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The kinds of predictions needed are as follows:

1. The time of arrival of the leading edge of the contami-
nant,

2. The time of arrival of the peak concentration of the
contaminant,

3. The time required for the contaminant cloud to pass a
point of interest, and

4. The magnitude of the peak concentration of a con-
servative contaminant.

A consortium of regulatory and water-supply agen-
cies provided funding for the study through the CO-OP
Section, Interstate Commission on the Potomac River
Basin. The U.S. Geological Survey provided matching
funds for the work.

Special acknowledgment is given to the U.S. Geo-
logical Survey field personnel who spent many hours,
around the clock, collecting the data used in preparing
this report.

DESCRIPTION OF THE STUDY REACH

The Potomac River (fig. 1) is formed by the conflu-
ence of the North and South Branches, 21 mi down-
stream from Cumberland, Md. From this point, the river
flows for 287 mi, generally southeasterly, to Chesapeake
Bay (Searcy and Davis, 1961, p. 1). The reach selected for
this study is between Cumberland and Washington,
D.C., the same as that used by Wilson and Forrest in
1964. The 189-mi study reach includes the 21-mi section
of the North Branch between Cumberland and the con-
fluence with the South Branch.

In general, the Potomac River is free flowing in the
study reach, impeded only by several low-head dams.
These dams store little water and, except for Dams No. 4
and No. 5 (fig. 1), have little impact on the movement of
water. Dams No. 4 and No. 5 store relatively larger
amounts of water and significantly impede the movement
of water, particularly during periods of low flow.

The average slope of the study reach is about
3 ft/mi. Between Cumberland and Paw Paw, W. Va.,
the slope averages about 3.5 ft/mi. The average slope de-
creases to about 1.9 ft/mi between Hancock, Md., and
Shepherdstown, W. Va., and then increases to an average
of more than 3.5 ft/mi between Point of Rocks, Md., and
Little Falls Dam. Most of the fall in the latter reach oc-
curs in a series of rapids and falls in the last few miles
above Little Falls Dam.

For this report, all stream mileages are referenced
to Chain Bridge near Washington, D.C. The stream mile-
age for selected tributary streams, bridge crossings, and
other identifiable landmarks is given in table 1.

Six continuous-record gaging stations are operated
by the U.S. Geological Survey in the study reach. Be-
cause the rate of movement of water is directly related to
the magnitude of discharge in the river, discharge infor-

mation is necessary for both the development of and the
subsequent use of the procedures in this report. Dis-
charge information is available for the following gaging
stations:

Miles Average

Station above slope in Drainage

No. Station name Chain reach area
Bridge (ft/tt) (m¥)

01603000 N. Br. Potomac R. near Cumberland, Md. 188.7 - 875
01610000 Potomac River at Paw Paw, W. Va. 160.6 0.0007 3,109
01613000 Potomac River at Hancock, Md. 122.7  .0005 4,073
01618000  Potomac River at Shepherdstown, W.Va. 67.7 .0004 5,936
01638500  Potomac River at Point of Rocks, Md. 43.6 .0006 9,651
01646500  Potomac River near Washington, D.C. .2 .0007 11,560

FIELD PROCEDURES

Field procedures for conducting traveltime and dis-
persion studies on streams using dye tracers are well
documented (see Hubbard and others, 1982). In general,
the described procedures were followed closely in this
study.

Wilson and Forrest, in the 1964 study, divided the
total study reach into six subreaches. They injected dye at
the head of all the subreaches during a 4-hour period on
May 25, 1964. After about 5% days of sampling at suc-
cessive downstream locations, the dye had passed the far-
thest downstream sampling site in each subreach. Owing
to the experimental nature of their study, they continued
selective sampling of the dye clouds as they moved
through successive downstream subreaches. Field opera-
tions for the 1964 study are described by Wilson and For-
rest (1965, p. 5, 6). The following is a list of the sub-
reaches used in the 1964 study:

Subreach sznnl th
1. Cumberland to Paw Paw 28.1
2. Paw Paw to Hancock 37.9
3. Hancock to Williamsport 27.8
4. Williamsport to Shepherdstown 27.1
5. Shepherdstown to Point of Rocks 24,1
6. Point of Rocks to Washington (Chain Bridge) 43.6

In the present study, conducted in 1981, the first
and second subreaches were combined into a single sub-
reach. Sampling sites were chosen to coincide with those
used in the 1964 study, except that the farthest down-
stream sampling site was Little Falls Dam rather than
Chain Bridge. For each subreach, the dye was injected
simultaneously at several points in the cross section of the
river. Multiple-point injection greatly reduces the time
and distance required for complete lateral and vertical
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Table 1. River mileage for selected tributaries, bridge crossings, and other identifiable landmarks

River
mile Landmark'
(rounded)

189 Wiley Ford Bridge near Cumberland, Md. (USGS gage)
180 C & O Railroad Bridge at North Branch, Md.

178 Mouth Patterson Creek (right bank)

171 Bridge at Oldtown, Md.

169 Confluence South Branch (right bank)

167 Mouth Town Creek (left bank)

165 Mouth L. Cacapon River (right bank)

161 Paw Paw, W. Va. (USGS gage)

154 C & O Railroad Bridge, Magnolia, W. Va.

141 Doe Gully, W. Va.

134 Mouth Sideling Hill Creek (left bank)

132 Mouth Cacapon River (right bank)

123 U.S. Highway 522 at Hancock, Md. (USGS gage 1/2 mi downstream)
117 Mouth Sleepy Creek (right bank)

115 Mouth Licking Creek (left bank)

111 Fort Frederick State Park

102 Dam No. 5

95 Mouth Conococheague Creek (left bank)

95 U.S. Highway 11, Williamsport, Md.

86 Mouth Opequon Creek (right bank)

79 Dam No. 4

68 Bridge at Shepherdstown, W. Va. (USGS gage)

64 Mouth Antietam Creek (left bank)

57 Dam No. 3

56 Mouth Shenandoah River (right bank)

55 U.S. Highway 340, Harpers Ferry, W. Va.

50 Bridge at Brunswick, Md.

44 U.S. Highway 15, at Point of Rocks, Md. (USGS gage)
38 Mouth Monocacy River (left bank)

31 Whites Ferry

26 Mouth Goose Creek (right bank)

18 Mouth Seneca Creek (left bank)

10 Great Falls, Md.

1 Little Falls Dam near Washington, D.C. (USGS gage)
0 Chain Bridge

! A1l landmarks can be found on 1:24,000 (7% min.) USGS

topographic maps.

mixing. In contrast to the 1964 study, the dye was in-
jected upstream from the head of each subreach. This
upstream injection allowed time for lateral and vertical
mixing prior to the sampling and definition of the dye
cloud at the head of each subreach.

Dye was injected upstream from Shepherdstown
and Point of Rocks on September 26, 1981. The dye
clouds took approximately 5 and 8 days, respectively, to
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pass through the subreaches. Dye was injected upstream
from Cumberland, Hancock, and Williamsport on Octo-
ber 10, 1981. The trailing edges of the dye clouds took
approximately 8, 10, and 13 days, respectively, to travel
through the subreaches. Storage behind Dam No. 5 re-
duced the average velocity of the peak concentration to
0.1 mi/h between sampling sites at Fort Frederick and at
Dam No. §.



Flow at the Point of Rocks gaging station, during
the 1981 study of the two downstream subreaches,
ranged from 1,750 ft}/s on September 26 to 1,420 ft3/s
on October 3. The average flow during this period was
1,525 ft*/s, which is a flow duration of 91 percent. Flow
at the Hancock gaging station, during the 1981 study of
the upstream subreaches, ranged from 575 ft*/s on Oc-
tober 10 to 491 ft*/s on October 20. The average flow was
535 ft*/s, which is a flow duration of about 88 percent.

The dye cloud for each subreach was sampled at a
minimum of three cross sections, including the cross sec-
tion at the head of each subreach. The Cumberland-to-
Hancock subreach was sampled at six cross sections. The
Williamsport-to-Shepherdstown subreach was sampled
at three cross sections, and the other three subreaches
were each sampled at four cross sections. At each cross
section, samples were collected at one point. The point
was visually selected to be representative of the main
mass of flow.

The frequency of sampling was varied on the basis
of the time since injection of the dye and the appearance
of the time-concentration curve at the previous sampling
site upstream. In general, sampling was continued at each
sampling site until the concentration reached a level of
about 10 percent of the peak concentration. Below about
10 percent, the tail of the dye cloud becomes almost
asymptotic to the zero-concentration line. Excellent defi-
nitions of the time-concentration curves were obtained
for each sampling site during the 1981 study. Tables 2
and 3 give the sampling sites, traveltimes, and other perti-
nent data from the 1964 and 1981 studies, respectively.

DATA ANALYSIS

Traveltimes

All samples collected in the field were analyzed on
the fluorometer in the office under controlled tempera-
ture conditions. The fluorometer was calibrated from
standard solutions prepared from the same dye lot used
in the study.

The dye concentrations were plotted versus the
time since injection of the dye for each sampling site. The
time-concentration curves shown in figure 2 are for the
subreach between Cumberland and Hancock, which is a
relatively free-flowing section of the river. Figure 3 shows
the time-concentration curves for a subreach that is ob-
structed by one of the low-head dams (Dam No. 5). Note
that there are two time-concentration curves for site 6:
(1) as the last sampling site in the Cumberland-to-
Hancock subreach (fig. 2), and (2) as the first sampling
site in the Hancock-to-Williamsport subreach (fig. 3).

The traveltimes of the leading edge, the peak con-
centration, and the trailing edge of the dye cloud were

determined from the time-concentration curve for each
sampling site. The traveltime of the trailing edge of the
dye cloud is defined in this report as the time between in-
jection and the time the concentration reaches a level of
10 percent of the peak concentration observed at a sam-
pling site.

Time of travel varies inversely with discharge in a
stream. To develop a method of predicting traveltimes
that can be used over a range of discharges, it is necessary
to relate the time of travel in some way to stream dis-
charge. Over a long reach of river, stream discharge
generally increases in the downstream direction as the
area drained increases. These increases, however, do not
occur uniformly with distance along the river. At the
points where tributaries enter the river, stream discharge
increases abruptly. Depending on the drainage area of
the tributary, these increases can be substantial. Usually,
however, the river channel has adjusted to these increases
in flow, and an increase in velocity commensurate with
the increase in flow does not occur. For this reason, ab-
solute discharge in the river is not an ideal parameter for
the relationship between traveltime and discharge.

Flow duration is an index of river discharge that is
fairly constant throughout a reach of stream, provided
there is no flood wave moving through the system. This
characteristic makes flow duration a useful index of
stream discharge for use in developing a relationship with
time of travel. Flow duration, expressed in percent, is
defined as the percentage of time the historic mean-daily
discharges exceeded a specified discharge. The relations
between flow duration and mean-daily discharge for five
gaging stations on the Potomac River are shown in fig-
ure 4.

Traveltimes for the movement of the dye cloud be-
tween sampling sites were obtained from the time-
concentration curves for each sampling point. Typical
curves are given in figures 2 and 3, and all traveltime data
are summarized in tables 2 and 3.

The velocities at which the leading edge, the peak
concentration, and the trailing edge of the dye cloud
moved between successive sampling sites were calculated
by dividing the reach length by the traveltimes. These
velocities for the two studies were plotted versus the
average of the daily discharges observed at each of two
index gaging stations during the time the dye cloud
moved between the two sampling sites. Straight lines
were drawn through the points derived from the two
studies to represent the leading edge, peak concentration,
and trailing edge. These plots were done independently
for the discharges at the two gaging stations. The rela-
tions described above were entered with discharges
corresponding to flow-duration values selected at
5-percent intervals between 50 percent and 95 percent for
each of the two gaging stations. The resulting velocities
for each 5-percent increment of flow duration were aver-
aged for the two index gaging stations for the leading

Data Analysis 5
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CONCENTRATION, IN MICROGRAMS PER LITER

Figure 2.

CONCENTRATION, IN MICROGRAMS PER LITER
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edge, peak concentration, and trailing edge. The final
result of this computation was a specific velocity between
two successive sampling sites for flow duration values of
50, 55, 60, 65, 70, 75, 80, 85, 90, and 95 percent. Figure 5
shows the computation for the 6.6-mi reach between
sampling site 8 at Dam No. 5 and site 9 at Williamsport.
Sixteen computations similar to that in figure 5 provided
incremental velocities at 10 flow levels for the entire reach
between Cumberland and Washington.

The distance between sampling sites was divided by
its incremental velocity to provide an incremental travel-
time at each of the 10 flow levels for the leading edge,
peak concentration, and trailing edge. These incremental
times were accumulated from Cumberland to Washing-
ton. Tables 4, 5, and 6 give the traveltimes from Cumber-
land for the leading edge, the peak concentration, and
the trailing edge, respectively, for each flow duration.
Figures 6, 7, and 8 are three-parameter graphical presen-
tations of the data. The data in tables 4 to 6, or figures 6

to 8, can be used to estimate the time required for a solu-
ble substance to move from any point in the study reach
to any point downstream. These graphical presentations
provide a straight-line interpolation between sampling
sites, and therefore may be easier to use in most
situations.

Because traveltime is related to discharge in the
river, use of the traveltime relations requires some infor-
mation about flow rates at a minimum of one of the five
gaging stations used as index stations. (See fig. 4.) Each
of these gaging stations is equipped with remote telemetry
equipment operated for various agencies. This remote
equipment allows those who are most likely to need the
information to acquire real-time river discharge data.

Suppose there is a spill of a water-soluble substance
in the river. To use the graphs (figs. 6-8) enter with a
flow-duration value that represents the discharge in the
river. The approximate flow duration can be determined
from figure 4 after determining the discharge at one of
the index gaging stations (preferably the station nearest
the location of the spill). Locate the point of the spill
relative to the distance the point is upstream from Chain
Bridge near Washington (table 1 and fig. 1 are helpful).
Determine the traveltime from Cumberland (site 1) for
the specific flow duration to the location of the spill.
Next, in the same manner, determine the traveltime from
Cumberland to the point of interest downstream. Sub-
tract one traveltime from the other to get the time re-
quired to travel the intervening distance. The subtraction
process initializes the time at zero at the point of the spill.

This procedure can be used to estimate traveltime
of the leading edge (fig. 6), the peak concentration (fig.
7), and the trailing edge (fig. 8). The procedure is ex-
pected to give more accurate estimates of traveltime of
the peak concentration and leading edge of the dye cloud
than of the trailing edge. The truncation of the trailing
edge is the reason for concern about accurately predicting
the traveltime of the trailing edge of the dye cloud.
Therefore, calculations of traveltime of the trailing edge
should be considered approximations, particularly when
the spill occurred in one subreach and the point of inter-
est is in another subreach downstream.

The difference between the arrival time of the lead-
ing edge and the arrival time of the trailing edge is an
approximation of the time required for the soluble sub-
stance to pass a given point. In the remainder of the
report, this interval of time is referred to as the time of
passage, or duration (D), of the dye or contaminant
cloud.

Dispersion

When a soluble dye is injected into a flowing river,
it immediately starts dispersing in the vertical, lateral,

Data Analysis 9
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Figure 5. Typical computation of velocities for 5-percent increments of flow duration.
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Table 4. Traveltimes for leading edge of dye cloud at selected flow durations

Miles Distance Traveltime of leading edge of dye cloud, in hours,

upstream between for indicated flow duration, in percent
Site Site name from  sampling
No. Chain sites 50 55 60 65 70 75 80 85 90 95

Bridge (miles)
1 Cumberland 188.7 - 0 0 0 0 0 0 0 0 0 0
2 North Branch 180.0 8.7 12 13 14 15 16 18 19 21 23 25
3 Oldtown 171.3 8.7 21 23 25 27 29 32 34 37 40 44
4 Paw Paw 160.6 10.7 33 36 39 42 46 50 54 59 64 71
5 Doe Gully 140.8 19.8 48 53 59 65 72 79 87 97 107 122
6 Hancock 122.7 18.1 65 72 79 87 96 106 116 129 142 161
7 Fort Frederick 111.2 11.5 73 81 90 100 111 123 135 151 167 191
8 Dam No. 5 101.5 9.7 93 105 118 134 151 171 192 219 249 293
9 Williamsport 94.9 6.6 99 113 128 145 165 187 211 242 277 328
10 Dam No. 4 79.4 15.5 123 142 163 188 215 249 285 332 385 466
11 Shepherdstown 67.7 11.7 131 152 174 202 232 268 308 359 418 507
12 Dam No. 3 57.2 10.5 154 177 202 232 264 303 346 402 465 561
13 Brunswick 49.9 7.3 161 185 210 240 273 312 356 412 475 572
14 Point of Rocks 43.6 6.3 168 192 217 248 281 320 364 420 484 581
15 Whites Ferry 31.2 12.4 178 204 230 262 296 337 382 439 505 605
16 Seneca 18.0 13.2 193 221 248 282 318 360 408 469 539 644
17 Little Falls Dam 1.2 16.8 215 246 276 313 353 400 454 522 600 720

Table 5. Traveltimes for peak concentration of dye cloud at selected flow durations

Miles Distance Traveltime of peak concentration of dye cloud, in hours,

upstream between for indicated flow duration, in percent
Site Site name from sampling
No. Chain sites 50 55 60 65 70 75 80 85 90 95

Bridge (miles)
1 Cumber land 188.7 - 0 0 0 0 0 0 0 0 0 0
2 North Branch 180.0 8.7 15 16 18 19 2] 22 24 26 29 32
3 Oldtown 171.3 8.7 26 28 31 33 36 39 42 45 49 54
4 Paw Paw 160.6 10.7 39 42 46 50 54 59 63 69 75 83
5 Doe Gully 140.8 19.8 56 62 68 76 83 92 100 111 123 139
6 Hancock 122.7 18.1 75 83 91 101 111 122 133 147 162 183
7 Fort Frederick 111.2 11.5 85 94 104 115 127 141 155 172 191 217
8 Dam No. 5 101.5 9.7 112 128 143 163 183 207 233 264 301 354
9 Williamsport 94.9 6.6 120 137 154 176 199 226 255 291 334 395
10 Dam No. & 79.4 15.5 153 177 203 236 271 313 362 420 492 596
11 Shepherdstown 67.7 11.7 162 189 217 253 291 336 388 453 531 645
12 Dam No. 3 57.2 10.5 189 219 249 287 328 376 432 501 584 706
13 Brunswick 49.9 7.3 197 2217 258 297 338 386 443 512 596 719
14 Point of Rocks 43.6 6.3 205 235 266 305 347 395 452 522 606 729
15 Whites Ferry 31.2 12.4 218 249 280 321 364 413 471 543 629 754
16 Seneca 18.0 13.2 234 267 300 342 388 438 499 574 664 796
17 Little Falls Dam 1.2 16.8 258 295 331 379 428 484 552 634 734 882

Data Analysis 11



Table 6. Traveltimes for trailing edge of dye cloud at selected flow durations

Miles Distance Traveltime of trailing edge of dye cloud, in hours,

upstream between for indicated flow duration, in percent
Site Site name from sampling
No. Chain sites 50 55 60 65 70 75 80 85 90 95

Bridge (miles)
1 Cumber land 188.7 - 0 0 0 0 0 0 0 0 0 0
2 North Branch 180.8 8.7 20 22 24 26 28 31 34 37 40 44
3 Oldtown 171.3 8.7 34 37 40 44 47 52 56 60 66 73
4 Paw Paw 160.6 10.7 49 54 58 64 68 74 80 87 94 104
5 Doe Gully 140.8 19.8 72 80 87 96 105 116 126 139 153 173
6 Hancock 122.7 18.1 96 106 116 128 139 153 167 183 202 227
7 Fort Frederick 111.2 11.5 106 118 130 144 158 176 192 213 237 270
8 Dam No. 5 101.5 9.7 155 176 198 226 255 291 327 375 427 501
9 Williamsport 94.9 6.6 165 189 213 244 2717 316 357 411 470 554
10 Dam No. 4 79.4 15.5 214 249 287 336 389 455 526 618 725 891
11 Shepherdstown 67.7 11.7 225 263 304 356 413 483 559 657 771 949
12 Dam No. 3 57.2 10.5 259 301 344 400 460 533 614 718 838 1,027
13 Brunswick 49.9 7.3 269 311 354 411 472 545 627 731 852 1,041
14 Point of Rocks 43.6 6.3 278 320 364 421 482 555 637 742 863 1,053
15 Whites Ferry 31.2 12.4 291 335 379 437 500 575 658 765 888 1,081
16 Seneca 18.0 13.2 309 355 401 461 526 603 690 800 928 1,128
17 Little Falls Dam 1.2 16.8 343 394 444 511 582 666 763 885 1,027 1,250

and longitudinal directions. Vertical and lateral mixing
takes place relatively quickly and can be enhanced by in-
jecting the dye simultaneously at several points in the
cross section. ‘‘Until the dye is mixed laterally, its move-
ment does not represent that of the total flow’’ (Hubbard
and others, 1982, p. 17). The longitudinal mixing process
is a continuing one.

The ideal situation for studying longitudinal disper-
sion would be one in which (1) the total reach could be
studied without segmentation and (2) complete lateral
mixing could be assumed to exist after the initial mixing
period. Unfortunately, the ideal situation does not exist
when conducting dispersion studies on long rivers, partic-
ularly those with large width-to-depth ratios. The threat
of precipitation, sampling logistics, and control of max-
imum dye concentrations at water intakes require that the
total reach be divided into shorter segments, or sub-
reaches, as was done in this study. Additionally, tributary
inflows work against complete lateral mixing. According
to formulas presented by Hubbard and others (1982, eq.
1, 2, p. 17), a side injection of water from a tributary re-
quires a mixing length four times greater than that for a
single midstream injection of dye. For most dye studies,
complete lateral mixing is seldom accomplished.

In spite of mixing problems, time-of-travel studies
using a slug injection of a water-tracing dye can provide
considerable insight into the longitudinal dispersive char-
acteristics of a river. Figures 2 and 3 show how the peak
concentration of the dye cloud is attenuated as it moves

12 Traveltime and Dispersion in the Potomac River

downstream and the dye mixes into increasing amounts
of water. It is typical of time-concentration curves that
the peak concentration is lower and the time required for
a dye cloud to pass a sampling point is longer at each suc-
cessive downstream location.

Often, long reaches of rivers have similar dispersive
capabilities (Hubbard and others, 1982, p. 32). However,
abrupt changes can occur. For example, the subreach be-
tween Cumberland (site 1) and Hancock (site 6) has fairly
uniform dispersive characteristics. The uniform slope of
the time-distance relation for the subreach (fig. 7) and the
gradual attenuation, or reduction, of the peak concen-
tration (fig. 2) is evidence of a fairly uniform dispersive
capability. In contrast, the stream segment between Fort
Frederick (site 7) and Dam No. S (site 8) shows an abrupt
change in dispersive properties due to the storage pool
created by Dam No. 5. The increased slope in the time-
distance relation (fig. 7) and the large difference in peak
concentrations between successive sampling points (fig.
3) indicate an abrupt change in dispersive characteristics
for this stretch of the river. The effect of Dam No. 5, as
might be expected, is very pronounced at the higher flow
durations (lower river discharges) and less pronounced at
the lower flow durations (higher river discharges), when
the dam is less effective.

““The shape and magnitude of a time-concentration
curve that is in response to a dye injection is determined
by (1) the amount of the dye injected, (2) losses under-
gone by the dye, (3) the discharge that serves to dilute the
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cloud in the reach, and (4) longitudinal dispersion”’
(Hubbard and others, 1982, p. 34). The concept of unit
concentration (C,) was formulated by Kilpatrick (Hub-
bard and others, 1982, p. 34) to remove all of the effects
listed above, except longitudinal dispersion. Unit con-
centration can be defined as the concentration produced
in one unit of flow rate by the injection of one unit
weight of solute, provided that no losses of solute occur.
Kilpatrick’s formulation of unit concentration for the
general case is:

C — CCO’IQ

= 1)

where

0
I

= unit concentration,
C.,n = conservative concentration (a concentra-
tion that would be produced if the total

quantity of injected material were un-
diminished for any reason as it moved
downstream and were uniformly mixed
in the entire flow),

discharge at the sampling point, and

weight of pure dye injected.

Q
Wa

A more specific use of the unit-concentration con-
cept is its applicability to peak concentrations only. Unit
peak concentration (Cup) can be used to explain the at-
tenuation of the peak concentration as the dye cloud
moves downstream. The formulation for unit peak con-
centration is

c, = SpeonQ Q)
up ’
Wa
where
Cup = unit peak concentration and
Cp(cony = cOMDServative peak concentration.

The ultimate use of Cup will be to allow computa-
tion of the conservative peak concentration (Cyuon)
resulting from a spill of a specified amount of contami-
nant into a specified flow. Rearrangement of equation 2
gives the following equation useful for this purpose:

CupWa

u,
C _uw a ,

p(con) = 0 @A)

where, in this instance,

C, = conservative peak concentration,
plcon) . . .
W, = weight of spilled contaminant, and

Q = discharge at the point of interest.

16 Traveltime and Dispersion in the Potomac River

Use of equations 1 and 2 requires that the amount
of dye passing the sampling point be determined in order
to calculate a conservative concentration. The formulas
presented by Hubbard and others (1982, p. 33, 34) for
calculating dye recovery and conservative concentrations
are

_ KQAt-c(obs) 3)
14 Wd
and
Coon
Cofeom= —p> X 100, @
D
where

Rp = percentage of dye recovered,
K = constant, depending on the system of
units used,
Ay o(obsy = mean area of the observed discharge-
weighted time-concentration curves,
W, = weight of pure dye injected, and

Cp(obs) = Peak observed concentration.

P
Equation 4 is shown in the form useful for working with
peak concentrations rather than with concentrations in
general.

The accuracy of calculated values of C,p» using
equations 2, 3, and 4, is directly related to the accuracy
with which the mean discharge-weighted time-
concentration curve is defined at each sampling site.
Seldom are sufficient data available for this purpose, ex-
cept for a few, pure research studies. Because of the
lateral mixing problems previously discussed, accurate
definition of the mean discharge-weighted time-
concentration curve requires multiple-point sampling
across the river and weighting of each time-concentration
curve by the appropriate discharge in that subsection.
The multiple time-concentration curves must then be
composited in order to calculate unit peak concentration.
Inaccessible sampling sites, difficulties associated with
around-the-clock sampling, large personnel requirements
for discharge measurements, problems associated with
handling a large number of samples, and insufficient
funds all combine to preclude collection of enough data
to define adequately the mean discharge-weighted time-
concentration curve for dye studies on major rivers.

When data from which to accurately calculate unit
peak concentration by the above method are not avail-
able, another approach can be taken. By substituting
equations 3 and 4, equation 2 can be expressed in the
form:

Cp(obs)

C,,=4,440 &)

A t-c(obs)



This form of the equation allows calculation of
unit peak concentration without going through the proc-
ess of calculating dye recovery. It, in effect, takes the
shape of an observed time-concentration curve and fits
one unit weight of dye into that shape, assuming that one
unit of flow exists during the passage of the dye cloud.
Actually, the relation between Cprobs) ad A, o) can be
defined by use of fluorometer dial readings just as well as
by use of absolute concentrations. U.S. Geological
Survey policy, however, requires that, at a minimum, ab-
solute concentration of the peaks be determined.

Cup formulated in this manner, and using 4,440 as
the constant, must be assigned the units of micrograms
per liter per pound of pure dye per cubic foot per second.
When presented in this form, Cup can be seen to repre-
sent the changing relationship between the peak concen-
tration and the area under the time-concentration curve.
This relationship is analogous to the simpler geometric
relationship between the height of a scalene triangle
(three unequal sides) and the area of the triangle. This
analogy will be shown to be useful later in this section.

Values of Cup were computed by equation 5 for
each sampling site for the two studies on the Potomac
River and are shown in tables 2 and 3. The percentages of
dye recovery were calculated and are also shown in tables
2 and 3. The C,p values are plotted against the traveltime
of the peak concentration in figure 9. The inconsistency
of computed dye recoveries for successive downstream
sampling sites (tables 2 and 3) provides strong evidence
that lateral mixing was not complete in many instances.
Consequently, sampling at one point in a sampling sec-
tion did not provide adequate definition of the mean
discharge-weighted time-concentration curve at each
sampling site, and thus would not allow computation of
unit peak concentration by using equation 2.

It can also be seen from the data plotted in figure 9
that dispersive characteristics vary widely in the total
reach of river. The slope of the line between successive
sampling sites is an index of the dispersive capability of
the intervening segment of river. The steeper slopes indi-
cate higher dispersive capabilities.

Because of the segmentation of the total reach into
five or six subreaches, no values of C,, are available for
traveltimes exceeding 200 hours. From figure 7, it can be
seen that the peak concentration would require almost
900 hours to travel from Cumberland to Washington at a
flow duration of 95 percent. This would indicate a poten-
tial need for peak-concentration attenuation data for
much longer traveltimes than could be obtained from
figure 9. (A value of Cup cannot be computed unless a
time-concentration curve has been defined for such a
time.) Others (Taylor, 1970) have overcome this handi-
cap by extrapolating the curve where the total reach had
fairly uniform dispersive characteristics; Lindskov (1974)
used an envelope curve to define the extreme value or
conservative curve. Because of the large amount of scat-

ter of the data and the nonuniform dispersive character-
istics, neither of these solutions seems appropriate for the
Potomac River data.

To provide a technique useful in estimating the
peak concentration expected at any point in the total
reach from a spill of a water-soluble substance at any
point upstream for a wide range of flows, it was neces-
sary to develop a new method for computing Cup. The
new method could not depend on the availability of time-
concentration curves for long traveltimes.

The analogy between the time-concentration curve
and the scalene triangle was previously mentioned. In the
analogy, the peak concentration relative to the area under
the time-concentration curve is similar to the height of
the scalene triangle relative to the area of the triangle.
The scalene triangle, being a simpler shape, was tested to
see if it could serve as a simplified time-concentration
curve. The graphical portrayal of the analogy is shown in
figure 10.

The advantage of the scalene triangle is that the
ratio of the height of the triangle to the area of the
triangle (analogous t0 Cpp0+ A, opg) I €4. 5) can be
expressed entirely in terms of the length of the base of the
triangle. If unit peak concentration could be expressed in
terms of the length of the dye cloud (analogous to the
base of the triangle), it would reduce the problems with
incomplete lateral mixing often encountered in the field
and the associated problem of defining discharge-
weighted concentrations. In addition, it would allow cal-
culation of C,, values for long traveltimes without the
need for observed time-concentration curves for those

traveltimes. .
To test the analogy, the first 90 time-concentration

curves given by Nordin and Sabol (1974, appendix B,
p. 113-212) were used. The true areas under the time-
concentration curves were computed. The areas were
then calculated by using the scalene triangle approach
(2D x Cp(obs)’ where D=duration of the dye cloud).
Figure 11 shows the areas calculated by the triangle ap-
proach plotted versus the actual areas. The Potomac
River data are shown on the graph, but were not used in
the test. The equation of best fit was determined by linear
regression on the log-transformed data partitioned in
three ways. The parameters of the regression analyses

Equation in the form: log Y=Ilog a+b log X.

Coeffi-
cient of Standard
determi- error, in
Area Intercept Slope nation percent
(a) (b) (r8) (SE)
All values 1.100 1.011 0.994 +9
All values >10  1.056 0.998 0.992 +38
All values >10
but <300 1.042 1.002 0.990 +8

Data Analysis 17
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Potomac River.

Owing to U.S. Geological Survey limitations on
dye concentrations allowed at water intakes and at the
ends of test reaches, the great majority of the areas of
time-concentration curves encountered in the field will
fall between values of 10 and 300 ug/L times hours.
Therefore, the equation for that range of data is con-
sidered appropriate for use. By taking the antilogs, the
equation may be expressed in the form Y =a(X)?, which
yields the following regression equation:
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Ay oay= 1-042A o) %,
where

Afa)= area under the time-concentration curve
calculated as 2D X Cpopg-

The true value of the slope parameter (b=1.002) is
assumed to be unity and suggests that the relation is valid



CONCENTRATION—HEIGHT

EXPLANATION

T,=Time to peak concentration
TLE=Time to leading edge
:Time to trailing edge

TE
D - Duration of dye cloud (TTE—TLE)
Cp=Concentration of the peak
< Tp > H, =Height of triangle
T

Figure 10. Relation between time-concentration curve and scalene triangle.

throughout the range of areas. The intercept value (a) of
1.042 indicates that calculated areas using the triangle
method are on the average 4.2 percent higher than the
true areas. The standard error of the regression is +8
percent, which indicates that two out of three calcula-
tions of areas by the triangle approach will be within 8
percent of the true areas. The ‘‘true area’’ under the
time-concentration curve can now be estimated from the
regression equation (rearranged), as follows:

Ar )
A t-c(obs) = 1 .042 * (6)

By substituting this value in equation 5 for the area under
the time-concentration curve, equation 5 becomes

1.042 G
Cp=4440—— P (7)
Aty

The area contained by the triangle now can be ex-
pressed, in the normal way, as one-half of the base times
the height. By definition (fig. 10), the base of the triangle
is the difference between the traveltime of the leading

edge and the traveltime of the trailing edge (T~ 71 p),
or, in other words, the duration (D) of the dye cloud. The
height of the triangle, by definition, is equal to Cpopg)-
The area now can be expressed as

A 4)=0-5 DCpyops)- ®

Substituting equation 8 for the area of the triangle in
equation 7 gives

=4 a10%2 Cotor
up =505 DC o)
or
9,250 _ 1
Cp=—"7— =9250D"". ©)

Dimensional analysis shows that unit peak concentration
is an inverse function of time. The derived equation con-
forms to this analysis: It is an inverse function of time of
passage, or duration, of the dye cloud. Furthermore, ac-
cording to H. H. Barnes (written commun., 1974), plots
of cloud duration versus Cup using large amounts of data
show the following empirical relationship:

Data Analysis 19
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Cupz9,000 D1, 2. Combined with cloud-duration data, it allows compu-
tation of values of unit peak concentration, as a
The derived relationship in equation 9 is only 2.8 continuous function, for long, subdivided study
percent different from the relationship observed by reaches and can be initialized (that is, 7)), traveltime
Barnes. The advantages of this formulation of unit peak of the peak concentration, can be set equal to zero)
concentration are at any point where a spill may occur.
3. Combined with cloud-duration data, it allows compu-
1. It allows computation of unit peak concentration tation of unit peak-concentration values for several
values without calculation of dye recovery, which flow levels.
requires intensive field-data collection and analysis Using data from tables 4 and 6, dye-cloud dura-
for each sampling cross section. tions (D) were calculated for each sampling point and
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Table 7. Duration of dye cloud at selected flow durations

Miles Distance Duration of dye cloud, in hours,

upstream between for indicated flow duration, in percent
Site Site name from sampling
No. Chain sites 50 55 60 65 70 75 80 85 90 95

Bridge (miles)
1 Cumberland 188.7 - 0 0 0 0 0 0 0 0 0 0
2 North Branch 180.0 8.7 8 10 11 12 13 15 16 17 19
3 Oldtown 171.3 8.7 13 14 15 17 18 20 22 23 26 29
4 Paw Paw 160.6 10.7 16 18 19 22 22 24 26 28 30 33
5 Doe Gully 140.8 19.8 24 27 28 31 33 37 39 42 46 51
6 Hancock 122.7 18.1 31 34 37 41 43 47 51 54 60 66
7 Fort Frederick 111.2 11.5 33 37 40 44 47 53 57 62 70 79
8 Dam No. 5 101.5 9.7 62 71 80 92 104 120 135 156 178 208
9 Williamsport 94.9 6.6 66 76 85 99 112 129 146 169 193 226
10 Dam No. 4 79.4 15.5 91 107 124 148 174 206 241 286 340 425
11 Shepherdstown 67.7 11.7 94 111 130 154 181 215 251 298 353 442
12 Dam No. 3 57.2 10.5 105 124 142 168 196 230 268 316 373 466
13 Brunswick 49.9 7.3 108 126 144 171 199 233 271 319 377 469
14 Point of Rocks 43,6 6.3 110 128 147 173 201 235 273 322 379 472
15 Whites Ferry 31.2 12.4 113 131 149 175 204 238 276 326 383 476
16 Seneca 18.0 13.2 116 134 153 179 208 243 282 331 389 484
17 Little Falls Dam 1.2 16.8 128 138 168 198 229 266 309 363 427 530

each flow duration by subtracting the traveltimes of the
leading edge of the dye clouds, from the traveltimes of
the trailing edges of the dye clouds. These dye-cloud
duration values are presented in table 7 and, graphically,
in figure 12.

Using equation 9 and D values from table 7, a Cop
value can be calculated for each of the sampling sites at
the 10 flow-duration levels. When values of C,, are plot-
ted against traveltimes of the peak concentration (T
from table 5, unit peak-concentration attenuation curves
similar to those in figure 13 can be developed. The curves
in figure 13 illustrate the attenuation of unit peak con-
centrations for a spill occurring at Cumberland (sampling
site 1), when flows in the river are at the 50-, 70-, and
90-percent flow-duration levels. This procedure can be
used for a spill at any point on the river by initializing the
data in tables 5 and 7 or figures 7 and 12 to zero at the
point of the spill. A sample problem demonstrating this
procedure is presented in the following section.

USE OF DATA

The primary objective of thi, ...cort is to provide a
generalized procedure that will allow the user to make
predictions concerning the traveltime and downstream
concentrations resulting from a spill of a water-soluble
substance in the river. Use of the procedure can best be
demonstrated by an example computation.

Suppose there was a train derailment at Magnolia,
W. Va., and a tank car spilled 20,000 pounds of water-
soluble toxic material into the river. Downstream, the
town of Point of Rocks, Md., needs information on (1)
when the toxic material will arrive at the bridge on U.S.
Highway 15, (2) when the maximum concentration will
arrive, (3) what the magnitude of the maximum concen-
tration will be, and (4) when the contaminant will be
essentially past the bridge.

The following additional facts would be needed
before using the procedures:

1. When did the spill occur?
Assumption: June 3 at 10 a.m.
2. What is the flow in the river?
This would require determining the river stage at
one of the index streamflow gaging stations and
then determining the discharge from a stage-
discharge relation.
Assumption: Flow at Point of Rocks gage is 2,250 ft/s.

The following procedure can be used to make esti-
mates concerning traveltime and concentration:

1. When will the toxic material first arrive at Point of
Rocks?
Procedure:
A. Use figure 4. Determine the flow-duration value
for a discharge of 2,250 ft*/s at the Point of
Rocks index gage. From figure 4, the flow
duration is 80 percent.

Use of Data 21
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B. Use figure 6. Determine the leading-edge travel- would arrive at Point of Rocks at approximate-
times (7} ) at Magnolia, W. Va. (mile 154), ly 5 p.m. on June 15.
and at Point of Rocks, Md. (mile 44), for a 2. When will the maximum concentration arrive?
flow duration of 80 percent. T} g 154)= 65 Procedure:
hours; T pimile 44)=360 hours. The approx@- A. Use figure 7. Use the same basic procedure as in
mate time for the leading edge of the contami- IB. Tymile 154y=75 hours; Tpiie 44=450
nant to travel from Magnolia to Point of Rocks hours. The approximate time for the peak con-
is 360 hours minus 65 hours, or 295 hours (12 centration to arrive at Point of Rocks is 450
days and 7 hours). Thus, the leading edge hours minus 75 hours, or 375 hours (15 days

Use of Data 23
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and 15 hours). Thus, the peak concentration Rocks is 635 hours minus 95 hours, or 540
would arrive at Point of Rocks on June 19 at hours (22 days and 12 hours). Therefore, the
approximately 1 a.m. trailing edge would pass the Point of Rocks
3. When will the contaminant be essentially past Point of bridge at about 10 p.m. on June 25. It must be
Rocks? remembered that the trailing edge is defined as
Procedure: the time the concentration reaches a level of 10
A. Use figure 8. Use the same basic procedure as in percent of the peak concentration. Therefore,
1B and 2A. Trgmie 154)—95 hours; Trg(mile relatively small and diminishing concentrations
= 635 hours. The estimated time for the trail- of the contaminant would probably be passing

ing edge of the contaminant to reach Point of the site of interest for many days more.
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4. What will the peak concentration of the contaminant
be (assuming a conservative contaminant) at Point
of Rocks?

Procedure:

A. Use figure 12. Use the same procedure as in 1B,
2A, and 3A. The duration of the contaminant
cloud at mile 154 is 30 hours. The duration of
the contaminant cloud at mile 44 is 272 hours.
The cloud duration (D) is the difference (242
hours). Note that D= T'yz— T} g. The duration
of the contaminant cloud could have been ob-
tained directly from previous computations in
1B and 3A, D= 540—295 =245 hours. The dif-
ference between the two values is caused by in-
ability to read the graphs precisely.

B. Use equation 9 to calculate unit peak concentra-
tion:

Cyp =9250 D!

9,250
T 242

5 ug/L x ft*/s

= 38.
Ib

C. Use equation 2A to calculate the peak conserva-
tive concentration at Point of Rocks:

C, D W,
Cpicomy = o

where

W,= weight of the spilled material and
Q= discharge at Point of Rocks (as-
sume the discharge has not

changed).
_ ug/L x ft'/s 20,000 Ib
Cpicom= 382 b 2,250 ft'/s
= 340 pg/L.

In summary, the available information is

1. The leading edge will arrive at approximately 5 p.m.,
June 15.

2. The peak concentration will arrive at approximately
l a.m., June 19.

3. The magnitude of the peak concentration of contami-
nant will be approximately 340 pg/L (assuming a
conservative contaminant).

4. The concentration will be approximately 34 ug/L
(0.1 Cp(wn)) at approximately 10 p.m. on June 25.
The above information is sufficient to construct an

approximation of the time-concentration curve at Point

of Rocks. Computations similar to the above can be
made at any intervening point between the point of the
spill and the point of interest. Thus, the behavior of the
contaminant cloud as it moves downstream can be pre-
dicted as it relates to time, distance, or concentration for
any flow level between 50- and 95-percent flow duration.

Many other types of problems can be solved using
the graphs and tables. For example, using the previous
problem, suppose that it is determined that the contam-
inant is not harmful in concentrations of less than
1,000 ug/L. When will the maximum contaminant con-
centration be less than 1,000 ug/L, and where will the
contaminant cloud be at that time?

The solution to the above problem requires infor-
mation about discharge along the river. Figure 14 gives
the ratios of drainage area (DA ) at river miles upstream
and downstream from the index gage to the drainage area
(DAg) at the index gage. Although the relation between
drainage area and discharge is not absolute, the relation
Q,=DA,/DA g)Qg will provide a fair approximation of
the discharge at river-mile points a short distance up-
stream and downstream from the index gage. The index
gage should be used where the ratio values are nearest to
unity (1.00).

Suppose for purposes of this problem that the dis-
charge throughout the reach is at the 80-percent flow-
duration level. (In practice, the flow-duration level
should be determined.) The following information is
available for solving the problem:

Peak conservative contaminant concentration (Cpopn)
= 1,000 ug/L (given),
Flow duration = 80 percent (given),
Q@ (Hancock) =710 ft*/s (fig. 4),
Q (Shepherdstown) = 1,170 fti/s (fig. 4),
Q (Point of Rocks) =2,250 ft*/s (fig. 4), and
W ;=20,000 pounds (given).
Solution:
Use equations 9 and 2A:

9,250
— -1 = e
Cup— 9,250 D orD= C
up
W Cc, W
Cp(con): 4 or Q= wd
Q Cp(con)
W, (This product has the
DxQ=9250 —— units of volume, but
Cp(con) ; ;
units are not pertinent
to the solution of the
problem and will not
be shown.)
20,000 Ib
DxQ= 9,250 ————=185,000.
Q 1,000 ug/L
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Because there are two unknowns in the equation,
the answer will require a trial-and-error or a graphical
solution. The trial-and-error solution will be demon-
strated to show the process. The graphical solution will
be explained at the end of the problem.

Trial Solution 1 (check at mile 105):
From figure 14,
O(mile 105) = 1-20 Q(tancock)
= 1.20x 710
= 852 ft*/s
From figure 12, for 80-percent flow duration,
Cloud duration (mile 154) =30 hours (spill loca-
tion) and
Cloud duration (mile 105) = 110 hours.
D 105) = 110-30
=80 hours (cloud duration initjalized
to zero at mile 154)
Dx Q=80x852=68,160
68,160 < 185,000
Because D and Q are increasing in the downstream
direction, try farther downstream.

Trial Solution 2 (check at mile 80):
From figure 14,
Q(mile 80) = 0-99 Q(Shepherdstown)
=0.99%x1,170
=1,160 ft*/s
From figure 12,
Cloud duration, . gg) = 235 hours
Dpie 30y =235—30
=205 hours (initialized to zero at
mile 154)
Dx @ =1,160x 205 = 238,000
238,000 > 185,000

Move back upstream. From figure 14, it can be
seen that the discharge remains constant to mile 86.
Therefore, a D value of 159 (185,000 =+ 1,160) is needed at
that point. Check to see if D=159 at mile 86.
D=210-30=180 hours. The solution is farther
upstream. From figure 14, the Q from mile 86 to mile 95
is constant at 0.93 Qghepherdstown) OF 1,088 ft'/s. A value
of D equal to 170 hours (185,000 1,088) is needed.
Cloud duration =D+ 30=170+30=200 hours. In figure
12, a cloud duration of 200 hours is found at mile 87,
which satisfies the equation as follows:

D =200-30= 170 hours

Q =0.93 Q(Shepherdstown)= 0.93x1, 170
=1,088 ft:/s
DxQ =170x1,088= 185,000

Therefore, the peak concentration of a conserva-
tive contaminant will be approximately 1,000 ug/L
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when the peak concentration reaches mile 87. From
figure 7, the peak concentration will arrive at mile 87, 245
hours (320 — 75) after the spill. The solution is, therefore,
June 13 at approximately 3 p.m., at mile 87.

A graphical solution to the above problem can be
accomplished as follows:

Dx Q= 185,000
or
185,000
D=2
Q

Use figure 14 to calculate how Q varies upstream
and downstream from the Shepherdstown gage. Use the
calculated Q to calculate how D must vary to satisfy the
equation. Plot calculated D versus miles above Chain
Bridge. Use figure 12 to determine how D actually varies
with distance above Chain Bridge. Remember that D
equals the cloud duration at the point of calculation
minus the cloud duration at the point of the spill. Plot ac-
tual D values on the same graph. The intersection of the
two lines gives the solution to the problem. (Note: The
cloud-duration values at the breaks in slope in figure 12
can be obtained from table 7.)

The following is a partial list of the types of prob-
lems that can be solved with the information contained in
this report:

1. Time of arrival of leading edge of contaminant cloud
at a point.
2. Time of arrival of maximum concentration of con-
taminant cloud at a point.
3. Time of arrival of trailing edge of contaminant cloud
at a point.
4. Maximum concentration of contaminant cloud at a
point.
5. Time of passage of contaminant cloud at a point.
6. Location of leading edge of contaminant cloud at
any time.
7. Location of maximum concentration of contaminant
cloud at any time.
8. Location of trailing edge of contaminant cloud at
any time.
9. Length of contaminant cloud at any time.
10. Attenuation curve of peak concentration related to
distance.
11. Attenuation curve of peak concentration related to
time,
12. Time when peak concentration will be below a speci-
fied value.
13. Location where peak concentration will be less than
a specified value.



DISCUSSION

The methods and procedures given in this report
have been generalized to make them applicable to a wide
range of circumstances. In developing the techniques, a
number of assumptions were made and are discussed
below. In using the techniques, many subjective judg-
ments will have to be made by the user to adjust for the
difference between assumed conditions and actual field
conditions.

The river flow during the two dye studies was gen-
erally one of slowly decreasing flow. No precipitation oc-
curred during the studies (which would have introduced a
flood wave into the flow system). If precipitation had oc-
curred, the studies would have been aborted. The effect
of a hydraulic wave on the movement of a discrete parti-
cle of water is indeterminate by dye-tracer studies, and
procedures to handle such a situation are beyond the
scope of this study. Therefore, extreme caution should be
exercised in using the procedures when a significant flood
wave is present in the system.

Two velocities and associated river discharges were
available for each river segment between sampling sites.
In the interpolation and extrapolation to other dis-
charges, a log-linear relationship was assumed to exist be-
tween the velocity of the peak concentration and the
average discharge at the index gage during the period the
peak concentration was moving between successive sam-
pling points. A similar assumption was made for the
velocity of the leading edge and the trailing edge of the
dye cloud. This assumption is known to be more credible
with the peak concentration and the leading edge than
with the trailing edge because of the truncation of the
trailing edge at 10 percent of peak concentration.

In the example computation, steady flow rates were
assumed to exist for a long period of time. Actually,
steady flow never exists in a natural flow system. If
precipitation is occurring or has recently occurred, the
discharge is always increasing. In the case of no precipita-
tion, the discharge is always decreasing. The data for this
study were collected under conditions of no precipitation.
The procedures are most useful under similar conditions.
Even under ideal flow conditions, the solution to a prob-
lem will be an iterative one because of the long travel-
times involved and the likelihood that flow rates will
change significantly during the period of interest, partic-
ularly during low-flow periods. Calculations using the
procedures, when a hydraulic wave is present in the
reach, are subject to potentially large and unquantifiable
€errors.

Complete lateral mixing was forced to exist in the
development of the concentration attenuation pro-
cedures. However, under natural conditions, complete
mixing never occurs because of the side injection of water
from tributaries. In the sample problem, a peak

conservative concentration of contaminant of 340 ug/L
was calculated for Point of Rocks. The 340 ug/L is an
average peak concentration. In an actual situation, the
concentration would be higher on the Maryland side of
the river and lower on the Virginia side owing to the large
side injection of water from the Shenandoah River. A
gross calculation of mixing length for this side injection
indicates that complete mixing would not occur within
the remainder of the study reach. Considerable personal
judgment must be exercised by the user in deciding how
the calculated average concentration is distributed across
the river.

All calculations and procedures relative to concen-
tration assume conservation of mass. In other words, it is
assumed that the dye or contaminant is conservative and
is not lost for any reason as it moves downstream. In an
actual situation, there are processes other than dilution
by mixing that would cause a decreasing concentration.
These processes could be physical, chemical, or biological
in nature, depending on the substance. As a result of the
assumed conservation of mass, the user’s calculation of
average concentrations will be higher than observed aver-
age concentrations. However, lateral mixing may not be
complete; hence, a localized peak concentration in the
cross section may be higher than the average peak con-
centration determined from the relation. These two fac-
tors are compensating and the relations should provide a
safe answer. Adjustments based on the user’s knowledge
of the characteristics of the spilled substance may be war-
ranted in some instances.

The dye used in the studies performs as would a
soluble substance when mixed in the river. The behavior
of immiscible or floating substances cannot be deter-
mined by using the techniques presented in this report.

The studies measured the results of a direct slug in-
jection of dye at several points across the river. The prob-
ability of an actual contaminant spill occurring in this
manner is extremely small. It is much more likely that a
spill would enter the river as a side injection either from
the streambank or from a tributary stream. In such a
situation, time must be allowed for lateral mixing before
applying the relations to determine average peak concen-
tration. The distance required for lateral mixing of a side
injection of contaminant would be substantial for the
Potomac River because of the river’s high width-to-depth
ratio. According to F. A. Kilpatrick (written commun.,
1983), the mixing distance for a center or side injection
can be approximated from the following equations:

— vW? 10
L, [center spill] =0.0885 g (10)
and
. . vi?
L, [side spill] = 0.354 —5 -~ (11
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where
L,,= distance required for mixing, in feet,
v= mean river velocity, in feet per second,
W = mean river width, in feet,
d= mean depth of the river, in feet, and
S= water-surface slope, in foot per foot (see
table on p. 3).
The methods presented in this report are intended
to be used as a guide in monitoring the movement of a
soluble material in the Potomac River. It would be incon-
ceivable that those responsible for managing and regu-
lating water resources would not continually monitor a
situation such as that described in the sample problem.
Extensive technical and personnel resources to collect and
analyze samples, to monitor and measure the discharge in
the river, and to track the actual movement of the con-
taminant cloud would be necessary. The procedures in
this report will allow a rapid assessment of the magnitude
of the problem and will assist in scheduling the necessary
monitoring activities. A very important use of the report
should be to enhance the understanding (in advance of a
serious problem) of how the river system works to trans-
port, disperse, and dilute a soluble material spilled in the
river.

SUMMARY

Dye studies on the Potomac River between Cum-
berland, Md., and Washington, D.C., were made in 1964
and 1981. Data from the studies were used to develop a
generalized method for predicting traveltimes and con-
centration attenuation resulting from a spill of a soluble
substance into the river.

The procedures are most useful during periods of
nearly steady or slowly decreasing rates of flow. The pro-
cedures will allow the user to estimate parameters to con-
struct the approximate time-concentration curve, at any
point along the river, resulting from a spill of any
amount of water-soluble material at any point upstream,
under a wide range of flow conditions.

An example computation using the graphs and
tables shows that with flow conditions at the 80-percent
duration level, a spill of 20,000 pounds of water-soluble
contaminant at Magnolia, W. Va., would have the fol-
lowing effect on the river at Point of Rocks, Md.: (1) The
leading edge of the contaminant cloud would reach Point
of Rocks approximately 12/2 days after the spill; (2) the
peak concentration of contaminant would occur about
15%5 days after the spill; (3) the magnitude of the peak
concentration would be about 340 pg/L, if the con-
taminant were conservative; and (4) the concentration of
contaminant would be about 34 ug/L 224 days after the
spill.
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The methods and procedures are intended primari-
ly as a reconnaissance tool for use by water managers and
regulatory authorities. The tool will allow the user to
rapidly assess the seriousness of a spill and more effi-
ciently plan and execute a program to mitigate its effects.
An even more important use of the report will be to pro-
vide the opportunity to understand, in advance of a
serious spill, how the river transports, disperses, and
dilutes a water-soluble substance.

The conditions under which the field data were col-
lected and the assumptions under which the data were
interpreted have been described. The user is cautioned
not to depend on the procedures under conditions that
depart radically from those described. The user is also
advised that many subjective decisions will be required to
adjust the results to reflect the field situation existing at
the time a problem occurs.
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Conversion of Measurement Units
The following factors may be used by readers who wish to convert inch-pound

units to the International System of Units (SI).

Multiply inch-pound units by To obtain SI units
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Mass
pound (Ib) 453.6 gram (g)
Volume
gallon (gal) 3.785 liter (L)
cubic foot (ft9 0.02832 cubic meter (m3)
Flow
foot per second (ft/s) 0.3048 meter per second (m/s)
cubic foot per second 0.02832 cubic meter per second
(ft3/s) (m3/s)
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