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FOREWORD

This report has been reviewed by the California State Water Resources Control Board and
approved for publication. Approval does not signify that the mention of trade names or commercial
products constitute endorsement or recommendation for use.
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ABSTRACT

This manual was prepared to provide regulatory agencies, consulting engineers, and treatment
plant operators with the urgently needed information on recommended chlorination and dechlori-
nation practices. The principal aim of the manual is to improve wastewater disinfection and reduce
residual toxicity associated with chlorination. It is expected that significant savings in chlorine will
be realized by following the design and operating practices outlined herein.

The manual has been directed at chlorination systems that meter and control compressed
liquid molecular chlorine. The text does not include aspects of hypochlorite or iz situ chlorination
systems. The sections on dechlorination deal primarily with compressed liquid sulfur dioxide as the
dechlorinating agent.

Chlorination-dechlorination practices are subject to change and some aspects have reccived

little study. This manual is a revision of an interim manuat which was published in 1974 (6). It
contains the best information available to date.
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SUMMARY OF RECOMMENDED PRACTICES

The most important considerations in the design and operation of wastewater disinfection
_ systems using chlorine and dechlorination systems using sulfur dioxide are summarized below. This
summary applies primarily to the design of new wastewater weatment and/or reclamation plants
and to the upgrading of existing ones.

CHBLORINATION SYSTEM

Initial Mixing—Rapid initial mixing of the chlorine solution and wastewater is essential for
effective disinfection. Mixing must be accomplished within three seconds. This can be achieved by
applying chlorine in a turbulent flow regime, or by a mechanical mixer. Mixing must be followed by
adequate contact time in a well-designed contact tank.

Contact Time—A minimum chlorine contact time of 30 minutes at peak flow should be
provided to achieve highly effective disinfection without excessive chlorine residuals. This should be
measured by the first appearance of dye in the effluent from the contact tank.

Contact Tank Design—Chlorine contact tanks should be designed for maximum plug flow (ie.,
equal detention for all portions of the flow) and with a minimum of backmixing, dead spaces and
short-circuiting. Maximum plug flow will be provided by long, narrow conduits. The best contact
tank is a pipeline or a long outfall. Rectangular tanks with longitudinal serpentine baffling are next
in the order of preference. The best information currently available indicates that adequate plug
flow performance is obtained when the dispersion number is 0.02 or less. This has been achieved
with flow length-to-width ratios ranging from 40:1 to 70:1.

Chlorine Control System—At plants using secondary or tertiary treatment, the chlorine control
system should be automatically responsive to both flow changes and chlorine demand in order to
maintain a constant chlorine residual. This can be accomplished by means of eftluent flow pacing
and a chlorine residual analyzer. Small treatment plants should provide at least flow proportional
control or equivalent.

Chlorine Residual Tests—Accurate control of chlorine residual dictates the use of the indirect
(back-titration) iodometric procedure for chlorine residual measurement as outlined in “Standard
Methods for the Examination of Water and Wastewater.” The amperometric end point should be
used in situations where trace residuals are of concern.

DECHLORINATION SYSTEM
Sulfur Dioxide Supply—Special attention must be given to the sulfur dioxide supply system

because of its low vapor pressure. This requires the application of heat or the addition of an
evaporator,

Sulfur Dioxide Control System—No techniques are available for controlling directly to a zero
chlorine residual. There are two alternatives for control: (1) feed-forward, by means of an effluent
flow signal and a chlorine residual signal measured at the end of the contact chamber; and (2)
feedback residual control, by biasing the dechlorinated sample to the analyzer with an artificial
chlorine dosage.



Sulfur Dioxide Monitoring System—No analytical techniques are available for momitoring
sulfur dioxide residual. The proposed indirect methods are new and need further field testing. The
most common method is to monitor the dechlorinated effluent intermittently on a chlorine residual
analyzer.

Equipment—The equipment used for sulfur dioxide dechlorination is identical to that used for
chlorination, but should not be used interchangeably with chlorination equipment. However, the
control and monitoring analyzers of the same system are interchangeable.

OPERATING PERSONNEL

The performance of the chlorination-dechlorination system is dependent on competent operat-
ing personnel who are familiar with the maintenance and cahbranon of the control equipment.
Therefore, spectal operator training is necessary.

RELIABILITY PROVISIONS

Chlorine Supply —The following provisions are necessary to assure uninterrupted chlorine feed:
(1) Adequate reserve chlorine supply; (2) chlorine container scales; (3) a manifolded chlorine header
systemn; (4) automatic chlorine cylinder switchover; and (5) alarm system to alert operating
personnel of imminent loss of chlorine supply. '

Standby Equipment—The following are necessary to assure reliable disinfection:
1. Provisions for alternate power source.

2. Provisions for a standby chlorination system if (a) only postchlorination is used; or (b)
both pre- and postchlorination are used concurrently.

The prechlorination group can be used as a standby system for postchlorination if not
continuously used. The intermediate chlorination group, if used, can function as standby
for pre- and postchlorination. Standby equipment should have sufficient capacity to
replace the largest unit during shutdowns.

3. The control residual analyzer should be backed up by an effluent monitor analyzer that
can be switched over to the control function in the event of failure of the control
analyzer.

4. When dechlorination is used, the sample pumps should be arranged in duplicate for the
analyzer controlling the sulfonator. One of these pumps can be used to deliver a dechlori-
nated sample to the analyzer on a programmed basis such as five minutes each hour to
demonstrate proof of dechlorination.

Water Supply—Provisions should be made for continuous injector water supply in the event of
power failure, either an alternate water supply not dependent on power or a gasoline engine driven

injector water supply pump.

Dechlorination System—The reliability provisions indicated above also apply here.
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1. INTRODUCTION

1.1 SIGNIFICANCE OF DISINFECTION

Sewage disinfection is defined as the process of destroying pathogenic microorganisms in the
waste stream by physical or chemical means. Disinfection is best accomplished by the use of
chemical agents such as chiorine, chlorine dioxide, bromine, iodine, or ozone. Present disinfection
practices depend almost exclusively on chlorine.

Inasmuch as total sterilization is generally not practical and the specific situation dictates the
terms of what is adequate, disinfection means the destruction of most of the pathogenic organisms
in the wastewater stream. Disinfection effectiveness is measured by the most probable number
(MPN) of the coliform bacteria indicator group which remains after destruction has taken place.

From the viewpoint of health, the disinfection process is the most important stage of treat-
ment. It is the unit process which provides a barrier to the transmission of waterborne disease
by destruction of pathogens before release of wastewater to the environment. Consequently, the
disinfection process must be effective, dependable, and reliable.

Disinfection is an integral part of the treatment system and, therefore, it must be integrated
into the overall process design. Although the principles of effective disinfection are understood,
there has been inadequate attention devoted to design which incorporates all of the necessary
elements to make it an effective in-plant process.

1.2 WASTEWATER DISINFECTION PRACTICES IN CALIFORNIA
1.21 Establishment of Disinfection Requirements

Under California law, waste discharge requirements are established on a case-by-case basis after
hearing by the Regional Water Quality Control Board in whose region the discharge takes place. In
almost all cases involving a discharge of sewage effluent to waters of the State or to land where
there is public access, it is necessary to establish a disinfection requirement as one of the waste
discharge requirements. Bacteriological standards have been established for various situations and
in various regions. Some of these are expressed in the Water Quality Control Plans.

The Department of Health Services submits its recommendations for health protection to the
regional boards on each discharge for which new or revised requirements are being established and
includes a recommended disinfection requirement if one is needed. The Regional Board prepares the
discharge requirements and holds a public hearing for discussion and establishment of the final
requirements.

1.22 Indicator Organism

Disinfection efficiency is measured by the total coliform bacteria test as outlined in the latest
edition of the “Standard Methods” (35). The coliform bacteria group, which is present in the
intestines of man and warm-blooded animals, serves as an indicator of human intestinal pathogens,
which are extremely difficult to measure (30). With the exception of virus, survival characteristics
of most pathogens are similar to those of coliforms. Therefore, the coliform test is a sensitive
method of determining disinfection efficiency.




1.23 New Developments in Chlorination

The use of coliform bacteria concentrations as a measure of disinfection has focused a great
deal more attention on the design and operation of chlorination systems. In 1961, the first chlorine
residual control system for a wastewater effluent was installed at the Napa Sanitary District plant,
Napa, California. Since then, most secondary treatment plants in California have installed automatic
residual controls.

The pilot plant research work by Collins, et al. (3, 4), and the field investigations by White
(43, 44) and Sepp, ct al. (31, 32, 33)have revealed the basic design criteria for an optimum chlori-
nation system for the disinfection of wastewater. These criteria are as foliows:

1. Complete and rapid initial mixing of chlorine and wastewater;

2. Adequate contact time (at least 30 minutes at peak flow) in a well-designed contact tank
or outfall conduit;

3. A well-adjusted and reliable automatic chlorine residual control system; and
4. Competent operating personnel.

In 1979, the California Department of Health Services completed a comprehensive design
optimization study (32, 33) on eight secondary and tertiary wastewater treatment plants. The
major part of the project consisted of concurrent studies on a mobile optimized chlorination pilot
plant and the existing full-scale system at each of the eight study sites. The trailer-mounted pilot
plant contained optimum design features, including rapid initial mixing, reliable automatic chlorine
residual control, and plug flow type contact tanks providing up to two hours detention time. Disin-
fection efficiency was measured by total coliform bacteria and iodometric chlorine residual tests.
Concurrent fish bioassays on the same effluents were done by the Department of Fish and Game. In
addition to the above concurrent studies, special pilot studies were made of initial mixing, residence
time distribution, effects of chlorine residual and contact time, and dechlorination.

Table 1 shows the results of six of these concurrent studies. The results of studies 1 and 4 are
not shown because these effluents were subject to serious sludge overflows and/or did not practice
adequate disinfection, and, consequently, these studies did not yield adequate comparative data.
The same plant numbers will be used in subsequent tables. As seen from Table 1, at all locations the
pilot plant used significantly less chlorine than the full-scale plant. The average reduction in chlorine
dosages achieved by the optimized pilot plant were as follows: 18.6 percent at Plant 2, 56.1
percent at Plant 3, 44.8 percent at Plant 5, 55.7 percent at Plant 6, 30.5 percent at Plant 7, and
54.8 percent at Plant 8. This amounted to an overall average savings in chlorine of 46.7 percent, or
8.9 mg/l. The higher chlorine dosages required by the full-scale plants were due variously to .
inadequate contact time, unreliable chlorine control system and/or inadequate operation and
maintenance. The reduction in chlorine dosages was accompanied by an overall average reduction in
effluent chlorine residual of 49.7 percent or 3.3 mg/l, which implies significant savings in sulfur
dioxide used for dechlorination.

Table 2 gives the design data for the full-scale plants studied. Table 3 shows the effluent
quality for the same plants.



- TABLE 1
'RESULTS OF COMPARATIVE CHLORINATION STUDIES'

TOTAL THEORETICAL CHLORINE CHLORINE
COLIFORM CONTACT DOSAGE, RESIDUAL,
TREATMENT LEVEL, TIME, MILLIGRAMS | MILLIGRAMS

PLANT MPN/100 MINUTES PER LITER PER LITER2
Plant 2 13 — 64 70 — 78 9.2 —10.6 12— 25
Pilot Plant at No. 2 7 — 20 60 7.9— 8.8 1.5~ 2.4
' Plant 3 2640 45— 52 279 472 55—13.6
Pilot Plant at No. 3 <2 — 200 45 7.5—27.7 25— 3.7
Plant 5 <2-2 79 — 86 9.0 —13.3 67— 9.1
Pilot Plant at No. 5 <2-2 90 3. 7— 7.0 14— 3.6
Plap <22 89 —110 7.9 167 38— 5.4

|

|
-

: 1

|

- ‘
]




TABLE 2

TREATMENT PLANT DATA, DESIGN OPTIMIZATION STUDY

DISINFECTION
TREATMENT| STANDARD, TYPE CHLORINE
PLANT COLIFORM OF CHLORINE CONTACT
MPN/100 ml WASTE | TREATMENT' | CONTROL | MIXER TANK
2 240 Domestic- A.S. plus Compound |Hydraulic | Rectangular,
industrial nitrification loop jump |once-around
3 240 Domestic AS. Compound | Turbine | Serpentine
loop
5 100 Domestic AS. Compound ¢ Turbine [Circular plus
loop serpentine
6 23 Domestic | A.S. plus filter | Compound | Turbine | Serpentine
loop
7 2 Domestic |A.S., nitrification | Compound | Turbine |Rectangular,
plus filter loop once-around
8 240 Domestic Trickling Flow Hydraulic | Rectangular,
filter proportional| jump |once-around

1 Note: A.S. means Activated Sludge.



TABLE 3

EFFLUENT QUALITY, DESIGN OPTIMIZATION STUDY'

TREAT-

MENT MEDIAN COLIFORM,

PLANT BOD CcCOD TSS NH3 —N NO2 —N MPN/100 ml
2 107-52 [35-82 |24—15 |<o0.1 <0.01 3.3 x 10* — 2.95 x 10°
3 ls—29 44 —128|2 — 60 77-19.6 | 1.0—29 |2.4x10°%—49x10°
5 |47-155 |28—70 |3—-11.5 |15—19 <0.01 3.3 x 10° — 9.45 x 10°
6 |[2-18 18—88 | 4— 36 5.8—14 | 002-22 |3.5x10* —22x10°
7 lo2-20 {20-25 |06—104 |<0.1-05]| <0.1 1.3 x 10* — 6.4 x 10*
8 | 1426 91 —132| 20— 49 15 — 27 <0.1 1.2 x 10° — 4.9 x 10°
1 |12-29 84--109(32—140 |9.3—30.8 | <0.01 4.1x 10° — 64 x 10°
4 |16—176 |39—272|12—-191 |26-33 <0.01 1.1x 107 —9.2x 10®

1 Values in mg/l except total coliform. Range of daily averages for each three-week study.




1.24 Dechlorination

In the early 1970s, studies of municipal effluents discharged into San Francisco Bay revealed
that chlorination mncreased the toxicity of all treated wastewaters (8). However, dechlorinated
effluent was less toxic than either the chlorinated or the unchlorinated effluent.

A study by Stone, et al., (37) concluded that a substantial adverse environmental impact can
occur in the receiving water as the result of discharge of wastewater containing chlorine. Chlorine
residuals of 0.06 mg/l were damaging to Bay aufwuchs and phytoplankton. After dechlorination
with sodium bisulfite, the toxicity attributable to the chlorine residuals was completely removed.
The study report expressed hope that improved design and operation of disinfection systems could
reduce chlorine residuals to the point where the small effects on organisms in the vicinity of the
outfall may be acceptable. However, subsequent studies have proven otherwise.

The Design Optimization Study (32) discussed in Section 1.23 has demonstrated that by
optumum design and operation it is possible to reduce the effluent chlorine residuals by as much as
50 percent. The optimized pilot plant effluents were an average of 42.9 percent less toxic to test
fish and contained 49.7 percent less chlorine residual than the full-scale effluents. However, the
study findings showed that it is not possible to remove all the chlorine-induced toxicity by
optimized design alone, and that dechlorination will still be necessary in situations where the
toxicity must be removed. The study also indicated that dechlorination with sulfur dioxide removes
all chlorine-induced toxicity from the effluents. The excess sulfur dioxide residual apparently was
not toxic to fish at the concentrations used.

Dechlorination can be done effectively and inexpensively by the sulfite radical. The use of
sulfur dioxide (80, ) is the most practical method to achieve this whenever the system requires
more than five pounds of SO, per day. The first wastewater dechlorination system to be put in
operation in California was at the City of Burlingame Treatment Plant early in 1973. This was
followed by installations at the City of Sacramento’s Main Treatment Plant and the North Point
Plant of the City of San Francisco, all in 1973. Now most of the treatment plants in San Francisco
Bay Area have facilities for dechlorinating their effluents with sulfur dioxide.

When dechlorinating with sulfur dioxide there is usually no need for additional treatment
of the dechlorinated effluent by aeration and pH adjustment. Any acid created by the SO, is
neutralized by the buffering capacity of the wastewater. The reaction of the sulfite ion with
dissolved oxygen is quite slow and, except in special situations, the small excess of SO, which is left
after dechlorination will not significantly depress the dissolved oxygen content in the effluent.



2. CHLORINATION PROCESS AND FACILITY DESIGN

2.1 CHEMISTRY AND KINETICS OF CHLORINE AND WASTEWATER

Several chemical reactions may occur simultaneously when chlorine is added to wastewater.
The reactions are affected by ammonia nitrogen concentration, total organic carbon (TOC),
temperature, pH, buffering capacity of sewage and the nature of the chlorinating agent.

2.11 Reactions With Water

When chlorine gas is added to water the following reactions occur:

Cl, + H,0 = HOC!+H* + Cl— (1)
or perhaps:
Cl, + OH™ = HOCl+Cl™ (2)

The hydrolysis of chlorine is complete within a few seconds at ordinary water temperature and the
ionization of hypochlorous acid (HOCI) is an instantaneous reversible reaction.

Effect of pH—The HOCI molecule ionizes as follows:
HOCI = H* + OCl— (3)
Thus, chlorine gas tends to lower the pH of the water which, in turn, favors the formatioﬁ of HOCI.

The distributions of HOCI and OCI™ as a function of pH are shown in Table 4. Figure 1 shows the
titrable free chlorine, in mg/l, required to produce one mg/l HOCI at varying pH values.

TABLE 4
DISTRIBUTION OF HOCI and OCI— WITH pH AT 20°C

PERCENTAGE OF TOTAL
FREE CHLORINE AS

pH

HOCI oCl—
6.0 97.45 2.55
7.0 79.29 20.71
7.5 5477 45,23
8.0 27.69 72.31
9.0 3.69 96.31




TITRABLE FREE CHLORINE REQUIRED TO PRODUCE 1.0 MG/L HOCL
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2.12 Reactions With Wastewater Constituents

There are numerous constituents present in wastewater that immediately react with the HOCL.
Consequently, free chlorine (a term referring to HOCI plus OCL™) is probably not present for more
than a fraction of a second after the addition of chlorine in most wastewaters. First, the various
inorganic reduced substances (87, HS™, SO, 7, NO,, Fet™) will combine with the HOCI and
reduce it to the stable chloride ion, which is nonbactericidal. This immediate inorganic chlorine
demand will be proportional to the amount of the reduced substances present. The immediate
chlorine demand of a “fresh’” sewage may only be 5 mg/l; however, it may increase to as much as
100 mg/l as the sewage becomes septic. Second, the HOCI molecule reacts with the nitrogenous
matter as is explained below.

Ammonia Nitrogen—In wastewater there tisually is an appreciable amount (15—30 mg/]) of
ammonia nitrogen. The ammonium ion exists in equilibrium with ammonia nitrogen and hydrogen
ion as follows:

NH,* == NH, +H* (4)

When ammonium ions are present in a water to which chlorine has been added, the following
reactions may result:

HOCl+ NH, " == NH,Cl+H,0+H" (5)
{monochloramine)

HOCI + NH,Cl == NHCI, + H,0 (6)
(dichloramine)

HOCl + NHCI, == NCl, +H,0 = (7)

(trichloramine, nitrogen trichloride)

The extent to which the various chloramines are formed depends on the pH, temperature, contact
time and concentration of each reacting substance. Monochloramine will predominate at pH 8 and
dichloramine at pH 5. Lower pH values and high chlorine dosages favor the formation of trichlora-
mine (NCI,). The NCl, forms only when the ratio of chlorine to NH, — N exceeds 12 to 1 by
weight.

Organic Nitrogen—In addition to reacting with free ammonia nitrogen in wastewater, chlorine
may combine with amino acids, proteinaceous material and many other organic compounds
normally occurring in sewage. Very little is known concerning the extent of these reactions, their
reversibility or the disinfecting power of the chlorine compounds. Some organic chloramines have
little or no germicidal powers at pH values near seven but they titrate as combined chlorine using
the iodometric method (see Sectlon 4.1). Therefore, it is generally concluded that ammonia
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and hypothetically,
2NHCL, + H,0 > N, + HOCI + 3H" + 3CI™ (10)

where only the species in the form shown enter into the reactions. Thus, all of these reactions must
be pH dependent. Other products, ignored here, may include NCl,, and NO,". A typical break-
. point curve is shown in Figure 2.

It is probably not economically feasible to use this process for disinfection if there is an
- appreciable amount of ammonia nitrogen in the wastewater since the amount of chlorine to
ammonia required to reach breakpoint is approximately 9 to 1 on a weight basis. Wastewaters may
contain as much as 10 to 40 mg/l of ammonia nitrogen and the cost of the high chlorine dosage
which must be used would be prohibitive in most cases. In addition, the reaction of chlorine with
water releases hydrogen ions and the use of the free chlorine residual process in ammonia-laden
wastewaters would release enough hydrogen ions to exceed the buffering capacity of most sewages.
This would result in significant lowering of the pH in the treated effluent.

The chlorine-ammonia reactions proceed fastest at pH 7—8, and are much slower at either low
or high pH values; therefore, where the ammonia nitrogen content is high, it may be necessary to
buffer the wastewater to near pH 7 in order to reach breakpoint in relatively short contact times.
Factors such as mixing, pH, temperature, ammonia nitrogen concentration, turbidity and amount of
chlorine applied will govern the reaction products. For example, low pH values and high chlorine
dosages favor the formation of malodorous NCI,. Therefore, these factors must be known in order
to design an effective breakpoint reaction chamber.

The use of free residual chlorination in wastewater treatment is generally confined to the
disinfection of nitrified effluents. These situations, especially in California, are always tertiary
effluents of high quality where the National Pollutant Discharge Elimination System (NPDES)
discharge requirements limit the ammonia nitrogen to 0.01 mg/L.

It has been believed that these effluents can be easily disinfected with much lower chlorine
dosages than those encountered in conventional secondary effluents because the residuals are about
90 percent free chlorine. Therefore, the expected chlorine consumption should be much lower. In
actual practice, however, the germicidal efficiency of these free residuals has been disappointing.
Added to this, the 5-minute chlorine demand of these nitrified effluents appears to be on the order
of 10 mg/L. In order to achieve a total coliform MPN of 2.2 per 100 ml in these effluents a chlorine
dosage of 20—25 mg/l is often required. This high dosage requirement is unexplainable at this time.

There is much speculation as to why these biologically nitrified effluents behave in this
manner. Some plants can achieve the required disinfection with lower residuals than others, but all
plants reviewed to date show a high chlorine demand. The only plants that do not behave in this
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Another possible explanation for the high chlorine demands in the biologically nitrified
effluents is that this process converts many of the organics in the sewage which tends to increase the
total organic carbon (TOC). This increases the free chlorine demand. However, if this same nitrified
effluent is treated with a small amount of ammonia nitrogen before chlorination (enough to raise
the NH, — N level up to 1.0 mg/1) so that all the chlorine becomes combined chlorine, the chlorine
consumption retreats to a low level and disinfection to MPN 2.2/100 ml is achieved as before with
much lower chlorine dosages. Most of the plants under discussion provide 30 minutes or more
contact time and have contact tanks providing 70—80 percent plug flow. It appears that free
chlorine reacts much faster than does combined chlorine with whatever compounds are formed
during biological nitrification. Most of these nitrified effluents are filtered before chlorination and
are considered to be tertiary effluents. Whenever tertiary treatment is employed there is a strong
implication that substantial virus destruction is obtained. At most plants discussed above the
chlorine residuals after 30 minutes contact time are on the order of 8 mg/l. However, in order to
assure complete virus removal, treatment by chemical coagulation prior to filtration will be
necessary.

2.15 Disinfection Kinetics

The degree of organism destruction in wastewater is a function of the type and concentration
of "disinfectant, contact time and temperature. Collins and Selleck (3, 4) in studying chlorine
disinfection of primary effluent in a pilot plant found that the destruction of both total and fecal
coliform bacteria followed the following empirical relationship:

Y, /Y, = (Rt/b)? (12)

where Y, = initial bacterial concentration, usually in unchlorinated effluent;

final bacterial concentration at time t, in chlorinated effluent;

Y, =

R =  chlorine residual, in mg/l;

t = contact time, in minutes;

b = the X-intercept when Y, /Y, = 1.0, in mg/l x minutes; and
n = slope of the curve.

The above equation plots as a straight line on log-log paper. Collins and Selleck (3, 4) found that the
slope n was —3 for ideal plug flow and —2/3 for completely mixed flow. The value of the constant b
for the particular primary effluent studied was about 4 for total coliform and about 3 for fecal
coliform. However, as will be seen below, in practice the constants b and n are different for each
effluent. The chlorine residual R can be measured either immediately after mixing or after chlorine
contact, each method yielding different results. The reduction of total coliform observed by Collins
and Selleck (3, 4) in a stirred batch reactor which simulated plug flow was similar to that shown in
Figure 11 (see Section 2.32). The destruction of fecal coliform was considerably faster than that of
total coliform. Additional work by the same authors (26) indicated that the germicidal effect of the
chlorine residual decreased with time.
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The Design Optimization Study (32), which was described in Section 1.23, has shown that in
good quality cffluents the coliform reduction can be evaluated by means of Equation 12 reasonably
well under field conditions. In this study a baffled chlorine contact tank having a dispersion number
of 0.02 was used on the pilot plant, and the chlorine residual was automatically controlled by a
residual analyzer. Figure 3 shows the regression curves of the coliform survival ratio Y, /Y, versus
RT for the pilot plant studies done on each of the 8 effluents. Table 5 shows the constants n and b,
and the correlation coefficient r for the same effluents. Except for effluent 4, all the data in Table 5
are statistically significant at 0.01 level. Effluents 2 and 7 are well treated nitrified effluents, and
effluent 6 is filtered secondary effluent. The remaining effluents are conventional secondary
effluents of variable quality, and the data shown for these exhibit considerable amount of scatter.
The scatter is partly due to the great daily variation of the initial coliform levels. The very poor
results for effluent 4 are due to sludge overflows. Except for effluent 4 which had extremely high
coliform levels, the lower extremity of each curve indicates the point where an MPN level of 2 per
100 ml] was reached.

In effluents 5 and 6 it was observed that the germicidal efficiency of the chlorine residual
began to decrease with contact times greater than 60 minutes. This may have been due to the
conversion of the chlorine residual to poorly bactericidal organic chloramines.

Considering the above evidence, it is recommended that the design of disinfection systems be
based on thorough field and laboratory testing. '

TABLE 5
SLOPE AND INTERCEPT FOR PILOT PLANT CHLORINATION CURVES,
DESIGN OPTIMIZATION STUDY!

"CORRELATION
EFFLUENT INTERCEPT SLOPE COEFFICIENT
NUMBER b n r
1 3.7 —3.13 0.69
2 14.6 —4.1 0.93
3 0.3 —-1.82 0.68
4 0.1 -1.95 0.30°
5 0.1 —1.68 0.78
6 7.76 —3.50 0.81
7 20.7 —3.32 0.88
8 0.004 —1.24 0.55
Mean (signif. values) 6.74 —2.68 —

1 For the formula Y2!Y1 = (RT/bln, as depicted in Figure 3, where R = chlorine residual after contact, T = theoretical detention
time.

b Not statistically significant.
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There have been various modifications of Equation 12, one of which is discussed below. White
(44) uses the following formula to design chlorine disinfection systems for secondary effluents:

Y,/Y =(1+023Rt)"® ' (13)

where R is the chlorine residual after contact and other parameters are the same as for Equation 12.
This formula was derived by the same authors (3, 4) and is practically identical to Equation 12,
except that it uses theoretical values for the constants b and n. (The vaiue of b would be 4.35 in
Equation 13.) In Table 5 the constants vary, but the mean b is 6.74 and the mean slope approaches
—3. Some of the literature (5, 31) also report —3 slopes in various effluents. Therefore, Equation 13
may be useful for rough estimation of chlorination systems if no other information is avatlable.

2.16 Chlorine Demand

The chlorine demand of the various effluents varies greatly. In the Design Optimization Study
(26) it was found that the chlorine dosage required to reduce the coliform MPN to 2 per 100 ml
after 60 minutes contact time varied from about 4 mg/l to 22 mg/l in the effluents studied in the
pilot plant. These data are shown in Table 6. The quality of these effluents is shown in Table 3.
Effluents 1 and 4 contained sludge and appreciable amounts of industrial wastes, and effluents 2
and 7 were completely nitrified. The data in Table 6 is indicative of both the initial and total
chlorine demand. Table 7 shows the calculated average chlorine demand which occurred in the pilot
contact tank after the immediate demand had been satisfied. These data demonstrate the
importance of adequate chlorine demand and chlorine requirement tests.

TABLE 6
CHLORINE REQUIREMENTS OF VARIOUS EFFLUENTS,
DESIGN OPTIMIZATION STUDY

CHLORINE RESIDUAL
TOTAL COLIFORM CHLORINE mg/l
EFFLUENT LEVEL IN EFFLUENT,’ DOSAGE,
NUMBER MPN/100 ml mg/] (a) (b)
1 2 22.2 11.5 9.7
2 2 10.7 — 13.0 7.3-8.1 40—-4.3
3 2 16.2 —22.8 4.8 3.7
4 20 12.5 8.5 6.6
5 2 50-—-7.0 3.5—49 24-39
6 2 4.1 -4.3 2.8—-3.0 22-27
7 2 11.5—-12.4 10.0-10.9 50—6.8
8 2 10.6 —13.5 7.0—-93 58—7.0

1 Detention time 60 minutes {Effluent 2, 45 minutes}.

a Residual immediately after initial mixing {approximately 2-minute detention).
b Residual after 60-minute contact.
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TABLE 7
CHLORINE RESIDUAL DECAY IN PILOT CONTACT TANK!

EFFLUENT RESIDUAL DECAY,
NUMBER mg/l, DURING 60 MINUTES

1 1.6
2.6
1.1
1.8
1.0
0.7
4.6
1.3

Qo 1 ON WUt W e o

1 After satisfaction of the immediate chlorine demand; arithmetic mean
vatues.

2.2 FACTORS AFFECTING PROCESS EFFICIENCY

Several factors will detemine the efficiency of the wastewater chlorination process, in addition
to pH, temperature and the concentration of the disinfectant. The factors, which are under the
control of the design engineer but have frequently received very little attention, are: (1) initial
mixing; (2) chlorine contact time; (3) chlorine control system; and (4) reliability.

2.21 Initial Mixing

Rapid initial mixing of the chlorine solution and wastewater is essential for effective disinfec-
tton. A rapid initial mix followed by a plug flow contact chamber will provide maximum process
efficiency (4). Initial mixing of the chlorine solution and the wastewater prior to the contact period
must not be confused with mixing in the contact tank. Longitudinal mixing in the contact tank
should be avoided, because it results in short circuiting in the tank and unreliable disinfection. The
initial mix should be accomplished in three seconds. This can be done most effectively by either
applying chlorine in a turbulent flow regime, or by employing a mechanical mixer immediately
downstream from chlorine application point. Diffusers are necessary in all applications. Mixers and
diffusers are discussed in Sections 2.31 and 2.35, respectively.

In the past practice it has been common for the chlorine solution to be applied directly to
chlorine contact tanks or to open channels, often without a diffuser. Flows in those tanks and in
many open channels are usually highly stratified, resulting in very little dispersion of the chlorine.
Heukelekian and Day (10) demonstrated conclusively in 1951 that the distribution of chlorine in
contact tanks will not be uniform unless special mixing compartments are provided. Without special
mixing, the greater portion of the chlorine may pass along the bottom of the tank resulting in poor
overall bacterial removals in spite of a reasonably high chlorine residual in the effluent.




In a recent study (14) it was reported that substantial viral and bacterial reduction occurred
during high energy mixing. Both virus and coliform destruction were directly proportional to
chlorine residual and contact tme in the plug flow mixers used. At the higher chlorine residuals,
organism destruction was also directly proportional to mean velocity gradient (G) within the range
of 10 to 10° sec™ . The Prandtl eddy frequency had an effect similar to the mean velocity
gradient. The Reynolds Number had the least effect.

In the Design Optimization Study (32), two tubular plug flow mixers were used on the pilot
plant. The 1.5-inch mixer had a G value of 875 sec” * and the 3-inch mixer had a G value of 115
sec” '. However, when all the subsequent piping was accounted for, the overall G values probably
did not differ much. The G value is the mean velocity gradient in a shearing fluid, and is defined as
G =V P/n, where P is the power input per unit volume and p is the absolute viscosity of the fluid.
The results (regression curves) of the pilot mixing study are shown on Figure 4. The contact time in
both mixers was 20 seconds. It is quite apparent that the coliform destruction is directly propor-
tionai to the total chlorine residual measured. As different effluents were used for each mixer, the
different location of the curves may be due to differences in effluent quality.

In the same Design Optimization Study (32}, greater than 99 percent coliform reduction was
observed in all the full-scale mixers studied. Four of these were turbine mixers and two utilized the
hydraulic jump for mixing. The mixers had G values ranging from 250 to 850 sec™ . White (44) has

recon]rgended G values of 3001000 sec 1 for chlo;jnc mixers. and this appears 18] ég an aporo
. .
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2.23 Chlorine Control Systems

Thirty or more years ago it was considered adequate to have a manually controlled chlorinator
in operable condition which could produce a 0.75 mg/l orthotolidine (OT) residual at the end of
30 minutes contact time at average dry weather flow. This was supposed to achieve adequatc
disinfection. Owing to the variations in diurnal flow patterns, it was soon recognized by the design
engineers that the additional cost for flow paced chlorinators was readily justified by savings in
chlorine. Later when discharges were required to achieve a specified coliform concentration in the
plant discharge, continuous monitoring of the chlorine residual was deemed necessary. This refine-
ment in the chlorination process revealed rapid and large unpredictable chlorine demand changes.
The next step was to convert the chlorine residual measurement into a control signal so that the
chlorinator would respond automatically to both flow and chlorine demand changes. Investigations
of current practices have shown that systems using chlorine residual control provide much improved
cost-effective performance over those that rely solely on flow pacing with manual adjustment of
chlorine dosage (42, 43, 44). However, even these systems may be wasteful of chlorine, if they are
not properly designed and operated (32).

Control systems based on chlorine residual can be either direct residual control where the
analyzer provides signals for either the change in chlorine demand alone or for a combination of the
flow rate and chlorine demand; or compound loop control where the control apparatus receives two
separate and independent signals—one from the effluent flow meter and the other from the residual
analyzer. Direct residual control is not applicable where dechlorination is required. An effluent flow
meter is mandatory for dechlorination.

The compound loop system is generally preferred because it can better deal with sudden
changes in flow and chlorine demand. A compound loop system is illustrated in Figure 5. Using
conventional chlorination equipment, the flow measuring device sends a control signal direct to (or
via a ratio station) the chlorine metering orifice controller, while the chorine residual analyzer sends
a separate signal to the vacuum regulator valve which controls the vacuum differential across the
chlorine metering orifice. Therefore, when applying the flow formula Q = CAV 2gh, the flow of
chiorine is controlled by changing the opening of the orifice by the flow signal and by the changing
of the differential across the orifice by the analyzer signal. Such a control system is made up of
readily available and proven equipment. Details of this system are described in Section 2.34 under
the heading “Methods of Control.”

The second analyzer shown on Figure 5 is used to monitor the chlorine residual after the
prescribed contact time. This unit can also be equipped with control features allowing it to adjust
the “set point” of the control analyzer, which results in maximum disinfection efficiency. Where
dechlorination is required, the second analyzer is used to control the dechlorination process (se¢
“Methods of Control” and “Monitoring Equipment” in Section 2.34; and Section 3.33).

2.24 Cleaning and Reliability

Experience has shown that all chlorine contact tanks should have provistons for cleaning. For
reasons not fully understoed, chlorination results in additional solids removal; the chlorine residual
in a contact tank may effect the removal of as much as 50 percent of the remaining suspended
solids from an activated sludge effluent which will accumulate on the bottom of the tank (40).
These solids will start decomposing and may recontaminate the effluent, thus reducing the disinfec-
tion efficiency. Therefore, these solids must be removed.
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Cleaning must be done in a manner which does not interrupt the disinfection process. One
method is to provide mechanical sludge removal by scrapers which, however, is difficult to do for
well-baffled tanks. A dredging apparatus, which vacuums the sludge off the bottom, may be more
suitable.

Another method would be to provide two contact tanks so that one could be cleaned while the
other remains in service. Adequate disinfection may be provided with increased chlorine dosage .
during the relatively short cleaning period. Dual tanks have an added advantage in that they can be
connected in series to double the chlorine contact time and enable adequate disinfection with a
lower chlorine residual and lower toxicity.

A two-tank effect can also be obtained by providing a removable wall and inlet-outlet gates at
the mid-point of a contact tank, allowing either half of the tank to be taken out of service for
cleaning.

A third algnagixf wnuld he w nrayide a retenrion tagk pr nond of adeouate cavacitv to hold
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The designer should use caution in locating the diffuser in a hydraulic jump because the
turbulent zone moves upstream and downstream with the variations of flow. The diffuser should be
placed so that it never has less than six inches of water cover and that it lies in a turbulent zone.

Hydraulic mixing structures require considerable headlosses and are often not available or
practical in existing installations. For these situations mechanical mixing must be employed.
Mechanical mixers, if designed properly, can effect a complete mix of chlorine solution with the
wastewater in less than three seconds (44). The mixer should be located at or immediately down-
stream from chlorine application point and the mixing chamber should be small so that the streams
blend quickly. Figure A—1 in the Appendix illustrates a mechanical mixer in a pipeline. Figures
A—2 and A—3 illustrate mechanical mixers applied in open channel flow. Additional details are
provided in Chapter 3 of Reference (44).

Mixing can also be accomplished by introducing the chlorine solution into the center of a pipe
carrying turbulent flow. It has been reported that adequate mixing will occur within a length of ten
pipe diameters, provided that the Reynolds Number is greater than 2000 (41, 42).

2.32 Chlo_rine Contact Tanks

Distribution of Residence Times—The importance of contact time in the chlorination of waste-
water is well known. Unfortunately, many contact tanks currently in operation were designed solely
on a volumetric basis and, consequently, are classified as rectangular, circular, or plant outfall
" conduits {34). :

The chlorine contact tank can be described as a chemical reactor where the chlorine residual
reacts with the microorganisms. The residence time distribution discussed herein, which refers to
the hydraulic residence of a fluid, is identical to the contact time distribution. The distribution of
residence times may differ appreciably in reactors of different geometrical configuration, even if the
reactor volumes and flow rates are identical (4). The distribution of residence times for ideal plug
flow, completely backmixed flow and for an arbitrary flow are depicted in Figure 8. In ideal plug
flow, the flow through the reactor is uniform with no longitudinal mixing along the flow path. The
residence times in this reactor is the same for all elements of fluid. In completely backmixed flow,
the contents of the reactor are well mixed and uniform in composition throughout. The exit sream
from this reactor has the same composition as the fluid within the reactor. A backmixed reactor
should not be confused with a batch reactor. In a batch reactor, all the reactants added to the vessel
are mixed and held for a predetermined time so that chemical reaction can proceed. The composi-
tion of the batch reactor contents changes with time. An example of a batch reactor is a laboratory
beaker used for performing chlorine requirement tests. However, the residence time distribution in a
batch reactor is identical to that of an ideal plug flow reactor.

Examination of the residence time distribution functions f(t) depicted in Figure 8 reveals that
a large portion of flow passes through the backmixed tank in a very short time (15). It follows that
chlorine contact tanks should be designed to approach plug flow reactors and that backmixed flow
situations should be avoided. (The f(t) function is an equation which mathematically describes the
residence time distribution curves.) '

In practice, the residence time distribution of continuous flow tanks may vary between the
extreme limits of ideal plug flow and completely backmixed flow conditions. ideal plug flow
can never be achieved in a real contact tank; it is always accompanied by some backmixing and
some dead spaces. Consequently, the distribution of residence times in real tanks will be of an
intermediate character as indicated in Figure 8 (c). The exception to this is when an outfall pipe is
used as a contact tank. Flow characteristics in an outfall approach ideal plug flow conditions.
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Typical results from tracer tests conducted on real chlorine contact tanks ate shown in Figures
9 and 10. The first one is for a longitudinally baffled tank, the second one is for a circular tank.
Note in Figure 9 that the well-designed tank has a modal value approaching the nominal contact
time T, and that the curve is fairly narrow. That is, the well-designed tank provides a distribution of
residence times approaching that of a plug flow reactor. On the other hand, the distribution of
residence times provided by the unbaffled tank in Figure 10 is similar to that provided by a back-
mixed reactor.

Ignoring initial mixing effects, the batch reactor produces results similar to the plug flow
reactor. The effects of the residence time distribution on process efficiency are illustrated in Figure
11, which compares the reduction of total coliform bacteria, Y, /Y, provided by a stirred batch
reactor with that provided by a continuous flow backmixed reactor (4). The amperometric chlorine
residuals were approximately equal in the two reactors studied. In the batch reactor study the
chlorine solution was applied instantancously; replicate samples were then withdrawn at selected
intervals of time for bacteriological analysis. In the continuous flow backmixed reactor study, the
chlorine was applied continuously to the reactor and replicate samples were collected for bacterio-
logical analysis when the reactor reached steady state.

Figure 11 clearly demonstrates the overall effect of residence time distribution provided by
different chlorine contact tanks on coliform reduction, and also demonstrates that a gross design
criterion of volume/flow rate, if used alone, is meaningless. For example, there exists a difference of
four orders of magnitude in the coliform reduction effected in the two reactors for a theoretical
detention time, T, of 37 minutes. .

Tracer Tests and Dispersion Parameters—The hydraulic performance of chlorine contact tanks
can best be evaluated by means of a tracer, such as salt or organic dye. The usual tracer test consists
of injecting a measured slug of tracer instantaneously into the entrance of the tank and measuring
the tracer concentrations at the effluent weir. The tracer concentrations or flucrometer readings are
then plotted against time on graph paper which produces the well-known residence time distribu-
tion curve. The most convenient way to conduct a tracer test is to use Rhodamine WT dye and a
recording flow-through fluorometer.

The tracer curve indicates both the actual contact time and the dispersion characteristics. The
smaller the dispersion, the more closely a tank approaches plug flow. The most important hydraulic
efficiency and dispersion parameters are: L

T = V/Q = theoretical detention time (nominal residence time) where V = tank volume,
and Q = flow rate; ' =

t; = time to initial appearance of fhe tracer in tank effluent, the minimum contact time;
t,, = time for 10 percent of the tracer to pass;

Ty = time for 90 per"cent of the tracer to pass;

ty = ‘modal time; i.¢., time to the peak of the curve;

t, =  average contact time; i.e., time to the centroid of the curve;

tyo/t,, = Morrill Index, which measures the spread of the curve; and

d = reactor dispersion number,
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Some of these parameters are illustrated on Figure 9. The initial dye breakthrough time, t;,
is important because it indicates the minimum contact time in the tank. Hydraulic efficiency 1 1s
further evaluated by means of time ratios to theoretical detention time;i.e., 4/T, t, /T, t,/T and
t,/T. The ratio of t,/T is an indication of dead or inactive space. In the absence of such inactive
space t,/T = 1.0. Tracer curves often exhibit a long tail which is due primarily to recycling of tracer
from the inactive space. In this case the t /T value may exceed 1.0. Rebhuhn and Argaman (22)

have presented another method for estimating percent of dead spacc and plug flow for
sedimentation tanks.

The use of the reactor dispersion number, d, is recommended for evaluating contact tank
performance (15, 31, 44). The value of d approaches zero for ideal plug flow, and infinity for
completely mixed flow. Trussell and Chao (39), on the basis of 2 mathematical analysis, concluded
that a dispersion number of 0.01 was low enough for chlorine contact tanks. However, in the Design
Optimization Study (32) it was found that for practical purposes a dispersion number of 0.02
should be adequate.

The dispersion number is computed from the variance of the tracer curve, which for
equidistant time intervals is:

2 - 2tC | ZC |* Cas
t zZC ZC ’

where st2 =  variance of time-concentration curve;

C = tracer concentration at time t; and

r+
1l

time, minutes.

The term At must be introduced in both nominator and denominator if discrete time intervals
are uscd. This method does not require a knowledge of actual tracer concentrations and can be used

with qualitative data, such as fluorometer readings. Thc variance, s, is easy to calculate on a pocket
calculator.

2tC .
ZC_ = ta, the avcrage contact time.

Note that

In order to find the dispersion number, the calculated time-variance must be first reduced to
dimensionless variance, s2, as follows:

- 2 ' X
§? s,&, 13 |

= 1 o @-‘Mﬁf,_




For small amounts of reduced variance, say s* < 0.10, the second term can be neglected and
the disperston number is:

d=1/2% (17}

An example calculation of the dispersion number is shown in the Appendix.

The dispersion number of a pipe can be estimated from the following empirical equation (5, 39):
d = 89,500 £3-¢ (D/L)°-859 _ (18)

Where D is the pipe diameter, L the pipe length, and f the Darcy—Weisbach friction factor. Equa-
tion 18 is reported to be accurate for Reynolds numbers greater than 10,000.

One advantage of using the dispersion number is that it can be used in mathematical models to
predict both hydraulic performance and disinfection efficiency. In contrast to the other dispersion
parameters which only consider one or two points of the tracer curve, the dispersion number
represents an expression of the entire shape of the tracer curve. It should be noted, however, that
the dispersion number by itself. does not indicate the minimum contact time or the extent of dead
space.

Physical Characteristics Affecting Contact Time—Marske and Boyle (17), in a field investiga-
tion of chlorine contact tank design, studied the following physical characteristics that are con-
sidered in the design of 2 contact tank: (1) the depth of tank as it relates to the effect of surface
wind; (2) the effect of the outlet weir configuration; (3) the effect of serpentine baffling configura-
tion; and (4) the effect of length-to-width ratio. The effects of these physical characteristics are
discussed below.

Two tacer tests conducted on a very long, narrow channel approximately three feet deep,
indicated that wind may cause surface currents and concomitant short-circuiting. In the tests, a
downstream wind resulted in 2 relative time ratio, t;/T of 0.36 whercas an upstream wind resulted
in a t/T of 0.54. Consequently, due to wind cffects, 2 unidirectional, shallow tank or channel may
not provide the plug flow distribution of residence times that would be expected from geometrical
configuration alone. However, the designer may compensate for these wind-induced surface currents
and their concomitant effects on process efficiency as follows: (1) By providing grid type cross
baffles at frequent intervals that extend across the entire flow path and about six inches below the
water surface; or (2) by providing extra time so that the t; is adequate to effect disinfection even
with strong downstream winds.

Tracer tests, performed on a 3.5 feet wide Cipolleti Weir and on an 18-foot wide sharp-crested
weir indicated that all hydraulic performance parameters were improved when the sharp-crested
weir was employed. The value of t/T increased from 0.19 to 0.27 and the percentage of plug flow
in the basin increased from 38 percent to 58 percent. The expected flow patterns for the two weirs
.studied and the probable lines of flow are shown in Figure 12. The observed hydraulic performance
parameters are also included. The data indicate that high weir overflow rates are undesirable.
Consequently, it is recommended that in short tanks the weirs extend across the entire width of the
final channel of the contact tank. In long channels the effect of weirs probably is minimal.
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A tank designed with a very high length-to-width (L/W) ratio would, of course, begin to
approach a pipeline. Site limitations will often make a long pipeline for 2 chlorine contact tank
impractical. Consequently, design engineers frequently use rectangular tanks with special inlet
configurations and serpentine baffles to prevent short-circuiting. The length, L, discussed herein is
the total length of the flowpath, not necessarily the physical length of the tank.

In the past it has been common to install tanks with L/W ratios of 2:1 or less. The tanks have
been frequently constructed with only 2 or 3 cross baffles which may only extend to the longitu-
dinal centerline. Such a design will not markedly reduce short-circuiting, nor provide plug flow
conditions. A poorly baffled tank of this type is depicted in Figure 13. Increasing the number
of cross baffles and extending their length would be an improvement. However, longitudinal baffles
give much better results.

By placing the baffles parallel to the longitudinal axis, a much higher L/W ratio can be
obtained with the same number of baffles. Figure 14 shows a well-baffled serpentine tank having an
effective L/W ratio of 72. The tank functions essentially as a long, narrow channel and is able to
provide flow conditions approaching plug flow. Marske and Boyle (17) have indicated that a
minimum L/W ratio of 40:1 is necessary to achieve adequate plug flow performance. As the length
of the tank increases, the effect of other geometric configurations decreases. Another field study
(25) revealed that a dispersion number of 0.015 has been achieved with L/W ratios ranging from
30:1 to 70:1. At the present state of knowledge it is not known why good plug flow is achieved
with a relatively small L/W ratio in some tanks and with a large L/W ratio in others.

Field investigations (31) have shown that dead or inactive space may amount to 20—40 percent
of total space in some of the existing chlotine contact tanks. The dead space significantly reduces
the overall hydraulic performance of a tank and is one of the principal causes for bringing about
inadequate contact time. The contamination caused by these dead spaces must also be considered.
The dead spaces contain wastewater with chlorine residuals of greatly diminished germicidal
efficiency which may allow significant regrowth of coliforms. Therefore, the designer should strive
1o reduce the amount of dead space to 10 percent or less of the tank volume. Air spargers have been
used with varying success in contact tanks to reduce dead space. Rounding off the corners at turns
will eliminate most of the dead space in the tank shown on Figure 14. Tracer studies on model
tanks may indicate the most desirable configuration for a practical situation.

Figure 15 depicts another well-designed chlorine contact tank with longitudinal serpentine
baffling. This tank approaches ideal plug flow characteristics and its tracer curve is similar to that
shown on Figure 9. The good dispersion characteristics in this tank may be due to the unusually
high cross-sectional flow velocity of 0.31 ft/sec (9.5 cm/sec) which, by creating lateral turbulence,
practically eliminated all dead spaces.

Trussell and Chao (39), using mathematical analysis, have shown that a dispersion number of
0.01 provides adequate plug flow for chlorine contact tanks. The comprehensive Design Optimiza-
tion Study (32) has indicated that a dispersion number of 0.02 may be adequate, provided that an
adequate t; is also present. Dye studies on contact tanks (31, 32) have shown that the dispersion
number generally decreases with increasing L/W ratios, although the correlation is poor. Figure 16
shows the combined results of these two tracer studies done on 19 different baffled tanks. It is
apparent that it would be difficult, but not impossible to design a contact tank which has a disper-
sion number of 0.01. Figure 16 also shows that a dispersion number of 0.02 can be achieved in most
tanks with an L/W ratio of 40:1.
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One of the tanks studied (32), which provided excellent plug flow (d = 0.0085) with a rela-
tively short L/W ratio of 22:1, had a grid type cross baffle at the inlet and a good turning baffle
at the 180° turn. The unusually good performance of this tank may have been due to the good
baffling. It should be noted, however, that turning baffles, if not properly designed, may actually
decrease hydraulic performance by increasing the dead space. The Design Optimization Study (32)
has revealed that the use of L/W ratios alone is not sufficient in contact tank design and that the
expected t; value, extent of dead space, and the depth-to-width ratio (H/W ratio) must also be
considered. In order to reduce side drag and density currents the H/W ratio should be 1.0 or less. A
grid type cross baffle placed near the inlet is beneficial by distributing the flow and reducing short-
circuiting. A high flow velocity may help to keep the solids in suspension and will reduce the
undesirable dead space. '

2.33 Chlorine Supply System

100 and 150 Pound Cylinders—Although most packagers make it available, the 100-pound
cylinder is seldom used. The most popular size is the 150-pound cylinder. The gross weight of a full
150-pound cylinder varies from 250 to 285 pounds and the cylinders are best handled by a special
two-wheeled hand truck. Each cylinder has a single outlet valve equipped with a fusible plug that
will melt at about 158°F.

Weighing scales should always be provided for 100- and 150-pound cylinders. This is the only
way that the operator can determine the status of the chlorine supply. For installations which
require only one cylinder to be in use, it is desirable to have both the in-use cylinder and the stand-
by cylinder installed on separate reading scales. Two-cylinder scales with separate read-out dials are
specifically made for such situations. If the withdrawal rate requires more than two cylinders to be
in use at a time, there are portable beam scales available that will accommodate a maximum of six
150-pound cylinders.

There are five important design considerations:

1. Direct sunlight must never reach the cylinder.

2. The maximum withdrawal rate should be limited to 40 pounds per day per cylinder.
3. Minimum allowable room temperature is 50°F.

4. Heat must never be applied directly to the cylinder.

5. Sufficient space should be allowed in the supply area for at least one spare cylinder for
each one in service.

. - In general, the chlorine supply area should be kept cooler than the chiorinator. This reduces
the possibility of reliquefaction. Installations using 150-pound cylinders are more often than not

| ‘_}1__-, emtrw Vewre gaciggh o omo- 1 cceas celilile wamadeomnn dbhimin ;mrvnnaneihla o wallmaafaarinn in tha n;ﬂ;n_e‘
'




Filters and traps ahead of all chlorinator control apparatus are highly desirable. Most small
chlorinators have built-in filters which should be preceded by a trap. The latter is an accessory that
should be specified.

Ton Containers—Unlike the 150-pound cylinders, cither gas or liquid may be withdrawn from
ton containers. Consequently, each container has two outlet valves. Also unlike the small cylinders,
the ton contamers have six fusible plugs—three in each of the two dished heads.

Ton containers are transported by truck or multiple unit tank cars (TMU). A truck can carry a
maximum of fourteen containers;a TMU, fifteen.

The gross weight of these containers (3500 pounds) dictates that proper handling equipment
be used. The container is designed for use in the horizontal position, and must be positioned before
connecting to the supply header so that the two outlet valves line up vertically, one over the other.
In this position, the eductor tube connected to the top valve is in the gas withdrawal position, and
the eductor tube connected to the bottom valve is in the liquid withdrawal position.

Proper handling equipment includes the following:
1. Two-ton capacity electric hoist.
2. Cylinder lifting bar.
3. Cylinder trunnions.
4. Monoralil for hoist.

The trunnions are used primarily to easily position the cylinder outlet valves. In addition, the
trunnions provide support and proper spacing for the cylinders.

One of the critical design dimensions is the height of the monorail above the floor. The
primary criterion is that the monorail be high enough to pick up a cylinder off the truck and have
sufficient clearance to lift one cylinder over another that is connected to the header.

At room temperature the allowable continuous withdrawal rate from a ton cylinder is 400
pounds per day. Theoretically, gas withdrawal can be used up to any capacity if enough cylinders
are connected to the supply header. However, when the system withdrawal rate reaches 1500
pounds per day, it is logical to change over to liquid withdrawal which requires the use of an
evaporator.

For gas withdrawal rates up to 1500 pounds per day, cylinder space should be provided for
four cylinders in service, four standby cylinders, and four empty spaces for the next delivery. A
further consideration for providing storage space is the cost reduction for quantity delivery of
containers.

Gas withdrawal systems using ton containers require the same considerations as those for
smaller cylinders. Never let the sun shine directly on the cylinders and never apply heat directly to
the cylinders. If it is not possible to keep the cylinders cooler than the chlorinators, then it is highly
desirable to install an external pressure reducing valve immediately downsteam from the last
cylinder. Just upstream from this valve a combination filter and sediment trap should also be
installed.
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Every installation using ton containers should be equipped with a Chlorine Institute Tomn
-Container Emergency Kit. This kit is designed to seal off a ton container that develops a leaking
fusible plug or outlet valve as well as any small leak in the container shell. (See “Safety Equipment”
in Section 2.34.)

Evaporators—When the rate of chlorine withdrawal exceeds 1500 pounds per day an evapora-
tor should be used. This changes the supply system to liquid withdrawal which has different
characteristics than gas withdrawal systems as described above.

Evaporators are available in sizes from 4000 pounds/day to 8000 pounds/day. Since liquid
withdrawal rates from a single ton container can easily satisfy the needs of one 8000 pounds/day
evaporator it follows that evaporators can be used to conserve space necessary for cylinder storage.
The optimum storage requirements should be based on the quantity-discount price break offered by
the local supplier. This usually occurs at a quantity of five. This dictates storage space for fifteen
cylinders, five in service, five empties and a vacant space for five incoming cylinders.

The most widely used evaporator is the electric heater type. These units are equipped with
G. E. Calrod heating elements. A well-designed evaporator must have a wide margin of safety to
allow for the accumulation of sludge which is inherent in handling of liquid chlorine. Therefore, to
provide a sufficient safety factor, the vaporized chlorine gas must demonstrate at least 20°F of
superheat to prevent carryover of liquid chlorine into the chlorinators. The result of this gas with-
drawal which is beyond the reserve capacity of the evaporator would be devastating to the
chlorinator.’

Other types of evaporators are the recirculated hot water type and the low pressure steam
injection system.

Integral with the evaporator is the electrically interlocked chlorine pressure reducing and
shutoff valve. Normally the water bath temperature is maintained between 160°F and 180°F. When
the water bath temperature falls to 150°F this valve is closed on the assumption that the heat to the
water bath has somehow failed. This protects the chlorinator from severe damage.

All evaporarors should be equipped with a cathodic protection system that protects both the
water bath tank and the outside of the chlorine container vessel from aggressive water corrosion.
The outside of the water bath should be insulated.

Accessories that are consistent with good practice but are still considered optional are: a gas
temperature gage and an automatic water level control of the water bath.

The electric heater type requires a 3-wire 240 or 480 V circuit for the heater elements in the
water bath. The load requirement is 12 KW for 6000 pounds/day and 18 KW for 8000 pounds/day.
A two-wire 120 V circuit is needed for the chlorine shutoff valve, the high and low temperature
alarms, solenoid valve on water bath make-up line, water level pressure switch, and alarms for these
functions.

As of December 1975 all evaporators must be equipped with a pressure relief device. This
development is described in detail in Reference 44, pages 86—89. Current practice is for the
evaporator manufacturer to provide as optional equipment a pressure relief system for all types of
evaporators. This is done to satisfy the legal requirements of unfired pressure vessels. The basic
requirement of this relief system is to relieve the pressure on the gas phase (evaporator discharge)




side through a frangible disc and a spring loaded relief valve. The frangible disc protects the relief
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Single-Unit Tank Cars—Chlorine is available in five sizes of single unit cars: 16, 30, 55, 85, and
90 tons. Each car is equipped with an outlet dome that is made identical for all tank cars approved
by the Chlorine Institute. This dome contains two liquid outlet valves that are in line with the
longitudinal axis of the car and two gas outlet valves on an axis at right angles to the liquid valves.
In the very center of the dome is a safety relief valve that will expel gas to atmosphere under
overpressure conditions. In each liquid outlet line, there is installed a safety check valve described as
an excess flow valve. In case the car is in an accident and the valves are sheared off, the check valves
will jam in a shut tight position due to the momentary velocity of the liquid exiting through the
sheared off valve. This is why any tank car withdrawal system should be equipped with a rotameter
to see that the unloading rate is less than that which will cause the check valve to jam closed. This
rate varies from 7,000 pounds per hour for 30 ton cars up to 15,000 pounds per hour for 90 ton car.

For the layout of a single-unit car unloading site, the designer should consult the latest edition
of the Chlorine Institute Manual (2) which includes recommended unloading facilities, precautions,
and federal regulations.

The usual chlorine tank car system includes one car as the supply unit and one as the standby
unit. Therefore, two separate liquid chlorine headers should be provided (one for each car) between
the tank car platform and the chlorination equipment. One additional line should also be furnished.
This one is for chlorine gas flow but can also be a standby for cither of the above-described liquid
lines. This gas withdrawal line can also be used as the connection for the air padding system if called
for. One of the most important functions of this “separate” gas line is to remove excess air padding
in the tank car and to reduce its vapor pressure in the event of a leak.

Air padding systems are sometimes imperative for tank car unloading operations. While not
always necessary, whenever it is used the system should include an air drying system capable of
providing dry air with a dewpoint of —40°F. This system should also include a humidity alarm
switch.

Gages should be provided in both headers just downstream from the flexible connections to
the car and on the loading platform. An expansion tank with a pressure alarm switch, as illustrated
in Figure 17, should be provided on the liquid header piping.

Weighing scales for the tank cars are the only accurate method of determining the status of the
car contents and these track scales are extremely expensive.

Weighing Scales—The subject of scales has been discussed for the separate types of chlorine
containers. The appropriate type of weighing equipment is an essential feature of each chlorination
installation. It is not possible to measure and record the flow of liquid chlorine in conventional
measuring devices with any accuracy due to the characteristics of liquid chlorine. As the liquid
flows past a point of slight pressure drop as in a rotameter, the liquid flashes to gas causing a great
change in density. This makes calibration of a flow meter practically impossible. A magnetic meter
will not respond to liquid chlorine. An alternative is to equip each chlorinator with a chlorine gas
flow recorder. A record of the amount used will give the operator z good idea of how much is left
but here again, the accuracy of these devices is far from that provided by a weighing scale.

There is one additional way to alert operating personnel to imminent loss of chlorine supply in
a tank car. This is to install a recording thermometer with an alarm switch on the liquid line
adjacent to the tank car connection. As the car runs out of liquid chlorine, the temperature drops
‘dramatically. This condition will sound an alarm. After the liquid has been exhausted, a 55 ton car
will still be able to provide about 650 pounds of gaseous chlorine at 70°F before the pressure drops
below 30 psi.




Materials of Construction—The chlorine supply system should consist of steel and cast iron
products. The supply system is defined as that part of the system that begins at the chlorine con-
tainers and terminates at the inlet to the chlorinator. From the chlorinator and beyond, the
materials of construction are entirely different and are discussed elsewhere (see Section 2.35).

The supply system piping must be Schedule 80 black seamless steel and fittings must be 2,000-
pound forged steel. Do not use bushings (they cannot meet the 2,000-pound criterion). Use reduc-
ing fittings instead.

All unions should be ammonia type with a lead gasket joint. Never use a ground joint union.
Filter bodies and reducing valve bodies are usually cast iron. Expansion tanks should be of welded
steel construction, but can be a standard 100- or 150-pound chlorine cylinder. Valves for the
chlorine supply system should be Chlorine Institute approved. Two types of valves are used, one is
for main line shutoff purposes and the other for isolating cylinders (header valves). Header valves
are identical to the outlet valves of ton containers: bronze bodies with monel seat and stem. Main
line valves can be either the ball type or rising stem type. The ball type is more popular because it
utilizes a lever which not only indicates at a glance the position of the valve, but also makes it easier
to operate the valve.

All gages on the supply system must be equipped with a protector diaphragm. The diaphragm
should be of silver and the diaphragm housing can be either Hastelloy “C” or silver cladded steel.
Shutoff valves should not be used ahead of gages. Gages require 2 minimum of maintenance so that
when they need to be replaced, the entire supply line should be drained of pressure before replacing
or removing the gage. The value of a shutoff valve for this purpose is lost, because 2 valve in a
chlorine supply system loses it reliability if it is not operated on a frequent basis.

In assembling the piping system, either welded or threaded construction can be used. Welded is
preferable. If threaded construction is used, the contractor must be cautioned to use sharp dies and
all threaded pipe must be cleaned with solvent before assembly. Pipe dope should not be allowed.
Do not use solvents containing hydrocarbons or alcohol. A suitable thread lubricant should be
carefully applied to each joint. Teflon tape is satisfactory for threaded pipes up to one inch in
diameter. It is a rarity for chlorine supply lines to be larger than one inch. Other lubricants can be:
John Crane Plastic Lead Seal No. 2; 2 mixture of linseed oil and graphite; a mixture of linseed oil
and white lead; or a mixture of litharge and glycerine. The latter must be prepared as a heavy syrup-
like consistency from litharge powder and glycerine. (See page 173, Reference 44).

2.34 Chlorine Control Systems

Capacity—The first step in the design of a chlorination facility is to determine the maximum
chlorine dosage needed for the given situation, including prechlorination, intermediate and post-
chlorination applications. While this manual is specific for disinfection (postchlorination), total
capacity must include the requirements for the other purposes stated above. Chlorinators should be
divided into two groups: one group for prechlorination and intermediate point of application; the
other group for postchlorination (disinfection). Equipment should be arranged so that the first
group can provide standby service for the disinfecdon equipment. A third group may be desirable
if both pre- and postchlorination is to be continuous. The third group should be arranged for both
intermediate chlorination and standby for either pre- or postchlorination.
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Chlorinator capacity is a function of flow signal and chlorine demand of the wastewater.
Attention is called here to the term “flow signal.”” Since it is imperative that chlorine feed rate be
controlled in proportion to flow, the chlorinator capacity must be sized to the capacity of the plant
flow meter. While it is true that chlorinators have overriding dosage control, this feature must be
reserved for variations in chlorine demand of the wastewater. For example: at a proposed plant,
the flow meter that is to be used for plant flow measurement has a range of 0 to 10 mgd, which is
the ultimate design capacity of the facility. Furthermore, the chlorine demand is to be a maximum
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Effluents that are treated to a free chlorine residual require about 9 parts of chlorine for each
part of ammonia nitrogen.

If industrial wastes are present to the extent of 10 to 25 percent of the total wastewater flow,
it may be necessary to increase the chlorine requirement for primary effluents by a factor of two
and perhaps more depending on the nature of the wastes. This may apply to secondary effluents as
well, depending on how effectively the treatment process can cope with the industrial waste. The
more uncertain the factor of industrial waste, the more uncertain becomes the needed quantity of
chlorine for disinfection. In this case, laboratory estimation of chlorine demand will be necessary.

Methods of Control—Chiorinators for both pre- and postchlorination should be provided with
flow proportional control. The prechlorinator should be controlled from the plant influent flow
meter and the postchlorinator from an effluent flow meter. Never attempt to control the post-
chlorinator from the influent flow meter or vice-versa; it will not work because of the lag time
between the two measuring points. As discussed previously, the flow proportional signal should be
used to control the chlorine metering orifice in the chlorinator. This can be done either pneumati-
cally or electrically. If it is to be pneumatic, the signal must be linear (3—15 psi). If it is to be done
clectrically, there are a variety of linear signals. The one most preferred is the analog milliamp
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gage calibrated from 0—100 inches of H,O. However, it should be noted that this type of system is
not compatible with dechlorination requirements. Therefore, any system needing sulfur dioxide
dechlorination cannot operate solely on chlorine residual signal.

A critical factor in the success of the feedback residual control systems described above is loop
time. This should be kept as short as possible (less than 3—4 minutes). Assuming proper mixing at
the point of application, a representative sample for the analyzer should be taken downstream from
the chlorine mixing device within 45 seconds after the application of chlorine at average flow. At
peak flow this time would be reduced to about 20 seconds. However, 1t will take the sample another
45 to 60 seconds to reach the cell since it has to pass through a filter and internal piping within the
analyzer; therefore, the earliest time the sample can reach the measuring cell is about 1% to 2
minutes after the chlorine has been mixed with the wastewater. I the chlorine has been well mixed,
the control residual will lie on the flat part of the residual die away curve shown in Figure 18.
Another mandatory requirement of a well-designed system is to utilize the remote injector concept
by installing the injector as close to the point of application as is physically possible. The average
loop time should be on the order of 2 minutes with a maximum not to exceed 5 minutes.

Where dechlorination is used, a second analyzer is required at the end of the chlorine contact
tank to control the sulfonator feed rate which provides the necessary dechlorination. This unit also
provides the operator with the information necessary to operate the disinfection process because he
is concerned with the chlorine residual at the end of the contact time. This residual is the crucial
parameter for determining the effectiveness of disinfection by chlorine,

Samplc Lines—All sample lines to the various analyzers should be designed so that they can be
easily purged of slime layers and other organic debris. Biofouling of sample lines introduces signifi-
cant errors in 