'were all started simultaneously by a remote switch. 

When the current in the X-Y recorder, monitoring the first 

segment?. leveled-off (= reached the limiting current plateau) and 

it was decided to conclude the experiment, the current, the data 

logging sy~tem, and the recorders were switched off -- again, remotely 

and simultaneously. The "end of file'' signal was activated to mark the 

end of the experiment on the magnetic tape, and the master switch was 

set to inhibit further.recordings. 

~e completion of a set of runs was indicated on the tape by .a 

sequence of "end-of-file" marks. The tape was then rewound and taken 

to the computer center. The magnetic tape unit employed for the 

* recording, is not as precise in its recording devices as the CDC-6600 

computer sys tern requirements. Therefore, prior "cleanirlg" of the tape is -

required·. This is done by copying the data tape on a small IBM:-1401 computer, 

using a tape-copying program which forces the marginal records into 

recognizable and definite binary records (mostly by spacing them 

accurately), or discards them. · It should be noted that the major 

computer program which processes the data on the CDC-6600 has provisions 

for handling parity errors encountered in the data recordings, however 

* Ampex TM 7211 

/ 
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the inaccuracies in the data tape are too crude for the. sophisticated 

** 6600 system, and if the data tape is not copied, default errors are 

encountered. 

The copied tape is'finally submitted for processing to the 

CDC-6600. The data is read, processed (voltages measured across the 

shunts are converted to current densities) and the data is tabulated, 

plotted and cross-plotted on microfiche. (Option for Calcomp plotting 

is available.) The listing, in addition to the data, provides also 

averaging of every 10 points (so that it would be easier to id~ntify 

the limiting current plateau or other treads), and an index-summary 

of the runs·. 

Samples of the ·Franklin high-speed-:-printer output and the computer-

generated listings and plots is shown in Figures 2.16, 2.17, and 2.18, 

respectively. 

' 

* a prior version, the 5400, worked fine. 

.. 
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CHANNEL 
NUMBER 

TIME 1· POTENTIAL 
MIN. ·'SEC. PQ.ARITY . 
-~ ,_J__ I SIX DIGil'' 

,--A--, XPONENT 
25 t 1 ~ 1. 2 1 '25 +0080~6 ~ . ' 

l I Ll7•16 2tj +"(1065~FJ 41 
I 1 47• 1 I 23 +00ti.J~1 41 
1 1 IJ7•06 22 +006lti6 41 
I 1 ti7•01 21 +0066!9 u 

2 I 1 416•96 20 +006?~" l.l EXAMPLE 
1 I i.J6•91 I 9 +0066.;;8 ij 

1.1 Li£,•86 1 A +(1058l'9 u .--.. TIME: II MIN., 46.86 SEC. 

I 1 46•81 1 7 +0050~7 ij CHANNEL NUMBER 18 
1. 1 4'6 •16 1 6 +0005 .. 5 .:3 POrENTIAL: +580.9 mv 

15 l l 46•71 1 5 +0001UU ij 

1 ., 46•66 1 ij +oooouo , 
w 1 1 46•60 1 3 +00~0~7 6 
z 1) 41,•55 1 2 •OOICJ~4 6 
...J (1 Ll6•50 1 I +0000~2 t; 

10 :: I 1 Li6•45 1 0 +0000~4 5 

I 1 46•40 09 +0002~1 5 
1 1 46•35 OR +0001~2 5 
t 1 1.!6•30 07 +0001!0 t; 

1 1 416•25 06 +QOO!U3 5 
5 1 1 iJ.6•20 05 +OOO.O'~i 5 

I 1 ~ 6. l 5 0~ +OOOJl3 5 
1 1 4 6 • 1 0 03 +OOOO~tf 5 
1 1 46•05· 02 +oOOO~A 5 
I 1 46•00 0 I +0001~3 5 

XBL 744-6003 

Fig. 2.16. ·Sample of data output from the high speed printer. 
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Fig. 2.18. Typical limiting current curve, plotted by .the 

computer from experimental data stored digitally 
2 

on a magnetic tape. [Current-density (mA/cm) 

.• 
vs. overpotential (mV)]. Run II 0-30; Re = 24,630; 

~ 2 
Sc = 1319 ; iL = 5 • 3 mA/ em . 

J 



. < 

-128-

III. MASS TRANSPORT TO SMOOTH SURFACES 

3.1. Data Reduction and Statistical Procedure 

The local limiting current densities are determined from the 

~icrofiche plots of local currents versus voltages with an estimated 

accuracy of ±3-15%. The error is not due to the resolution of the 

graph, which can be increased by using the detailed numerical output, 

but rather· results from the nature of the limiting current plateau it

self: The downstr~am ~egments provide extremely smooth and level pla

teaus permitting accurate determination of the limiting current (±3%). 

On the other hand the current vs. potential curves typical to ·the up

stt;eam segments near the leading edge ar.e less defined and sometimes 

show an inflection rather than a clear plateau.. This is demonstrated 

in Figure·3.1 showing computer-plotted experimental limiting current 

curves at three locations along the plate [Run= X-2; Re = 45,400; 

Sc = 1900]: Figure 3.1(a) corresponds-to the first segment at the 

leadi~g edge and reveals an inflection point. The curve in Figure 

3.1(b) was ~btained on the seventh segment, at mid-channel, and shows 

considerable improvement in th~ definition of the plateau. Figure 3.1 

(c), the limiting current curve on segment #9 located at the downstream 

edge of the mass transport section, reveals a well-defined, level lim

iting current plateau. 
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Fig. 3.1. Segmental limiting current curves at different 

locations along the electrode [current density 

(rnA/ cm2
x .1 ) vs. overpotential (mV) 1 • Run IIX-2; 

Re = 45, 400; Sc "" 1.905. 

(a) First segment located at the leading edge 

(i
1 

- 21 mA/cm
2

) 

(b) Seventh segment located at mid-channel, 

20 em downstream from the leading edge 
• . 2 . 

(~L = 8.7 rnA/em): 

(c) Ninth segment at the downstream end of the 

electrode (i
1 

= 8.0). 
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This phenomena is probably due to a combination of the follow-

.. 
a. The limiting current density changes along the electrode • 

. The.c~rrent variations are large near the leading edge and 

taper off towards the trailing end of the electrode where 

.the current reaches an asymptotic· value.. Since the limit-

ing current density is measured over a segment with a finite 

'· 
· len.gth, these variations tend to 9bscure the observed pla-

teau. 

b. The current density near the leading edge of the, electrode 

~s high,'therefore t~e kinetic limitation (kinetic over-

potential) constitutes at this location a larger portion 

of the. overall resistance to the transport process than at 

.other positi'ons along the electrode, where the current 

densi~y is lower. When the k~netic overpotential contrib

utes significantly to the overall transport ·resistance, the 

plateau becomes shorter and l9ses its flatness. 

:Fig. 2. 4). 

(1 7) 
(Selman~ 

c. ·The mass transport. boundary layer is cc;msiderably thinner 

riear the leading edge than at the· trailing ~nd of the elec-

trade. Minute surface protrusion or small steps between 

segments can cause local shedding of turbulent eddies which 

may penetrate and. disturb the thin boundary layer.near the 

leading edge • 
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The reprbducibility of the results also shows a similar differ-

ence between the leading and the trailing edges of the mass transport 

section: On repeating an ~xperirnen,t, the limiting curren~s near the 

downstream end of the electrode and at its center are reproduced within 

· ±3%<. :The .• reproducibility deteriorates as· the leading .edge is app.roached. 

This difference becomes more pronounced as the segments are polished'and 

repositioned ip.side the cathode holder between .consecutive runs: While 

the currents on the dowristre·arn sections are still reproduced within 

±3%., the disc~epancy between the limiting currents at the leading edge· 

can be a$ high as ±15%. This can be explained by minute differences in 

the co-planarity of the leading. segment$', where the boundary layer is 

thin. 

" The flow rate also ~ffects the accuracy and reproducibility 

with which the results can be determined. At higher flow rates the 

L ' .. 

hydrodynamic and rn?ss transport boundary layers are. thinner and conse-

quently more sensitive. to surface irregularities--however, this effect 

is secondary and becomes significant only at the extremely high flow 

rates (Re > 70,000). 

Inconclusion, the experimental error in determining the limit-

. . 
ing currents can be .estimated to be less than ±3% in .the last four 

. a 
segments, up to ±15% in the near the leading edge , and about 5-10% in 

b the int~rrnediate segments 

8Each of these is only 1/2 ern, or 1/8 hydraulic diameter long. 
b . 

A step between the last segment and the downstream section of the chan7 
.nel, resulting from. non-careful posi.tioning, introduced in few exper
iments 5-10% higher cur~ent densities on the last segment. 
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It should be emphasized that these are the maximum possible un-

certainties in the data~ and the actual expected errors are in most 

cases, smaller. 

The average current density for the whole plate was determined 

from the total current passed through the electrode. This current was 

plotted both versus the total potenti~i drop across the cell (between 

the cathode and the anode) and versus the local overpotential in the 

middle of the electrode as detected by the backside luggin capillary 

located at the seventh segment. It proved to be easier and more accurate 

. to determine the average limiting current from the latter, because espe·-

cially at higher currents, better defined plateaus, were obtained. (The 

IR drop which has an obscuring effect on the plateau is excluded in this 

case.) However the total current obtained in this way· still revealed in 

many experiments an inflection rather than a clear plateau·. This effect 

which is more pronounced at lower flow rates probably results from the 

non-simultaneous attainment of the limiting currents along the electrode: 

The lower limiting current densities on the segments near the downstream 

edge of the·electrode is obtained and exceeded before the segments near 

h 1 d . d h h d h . h' h 1' . . . (llS) t e ea 1ng e ge ave reac e t e1r 1g er 1m1t1ng currents. The 

total, or the average limiting current for the entire plate is therefore 

reached gradually, and the total current plateau is obtained only after 

the doY?Jlstream segments are already evolving hydrogen thereby blurring 

the flatness of the curve. In these cases, in the absence of any more 

definite indication, the average ~imiting current was determined at the 

inflectiqn point of the total current vs. the local overpotential curve. 
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The limiting current densities were converted into the dimen-

sionless Sherwood (Sh) or Stanton (St) numbers, or jD factors, given 

respectively by Eqs. (1-11), (1-12), and (1-71). 

The introducti-on of the bulk co11centration and the diffusion 

coefficient increasesthe estirilated compounded etror in the sh number to 
. . 

about ±7% for the"dowristream segments, where the asymptotic current 

typical to long electrodes is measured,- and up to about ±20% on the first 

segme11t, at the leading edge. 

For plotting and correlating the distribution of mass transport 
. ~ 

rates along the electrode, the semi-local currents which were measured 

over the segments had each to be allocated to a discrete position. 1Due 

to the curvature of the current distribution along the electrode, these 

points do not correspond to the mid-segments and are determined by the 

following,method: 

Consider a segment of length L, the front edge of which is 

located at a distance 1 1 downstream of the beginning of the mass trans

port section as shown in Figure 3.2. 1
2 

will be defined for convenience 

as: 1 2 = L+L 1: The experimental semi~local curr-ent density, i
1

, is 

determined (by definition) from: 

L2 

f ix 
d 

X 
, I L1 

iL 
·L (3-1) =- = 
A L 

where· r
1 

is the total measured limiting current over the segment, and 

A its area. 

i , the true local limiting current density can be described 
X 
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i 

[c~~) 

x [CM] 

XBL744~601·5 

. ' 
Fig. 3.2. Schematic .representation of current distributi~.n along the 

segmented electrode. / 
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. most generally as some function of distance. x from the beginning of the 

. mass transport section: 

i = c xn 
X 1 

(3:-2) 

The position X where both currents match is found by substituting 

· 3-2 into 3-1:. One obtains:· 

JLz n · 
AX dx 

L1 

L 
(3-3) 

and by simple integration: 

[ 

n+1 ~+1·J 1 /n 
L2 .,-·L1 , 

(n+l) L• 
(3-4 X 

It follows that the positions as~igned td the local currents 

should depend on the·skewness of the current distribution C';lrve (n). 

The exponent, n,'however, cannot be determined a-priori and is measured 

from the experimental current distribution cunve. The strict procedure 

should therefore involve a trial-and-error technique in which the power 

n is sought,.which will minimize the sum-of-squares of the deyiations 

of the exp~rimental points from the fitted curve.· This procedure be-

comes extremely tedious when performed for every experiment and is not 

justified in view of the experiJ!!ental error whic~ is relatively large in 

the· front segments, [ i. ~. w~ere the cor.rec.tion (or deviation from the 

mid-segment position is the largest.] Consequently, the power n was 

determined by plotting only a few current distriqution curves versus 

different n values: the difference in the goodness of the·fit due to 
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different locations assigned to the-currents at various values of 

n (-1/2,-1/3,-1/4)was hardlynoticeable. The powerof n was chosen as -1/3 

because it definitely provided. the best least-square fit. of e'quation 3-2 

to the data as fte~ermined by statistical analysis, irrespectiv~ of the 

small changes in the x positions. This value of n also matches the the-

oretical expression for current distribution along mass transport section 

in laminar flow. In the turb1..1:lent ·region this correction applies on~y 

for the front segments in the entrance region before the current tapers 

off to its asymptdtic value. Here too, n = - 1/3, matches approximately 

the experi~entally derived current distribution as well as the semi-

theoretical predictions for this zone. 

' 
It is of interest to calc.ulate the location at which the average 

current density ·for the whole electrode in laminar flow should be applied. 

Here L1 = 0, L2 = 40, and for n =- 1/3, one obtains:· 

3 
X = (~) L 

3 
s· 

27 40 11.85 em 

This distance is considerably smaller than 20 em. obtained'for linear 

distribution. 

Table 3.1 provides the distances from the leading edge to which 

the local transport rates were assigned using current distribution pro

portional to x-113 . Except for the first segmerit, the difference between 

mid-segment positions and those calcul~ted using the cube root dependence 

of boundary layer thickness are negligible. 
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Table. 3-.1. Positions along-electrode at which the segmental currents were allocated. 
(All distances are measured from the leading edge.) 

Whole 
Segment# Electrode 

Width [em] 0.5 0.5 1.0 2.0 4.0 8.0 8.0 8.0 8.0 40.00 

Mid-segment , 0.25 
"• 

0.75 1.5 3.0 6.0 12,.0 20',0 28.0 36.0 20.00 
position [em] I 

? -w 
00 
I 

Position a~signed 
( to measured cur- 0.148 0.731 1.465 2.924 5.848 11.69 19.82 27.87 35.9 11.85 

rent density [ctn] 

X/d . h 0.037 0.183 0.367 0.733 1.466 2.93 4.97 6.99 9~00 10.03 

( 

~\ 
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The data in form of dimensionless groups is correlated by either 

* of the following methods: 

a. Stepwise multiple regression, G2 BCMPRV.t This Fortran· 

program enters variable into the regres.sion one at a time, using an 

analysis of the variance to select the order of the variables, with that 

one being chosen which reduces the variance of the dependent variable the 

most. 

b. · Non-l~pear least squares procedure LSQVMT.* This is an 'iter-

ative gradient method which uses a variable metric and minimizes. the sum 

of squares :of deviations between the data and the fitted line. 
; 

c. Wh 1 . bl .1. ' i f 1 . 1 (1 82 ) en app 1ca e, a curv1 1near regress on or po ynom1a s. 

The correlations often corresponding to the general form: 

Sh ·= a Re b Sc c 
(1-6~) 

da'ta * were mostly fitted to the after a logarithmic transformation: 

log (Sh) log a + b log(Re) + c log(Sc) (3-5) 

The standard error of the coefficient a, was calculated from the variance 

(184) of log'a'according to: 

* Implemented on the LBL CDC 7600 Computer. 

tWritten by Don Wyman, IBM, San Jose, California, and revised by Gordon 
,Rowe, University of California, Berkeley. 

*written by Eric Beals, Lawrence Berkeley Laboratory computing center,· 
Berkeley, and based on a method-originated by W. C. Davidson of Argonne 
National Laboratory. 

*Th~s . . (183) 
L is a valid procedure. See e.g. reference. 
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!f Q is a general f~nction of the form 

-~(3-6) 

Then: 

2 
(J (q.) 

1 
(3-7) 

Similarly! 

2 
cr (log a) (3-8) 

and'the standard error of a: 

. S.E •. (a) = cr(a) = a cr(log a)/0.4343 (3-9) 

: 2 . 
where cr denotes the.variance of the corresponding variable. 

In addition to the standard errors (and the corresponding con-

fidence intervals), the· following statistical parameters are used as 

indications of how well the correlations obtained fit the data. 
' ' 

a. Sum-of-squares of rediduals betwe.en the observed values and. 

those predicted by the equation .. The residuals should be small for a 

good fit: The leas_t square procedure actually uses the minfmization of 
\ . 

this parameter as a criterion for ~he best fit. 

b. Average scatter is the average· deviation between the factor 

and the fitted correlation. (The deviations are taken as absolute qua~-

tities.) 

c. F-Value: When compared with tabulated values'of F, this 

statistic indicates whether the hyp<?thesis that-all the coefficients are 

zero and no correlation eiists is tr~e, against an alternative hypothesis 
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that the correlation produces a signi.ficant reduction in the sum of 

squares. 

d. Simple ·correlation coefficient: .• Indicates the linear inter-

dependence between. two variables. Its range is between -1 and.+1. A 

calculated value of zero indicates no linear correlation, whereas values 

of -1 or +1 indicate perfect linear dependence. 

e. The multiple correlation coefficient represents _the fraction 

of the total deviation accounted for by the fitted equation. 

f. The Dur:bfn-Watso~ statistic is a parameter used to indicate 

whether there is random distribution of the deviations between the data 

points and the fitted equation. For a good fit it is essential that the 

errors would be evenly and randomly distributed. (185' Durbin and Watson 

186 ) dev~loped a method to test the nul}. hypothesis that there is no 

serial correlation between the deviations, against·an alternative. hypo-

thesis that.the errors are positively correlated. They provide a table 

with the upper and lower bounds for which those hypotheses should be 

accepted or rejected. 

Further discussion of the statistical procedure is available- in 

standard text books. ( 183 • 187) 

3.2. Local and Average Mass Transport Rates in Laminar Flow 

While the main thrust of the present research was aimed at ob-

taining transport rates in turbulent flow, some experiments were per-. 

formed also in the laminar region. Since theoretical solutions are 

' ' (12) 
available for laminar flow, it is of interest .to compare the exper-

imental results with the predicted values. 
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• The laminar flow experiments were performed in the ranges: 

1200 <Sc< 25,100 

400 < Re < 2600 

' 
The low flow rate experiments were conducted with gravity flow so.as not 

to introduce vibrations. More information about the solution· compositi'ons 

and ,transport properties is available in Appendix C. 

The local Sti numbers representing the segmental transport rates 

along the channel in laminar flow, together with the average values cal-
• I 

~ulated f~om .the total current passed through the plate, are presented in 
' ' 

Table 3.2. Samples of .the distributions are plotted in Figures 3.3 and 

' 
3.4. As expected, the current is considerably higher near the leading 

edge and tapers off towards the downstream edge of the electrode. The 

mass transfer rates increase with increasing Re and Sc numbers., 

The cross marks in Figures 3.3 and 3.4 indicate ~he measured 

average limiting current. The values of the average currents agree quite 

well with the result obtained by adding up the measured local currents 

a'nd dividing.them by the·area of the plate. The locations at which these 

average currents match the curr~nt distribution curves, as indicated by 

the crosses,· are not far away from the calculated distance· of 11.,85 c.m. 

In order to compare the results with theory, the local transport 

rates were correlated in terms of S~ vs. Re, Sc, and. x/dfi. The data 

plotted in this form in Figure 3.5, is best represented by the following 

equation: 

Sh 
X 

1.247(Re Sc dh}x) 0 ' 331 

obtained by ? step-wise regression an.aly:;is. 

(3-10) 



Table 3.2. Local and average transport rateG irt laminar flow. 

RUN Re Sc LOCAL SHERWOOD NUMBERS ALONG THE ELECTRODE Shr 

Sh 1 Sh2 Sh3 Sh 4 Sh5 Sh 6 Sh7 She Shg 

p 1 2055 1319 621.') 300.0 25ll.O 198.0 149.0 125.0 ·1o5.o 90.0 85.0 112.0 

,., 6 212'1 1319 521.5 .Joo.o 2so.o· 206.o 140.0 135.0 uo.o ·91t.O 85.0 120.2 

c 4 487 1870, 401.0 230.2 1~4.5 134.3 108.9 'H.9 79~2 73.2 62.0 87.1 

c 5 614 1870 420.2 230.4 203.6 144.9 114.9 99.0 86.2 77.8 65.0 95.0 

c 6 685 1!!10 488.0 2J3.4 152.0 140.1 110.4 76.0 74.9 65.0 68.1t 9it.1 

(. 1 1ROO 1d70 565.7' 339.4 233.3 180.3 141.4 121.9 103.2 90.1 90.0. 128.0 

r: 8 1949 1870 110.7 33'1.4 2,0.2 190.5 160.3 lJO. 2 100.4 88.0 90.0 12'>.8 

c 9 2471 1'370 816.d ·410.1 295.0 220·.1) 120.0 
' 

130.8 120.0 106.0 lOO.O .155.9 

ClO 2600 1870 594.0 4.38.4 30'•. 1 244.0 183.8 '148.5 129.0 113.1 110.1 150.0 

8 455 2900 400.2 213.3 170.8 132.1 112.0 92.8 78.4 7'>.6 71t.6 98.6 

- 9 1115 2900 580.2 320.1 256.5 186.6 160.8 146.6 117."3 100.0 90.1 135.2 

~ 9 . 932 5940 600.7 370.5 nu.4 230.6 180.6 150.1, l25.d 116.3 uo.o 150.1 

~to 1365 5940 954.4 567.2 3~o.J 24d.6 198.5 175.8 14'>.6 141.~ 119.1 194.7 

G a 595 25100 839.4 629.6 419.7 J14.a 251.8 222.4 184.7 176.3 157.1t 221.3 

G 9 653 l5100 1290.6 600.4 419~7 281;3 231).1 138~8 ·157.4 150.0 1~2.7 220.1 

c.10 1916 25100 130u.o 671.5 )514.1 49u.o 391.5 365.1' 314.8 261.5 258.1 330.5 

G11 1934 25100 1154.2 . 944.4 545~6 394.5 327.4 327.4 281.2 ·264.'> 230.8 348.3 
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Fig. 3.3. Distribution' of local mass transport rates along the 

electrode in laminar flow. 
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Fig. 3.4. Distribution of local mass ~ransport rates along-the 

electrode in laminar flow. 
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The significance of. the correlation is very high, as -indicated 

by the F test (F ~ 3306), which exceeds considerably the probability 

level of 1%. 

The standard errors are calculated to be: 

.coefficient= 1.247 ± 0.0052 

exponent = D.3315 ± 0.0068 

The region correspond:i,ng to 95% confidence limits on the fitted curve is 

indicated:between the dashed lines in Figure 3.5. The data is scattered 

around the fitted line with an average deviation of about 4%. The larg-

est deviations, +16%, occur in the right-hand side of the plot in the 

region of higher Re and Sc numbers. These 1arg~r deviations can be ex-

plained by the pronounced effects of surface disturbances on the thinner 

. boundary layer in this region. . ( 

. . 
Als.o, at the higher laminar flow rates 

occasional bursts of turbulent eddies may occur~ 

The corresponding theoretical equation for the local Sherwood 
I 

number is: 

Sh = 1.2325 (Re Sc dh/x) 1/ 3 
X 

(3-11) 

This expression is obtained by differentiating with respect to the dis-

* (12) . tance x, . the well kriown Levaque solution for the average flux in a 

channel in laminar flow:t 

'* Since by definition: 

Sh = 
T 

L2 

f ShXdx 
L1 

L 
(3-13) 

tThe numeric~! coefficient here is the one pertiment for flow between 
parallel plates, for which the experimental channel with an aspect ratio 
(·height/width) of 0.133 is a good approximation. 
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ShT = 1.85 (Re Sc dh/L)1/ 3 (1-65) 

Further discussion of the Leveque equation is provided in Chapter I. 

The experimental correlation 3-10 is in excellent agreement with 

Eq. 3-1 i, ~btain,ed by theory. The experimental results are on the average 

only about 1% higher than the predicted values;_-wel1 within the range of 

the experimental error. . 

·The average Sherwood number, ShT measured for each one of the 17 

laminar flow experiments are plotted in Figure 3.6., These values were 

correlated similarly in terms of Re, Sc, and dh/L, obtaining: 

ShT = 1.60 (Re Sc dh/L)
0

·
346 (3-12) 

with the following standard errors: 

a' 1.600 ± 0.0058 

b' = 0.346 ± 0.0106 

The somewhat larger spread of the data for the average Sherwood 
I 

numbers in Figure 3.6, as compared with the local values- shown in Figure 

3.5, is to be expected:. The average rates were determined by plotting 

the total current passed through the electrode versus the local over-

potential at the center of the channel~ As discussed in Section 3.1, 

these plots often did. not provide plateaus that were as well defined as 

those obtained for the segmental currents. 

On comparing Eq. 3-12 with the theoretical Leveque solution given 

by Eq. 1-65, and by inspecting Figure 3.6, the following becomes evident: 

Although the experimental results are spread v,ery close to. the theoretical 

line with a scatter of only about 5%, the ·correlated Eq. 3-12 yields a 
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coefficient that is 14% too low and an exponent that is 4% too high. 

This apparent discrepancy is due to the form of Eq. 3-12 and. the numer-

ically large argument inside the brackets on t~e right hand side of the 

equation .• Therefore, by fitting two adjustable parameters, a' and b', 
f 

a minor deviation of the exponent (e.g., 4%), will cause a large cor-

responding deviation of the coefficient (here 14~) for correlations 

representing' the same data with good fit. Hence, one should use caution 

matching experimental results with correlations having the form of Eq. 

I ' 

3-12, and c?nsider the average location and spread of the data rather 

than merely comparing 'coeffic~ents of empirical c9rrelations which often 

have quite a wide rang'e of confidence limit belts. By the same token, 

these-correlations should always be obtained using valid statistical 

methods rather than just plotting an average line through the data 

points. 

Since the fewer and less accurate average data in Figure 3.6 

should follow the Same exponential dependence as the more accurate local 

data used for obtaining Eq. 3-10, the average data were correlated again, 

this time forcing an exponent !Jf 0.331 (derived in 3--10) on the new cor-

relation. It should be noted that the value of 0.331 falls well within 

the 90% confidence limit interval on the exponent of Eq. 3-12 for the · 

* average Sherwood numbers: 

'* 

0 _328 < 90% confidence limit interval < 0 _365 
onb' (Eq. 3-12) 

This means that in 90% of the time the correlated line through.the data 
will be located somewhere within this range. 

.J 
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The.revised correlation is: 

1. 94 (Re Sc dh/L) O. 331 , (3-12') 

The solid line plotted in Figure 3.6 corresponds to Eq. 3-12' and seems 

to fit the data well. The largest deviation between the obs~rved and 

the corresponding predicted value using 3-12' is 11%, as compared with 

9% for co.rrelation' 3-12.. The. average deviation is about the same, as 

is the sum-of-squares of residuals. In view of .this, Eq. 3-12' can be 

considered to·present the average transport rates' more reliably than 

Eq. '3-12, which was obtained with somewhat better fit but shows qn ex-

ponent which is slightly too high in comparison with the more accurate 

local-flux-Eq. 3-10, and the theoretical Eq. 1-65. ·Comparison of 3-12' 

with the Leveque Eq. 1-65, shows that the experimental average values 

are about 5% higher than those predicted by theory. This deviation is 

again within the accuracy of t'he experimental method, as d.iscussed in . 

section 3.}. 

3.3. Asymptotic and Average Mass Transport. Rates for 'Turbul~nt 
Flow in a Channel 

The major effort of the present research was directed towards 

obtaining reliable and accurate mass transport data in turbulent regime, 

a region of major pra,ctical importance. In the absence of theoretical 

solutions, the common practice is to correlat.e the experimental data for 

long transport sections in the ·form:. 

(1-68) 
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or, in terms of the St number:. 

St 
b-1 c-1 a Re Sc (3-14) 

The variations of the reported exponents in the literature are large: 

0.6 < b < 1.0 

0 < c < 0.5 

The most connnon ranges proposed earlier involve 0.8 < b< 0.9; 0.25 <c<0.33. 

This spread 'niaybe in part explained by scatter of data resulting from the 

experimental difficulties encountered in the turbulent regime, and by the 

use of differing physical properties values (D,p). However once the 

data is correlated in terms of three adjustable parameters: a, b, c, some 

researc,hers ~sed the same data in support of their claims for signif·

icantly.different correlations. (63 • 55 • 101 ) It is im~ortant to establish 

these parameters accurately since the Re and Sc numbers obtained in 

liquid syst·ems mass transport in the turbulent regime are high, and 

.therefore small variations in the exponents result in considerable dif-

ferences i~ predicted mass ,transport rates. 

Results are presented in this section for the mass t·ransport rates 

measured in the downstream asymptotic region, corresponding to fully-

developed mass transport boundary layers. These a're compared with the 

average values obtained from the total current passed through the entire 

mass.transport section. In order to.obtain accurate coefficients for 

Eq. 1-68, theRe and Sc groups were varied by factors of 50 and 25, 

respectively, in·the ranges: 
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* 2500 < Re < 125,000 

1200 < Sc < 25,000 

The data in Table 3.3 represents the results of 105 experiments, 

-
all in the turbulent region. The Re, Sc, ShL and ShT are the measured 

variables.· ShL is the asymptotoc Sherwood number for the fully-developed 

' 
mass transport region, and ShT i-s the average value measured over the 

entire (10 hydraulic diameters) .of the mass transport section. The other 

columns are derived dimensionless groups presented for convenient com

parison of the results. The compositions and prop~rties of 'the electro-

lyte solutions, together with the raw data, are reported in Appendix C. 

3.3.1. ·Effect of the Sc Group on Turbulent Mass Transport 

The exponent c on the Sc group in Eq. 1-68 is considerably smaller 

than the exponent b ori the Re number, rendering the effect of the Sc num-

her on the transport rates, secondary. However, as discussed in Chapter 

I, the exact determination of the power dependence between the Sh and Sc 

numbers, for high values of Sc, is of th.eoretical imp_ortance: It can 

shed light on.the mechanism of turbulent_decay of eddies near a solid wall 

and can help settling conflicting theoretical arguments. Quoted below ~re 

the· most common prepositions. At high Sc numbers: 

* In the higher Sc numbers, data was collected only in the range 
Re < 10,000. 
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Z15 6H4 
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0 'P6'l 
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lH 1141..8 

c 2 lB35 
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Z13 17464 
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c 3 21 Jq I 
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lll 31?'18 
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11170 
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1870 
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10711.0 l14'l.S 
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151>.2 247.9 

194 .& l4 7. q 
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soo.oz 42?.&1 .004294 .003690 .OOOOJ5f5 .000030~0 
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.00003377 31.51 ~).01 .003756 .005127 .0000247~ 

41 .61 
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67.42 
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12.60 

15.70 
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20.00 .004341 .005530 .COOG2Cl4 .OOOOJ~9B 
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(continued) 

Re Sc ShL ShT Slt,/Scl/3 Sh.rf;J/3 jD 
L 

jD ' 
T StL StT 
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I 
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C=O.SO corresponds Shcx:Sc 112 indicating 0
(t) 2 cx:y [ Kishinevski ( 6 7)] 

to 

Shcx:Sc113 0(t) ex: y3 
. · (54) 

C=0.33 [ Mur~hr~9) ] 
Lev1ch 

C=0.25 Shcx:Sc 114 0
(t) .· 4 

cx:y 4[ L . h (53)] . ev1c 

Accurate determination of the exponent on the Sc number ~s also 

important. It is essential for extrapolating information gained from 

* heat transport studies with gases where the Pr number is close to unity, 

whereas the corresponding Sc number for liquid system mass transport, is 

of the order: 

\) 10-2 
-

Sc =-- -- ·- 1000 
D 10-5 

The dependence of the Sh on the Sc group obtained in the present 

.experimental work is demonstrated in Figure 3.7. A ·more-complete and 

accurate evaluation of c .was obtained by a least-~quares analysis per-

formed over small intervals of Re numbers, covering the whole range of 

flow rates. ·The results are presented in Table 3.4. The average value 

of C was obtained by subjecting all the 105 data points presented in 

I 
Table 3.3 to.a non-linear least-squares analysis. 

In order to facilitate comparison of results, in Figure 3.8(a) 

th.e values obtained for c were plotted against the Reynolds number. In 

Figure 3.8(b) values o~ C obtained from other sources( 100 • 104 • 189) are 

compared. No definite trend can'be detected for variation of c with 

* The dimensionless heat transport group corresondirtg to the Sc number and 
describing the physical properties: 

Pr = CplJ/ K 
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AVERAGE SLOPE = 0.3586 

Sc 

-11,000 

XBL 744-6000 

Fir,. 3.7. Sh number dependence on the Sc number, at different 

Re numbers. (Dotted points were slightly adjusted 

to the corresponding flow rates). 
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'-

Table 3.4. Sh number dependence on the Sc number. 

Standard 90% Confidence-
Re c' Error Limit Interval 

3ooo 0.338 .0232 0.293 0.383 

5000 0.327 .0327 0.263 - 0. 390 . 

8000 0.364 .0192 0.325 0.403 

10,000 0.365 .0134 0.339 - 0.392 

15,000 0.314 .0411. 0.231 - 0.397 

20,000 0.344 .0385 0.269 - 0.419 

25,000 0.348 .050 0.231 - 0.465 

37,000 0.358 .059 0. 253 - 0461 

* 52,000 0.299 .126 0.069 - 0529 

Average 0.348 .010 0.330 - 0.365 

* At experiments with higher flow rates, the variations of the Sc 
number were ,too small to obtain a significant. correlation. 
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Re number. The best value for c, contained always within the 90% con-

fidence interval is approximately 0.35, indicating~that the eddy decay 

near the wall is probably proportional to y3 , as first suggested by 

.. Murphree in 19 32.<54 ) A similej.r power dependence was used by Chilton and 
,•, 

'·.c. lb. · 1934 OS) · 1 · i 1 1 · h · f 1 · .· o urn 1n l.n a pure y empl.r ca re atl.ons l.p or corre at1ng 

mass transport rates i~ liquids. Levich, in his ~arlier work of 1942(9) 

3 also suggested a dependence on y on the basis of semi-theoretical anal-

ysis, but states that higher exponents ar.e possible. This value appeared 

later in many experimental and semi-theoretical works: among many others, 

Lin et al.,(SS) Reichardt,(50) Lin, Moulton and Putman, (S5) and lvasan and 

Wilke~58 ) 

The value of C 0.25 is not included in any of the 90% confidence 

limit intervals of the experimental results presented in Figure 3.8. This 

value would correspond to a turbulent eddy decay proportional to y
4

, as 

first suggested in a later publication of Levich. (53 ) This value was 

later used, among many others, in the important semi-theoretical works of 

Di 1 (62,107) d s ldi (64-66) ess er · an pa ng. 

S·. .d H (63 ) ·1 . h b . d h 1 C 0 25 on an anratty c a1m to ave o talne t e va ue = • 

from their own experimental results as well as from analysis of selected 

data from the literature. Their method however may be criticized. Their 

conclusion is based on comparison of experimental local mass transport 

rates, which were all performed at one Sc number (Sc = 2400), to values 

obtained by numerical integration of the flux Eq. 1-26, assuming differ-

ent values for c. It turns out that when presenting these integrated 

values in terms of dimensionless mass transport coefficient K+, and fore-

ing them to match at the downstream fully developed region, the 

·. 
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correlations are identical except for slight variations, depending on 

the chosen c value in the narrow trans,ition region between the fully 

developed zone and the entrance section. (See Figure 5, reference( 6J) .) 

It should be noted that the entire:entrance section (the entrance and the 

transition region) in turbulent flow requires only few hydraulic diam-

eters at the most, as will subsequently be show in Chapter III. 

Son and Hanratty conclude, by comparing in this narrow zone the 

fit between their experimental results and the numerically integrated 

curves, that the value C = 0.25 is the correct one. It should be pointed 

out, however, that although their results seem indeed to fit better the 

line corresponding to D(t)ay4 , the difference between this line and the 

one corresponding' to D (t) a y 3 is 5%~ at . the most, while the scatter in the 

data is as high as 8%. (The data taken by Son (lgO) and by Shaw(l05) ac-

tually seems to be remarkably good, considering the fact that it was 

measured·in this narrow transition region.) In addition to their own 

experimental results, Son and Hanratty re-analyze in the same publication(6
J) 

data obtained from other sources: Here they apply the more direct and sen-

sitive criterion of the effect of Sc number variations on the transport 

rates, as employed in the present }"Ork. They assume however, that all the 

Re number dependence is included in the theoretical expression for the fric-

tion factor. ·This, as will be shown in the next section, is not clearly 

established. In addition, they use only a small selection of data and rely 

largely (in determining the slope in their Figure 3) on results obtained 

by Lin et al. (55 ) The latter work has already been strong criticized by 

Metz~er and Friend(24) for·not taking into account the correct shape factor 
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for the annular channel used. Son and Hanratty state that the Sc values 

attributed by them to the d~ta of Lin et al. (by matching the laminar flow 

results to the Leveq~e equation) are uncertain but claim that "the relative 

magnitudes of the diffusion coefficients evaluated in this manner should be 

'i : '* 
correct." It should be mentioned that the same data (before recalculation 

of the Sc numbers), was used by Lin et al. (S6) and also by Harriot and 

Hamilton( 10l) to support the theory of D(t)~ y3 . 

Son and Hanratty state that their results are not conclusive. (63 ) 

(160) using a Furthermore, in a later investigation (Sirkar and Hanratty, 

different experimental method of measuring velocity fluctuations employing 

narrow strip electrodes in different orientations with respect to the flow, 

Hanratty obtained a cubic dependence of the eddies with respect to the dis-
) 

tance y. Hanratty's concluding explanation in this second paper [i.e., that 

the reason for previously obtaining D(t)~ y4 , might have been a Sc number 

which was too low] seems weak: In the range Sc < 2400 numerous authors 

have obtained for the exponent of Sc, C"' 1/3. Hanratty seems'to concur 

with this exponent for Sc = 5000( 60) but not for Sc = 2400. (63 ) This is 

difficult to understand since the ratio of the boundary layer thickness at 

these two Sc numbers is only 

0Sc = 5000 
0Sc ='2400 

~ 1.28 

The experimental data presented in Figure 3.8 (2500 < Sc< 70,000) do not 

support Hanratty's position. 

* ' ' The dashed lines representing the slopes of -2/3 and -4/5 in Figure 3 of 
reference (63) should have been plotted through the center of the data 
rather than-through the most extreme right hand side of the experimental 
range. Should this have been done, the deviations between the data points 
and the three lines (slopes -2/3,-3/4,-4/5) become smaller. 
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3.3.2. Effect of the Re Number on Turbulent Mass Transport Rates 

In additiort'to its impOrtance in predicting mass transport rates, 

the exponent on ~he Re number, b,.:also has theoretical implications. It 

is possible (and often done) .to derive the Sh number or the St number in 

terms of the friction factor f (Chapter I). There are, however, two 

major conflicting hypotheses regarding the functional dependence between 

the two. This becomes apparent in the asymptotic form applicable at high 

' . * Sc numbers. Some of the most quoted.treatments are listed below: 

" (13) 
The Reynolds analogy: 

C~ilton ~nd Colburn;( 1S) .and Vieth 

Porter and Sherwood:(lO) 

Levich; (9) Lin, Moulton, and Putman:(S6 ) 

. . (53 2) . (62 107) 
Lev1ch; ' De1ssler: ' 

Sh ,., f/2 Re 

Sh a: f I 2 Sc 1/ 3 Re 

Sh a: •/fTi Sc 113 Re 

Using for the dependence of the friction factor on the Reynolds number 

the Bla~ius(6S) equation: 

f/2 ~~0.0395 Re-114 (1-49) 

expressions ~ith f to the power of one yield: 

(1-48') 

whereas those with ,j£ yield: 

* Some of these equations were slightly modified from their original 
form to facilitate comparison. 
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Sh a: Re0,875 / (1-52") 

Hence, by experimental determination of the exponent b, one can validate 

either one of the treatments. Hubbard and Lightfoot, (lOO) on the basis _ 
.··· 

of their experimental results, raised the further possibility that there 

might be a Sc number dependence of the exponent b. (Hubbard and Lightfoot 

had actually discussed the dependence between the St number and the fric- · 

tion factor. n However assuming that f a: Re. , the present approach appears 

preferable, since the friction factor measurements typically show a high 

degree of scatter [See Fig. 11 in reference( 100)] ). 

To check these theories, the present experimental data were 

grouped according to the Sc numbers. In Figure 3.9 Sh )Nas plotted vs. Re 

for constant Sc. A more precise and complete analysis (computer imple- , 

* mented) is pres~nted in Table 3.5 and Figure 3.10. Figure 3.10 provides 

for comparison data from other sources as analyzed in the extensive work 

of Gukhman and Kader. ( 104 ) 

Upon inspection of Figure 3-.10 one may conclude that although there 

is considerable scatter in the resultsr, they definitely average close to 

R 0.88 
e ' pointing towards a square root dependence between the St number and 

'\ 
the friction factor. Even though the experiments performed at extremely 

- (104) 
-high Sc numbers by Kader show somewhat low~r b values, a definite 

trend of change of the exponent with the Sc number cannot be detected over 

the wide range of Sc numbers presented. Most certainly the data does not 

support the prediction of Hubbard and Lightfoot( 100) that a limiting value 

* Except for Sc = 25,100, only data in the fully developed turbulent re-
gion, Re > i2,000, were employed. 
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Fig. 3.9. Sherwood number dependence on the Reynolds number 

at different Sc numbers. 
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Table 3,5, Sherwood number dependence on the Re number. 

Sc b 
a (R.n Sh). Standard Error 95/~ Confidence 
Cl(R.n Re) Limit Interval 

1200 0.904 0.418'.· 0.788 - 1.020 

1319 .o. 938 0.0235 0.834 1.022 

1870 0.830 0.029 0.763- 0.897 

1905 1.040 0.061 0. 778 1.302 

2900 0.869 0.083 0.512 - 1.226 

5940 0.955 0.0408 0.780- 1.130 

25,100 0.900 0.0172 0.856 - 0.945 

Average 0.921 0.0138 0.894 - 0.948 
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of b = 1 can be expected at extremely high Sc numbers~ Also, their con,... 

elusion that for Sc < 5000 an exponent of 0.75 [Chilton....Colburn analogy!] 

'fits· the data better than an exponent of 0.88· is. not well supported by 

the avai~able data (see Figure 3.10). (This statement seems to be in

conclusbte .·even in view of Hubbard and Lightfoot's own data, presented 

by the squares in Figure 3. 10). · 

3.3.3. Asymptotic Turbulent Mass-Transport Rates for Fully Developed 
Boundary Layer · ' 

In order to obtain the.combined overall dependence of the asymp-

totic Sherwood numb~r, ·shL, on the Re and· Sc gro~ps, the data obtained in 

the 105 experiments presented in Table 3.3, were correlated by means'of 

a stepwise multiple regression analysis, assuming a general form: 

b c Sh = a Re Sc . The equation obtained is: 

ShL = 0.00428 Re
0

•989sc
0

•
348 

with the. standard errors: 

a = 0.00428 ± 0.0000321 

b 0.989 ± 0.00771 

c 0.348 ± 0.01042 

(3-15) 

The sum-:of-squares. of residuals between the predicted ·and the 

measured variables, on the logarithmic scale, is: 0.113. 

The Durbin Watson statistic: 1.443 

The coefficient of multiple determination: 0.994 

The F level is over 1000, indicating the high significance of the 

correlation. 

... 
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The largest deviation between the data and the fitted line is: 

+4.3%, and, the average deviation is: ±1.4%. 

The exponents b and c; obtained here are the values presented 

previously in Sections 3.3.1 and :~.3.2 as the average values, covering 

the whole range of flow rates employed in the present work. The value 

of C = 1/3, corresponding to turbulent eddies decaying proportionally to 

the cube of the distance from. the wall~ lies within the 90% confidence 

limit of the c value obtained in Eq. 3-15: 

0.330 < 90% confidence 
limit belt on c < 0.365 

An accepted method of presenting results, which makes comparison 

with other similar studies convenient, involves plotting the data as 

Sh/Sc 1/ 3 versus Re number on logarithmic scales. Such presentation is 

justified here since the value of C = 1/3 lies within the 90% confidence 

limit interval. 'fhis plot is presented in Figure 3 .11. The correspond-

ing correlation obtained by forcing the Sc exponent to 1/3 is: 

Sh
1 

= 0.00499 Re0 •984 Sc0 •333 (3-15') 

This equation, traced by the solid line on Figure 3.11, still provides an 

excellent fit of the data points. The sum-of-squares of residuals is in-

creased by a negligible amount (to 0.116) as compared to Eq. 3-15 where 

the exponent on the Sc .number was allowed to find its optimum value. The 

maximum deviation is the same (4.3%) as is the average scatter of the 

data around the line (±1.4%). The standard errors are: . 

a = 0.00499 ± 0.0000338 

b = 0.984 ± 0.00705 
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The F test indicates a probability level of less .than 1%, and the 

correlation coefficient is 0.9977, also indicating an excellent fit. The 

Durbin Watson statistic is: 2.08, indicating that there is no serial cor-

relation between the deviations. 

Upon closer inspection of the turbulent data in Figure 3.11, it 

becomes evident that some deviation from linearity exists: The region 

below Re = 11,000 shows somewhat lower Sherwood numbers, larger variation 

of the slope, and considerably greater scatter of the data. The reason 

is that the region to the left corresponds to a transition zone for a 

still developing turbulent flow. On the far left the correlation has to 

conform with the laminar transport rates which depend on the geometry of 

the cell and the location of the.test section along the channel ·(dh/x). 

On the right, at about Re 11,000, the fitted curve has to match the 

asymptotic, fully developed turbulent transport rates. This transition 

region becomes more evi4ent upon inspecting Figure 3.12 where the jD 

factor was plotted versus the Re number. Similar transition behavior can 

be noticed in !he experimental data 9btaine~ by other investigators, e.g., 

the classic work of Sieder and Tate(83 ) '(see their Figures 5 and 6), or 

Friend ·and Metzner's(84 ) (Figures 7 and 8), and Hubbard's( 188) (Figure 

5.1) more recent publications. 
(189) . . . . (194) 

Hamilton, Bernardo and E1an, and 

(196) . ' 0 0 Hartnett collected data only 1n the range Re > 1 ,0 0. Most of the 

turbulent transport rate correlations reported in the literature are 

based on measurements performed in the fully developed asymptotic region. 

In order to represent the data more accurately and at the same 

time avoid introducing a more complicated correlation with additional 
. ( 

terms, the Reynolds number region covered in this study was divided into 
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two sections: A lower transition zone: 2800 <Re< 12,000 and a higher 

asymptotic region ,;, 12,000 < Re < 125,000. The data in each of the re-

gions were correlated separately yielding: 

(a). For' the lower region;, based on 36 data points: 

h 0 0113 Re0.8728co .. 352 
S L = . 2800 < Re < 12,000 · (3-16) 

The standard errors: 

a = 0.01129 ± 0.000734 

b = 0.8722 ± 0.02524 

c = 0.3531 ± 0.00970 

Other statistical.information (for the logarithmic form): 

F level: 1193 

Coefficient of multiple determination: 0.9869 

Durbin Watson statistic: 2.7965 

·Sum of Squares of residuals: 0.02633 

Maximum deviation: + 2% 

Forcing, as before, a 1/3 exponent on the Sc group yielded: 

(3-16') 

The standard errors: 

a = 0.01296 ± 0.00107 

'b = 0.8716 ± 0.0264 
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Other relevant statisti'cal parameters: / 

F: 1090 

Correlation Coefficient: 0.985 

Sum-of-Squares of Residuals: 0.0299 

Average deviation: 0.0239 

Durbin Watson statistic: 1. 726 

(b) For the upper region, based on 64 data points, the corr~la-

tion obtained is: 

!2,000 < Re < 125,000 

The standard errors are: 

a = 0.010025 ± 0.00131 •· 

b =,0.9215 ± 0.01384 

c = 0.3357 ± 0.02078 

Other statistical parameters (for the logarithmic form): 

Sum-of-Squares of residuals: 0.0382 

Durbin Watson statistics 1. 748 

F Level: 258~6 

Maximum deviation: 1.4% 

As before, forcing a 1/3 power on the Sc group: '. 

Standard errors: 

Sh = O.D101 Re0 •9207sc0 •333 
L 

a = 0.0101 ± 0.000073 

b 0.9207 ± 0.0119 

(3-17) 

(3-17 ') 
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Other statistical parameters (for.the logarithmic form): 

F level: 6059 
.. 

Corr~lation coefficient: 0.995 

.Sum-of-Squares of residuals: 0,0385 

Average deviation: 0.0208 

Maximum deviation 9.9% 

Durbin Watson statistic: 2.252 

On comparing 3-16 w~th 3-16' and 3-17 with 3~17', it becomes 

apparent .that forcing the 1/3 exponent on the Sc group introduces only 

a negligible error. 

The same data that was previously presented in Figure 3.11 is 

plotted.in Figure 3.13 agc;tin; this time'the two solid lines present Eqs. 

3-16' 'and 3-17', each in its respective· region of validity. The separate 

lines s'eem indeed. to present the data points with. higher accuracy as also 

indicated by the statistical information presented above. 

3. 3. 4. . Ave'rage Mass Transport Rates in Turbulent Flow. 

The average mass transport rates measured over the entire elec-

trode '(40 em) were correlated in terms of Re ;md Sc numbers. 105 data 

·points over the whole flow-rate region yielded: 

ShT = 0.01395 Re0 • 88?~c 0 • 340 (3-18) 

·-
The constants were determined with the following standard errors: 

a = 0.01395 ± p.000986 

b = 0.885 ± 0.00713 

c = 0.340 ± 0.00962 



sc · · 
• 1200 
0 1319 
• 1350 
v 1870 
• 1905 
0 2900 

. .6 5940 
0 25,100 

-178-
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Fig~ 3.13. Fully developed mass transport rates as function of the 

Re. number. (Tw~ separate regions) .• 
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The stati'stical parameters for the logarithmic fit are: 

F level: 1251 

Coefficient of multiple determination: 0.99~56 

Durbin W~tson statistic: .. · 1. 6967 

Sum-of-Squares of residuals: 0.09655 

The maximum deviation between the data and the correlated line is 3.3%, 

and the average scatl:er is about 1.3% (forth~ logarithmic form) • 
. ' 

As before, forcing a Sc exponent of 1/3 yields: 

. ShT = 0 • 014 9 5 ReO ' 8 8 2 S c O ' 3 3 3 (3-18') 

With the corresponding standard errors: 

a = 0.01495 ± 0.00296 

b = 0.882. ± 0.00632. 

Other statistical information for correlation 3-18' (in the logarithmic. 

form): 

F level: 19,:no 

Simple correlation coefficient: 0.995 

Sum~of-Squares of residuals: 0~0943 

The maximum deviation and average scatter are .about the same as for 

correlation 3-18. 

The data for the average Sh numbers are plotted versus the Re 

number in Figure 3.14. ·The solid line corresponds to Eq. 3-18'. The 

average jDfactors calculated from the average mass transport rates is 

plotted in Figure 3.15. The correlated expressions present the data 

over the entire range of flow rates, and unlike for the local Sh numbers 
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(Figure 3.11 or Figure 3.12), here one cannot notice a transition region. 

A clue for this apparent discrepancy is provided by comparing Figures 

3.11 and 3.14: The Sherwood numbers on the right hand side of both 

Figures, which correspond to the higher flow rates, are about the same. 

At·the lower.flow rates, on the leJt, the average Sh numbers are consis-

tently higher' than the.locally measured ones. This is probably due to 

the fact that·the entrance region, where mass transport rates are con-

siderably higher, comprises a larger port·i<?n of. the entire mass transport 

section at the lower flow rates.· This increase compen~ates for the lower 

Sherwood numbers in the· turbulent transi.tion region (Re < 12 ,000),. ~nd 

masks the lower local rates noticed in Figure 3 .11. At higher flow rates, 

the entrance region becomes extremely narrow as will be· shown in the next 

section, and does not contributed much to the overall mass transport. 
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IV. DISTRIBUTION OF TRANSPORT RATES IN·THE MASS·TRANSPORT 
ENTRANCE REGION OF A FULLY DEVELOPED TURBULENT .FLOH' 

Local mass transport rates in the turbulent region, as those in 

. the laminar zone, are. high near the, leading edge of the mass transport 

section and decrease 'towards the trailing end. A marked difference be-

tween ,the laminar and the turbulent regions is the extent of the entrance 

region, defined as the zone where the transport rates change. In laminar 

flow, the 9ecrease in the local transport rates is slow, and reaches an 

asympt,otic limit only when the two boundary layers extending froni the two 

walls of·the channel merge. This happens at a location further down-

stream from the experimental mass ~ransport section_ and therefore the dis-

tribution_of 'laminar transport rates presented before, in Figure 3.3 and 

3. 4 • do not present an a~ymptote. Local tu,rbulent mass transport rates, 

on the other hand, decrease much faster and reach an asymptotic value 

after only few hydraulic diameters, indicating the establishment of a 

fully developed mass transport boundary layer. It is therefore possible 

to distinguish in turbulent flow between an entrance zone, and a down-v . . 

stream fully developed region. Since the transition from one zone·to 

another is usually gradual, it is common practice to define the entrance 

. J;egion as the zone where mass transport rates exceed 5% above their asymJr 

{1iO) 
totic >value .. · 

Table 4.1 presents data obtained for the local Sh numbers at nine 

different locations along the electrode in turbulent flow. Samples of 

these. data are plotted. in Figures 4.1, 4.2, and 4.3. 
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Table 4.1. Distri6uticn of local transport rates along the electrode in 
turbulent flow. 

·,. 

Run '. 'sc Re 
Local Sh numbers along the electrode 

~-~-5 

w:....4 

H-3 

W-2 

W-1 

S-3 

S-1 

0-14 

P-4 

0-37 

P-5 

0-36 

0-17 

P-6 

0-35 

0-30 

0-18 

P-7 

P-9 

P-16 

P-10 

E-1 
,_ E-2 

E-3 

E-4 

E-5 

E-6 

( 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1319 

1319 

1313 

1319 

1319 

1319 

.1319 

4109 

6091 

11,000 

20,019 

40,016 

52,317 

88,797 

5135 

5150 

7750 

7815 

13,260 

13,640 

13,675 

926 634 477 

1273 806 659 

414 318 272 223 

530 425 330 309 

2'070 1250 1040 896 773 693 

3180 1910 1625 1380 1220 1140 

5310 3290 2860 2630 2120 2100 

557 

1050 

1980 

202 186 

247 248 

470 470 

991· 991 

1920 1952 

6380 4040 3410 2970 2820 2740 2780 2100 2504 

9560 6050 5090 4460 4030 4220 4220 4030 3740 

1150 645 558 472 410 . 318 273 273 243 

1180 514 448 383 348 ~83 268 268 

1650 

2740 1480 

2520 

790 

802 

1260 

1260 

1260 

661 

680 

990 

990 

990 

497 

507 

882 

871 

870 

400 

435 

747 

722 

770 

340 

370 

658 

620 

640 

360 345 

328 313 

620 620 

592 59,5 

644 605 

1319 23,540 1800 1565 1320 1270 1142 1142 1120 

1319 24,630 1940 1740 1515 1490 1320 1220· 1320 

1319 . 25,560 3730 2410 f970 1540 1340 1290 1242 1242 1i42 

1319 . 25,832 3840 2030 1565 1370 1340 1192 1220 1220 

1319 60,060 6450 3950 3130 2730 ' 2980 2730 2730 2730 

1319 .124,190 12,050 8070 6950 5810 5440 5420 5700 5560 5460 

1319 125,200 12,180 ' 7200 6060 5530' 5510 5950 5340 5460 

2900 3300 1040 586 550 449 382 310 278 246 224 

2900 8145 1920 1275 1010 906 796 638 470 479 638 

2900 12,650 2850 1860 1310 1280 1040 900 783 800 1120 

2900 17,920 3810 2490 1915 1750 1430. 1270 1120 1170 1850 

2900 22,769 4205 2820 2390 1970 1595 1425 1360 1475 1530 

2900 31,220 5805 4000 3250 3090 2300' 2130 2130 2130 2240 

, . 
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Table 4.1 (con;t_inued 
,, 

= .. 

'-

Local Sh numbers along the electrode 
·Run Sc Re 

Sh1 Sh2 .sh3 Sh4 sh5 
Sh

6 Sh7 Sh8 Sh9 

E.-.], 2900, 65,000 9510 6390 5480 4600 3090 3650 3520 3520 3520 

F-1 5940 2780 1230 710 568 473 378 331 265 256 236 

·F-i 5940 4050 1420 870 857 615 520 403 341 331 303 

F-3 5940 5745 1705 -1090 899 766 662 520 416 407 398 

F-4 5940 8245 2840 1705 • 1420 1137 945 815 700 690 663 

F-5 5940 14,530 5010 2840 2420 2130 1550 1325 1230 1260 1260 

F-6 5940 17,080 5020 3320 2740 2320 1730 1550 1450 1420 1440 

F-7 5940 20,100 6980 4260' 3220 2240 1980 1830 1730 1705 1760 

F-8 5940 24,790 7810 3640 3220 2840 2330 2130 2080 2080 2080 

G-1 25,100 ·2918 
. ; 

2310 1260 1050 924 651 ' 546 462 420 378 

G-2 25,100 3448 2940 1790 1410 1155 882 714 588 525 525 

G-3 25,100 5906 3890 1995 1680 1260 1070 892 767 725 755 

'G-4 25,100 7836 4720 2730. 2100 1810 1345 1090 . 945 955 945 

c-5 25,100 8555 5500 3350 2270 1890 1510 1260 1050 1050 1050 

G-6 25,100 9349 5670 3190 2310 2160 1595 1365 1155 1200 1175 

G-7 25,100 9576 5760 3460 2470 2270 1680 1408 .1220 1260 1240 
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Fig. 4.1. Distribution of local mass transport rat~s along 

the electrode in turbulent flow.· (Sc "" 1319) 
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Fig. 4.2. Distribution of local mass transport rates along 

the electrode in turbulent flow. (Sc = 5940) 
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Fig. 4.3. Distribution of local mass transport rate~ along the 

electrode in turbulent flow (Sc = 25,100). 
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In order to facilitate comparison of the entrance regions obtained at 

different flow rates, Figure 4.4 and Figure 4.5 present the ratio of the 

local Shx divided by Sh1 , the vaiue at the downstream edge of the elec

trode, plot ted versus "the dis tanc~ from the leading edge. The laminar 

flow curye (dashed line) is included for .comparison. The value of unity 

for the laminar flow at the trailing edge is obtained by dividing the 

local Sh numbers by the downstream value Sh1 • It does not imply that 

asymptotic mass transport rates are reached in laminar flow at this 

location. One advantage of plotting the da:ta as the ratio of Shx/Sh1 is 

that it can be readily compared with the small amoumt of information 

available in the literature on entrance lengths, (mostly heat transfer), 

which is usually presented in this form. 

These curves show that the mass transport entrance region narrows 

down with increasing Re number. No effect of the Sc number on the en-

trance length is noticeable in these figures. It should be pointed out 

that this method of presentation (Shx/Sh1 ) is not very suitable for ob-

taining quanti.tative information. The experimental errors are magnified, 

since two measured values of Sh, each susceptible to experimental errors, 

are divided by each other. 
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·Fig. 4.4. The ratio of local to downstream mass transport 

tates as function of the distance from the 

leading edge (Sc = 1319). 
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SC•!5940 
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Re 
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Fig. 4.5. The ratio of local to doWnstrea~ mass transport 

rates as function of the distance from the lead-

ing edge (Sc = 5940). 
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4.1. Mass Transport Correlation for the Entrance Region 

In order to gain more precise information, the data of Table 4.1 

were plotted on logarithmic scale (Figs. 4.6-4.10), thereby expanding 

the region close to the leading edge of the mass transport entrance sec-

tion where accuracy is sought. 

Upon inspecting these figures it becomes apparent that the 'Sh 

numbers .correlations /close to the leading edge, follow a straight line 

on the logarithmic scale. This indicates that a relationship of the 

form 

Sh b c g 
a Re Sc (dh/x) (4-1) 

can be sought for transport rates close to the leading edge. This form 

of correlation has been suggested previously,based on experimental ev-

"d d h. . 1 "d . (99 ) A d. d 1" ( . 1 ence an t eoret1ca cons1 erat1ons. s 1scusse ear 1er, sect1on 

1.3.3), no agreement exists regarding the coefficients a,b,c, and g, and 

the meager available experimental data are inconclusive. 

The linear dependence (on logarithmic scale), covers the first 

four·segments (in most cases also the fifth)in the range of: 

0 < X/dh < 0.733 

The slopes correspoqding to the linear regions indicated on Figures 4.6-
.~ 

4.10, were obtained by direct measurements of the straight lines drawn 

through the data points. Since only about five data points were available 

in the linear region in each case, and those fell on a straight line, it 

was felt that a least squares procedure was unjustified. 
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· C,omparing Figures 4.6-4.10, one realizes that the slopes of the 
·~ ~ ::' I·( ; : ' 

linear p:ortions, of the curves corresponding to the exponent g on the 

dimensionless distance dh/x are not constant but rather depend on the 

Re and Sc numbers. This becomes more evident by inspecting the g values 

as they ar~ summerized in Table 4.2. For the highest Sc numbers 

(Sc = 25,100) the exponent is essentially independent of the Re number, 

g = 0.33. At intermediate Sc numbers (Sc 5940), g is again independent 

of theRe number, however the average value is lower, g = 0.31. At still 

lower Sc numbers (Sc < 2900) g becomes a function of the Re number: At 

low Re numbers (Re < 11,000) g reduces to about 0. 26. 

Table 4. 2. Variations of g with Re and Sc numbers. 

g = * a[ R.n Sh] 
Sc Re 

a[ R.n dh/x] 

0.33 25,000 3000 - 10,000 

0.31 .5940 2800 - 25,000 

0.30 1200 - 2900 < 8000 

,.... 0.26 1200 - 2900 >11 ,000 

* g was obtained by calculating the average slope in the corresponding 
ranges of Re and Sc numbers. 
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This observed behavior is not surprising in view of the increased 

penetration of eddies from the turbulent core into the laminar sublayer 

(and hence the diffusion boundary layer) as 'the Reynolds number is in-

creased. 

As long as the diffusion layer is extremely thin (very high Sc 

numbers, close to the leading edge) one might expect it to be completely 

submerged inside the laminar sublayer and essentially uneffected by t_he 

turbulent core. In this case, as Linton and Sherwood(99 ) have first 

pointed out, mass transport is by molecular" diffusion _pnly. Consequently, 

simplifying assumptions, namely neglecting the fluctuations or eddy terms 

in equation, (1-26) can be made. The derived expression, (1-78), contains 

g = 1/3. This is in agreement with the experimental results obtained in 

the present work, for very high Sc numbers. 

As the Sc number is lowered, the diffusion layer beeomes thicker 

with respect to the (fully developed) hydrodynamic boundary layer, al-

though it is still complet~ly embedded within it. Now however, one may 

expect turbulent eddies, which occasionally penetrate the laminar sub-

layer, to reach the diffusion layer and enhance the overall mass trans-

port. In this-case, because on~ may not neglect the eddy diffusivity 

terms in equation (1-26"), an analytical solution is not accessible. 

Numerical solutions of Eq. (1-26") require~ assumptions concerning the 

behavior of the eddy diffusivity near the wall, which, as discussed ear-

lier, is still unresolved. One may expect however, that this additional 

eddy diffusivity term will tend to decrease the infl~ence of the distance 

term resulting in a lower value for g. Wasan et al. (195) using an eddy 

diffusivity model derived previously(SB) obtained a. numerical solution 
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Which indeed resuLts tn a g value of 0.30. This is in agreement with ex-

perimental results obtained in the present work for medium range Sc num-

hers. At still lower Sc numbers, when turbulent eddies contribute signif-

icantly to the mass transport, it is reasonable to expect an influence of 

the Re number on the form of the transport equation (i,e. on the value of, 

g). As theRe number is increased turbulence increases, and more eddies 

with higher momentum penetrate into the diffusion layer, thereby increasing. 
. . 

the importdnce of the eddy transport mechanism and changing the assumed 

ratio between the molecular diffusion and the eddy diffusion. This is re-

fleeted at lower Sc numbers: at; low Renumber the expo~eht g is still 0.3, 

however as turbulence increases [Re > 11,000] the·exponent rapidly drops 

to values as low as 0.23. 

A value of 1/3 for the· exponent c on the Sc number., concurring 

with the correlations derived earlier for laminar flow and for turbulent 

asymptotic and average transport rates was found to correlate the data very 
\ 

. 1/3 
well.. This is demonstrated in Figures 4.11 and 4.12, where Sh/Sc was 

. plotted versus the Re number, for each of the first five segments. Al-

though different electrolyte compositions were used, covering a wide range 

of Sc numbers between 1200 and 25100, the 1/3 exponent· on the Sc number 

allows representation of the data measured on each segment by a single 

correlation. 

The same data, in the form it is presented in Figure 4.11 and 4.}2 
I ';· 

can be used to determine the exponent b and the Re number. By inspecting 
* ... . 

the slopes of the lines on these la'st two figures, it becomes evident 

\ 

* Obtained by least squares analysis. 
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Fig. 4.12. Local transport rates at several locations along the 

electrode as· function of Re and Sc numbers. 
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that b is not a constant but varies with the position along the plate. 

The slopes, corresponding to the exponent b, are shown,in Figure 4.13. 

They vary between 0. 72 for the' first segment (x/ dh = 0. 03 7) , thru 0. 84 

for the fifth segme.nt (x/dh = 1.466). The value of b = 0. 92 for the ninth 

segment (x/dh = 9), located in the fully developed reg·ion is also shown. 

Again, this variation 'of b can be anticipated, since one would not expect 

an abrupt change between the lower .values (0.5) predicted by theory for 

the region very ·close to the leading edge, and the considerably larger ex-

ponent (0.875-0.92) in the as)rmptotic fullydeveloped region, An average 

vaiue of b = 0.75 can be estimated for the first four segments near the 

entrance (0 < x/dh <· 0. 73) which are definitely located in the linear re

·gion. 

For design purposes, an average q>rrelation which can be devel-

.oped. Here, an exponent of 0.3 is assumed for dh/~ and the average value 

of 0.75 is chosen for the exponent on theRe number. The resulting corre-

lation: 

Shx = 0.0666 Re
0

· 75 sc1/ 3 (dh/xP·
3 (4. 2) 

is plotted with the data in Figure 4.14. Satisfactory agreement is ob-

tained over the entire experimental range: 

2800 < Re < 125~000 

1200 < Sc < 25,100 

0 < x/dh < 0.73 
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The maximum scatter is 18%. The observed deviations are random and show 

no consistent trend, either in direction or with respect to a particular 

Sc.number, or location. 

4.2. Comparison with Available Data from Other Sources: 

Only small amount of experimental data is available for transport 

rates in the entrance region~ , This is mainly due to experimental diffi-

culties arising from the narrowness of this region. -For truly local rate 

measurements one needs to isolate, the section over which measurements are 

taken from the rest of the wall, a requirement which introduces serious 

experimental difficulties in heat transport studies. It is easier to ob-. 

tain this condition in.mass transport studies, however here extreme care 

must be taken to assure good alignment of the separate segments used. 

Because- of the thinness of the mass transport boundary layer it is ex-

' 
tremely sensitive to surface irregularities. One common way of allevi-

ating these difficulties is by measuring rates over a continuous trans-

port section. By repeating these measurements, for sections. of di!;ferent 

lengths, one can-reconstruct a curve representing the integral transport 

rates in the entrance section as a function of the total transport length, 

L. If no prior analytical expression is ·av_ailable, as ·is the case here, 

one should be careful, when-these integral data are applied, to obtain the 

differential or local transport rates. The direct numerical different!-

ation procedure is not recommended since it magnifies the experimental 

error considerably. A more accurate procedure is first to obtain the ex-' 

pression for the integral transport rates ShL, and then apply the follow-

ing relationship: 
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1 
L 

Sh
1 

= J Sh dx 
L 

0 
X 

\ 

Therefore, if Sh
1 

is of the form: 

b c g 
Sh

1 
= a Re. Sc. (dh/L) 

The. corresponding expression for Sh is: 
X 

Sh 
X 

(4-3) 

(4-1) 

(4-4) 

It is worth noting that the exponents b, c, and g do not change 

their value and therefore: 

if: g = 0.333 then: Sh 0.666 Sh
1 X 

g = 0.3 Sh 0. 7 Sh1 X 

g 0.2 Sh ='0.8 Sh1 X 

Using this relationship, equation 4.2 can be transformed to the integral 

forll).: 

( 4-.Z') 

' . 
For most practical applications, the integral, or total· mass transport 

for' the ~ntire se~tion is of interest, and indeed most available corre-

lations are ·presented in this form. 

One of the earliest studies of ttansport rates in the entrance 

region is that of Linton and Sherwood. (99 ) They have developed as shown 

'in section 1.4 an analytical expression for transport tates near the 

leading edge of the transport section: 
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Their experimentalmeasurements of dissoluticm rates failed how-

ever to conf:hiir this equation, showing instead higher values which were 

in one case (tube diameter 1. 9 em) in agreement with the Chilton~Colburn 

analogy, and in the other case (tube diameter 5. 23. em), were higher and 

matched exactly the experimental results obtained in this work for the 

asymptotic values. (Compare Figure 3 in reference (99) with Figure 3.12 

or Figure 3,15 of this work). The reason .for this apparent discrepancy 

is probably the relatively long distances from the leading edge (the plot-

ted results are a.t L/dh = 6) at which Linton and Sherwood obtained their 

measurements.· By ·observing Figures 4. 6-4.10 of the present work it be-

comes evident that L/dh = 6 is substa~tially outside the linear region. 

near the leading edge to which equation (1-78') might be expected to apply, 

and instead the transport rates at this location are almost equal to the· 

rates in the asymptotic region. On the other hand, the experimental re-

sults obtained in the present investigation for solutions with high Sc 

number, do confirm Linton's and Sherwood's prediction that the rates in 

the entrance region should be proportionai to the inverse cube root (g = 
; 

1/3) of the distance from the leading edge. The exponent of 1/3 for the 

Sc .number is also confirmed. The Re number .dependence, however, does not 

agree with Sherwood's equation, showing a higher exponent (- ·0.75 instead 

of 0.6). This is consistent with the results obtained in the present work 

for asymptotic region, which also exhibits slightly higher exponents on 

tfi'e Re number than those indicated by the Chilton-Colburn analogy. Sim--

ilar dependence on the Re number was found by Linton and Sherwood to apply 
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to part of their ~esults [Figure 3 in reference (99)]. 

(105) 
Van Shaw Reiss and Hanratty measured entrance section mass 

transport rates in considerably shorter seg~~nts by means of an electro

chemical technique. They obtained remarkably consistent results agreeing 

quite well (7% low) with Linton's and Sherwood's equation. For L/dh"' 2 

1/3 they obtained a St (or Sh) number dependence on.(L/dh) for the entire 

range of the Re numbers studied: 5000 ~ Re ~ 75,000. For L/dh < .477 

-0 42 0 58 they obtained a St number dependence·on Re • (Sh a: Re " ), indepen-

dent of Re or L/dh, again in excellent agreement with Linton's and 

Sherwood's theoretical" prediction. This study was limited only to one 

electrolyte composition (Sc = 2400) and therefore the exponent on the Sc 

number was assumed to be 1/3. Son(63 ) discovered a calibration error in 

Shaw,Reiss and Hanratty's experiments and after introducing the appro-

priate correction factor, their data fit Linton's. and· Sherwood's expres-

sian even better. It should be pointed out however that one of the 

(206) 
authors (Reiss), studied previously, in his M.S. theses research, a 

wider range of Sc numbers, between 400 and 2230.· These previous results, 

which are not included in the joint publication of Shaw,Reiss and Hanratty, 

indicate a considerably more complicated b~havior, consistent with the re-

sults reported in .the present. investigation. He found that the exponent 

1 

on theRe num?er,b,.indeed changes considerably with theRe number and 

with L/dh, even in the region L/dh < 0.477. [See Figure 8 reference (206)] . 

. In addition, the proposed exponent of 1/3 for the dimensionless distance 

L/dh did not provide a good correlation of the dat~. [Figure 10, refer

ence (206)] Insepction of the data suggests that a lower exponent will pro-

vide a better fit. 
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(195) . ' J 

Wasan~ Jone~! a.nd Von Behren · lJilproved the model suggested by 

Linton and Sherwood by allowing some contribution to the mass transport 

due to the.~ddy diffusivity. The more complicated model can no longer be 

solved analytically and consequently Wasan et al. used a numerical tech-

nique to obtain a correlation: 

(4-5) 

As previously suggested, accounting for the contribtition of the 

turbulent eddies to the total mass transport, reduces the exponent on the 

dimensionless distance. This effect can be expected be pronounced at· 

lower Sc numbers, and was indeed observed in the present investigation 

(g = 0.3 ; Sc ~ 5940). Wasan et al. compared their equation with the 

data of Shaw, Reiss and Hanratty, and obtained better agreement, espe-

cially at medium and high L/dh values. Their expression also correlates 

very well the limited amount of data obtained by vaporization studies of 

Wasan and Wilke. ( 199) 

Meyerink and Friedlander, ( 198) used a dissolution fechnique sim-

ilar to that of Linton and Sherwood to obtain transport data in the en-

trance region. They have improved the technique of casting the segments 

so that their tubes were smoother and more unifonn. This was reflected 
\ 

in their data which displayed considerably less scatter.· ·unfortunately, 

their segments in the entrance region were too long and consequently their 

results do not~have enough resolution near the leading edge. Also, their 

range of Renumbers was rather limited (Re < 25,000). They report a 

fairly good agreement between their data and Linton's and Sherwood's equa-

tion. Closer inspection of their Figure 5 suggests however,~that a higher 
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exponent on the R.e number, similar to the.vplue reported in this work 

(g- 0.75) will produce .a better fit of their experimental data . 

.. . (191} 
Schutz determined. local mass t:ransport rates in the entrance 

region of a circular pipe, measuring limiting currents in the electro-

reduction of Ferricynide to Ferrocyanide ions. Eightee~ nickel point 

electrodes provided good resolution in the entrance section wh~re the 

-1/3 
transport rates were found to be approximately proportional to (x/dh) . 

These, data are somewhat higher than Van Shaw's measurements, and slightly 

. * 
lower than Spalding's theoretical equation:· 1-80. · The present investiga-

tion on the other hand, indicates higher transport rates, in about the 

same 
. (99) 

range as Linton and Sherwood's results. 

Larson an.d Yerazunis (llS) obtained limited amount of mass trans-

fer data in the entrance region between parallel plates at low Sc number 

(Sc = 0.62). Equation 4-2 obtained in the present tnvestigation correlates 

their data quite well and also provides very good agre.ement with their nu

merical solution. This agreement (within ±5%) is remarkable considering 

that there is a 2000 fold variation in the Sc number between the present 

investigation and Larson and Yerazunis' results. 

In a recent publication, (93 ) Pickett and Ong claim that the data 

they have obtained by an electrochemical technique is best correlated by 

the expression: 

Sh = 0.125 Re2/ 3 Sc 1/ 3 (d· /L) 0 •2 
h 

(4-7) 

* Equation 1-80. is inaccurately drawn (showio.f)transport coefficient which 
are about 30% low) in Schutz's Figure 4.<19 · 
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It is somewhat surpris:Lng that the entrance region was found in this in,... 

vestigation to extend over ten equivalent diameters for turbulent flow 

(Re > 4000).. This is considerably lor:ger than that was reported in the 

literature so far. (Typical distances for liquid systems with high Sc 

numbers are less than one half of this value). Another fact which raises 

some doubts about the validity Pickett's and Ong's correlation .. is that 

they have obtained a linear relationshi~ (on log-log scales) for this 

entire region, indicating a constant, .lower exponent (0.,2) for the dh/L 

term,over ten equivalent diameters. Other studies, as well as the present 

investigation established that this linear rela~ionship typically does not 

extend over five hydraulic diameters, and in higher Re numbers it is lim-

ited to less than one diameter. (See Figures 4. 6-4 .. 10 in the present work 

. or Figure 2 in reference (lOS).) In the course of the present investiga-

tion it was found that at higher Re numbers and at me'dium or low Sc .num-

hers (for diffusion in liquids), the exponent on dh/x.indeed decreases 

from the theoretical value of 1/3. However, under no condition was it 

found to be as low as 0.2. Pickett's and Ong's Sc numbers were fairly 

I 
high (Sc > 2850), and they did not employ flow rates resulting in Re 

numbers exceeding 18 ,000'. Under these conditions, in view of the present 

investigation. and the other results discussed previously, the exponent on 

the distance term should ·have been closer to 0.3. These apparent discrep-

ancies might perhaps be attributed to lower accuracy resulting from the 

limited range over which the experimental parameters were varied: The. 

maximum Re number obtained was 18,000 and the Sc number was changed by 

less than a factor of two. (Considering the exponent of 1/3 on the Sc 

number, this corresponds to a change of only about 25%). In addition, 

' 
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not enough ~egtllents weJ:e PX'OV:f...de.d. :i;n the ent.rance l:'egton 11nd within the 

·range of interest, L/dh ;:::; 0.168, 0.865). This co.uld have.lead to a mis

interpretation-of the functionately dependexice of the data, yielding a 

lower exponent corresponding to a~ average,over the entire transition 

·zone, rather than correlate the local data in the entrance region. 

4.3. Entrance Lengths as Function of the System's Parameters 

Often it is not the absolute· transport rates in the entrance re-~ 

' 
gion which are important, but rather the add~d co,ntribution due to this 

region to the overall transport. This increment is proportional to the 

fraction of the entire transport section which is dominated by the en-

trance effects. Consequently, if the entrance region comprises only 

small fraction of the total transport area :it can often be negl'ected. In 

other cases it may be useful to predict ju~t how far doWn the transport 

section one has to go in order 'to obtain the uniform asymptotic transport 

rates. This information is of a potential importance not only for exper-

imental.studies but also for engineering purposes, such as plating pre:-

cision parts under mass transport control. Therefore,·the ability of es-

timating the extent of the entrance length as function of the system 

parameters can provide a useful design parameter. 

Host of the publications treating this subject report entrance 

lengths at few d-iscrete Re and Sc rtumbers. As will be shown subsequently, 

these results are usually relevant only to heat transport problems (Pr ~ 1), 

and do not agree.with one another or with. the meager data available. The 

only general equation, for correlating the entrance length to system 
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ll 
. (200) 

parameters is thP-t develQped by ~andal and anna, · 

' 

As will be shown 

in section 4.4, in the high Sc number range the entrance lengths predicted 

by this equation are· approximately .an order of magnitude too large.' 

As p~eviously stated, the transpori rates approach the fully de~ 

veloped asympto~ic rates gradually, and therefore if is connnon to define 

the entrance region as. the zone where the rates exceed 5% over the fully 

developed asymptotic va~ue. Inspectio~ of Figures 4.6-4.10 reveals that 

this cut~off point can generally be correlated to the int~rsection of the 

extrapolated line representing the transport rate~ near the leading edge,· 

and the line correlating the asymptotic. rates in the fully developed re-. 

gion. Furthermore, these intersection points consistently indicate 40% 

lower values than the corresponding distances,according to the 5%. cut-off 

definition obtained by direct.measurements of the distribution curves. 

This is schematically demonstrated in Figure 4.15. Consequently, if a 

generali~ed expression for the interaction points is obtain~d, multiplying 

the corresponding distances by 1.4 is expected to yield a good approxima-

tion of the entrance lengths as connnonly defined. 

The locus of the intersection points is derived by equating cor-

relations 3-17·and 4-2: 

0.0666 Re0.75 Sc1/3 (dh/x) 0. 3 0.0101 

yielding: 

The entrance length (5% 

.x/dh = 540.5 Re-
0

•
54 

excess definition) 

X 
e = 756 Re-0 •57 

dh. 

is 

Re0.921 Sc 1/3 (4;_7)' 

(4-8) 

therefore given by: 

(4-9) 
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. . . , I '.1 
(X/dh>e DETERMINED BY I : . (XIdh>e DETERMINED BY 

INTERSECTION . \ ~ 1 ,r-5%· EXCESS DEFINITION 

Fig. 4.15. Schematic comparison of entrance lengths determined by 

various definitions. 
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As could be expected, in agreement with the present as well as with other 

.. b · (lOS) h · d fi d b . . (4 9)' o servat1ons, . . · t e entrance reg1on e ne y equat1on . - narrows 

down with increasing Re number. ·It is somewhat surprising that this 

· length is independent of the Sc number. This was indeed observed by.com-

paring the results displayed. in Figure 4.4 and 4.5. It should be remem-

bered however; that correlation (4-2) for transport rates in the entrance 

region, and therefore also equation (4-9), are valid only for medium and 

high Sc numbers, where the diffusion layer is thin and the contribution 

of penetrating turbulent eddies is !~significant. In the region where 

this requirement is met, variations of the Sc number do not influence the· 

. entrance length. It is expected that for systems with Sc (or Pr) numbers 

smaller than one, 'Where the diffusion layer is thicker than the hydro-

dynamic boundary layer and therefore exposed to the turbulent core, equa-

tion (4-9) will no longer be valid. 

Figure 4 .J6 shows the entrance length according to the 5% defini-:) 

tion, derived from the distributions of transport.rates along the'elec~ 

trode obtained in this investigation. The solid line representing equa-

tion: (4-9) correlates the data quite well. It should be noted that this 

equation was obtained from a correlation which provides only an average 

pres.entation of a considerably more complicated behavior, and its accu-

racy is 'therefore inherently limited. Nevertheless, considering the 

experimental difficulties in obtaining accurate data in the entrance 
. . ' ' 

region, this equation provides very good agreements with the experimental 

results. 
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4 .• 4. Comparison of the Entrance Length Corr.elation with Available· 
Data·in the.Literature 

Very little experimental data is available for entrance lengths. 

Most of the information was gained from numerical solutions which always 

involve various physical a'ssumptions, and very often contain more than 

one adjustable parameter. Consequently the available results display 

wide scatter, often over 1000%. Furthermore, agreement has not yet been 

reached evenconcerning the trend, or direction, of the dependence of en-

trance length on the R~ and Sc numbers. ·Except for a publication by 

Sleicher and Tribus<44) which is limited to extremely low Sc numbers. 
·. (200) 

(0.002 < Sc< 0. 718), and a theoretical. work by SandaU and Hanna, . 

the results are always given in terms of discrete rate distribution curves, 

and no attempt has been made to systematically correlate the entrance 

length with the system. parameters. According to Sleicher 's and Tribus' 

analog computer results, the thermal entry length at low Sc numbers in-

·deed displays a very unique behavior: At a given Re number, the entry. 

length first increases with increasing Sc numbers,up to Sc = 0.01, and 

then decreases, as the Sc number increases further. This variation is 

: (108) contrary to analytical results obtained by Berry. Sleicher and 

Tribus predict that for Pr (or Sc) numbers exceeding 7.5, the entry 

length no longer depends on Pr number variations. 1'his is essentially 

. . 162 
in·agreement with most other analytical solutions such as Deissler's · ' 

l07) and with experimental observations such as obtained in the cours~ 

of this work. The dependence of the entry length on the Re number re-

ported in the literature is also complicated. Since most investigators 

studied heat transfel:' systems with low Pr numbers, they usually report. 
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that the entry length increases with increasing Re number. However, this 
..... 

"i; 

statement is in clear contradiction to observations in mass transport 

systems such as the present investigation where the Sc numbers are high. 

Sleicher·and Tribus realized that at low Pr numbers the entry length de-

pendence on the Re number decreases as the Sc number is increased. They 

predict however, erroneously, that as the Pr number increases over 7.5 

there is very little· influen·ce of the Re (and of ,the Pr) number on the 

* entry length, which reaches an asymptotic value of about 10. Deissler's 

(62 107) numerical analysis ' seems to provide a more accurate trend, since 

his results for the entry length shift their dependence on the Re number 

as the Sc number passes through one. The absolute magnitude of his entry 

lengths, still do not agree with experimental data and analytical results 

: . (110 108) 
of other investigators. . ' In addition, they display a very strong 

dependence onthe boundary conditions at the wall (constant flux versus 

constant temperature). This dependence on the boundary conditions has 

been shown by several investigators, e.g., 
. (111) 

Siegel and Sparrow to have 

only second order significance. 

Rather than first calculating by numerical methods the transport 
. (200) . 

rate distribution in the entrance section, Sandall and Hanna appl1ed 

an overall energy balance to this region. This new approach enabled them, 

after; assuming Reichardt's distribution for the eddy diffusivities to ob-

tain the foll9wing general expression: 

'* Based on cut~o;ff point of only 2% above the as:Ymptotic rates, and there-
fore predicting higher values. Because of the limited accuracy and res
olution of experimental data, this definition as well as the 1% excess 
definition used by some other theoreticians, is unsuitable for practical 
ap.plications. It is estimated that this definition leads to approximately 
50% higher values than the 5% criterion. · 
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(L/ d ) ;;;;,: Sc Re (· ' 1 ) 
he 32 ·1 + 0.0303 Sc Sc t Re .Jf/2 

(4-10) 

Because of the large scatter of t~e avail~ble data for small 

Pr(orSc) numbers, it is difficult in this region, to assess Sandall's 

and Hanna's claim that their equation predicts entrance lengths accurately, 

and furthermore that it is insensitive to the variation of the eddy diffu-

sivity near the wall even at large Pr numbers. However, for the range: 

Sc ;;;;,: 1 Re ;;;;,: 10,000 

equation (4-10) can be transformed, within 5% accuracy, to a considerably 

simpler form: 

(4-10 I) 

Equatio·n (4-10') shows the entrance length to be independent in this range 

·of the Sc number, as was found in the course of the present investigation.· 

. However, it .predicts considerably longer entrance lengths., by factors of 

10 to 20, than found here or by all other investigators in the range of 

higher Sc numbers. Furthermore, the dependence of the entry length on 

theRe number is contrary to all available results for the range Sc;;;;,: 1. 

This will be shown subsequently. 

Table 4.3 compares entry lengths which have been either measured 

or calculated. The data. is displayed in order of incre_asing Sc numbers. 

These data, although very scattered, indeed demonstrate that as the Sc 

number incr:eases over one, the dependence-of the entry length on theRe 

number reverses its trend: In this latter region, as predicted by _equa

tion (4-9), the entry length decreases with increasing Renumbers, and 
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Fig. 4.17. Comparison of the "proposed correlation for the entrance 

length with other experimental and analytical results. 
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should become independent of the Sc 'number. when comparing_ data, one 

should therefore be aware of the different r'egions established by the .Sc 

number. In orde.r to check the va:J:idity of equation (4-9) and compare the 

data obtained in the present investigation with cither available results, 

the data from Table 4.3 corresponding to Sc ~ 5 were plotted in Figure 

4.17, together with correlation (4-9); It b~comes apparent that the 

small amount of available experimental data (indicated by solid symbols) 

with one exception of the measurements of Pickett :and Ong wh.ich lie out-

side the plotted region,matches the proposed correlation quite well. On 

the other hand, ~ith.few exceptions, the many analyt~cal results di~play 

a wide scatter.(the correlation :of Sandall ~nd Hanna was not plotted since 

it lies outside the region and shows only poor agreement with the present 

experimental results or with experimental·data obtained by other investi-

gators). This casts some doubts about the-accuracy of some very well known 

analytical models.· (Deissler; (62 ' 107 Sleicher and Tribus ~-(44 ) Spar~ow, 
Hallman, and Siege1( 110)). The scatter is consid~rably larger in the 

low Sc number region (not .plotted 11ere), and suggests that a careful ex-

perimental st~dy in this region is called for. 

It may be concluded, that equation (4-9) provides a good corre-· 

lation for entry lengths in systems with high Sc riumbers (Sc > 1000). It 

may well be that the validity of this equation extends to considerably 

lower Sc numbers, perhaps to Sc values only slightly higher than unity. 

Additional measurements in the low Sc numbers range are necessary before 

such a claim could be made. 
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V, MASS TRANSPORT TO ROUGH SURFACES 

General correlations of the type available for smooth surfaces 

are not valid for rough surfaces. It is now g~nerally accepted that 

transport rates at rough surfaces· are not only a function of the size of 

roughness e~ement~ but ~lsp of their shape, and distribution. 

Since the pres.ent investigation uses the copper electrodeposi-

tion reaction as a vehicle for study of mass transport rates'· it ~y be 

argued that the electrode ·inherently changes during the' experiments and 

therefore the surface texture cannot be rigorously defined. For this 

reason, careful.measurements of the electrode roughness were taken before 

• ' i * 
and after each set of measurements by a surface analyzer. 

These .measurements, and paralleling photomicr.ographs of the sur

faces indicate that the increase in r~ughness during any such set of ex-

periments .is undetectable. This was achieved by using relatively dilute 

:plating solutions (thereby minimizing the corresponding limiting currents); 

operating in the galvonostatic mod.e; and by applying the current ramps as 

fast as possible without introducing unsteady-state effects. 

5.1. Surface Preparation 

Three types of rough surfaces were employed in the course of the 

present investigation: mech~nically grooved electrodes, electrodes 

roughened by coarse silicon-carbide paper, and rough surfaces prepared 

* Stylus type, Clevite-Gould :system, model 150. 
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by prolonged electrodeposition at the limiting current. The surface 

roughness was measured by mechanical surface analyzer, by focusir1g a 

microscope with short depth of field, and by microphotography. Each of 

the surfaces was characterized in terms of the roughness elements' shape, 

size and the dimensionless ratio, e/dh, the ratio of the size of the 

element to the equivalent diameter of the 'channel. 

5.1.1. Grooved Electrodes 

Because of the difficulty involved in precisely machining rep

etitious grooves on the entire area of the cathode, only one segment 

(7 x 8 em) was grooved. This segment was placed in the downstream end of 

the mass transport section (position #9), where previous experiments 

with the smooth electrodes (see Chapter IV) established that the mass 

transport boundary layer is already fully developed. Three types of 

grooved segments were machined. 

(a) Ribs with triangular cross section, as shown in Fig. 5.1. The 

ribs extending over the entire width of the electrode, in a direction 

transverse to the flow, are 203 ~ high, with a base of 260 ~. The di

mensionless height of these elements is: e/~ = 0.0051. 

(b) Segments with ribs having a rectangular profile as shown in Fig. 

5.2. The ribs are 147 ~ high, 200 ~ wide, and the separation between 

the rows is 240 ~. The e/dh value is 0.0037. 

(c) Segments with discrete, three dimensional protrusions with nearly 

a cubic shape as shown in Fig. 5.3. The cubes are 86.5 ~ high, 260 ~ 

wide, and are uniformly distributed on the electrode surface with a 

separation of 220 ~ between the rows. The e/~ value is 0.0022. 
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Fig. 5.1. Electrode with grooved triangular ribs. 
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Fig. 5.2. Electrode grooved with rectangular ribs. 
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Fig. 5.3. Electrode with discrete cubic protrusions. 
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5.1.2 . . Electrodes Roughened by Sand Paper 

Coarse silicon-carbide paper (#180) was used for roughening the 

cathode in this set of experiments. The electrode was scratched in a 

direction orthogonal to that of the flow, with grooves having an average 

depth (peak to recess) ·of about ~0 ~. (e/dh = 0.002) Typical surf

analyzer tracings and a photograph of this surface are shown in Fig . 5.4. 

5.1.3. Roughness Produced by Prolonged Electroposition 

It is well known that electrodeposition at the limiting current , 

or close to it, produces rough deposits which have powdery or granular 

appearance. This subject is discussed in more detail in Chapter VI. 

The rough deposits produced at the limiting current bear some resemblance 

to sand roughness which is usually produced by gluing to the transport 

surfaces, as closely packed as possible, uniformly sized sand particles. 

Closer microscopic examination of the electrodeposited roughness reveals 

however some differences between this type of rough surfaces and sand 

roughness. The electrodeposited surface shows granular nodules uni

formly dispersed on top of another surface layer consisting of densely 

packed, much finer particles. Careful examination often reveals a third 

hierarchy of even smaller particles. This surface structure seems to 

resemble surface roughness originating from natural causes such as 

casting, scaling, or deposition-better than the artificially grooved 

electrodes, or surfaces with sand roughness. Since this electrodepos

ited roughness is directly related to the method of measurement employed 

in the present investigation, it was decided to determine also the in

crease in mass transport due to roughness produced in this manner. 
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Fig. 5.4. Electrode roughened by #180 sand paper in a direc

tion transverse to the flow. 
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The size and density of the nodules produced by prolonged electrodeposi-

tion depend on the current density, the solution flow rate, and on the 

number of coulombs passed. Therefore, to reproduce roughness, before the 

limiting current measurement was performed, the surface was preplated 

from the same solution by prolonged electrolysis at the limiting current. 

2 
A typical surface prepared by deposition of 22.3 cb/cm copper, 

(passing a limiting current of 6.2 mA/cm
2 

for 1 hr while maintaining a 

flow rate of 30 GPM) is shown in Fig. 5.5. The larger nodules protrude 

to an average height of 20 ~. corresponding to an E/dh value of 0.0005. 

The surfanalyzer trace clearly indicates the two scales of roughness 

where the larger protrusions are embedded on a surface of finer particles. 

The picture shows the granular nature of the deposit thus obtained. For 

comparison, a smooth polished surface is also shown. Figure 5.5b is a 

larger magnification of the same rough surface, showing the granular tex-

ture of the nodules. 

5.2. Experimental Results 

Table 5.1 contains the data of mass transport rates obtained for 

the rough electrodes described in the preceeding section. Part "a" of 

the table corresponds to the three kinds of grooved electrodes, part "b" 

contains the data for surfaces roughened with ~and-paper, and part "c" 

the data for rough electrodes prepared by prolonged electrodeposition. 
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SMOOTH 

XBB 766-5407 

Fig. 5.5(a) Roughness produced by prolonged electrodeposition at the 

limiting current. Section on right was masked and displays 

the initially smooth suface. 
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Fig. 5.5(b) Roughness produced by prolonged electrodeposition at 

the limiting current . The electrode is the same as 

shown in Fig. 5.5 . (a) but photographed here at a higher 

magnification so that the nodular character of the de

posit is shown. The upper photograph is focused on the 

crests. The lower-on the recesses. The smooth portion 

on the lower photograph shows the original unplated 

surface. 
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Table 5.1. Mass transport rates to rough electrodes. 

Electrode Protrusion e/dh Sc Re Sh jD St 
Run configuration height 

x103 (e) X103 x1o5 

(a) 
Tl Machined- 203 5.1 1200 7200 367.6 4.81 4.254 

T2 -Triangular '203 5.1 1200 11 '700 658.8 5.30 4.692 

T3 ribs 203 5.1 1200 20,000 1445 6.80 6.021 

T4 203 5.1 1200 34,900 3517 9.48 8.398 

T5 203 5.1 1200 73,100 7375 9.49 8.407 

T6 203 5.1 1200 91,000 9190 9.51 8.415 

Vll Machined- 147 3.7 1200 2127 108.3 4.79 4.243 
' 

V10 -Square ribs 147 3.7 1200 2900 148.7 4.82 4.273 

V12 147 3.7 1200 5050 249.6 4.65 4.119 

V9 147 3.7 1200 7110 339.2 4.49 3.975 

V8 147 3.7 1200 11,600 592.8 4.81 4.259 

V7 147 3.7 1200 20,019 1832 8.61 7.626 

V6 147 3.7 1200 26,020 2242 8.11 7.180 

V5 147 3.7 1200 34,500 3189 8.70 7.703 

V4 147 3.7 1200 45,480 4133 8.55 7.573 

V3 147 3.7 1200 52.510 4791 8.59 7.603 

V2 147 3.7 1200 72,070 6502 8.49 7.518 

V1 147 3.7 1200 0 89,220 8066 8.51 7.534 

G2 147 3.7 25,100 3448 592.8 5.87 0.685 

G12 147 3.7 25,100 4300 643.9 5.12 0.596 

G3 147 3.7 25' 100 5906 848.8 4.91 0.572 

.G4 147 3.7 25,100 7836 ·1753 7.64 0.891 

G6 147 3.7 25,100 9349 2142 7.83 0.913 

G7 147 3.7 25,100 9576 2281 8.14 0.949 

G13 147 3.7 25,100 11,500 2931 8. 71 .1.015 

G14 147 3.7 25,100 14,500 4098 9.66 1.126 
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Table 5.1 (continued) 

Electrode Protrusion e/dh se: Re Sh jD St 
Run configuration height 

xl03 x103 x1o5 
(e) 

,., 

V49 Machined- 86.5 2.2 1200- ~ 2100 106.2 4.76 4.214 

V50 discrete cubic 86.5 2.2 1200 2500 127.5 4.80 4.250 

V39 protrusions 86.5 z:2 1200 2900 164.7 5.34 4.732 

V48 86.5 2.2 1200 4110 217.8 4.99 4.416 

V47 . 86.5 2.2 1200 6100 292.2 4.51 3.992 

V46 86.5 2.2 1200 11,070 557.8 4.74 4.199 

V38 86.5 2.2 1200 20,020 1222 5.75 5.086 

V37 86.5 2.2 1200 26,200 1933 6.94 6.148 

V41 86.5 2.2 '1200' 30,'640 1964 6.03 5.342 

V45 86.5 2.2 1200 30,640 1987 6.10 5.404 

V52 86.5 2.2 1200 30,640 ' 2284 7.02 6.212 

V51 86.5 2.2 1200 37,670 2655 6.63 5.837 

V40 86.5 2.2 1200 43,920 3400 7.29 6.451 

V44 86.5 2.2 1200 52,980 4143 7.36 6.516 

V43 86.5 2.2 1200 74,070 5843 7.42 6.574 

V42 86.5 2.2 1200 85,320 6693 7.38 6.537 

Z16 86.5 2.2· 1870 2473 .141. 7 4-:63 3.064 

Z15 86.5 2.2 1870 6834 .400.2 4.75 3.131 

Z14 86.5 2.2 1870 11,4 70 691.9 4.90 3.226 

Z13 86.5 2.2 1870 17,460 1448 6.73 4.435 

Zl2 86.5 2.2 1870 30,550 2724 7.24 4.768 

Z11 86.5 2.2 1870 39,000 3889 8.09 5.332 

E10 86.5 2.2 2900 3310 213.3 4.52 2.222 

E2 86.5 2.2 2900 8145 .640.0 5.51 2.709 

E3 '86. 5 2.2 2900 .. ' 
12,650 ll20 6.21 3.053 

E4 86.5 2.2 2900 17 '920 1867 7.31 3.592 

(b) 

T21 Roughened by -so 2.0 1200 6020 286.8 . 4.48 3.970 

T23 1/180 80 2.0 1200 8100 382.5 4.44 3.935 

T24 Sand Paper 80 2.0 1200 8100. 409.0 4.69 4.156 

r22 80 2.0 1200 11 '700 632.1 5.0,8 4.502 
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Table 5.1 (continued) 

Electrode Protrusion e/dh Sc Re Sh jD St 
Run configuration height 

x103 x103 x105 (e) 

T20 80 2.0 1200 11,050 584.3 4.67 . 4.406 

T19 80 2.0 1200 22,400 1221 5.13 4.542 -

T18 80 2.0 1200 52,300 3293 5.92 5.247 

T17 80 2.0 1200 6.7,100 \ 4674 6.55 5:.805 

T16 80 2.0 1200 85,200 5949 6.57 5.819 

T15 80 ' 2.0 1200 85,600 5737 6.31. 5.585 
' 

. ' 
(c) 

Raridom 
; 

W6 20 .so 1200 2900 146.5 4.75 4.'209 

W7 Roughness by 20 .so 1200 6090 294.2 4.55 4.026 

W10 Prolonged 20 .so 1200 11 '730 590.5 4.74 4d95 

W11 electro- .20 .50 1200 '20,020 1087 5.11 4.525 
I 

W9. -deposition 20 .so 1200 40,020 2230 5.24 4.643 

P26 20 .so 1318 2825 149.1 . 4.81 4.004 

P25 20 .so 1318 7880 396.8 5.03 '3:820 

P24 20 .so 1318 17,700 1005 5.18 4.308 

P23 20 '\ .so· 1318 S2,000 2643 4.64 3.856 

P22 20. .so 1318 65,600 3622 S.04 4.189 

. P21 20 .so 1318 81,030 4916 5.S3 4.603 

P20. 20 .50 1318 . 102' 100 S520 4.93 4.102 

P32 20 .so _1318 . 104,8SO 6136 5.34 4.440 

. P19 20 . .so 1318 124,200 7207 5.29 4.402 

P18 '20 .so 1318 125,000 7242 5.28 4.395. 

P17 20 .so l318 124,190 7149 5.25 4.367 

P16 20 .so 1318 124,190 7055 5.18 4~310 
-

GIS 20 .so 25,100 3220 S00.7 S.31 o:619 

Gl6 20 .so 25,100 3830 571.0 5.09 0.594 

G17 20 .50 25,100 4960 732.0 5.04 O.S88 

Gl8 20 .so 25,100 9880 2079 7.18 0.838 

G19 20' .so 2S,l00 9990 2108 7.21 0.841 

G20 20 • so 25,100 . 10,630 2456 7.89 0.920 
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Transport rates, in the form of Sh/Sc 113 , for solutions ~ith Sc 

numbers of 1200 apd 1318 are plotted in Figure 5. 6.· For comparison, the 

correlations obtained previous!~ ·(Chapter JII) for transport ratei to 

* smooth surfaces are also presented as solid lines. As expected, the 

transport rates for the rough surfaces are considerably ,higher. Most of 

the increment takes place beyond a threshold Reynolds number which for 
' 

solutions with Sc number of 1200 is about 11,000. Below these threshold 

values all the rough surfaces studied exhibit only a slight increase in 

transport rates amounting to about 6% for;.Sc '""" 1200. 

At higher flow rates, exceeding the threshold Reynolds number, 

the transport rates for the rough surfaces increase sharply. After a 

second transition, at Reynolds number of about 30,000, i:he slopes of the 

curves correlating Sh/Sc 113 vs. Re decrease again and they be~ome linear. 

As indicated by the dotted lines in Figure 5.6 these correlationsattain 

eventually a slope of about unity which is only slightly higher than the 

value of 0.92 obtained for the smooth surfaces. The slope in the transi-

tion region (Re = 11,000-25,000, tor Sc - 1200) is the steepest for the 

' surface with the largest protrus'ions. This surface also gives rise to 

the highest transport rates at high Re numbers. 

* The limiting .current curves obtained on the rough surfaces often did not 
displayas clear and distinct plateaus as those obtained on the smooth 
e1ectrodes. This wa,s especially noticeabl~ ~t the higher Re numbers 
where often the curves exhibited an 'inflection point rather than a level 
plateau. This may be attributed to the non-uniform accessibility to 
transport of the crests and recesses on the surface, possibly giving rise 
to earlier hydrogen evolution at some locations, whereas others have not 
yet reached the limiting current. Consequently the Sh numbers obtained 
here are not as precise as the ones obtained for the smooth surfaces. 
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ROUGHNESS e/dhCX103 ) sc 

A TRIANGULAR RIBS 5.1 1200. 
c SQUARE· RIBS 3.7 1200 
• CUBI~·. PROTRUSIONS 2.2 1200 
o SAND- PAPER 2.0 1200 
t ·PROLONGED ELECTRO-· 

-DEPOSITION 0.5 1200 
• ·PROLONGED ELECTRO-

~DEPOSITION 0.5 1318 . 

R8 

Fig. 5.6. Mass transport rates for rough surfaces in turbulent flow 

(Sc • 1200; 1318). 

't.·· 
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The effect of Sc number is shown in Figure 5.7, where transport 

rates for the same rough surfaces, but at higher Sc numbers, have been 

·added to the data presented in Figure 5. 6.: Here, the threshold Reynolds 

number, beyond. which. the transport· rates increase sharply is lower. For 

solutions with Sc number of 25,100 this threshold Re number is about 

6000, indicating that at higher Re values the additional effect of flow 

on the rough surface is already very significant. For Sc numbers of 

1870 and 2900 the threshold Reynolds numbers assume intermediate values 

between 8000 and 11,000. The available d~ta does not permit establishing 

these intermediate values.with more precision. 

At lower flow rates corresponding to Reynolds numbers below the 

threshold values, the rough surfaces .exhibit, as before, only slight in-

crease in 'the transport rates, in comparison with the smooth surfaces. 
'· 

This increment is about 10% at Sc numbers of 25,100, ·somewhat larger than 

the 6% increase found for the same rough surfaces at the lower Sc numbers. 

The data for the higher Sc numbers obtained at flows exceeding 

the threshold Reynolds numbers, indicate that Sc number variations have 

. ' 
··a more pronounced effect on rough surfaces than ori smooth surfaces. 

Consequently, as seen in Figure 5.7, the 1/3 power on the Sc term does 

not correlate th~ "rough data" very well. An exponent of 1/2, chosen 

arbitrarily on the basis of semi-theo!~tica1 predictions pre~ented in the 

following section, gives a considerably better correlation for the rough 

region over wide range of Sc numbers as indicated in Figure 5.8. This 

correlation is valid only for the rough surfaces with. flows exceeding 

the threshold Reynolds number. As might be expected, the exponent of 1/2 

on' the Sc number· provides a very poor fit at lo.wer Reynolds numbers, 
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where the "rough" data similarly to the data obtained on smooth surfaces 

. . . . 1/3 
is adequately represented by a correlation involving Sc • 

Upon inspecting Figures 5.6-5.8 it also becomes evident that 

there is an influence of the height of the roughness element on the cor- ' 

responding increase in transport rates: The further the_p~otrusions ex-

, 't~nd into the solution, the higher are the transport rates. It' l.s com

mon to indicate the surface roughness by th~ dimensionless ratio e/dh, 

where e is the height of a roughness element and dh is the hydraulic 

diameter of the conduit. Using this ratio, it is found that the influence 

of the size of the roughness elements _in the region above the · thres_hold · 

R ld b b b 1 d i - ' f' ( /d-) 0 •21. eyno s num er can e est corre ate n terms o _en 
This ex-·· 

ponent was ·found by cross plotting the data at eight different- Re numbers 

and then averaging the measured slopes. It was felt that the limited ac-

curacy of the data, and the shape changes of the elements which always 

accompanied th~.size changes, did not justify a multiple regression 

analysis. Mass transport rates for rough surfaces can therefore be ex-

pressed in terms of the overall correlation: 

(5-1). 

Here, .the coefficient and the exponent on the Re number were determined 

by a least squares analysis, after the other exponents were established. 

Equation 5-l is valid only for transport rates obtained at high Re numbers, 

beyond the second transition. This zone is often cailed the ''completely 

'rough" region. This approximately corresponds to Reynolds numbers ex-

ceeding 30,000. The data for this region, together with correlation 5-l 
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are plotted in Figure 5.9. It is reasonable to assume that not only the 

size of the roughness elements but also their shape, density, and distri-

but ion will affect the mass ·transport rat~s for rough surfaces .. This 

assumption was actually verfied in various experimental friction factor 

t d . (126,132) h . f "1 d h 1 "d s u 1es. · . T e present l.nvest.igation a1. e . owever to e uc1 ate 

the different effects on the transport rates caused by the different con~ 

figurations of the roughness elements which were tested. The reason 

probably is that this shape effect was masked by the corresponding changes 

.in the pr'<:>trusion heights, since in all cases, when the shape of the pro-

trusion·was changed, so was its height. It is therefore possible that 

some of the changes in the transport rates which were attributed to vari-

ations in the; e/dh parameter w.ere act~ally due ~o changes in the shape and 

density of the roughness elements. Unfortunately, because of difficulties 

in machining the grooves, no tests were made in which only one roughness 

parameter was chpnged at a time. Al~o, any given rough surface could be 

used for limiting current determinations only a few times, since the nature 

of roughness gradually chat).ges during each additional run. For this rea-

son,the limiting current data obtained on rough electrodes are less ex-

tensive and also less reliable than those obtained on smooth electrodes. 

5.3. Discussion of the Result ·and Comparison to Available 
Data in the Literature 

5. 3. 1. Overview. of the Results 

As e~pected, the rough electrodes give rise to higher mass trans-

port rates than those observed on smooth surfaces. The shapes of the 

curves .correlating the jD factors for. the "rough" data resemble the well 
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Fig. 5.9. Mass transport rates to rough electrodes at high Reynolds

numbers. (The "linear'' or ucompletely rough" region) • 
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known friction facto·r curves for rough surfaces, This is clearly indi-

cated in Figure 5.10, where t-he rough surface mass transport data were 

re-plotted in terms ·of the j
0 

factors versus the corresponding Re numbers . 

Similarly to the .friction factor curves, the mass transport cor-

relations display three distinct regions: 

(a) Essentially smooth regions, corresponding to low Reynolds numbers, 

up to about Re = 11,500 for Sc = 1200, ari·d Re = 6000 for Sc ~ 25,100. 

In this region, the transport .rates are only slightly (6-10%) higher than 

the corresponding rates of the smooth surfaces, probably as a result of 

the larger stirface area. This will be discuss~~ subsequently in •ore de-

tail. The transport rates in this region, for all the surfaces studied, 

can be approximately correlated by: 

or 

Sh = 0.:()14 Re0 •87 sc 113 

j · = 0 • 0 14 Re-O · 13 
D 

(5-2) 

(5-3) 

This equation which correlates the data within ±10.% is indepertdent of the 

roughn·ess height and is parallel to the correlation of transport rates to 

smooth surfaces. This indicates that the rough surfaces in this region 

interact with the flow in a similar manner to the smooth surfaces ·and the 

roughness elements have minimal effect on the flow pattern. 

Equation 5-3 is analogous to the well known Blasius equation for 

friction factor for smooth pipes, and for rough pipes in the hydrauli-

cally smooth region: 

f/2 = F(Re) = 0.0395 Re-0 · 25 (5-4) 
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(b) A transition region: This region applies to medium range Reynolds 

numbers, between 8000-50,000 depending on the protrusion heights and on 

the Sc number. H~re after the flow exceeds a threshold Reynolds number, 

the transport rates display suddenly a sharp increase. The slope of the 
,-·~ 

Sh vs Re curves reach values considerably higher than unity indicating an 

interaction between the flow and the surface elements. The transport 

rates can no longer be correlated in terms of a simple equation, and only 

the following general form can be applied: 

Sh = Sh (Re, Sc, e/dh) (5-5) 

This is analogous-to the transition region for the friction factors where 

the latter can also be described only in general terms: 

f/2 = F (Re, e/~) (5-5') 

(c) A "completely rough" region, at high Reynolds numbers. ·Here the 

mass transport rates are fbund to be almost linearly proportional to the 

Reynolds number. ·This region is quite similar to the "completely rough" 

region obtained in pressure drop measurements when the friction factor is· 

no longer dependent on the Reynolds number. This similarity is apparent 

in Figure 5 .10. A critica;I. Reynolds number which is dependent on. the 

protrusion-height marks the beginning of this region. 

The mass transport rates in this region can be well correlated 

by 

Sh (5-1) 

or 

(5-6) 
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The jD expression has o~ly very.slight dependence on the Reynolds 

number and is analogous to.t~e friction factor correlation obtained by 

Nikuracise 025) sand covered surfaces in the completely r~ugh region: 

{ - = F(e/d ) = 2 h (5-7) 

Here, e. ·is the diameter of the sand particles. Equation 5-7 can be ap-
·S,. ·. 

proximated·in the region of interest by the simpler expression: 

f - = 2 
(5-7') 

which is similar to (5-6). 

One should note that whereas friction factors in this completely 

rough region depend only on the height of the roughness, the mass trans

port coefficients, depend on th·e Sc numbers as well. Also it should be 

again emphasized that all the friction factor correlations are valid only 

for sand roughness. General expression for friction factors, as well as 

more precise correlations for mass transport rates will involve also 

terms describing the shape of protrusions and their distribution. 

5.3.2. Related studies 

Only few papers report over-all mass transport rates to rough 

surfaces in turbulent flow as a function of the system parameters. 

Several other publications deal only with momerttum and heat transport .• 

. (119) . 
Cornet et al. studied mass transport to rough rotating disks 

using the electrochemical limiting current technique. Some of their 

disks were mechanically grooved and some were cast with sand· t~e rough-

ness. In the laminar flow region they found slightly higher transpo~t 
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rates 'than those obtained with smooth disks. The increments in this re-

gion were attributed to the larger effective surface area due to the 

roughening. In the turbulent ~egion, Corn~t and his co-workers found 

considerably higher transport rates than those obtained with smooth disks 

under the same flow conditions. For this region they propose the follow-

ing equation: .. 

(5-8) 

where r is the radius of the rough disk. The height of the roughness 

elements was found to affect the critical Reynolds number defining the 

transition from the laminar into the turbulent zone. 

Dawson and Trass (lO)) studied transport rates to rough electrodes 

embedded .in this wall of a flow channel. Their curves are si:milar in 

shape to those found in the present study--also indicating a transition 

zone where the rates increase sharply,· and at higher Re. numbers, a "com-· 

pletely rough"'region where the slopes of Sh vs Re are less steep. The 

slopes of the curves in this zone are however considerably lower then the 
I 

slopes found in the present investigation, or than those predicted by 

theory (- 0.8 vs 1.0). The overall rates found by Dawson and Trass are 

quite similar to the rates obtained in the present investigation for high 

Reynolds numbers (Re - 105 ) and also at the lower range of turbulent 

Reynolds numbers, but are considerably higher (by about a factor of 2.5) 

at intermediate Reynolds numbers (Re- 104 )~ 

R . . d B dh (lZO) d' d . . . . d. ff oss an a war stu 1.e mass transport to a 1. erent type 

of surface roughness, consisting of deep discrete cavities. They found 

.that the transport rates to the bottom of a cavity·strongly depend on its 

geometry. 
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' (174) \ 
Recent study by Acosta of mass transport in narrow channels 

indicated considerably-higher transport rates for rough surfaces as com-

pared wi~h smooth ones. The rough surfaces exhibited large deviations 

from the. Chilton Colburn analogy _between the jD and the f:riction factors. 

These departu.res from the analogy reached maximum values at different 

.. / j ... : .. . 
Reynolds numbers depending of -the degree of surface roughness. 

5.3.3. A physical model 

The three regions observed in the mass transport correlations, 

which are similar to'those obtained for momentum and heat transport, sug-

gest an analogy between the three processes, and indicate an interaction 

' 
between the momentum and the·mass transport to, and around, the roughness 

elements. 

The essentially smooth region is characterized by transport rates 

which are almost identical to the smooth surface rates. This region cor-

responds to low Reynolds numbers and thick hydrodynamic boundary layers. 

The roughness elements are therefore completely submerged within the vis-

cous sub-layer and the only forces exerted on them are the usual viscous 

shear force3 dominating in this region. Consequently, the·roughness 

elements do not-interact ~ith the flow differently than the rest of the 

smooth surface, and the flow fie,ld remains unchanged. The corresponding 

mass transport rates are also expe~ted to be identical to those of the 

smooth surfaces, and indeed the rates observed in this region display 

only a slight increase, (6-10%), which is attributed to the increase of 

the tra~sport area. This is discussed in section 5.3.4. 
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As the Reynolds nu~ber is increased, the bo~ndary layer thins 

down aqd the roughness elements partially protrude out' of the viscous 

sub layer, or become comparable ,in size to it. The protruding elements 

encounter now a more turbulent flow and ·start shedding eddies due to flow 
f 

separation at the tips. These eddies partially ,penetrate the diffusion 

layer and enchance the mass and heat transport processes which otherwise 

would have been, in this region, molecular by nature. 
/ 

When the Reynolds number further increases, larger portion of the 

element is exposed to the main turbul'ent flow. The form drag is now con-' 

trolling and the continuous train of eddies shed in the wake of the pro~ 

' truding elements are the main ,form of kinetic energy dissipation, and also 

contribute siknificantly to the mass transport . 
. . 

On the bas'is of this mechanism, models which were found to be 

valid for momentum and heat transport processes, probably will apply also 

for mass transport. There are two well known models for heat transport 

to rough surfaces. Both appeared at about the same time and both are 

quite similar. 
(122) . 

Dipprey and Saberski suggest that the roughness el-

ements give rise to two dimensionless eddies behind them, which skim the 

surface and increase the mass transport. 
.· (121) 

Owen and Thomson visualize 

three dimensional eddies having a horse-shoe shape, circulating behind 

the roughness elements. Both studies postulate a roughness boundary 

layer extending from the surface to 'the height of the roughness elements . 

They evalu.ate the transport rates (St numbers). for this layer, and then 

·relate these to the overall transport rates in the·channel. Both methods: 

differ somewhat in their assumptions concerning the velocity at the upper 

end of the protrusions. Edwards(20S) found that Dipprey's model gives a 
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slightly better correlat:;lon o~ heat t:ransport data than Owens and Thomsonls 

model- however this difference for all practical pui"poses is negligible. 

(209) .Davies presented an adaptation of this model to mass transport sit-

uations and his mathematical treatment is essentially followed here. · 

According to this postulated model, the effect of the roughness 

on th'e inass transport can be quantitatively evaluated by ascribing to the 

surface between the protruding elements a considerably thinner diffusion 

boundary layer, which actually results from the deeper penetration of. the 

turbulent eddies. The narrowing of the diffusion layer corresponds to the 

·higher mass transport rates typical to the rough surfaces. 

The thickness of the diffusion layer, <Sd' is defined as the dis

tance t"rom the wall at which the eddy diffusivity, D(t), be~omes,small 

enough to equal the molecular diffusivity , D. A widely accepted model 

for the eddy diffusivity near the wall was proposed by Selicher. (36) 

D (t) V (t) , 
-- ~-- = 

\) \) 

+ 3 

<l9 ) (5-9) 

or 

(5-9') 

+ + 
wher~ y and U are the dimensionless distance from the wall, and the 

friction velocity as defined in Chapter I, respectively. By.setting: 

D(t) -. D · at y = od, one obtains for the diffusion layer on smooth sur

faces: 

(5-10) 

'. 



0 0 ') 0 ~ I 0 ·~~ ., 2 8 ·dl ~~ .~ 

-253-

On rough surfaces the eddies are based on the scale ~'e 1 ' of the 

protruding roughness elements. The corresponding eddy diffusivity term 

by ·. c .. 2. 09) is now, .given · i 

(5-11) 

yielding for the diffusion layer on a rough surface: 

(5-12) 

The ratio,between the diffusion layer thickness for the completely 

rough surface and that for the completely smooth one, assuming ~he same 

friction velocity, is obtained by ~ividing 5-12 by 5-10. 

6 d(rough) 
cd(smooth) 

0.93 Sc-116 (5-13) 

Hence,· as the. Sc number increases, the ratio between the diffusion 

layers decreases. Since mass transport .. rates are inverse.ly proportional 

to the diffusi9n layer thickness, .this corresponds to higher mass trans-

port rates resulting from increased surface roughness. For systems wlth 

Sc number of 1000, equation 5-13 predicts for completely rough surfaces 

a three-fold increase in transport rates, over the corresponding smooth 

surface. By comparison, the data shown in Figure 5.6 indicate on the 

avera~e a.somewhat lower increase, of only about a factor of two. The 

mass transport da~a obtained by Dawson and Trass( 10J) also show only 

about a two-fold increase of transport rates due to roughness. 

The diffusion boundary layer thickness for rough surfaces, given 

.in equation 5-12 can be used to determine a rough surface Sherwood number. 
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Using the three zone model for mass transport proposed by Levich(2) one 

obtains for the mass transport coefficient: 

k = 0.67 D 
od = 

the Sherwood number is therefore given.by: 

k~ 
Sh a: D = 0. 0804 .. /£72 

Since the friction· vel_ocity, U*' is: 

(5-14) 

R 1.0 s 1/2 e . c (5-15) 

(5-16) 

. (125) 
It was found that the friction factor for the completely rough region, 

in sand ·roughness, is only a function of the size of the roughness el- . 

. ements' size and can be· correlat;ed ~y equation 5-7, or 5-7'. When· this 
\ 

expression is introduced, equation 5-15 yields for·the Sh number: 

(5-17) 

This equation, derived by Davies<209) should. be ·compared with correlation 

5-1, and the experimental data. Here again the ~odel predicts values 

which are too high in comparison with the experimental results (by a fac-

tor of about 1.75 for the larger roughness elements, and by a factor of 

1.28 for the smaller roughness .produced by._prolonged electrodeposit:Lon). 

The dependence on the Reynolds and on the Sc numbers found in the exper-

!mental correlation 5-1,, agrees however very ~ell with equation 5-17 
. . ' 

derived from the model. The exponent of unity on the Re· number was also 

verified by the rotating-rough-disk experiments of Cornet et al. (119) 
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h 
. (103) 

T e rough channel mass transport experi~ents of Dawson and Trass 

yielded on the other hand a lower exponent on the Reynolds number, about 

0. 8, in the high R~eynolds numbers region for which equation S-'-17 is ex-

·pected to be valid. Dawson and Trass' result is somewhat surprising 

since the 0.8 exponent is even ~lightly lower then the exponent of about 

0. 9 obtained in their smooth channel experiments"'. Kolar 033) obtained 

from heat. transport studies in .threaded tubes a Nusselt number dependence 

1.'0 d 0.5 on Re. an on Pr , also in accordance with the model. 

Considering th~ influence of the roughness size, it should be 
... / 

stated that the exponent on the roughness size terin, e/dh, couldn't have 

been expected to be verified since the val~e of 0~15 in equation 5-17.is 

'only typical for sand roughness. 
. (132) 

It was found that threaded grooves 

give rise•to a dependence of the friction factor on a higher exponent of 

the roughpess size, _./ 

.,/f/2 = .0.25 (e/d) 0 • 3 (5-7") 

. (119) 
·The experimental mass transfer experiment's of Cornet et al. ·indicate 

.a dependence of Sherwood on (e/r)
0

· 27 • 

proportional to (e/d) 0 • 3 .' 

Kolar( 133) reports that Nu is 

In the present 'investigation, only. small range of roughness 

heights was tested. In addition, different types of surfaces with r~ugh-

ness elements whicJ:l bore no geometric similarity were lumped together in 

the correlation. Therefore, because of inadequate·data,the exponent of 

0.21 iti equation 5-1 should be regarded only as a rough approximation. 

Since e/dh always is a small number, Sh is insensitive to variations of' 

the exponent, and changes of ±50% on its value would have correlated the 
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available experimental data·almost equally well. 

5.3.4. Increased area effects 

Mass transport rates in the "essentially smooth" region should not 

be af~~.cted by the surface roughness. In this region of low Reynold~ 
- : ~ ; . ·,· 

.number~ 'and thick boundary layers, the turbulent flow does not "see" the 

roughness elements which are entirely submerged inside.the viscous sub-

layer. The dependence of Sh on the Re and on the Sc numbers in this re

gion, Sh- Re0 •8 sc113 , indeed verifies this -assumption, since both are 

identical to the corresponding terms obtained for smooth surfaces. 

Nevertheless, the absolute magnitude of the rough surface transport rates 

for this region, ~re between 6 to 10% higher- (depending on the Sc num-

her, the former for. Sc = 1200., the latter for Sc = 25,100)- than the 

corresponding smooth ·surface values. 

This increment can.probably be attributed to the increase in the 

surface area due to the roughing rather than to·flow effects. Since the 

transport' rates were calculated, as is conventionally done, on the basis 

of the projected, apparent surface, any increase in tqe actual transport 

·area will be reflected in higher rates: 

since: A · <A 
projec;ted rough · 

then: i = I/ A >I /A = i . apparent . · projected .· tough actual 

This was partially confirmed by performing stagnant diffusion measure-

ments on the rough electrodes. Current step was applied to the rough 

electrodes in a stagnant solution, and the resulting transport rates 

were compared with the same measurements performed on smooth electrodes 

~-
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with the same projected area. Similar increases in transport rates were 

observed here too, where all flow effects were eliminated~ :Although it 

may be expected that different shapes and sizes of roughness elements 

. will· give rise to different surface areas, this differential effecr could . ' ( 

not be detected within the experimental accuracy (± 5%), which was about 

equal to the expected effect. It is also likely that the entire surface 

area does not contribute equally to the transp~rt process, since some 

locations such as crests of the protrusions have higher accessibility to 

the diffusion process. Consequently~ one may expect that the equivalent 

d,iffusion area affecting the transport rates is some intermediate between 

the real'surface area, and the smaller.projected area corresponding to 

the smooth surface. Conventiqnally the latter is used for transport rates 

determination since the former can not be readily evaluated. Another dif-

ficulty involved in using the equivalent.diffusion area is its dependence 

-
on the thickness of the diffusion layer, when the latter is narrow and 

comparable in size to the protruding elements (or cavities). This thick-

ness can be expected to change the accessibility of the protrusions and ' 

the cavities to the diffusion process. To illustrate this one may con-· 

sider the peaks of roughness element~ extending to half the thickness of 

the diffusion layer, which a;e considerably ~ore accessible to the dif-

fusion prbces's than the rest of the surface. If the diffusiqn layer. 

thickness.increases and.becomes ten times thicker, the entire surface 

becomes almost uniformally accessible. This argument is supported by the 

·observation that for higher Sc numbers, corresponding to thinner diffusion 

layers, the apparent transport rates are indeed higher. -1/3 
Since 8 d -sc . , 

an increase of Sc from 1200 to 25,100, corresponds to a decrease of the 
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diffusion layer thickness by a factor of 2.75. This change results in 

a 4% increase in the ''smooth" reg~on of the mB:SS transport rates, calcu-
. 

lated on the basis of the same projected area; 

Cornet et al. (llg) ,found in the laminar region deviations from the 

smooth surface transport rates, which they·attributed to changes in'the 

effective transport area due to the roughness. , For sand type roughness 

they rep6~t apparent increases between 10 and 48%, depending,on the grain 

size. They also studied'transport rates to disks with spiral grooves for 

which interestingly, they found lower apparent,· rates ~han the correspond-

ing smooth surface values. This was attributed to the lower accessibility 

'to diffusion of the recessed grooves. 

5·.3.5. Critical transition Reynolds numbers 

In view of the model,previously described for the interaction be-

· tween the roughness elements and the flow, 'it is reasonable to a·ssume 

that the determining factor for this interaction must be the ratio be-

tween the'roughness element height, e, and the thickness of the viscous 

sublayer, o ·. v 

The viscous sublayer is directly proportional to the kinematic 

viscosity and inversely proportional to the·friction velocity:. 

0 ,v 
(5-18) 

One can therefore define a small-scale Re1uolds number based on the pro-

trusion height, which is exp~cted to determine the interaction between 

the flow and tpe element. 
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e 
-0- v 

v 

. ~ 
·. ' 

e+ is known as the roughness Reynolds number. 

Measurements on sand ro~ghened surfaces indicate that the three 

regions previously defined for the friction factor curves can be related 

to·the numerical values of the roughness Reynolds number. Hence: 

(a) 

(b) 

(c) 

-
0 < 

eu*·-
-. - < 5 correponds to the hydraulically smooth region, v 

where: f/2 = F(Re) = 0.0395 Re-0 •25 • 

- eu -
5 < =a. < 70 corresponds to the transition region, where: v 

f/2 = F(Re, e/dh). 

eu* 
> 70 corresponding to the "completely rough" region, where: .v 

f/2 
. -2 

= F(e/dh) = [ 3.2 -2.5 .~n(e/dh)] · 

Consequently, two critical roughness Reyn·olds numbers yith the 

numerical values of 5 and 70 are found to correspond to the transitions 

between the different zones of the friction factor correlations.. These 

numerical values reported e.g. by Schlic~ling (20) are based on Nikuradse's 

experiments. (209) . Davies reports slightly different values of 3. 3 and ·zo 

for friction factors, and of 5 .and 20 for heat transpott. 

Relating the thicknesses of the viscous and the diffusion sub-

1 h f i i 1 . ( D . (209) b . . h ayers to t e r ct on ve oc1ty, see e.g. av1es , one o ta1ns 1n t e 

smooth region: 
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(5-18 I)' 

(5-10) 

similarly, for the com~letely rough region: 

.. (5-20) 

. (5-12) 

These equat·ions can be used for estimating· the theoretical ratio 

between the height of the roughness element and the corresponding bound-

ary layers thicknesses, at the two critical values of e+ •. 

For the smooth region, by introducing equation 5-19 into 5-18' 

and 5-10 one obtains: 

and 

and 

1/3 
e/od = 0.112 e+ Sc · 

(5-21) 

(,5-22) 

Similarly for the transition into the completely rough region: 

e/o = (2 e >112 · v + 

Introducing the appropriate e+ values p~eviously described, one ob

tains the following tabulated results: 



Table 5.2. Ratio of roughness elements' height to the boundary layers thickness at the 
critical transition points. 

. Transition from smooth region I Transition into completely rough region ... 
·'' 

Schliching (20) D i (209) av es Schliching Davies 
(friction factor) (friction factor) (friction factor an~ 

heat transfer) 

e+ 5 3.3 (friction-factor) " 
- 5 (heat transfer) 

e/o 1.0 0. 66 (friction) 70 20 
v 

1.0 (heat) 1L8 6. 3 · .. 

e/od 5.6 3.7 (friction) - 265.6 75.9 

(Sc = lOOO) c 5.6 (heat) 
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The value of e+ = 5/suggested by Schlichting for the first transition 

matches exactly the point where the protrusion heights equals the thick-

0 (209) 
ness of the viscous sublayer. It can be shown that the other value, 

e+ = -3.3, suggeste by Davies for the same transition, corresponds to the 

protrusion height which gives rise to a velocity profilenear the rough 

wall, which i$ identical to that near the smooth surface. 

It is_of interest to compare the transition points obtained from 

the mass transport experiments performed here, with the aforementioned 

transitions known to be valid for friction factors on sand roughened sur-

faces. This comparison can shed light on the validi~y of the previously 

. . (209) 
described mass transfer model given by Davies. The conversion be~ 

.tween the micf.o=iil~~le roughness Reynolds n~mber, _·e+, based on the protru

si~n height, and the Reyno~ds number based on the channel diameter is ob-

tained for the hydraulically smooth region by assuming the Blasius veloc-

ity profile. The friction velocity corresponding to this profile is given 

by 

U = 0.2 Re718 v * d 
(5-25) 

and therefore 

eU* 
e =-- = + v 0.2 Re718 (e/d) (5-26) 

or 

Re = 0.159 e+817 (e/d)817 (5-27) 

For the completely rough region, 

= - (e/d) 

(2/f) 112 
e+ 

(5-27) 

/ 
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and using equation 5-7 one obtains for th~ friction factor in the com-

pletely rough region: 

Re 
e+ [ 3.2-2.46 tn (e/d)) 

(e/d) 
(5-27') 

Table 5.3 presents the experimentally obtained critical transi-

tion Reynolqs numbers for mass transport, and compares them with the 

known friction factor transitions and the transitions suggested for heat 

transport. Transition Reynolds number estimated from the mass tra~sport 

(103) experiments .of Dawson and Trass are also included. 

The results from the two experimental mass transport studies are 

in fairly good agreement with one another. On the other hand, the well 

established momentum transport (friction factor) transitions, generally 

provide very poor correlation with the mass transport experiments. r:1e 

only exception are Davies' estimates for the first transition (e+ = 3. 3), 

corresponding to the threshold Re numbers, for larger roughness sizes 

which agree quite well with the mass transport results at Sc = 1000. 

Generally, the mass transport transitions take place considerably earlier 

than tlie comparable friction factor transitions. This disagreement is 

especially noticeable for the transitions 'into the "completely rough" 

region, and for first transition (= tJueshold Re numbers), for the 

smaller protrusions sizes. 

Strong dependence exists between the transition points and the , 

Sc number. Its variation from 1200 to 25,100 raduces the extent of the 

smooth region by about a factor of two for the same roughness size. The 

\ 



,Table 5.3. Comparison between critical Renumbers for transition zones in mass transport _and friction factor correlations·for rough surfaces. 

roughness 
type 

grooved
triangular 
ribs 

grooved
square 
ribs 

grooved
cubic 
elements 

*180 
sand paper 

prolonged 
electro
deposition 

roughness e/ dh 
height 

e 
(lJ) "10 3 

i47 3.7 

203 5.1 

.86.:S 2 •. 2 

-so 2.0 

-20 .5 

Reel - Transition from the smooth region 
(threshold Re number) 

experimental - mass transport friction factor 

(103) (20) (209) present work Dawson & Tread Schlichting .Davies 

e • e 
8 
* e ** etched • e

8 

Sc•1200 Sc•25,100 Sc•1000 Sc•4950 

12,000 6000 

10,000 

12,000 9000 
(e • 4.0) 

11,000 7500 

13,000. 8000 22,000 10,000 
(Sc•2900 

12,000 

14,000 -6000 

e+ • 5 

23,800 

16,500 

43,130 

48,100 

234,530 

e s 

e+'•3.3 

14,810 

10,260 

26,830 

29,920 

145,900 

* Assuming equivalency between the experimental rou9hness height and sand roughness. 
H . 

Electrodes were etched to produce geometrically similar triangular ribs. 

Rec 2 - Transition into the completely rough region 

experiment_al - mass ct ransport friction factor 

present work 

e • e 
8 

(103) · QO) . l:.D9) Dawson & Trass Schlichting Davied 

e ** etched •e
8 

es 

Sc•1200 Sc•25,100 Sc•1000 Sc•4950 e+ • 70 e+ • 20 

31,000 38,000 29,000 321,140 91,750 
(e•4.0) (e•4.0). 

-30,000 27,000 22,000 222,150 63,4 70 

45,000 75,000 580,790 165,940 

60,000 647,080 184,880 

>105 3.06><106 876,000 

-:--.,_ 
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N 
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model previously described for mass transport (and for heat transport), 

fails to take the Sc number effect into account when predicting the transi-

tion points, althBugh it includes the Sc ~umber influenc~ in the equations 

for the rough surface transport rates. According to the model, the crit-

ical transition Reynolds number depends on the relative height between 

the protruding elements, to the viscous sublayer thickness which is inde-

pendent of the Sc number. 

Since the Sc number variation does not affect the thickness of the 

viscous sublayer, but instead reduces the thickness of the diffusion layer, 
~ .1 . 

one must conclude that the mass. transport transitions depend on the ratio 

between the protrusion height and the.diffusion sublayer thickness. This 

variable should replace the dependence of the ma~s transport transitions on 

the viscous sublayer thickness which is indicated by momentum transport 

(friction factor) studies. Unfortunately, the small. amount of available 

data does not petmit establishing this ~ependence quantitatively. The 

lower critical Reynolds numbers observed for mass transport transitions 

in solutions with higher Sc numbers, can be interpreted in terms of the 

thinner diffusion layers (6d- S~- 1 / 3 ). Since here, larger portion of the 

mass transport re~istance is concentrated near the wall, the rates are 

more susceptible to be augmented by eddies penetrating the boundary layer. 

The mass transport transition data are plotted in Figure 5.11, to-

gether with the correlations for the friction factor transitions based on 

Nikuradse's data. Also included are.the boundary layer thicknesses for 

smooth and rough surfaces, plotted according to: 

I 
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Mt.C\S TRANSPORT 
TRA1~SITION DATA 

TRANSITION~ .2£_ SOURCE 

Re 

0 1st 1200 PRESENT WORK . 

e 1st 1000 DAWSON a TRASS 
0 1st 25,100 PRESENT WORK 

• 1s1 4950 DAWSON a TRASS 
6.znd 1200 PRESENT WORK 
& znd 1000 DAWSON a TRASS 

vlscous sub!oyer 

e/dt, X 1o! 

diffusion 

Fig. 5.11. Transition points in mass transport correlations 

for rough surfaces, compared with the thicknesses 

of the viscous and diffusion boundary layers. 

I 

/ 
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''completely rough 1' region 

0 /d 
v 

o~/d ~ 59.9 Re-1 Sc-112 Ce/d)-O.l 5 

(5-29). 

The scatter of the data ~resented in Figure.5.11, can be attrib-

uted, in part to the geometric dissimilarity, and also to the difficulty 

of establishing the exact transition points in the transport rates cor-

relations which are sometimes diffuse. Despite this scatter,·it may be· 

noted that the first transition takes plcice at lower Re numbers than in-

dicated by the friction factor data, and is considerably less dependent 

on the protrusions'' height. For Sc numbers of 1000- 1318, all the first 

transitions occur between Renumbers of 10,000-20,000. 

It is of interest to note that the viscous and the diffusion 

boundary layers change .their thicknesses because of the surface roughness. 

This is indicated in Figure 5.11 by the dashed lines. The diffusion 

layer for the "completely rough" surface is always thinner than the smooth 

surface diffusion layer, and this difference increases as the Reynolds or 

the protrusion height increases. The behavior of the viscous ("laminar") 

sublayer is quite different. _For very high Reynolds numbers (- 10
6 

for 

the protrusion sizes under consideration), the correlations for the 
.) 

"completely rough" surfaces are expected to hold, indicating, as shown by 

the dashed lines, the thickening o.f the smooth surface .viscous sub layer. 

This may be explained by visualizing the flow skim over the crests of the 

roughness elemertts which prevent the viscous sublayer to narrow down as 

it would have on smooth surfaces at these high Re numbers. Therefore, 

the rough surface viscous sublayer infthis region is thicker than the one 
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corresponding to the smooth surface, and the larger the protrusions are, 

the thicker the ~ough surface diffusion layer is. Consequently, theory 

predicts that by introducing roughness, one decreases the ratio od/ov. 

This'will be discussed with more detail in section 5.3.6. 

It i's also .worth noting that whereas the.first transition points, 

in the range studied, lie substantially beneath the curve representing 

the viscous sublayer thickness for the smooth surface, the data corre-

spondi~g to the second transition points, fall parallel to the line cor-

relating this. thickness but are higher by about a factor of 1.5. · These 

data points for the second transition still lie considerably lower, (by 

a factor of 2.4) than Davies' predictions and even lower (x 8.3) than the 

values correspond=f:ng to e+ = 70 rep~rted by Schlichting. 

It should be emphasized again that both Davies' and Schlichting's 

values are ~ased.on results obtained with sanp roughness. 'The different 

results for the transitiQns obtained here (magnitude, and the.Reyno!ds 

dependence, but not the dependence on the Sc number) can be partly attrib

uted to geome.trical shape effects. Nunner {1 32) has found that threaded 

pipes give rise to higher transport rates than closely packed sand par-

ticles of the same size. 

Schlichting(126 ~ studied artificial protrusions of different 

shapes and found that the corresponding size of equivalent sand roughness 

giving rise to the same amount of friction, can vary by as much as a 

factor of ten depending on the shape and distribution of the protrusions. 

Using an exponent of .15 on the roughness size, e , which was found to . s . . 

correlate well Nikuradse's friction factor data,. this variability corre-

sponds to a maximum error of about± 40% in the friction factors obtained.· 
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Schlichting also reports that the friction factors vary according-to the 

separation between the elements, the highest rates always corresponding 

to some intermedi~te separat;ion, depending on the shape of the elements • 

. (210) Ramp£ and Fuerstel.n have demonstrated by measuring friction 

.. 
factors and heat transport rates over triangular shaped protrusion with 

various spacings, that the rates depend on the distances between the 

elements. Higher rates (both friction factor and heat transport) always 

corresponded to dist~nces which were about eight times larger than the pro-

trusion height. Their report contains photographs showing the turbulent 
{ 

eddies penetrating in between the roughness elements. At separations cor-

responding to the maximum rates, the region between the elements displayed 

the highest turbulence, unrestr:ained by the elements further downstream. 

Similarly, Walker and Wilkie(2ll)obtained maximum heat transport 
.' 

rates with rectangular shaped ribs transverse to the direction of the flow, 

when the ratio between the separation and the height of the elements was 

6.5. Walker and Wilkie proposed a model for the eddy dependence on the 

separation between the roughness elements. At large separation between 

the elements, each has its own approach and wake vortices which are quite 

separate from one another. Consequently, a region exists between these 

eleiQents which is uneffected by the eddies and behaves essentially as a 

smooth surface. When the separation between the elements becomes smaller, 

the wake vortices of one element start.interacting with the approach vor-

tices of the next downstream element. This interaction results in vortex 

enhancement which reaches a maximum for the optimal separation. At very 

close separation distances, the fluid skims, according to this model, pas~ 

the tips of the protrusions, allowing stable rolling vortices to exist in 
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the recesses between the elements. 

· I (174) 
It also should be mentioned that Acosta . · . and also Dawson and 

Trass, (103) obtained for surfaces with roughness other than sand, transi-

tion points. for mass transport and for friction factors which were con-

siderably lower than those indicated by Nikuradse's friction factor 

studies • 

. 5.3.6. Relative enchancement of mass and momentum transport 

Increasing the surface roughness, e.g. by grooving the transport 

area, has long been known to increase the transport rates. The reason 

that this simple method has not gained wide acc.eptance in practical ap

plications, is the accompanying increase in pressure drop resulting in 

higher pumping costs. The merits of enhancing' transports rates by in-

creasing the r;oughness'have therefore to be evaluated on an economic 

basis, by comparing the gains ·(e.g. lower capital investment .due to 

smaller equipment size) against the higher operating costs of pumping the 

solutions.: In engineering terms one is therefore concerned with the ef-

feet of roughness on mass transport per unit. of power co~sumption re-

quired for pumping. This' is given by: 

-N kA Ac 
-~,_;, = p p (5-30) 

P, 'the power required for pumping is given by: 

(5-31) 
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The friction factor, f, relates the pressure drop to the average velocity 

. according to: 

~p 

therefore: 

P ·= 2f pub 
3 

2f p U 
2 :L/d 

b 

TidL 3 7T 
- 4- = f p ub 2 dL 

since for a pipe A - ndL, the ratio R is: 

k ~c 
R = ----=-·. 3 

f/2 p U6 

In terms of dimensionless numbers, R is given by: 

R 

2 . 
Sh d p~ c 

. . 3 . 2 
f/2 Re Sc ll 

(5-32) 

(5-31') 

(5-30') 

(5-30") 

For a system with constant physical properties, known geometry, and a 

given flow rate-this expression is reduced to: 

R'= Sh 
f/2 

(5-33) 

A similar ratio is valid for heat transport where the Nusselt number re-

places the Sperwood number. The friction factor for smooth surface has 

been shown to depend on:the Reynolds number, and. in the. turbulent range 

corresponding to Re 3000-10,000, it can be approximated by the empirical 

equation proposed by Blasius: 

f/2 0.04 ~e-0 • 25 (5-4) 
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Friction factors for rough surfaces are higher, and exhibit con-

·siderably more complicated behavior. As previously stated, the friction 

factors no longer depend.only on the Reynolds number but also on the ~ize 

· the shape, and the distribution of the roughness elements. Therefore, it: 

would have b~en more desirable to experimentally measure the actual fric-

tion factors for. the rough surfaces investigated: Unfortunately, the 

pressure drqps encountered along the large (equivalent) diameter.test 

sect~on were too small to render any accuracy in their measurements. (Be-

cuase of the relatively long circulation loop, the pressure drop across 

5 .the test section at Re = 10, was of the order of.O.l psia whereas the 

total pressure at that location was about 30 psia. Solid state pressure 

. · transducers and sensit.ive different_ial manometers were applied, but the 

fluctuations in the readings were of the same order of magnitude as the 

·measured quantities). In addition, the cell was composed of different 

surfaces and the rough cathode was only one portion of the entire area 

contributing to the total resistance to flow. Hence, one could have 

hoped at best to obtain some .estimate for the friction due to the rough 

·electrode,' or derive. a ratio between the rough and smooth friction fac-

·tors. Because of these difficulties, it was necessary: to estimate the 

applicable fr-iction factors by using data from other sources. Nikuradse•s 

careful measurements of sand roughness are extensive, and probably provide 

a good approximation for rough surfaces produced by prolonged electro-

deposition since the two resemble one another. For the artificially 

grooved electrodes this approximation is less satisfying. 
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Nikuradse~s data for roughness produced by sand, in the complete-

ly rough region are correlated ·by equations 5-7 or 5-7'. Introducing 

equation 5-15 for_the rough surface Sh number into the ratio 5-33, one 

obtains: 

R' = Sh 
f/2 

(f/2) -1/2 

and substituting the friction factor according to 5-7': 

R' 

(5-33') 

(5-33") 

Hence, increased roughness causes reduction in the heat or mas~ transport 

rates per unit of power consumption •. Alternatively, the friction factor 

increases faster than the corresponding increase in mass (or heat) trans-

port rates and therefore one may tentatively conclude that roughening the 

surface in order to achieve higher transport rates is an uneconomical ap-

proach. However, this conclusion, reached by several investigators (e.·g. 

D i (209 )) d "f" d . 11 b ( W lk d W"lk" av es an ver1 1e exper1men~a y y some e.g. a er an 1 1e, 

(21 1)) . 1 d ' . 1 d d. 1s not genera ; an may 1n some cases ea to erroneous pre 1ct-

tions. The reason for this seemingly paradox is the fact that equations 

5-7 and 5.15 apply only to the "completely rough" region. In the deriva-

tion one may tend ·to forget that. this region. is preceded by a transition 

region in which, the two processes pf momentum and mass (or heat) trans-

port may behave differently. Furthermore, as shown in the preceding sec-

tion, mass transport transitions from the smooth region and lat.er into . ' 

the completely rough one, seem to be dependent on the Sc number and occur 

at considerably lower Reynolds numbers than the corresponding momentum 

transitions. The last observation is limited by the dissimilarity 
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between the types of roughness used for the present mass transport study, 

and the sand roughness from which the momentum transitions data were 

taken. Nevertheless, it is unreasonable to assume that this variation 
;_. . ' 

· can accollht. ·for the order of magnitude differe~ce in Reynolds numbers 
' . 

found in some cases for the transitions into the completely rough region. 

Consequently, roughening of the transport surfaces may result in 

some cases, and possibly only over portion of the.Reynolds numbers 

range, in a favorable situation where the mass transport rat~s increase 

more than the friction factors. One may anticipate this situation to 

exist in mass transport systems where the Sc number is high. As shown in 

the preceding section, the mass transport transitions occur in these sys-

tems at considerably lower Reyno~ds numbers than the corresponding fric-

tion factors transitions. 

In order to evaluate this possibility, one should plot the ratio 

of R 1 (rough) /R 1 (smooth), .i.e. the relative ·increase due to roughness of 

the mass transport, over, the relative cor.responding increase of friction 

factors-versus the Reynolds number: 

R1 (rough) 

R 1 (smooth). 
= 

jD (rough)/jD (smooth) 

f/2 (rough)/f/2 (smooth) vs. Re 

and check whether this ratio exceeds unity at any particular values of Re 

number. (The ratio of Sherwood or Stanton numbers can be substituted for 

the. jD ratio). The often plotted ratio of jD/(f/2) may yield erroneous 

conclusions since·deviations from unity for this ratio point towards 

departure from the Chilton-Colburn analogy rather than indicate improve-

ment or regression in the transport properties. T he aforementioned 
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ratio, is plotted in Figure 5~12 where the friction factor data were ob-

tained because of the limitations stated earlier, from Nikuradse's sand 

roughness data assuming that e = es. Fig~re 5.12 indicates that indeed 

an economically favor~ble region exists for all grooved surf~ces with the 

relatively large roughness elements. Surprisingly, this region extends 

over the entire range of Reynolds numbers covered. The curves show 

maxima points which depend on the protrusion heights. The larger the 

roughness size, the larger is the maximum relative improvement, and, it 

happens at lower· ge numbers. Improvement .ratios up to about a ·factor of 

two were obtained. The Sc number influence is strong, yielding for the 

high Sc number electrolytes (Sc ,= 25,100) higqer improvement ratios ob-

tained at lower ··Re numbers. AJ.-1 the maxima for the electrolytes with· 

Sc = )200 occur. in the range 40,000 < Re< 55,000. The maxima points for 

the high Sc number electrolytes cannot be accurately determined because 

the flow rates obtained with these viscous solution~ were·not high enough. 

The random type roughness produced by electro~deposition dis-

played an entirely different behavior, revealing grapual arid ·consistent· 

deterioration of the ratio of mass transport rates to fric~ion factors, 

over the entire experimental Reynolds numbers range. This behavior is 

more in line with the theoretical predictions. 

The conclusions drawn from Figure 5.12 should.be qualified again 

by stating that since the friction factor data were taken from another 

source, the accuracy of the curves presented is limited. One should also 

bear in mind that the possible economic advantage investigated by the 

preceding analysis is by no means a general criterion which should apply 

to all cases. One can easily envision transport situations where the 
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pressure drop in.the circulation system is not a determining factor, and 

where on the other hand, the available transport area is restricted. 

Such may be the ~.1-se of cooling nuclear fuel rods, cooling high-density 

.electronic components, artificial kidneys,or performing transport oper-

ations where the area is limited because .of prohibitively expensive cap-

ital outlay. In these situations~ increasing the mass or heat transport 

rates by roughening the transport surface may be advantageous, irrespective 

of the relative changes in the friction factors. 

5. 4. . Iricr'e'ments in Mass Trarrsport .·Rates Due to a Discrete 
Barrier Placed on the Surface 

A technique often suggested for enhancing heat or mass transport 

rates is placing barriers such'as wires on the transport surface trans-

~ : 

.verse to the direction of the flow, in order .to trip the boundary layer. 

If. the barrier is high enough, it disturbs the otherwise viscous hydro

dynamic sublayet', and gives rise to turbuleng eddies in its wake. These 

in turn, will penetrate the diffusion layer which is closer to the solid 

surface thus increasi~g the mass transport rates. 

Another reason which stimulated direct interest in this subject, 

was trying to evaluate· the errors' introduced· into 'the mass .transport 

measurements by a.possible misalignment, or a minute.step, between any 

two segments of..the electrode. 

In order to evaluate this effect, several experiments were car-

ried,in which a thin copper wire of 80 ]J diameter was glued across the 

electrode, in a direction transverse to that of the.flow. Other runs 

were conducted in which copper foil or thin lucite strips, of heights 
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between 0 •. 25 and o. 7 mm (0,00625 .e;;; e/dh .e;;; 0,0175) .were placed on the 

electrodes, also in a direction transverse to that of the flow. The 

,experimental set-up was not designed to'accurately'determine such local 

effects since the electrode segments on which the augmented mass trans-

port rate~ were_measured, were of finite lengths (0.5-9.0 em). , There-· 

fore, the me'asured currents were only average readings corresponding to 

a spread out effect. In the cas~s where increases in transport rates 

were noted, these were usually limited only to the electrode on which 

the barrier was placed, and nearly always wer~.not reflected in higher 

rates on the next elect'rode downstream. This observation may present a. 
f 

clue to the real, natu.re of the local distribution of the higher transport 

rates existing on the electrode segment on which the barrier is planted. 
1 

Since it is highly unlikely that if real higher rate"s were to exist over 

_the entire segment; they' abruptly discontinue at .the beginning of the 

next segment, one,may conclude that extremely high transport rates are 

,/-

actually c.oncentrated very close to the barrier and· this peak-shaped ,. 

effect subsides very quickly over sh~rt distance from the barrier. By 

p~cing the barrier at 'differe?t distances 'from the next electroc;te and 

by using high barriers on' short segments, one c.ould estimate that the 

distance over which these higher transport rates were noticeable, was 

related to the Reynplds number: The higher was the·flc;>w rates, the 

larger the distance _over which the increased rate lasted. However, even· 
. . 5 

for flow rates as high as .10 , the increased rates could not be detected 

at distances larg~r than about 20 times the barrier height. Typically 

for Re = 20,000 this distance was less than 10 times the protrusion height. 
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Visual inspection of the morphology of the deposit near and behind those 

as well as other barriers, support these estimates. A more detailed dis-

cussion of these visual observations is the subject of the next chapter. 

Since the exact rtature of the local transport rates distribution behind 

the obstacle is unknown, except that it is very non-uniform and probably 

displays a sharp peak, it was decided that presenting the measured average 

transport rates behind the barriers is meaningless. 

An important reassuring conclusion could however be drawn. Even 

if an acci~entar·step as high as 250 ].l (0.25 mm) occurred between any two 

segments-- (this is one to two orders of magnitude higher than what nor-
' 

ma~ly existed) -the error introducep· by it would not be noticeable more 

than 0.5 em downstream, at any of the Reynolds numbers studied. Since the 

shortest segments used were 0.5 em long, this meant that any error ;ln 

aligning or polishing the segments to a co-planar surface could not in-

traduce errors that would effect more than one segment at a time. 

\ 
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VI. EFFECTS OF FLOW ON THE MORPHOLOGY OF THE DEPOSIT 

The -~'~p~riments presented in this chapter were exploratory by 
: t1·~:.; ,. ~\:... .-

nature and t~~~~:~fore only qualitative conclusions ~re presented. A sub-
,.~ J •• '·' • 

.. ,·' : "'_.: ~ 

sequent, m6f~:'systematic study by Carlson, (212 ) using the same flow chan-

nel, provides additional data .• 

6.1. Deposition at the Limiting Current on Initially 
Smooth Surfaces 

The applied potential is the driving force for several-of the rate 

determining steps involved in the .overall electrodeposition proces.s. 

~erefore, deposition rates can often be increased by simply raising the 

vol~age acrol:!s the electrodes. The limit to this increase usually in-

volves the diffusion stage. As explained in Chapter I, when the flow rate 

is the same, higher diffusion rates result from a decrease in the concen-. 

tration of the plated ion'in the solution at the metal interface. Since 

this concentration cannot be reduced below zero, the maximum rate is 

limited. This condition is defined as the limiting current. 

Raising the~pplied potential a~d thereby also the current density 

while maintaining all the ~ther pa~ameters fixed, usually results .in de-

terioration of the quality of the deposit. In fact, ·at the limiting cur-

rent, a·very powdery and rough deposit is obtained. Figure 6.1 is a 

sample photograph of a surface produced ~n such a manner. Limiting cur

rent of 6.16 mA/cm
2 

was applied for 60 minutes producing about 71.l thick 

deposit. The flow rate was maintained at 30 GPM (Re = 20,000) correspond-

ing to an average· linear velocity of about· 70 em/sec. For comparison the 

... j •, 
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Fig. 6.1. Rough; powdery deposit obtained at the lim

iting current. i- 6.2 mA/cm2 , t = 60 min, 

Re = 20,000. The smooth region in the lower 

part of the picture was plated a t 30% of the 

limiting current for 5 minutes and then masked. 

(Scale: 2 div./mm) 
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lower portion of the electrode was initially plated' at 30% of the limit-

ing cu.rrent for five minutes and then masked. As can be seen, this area 

is relatively smooth, whereas the upper region, plated at the limiting 

current ," '-'is powdery and rough. It is interesting to note that most of 

this area is covered with failry homogeneous fine powder in which ex-

tremely large nodules, also ot powdery texture are embedded. The ex-

posed area near the borderline with the masked insulated region, displays 

considerably more roughness (higher density of larger nodules) than the 

rest of . the electrode. This may provide a clue for understanding the 

conditions favoring rough deposits. It is well known that near an in-

sulating boundary the gradient of the potential in the electrolyte is 

high giving rise at this location to correspondingly high primary current 

densities. (6) Consequently, one may expect that near such a border, the 

local current will be higher, and at the limiting current, the potential 

will be more negative,possibly giving rise to hydrogen evolution. The 

powdery texture of the rough surface is better shown in Figure 6. 2 which 

is a micrograph providing a larger magnification (lOOX) of the same elec-

trade. Whereas the small particles are some 4v in diameter, the larger 

protruding nodules have a diameter of about 18v, corresponding to about 

100 times the volume. 

Studying the deposit obtained at the limiting current and the 

parameters affecting it, may provide an insight to the mechanisms in-

valved in the electrocrystallization process. Since, at the limiting 

current the diffusion process is rate controlling and the concentration 

at the interface is fixed and known (Co~ 0), the rather complex deposi-

tion mechanism which involves several, often competing steps, has one 



0 0 

-283-

XBB 766-5411 

Fig. 6.2. Rough deposit obtained at the limiting current. 

Picture shows the powdery texture of the surface. 
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fewer degrees of freedom, Another reason for interest in deposition at 

the limiting current is practical. For plating purposes one would like 

to avoid obtaining rough or powdery deposits typical to the limiting 

current. In other situations, such as producing metallic powders re

quired by the metallurgical industry, one would like to generate powdery, 

easily flaking, deposits of uniform and controllable particle size. Un

fortunately, only the mechanism which causes the roughness at the limit

ing current is understood, whereas the reasons for the powder formation 

are still in contention. The following sections will treat these two sub

jects in more detail. 

6.2. Powder Formation 

Traditionally, the plating industry tried to avoid producing pow

dery deposits since they are flaky, porous and unlustrous. Recent require

ments of powder metallurgy renewed . interest in electrolytic powder forma

tion. 

Powder formation involves very likely a change in the balance be

tween several of the steps in the deposition mechanism discussed in Chap

ter I. Specifically, it's formation can probably be linked to a shift in 

the equilibrium between the nucleation stage and the ~ollowing step in

volving surface diffusion to a vacant site at a kink in the crystalline 

structure. The two processes are no longer balanced and the nucleation 

rate highly exceeds the rate at which adatoms migrate to the appropriate 

growth positions on the crystal. Consequently, the growth mechanism takes 

place almost directly at the site of nucleation, or in close proximity to 
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it, yielding powder rather than a compact crystalline struc ture . Al-

though the direct cause f or powd er formation can be ident if i ed, t he 

underlying causes which shi f t the balance fr om nucleation, dif fu sion, 

and growth-to nucleation followed by direct growth are unknown a t pr es-

ent. Even the plating conditions which yield powder, rather than compac t 

deposit, are not clearly established, although it seems that plating at 

the limiting current or close to it, is the common denominator to all 

processes where powder is formed. Ibl (153 ) wrote a comprehensive chapter 

on electrolytic powder formation which presents a critical review of sev-

eral of the theories attempting to explain the mechanism involved. 

A well known theory( 213 ) associates the powder formations with 

the simultaneous hydrogen evolution on the cathode. According to this 

theory, the hydrogen bubbles, or the adsorbed hydrogen, ele ctrically in-

sulate small spots on the cathode thereby giving rise to deposit with 

powdery appearance. This theory is unsatisfactory, since powder forma-

tion is often observed at potentials far more positive than those re-

quired for the evolution of hydrogen. In the present investigation it 

was found that prolonged deposition at the beginnin~ of the limiting cur

* rent plateau when the potential was maintained at -300 mV yielded pow-

dery deposit, whereas hydrogen started evolving only at considerably 

* lower potentials- -800 mV. 

. (214) 
Another theory relates powder formation to oxide incorpo-

rated into the deposits, whereas still another one(215 •216 ) links the 

powder to presence of collidal particles in the solution. Although it 

is true that in some cases of powder formation these agents are present, 

* With respect to a copper reference electrode. 
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there are many others where powder is formed in their absence, 

A rather simplistic· theory associates powder formation to high 

rates of deposition. According to this theory, (l)8) the rate of deposi

tion may exceeds the . crysta1lization capacity of the surface, or the rate 

at which the ~datoms can diffuse to the appropriate growth positions on 

the crystalline kinks. This theory is too simplistic since it fails to 

account for the fact that when the flow rate of the solution is increased 

and the diffusion is no longer controlling-the current, i.e. the deposi-

tion rate, can be maintained or even increased and powder no longer forms. 

Changing the flow rate clearly has no direct effect on increasing the 

crystallization rate, yet, it eliminates the powder. These flow effects 

will be discussed subsequently, in section 6.3. 

The most plausible theories link powder formation to deposition 

from extremely dilute solutions. Since the interface "sees" only the 

electrolyte which is in close proximity, at the outer edge of the 

Helmholtz double layer, the common condition for all the deposition pro

cesses which yield powdery deposits, is the extremely low (near zero) 

concentration of the deposited ions at the interface. This condition 

prevails in all processes where deposition is carried at the limiting 

current. 

In order to check this assumption, the following experiment was 

conducted. Copper was plated at about 90% of the limiting current from 

two different solutions. One, O.OlM in Cuso
4

; the other, ten times 

more concentrated (O.lM). The flow rate was the same, Re ~ 30,000. The 

plating time was changed appropriately to ensure that in each case, 

about 0.002 AmpHr/cm2 will be passed. The interfacial copper 
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it, yielding powde r rather than a compact crystalline struc ture . Al-

though the direct cause fo r powder forma tion can be id ent ified, th e 

underlying causes which shi f t the balance f r om nuclea tion, diff us i on, 

and growth-to nucleation followed by direct growth ar e unknown at pres-

ent. Even the plating conditions which yield powder, rather than compac t 

deposit, are not clearly established, although it seems that plating a t 

the limiting current or close to it, is the common denominator to all 

processes where powder is formed. Ibl(lS)) wrote a comprehensive chapter 

on electrolytic powder formation which presents a critical review of sev-

eral of the theories attempting to explain the mechanism involved. 

A well known theory( 2l)) associates the powder formations with 

the simultaneous hydrogen evolution on the cathode. According to this 

theory, the hydrogen bubbles, or the adsorbed hydrogen, elec trically in-

sulate small spots on the cathode thereby giving rise to deposit with 

powdery appearance. This theory is unsatisfactory, since powder forma-

tion is often observed at potentials far more positive than those re-

quired for the evolution of hydrogen. In the present investigation it 

was found that prolonged deposition at the beginnin~ of the limiting cur

* rent plateau when the potential was maintained at -300 mV yielded pow-

dery deposit, whereas hydrogen started evolving only at considerably 

* lower potentials~ -800 mV. 

(214) Another theory relates powder formation to oxide incorpo-

rated into the deposits, whereas still another one(215 •216 ) links the 

powder to presence of collidal particles in the solution. Although it 

is true that in some cases of powder formation these agents are present, 

* With respect to a copper reference electrode. 
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there are many others where powder is formed in their absence, 

A rather simplistic theory associates powder formation to high 

rates of deposition. According to this theory, (l3B) the rate of deposi-

tion may exceeds the crystallization capacity of the surface, or the rate 

at which the adatoms can diffuse to the appropriate growth positions on 

the crystalline kinks. This theory is too simplistic since it fails to 

account for the fact that when the flow rate of the solution is increased 

and the diffusion is no longer controlling-the current, i.e. the deposi-

tion rate, can be maintained or even increased and powder no longer forms. 

Changing the flow rate clearly has no direct effect on increasing the 

crystallization rate, yet, it eliminates the powder. These flow effects 

will be discussed subsequently, in section 6.3. 

The most plausible theories link powder formation to deposition 

from extremely dilute solutions. Since the interface "sees" only the 

electrolyte which is in close proximity, at the outer edge of the 

Helmholtz double layer, the common condition for all the deposition pro-

cesses which yield powdery deposits, is the extremely low (near zero) 

concentration of the deposited ions at the interface. This condition 

prevails in all processes where deposition is carried at the limiting 

current. 

In order to check this assumption, the following experiment was 

conducted. Copper was plated at about 90% of the limiting current from 

two different solutions. One, O.OlM in Cuso4 ; the other, ten times 

more concentrated (O.lM). The flow rate was the same, Re c 30,000. The 

plating time was changed appropriately to ensure that in each case, 

about 0.002 AmpHr/cm
2 

will be passed. The interfacial copper 

I ., 
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concentrations can be estimated (Eq. 1-6) to be O,OOlM in the first case, 

and in the second- ten times higher, O.OlM. The experimental results 

illustrated in Figure 6.3 show that the ~ore dilute solution at the inter-

face yielded a more powdery (a~d also rougher) deposit. A similar exp e r-

i f d b F . h • d H .
1

. (217 ,218) who deposited silve r ment was per orme y ~sc er an e~ ~ng 

from silver nitrate solutions of different concentrations. They also ob-

served considerably more powder formation and dendritic growth from the 

more dilute solutions. 

The reason for this interrelationship between low reactant ion 

concentration at the interface and powder formation is still unclear. It 

seems, that for some reason, the ratio between the nucleation rate ofnew 

atoms and the growth rate of nuclei increases as the solution becomes 

more dilute. This phenomenon is known for non electrolytic crystalliza-

tion. 
(219) 

Autenrieth et. al. report that in regular crystallization, the 

above ratio becomes infinite as the concentration of the solute drops. 

A different theory, based on quantum mechanics was proposed by 

Atansiu and Calusaru~220 ) This theory is relevant only to electrolytic 

deposition since it relates the powder formation to the higher distances 

through which the tunneling electrons penetrate in dilute solutions when 

they neutralize the deposited ions. According to this theory, the higher 

negative potentials associated with the dilute solutions increase this 

tunneling distance so that the ions are in effect neutralized inside the 

solution some distance away from the electrode. This may give rise to a 

loose, non adherent deposit. 
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Fig. 6.3. Effect of bulk copper concentration on roughness of deposit obtained 

by mass transport controlled plating. 

Deposition of 7.2 cb/cm
2 

at 90% of the limiting current. Re 30,000. 

I 
N 
00 
00 
I 



0 0 J , 
0 J 

-289-

6.3. Mass Transport Controlled Deposition on and Around Pro
truding Elements 

As was shown in section 6.1, the ~eposit obtained at the limiting 

current is not only powdery but also rough. Rough surface can be broadly 

defined as those on which some surface elements on the microscale extend 

considerably furth~r into the solution than at other close-by locations. 

This is to distinguish the rough surfaces from wavy ones, in which the 

transition between the peaks and the recesses is gradual and the pitch is 

large compared with the amplitude. A rough surface generally develops 

during extended deposition (or dissolution) when preferential deposition 

occurs on some locations, whereas only comparatively little deposit is 

formed on others. After prolonged deposition the former turn into peaks 

and the latter into recesses. An additional requirement for the develop-

ment of roughness is that this trend of preferential deposition will per-

sist and will not reverse itself as the process continues. This criterion 

certainly must hold for deposition at the limiting current, since as can 

be seen from Figur~s 6.1 and 6.2, some particles grew as much as 4.5 times 

in diameter, or about 100 times the volume of their neighbors. 

The mechanism leading to the rough deposits obtained at the limit-

ing current is well understood. It involves the preferential accessibility 

to current of protrusion on the electrode, when mass transport is control-

ling. Under these conditions, any initial imperfection in the surface is 

magnified during the deposition process. 

The roughness elements extending from the surface can be divided 

into three major categories according to their behavior during deposition. 

These classes are related to the relative size of the protruding elements 

( 
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with respect to the corresponding thicknesses of the diffusion layer and 

of the viscous sublayer: (a) The element is very small in comparison 

~o both layers. (b) The protruding element is of comparable size to 

the diffusion layer but considerably smaller than the viscous sublayer. 

(c) The element is comparable in size~ or larger than the viscous sub-

layer. (This also implies that it is considerably larger than the diffu-

sion sublayer which always is thinner than the corresponding viscous sub-

layer). The following sections will discuss each of these categories in 

detail. 

6.3.1. Mass transport controlled deposition on elements considerably 
smaller than the diffusion sublayer. 

When metal is electrodeposited onto a surface~ in the absence of 

charge transfer overpotential (i.e.~ resistance to discharge at the sur-

face)~ and when the concentration of the depositing ionic species is main-

tained at or near its bulk value~ (i.e. current density everywhere is far 

-
below limiting current)~ imperfections (roughness) tends to be augmented 

upon continued deposition. The current distribution under these condi-

tions is described by the Laplace equation for potential. However~ if 

current dependent surface overpotential is significant~ leveling, or 
( 

smoothing of the surface may occur. Such a smoothing effect is the more 

effective~ the smaller the absolute dimensions of imperfections are (such 

as the height of protrusions~ or depth of recesses). In metal deposition 

practice~ the "leveling agents" introduced in the plating bath provide 

further enhancement of smoothing. This is due to preferential adsorption 

of the leveling agent on peaks~ which causes increased resistance to charge 

transfer there relative to recesses. 
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At the limiting current, and when the size of imperfections is 

small compared to the diffusion layer, in the absence of current dependent 

charge transfer overpotential the current distribution is again "primary", 

i.e., it is described by the Laplace equation for diffusion. Such a con-

dition leads to rapid growths of imperfections. However in the presence 

of current dependent overpotential the distribution becomes more even. 

The smaller the size of imperfections are, the less rapidly roughness is 

augmented upon continuing deposition. 

6.3.2. Mass transport controlled deposition on protrusions comparable in 
size to the diffusion layer thickness. 

In this case, the tips of the protruding elements are in a more 

favorable position with respect to the deposition process than the re-

mainder of the surface. Two reasons accout for this. First, the protruQ-

ing elements are exposed to spherical diffusion and their equivalent dif-

fusion cross section is larger. The second reason involves the shorter 

distance between the crests of the protruding elements and the diffusion 

layer boundary. Since the diffusion rate is inversely proportional to 

this distance, the deposition rate on the crests will be higher than on 

the flat surface. On the microscale, no surface is perfectly smooth and 

some very minute protrusions exist even on carefully polished areas. 

When applying high currents such that mass transport ' is controlling, and 

when this is accompanied with high flow rates corresponding to thin 

boundary layers, these minute protrusions and imperfections on the surface 

may become an appreciable fraction of the diffusion layer thickness. In 

this case, deposition will take place preferentially on the crests of 

these elements causing them to grow faster than the remainder of the 
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surface. This process is self accelerating and as the protrusions grow, 

they become more accessible. Consequently, as a result of this amplifi-

cation process of initial minute surface imperfections, some very large 

protrusions will evolve resulting in a rough surface. This is demon-

strated in F~gure 6.4 where the electrode was scratched with a knife be-

fore plating at the limiting current was begun. The flow rate was main-

tained at Re = 20,000 corresponding to a diffusion layer thickness of 

about 30 ~. (The corresponding viscous sublayer thickness was about 

160 ~). By carefully inspecting the lower portion of Figure 6.4 which 

was masked and therefore did not plate, one may notice that while grooving 

the electrode, the knife's edge produced raised ridges on the shoulders of 

the channel(mainly the lower one). It can be clearly seen on the photo-

graph that very rough, nodular deposit .was obtained only at these raised 

ridges alongside the recessed groove. Surfanalysis traces indicate that 

the initial height of these ridges was ab9Ut 20~ (2/3 of the thickness 

of the prevailing diffusion layer). During the deposition process this 

height increased to about 100 ~. over three times the thickness of the 

viscous sublayer. No apparent direct effect due to the flow can be 

noticed on the deposit. A similar situation is displared in Figures 6.5 

and 6.6 where two of the artificially grooved electrodes described in 

Chapter V were plated in the limiting current at Re = 10,000. Under these 

flow conditions the thickness of the viscous sub layer, o , is 0. 32 mm, and 
v 

the corresponding diffusion sub layer, <\:1, ·is 0" 0.!)2 mm. Figure 6. 5 is of 

the electrode with the machined cubic protrusions, 0.086mm high,shown 

previously in Figure 5.3. Figure 6.6 shows surfanalysis profiles of the 

electrode grooved with triangular ribs, 200 ~ high. The upper tracing is 
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Fig. 4. Preferential deposition at the limiting current on ridges 

alongside grooves on the electrode. 

Re = 20,000; 0 ,..,;, 30 ].l; e(initial) 20 ].l 

e(initial) 20 ].l 

(Scale: 2 div./mm) 
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Fig. 6.5. Preferential deposition on cubic protrusions, 

86.5 ~ high, at re = 10,000. (od = 52 ~; 

ov 320 ~). The photograph on top is focused 

on the crests, the bottom one, on the base 

surface level. 
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Fig. 6.6. Preferential deposition at the limiting current on 

the crests of triangular ribs grooved in the elec

trode. 

(a) 

(b) 

Before deposition. 
2 

After deposition of ~ 40 cb/crn at Re 10,000. 
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of the electrode prior to plating, the lower one, after about 40 cb/cm2 

were deposited at t he limiting current. As can be seen from the photo-

graphs and from the surfanalysis tracings, nodular deposition took place 

mainly at the preferentially accessible peaks which became rough, whereas 

the plated surface at the inaccessible recesses remained smooth. These 

observations are clearly in accordance with the model presented here. 

6.3.3. Flow effects during mass transport controlled deposition on 
elements protruding outside the viscous sublayer. 

As the size of the roughness elements increases during preferen-

tial deposition, they may become comparable in size to the viscous sub-

layer. It was shown in Chapter V that elements of such a size interact 

directly with the flow, causing substantial increases in both the friction 

factor and the mass transport rates. This flow interaction is first no-

ticed when the protruding elements reach about half the thickness of the 

viscous sublayer . The effect reaches its full extent when the elements 

are about equal, or slightly exceed the thickness of this viscous layer. 

It was suggested that this effect results from flow separation at the tips 

of the elements giving rise to turbulent eddies which penetrate the bound-

ary layers. Several theories regarding the shape and position of these 

ddi i t (121,122) e es ex s • Some dye-techniques allow direct visualization of 

the eddies, however, these are limited to large obstacles and are appli-

cable mainly at distances relatively far from the solid wall. Local point-

. (221 222 223) 
probes for heat and mass transport were applied ' ' in order to 

determine the localized effect of the eddies on the transport surface. 

However continuous mapping of this effect on the surface is very tedious. 

Consequently, very little data is available on flow distribution and mass 
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transport rates around small obstacles submerged inside the boundary 

layers. 

Since the morphology of the deposit was shown to be related to 

the plating rate and the flow, it may be possible to use these morpho-

logical changes as a local probe to gain information on mass transport 

distribution on the micro-scale. 

For this purpose artificial protrusions were planted on the elec-

trade by embedding small conducting copper elements into it. These were 

plated for 45 minutes at the limiting current (about 6.2 mA/cm
2
). The 

flow was maintained at Re = 20,000 corresponding to a viscous sublayer 

thickness of 0.16 mm. Figure 6.7(a) shows four small cylinders embedded 

in the electrode, with their axis perpendicular to it. The cylinder on 

the left is 0.4 mrn in diameter and 0.9 mm high. The top center one is 

0.8 mrn in diameter and 0.4 mrn high. The one below it has the same diam-

eter but twice the height = 0.8 mrn. The cylinder farmost to the right is 

again 0.8 mm in diameter but higher (1.6 mrn). 

Figure 6.7(b) shows three additional cylinders plated at the 

same conditions. The top cylinder is 0.88 mm in diameter and 0.5 mm high. 

The center cylinder is of the same height but 0.4 mm diameter. The cylin-

der on the bottom is 0.8 mm in diameter and only 0.3 mm high. 

Figures 6.8 shows larger obstables plated at the same conditions. 

(a) is half a sphere, 1 mm radius, placed on the surface. (b) is a cone-

shaped object, 2.2 mm high with a base of 2.2 mm (diameter). (c) is a 

wedge shaped obstacle, its edge parallel to the direction of the flow. 

(d) is an identical wedge only its edge is in a direction perpendicular 

to the flow. Both are about 1.7 mm high and have a round base, 2 mm in 
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Fig. 6.7. Wake shaped deposits around cylinders protruding outside 

the viscous sublayer. 

Re = 20,000; Sv = 160 v; e ~ 300-1600 v; i = 6.2 mA/cm2 ; t = 45 min. 
(Scale: 2 div/mrn) 

(a) 

DIRECTION 
OF 

FLOW 

(b) 
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(A) 

(B) 

DI ECTION 
OF 

FLOW 

(C) 

(D) 

Fig. 6.8. Wake shaped deposits around obstacles protruding outside 

the viscous sublayer produced during mass transport con

trolled deposition. 

Re 20,000; 8 0.16 mm e(a) 
v 

i 6.2 mA/cm2 t 45 min. e(c) 

(Scale: 2 div/mm.) 

1 mm; e(b) = 2.2 mm 

1.7 mm; e(d) 1.7 mm 
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diameter. 

Figure 6.9 shows a cylinder lying on i t s side on the surface, 

with its axis in a direction transverse to that of the flow. It has a 

diameter of 0.4 mm and is 2.4 mm long. 

The clear region appearing in several of the photographs was 

masked so that unplated surface will be preserved for reference. The 

scale on the bottom of the pictures has 1/2 mm graduations. 

All the photographs clearly display the flow effect in the form 

' of a wake-shaped region of rough deposit around the obstacles. This wake 

usually resembles a horse-shoe. It engulfs the protruding element which 

is located in front of its apex. The wake consists of rough deposit which 

is considerably denser than on the remainder of the electrode. The 

size of these roughness elements inside the wake region is not larger 

than the size of comparable elements seen on the rest of the surface, 

however the Wake is some 50-100 times more densely populated. Actually, 

portions of the wake consist of ~ery fine (and small) roughness elements 

which are very closely packed and therefore have the appearance of a fine 

powder. It is interesting to note the clear regions void of roughness 

which are formed directly behind the obstacle and often also in front of 

it. The smooth region in front of the element is usually very narrow, 

the region behind it, is considerably wider. Immediately downstream of 

this clear region the wake roughness begins. At first the size of the 

roughness elements is very small and they are very dense. As the down-

stream distance from the obstacle increases, the roughness elements be-

come sparser as they grow in size. Eventually, the wake fades away as the 

size and density of the roughness elements match the rest of the surface. 
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Fig. 6.9. Wake shaped deposit around mass transport controlled 

deposition on cylindrical obstacle lying on the surface. 

Re = 10,000; Ov = 0.16 mm; e = 0.4 mm; t = 2.4 mm 

i = 6.2 mA/cm2; t = 45 min 

(Scale: 2 div/mm) 
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The length of the wake is about the same for all cases studied, 

and does not seem to be very dependent on the obstacle dimensions. On 

the other hand, the portion of the wake in front of the obstacle, as well 

as the smooth regions in the front and in the back, seem to be in most 

cases proportional to the obstacle size. Also, the more bluntly shaped 

the obstacle is, the larger are these regions. 

Interpretation of these morphological effects can be offered on 

the basis of the models proposed for roughness formation, and the hypo-

theses made in Chapter V regarding the relationships between flow separa

tion at the tips, eddy formation and the corresponding effects on mass 

transport rates. When an obstacle is large enough to protrude out of 

the viscous sublayer, flow separation will ·occur at the tips. 

Ringleb(224 ) has shown by physical and mathematical considerations 

that this requires the establishment of rolling eddies behind the 

separation points in order to preserve the continuity equations. Similar 

eddies but of smaller size are often formed also right in front of a blunt 

obstacle as flow separation may take place there too. Some distance fur

ther downstream, the flow reattaches itself again to the surface and a 

new hydrodynamic boundary layer forms. Initially, this newly formed 

boundary layer is very thin, however, it regains its full thickness as 

the downstream distance increases. 

It was previously shown that a requirement for roughness forma

tion is deposition at the limiting current when mass transport is control

ling. When the current density is lowered or the limiting current is in-

creased so that plating is no longer performed under mass transport con-

trol, the deposit obtained is smooth. It will be shown in the following 
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section that under mass transport controlled deposition, thin boundary 

layers give rise to very dense and fine roughness of relatively small 

elements. Thicker boundary layers, on the other hand, usually corre-

spond to larger roughness elements which are less densely packed. 

Consequently, one may conclude that in the narrow smooth regions 

behind, and often in front of the obstacles, mass transport is no longer 

controlling. This indicates that in these regions the local limiting 

currents have increased very significantly and the prevailing deposition 

rates are no longer limited by mass transport. Such increases may indi-

cate the existence of local turbulent eddies which transport small vol-

umes of the bulk liquid to the direct vicinity of the solid surface. This 

effectively corresponds to tremendous thinning of the diffusion layer, 

resulting in higher limiting currents. 

One may argue that if the capacity for higher mass transport rat e s 

is locally increased, the local current density will increase correspond-

ingly, thereby maintaining the mass transport control. This argument 

would be valid if the only resistance involved in the deposition process 

was due to mass transport. Instead, as was shown in Chapter I, the de-

position process can be approximated by three series resistances: 

6V = V 
a 

v 
c 

i R + n + n c a 
(6-1) 

Here, the applied potential is the only externally controlled and main-

tained boundary condition, and the prevailing ctirrent adjusts itself a c -

cordingly. The concentration overpotential can be expressed as: 

RT Q.n Co= RT Q.n ( 1 _ 
nF Cb nF 

io ---) 
nF D cb 

RT Q.n ( 1 - ~) 
nF ~L 

(6-2) 



-304-

The activation overpotential n , is given by the Volmer-Butler expression, 
a 

(225,226) however at high current densities it can be approximated by 

the well known Tafel equation:(227 ) 

n = a + b in i 
a (6-3) 

Considering only the cathodic deposition process, equation 6-1 yields an 

implicit expression for the current: 

RT ( !lV = i R + - in 1 -nF 
io \. · 

nF D cbf'" a + b in i (6-4) 

This equation can be solved by the Newton-Raphson successive iteration 

technique as shown, for example, by Selman. (17) However, one need not 

solve equation 6-4 in order to reach the conclusion that as long as the 

cathode potential is maintained at a constant value, a reduction in the 

diffusion layer thickness o, will not result in a proportional increase 

of the current density. The corresponding current density increase will 

be smaller, since the terms involving the ohmic drop and the activation 

overpotential are current dependent and will increase as well. The entire 

cathode is maintained at a constant potential which corresponds to the 

average limiting current prevailing over most of its surface, since the 

conducting metal can not support appreciable lateral potential differ-
. . 

ences. If, by introducing a discrete obstacle, the diffusion layer 

around it becomes very thin, the local current increase will now be lim-

ited by the activation overpotential and the ohmic drop. 

One may therefore conclude that the regions of smooth deposit be-

hind and in front of the obstacle, correspond to local turbulent eddies 

at these locations. The larger the obstacle and the more blunt it is, 



0 

-305-

the larger are these eddies. Inspecting the photographed deposits, one 

estimates from the smooth region of the wakes that on the average, the 

eddies at Re = 20,000 are about twice as large as the height of the pro

trusion. 

Further downstream, the eddies subside, and as the flow reattaches 

itself to the electrode, a new boundary layer forms. This location is in

dicated by the emergence of fine surface roughness as mass transport as

sumes control. As the distance from the obstacle further increases, the 

boundary layer develops, its thickness grows, and therefore the roughness 

elements become larger and sparser. This is in accordance with observa

tions reported in the next section. Eventually, the diffusion layer as

sumes its fully developed thickness and the wake fades away as its rough

ness matches the rest of the surface. Unlike the region dominated by the 

eddies, which was found to be proportional to the obstacle size, the 

length of the wake seems to be nearly independent of the obstacle dimen

sions. All the experiments performed here with obstacles of different 

size and shape but at constant flow rate (Re = 20,000) revealed similar 

wake size of about 2.1 em. This is an indication that the distance re

quired by the disturbed hydrodynamic boundary layer to re-establish itself 

and regain its fully developed thickness is independent of the obstacle 

size. It seems likely that this length depends on the flow rate. Un

fortunately, not enough experiments at different Reynolds numbers were 

performed with artificial obstructions to establish this trend. 

Another interesting feature appearing in the photographs is the 

fact that the wake is not limited to the downstream region of the obstacle 

but extends to its sides and in front. The rough region encircles the 
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obstacle, forming a horse-shoe shaped wake. The high density of fine 

roughness elements on the sides and front and a very distinct smooth re

gion further out indicate a zone with thin boundary layer corresponding 

to higher. flow velocities near the surface at these locations. This may 

be attribute~ to Venturi-type acceleration of the fluid at the sides of 

the obstacle because of the local obstruction of portion of the flow 

cross section. This assumption is supported by the observation that 

larger obstacles with wider cross sections give rise to larger regions of 

shoulder roughness. As the obstacles is approached, the smooth region 

disappears and the roughness elements increase in size, indicating slow

down of the flow due to form drag and increase of the boundary layer thick-

ness. 

6.4 Flow Effects On Surface Roughness 

6.4.1. Deposition in the limiting current at different flow rates. 

It was noticed that the texture of the rough deposit changes with 

different flow conditions and boundary layer thicknesses. It is there

fore of interest to correlate, qualitatively at least, the effects of 

changing the flow rate on the surface roughness, while maintaining the 

deposition at the limiting current (i/iL = 1). This requires appropriate 

increases in in the current (or the applied potential) as the flow rate 

is increased. Typical results of such an experiment are shown in Figure 

6.10. Here the same amount of current was passed (0.017 amp. Hr;/cm2) 

through initially smooth electrodes, at two different flow rates: 

Re = 10,000 and Re = 30,000. At the lower flow, where the boundary 
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layers are thicker (av = 0.32 mm, od = 0 . 052 mm), few extremely large 

nodules form while most of the surface remai ns fairly smooth. These 

larger roughness elements, shown in Fig. 6-10(b), are rather sparse. At 

the higher flow rates (Re = 30,000, ov = 0.12 mm, od = 0.02 mm) the 

roughness elements are much smalleF , very dense, and fairly uniform in 

size [Figure 6.10(a~. This gives the deposit the appearance of homo-

geneous, finely packed powder. No nodules are formed at the higher flow 

rates. Typical large roughness element (nodule) size at the lower flow 

rates was about 30 ~ (peak to recess). This corresponds to a ratio of 

e/ov- 0.1 and e/od - 0.6. The average roughness at Re = 30,000 was 

about 5 ~, yielding for the same ratios the values of e/o - 0.04 and 
v 

e/od = 0.25. It therefore seems that the higher the flow rate is, (i.e. 

the thinner the boundary layer), the smaller the ratio of roughness size 

to the boundary layer thickness becomes. If this remains valied for very 

high flow rates and very narrow boundary layers, the formation of very 

fine deposit is indicated, probably resembling on the macro-scale a 

smooth surface. This may explain the gradual transition from the smooth 

eddy region to the beginning of the fine rough deposit in the wake. 

Another important conclusion which can be drawn is that nodular growth 

can be eliminated, and the maximum roughness size can be controlled and 

limited by increasing the flow. The underlying reason for this phenom-

enon can be attributed to two mechanisms which are not mutually exclusive 

and may both play an important role: (1) . Initial surface roughness and 

imperfections are rapidly magnified in thin diffusion layers, as explained 
J 

in section 6.3.2. However, as the size of the growing protrusion becomes 

comparable to the boundary layer thickness, the latter is disturbed and 
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eddies are formed. These tend to enhance mass transport t o the smooth 

surface behind and around the element by a turbulent transport mechanism, 

thereby minimizing the effect of the preferential deposition on th e crest 

by the competing diffusion mechanism which no longer is important. (2) 

At higher flow rates, the force exerted by the flowing liquid on the pro-

truding elements due to the form drag, can cause the loosely connected 

and powdery nodules to separate from the surface. The validity of the 

second mechanism was demonstrated by the following experiment: After 

lengthy deposition at the limiting current at low flow rate (Re - 5000) 

the current was turned off and ~he flow rate was increased toRe= 40,000. 

Later inspection of the electrode indicated the disappearance of many 

nodules ; and instead, the presence of fairly large but shallow craters, 

smooth at the bottom and very rugged at the edges. These appear as light 

spots spread among the remaining nodules in Figure 6.11. Larger magnif-

ication of such craters shown in Figure 6.12, reveals that the edges of 

the craters are asymmetrical: Whereas the upstream edge is almost flush 

with the electrode surface, a small powdery ridge is always noticed at 

the downstream side. This indicates that the higher flow rate ( Re = 

40,000) indeed dislodged several of the existing nodules, leaving the 

craters behind. 

6.4.2. Deposition at different fractions of the limiting current, main
taining the same flow. 

Although electrodeposition rates can be readily increased by 

raising the current density, industry avoids using high current densities. 

The reason for this is the usual deterioration of the quality of the 
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XBB 766-5408 

Fig. 6.11. Surface plated in the limiting current at Re = 5000, 

later exposed to higher flow rate (Re- 40,000). 

Photograph shows lighter spots which at higher magni

fication appear as craters. (See Fig. 6.11). 
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XBB 766-5401 

DIRECTION 
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Fig. 6.12. Craters appearing on surface plated at the limiting 

current (Re = 5000) which was later subjected to higher 

flow rates (Re = 40,000). Photograph shows the 

asymmetrical geometry of the craters, having a smooth 

bottom and a rough ridge on the downstream edge

indicating perhaps dislodgement of a nodule. 

, 
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deposit as the current density is increased. However, as shown in sec-

tion 6.3.3 the quality of the deposit depends not on the absolute value 

of the current density, but rather on the ratio i/i
1

• Therefore, by 

increasing the limiting current density, [for example, by increasing 

forced convection] or by increasing the concentration of the plated ion 

in the electrolyte, one may correspondingly raise the permissible plating 

rates without sacrificing any of the qualities of the deposit. This is 

demonstrated in Figure 6.13 where in each case about 2.8 microns of cop-

2 per were plated maintaining the same current (1.66 mA/cm ) but changing 

the flow rate. The uppermost picture shows the surface plated at the 

limiting current, maintaining the flow at Re = 10,000. The center pic-

ture is of a surface plated at the same current density and for the same 

amount of time. The flow rate however was increased toRe =12,000. 

Since the limiting current is now higher, the plating is done at only 85% 

of the new limiting current. The lowest picture corresponds again to the 

same plating current, how~ver the flow rate was increased again, to Re = 

20,000, thereby rendering the prevailing current to 50% of the new higher 

limiting current. The corresponding roughness of the surfaces, as indi-

cated by the surface analyses traces and the micrographs, changes from 

3 microns, peak to recess, to less than 0.1 microns as the flow rate is 

changed from Re = 10,000 to Re = 20,000. 

This photographic sequence clearly shows the decisive effect of 

i/i1 ratio on the surface texture of deposits. 
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Fig. 6.13. Deposit roughness at constant current and different flow rates. 
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APPENDIX A 

Programmed Current Source 

A programmed D.C. current source was designed with the following 

specifications: 

Current range; 0 to 100 amperes 

Time ranges: 1 ' 2, 5, 10 and 20 minutes 

Current stability: 1% of range 

Current linearity: 1% 

Maximum voltage: 18 

Circuitry and Operation 

The system designed to meet these specifications is shown in the 

block diagram, Figure A.1. A Kintel ~odel 111A Operational Amplifier 

connected as an analog integrator is used to generate the ramp function. 

The output voltage of the amplifier drives a bank of 14 output transis-

tors. The integrating capacitor is connected to a voltage divider com-

posed of the load and the reference resistor, R F" The voltage across 
re 

R F is the output of the integrator and is, therefore, a ramp if a con
re 

stant voltage is fed to the amplifier input. 
v 

and hence the load, is determined by RreF . 
reF 

The current through R reF' 

The slope of the ramp de-

pends on the integrator time constant RC and on the position of paten-

tiometer P1 (V. ). 
1n 

The expressions which describe the function of this generator are: 

v 
reF 

1 
RC 

t 

J 
0 

v. d 1n, t 
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Fig~ A.l. Schematic diagram of the potentiostat/galvanostat 

power supply. 
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R reF 

v 
reF 

I 
reF 

R 

c 

V. 
1n 
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VreF 
R 

reF 
I 

load 

reference resistor (or shunt) 

voltage across reference resistor 

current through reference resistor and load 

input resistor to integrator 

integrating capacitor 

voltage to integrator input 

time at which integration is stopped 

By changing the polarity of supply voltage V. the sign of the 
1n 

slope will change. This is done with front panel switch "minus-ramp-plus!' 

Closure of switch s1 , by pressing the "start-stop" button, shorts 

out the input voltage to the integrator. The ramp is thus interrupted and 

the output current is constant with time. 

When the set maximum current is reached (the product of the range 

switch times the multiplier) V will exceed v
2

. 
ref 

If V -v = 1 milli 
ref 2 

volt, amplifier A
2 

will operate a relay which operates s
2

• s
2 

is in par

allel with s
1 

and therefore stops· the ramp. 

1 
P2 sets the maximum current point and since it is necessary to 

reach varying current within the same time P1 and P2 are ganged. 

The time switch changes R, the integrator input resistor. The 

range switch changes R F' the reference resistor. re 
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The current source can be operated as a potentiostat by the cir

cuit shown schematically in the lower portion of Figure A.l. Here, the 

current is maintained at such a value as to provide a constant, predeter-

mined potential difference between the cathode and the reference. This 

difference can be manually adjusted on a pot or driven by a function gen

erator. A special, high accuracy, digital function generator was built 

for this purpose. 

Figure A.l presents only a schematic diagram. For simplicity, 

· many of the switching circuits are not shown. 

APPENDIX B 

Rotating Disk Electrode System 

The diffusion coefficients of the copper ions in the electrolyte 

solutions were measured independently of the flow channel, by a RDE sys

tem, especially designed for this purpose. The diffusion coefficients 

were determined according to Levich equation(2) by plotting the measured 

limiting currents versus the square root of the rotation speeds. This 

method provides an integrated value for the diffusion coefficient across 

the varying concentrations in the boundary layer. This value is more 

suitable for transport rate correlations, obtained also by the limiting 

current technique, than diffusion coefficients measured by other methods. 

Since the accuracy by which the diffusion coefficients are deter

mined, strongly depends on maintaining vibration and wobble free constant 

rotation of the disk, special care was paid to design and machine a pre

cise system. In order to make the device versatile it was built as a 
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ring disk system suitable also for electrode kinetic studies. 

The rotator is a ball-bearing mounted shaft driving a precision 

* silver carbon slip ring assembly. 

This unit provides six parallel, independent low resistance con-

tacts which permit sensing the potential through non-current carrying 

terminals thereby avoiding the errors introduced by the varying IR drop 

across the slip-rings. The rotating disks made of copper cast and rna-

chined inside . 07) epoxy are similar in shape to those descr1bed by Selman. 

One difference is that the shafts of the new disks have conical extensions 

above the threaded section providing accurate and tight-fit. The rotator 

unit is driven through a timing belt by a 1/4 HP adjustable speed motor 

t equipped with a speed sensing feedback unit, mounted on the rotator. 

The rotation speed is insensitive to load variations and is continuously 

adjustable between 0-3600 RPM. A 1:2 belt-drive adaptor extends the 

range to 7200 RPM. A large motor and a belt coupling was chosen in order 

to minimize the vibrations transmitted to the disk. In order to further 

minimize these vibrations, the motor was mounted on two 4" diameter drill 

press columns, whereas the rotator was mounted on a separate identical 

column. The three columns are welded to a heavy (780 lbs.), 2 inch thick 

steel base plate, measuring 30 x 40 inches. A 2 liter round cell made of 

lucite equipped with replaceable copper and nickel anodes, and baffles to 

minimize vortex formation, is provided beneath the disk. The cell is 

* Model SK6 01.66 Hottinger Baldwin Messtechnik GMBH, Darmstadt, Germany. 
t . 

Servo-Tek, ''Mag-Amp" adjustable speed drive series "500". 
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:J: 
immersed inside a constant temperature bath with glass windows allowing 

inspection of the immersed disk. The bath and the cell are mounted on 

a drill press table attached to the rotator column which can be lowered 

and raised by a hand crank, thereby allowing easy access to the disk 

which has often to be repolished. , 

The entire unit is mounted on casters and can be moved. Special 

bracing lugs raise it off the casters and provide firm support during 

operation. 

Figure B.l shows the rotating disk and its housing. The glass 

capillary is used as an electrolyte bridge for the reference electrode. 

Figure B.2 shows ·the disk rotating inside the cell which is immersed in 

constant temperature bath. The drill-press column and table are seen on 

the left. 

* 0 Tamson-Nesslab TV-45 bath with a ± 0. 005 C thermostat. 
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CBB 742-842 

Fig. B.l. Rotating disk for diffusion coefficients measurements. The 

glass capillary on the left provides an electrolyte bridge 

to the reference electrode. 
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CBB 742-844 

General view of the rotating disk system. The photograph 

shows the disk rotating inside the cell which is immersed 

inside the constant temperature bath. The crank on the left 

lowers the drill-press table to provide access to the disk. 



APPENDIX C: Physical Properties of the Electrolyte Solutions. 

Solution Electrolyte ComEosition Kinematic Density Diffusivity Refractive Sc S= 
Viscosity Index Code CuS04 H2so4 Glycerol D 0 v p n 

[Molar] [Molar] [Molar] 2 6 [ Centi:...stokes] [ gr. Icc] [ em I sec] x 10 c~ 

0 

u 0.0067 0.10 . ) --- 0.9159 t.005 6 .'76 1.3336 1355 
,.:;;:;. 

··~-

~~ '0,0107 0.047 ' 0 .. 9127 1.003 6.92 1319 0' --- ---
i~;:. 

·.:· .. :-:: 
s 0.0065 0.02 --- 0.909 1.002 7.46 --- 1218 I t'>;">· w "\..ilo;.rt!' 

N ,. 
w w 0.0087 0.02 --- 0.8959 1.017 .7.46 --- .- 1201' I ~~-.. , 

X 0.0125 0.965 --- 1.0085 1.06 5.30 --- 1905 0 

~~ 0.104 1.02 
..... __ 

1.0431 ' 1.073 5.59 --- 1866 

E 0.0868 0.965 0.5 1.2940 1.08 4.4) 1.3559 2895 

F 0~07 1.56 2.25 1. 8476 1.155 3.11' . ' 1. 3742 5941 

G 0.0658 2.005 4.25 3.758 1.20 1.495 1. 3977 25,137 
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NOMENCLATURE 

2 . area [em 1 

constant, eq. 1-68 

wetted perimeter [em] 

~ons'tant, eq. 1-68 

function defined in eq. 1-62 

. concentration [ moles/cm3] 

constant, eq. 1-68 

constants, eq. 1-37 

constant, eq. 3-2 

diffusivity. [ c::m2/sec] 

eddy diffusivity [ cm2/sec] 

diamet.er [em] 

equivalent hydraulic diameter, eq. 1-14, [em] 

electron 

height of roughness element [em] 

Faraday's constant [ 96, 494 cb] 

force (required for pumping, eq. 5-31) [dyne] 

general function, eg. 1-55, eq. 5-4 

shape.factor, eq. 1-64 

friction factor, eq. 1-34 
. 2 

acceleration of gravity [em/sec 1 

constant, eq. 4-1 

heat transfer coefficient [gr/sec3 °C] 
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current [rnA] 

2 current density [rnA/em] 

li~iting current [mA/cm
2
] 

' 

Chilton-Colburn j factor for heat transfer, eq. 1-71 

Chilton-Colburn j factor for heat transfer, eq. 1-71 

mass transfer coefficient [em/sec] 

length [em] 

species participating in charge transfer reaction 

.number of electrons transferred in charge transfer 

reaction 

2 
flux [moles/ em sec] 

constant, eq. 1-32' 

power required for pum~ing, eq. 5-30 [Watt] 

' 2' 
. pressure [ dyne/ em ] 

heat flux, eq. 1-16 [joule/sec] 

ohmic resistance [ohm] 

universal gas constant [8.3143 VC/mole °K] 

ratio, eq. 5-30 

radius [em] 

Spaulding's function, eq. 1-63 

temperature [°K] 

tim~ [sec] 

velocity [ em/ sec] 

2 mobility of ionic species i [ ctn mole/J sec] 

dimensionless velocity 

friction velocity, defined in eq. 1.::..33 [em/sec] 
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velocity 

velocity component in they direction, [em/sec] 

velocity component in the z direction, [em/sec] 
\ 

longitudinal distance from leading edge of electrode [em) 

distance perpendicular to electrode. or interface [em) 

dimensionless distance .. from wall 

dimensionless distance from wall, defined in eq. 1-32' 

valence of ionic species 

distance · [em] 

thermal diffusivity, K/pC , [ cm2 /sec] p 
. -1 

coefficient in eq. 1-43 [sec ] 

thickness of b£_undary layer or film [em] 

overpotential [volt] ,. 

activation overpotential [volt] 

concentration overpoterttial [volt] 

ratio of mean to maximum temperature difference, eq. 1-61 

conductivity 
;..1 -1 

[ohm em ] 

dynamic viscosity [ cp] 

k-inematic viscosfty [est] 

p .density [gr/cc] 

t 
m 

2 shear stress [ dyne/ em ] 

shear stress at the wall 
2. ' 

[dyne/em ] 

ratio of m~an to maximum velocity, eq. 1-61 

potential [volts] 

rotation rate [radians/sec] 

I 
I 

~ 



a 

Subscripts 

avg 

a 

b 

c 

c 

d 

e 

h 

i 

L 

L 

s 

T 

v 

w 

X 

0 

+ 

0 0 0 ~f i . 0 ") a a ~) ' .... 
40j 

-327-

averaged 

at the anode 

in the bulk 

at the cathode· 

critical 

pert~inipg to diffusion 

. pertaining to entrance leng'th 

with respect to equivalent diameter 

pertaining to species i 

limiting (current) 

local asymptotic v~lue measured at the downstream end ·of 

the transport section 

pertaining to sand roughness 

average value for the entire transport length L. 

· pertaining to viscous sublayer 

at the wall 

pertaining to local values at distance x from the 

leading edge . 

at the electrode ~r interface 
\ 

dimensionless, normalized with respect to wall parameter 
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·. uncharged species 

positively, negatively c.harged ion 

time averaged 

fluctuation, instantaneous value 

effective 

eddy or .turbulent 

Dimensionless·Numbers 

JD · Chilton.;...Colburn J-factor for mass trans, (K/U)Sc2/ 3 

JH 

Nit 

Pr 

Re 

Sc 

Sh 

St 

Sp 

Chilton-Colburn J-factor for heat transport 

Nusselt number h ~/K 

Prandtl number Cp }J/K 

Reynold's number dh V/v 

Schmidt number v/D 

Sherwood number · K ~ /D 

Stanton number K/V 

Spaulding's function St/~ 
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