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CORROSION OF A ROTATING IRON DISK IN LAMINAR, 
TRANSITION, AND FULLY-DEVELOPED TURBULENT FLOW 

Clarence G. Law, Jr.* and John Newman 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
and Department of Chemical Engineering, University of California, 

Berkeley, California 94720 

July:, 1984 

Abstract 

Electrochemical corrosion generally involves the interaction of 

numerous phenomena. A model is presented which accounts for the different 

hydrodynamic regimes across the surface, ohmic potential variations, and 

the simultaneous occurrence of oxygen reduction and the oxidation of iron. 

The active-passive transition for iron is presumed to occur at a specific 

value of the electrode potential. Results illustrate the importance of 

disk size, oxygen concentration, and solution conductivity upon the 

corrosion rate distribution. The calculations also compare well to the 

experimental results of LaQue. 

Key words: passivation, mass transfer 

*Present address: AT&T Technologies, Inc., P. 0. Box 900, Princeton, NJ 
08540. 
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INTRODUCTION 

The rotating disk is an excellent system for the study of localized 

1 corrosion. Much is known about fluid flow, mass transfer, and electro-

chemical kinetics on a rotating disk in laminar flow. 2 •3 However, because 

the mass transport rate is uniform across the surface in laminar flow, a 

uniform corrosion rate may occur. Consequently, laminar flow results do 

not reveal much information cortcerning the interaction of ohmic drop, 

electrochemical kinetics, and mass transfer to determine overall corrosion 

rates and their distribution. When transition and fully-developed turbulent 

flow exist on the surface, the nonuniform mass-transfer rate results in a 

nonuniform heterogeneous reaction rate distribution. 4 In earlier work, the 

mass-transfer rates in transition and turbulent flow were calculated. These 

results can be used here to calculate the corrosion rates for a disk upon 

which the three different flow regimes may exist simultaneously. 

5 Some time ago, LaQue reported the results of corrosion experiments 

with rotating disks in sea water. The interesting feature of the results 

is the difference in behavior between iron and copper disks. For copper 

disks, the most severe corrosion attack occurred near the periphery. The 

central region remained almost unattacked. However, the iron disks were 

corroded near the center and not near the edge. In photographs of iron 

disks given by LaQue, one can see the clear demarcation between the attacked 

region in the center and the low corrosion region near the edge. 

LaQue used iron disks of 3, 4, and 5 inches in diameter rotated at 122/s 

in sea water. The Reynolds number is sufficiently large for the periphery to 

be ·in fully-developed turbulent flow. With the benefit of the mass-transfer 
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rates for large Reynolds numbers and a kinetic expression for a sharp 

demarcation between active and passive states, a model is developed which 

allows comparison with LaQue's data. This is an improvement over the work 

6 
by Vahdat and Newman, which permitted qualitative comparison with the 

experimental evidence. The present approach is aimed at removing some of 

these limitations to show quantitative agreement with the experimental data. 

Model Development 

The corrosion reactions on the surface can be expressed as: 

Fe-+ Fe+++ 2e- (1) 

(2) 

The rate of each reaction varies across the surface. For corrosion to occur, 

the total current from the anodic reaction must balance the total from the 

cathodic reaction, hence 

I = 0 = I ++ + I Fe o2 
(3) 

A model must consider the kinetic rates of the two reactions, the potential 

variation across the surface, and the mass-transfer rate through the dif-

fusion layer. 

Electrochemical Kinetics 

Since iron is an active-passive metal, the form of the electrochemical 

reaction is dependent upon the potential range under consideration. For 

values of (V-<f>
0

) 2_ (V-<t>
0
)* , the reaction is considered active. However, 

for larger values of the driving force, a passive film is presumed to exist. 

The presence of this film prevents significant electrochemical reaction. 

7 From Pourbaix's results, it is possible to obtain the current density at 

(V-<t>0)* ,, where (V-<f>o)* is the value of the potential corresponding to the 

maximum current possible. 

-'' 
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Corrosion of an iron rotating disk in an oxygenated salt solution is 

an example of the occurrence of simultaneous electrochemical reactions. 

An individual reaction can be written in general form 

where n. is 
J 

coefficient 

species i 

given by i. 
J 

I 
i 

the number o! 

for species 

with charge 

-+ n.e 
J 

electrons transferred, 

i in reaction j ' and 

zi . The local rate of 

and is related to the total rate by 

~= 
j 
~ i. . 

J 

s .. 
l.J 

Mi 

each 

(4) 

is the stoichiometric 

represents chemical 

individual reaction 

(5) 

The flux of an individual species at the surface is related to its par-

ticipation in each reaction by 

= - l: 
j 

si. i. 
J J 

n. F 
J 

(6) 

is 

A Butler-Volmer expression can be used to express the local current density 

of each reaction i. in terms of the local value of the surface overpotential 
J 

"·] 
[ a F 

-a F 

R~ ns 
c 

i. io . 
RT (7) = e - e 

J ,J 

The exchange current density can be written as 

iO,j = iO,jref f (:~·0 ) y ij 
1.,ref 

(8) 

and 
a .si. 

Y = q + CJ J 
iJ

. . . 
l.J nj 

(9) 

where for a cathodic reactant and zero otherwise. The surface 
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overpotential is defined by 

(10) 

V is the potential of the iron disk; ~O is the potential in the solution 

just outside the double layer; and U. 0 is the theoretical open circuit 
. J' 

cell potential for reaction j. U. 0 is expressed as 
J, 

u~ ue RT e· 0) RT ( f) u. 0 = --- 2: s .. tn __2:z_ + 2: 
t ~,re (11) 

J' J ref n.F ~J Po n fF si,ref n Po 
J i re i 

provided that activity-coefficient corrections can be neglected. For the 

work given here, the saturated calomel electrode is chosen as the specific 

reference electrode. With the definitions given above, the expressions for 

the iron and oxygen current densities can be expressed as 

(12) 
and 

(
cOH,O) exp [aaF (V-~ )] 

Po RT O 

<vu~J c:2) exp [-:~F (Hal] I (13) 

- exp [(a +a ) 
F 

RT 
, 

a c 

where 
ue F 

VM = + RT Q.n (eel, ref) (14) Hg
2
c12 

l.i 
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This expression for the iron current density applies only to the active 

region where V- ~O ~ (V-~ 0)* =- 0.4676 ~ For the passive region existing 

for larger values of V - ~O' iF ++ = i • Although the transfer coefficients . e p 

are not subscripted for the respective reactions, they are different for 

each. An illustration of the active-passive kinetic relationship is 

presented in figure 1. The parameters used for the iron and oxygen reaction 

are given in table I. 

Potential Distribution 

From previous work on rotating disk systems, the solution of Laplace's 

equation for the potential can be expressed as 

CXI 

~(n,~) = L QnP2n (n) M2n(~) 
n=O 

(15) 

where n and ~ are rotational elliptic coordinates. These are related to 

cylindrical coordinates by 

Pzn(n) is the Legendre polynomial of order 2n. M2n(~) is the Legendre 

function of imaginary argument defined to that Mzn = 1 at ~ = 0. 

(16) 

(17) 

The diffusion layer is also considered thin enough so that the local 

current density can be obtained from the sum of the partial currents or 

from the potential derivative at the surface. An additional equality is 

added to equation 5 to give 

(18) 

y=O 
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Table I 

Kinetic Parameters 

\.I 

Iron Oxlgen 

CL = 1.0 CL = 3.0 a a 

etc = 1.0 CL = 1.0 c 

n = 2.0 n = 4.0 

-6 2 -4 
iOFe+t, = 1.098 x 10 A/em i~ = 7.4 x 10 A/cm2 

ref 002ref 

4.0 moles/litre -4 
~e+t, = co = 1.0 x 10 moles/litre 

ref 2ref 

c +t = 5.3 X 10-4 moles/litre Fe ,0 

-3 1.5 x 10 A/cm2 

\) 
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From the orthogonal properties of Legendre polynomials, the constants in 

the series solution for the potential distribution are given as 

Q = n 

In ~ 2 (4n+l)1Tr0 
IJ.2n(O) 2K 
- 00 

(19) 

To obtain the potential distribution when the iron current density can 

discontinuously change from the value given by equation 12 at V - ~O 

= (V - ¢O)* at position rp to i = ip, it is convenient to consider the 

potential associated with each reaction differently. From equation 18 we can 

write 

iT = (i_ ++ - i ) + (i0 + i ) 
~e p 2 P 

(20) 

The potential distribution is 

"" 
Hn,O = r BnP2n(np)M2n(C,:p) + L 

n=O n=O 
D P

2 
(n)M

2 
(0 n n n (21) 

where np and C,:p are defined in equations 16 and 17 with r 0 replaced with r . 
p 

(4n+l)1Tr 
p 

2K 
00 

1 

b np(~e++- ip) P2nCnP) dnp 

1 
f 11 Ci0 + i )P 2 (n) dn 
0 2 P n 

The potential on the surface of the disk is given by 

00 00 

L D P2 (n) 
n=O n n 

(22) 

(23) 

(24) 

,. 
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Diffusion Layer 

The mass-transfer rate of species to the surface must be in harmony 

with electrochemical kinetics and the ohmic potential distribution across 

the surface. With an excess of supporting electrolyte, the mass flux of 

minor species at the surface can be expressed in terms of a superposition 

integral. 8 
A result of the work of Smyrl and Newman expressed in terms of the 

variables of this problem is 

a c. 
l. 

ay 
y=O 

- -vfe 
- r(4/3) 

X 

J 
0 

de 
0 

dx 
x=x 

0 

dx 
0 

..-- J 1/3 rr'rS dx 

Although this relationship is true for laminar, transition, or fully-

(25) 

developed turbulent flow, the specific details vary. In particular, the level 

of turbulence varies as does the shear stress. 

4 
In earlier work, results were given for the mass-transfer rate to 

rotating rings and rotating disks when laminar,-transition, and fully-

developed turbulent flow exist simultaneously on the surface. These thea-

retical and experimental results apply to the mass-transfer limiting case. 

For the corrosion problem of interest here, the concentration can be 

expressed as an integral of the previously obtained mass-transfer results 

given by 
z 

ci + ,co J 
0 z=z' 

(26) 

R 
where z = 9K f R IR S/r?. dR (27) 

0 

R = r~= ~ (28) 

K is a constant in the correlation of the eddy diffusivity, 
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~ is the Lighthill variable which can be expressed as 

~ - y 
(

rt.l/2 Kl/3 ~ IR 67 rt. 
- vl/6 Dil/3 (z-z')l/3 

(29) 

6(z,z',~) represents the concentration at position (z,~) when the mass 

transfer begins at position (z', z;;). 6 (z, z', ~ = 0) is zero for z ;;:; 'z', other-

wise it is 1. 

For the reader interested in more detail, the development of the funda-

mental solution, 6(z, z',~) is presented. 

When laminar, transition, and full-developed turbulent flow exist on 

the surface, the radial shear stress must vary to reflect the different 

hydrodynamic conditions. The laminar flow form is well known; the fully-

developed turbulent flow form is consistent with data and the analysis of 

prior work. 

6/rt. = aR Re :£ 1.5 x 105 

6/rt. 97.47 R0 · 116 1. 5 X 105 
:£ Re 5 = :£ 3.0 X 10 

6/Q -3 Rl.6 Re E;:; 3.0 X 105 = 8.55 X 10 

The Reynolds number limits were chosen in view of the data presented by 

Law, Pierini, and Newman. 4 

(30a) 

(30b) 

(30c) 

The time-averaged convective diffusion equation for turbulent flow is 

the governing relation 

ae 
9Xr.; - = ax 

with boundary conditions 

e = 1 

e = 0 

e = 1 

2 ae a 
3z;; ~+~ 

~ = GO 

~ = 0 

~ = 0 

[ ( 1 + x,3 
f (Rl ) ~ l 

R3/2 a~ 

X ;;:; 0 

X < 0 

(31) 

(32a) 

(32b) 

(32c) 

v 
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where 
R 

X = 9K j (33) 
Ri 

The function f(R) is defined by the following 

f(R) = 0 5 R ~ 2.0 x 10 (34a) 

2. 0 x 10
5 ~ Re ~ 5 3.0 X 10 (34b) 

f(R) = 1 Re 5 
i;; 2.0 X 10 (34c) 

The importance of the eddy diffusivity is reflected in the change of 

f(R) from 0 in the laminar region to 1 in the fully-developed turbulent 

flow region. 

To obtain the concentration at the surface in addition to the current 

density distribution, the expression for the concentration derivative at the 

surface is the most useful form of the integral equation 

z de. 

J d~ 
0 

ez;;(z,z',z;;=O)dz' 
. (35) 

( 1) 1/3 z-z z=z' 

ez;;(z,z',z;;=O) represents aej a- evaluated at position z for a step change in 
z;; z;;=O 

concentration that occurs at position z'. One should also note that the 

integral is a Stieltjes int~gral • 

Solution Technique 

Equation 35 governs the mass-transfer rate and equation 24 governs the 

1 9,10 1 b potential distribution. As in ear ier ~ark , one a ternates etween 

revising the concentration distribution obtained from the mass-transfer 

equation and the potential distribution. 

3 The integral equation is divided evenly in r. For each mesh point in 

3 r , a corresponding value of z exists defined by equation 27. If laminar 
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flow prevailed across the surface, the integral equation could be dis-

cretized in an efficient manner described by Acrivos and Chambre. However, 

since the flow regime varies, it is necessary to evaluate the following 

integral between adjacent mesh points. 

zi+l f e'(zi,z',~=O) 

z. ( ')1/3 
~ z-z 

dz' (36) 

By considering the logarithm of the integrand to be linear in log R, an 

analytic form is 

e'(z,zi+l'~=O)(z-zi+l) 2 /3 -e'(z,zi-l'~=O)(z-zi) 2 / 3 

[ 

e I (z, Zi+l' ~=Q) (z-zi+l) 2/3] 
in 2/3 

e'(z,zi-l'~=O)(z-zi) 

(37) 

The discretized form is similar to the form of Acrivos and Chambre except 

that the constants are evaluated according to equation 37. 

Results and Discussion 

The results of the calculations are compared to the experiments of 

LaQue in figure 2. The physical properties and parameters used for the 

analysis are given in table II. It is interesting to note that the values 

shown in table II are reasonable values; no attempt was made to obtain a 

good fit by varying the program parameters. The calculations are qualita-

tively and quantitatively similar to LaQue's results. 

For a 2.5 in. (6.35 em) diameter disk, the current density and potential varia-

tions are presented in.figure 3. Corrosion occurs over most of the disk, as 

the point of passivation is calculated to be'rp/r0 = 0.86. The iron current 

density (corrosion rate) is substantially above the oxygen current density 

in the central region to compensate for the higher oxygen transfer rate 

v 
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points of passivation for disks of different sizes. 
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near the edge. The oxygen current density is mass-transfer controlled. 

Hence the rate is uniform in the central region where laminar flow pre-

vails. As shown previously, the mass-transfer rate decreases at the begin-

ning of the transition region. Following the sharp dip, the mass-transfer 

rate increases for the remainder of the transition region. In the fully 

developed turbulent flow regime, the oxygen current density increases but 

more slowly than in the transition region. 

The variation of the ohmic potential is provided in figure 3 for 

reference. ~ is more positive in the center of the disk than near the 
0 

edge. This is a consequence of the higher anodic current density in the 

center and higher cathodic current density near the edge. 

Table II 

Additional Parameters 

Do 1.3 X 
-5 2 = 10 em /s 

2 

DOH- = 5.26 X 
-5 2 10 em ls 

DFe++ = 0.739 -5 2 x 10 em /s 

l.Ox -7 
cOR- = 10 mol/R. 

c ++ = 0 Fe, 00 

-1 12 
K = 0.0462 (ohm-em) 

00 

'w 
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Q) 
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~ 
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2 
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r /r 0 
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Fig. 3 Current and potential distributions. 
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The surface concentrations corresponding to the curves in figure 3 

are presented in figure 4. Since oxygen is at the limiting current, its 

concentration is zero across the surface. The surface concentrations of the 

ferrous and hydroxyl ion do not have any significant impact upon the 

results. This becomes apparent from an observation of the kinetic expres

sions in which they appear. The ferrous ion is a factor in the cathodic 

term of the oxidation reaction, and the hydroxyl ion is in the anodic term 

of the reduction reaction. Both these terms make an insignificant con

tribution to their respective reactions. For different values of the bulk 

pH, this may not be true. Consequently, the OH- concentration is determined 

from the flux of oxygen. The sharp change in the iron concentration illus

trates the change from the active to the passive state. 

Results are presented in figure 5 which illustrate the effect of the 

oxygen concentration on the corrosion level and its distribution. The 

oxygen concentration is half the value used in figure 3. All other parameters 

are the same. For the lower concentration and lower mass-transfer rate, the 

point of passivation moves inward, since the total iron rate must be equivalent 

to a decreased oxygen rate. Although corrosion takes place over a smaller 

portion of the disk, the average corrosion rate is higher on the active 

portion with the lower oxygen concentration. 

Results illustrating the effect of solution conductivity are presented 

in figure 6. One expects the corrosion rate to be higher for the higher 

conductivity, since the ohmic drop will be lower. In addition, the corrosion 

occurs over a smaller portion of the disk to balance the unchanged oxygen 

transfer rate. 
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It is also interesting to note that for conductivity values lower than 

-1 
about 0.035 (ohm-em) corrosion will not occur (using the parameters pre-

viously defined). The conductivity is so low and the ohmic drop so severe 

that the iron reaction can not balance the oxygen transfer. Hence the 

potential is shifted to values such that the entire surface is passivated. 

An envelope is presented in figure 7 which separates the corrosion 

region from the passive domain. Above the line, the disk is completely 

passive, whereas below the line portions of the disk may be active and pas-

sive. The axes are approached assymptotically. The rotation speed reflects 

changes in the oxygen transfer rate, whereas the mass-transfer rate and ohmic 

considerations are affected by the radius. 

Summary and Conclusions 

Results are presented for a model which considers the electrochemical 

corrosion of an iron disk. The hydrodynamics vary from laminar flow in the 

center to fully-developed turbulent flow at the periphery. The active-passive 

nature of iron is considered very sharp. Good agreement is obtained between 

the results of this model and the experimental observations reported by LaQue. 

The importance of conductivity, oxygen concentration, and disk size on the 

overall results is illustrated. 
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Nomenclature 

0.51023262 

coefficient in the expansion for the potential 

concentration of ferrous ions at the disk surface, mole/litre 

concentration of hydroxyl ions at the disk surface, mole/litre 

concentration of species i, mole/litre 

concentration of species i at the surface, mole/litre 

bulk concentration of species i, mole/litre 

diffusion coefficient of species i in the electrolyte, cm2 /s 

Faraday's constant, 96487 C/mole 

function defined in equation 34 

local current density of reaction j, A/cm2 

current density on the passive portion of the disk, A/cm2 

exchange current density for reaction j, A/cm2 

reference exchange current density for reaction j, A/cm2 

total current density, A/cm2 

total current on the disk, A 

total current from the iron reaction, A 

total current from the oxygen reaction, A 

-3 constant for the eddy diffusivity, 2.9 x 10 

symbol for the chemical formula of species i 

Legendre function of imaginary argument 

number of electrons transferred in reaction j 

flux of species i, mole/cm2 -s 

Legendre polynomial of order 2n 

,, 
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·• 

q .. 
1J 

r 

r 
0 

r. 
p 

R 

R 

Re 

sire£ 

u j,o 

X 

X 

y 

z 

reaction order for cathodic reactants 

coefficient in the expansion for the potential, V 

radial coordinate, em 

disk radius, em 

radius of the active portion of the disk, em 

universal gas constant (8.3143 J/mol -' K) 

dimensionless radius 

Reynolds number 

stoichiometric coefficient of species i in reference 
electrode reaction 

stoichiometric coefficient of species i in reaction j 

absolute temperature,K 

standard electrode potential for reaction j, V 

23 

theoretical open circuit potential for electrode reaction j 
of the composition prevailing locally at the disk surface 
relative to a reference electrode of a given kind, V 

standard electrode potential for reference reaction, V 

defined by equation 14, V 

disk potential, V 

passivation potential, V 

distance in direction of flow 

dimensionless variable defined in equation 33 

axial coordinate, em 

charge of species i 

dimensionless stretched radial coordinate 
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Greek Letters 

anodic transfer coefficient 

cathodic transfer coefficient 

proportionality of v with y, s 

exponent in equation 8 

rotational elliptic coordinate 

local surface overpotential, V 

-1 bulk solution conductivity, (ohm-em) 

dimensionless concentration 

kinetic viscosity, cm2 /s 

density of pure solvent, g/cm3 

rotational elliptic coordinate 

electric potential in the solution immediately adjacent to 
the disk surface, V 

Lighthill variable 

rotation speed of the disk, 
-1 

s 
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