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HEN fluoridation of the Dis-

trict of Columbia water supply
was begun in 1952, the agencies con-
cerned took the opportunity to deter-
mine some mmportant hydraulic char-
acteristics of the headworks and 1,200
miles of distribution system. No other
city is known to have used this method,
which may prove to have many ap-
plications.

When the fluoride was first intro-
duced into the water supply system, a
simple chemical test showed the time of
arrival of fluoride-bearing water at
each of a number of selected points.
From these data, information concern-
ing velocities, direction of flow, de-
tention periods, system Dbalance, and
other related factors was deduced.

Using as much manpower as the
Washington Aqueduct, the water divi-
sion, the U.S. Public Health Service,
and the health department could spare,
the participants balanced the number
of sampling stations and the frequency
of sampling to get the data that would
be most useful. Torty-eight stations
were picked (Fig. 1-4), at each of
which samples were collected at least
once during every 4-hour period (called
“shift”) of the test. Except for the
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treatment plants and reservoirs, all
stations selected were fire hydrants.
They afforded 24-hour accessihility,
ready parking, sizable flow, and prox-
imity to mains.

To reduce analysis time, a 3-min
qualitative test was developed, employ-.
ing a modification of the zirconinm-
alizarin method described hy Megre-
gian and Maier (7). A 5-ml portion
of the reagent was mixed rapidly with
both the control and test samples of
water.  After standing 5 min, the test
sample would bleach detectably if 0.2
ppm or more fluoride was present.
Quantitative determinations of all sam-
ples indicating fluorides were made
during slack periods.

District of Columbia System

Water for the District of Columbia
is diverted from the Potomac River to
the Dalecarlia Plant. Approximately
one-third of the water is treated com-
pletely at that plant. The other two-
thirds is treated there with alum and
then flows by gravity through the
Georgetown Reservoir and across town
to the McMillan Plant for final treat-
ment. The various service zones are:



March 1953 FLUORIDE

Service Zone Supplied by

Low McMillan (by grav-
ity)
1st High McMillan and Dale-

carlia jointly
McMillan via booster
station on low ser-
vice
MeMillan and Dale-
carlia jointly

1st High (Anacostia)

2nd High

2nd High (Anacostia) McMillan via booster

station on low ser-
vice

3rd High Dalecarlia

4th High Dalecarlia via booster

station on 3rd high
service

All fluoridation equipment is at the
Dalecarlia Plant, and the chemical is
added, by separate machines, to the
finished water produced there and to
the partially treated water being
shunted to McMillan. The average
water consumption during the test pe-
riod was 211 mgd.

Procedure

Sampling was begun shortly after
the fluoride was injected into the sup-
ply at 9:30 axm on June 23, 1952, As
soon as fluoride was positively detected
in a sample, that station was eliminated
from further sampling. Tnitial fluoride
content at the various stations varied
from 0.06 to 1.0 ppm. Five stations
indicated positive on the qualitative
test at fluoride concentrations below
0.2 ppm, which was thought to be the
minimum detectable by the test. These
stations were resampled on the subse-
quent sampling round, with the excep-
tion of one (No. 31) due to oversight,
and the presence of fluoride was veri-
fied. Within two weeks all pressure
zones showed fluoride in the neighbor-
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hood of 1.0 ppm in the regular control
samples.

Handling of the data was simplified
by consecutively numbering the 4-hour
sampling periods, beginning with 8 AM—
12 noon of June 23, and using those
numbers for plotting and reference
(Table 1). The time of the arrival of
fluoride at each sampling station was
recorded on a large map of the distri-
bution system. After this information
had been accumulated, clear-plastic
overlays were placed over the map,
and the appropriate shift numbers were
marked on the overlays at the locations
of the stations. These points were
then connected on the overlays in
chronological order by way of the
transmission mains that were thus in-
dicated. Arrows were placed on the
routes indicating the direction of flow,
except in several small loops where in-
sufficient sampling stations made this
deduction unreliable.

Data indicating the time of initial de-
tection of fluoride at the sampling sta-
tions are presented in Table 2. This
material is chronologically arranged for
cach of the pressure zones. It should
be emphasized that the interpretation
of the data obtained is hased on the
specific pumpages and reservoir levels
prevailing during the period of the test,
as shown in Table 3. Further atten-
tion is directed to the fact that the ac-
curacy of the times of fluoride appear-
ance may be off as much as 4 hours—
one sampling shift—except for the in-
traplant data, for which samples were
collected every 2 hours and sometimes
hourly. The data, therefore, are not
acceptable for any precise mathemati-
cal treatment. Certain useful, gener-
ally applicable conclusions can, how-
ever, be deduced, as will be shown.
The value of any increase in precision
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TABLE '1—Sampling Periods

and Shift Numbers

Date Time Shift No.
June 23 8-12 am 1
12-4 pM 2
4-8 pMm 3
8-12 pm 4
24 12-4 AMm 5
4-8 AM 6
812 Am 7
12-4 PMm 8
4-8 pMm 9
8-12 pm 10
25 12-4 AM 11
4-8 AM 12
8-12 aAM 13
12-4 pm 14
4-8 pm 15
8-12 pm 16
26 12-4 am 17
4-8 aMm 18
8-12 AM 19
12-4 pMm 20
4-8 rm 21
8-12 pMm 22
27 12-4 Am 23
4-8 AMm 24
8-12 AM 25
12-4 pMm 26
4-8 pm 27
8-12 pm 28
28 12-4 aM 29
4-8 aAMm 30
8-12 am 31
12-4 pMm 32
4-8 prM 33
8-12 pM 34
29 12-4  Am 35
4-8 am 36
8-12 Am 37
12-4 pMm 38
4-8 pM 39
8-12 pMm 40
30 12-4 AM 41
4-8 AMm 42
8-12 AM 43
12-4 pm 44
4-8 pPM 45
8-12 pm 46
July 1 12-4 am 47
4-8 aAMm 48
8-12 am 49
12-4 pMm 50
4-8 pm 51
8-12 pMm 52

of the data is questionable, because
any practical application of the results
would prohably take more than 4 hours
(one shift) to apply in the field.

The results for the intraplant sys-
tem and the various pressure zones
are discussed below.

Intraplant System

The intraplant system (Fig. 1) con-
sists of the reservoirs, conduits, and
treatment works supplying the distri-
bution system. Using the capacities of
the Georgetown and McMillan reser-
voirs and the flow records through
these basins, the theoretical detention
times are easily calculated. The ratio
of the actual to the theoretical deten-
tion time, which might be called the
“detention ratio,” is a useful index of
short-circuiting in a reservoir. Under
ideal conditions, not obtainahle in prac-
tice, the detention ratio for a perfect
reservoir would be unity. The deter-
mination of the actual detention times
by use of the fluoride tracer makes this
comparison possible.

There may be some argument on
whether the first appearance of a por-
tion of water is truly indicative of the
detention time of the slug from which
it came. Perhaps an average detention
time would be more correct. This
could be measured by waiting for the
fluoride content of the water to build
up to a precalculated level representing
the concentration at the average deten-
tion time. Use of the first fluoride-
positive sample, however, greatly sim-
plifies the field work and in no way
hampers the comparability of the de-
tention ratios if this method is em-
ployed throughout.

Fluoride ion traversed the George-
town Reservoir on June 23. On that
day approximately 114 mil gal flowed
through the reservoir. The capacity
of the reservoir at the elevation main-
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tained on that day is approximately
160 mil gal. The theoretical detention
time is, therefore, approximately 24 X
160 = 114 = 33.7 hours (say 34). The
actual detention time, as measured be-
tween Stations A and C, was two
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25, On those days the total flow to
McMillan was 260 mil gal and the
reservoir elevation dropped an amount
equivalent to 6.6 mil gal, making the
total flow out of the reservoir approxi-
mately 267 mil gal. The capacity of

TABLE 2
Tnitial Appearance of Fluoride
y Initial F= Initial F~
P | swon | (s | it | Sonen | P | iadon | anc | it | Coneen
o ppm pom
A 23 1 1.0 2 23 4 0.72
B 23 3 0.36 25 23 4 0.48
¢ 23 3 | 020 22 23 4 0.84
Intra- D 24 5 0.20 26 24 5 1.90
plant E 25 | 12 | 026 . 21 24 6 | 024
F | 26 | 17 | 028 2nd High | 53 24 | 8 | 030
G 26 | 21 0.22 Service | 5z 27 | 24 0.30
20 28 | 31 0.32
1 26 | 21 0.22 28 1* | 49 0.50
2 26 | 22 0.30
10 26 | 22 0.24 2nd High
6 27 | 23 | o029 Service %g g; gi 0";’2
3 27 23 0.30 Anacostia = :
Low 7 27 | 23 0.36
Service 9 27 | 23 0.20 37 23 3 0.54
8 37 | 23 0.24 33 23 4 0.41
4 27 | 24 0.28 32 2% 7 0.28
5 27 | 2 0.29 . 36 1 | 10 0.46
10a | 27 | 27 | o030 3rd High | 3¢ 24 | 10 | 058
A L Service | 34 24 | 10 | 029
12 23 1 0.78 38 5 | 11 0.14
13 24 6 0.46 31 25 | 12 0.06
1st High | 14 24 7 0.68 39 28 | 29 0.22
Service 19a 24 7 0.60
11a | 26 | 19 0.31 42 24 5 0.20
11 27 | 23 0.30 it s | 4L 24 7 0.28
== Sl 43 24 7 0.44
17 27 23 0.24 Service 44 24 7 0.60
vty | 188 | ar | s 0.24 40 25 | 11 0.35
ot Sy 18 37 | 2% 0.22
Service | g 27 | 27 | o028 * July.
Anacostia | 17, | 23 | 3 0.42
15 28 | 32 0.30

shifts, or approximately 8 hours. The
detention ratio is 8:34, or approxi-
mately 0.24, indicating considerable
short-circuiting through the reservoir.

At  McMillan, the fluoride ion
crossed the reservoir on June 24 and

the reservoir at the average elevation
maintained on those two days is 265
mil gal. One-third of this, however,
is at an elevation below the outlet.
Owing to stratification, it is believed
that this portion constitutes dead stor-
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age. The theoretical detention time
based on total capacity is 48 X 265 =
267, or approximately 48 hours. The
actual detention time (Station D-E)
is seven shifts, or approximately 28
hours. The detention ratio is approxi-
mately 28 : 48, or 0.58. This figure in-
dicates that the detention characteris-
tics of the McMillan Reservoir are
considerably better than those of the
Georgetown Reservoir. Whether the
0.58 ratio for McMillan should be
higher the authors cannot tell, as they

N. E. JACKSON Jour. AW WA
ridated water through the system was
highlighted by the appearance of fluo-
ride at Station 10, across the Anacostia
River, within 4 hours after it had first
entered a 41-mile transmission main
at McMillan. Stations 2 and 10 pre-
sented an apparent incongruity in the
chronology of the test because they
both showed fluoride during Shift 22
although all the sampled mains feeding
them did not give evidence of fluoride
unti] later shifts. A check of the dis-
tribution system map showed a large

TABLE 3
Water Demand
Ist High Service 2Znd High Service 3rd & 4th High Services
Date Low
il ol (Y — Dale- | MeMil- | oot Dale- | MeMi| “vatr
vice - o W a " - i B " il- roi
ca?lica lcanl Fl‘u(_():ltru- Total ca?l?a ‘l:anl ﬂ‘:éltru- Total ca?l.i:a lcan1 Fi\u?;ltru- Total
ation ation ation
Water Demand—mil gal
23 |664|246| 250 | —04|50.0|10.2| 109 | —1.1 |22.2|25.3| 11.5 | +0.3 [36.5
24 70.6|28.2| 25.1 0.0]53.3| 5.3| 20.0 | 4+2.1|23.2|34.5 54 | —0.2 [40.1
25 |81.6(28.7) 276 | —6.6 (629 79| 19.8 | —0.9 |286|37.3 9.6 | +0.2 |46.7
20 |84.6(43.8| 29.2 | 47.0(66.0(10.4| 20.5 | —0.6 |31.5(/40.4| 10.7 | —0.5 |51.6
27 1834 36.0| 284 | 4+0.1 [64.3|13.6| 16.6 | —2.6 |32.8|40.4| 14.1 | +0.6 | 53.9
28 |77.8/29.2| 29.2 | —0.4 (588 |13.9| 18.0 | +3.6 |28.3(|39.2| 12.6 | +0.6 | 51.2
Avg | 77.4 59.2 27.8 46.7

have no data to indicate what ratios
can actually be obtained in reservoirs.

Low Service

Fluoridated water was first detected
in the low service (Fig. 1) during
Shift 22, one shift after it was found in
the McMillan clear well outlet. Dur-
ing Shift 28, fluoride was established
as passing the furthest station in the
system, completing its detection at all
sampling stations in the system. This
had happened in the surprisingly short
time of six shifts, approximately 24
hours. The rapid progression of fluo-

main having no sampling stations on it.
The timing proved that this main was
the only one through which the fluo-
ride could have arrived at stations 2
and 10. It was possible to show how
water from this main had divided be-
tween the two mains sampled by sta-
tions 2 and 10. Another division of
this type was detected between sta-
tions 3, 9, and 7.

1st High Service

A major break in a 36-in. main feed-
ing the 1st High Service (Fig. 2) put
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that service out of operation for 6
hours, beginning at 3:15 PM on June
25. A total of 25 mil gal of unfluori-
dated water drained through the break.
This water was replaced with fluori-
dated water, which may have advanced
the arrival of fluoride in the 1st High
Service by half a day.

Intraplant

. Dalecarlia

Scale in Miles

FLUORIDE AS TRACER

269

dated water came from the McMillan
Plant until Shift 21. It would thus
appear that the pressure of 1st High
Service water pumped from McMillan
was not sufficient to balance that from
Dalecarlia in the principal service area
of the former. Had it not been for the
break in the line, with the subsequent

Shift No, 1

station No. (1) (09 28

Fig. 1. Intraplant and Low-Service Sampling Stations
Intraplant : A—Georgetown Reservoir inlet; B—mudpoint in Georgetown Reservoir,
C—Georgetown Reservoir outlet; D—McMillan Reservoir inlet; E—McMillan Reser-
voir outlet; F—McMillan clear well inlet; G—McMillan clear well outlet. Low
service (circled numbers) : 1—McMillan clear well; other stations are hydrants at
various points on distribution system. Uncircled numbers represent shifts (see
Table 1).

All the fluoridated water detected in
this service came from the Dalecarlia
Plant, although the McMillan Plant
also pumps to this service. This state-
ment is borne out by the fact that
fluorides were detected at all sampling
stations on the distribution system it-
self by Shift 7 even though no fluori-

rapid refilling of the mains with fluori-
dated water from Dalecarlia, these data
would have led to the conclusion that
Dalecarlia was doing the lion’s share
of work in the Ist High Service.
Whether or not this tendency would
have prevailed under normal operation
is not known.



270 G. V. LEVIN &

Fluoridated water passed the 1st
High-Service Reservoir, which floats
on the system, sometime before Shift
4. Not until Shift 19, however, was
fluoride detected at the inlet, and fluo-
ridated water was not returned to the
system from the reservoir until Shift
23. (Flap gates and a baffle wall pro-
vide a separate inlet and outlet al-

@) 7

4th High Service

7 (@)
: E Dalecarlia Z3 @ 19
J

Scale in Miles

Fig. 2.
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periods of heavy rain. It is doubtful
whether any chlorine residual would he
retained after 76 hours, which may ac-
count for the sporadic coliform-positive
samples.

1st High Anacostia Service

During the test period water flowed
from the pumps through the 1st High

Mc Millan

Shift No, 1

Station Na, @

1st and 4th High-Service Sampling Stations

Circled numbers: 11—Ist High-Service Reservoir outlet; 1la—Ist High-Service
Reservoir inlet; other stations are hydrants at various points on distribution system.
Uncircled numbers represent shifts (see Table 1),

though the reservoir floats.) It can
thus be seen that water entering the
reservoir was detained nineteen shifts,
or approximately 76 hours. This res-
ervoir has had an occasional history
of poor hacteriological samples due to
seepage through the slab roof during

Anacostia Service (Fig. 3) to all sam-
pling stations in an orderly fashion
within eight shifts.

2nd High Service

In the 2nd High Service (Fig. 3),
examination of the data reveals that by
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Shift 8 fluoridated water had pro-
gressed through all the distribution
mains sampled west of McMillan, the
Dalecarlia side. This water must have
come from Dalecarlia as McMillan
produced no fluoridated water until
Shift 21. No fluorides were detected
in water from stations east of Mec-

Scale in Miles
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considerably more water during the
test period than did Dalecarlia, indicat-
ing a difference in consumption char-
acteristics in the two areas.

Fluoride was not detected in the 2nd
High-Service Reservoir, which floats
on the system, until Shift 31, although
it was found in the main floating the

Shift No, 1

Station No. @

Fig. 3. 2nd High-Service and 1st High Anacostia Service Sampling Stations
Circled numbers: 20—2nd High-Service Reservoir (instrument house) ; other stations

are hydrants at various points on distribution system.

Uncircled numbers represent

shifts (see Table 1).

Millan until Shift 24. Tt may be safely
concluded that a pressure balance
existed in the system just east of Mc-
Millan, and Dalecarlia water did not
flow past this balancing line. This
condition divides about equally the
service area supplied by each plant.
Records show that McMillan pumped

reservoir at a considerable distance
past it during Shift 4. It can readily
be deduced that new water did not
enter the reservoir for a minimum of
27 shifts, approximately 43 days. This
information should be considered in
connection with the fact that poor bac-
teriological samples have been obtained
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from this reservoir (more frequently
than from the 1st High-Service Reser-
voir).

An interesting sidelight for investi-
gation is the fact that, although fluori-
dated water reached Station 27 during
Shift 24, it did not reach nearby Sta-
tion 28 until Shift 49. Station 27 is
on a large main which also supplies a

3rd High Service

Dalecarlia

Scale in Miles

Fig. 4.
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High Anacostia Service area (Fig. 4).
Fluoridated water reached the first
station during Shift 23 and proceeded
to the second station, where it arrived
during Shift 24.

3rd High Bervice

Stations 32 and 37 on the 3rd High
Service (Fig. 4) are connected by a

@9 23"

2nd High Anacostia
Service

Shift No. 1

station No. (1)

3rd High-Service and 2nd High Anacostia Service Sampling Stations

Circled numbers: 31—3rd High-Service Reservoir; other stations are hydrants at

varions points on distribution system.

Uncircled numbers represent shifts (see

Table 1).

smaller main to Station 28. A very
light demand in the main sampled by
Station 28 or a partially blocked line
might account for the large difference
in time.

2nd High Anacostia Service

Only two sampling stations were
selected in the relatively small 2nd

fairly new 36-in. main, which was the
expected route of flow. The test
showed, however, that a longer, older,
and more circuitous route (as shown
on map) was actually pursued. The
data were carefully examined and
found to be reliable. A water depart-
ment employee familiar with that sec-
tion of the distribution system sug-
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gested that the 36-in. main might be
partially obstructed, but as of October
1952 no field investigation had been
made because of the heavy schedule of
the work crews.

It was found that the 3rd High-
Service Reservoir received fluoridated
water during Shift 12. Station 33, on
the main supplying the reservoir, and a
considerable distance past it, showed
fluoride during Shift 4. It is thus in-
dicated that fluoridated water hypassed
the reservoir for more than seven
shifts.

4th High Service

The 4th High Service (Fig. 2) is
pumped directly from the 3rd High
Service, although storage is also pro-
vided in towers. Thus, fluoride did
not reach this system until Shift 5,
one shift after fluoridated 3rd High
Service water had passed the pumping
station. The 4th High Service water
progressed hoth north and south from
the pumping station in an orderly fash-
ion, making its appearance at the final
distribution system station during
Shift 7. TFluoride was detected in the
towers during Shift 11.

General Applications

The most important result of the
tests was the establishment of reason-
ably well-defined times of travel in the
system. Although the data presented
pertain to specific demand conditions
in the system, a simple application of
the law of continuous flow makes pos-
sible the determination of approximate
arrival times or velocities for, or he-
tween, any points originally trace-
sampled in a distribution system.

In the equation :

Ad
Q=4v =122

Q) is the average water demand on the
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pressure zone during the time of test;
A is the equivalent cross-section area
of the pipes from the plant to the point
under study; 7 is the average velocity
of the water flowing from the plant
to the point under study, as determined
by the trace test; and d is the distance
traveled by the water in time ¢, as de-
termined by the trace test. If 4 and
d are constant (Ad = k), then:
k
Q=
or:
1

L ~—

Then to find ¢, for any Q,:

O

Time of travel may also be calculated
between any two points by finding the
difference between the respective t
values.

Factors which may render this
analysis invalid, by varying 4 and d,
are: [1] any major physical change in
the distribution system which will
either provide a new route to the point
under study or will replace pipe in the
route with pipe of a diameter different
from the original; [2] a major change
in the operating level of the reservoir;
or [3] a major change in demand char-
acteristics of the system. None of
these factors is likely to invalidate
the original data for some time, as such
changes do not occur rapidly in a
system.

By use of the tracer method, a chart
showing water travel times to all criti-
cal points for varying demands can
be prepared. In the event of a major
break, sabotage by poisoning, or bomb-
ing at any point in the system, the
chart would readily indicate the areas
that would be affected at any time.

t
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Estimating the time required to get to
the valve locations, the operator could
determine which valves should be
closed to limit the effects of the in-
cident.

The determination of actual deten-
tion times in reservoirs and settling
basins by the tracer method provides
easily obtained, useful information. In
addition to detention time, the actual
velocity of the water may be estab-
lished by cross-section sampling at
various points in the basin. This in-
formation can be applied to the design
of new basins or improvements in
existing ones not functioning properly.

Areas of influence and the effects on
a system of its various pumping sta-
tions can also be deduced from the
tracer data. As has been shown in this
paper, the actual balancing condition
between pumping stations can be
found. Such information can be used
to increase the operating efficiency of
a water supply system by obtaining
optimum pumping schedules for the
various stations.

Used simultaneously with flowmeter
tests, the tracer test can establish ac-
tual times of travel for measured flows
in any given main or mains. Accurate
information on pipeline characteristics,
including roughness coefficients, can
thus be obtained.

G. V. LEVIN & N. E. JACKSON
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A program to trace the progress of
fluoride ion through a water treatment
plant and distribution network offers
many real advantages. The results of
such a practical, empirical study can
be applied to the design, construction,
and operation of the system. Al-
though the beginning of fluoridation
in a water supply system is an excel-
lent time to make such a study, it may
be possible to use other harmless, odor-
less, and tasteless elements easily de-
tectable in trace quantities, such as
chlorides, nitrates, or minute concen-
trations of short half-life radioisotopes.
The method may be made as precise as
desired or as time and personnel
permit.

Acknowledgment

The authors are particularly in-
debted to the following men for their
aid in executing this program: Thomas
M. Latimer, Assoc. Engr., District
of Columbia Water Dept.; Stephen
Megregian, Sanitarian (R), U.S. Pub-
lic Health Service; and W. S. Sitler,
Regional Water Supply Consultant,
U.S. Public Health Service.

Reference

1. MEGreGIAN, StepHEN & Maier, F. J.
Modified Zirconium-Alizarin Reagent
for Determination of Fluoride in Water.
Jour. AWIW A, 44:239 (Mar. 1952).



	AcrF549.tmp
	AcrF551.tmp
	AcrF559.tmp
	AcrF561.tmp
	AcrF569.tmp
	AcrF571.tmp
	AcrF579.tmp
	AcrF581.tmp
	AcrF589.tmp
	AcrF591.tmp
	AcrF599.tmp
	AcrF5A1.tmp

