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A VALIDATION OF THE KINETIC MODEL FOR PREDICTING THE COMPOSITION OF 
CHLORINATED WATER PI?CHARGED FROM POWER PLANT COOLING SYSTEMS1 

M. H. Lietzke 

ABSTRACT 

The purpose of this report is to present a validation of s. previously 
described kinetic model which was developed to predict the composition 
of chlorinated fresh water discharged from power plant cooling systems. 
The model was programmed in two versions: as a stand-alone program and 
as a part of a unified transport model developed from consistent mathe
matical models to simulate the dispersion of heated water and radioiso
topic and chemical effluents from power plant discharges. 

The model as formulated takes into account the forward and reverse 
rates of chemical reactions leading to the formation of monochloramine, 
dichloramine, and organic chloramlne (modeled by methyl chloramine). 
In addition to these three equations, the model also includes a differ
ential equation for the irreversible uptake of chlorine In satisfying the 
chlorine demand of the water. Input to the computer program consists 
of the operating characteristics of the cooling system and the chemical 
composition of the water (amounts of inorganic and organic nitrogen, 
chlorine demand, pH, and temperature). Output consists of the amounts 
of the chloramines and total residual chlorine in the discharge water as 
a function of time. 

The results of testing the model using analytical data taken during 
operation of the once-through cooling system of the Quad Cities Nuclear 
Station are described. Calculations are also presented on the Three Mile 
Island Nuclear Station which uses cooling towers. 
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INTRODUCTION 

In a previous report2 a description was given of a kinetic aodel 

for predicting the composition of chlorinated water discharged from power 
i 
i 

plant cooling systeas. The purpose of the present paper is to present a 

validation of the aodel using analytical data supplied by Coaaonwealth 

Edison3 taken during operation of the Quad Cities Nuclear Station. In 

addition to the Quad Cities results, calculations will also be presented 

on one other operating power station. 

DESCRIPTION OF THE MODEL 

Since a detailed description of the aodel has already been publish

ed 2, only the principal features will be aentioned here. The aodel as 

foraulated takes into account the forward and reverse rates of three 

chemical reactions leading to the formation of chloiamines. These are 

shown as equations (1), (2), and (3). 

ki 
NH 3 + HOCl * NK2C1 + H 20 (1) 

V~k7i 
k 2 

NH2C1 + HOCi * NHCI2 + H 20 (2) 

SKH2 + HOCl — ^ RNHC1 + H 20 (3) 
^~k7 3 

The species RNH2 in equation (3) represents a composite of the organic 

amines present in the water. Since several of the most common organic 

amines have very similar rate constants for reaction with hypochlorous 

acid, they have been aodeled as a group using the rate constant for the 

reaction of aethylaaine with hypochlorout acid as a stand-in. Of the re

maining rate constants ki, k_i, and k 2 are known. In lieu of measured 
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values of k_2 and k-a, k_3 has been taken equal to k_i, while k_2 has 

been assumed to be equal to 1/2 k_i. These rate constants are functions 

of both the pH and the temperature of the water. 

The rates of the forward reactions resulting In the formation of the 

chloraalnes are extremely rapid, while the reverse reactions for the hydrol

ysis of the chloramlnes are much slower. For example, in the pH range 7-8 

at a temperature of 25° the forward reactions consume the hypochlorous 

acid in a few minutes, while half-times for the hydrolysis of the chlor-

amines (resulting in the regeneration of the original amines) are measured 

in hours. The small amount of hypochlorous acid formed by hydrolysis of 

the chloramines in the cooling system is disregarded In the material bal

ance after the initial consumption of the added chlorine. 

In addition to the three chemical reactions leading to the formation 

of chloramines, the model includes an equation for the rate of irrever

sible uptake of chlorine in satisfying the chlorine demand of the water. 

The value of the rate constant for this reaction must be adjusted by trial 

and error using chlorination data on an actual operating power plant, as 

will be demonstrated later. Included in the chlorine demand of the water 

are any substances leading to the irreversible uptake of chlorine. Ex

amples are humic acid, which may constitute up to 90Z of the chlorine de-

nand, and other dissolved organics, which might lead to chloroform formation. 

Hence the rate constant for the overall reaction Involving the chlorine 

demand of the water will depend upon the particular composition of the water 

when the model is applied. 

The chemical reactions involved in the uptake of chlorine in sat

isfying the chlorine demand of the water are, as a group, very much slower 
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toan the reaction of hypochlorous acid (or hypochlorite) with ammonia or 

amines. Hence, the calculated values of chloraaine concentrations and total 

residual chlorine in the water, which ara the result of very fast reactions, 

are not very sensitive to the overall rate constant for this reaction. 

In fact, the rate constant can often be varied by a factor of two with 

very little effect on the calculated concentration of the chloramines 

and the total residual chlorine. 

In a once-through cooling systea the aakeup to blowdown ratio is 

unity and hence chlorine Is added to water containing the saae concentra

tions of dissolved substances as the makeup water. In a recirculating 

systea with cooling towers, on the other hand, the chlorine is added to 

water in which the dissolved substances have become concentrated by a fac

tor equal to the makeup to blowdown ratio. The computer program has been 

designed to handle either type of configuration. Losses of chlorine by 

evaporation and by reaction with material attached to the waJls of the 

cooling system are small and have been disregarded. 

The mathematical formulation of the model Involves the solution of five 

simultaneous differential equations. Three of these equations involve the 

formation of the chloramines and their subsequent hydrolysis. A fourth 

equation involves the irreversible loss of hypochlorous acid in satisfying 

the chlorine deaand of the water, while the fifth calculates the concen

tration of hypochlorous acid reaaining after each time step. The set of 

five differential equations is solved using a variable step-size Runge-Kutta 

Integration scheme to give the concentrations of NH 2C1, NHC1 2, RNHC1, and 

M C I reaaining in the cooling systea after each time step. The concentra

tions of MH3 and RNH2 in the cooling systea are calculated after each time 

step by subtracting the concentrations of NH2C1 and NHC12 from the origin

al concentration of NH 3 and the concentration of RHHC1 froa the original 
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concentration of RNH2. 

VALIDATION OF THE MOTEL 

In 1973 an in-depth chlorination study was conducted at the Quad 

Cities Nuclear Station3. The analytical data used in the validation of 

the model described in this paper were taken at that Lime. Twelve separ

ate chlorination runs under varying conditions of temperature, pH, chlorine-

dose , ammonia concentration, and chlorine demand were used in the calcula

tions. 

At the time of the chlorination study the Quad Cities Station was 

operating on a once-through cooling basis wherein river water was drawn 

in through a crib-house, circulated through the condensers, and then dis

charged into a small discharge bay, with the final effluent coming from 

a large diffuser pipe extending approximately 75Z across the Mississippi 

River. The cooling system consisted of tw<> condensers. Each unit was 

chlorinated separately with each condenser being split-chlorinated. This 

resulted in one half of each condenser being chlorinated during a chlor

ination cycle. The chlorinated water was then diluted with water from 

the other half of the condenser and with the water flowing through the 

other condenser before discharge into the discharge bay. Chlorine re

siduals were not measured at the discharge bay but instead at the center 

water-box in the condenser. Under the flow conditions during the test, 

samples were thus taken 25 seconds after chlorination of the water. 

The chlorination data supplied by Commonwealth Edison were taken 

during September and October, 1973. For each run the data Included flow 

rates, temperature and pH of the water, concentration of ammonia, chlorine 
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dose, and free and coabined chlorine residuals aeasured 25 seconds after 

chlorination. The chlorine demand of the watei was not Measured as such. 

Instead, the free chlorine consumption in 25 seconds was reported. Since 

tltese values are approximately proportional to the chlorine demand, they 

were used in lieu of aeasured culsrine demand values in the calculations. 

The results of applying the model to the chlorination data taken at 

the Quad Cities Station are summarized in Table I. 

In carrying out the calculations the value of the rate constant for 

the reaction involved in satisfying the chlorine demand of the water was 

varied from 500 to 2000 liters mole - 1 sec. - 1. Although the calculated 

values of the total residual chlorine in the water after 25 seconds did 

not change much over this range, the best overall fit was obtained with 

a value of 1600 liters mole - 1 sec. - 1. This value was used to calculate 

the chlorine residuals shown in Table I. Note that six of the deviations 

between the calculated and the observed chlorine residuals are positive 

and six negative. The sum of the positive deviations is 0.97, while the 

magnitude of that of the negative deviations is 1.01. If a least squares 

criterion is adopted as a measure of "goodness of fit" a value for the 

rate constant closer to 1000 would be used. In this case, however, the 

overall fit is not as good: the calculated values are slightly closer to 

the observed values for nine of the cases at the expense of rha three 

cases with the greatest deviations. In any event, the F-ratio tea. in

dicates no significant difference between the two sets of calculations. 

As mentioned previously, the chlorine residuals shown in Table I 

were reduced by a factor of four before the water entered the discharge 

bay. Much further dilution occurred at final discharge through the dif-



TABLE I 

Observed and Calculated Values of Total Residual Chlorine 25 
Seconds after Chlorlnation at Quad Cities Nuclear Station 

Date Temp. 
(0°C) 

£M Chlorine 
Dose NH» 

(rag/Z) 
Free Chlorine 
Consumption 

(rag/*) 
Temp. 
(0°C) 

£M 
<mg/£) 

NH» 
(rag/Z) 

Free Chlorine 
Consumption 

(rag/*) 

9-18 27.7 7.9 2.00 0.54 1.49 
9-18 27.7 7.9 2.13 0,54 1.63 
9-19 29.1 8.0 1.60 0.58 1.10 
9-20 29.1 8.0 1.75 0.76 1.25 
9-20 29.1 8.0 2.00 0.76 1.25 
9-21 29.0 8.2 2.11 0.23 1.36 
9-24 29.6 8.0 2.16 0.52 1.16 
9-25 21.7 8.2 2.55 0.33 1.55 
9-28 31.4 8.0 2.75 0.40 1.75 

10-1 25.4 7.6 2.33 0.22 1.33 
10-26 25.1 8.15 2.32 0.20 1.32 
10-27 23.7 8.1 2.42 0.38 1.22 

Average of three values: 1.06, 1.10, 0.95 
** 
Average of two values: 0.80, 1.08 

Total Chlorine Residual A 
(calc. mg/l) (obs. mg/l) 

0.98 0.90 +0.08 
1.04 0.98 +0.06 
0.79 0.57 +0.22 
0.87 0.76 +0.11 
0.99 1.08 -0.09 
0.83 1.10 -0.27 
1.07 0.71 +0.36 
1.03 1.30 -0.27 
1.16 1.22 -0.06 
0.89 1.04 -0.15 
0.87 1.04* -0.17 
1.08 0.94** +0.14 
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fuser pipe into the Mississippi River. Chlorine monitoring* during 

operation of the Quad Cities Station from August 1976 to January 1977, 

indicated no detectable total residual chlorine in the Mississippi 

River upstream or downstream from the station. 

FURTHER CALCULATIONS 

Three Mile Island Nuclear Station, located near Harrisburg, Pennsyl

vania, uses both a recirculating (cooling towers) and a once-through 

river water cooling system. In order to test the chlorination model,data 

have been taken from a report5 on cooling water chlorinatior. practices 

at this station. The calculations reported here apply tc Unit 1 of the 

recirculating system. 

Characteristics of the cakeup water, as given in Table 9 of the report, 

are as follows: pH 7.2; total chlorine demand 2.6 ppm; nitrogen as NH3 

0.17 ppm, temperature 25.5°C. No mention is made of organic amines in the 

water. Characteristic values for Unit 1 of the recirculating system are: 

makeup water 11,250 gallons per minute (GPM); blowdown 2000 GPM; volume 

of the recirculating system 1.3 * 107G. The blowdown makes up 72 of the 

total discharge. If it is assumed that the chlorine is instantaneously 

dispersed and well mixed in the recirculating system, then 6000 lbs. of 

chlorine per day (assume 2000 lbs. three times a day) in the total re

circulating system would amount to 9.2 ppm chlorine in the water of Unit 

1 Immediately after chlorination. 

When the computer program was run for seven successive chlorination 

cycles the following results were obtained: The makeup to blowdown ratio 

in the recirculating system is 5.63. Both the chlorine demand and the 
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anmonia become concentrated in the water by this factor. The amount 

of chlorine added (9.2 ppm) is relatively high while the concentration 

of ammonia in the water is relatively low. As shown in Figure 1, when 

chlorine is added to the water the first time the ammonia is almost immed

iately consumed, resulting in the formation of both NH2C1 and NHC1 2. 

The -emaining H0C1 is taken up by the chlorine demand in the watet. The 

amount of NK2CI formed is predicted to reach 3.51 ppm, while the NHCI2 

reaches O.08 ppm. After a little more than two hours hydrolysis and blow-

rlowr. reduce the NH2CI concentration to below one ppm; this value falls to 

0.04 ppm after eight hours, while the NHC1: concentration falls to less 

than 0.01 ppm. The pattern is repeated during subsequent chlorination 

cycles, with the system coming to equilibrium after five cycles. In the 

sixth and succeeding cycles the maximum predicted amount of NH2C1 in the 

system is 3.48 ppm immediately after chlorination and 0.066 at the end of 

the cycle, while the corresponding amounts of NHCI2 are 0.48 ppm and 0.05 

ppm. 

The amounts of total residual chlorine in the discharge from the re

circulating system (after dilution) are shown for seven chlorination cycles 

in Table II. Again equilibrium is reached after five cycles. These values 

probably represent upper limits because of potential losses of chlorine ne

glected in the model: e.g., losses due to evaporation, cooling tower drift, 

and other chemical reactions involving chlorine. 

The value used for the rate constant for the reaction involving the 

consumption of H0C1 by the chlorine demand in the water was 500 liters 

mole" sec. - 1. This resulted in the total chlorine demand of the water 

being about 90% satisfied. 
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TABLE II 

TOTAL RESIDUAL CHLORINE IN DISCHARGE (ppm) 

Chlorination Cycle 

Time 

1 roin. 0.172 0.177 0.192 0.225 0.263 0.276 0.277 

10 min. 0.158 0.162 0.168 0.176 0.179 0.180 0.180 

1 h r . 0.100 0.103 0.107 0.114 0.118 0.119 0.119 

2 h r . 0.059 0.063 0.064 0.069 0.072 0.074 0.074 

3 h r . 0.034 0.035 0.037 0.042 0.045 0.046 0.046 

4 h r . 0.0199 0.021 0.023 0.026 0.029 0.030 0.030 

5 h r . 0.012 0.013 0.014 0.016 0.019 0.019 0.019 

6 h r . <.01 <.01 <.01 <.01 0.012 0.013 0.013 

7 h r . <.01 <.01 <.01 <.01 <.01 <.01 <.01 

8 h r . <.01 <.01 <.01 <.01 <.01 <.01 <.01 
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CONCLUSION 

The results of applying the kinetic model to the chlorination data 

supplied by Commonwealth Edison on the once-through cooling system at the 

Quad Cities Nuclear Station provide a validation of the model. As men

tioned previously, it was easy to find a rate constant for the reaction 

involving the irreversible uptake of chlorine in satisfying the chlorine 

deaand of the water such that the observed values of total residual chlor

ine in the water 25 seconds after chlorination scatter evenly about the 

calculated values. Since one adjustable parameter is involved in the 

model, there are eleven degrees of freedom for the twelve chlorination 

runs used in the calculations. This leads to a value of 0.2 or about 20% 

for the standard error in the observed values of the total residual chlor

ine in the water 25 seconds after chlorination. This value is consis

tent with the scatter shown in the three values of total residual chlor

ine reported for the same input conditions on 10-26 and the two values 

on 10-27 in Table I. Sources of error in the observed values would in

clude incomplete mixing of the chlorine in the water and any experiment

al error in the analytical procedures. 

The two examples given in the paper demonstrate that the model nay 

be applied to either once-through cooling system or to cooling systems 

involving cooling towers. 



13 

REFERENCES 

1. This report is one of a series that will be issued under the Unified 
Transport Program. A. H. Eraslan et. al., "Unified Transport Approach 
for the Assessment of Power Plant Impacts," Energy Division Annual 
Progress Report, ORNL-5124, April 1976. 

2. M. H. Lietzke, "A Kinetic Model for Predicting the Composition of 
Chlorinated Water Discharged from Power Plant Cooling Systems," 
ORNL/NUREG-13, April 1977. 

3. Private communication, J. P. McCluskey, Director of Environmental 
Affairs, Commonwealth Edison. 

4. "Operational Environmental Monitoring in the Mississippi River Near 
Quad Cities Station, August 1976- Jan. 1977," Report to Commonwealth 
Edison from Nalco Environmental Sciences. 

5. "Development of Cooling Water Chlorination Practices at the Three 
Mile Island Nuclear Station, Final Report, February 27, 1976," Wapora, 
Inc., Washington, D.C. 

Research sponsored by the Department of Energy under contract with Union 
Carbide Corporation. 


