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ABSTRACT 

Allowable volumes of uninhibited water additions to waste tanks are limited to 
volumes in which hydroxide and nitrite inhibitors reach required concentrations by 
diffusion from the bulk waste within five days. This diffusion process was modeled 
conservatively by Fick's second law of diffusion. The solution to the model was applied 
to all applicable conditions which exist in the waste tanks. Plant engineers adapted and 
incorporated the results into a practical working procedure for controlling and monitoring 
the addition of uninhibited water. Research, technical support, and field engineers 
worked together to produce an effective solution to a potential waste tank corrosion 
problem. 

Keywords: Pitting, Carbon Steel, Radioactive Waste, Inhibitors 

INTRODUCTION 

Pitting is the likely corrosion mode in carbon steel exposed to the dilute alkaline 
salt solutions contained in some high-level radioactive waste tanks. Because of the rapid 
absorption of atmospheric carbon dioxide in actively ventilated waste tanks, the 
hydroxide concentration near the surface of the waste can be driven quickly to less-than-
protective values. This situation is considered most deleterious to the steel immediately 
above the liquid-vapor interface. Pitting corrosion of carbon steel may occur if the pH of 
a solution in contact with the steel is less than 10 [1]. Further, solutions containing 
corrosive anions such as nitrate, sulfate, or chloride may require a pH of up to 14 to 
prevent pitting. Even aqueous solutions of 10< pH<13 may not be sufficient to prevent 
localized attack [2]. 

Uninhibited water entering waste tanks is likely to have pH values in the near 
neutral range. Due to the lower specific gravity of the uninhibited water in comparison to 
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the bulk waste supernate, it is assumed that the uninhibited water forms a separate layer 
above the waste. This layer is conservatively assumed to not mix convectively with the 
tank contents. Water in this uninhibited layer will remain corrosive until inhibitor 
concentrations rise to protective values by diffusion from the waste. Such a model may 
explain the observation of cooling coil pitting failures in waste tanks to which large 
volumes of uninhibited water were added to facilitate waste removal. Currently, large 
volumes of water which are added to the tanks are inhibited by either 0.01 M sodium 
hydroxide and 0.011 M sodium nitrite or 1 M hydroxide to prevent pit initiation. 

Contrary to the experience of waste removal operations with large-volume water 
additions, no adverse effects have been observed from the routine small-volume additions 
of uninhibited water at the Savannah River Site. It is postulated that such small -volume 
additions attain protective concentrations of inhibitor(s) sufficiently quickly to prevent pit 
initiation. This paper describes a model which was developed to relate the volume of 
uninhibited water additions to protective inhibitor levels. The model is used to 
recommend maximum allowable volumes of uninhibited water that may be added to 
waste tanks. 

MODELING 

Several assumptions were made in modeling the diffusion process. The diffusion 
of finite-concentration ions in multicomponent electrolytes is a complex subject [3]. 
However, a reasonable lower bound for the diffusion coefficient of nitrite at 25° C is 10"5 

cm2/s. Comparing the ionic conductances of various ions in water indicates that the 
hydroxide ion diffusion coefficient is approximately three times greater than nitrite. 
These values will be utilized in the diffusion calculations. 

The uninhibited water contains negligible quantities of hydroxide and nitrite. 
Thus there will be a period of time when the top of the addition layer does not meet the 
inhibitor requirements. Although pit induction times and growth rates are not well 
known, the cooling coil failures indicate that the pit growth rates may be as high as 0.15 
inches/month (3.8 mm/month). Some period of time is required to initiate pits, and some 
pits in the early stages of growth may cease growing and repassivate upon the 
establishment of inhibiting conditions. Based on these considerations, the five-day limit 
to achieve the required inhibitor concentrations is reasonable. 

The objective of the model is to determine the largest water addition for which the 
required inhibitor concentrations are achieved at the top of the layer in five days. The 
concentration profile for a diffusing species in a stagnant layer of thickness L can be 
modeled with Fick's second law for unsteady state diffusion, 

dC „d2C 
!i = DM ( 1 ) 

where C is the concentration and D is the diffusion coefficient. This equation may be 
solved with appropriate initial and boundary conditions for L, given the supernate 
inhibitor concentration, CQ. The initial condition is that the concentration of inhibitor, Q, 
is zero throughout the layer. Boundary conditions at time zero are that the inhibitor 
concentration at the bottom of the addition layer (i.e., x=0) equals the supernate inhibitor 
concentration and that the mass flux (D dc/dx) of the inhibitor at the top of the water 
addition layer (i.e., x=L) is zero. It is assumed that Co is not reduced by the flux into the 
addition layer, since the water additions are expected to be much smaller than the waste 
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volume. The solution for the diffusion equation is [4]: 

C / =2(-D'WC 
2^Q n = 0 

L+2nL 
IJDt _ 

(2) 

Equation 2 was solved iteratively for the thickness of the maximum safe water 
addition. Table 2 shows the results for situations in which the hydroxide concentration 
controls the amount of water addition. In this case Q is either 0.01 M or 1 M and Co 
depends on the concentration of hydroxide in the supernate. The length L is converted to 
gallons by knowing the surface area of the tank. A good approximation is 1 inch (2.54 
cm) of solution is equivalent to 3500 gallons (13000 L). Table 3 shows the results for 
situations in which the nitrite concentration controls the amount of water addition. In this 
case Q is either 0.011 M or 0.046 M. Qualitatively these results show that the maximum 
allowable water addition increases with the concentration of the inhibitor anions in the 
supernate. In addition the maximum allowable volume will increase as the diffusion 
coefficient increases. 

APPLICATION OF THE MODEL TO THE WASTE TANKS 

A wide range of salt concentrations exists in the liquid contents of high-level 
waste tanks. For example, the concentration of nitrate, which can induce stress corrosion 
cracking and pitting in carbon steel, ranges from greater than several molar in 
concentrated storage tanks to as low as 0.01 M in dilute waste which has been prepared 
for vitrification. These aggressive ion concentrations determine minimum effective 
inhibitor levels [5]. On the basis of these varied supernate concentrations, four categories 
of tank chemistry were identified by the their appropriate hydroxide and nitrite inhibitor 
concentrations (see Table 1). 

In Category 1 the hydroxide ion concentration is greater than 1M and the nitrite 
concentration is negligible. Thus the water addition is inhibited by hydroxide diffusing in 
from the supernate. The hydroxide concentration at the top of the layer must be greater 
than 1 M to prevent pitting. 

In Category 2 the hydroxide concentration is also greater than 1 M, but the nitrite 
concentration is greater than 0.02 M. For this situation either of the inhibitor 
requirements mentioned earlier are suitable. If the 0.01 M sodium hydroxide and 0.011 
M sodium nitrite requirement is selected, nitrite, due to its slower diffusivity, would 
control the maximum water addition. There are tanks in which the hydroxide and nitrite 
ion concentrations are such that taking credit for the nitrite will allow a larger volume of 
water to be added to the tank. On the other hand, if 1 M sodium hydroxide is selected, 
the hydroxide concentration will control the maximum water addition. 

In Category 3 the supemate hydroxide concentration is between 0.01 - 1.0 M and 
the nitrite concentration is greater than 0.02 M. In this Category the hydroxide and nitrite 
jointly inhibit the water addition layer. The concentration of hydroxide must be greater 
than 0.01 M and the nitrite concentration greater than 0.011 M. 

In Category 4 the hydroxide concentration in the supernate is less than 0.01 M and 
the nitrite is greater than 0.02 M. The reduction of the hydroxide concentration in the 
supernate is due to dilution and the reaction of hydroxide with absorbed carbon dioxide 
[6]. The bulk supernate is inhibited with nitrite depending on the bulk nitrate 
concentration and temperature [5]. The addition layer should also meet these 
requirements. It has been determined that the steady state hydroxide concentration in 

3 



these situations is 0.00004 M (pH = 9.5). On the basis of expected nitrate concentrations 
and temperatures the minimum expected nitrite concentration is 0.046 M. Since nitrite 
diffuses more slowly than hydroxide, it will control the maximum addition volume in this 
category. 

Engineers in the field were consulted as to practical considerations for 
implementing the results of the model into formal guidelines and procedures. The field 
engineers considered such aspects as: 1) measurability of added solution volumes, 2) 
unnecessary complexity in requirements, 3) impact on other operations in the tank farm 
and 4) included all situations that exist in the tanks. After several discussions between 
technical support, field and research engineers, the following recommendations for small 
volume additions of uninhibited water were made. The recommendations were made on 
the basis of current and expected tank chemistries. 

(1) In any consecutive 5-day period, the cumulative additions (transfers) of 
uninhibited water to a Category 4 tank shall not exceed 2000 gallons (7600 L). Once the 
2000-gallon (7600-L) limit is reached, no further addition may be made for 5 days 
without consulting with and getting directions from the engineer responsible for 
monitoring the tank chemistry. The 5-day period begins with the first uninhibited water 
addition to the waste tank. 

(2) In any consecutive 5-day period, the cumulative additions (transfers) of 
uninhibited water to a Category 1,2, or 3 tank, other than those specified in item (3), 
shall not exceed 4000 gallons (15000 L). Once the 4000-gallon (15000-L) limit is 
reached, no further addition may be made for 5 days without consulting with and getting 
directions from the tank chemistry engineer. The 5-day period begins with the first 
uninhibited water addition to the waste tank. 

(3) For tanks with too little supernate to be sampled, consultation with the tank 
chemistry engineer for direction is needed before each transfer. 

(4) If. in doubt or if these guidelines are anticipated or discovered after the fact to be 
exceeded, consultation with the tank chemistry engineer is required for directions or 
remedial actions, as soon as practical and no later than the next working day. 

The limits on additions that were placed in the procedures contain a high degree 
of conservatism. From the diffusion equation it can be shown that for the volumes 
chosen, the supernate concentration is only slightly greater than the required inhibitor 
concentration at the top of the layer. Most of the tanks will have a much larger 
concentration gradient and therefore be inhibited before the five-day limit expires. The 
procedures do however allow the field engineers more control and flexibility over the 
additions of uninhibited water. 

CONCLUSIONS 

Uninhibited water additions to waste tanks should be limited to volumes in which 
hydroxide and nitrite will reach corrosion-inhibiting concentrations within five days. 
These volumes were calculated from a solution to Fick's second law of diffusion. The 
solution was applied to the specific chemistry categories which exist in the SRS tank 
farm. Practical guidelines for small volume additions were finalized by technical support 
engineers and incorporated practical considerations from the field engineers. As a result, 
these guidelines were readily accepted into the operations working procedure. Research, 
technical support, and field engineers worked together to produce an effective solution to 
a potential waste tank corrosion problem. 
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Table 1. Required Inhibitor Concentrations 

Category Inhibitor(s) Co Q 

1 Hydroxide >1M 1M 

2 Hydroxide > 1 M 1M 

Hydroxide 
Nitrite 

> 1 M 
> 0.02 M 

0.01 M 
0.011 M 

3 Hydroxide 
Nitrite 

0.01-1 M 
>0.02M 

0.01 M 
0.011 M 

4 Hydroxide 
Nitrite 

<0.01M 
> 0.046 M 

0.00004 M 
> 0.046 M 

Table 2. Maximum Water Additions to Waste Tanks with Hydroxide as the 
Diffusion Controlled Species 

Q/Co 1 L(in.) Volume (gallons) 
1 0.96 3400 

0.8 1.63 5700 
0.67 1.94 6800 
0.5 2.3 8100 
0.4 2.56 9000 
0.33 2.78 9700 
0.25 3.08 10,800 
0.22 3.20 11,200 
0.2 3.30 11,600 
0.1 3.93 13,800 

0.071 4.22 14,800 

Table 3. Maximum Water Additions to Waste Tanks with Nitrite as the Diffusion 
Controlled Species 

Q/Co L(in.) Volume (gallons) 
1 0.57 2000 

0.75 1.01 3500 
0.55 1.26 4400 
0.37 1.54 5400 
0.28 1.71 6000 
0.24 1.82 6400 
0.12 2.14 7500 

0.036 2.73 9500 
0.018 3.06 10,700 
0.011 3.28 11,500 
0.0055 3.60 12,600 
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