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TRAVELTIME AND DISPERSION IN THE SHENANDOAH RIVER

AND ITS TRIBUTARIES, WAYNESBORO, VIRGINIA,

TO HARPERS FERRY, WEST VIRGINIA

By K. R. Taylor, R. W. James, Jr., and B. M. Helinsky

ABSTRACT

Two traveltime and dispersion measurements using rhodamine dye were con­ 

ducted on a 178-mile reach of the Shenandoah River between Waynesboro, Virginia, 

and Harpers Ferry, West Virginia. The flows during the two measurements were 

at approximately the 85- and 45-percent flow durations.

The two sets of data were used to develop a generalized procedure for pre­ 

dicting traveltimes and downstream concentrations resulting from spillage of water- 

soluble substances at any point along the river reach studied. The procedure can 

be used to calculate traveltime and concentration data for almost any spillage that 

occurs during relatively steady flow between 40- to 95-percent flow duration.

Based on an analogy between the general shape of a time-concentration curve 

and a scalene triangle, the procedures can be used on long river reaches to approxi­ 

mate the conservative time-concentration curve for instantaneous spills of contami­ 

nants. The triangular-approximation technique can be combined with a superposition 

technique to predict the approximate, conservative time-concentration curve for 

constant-rate and variable-rate injections of contaminants.

The procedure is applied to a hypothetical situation in which 5,000 pounds of 

contaminant is spilled instantaneously at Island Ford, Virginia. The times required 

for the leading edge, the peak concentration, and the trailing edge of the contami­ 

nant cloud to reach the water intake at Front Royal, Virginia (85 miles downstream), 

are 234, 280, and 340 hours, respectively, for a flow at the 80-percent flow duration. 

The conservative peak concentration would be approximately 940 micrograms per 

liter at Front Royal.

The procedures developed in this study cannot be depended upon when a signifi­ 

cant hydraulic wave or other unsteady flow condition exists in the flow system or 

when the spilled material floats or is immiscible in water.



INTRODUCTION 

Background

Public and private water-supply managers and State and local health agencies 

need traveltime and dispersion information on rivers used for water supply in case 

a toxic substance is spilled into the river upstream from water intakes. A river 

is a dynamic system, and, without a generalized procedure to integrate the effect 

of different flows, different amounts of spill, and different channel characteristics 

on the transport, dispersion, and dilution of a toxic substance, the responsible 

authorities cannot respond effectively to a contaminant spill.

In the Potomac River basin, the traveltime and dispersive characteristics 

of the main stem and all the major tributaries, except the Shenandoah River, have 

been studied by dye-tracing methods (Taylor, 1970; Taylor and Solley, 1971; Taylor 

and others, 1985; and Jack, 1986). In the fall of 1983, at the request of the Inter­ 

state Commission on the Potomac River Basin (ICPRB), this study was initiated 

to define the traveltime and dispersive characteristics of the Shenandoah River, 

a major tributary of the Potomac River (fig. 1). The study was done by the U.S. 

Geological Survey in cooperation with the ICPRB and the Virginia State Water 

Control Board.

Purpose and Scope

The purposes of this report are twofold: (1) To describe the movement of 

a soluble substance in the Shenandoah River under a wide range of flow conditions, 

and (2) to present techniques for predicting traveltimes and concentrations at 

any downstream location resulting from the spillage of any amount of soluble con­ 

taminant at any point within the study reach.

Acknowledgments

Special acknowledgment is given to the Geological Survey field personnel 

who spent many hours, around the clock, collecting the data used in this report.



DESCRIPTION OF THE STUDY REACH

The study reach (fig. 1) is approximately 178 mi (miles) long and consists 

of the South River downstream from Waynesboro, Va., the South Fork Shenandoah 

River, and the Shenandoah River. In this reach, the river flows generally north­ 

eastward from Waynesboro until it joins the Potomac River at Harpers Ferry,

W. Va. The two principal tributaries to this reach are the North River, which
2 has a drainage area of 823 mi (square miles) at its confluence with the South River,

2 and the North Fork Shenandoah River, which has a drainage area of 1,033 mi

at the confluence with the South Fork Shenandoah River. The other tributary

inflows come from small streams that drain the flanks of the narrow Shenandoah
2 Valley. The total drainage area for the Shenandoah River basin is 3,054 mi .

The South River in the study reach has a fairly uniform slope of about 9 ft/mi 

(feet per mile). The slope on the South Fork Shenandoah River is fairly uniform 

at about 6 ft/mi. The Shenandoah River falls at the rate of slightly more than 

3 ft/mi, except for the last 7-mi section, which steepens sharply to a rate of 11 

to 12 ft/mi where the river flows through an almost continuous series of rapids.

River mileages used in this report were measured on U.S. Geological Survey 

7X2-minute (1:24,000) topographic maps, beginning at the mouth of the river. There­ 

fore, any reference to mile numbers denotes miles upstream from the mouth of 

the Shenandoah River. Table 1 gives a selected list of landmarks and the associ­ 

ated river-mile locations. All of these landmarks can be found on U.S. Geological 

Survey 7X2-minute topographic maps, but not all are shown in figure 1.

The total reach was divided into 15 stream segments for study. The 16 sampling 

sites that define the segments are shown in figure 1 and are numbered to increase 

in the downstream direction. Table 2 gives the sampling site name, river mile, 

segment lengths between sampling sites, and a drainage-area ratio described in 

the next section of this report.

Many low-head dams are located in the study reach. These dams, in most 

cases, do not store sufficient water to significantly impede its movement. Generally, 

the dams are run-of-the-river type and are not used to regulate flow. The power 

dams at mile 101.4 near Luray, Va., mile 51.0 near Front Royal, Va., and at mile 

5.7 near Millville, W. Va., do retard the flow noticeably, particularly during low- 

flow periods.
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Table 2.   Location, segment length/ and drainage-area ratios for
sampling sites used in study

[Drainage-area ratio: Approximate ratio of drainage area at sampling site to 
drainage area at indicated index gage. Index gages: H = Harriston, L = Lynnwood, 
F = Front Royal, C = Composite (Sum of drainage areas at South Fork Shenandoah 
River at Front Royal and North Fork Shenandoah River near Strasburg)]

Sampling 
site no.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

River 
1 mile

178.5

173.2

165.8

159.4

142.6

129.1

121.2

106.2

99.2

73.1

57.7

47.5

36.6

22.1

8.4

0.8

Segment 
length 
(mi)

5.3

7.4

6.4

16.8

13.5

7.9

15.0

7.0

26.1

15.4

10.2

10.9

14.5

13.7

7.6

Drainage-area ratio 
Sampling site name and index gage

Waynesboro

Hopeman Parkway

Crimora

Harriston (Index Gage)

Island Ford

Shenandoah

Grove Hill

U.S. Highway 211

Bixler Bridge

Bentonville

Front Royal (Index Gage)

Morgan Ford

U.S. Highway 17 and 50

State Highway 7

State Highway 9

Harpers Ferry

0.70(H)

0.87(H)

l.OO(H)

1.06(L)

1.18(L)

1.19(L)

1.27(L)

1.29(L)

0.96(F)

l.OO(F)

1.15(C)

1.16(C)

1.22(C)

1.25(C)

1.27(C)

See figure 1.



RIVER DISCHARGE

River discharge is directly related, although not in an absolute sense, to 

the velocity of water. Therefore, a knowledge of the discharge of the river is 

required, both in the development of the methods and procedures in this report 

and, subsequently, in the use of the methods and procedures to solve a problem. 

Seven gaging stations are located directly in the study reach and one important 

station is located near the mouth of the North Fork Shenandoah River; these sta­ 

tions are used to monitor river discharges. The gaging stations are operated by 

the Virginia State Water Control Board or the Geological Survey. The stations 
are shown in the following table.

Station 
no.

Station name
Miles 
above 
mouth

Average 
slope in 
reach 
(ft/ft)

Drainage 
area 
(mi )

(Operated by Virginia State Water Control Board)

01626000 South River near Waynesboro, Va. 178.5

01626850 South River near Dooms, Va. 173.2

01627500 South River at Harriston, Va.

01628500 South Pork Shenandoah River 
near Lynnwood, Va.

01629500 South Pork Shenandoah River 
near Luray, Va.

(Operated by U.S. Geological Survey)

159.4

148.6

106.2

0.0018

0.0016

0.0020

0.0013

0.0010

127

149

212

1,084

1,377

01631000 

01636500 

01634000 l

South Pork Shenandoah River 57.7 
at Front Royal, Va.

Shenandoah River at Millville, 4.8 
W. Va.

North Pork Shenandoah River near 
Strasburg, Va.

1,642 

3,040 

768

1 Station not located in study reach.



The daily mean discharges at the above gaging stations for the two periods 

of field data collection for this study are given in table 3. As can be seen from 

these discharge data, the flow during the study periods was fairly stable. During 

the September 1983 study, the average of the daily discharges was at about the 

85-percent flow-duration level. The flow-duration level for the average of the 

daily discharges during the June 1984 study period was about 45 percent. Flow 

duration, expressed in percent, is defined as the percentage of time that the his­ 

toric daily discharges have equaled or exceeded a specified discharge at a gaging 
station.

Time of travel varies inversely with river discharge. In order to develop 

a method to predict traveltimes that can be used over a range of discharges, it 

is necessary to relate time of travel in some way to river discharge. Over a long 

reach of river, discharge generally increases in the downstream direction as the 
drainage area increases. These increases, however, do not occur uniformly with 

distance along the river. Where tributaries enter the river, discharge increases 

abruptly. Depending in part on the drainage area of the tributary, these increases 

in discharge can be substantial. Usually, however, the river channel adjusts to 

these increases in flow, and an increase in velocity commensurate with the increase 

in flow does not occur. For this reason, absolute discharge in the river is not an 

ideal characteristic for the relation between travel time 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 river discharge for use 

in developing a relation between discharge and time of travel. The relation be­ 

tween discharge and flow duration is shown in figure 2 for four gaging stations 

chosen as index gages for this study. Note that one of these index stations is a 

composite of the most downstream stations on the North Fork and the South Fork 

of the Shenandoah River. This composite station gives a better representation 

of flow, particularly during low-flow periods, on most of the length of the main 

stem of the Shenandoah River than does the station at Millville, where flow is 

regulated by the power-generating plant just upstream.

Flows at locations other than at the gaging stations are required when using 

some of the procedures in this report. Figure 3 gives the relation between river- 

mile location and the ratio of the drainage areas (DA ) upstream and downstream
A.
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from the index gages to the drainage areas (DA ) at the index gages. Although
o

the relation between drainage area and discharge is not absolute, these ratios 

can be used with the discharge from the index gage to make a reasonable estimate

of the discharge at any location by the formula Q = Q (DA /DA ). The termx g x g
(DA /DA ) is the ratio given in figure 3. This ratio at any river-mile location

x 8 
multiplied by the discharge (Q ) at the indicated index gaging station should give

a reasonable estimate of the flow at that location. Table 2 gives a list of the 

drainage-area ratios for the sampling sites used in this study. The discharge (Q )
o

at the composite index gage, for the main stem of the Shenandoah River, is ob­ 

tained by adding the flows from the South Fork Shenandoah River at Front Royal 

and the North Fork Shenandoah River at Strasburg.

Each of the gaging stations used as an index gage, except South River at 

Harriston, is equipped with remote telemetry equipment operated for various agencies. 

This remote equipment allows those who are most likely to need it to acquire real- 

time discharge data by telephone.

FIELD PROCEDURES

Fluorometric procedures (Wilson and others, 1984) and field procedures (Hubbard 

and others, 1982) for conducting travel time and dispersion studies on streams using 

dye tracers are well documented. In general, the described procedures were fol­ 

lowed closely in conducting this study.

The 178-mile study reach was divided into three subreaches for the September 

1983 study. Each of these subreaches was injected with rhodamine WT, 20-percent 

dye on September 6, 1983, when the flow was at about the 85-percent flow dura­ 

tion. The dye for the upstream subreach was injected at mile 179.9 and was sam­ 

pled at seven sites. The dye for the middle subreach was injected at mile 129.1 

and was sampled at six sites, and the dye for the downstream subreach was injected 

at mile 52.4 and was sampled at five sites. The resulting time-concentration curves 

are shown in figure 4.

For each subreach, the dye was injected at multiple points in the cross section 

sufficiently far upstream to provide time for lateral and vertical mixing prior 

to arriving at the first sampling site. The first sampling site for the two down­ 
stream subreaches are the same as the last sampling sites for the two upstream

13
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subreaches. This explains the 18 time-concentration curves when there are only 

16 sampling locations.

The unusual shape of the time-concentration curves for the downstream 

subreach (fig. 4) can be explained. The dye was injected at multiple points across 

the pool of a small dam. The outlet structure for the dam (IA mi downstream 

from the injection site) is a rectangular notch in the center of the dam. The differ­ 

ential in downstream velocities through the pool caused the dye to be fed through 

the notch in the dam for a period exceeding 80 hours. Although this was not an 

expected result, it will be used later in the report as an example to demonstrate 

the solution to a variable-rate injection problem.

At each of the 16 sampling sites, hand samples were collected at one point 

in the cross section that was selected visually to represent the main mass of flow. 

The fluorescence of each sample was measured in the field on a f Juorometer and 

converted to concentration based on a previously defined calibration curve. The 

frequency of sampling at each site was varied, based on the time since injection 

of the dye and the appearance of the time-concentration curve at the 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. 

At concentrations less than about 10 percent, the tail of the dye cloud becomes 

almost asymptotic to the zero-concentration line, particularly at the most down­ 

stream sampling sites for each dye injection. A current-meter discharge measure­ 

ment was made at most sampling sites sometime during the passage of the dye 

cloud.

The same procedures, as previously described, were used during the study 

in June 1984 that was made when river flow was at the 45-percent flow-duration 

level. However, for this study, the total reach was divided into four subreaches. 

This was done to shorten the total study time and thus reduce the risk of a rain­ 

storm washing out the study. An earlier attempt to obtain the high-flow data 

was aborted after the study was washed out by a storm in February 1984. The 

time-concentration curves and injection locations for the four subreaches are 

shown in figure 5. Figure 6 is a graphic portrayal of the accumulated traveltimes 

for the September 1983 and June 1984 studies. Tables 4 and 5 summarize the 

travel time and dispersion data for the two studies.
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TRAVELTIME

All samples collected in the field were analyzed with a fluorometer in the 

office laboratory under controlled-temperature conditions. The fluorometer was 

calibrated using standard solutions prepared from the same dye lot used in the 

studies.

The dye concentrations for each sampling site were plotted as a function 

of the time since injection of the dye. The traveltimes of the leading edge, the 

peak concentration, and the trailing edge of the dye cloud were determined from 

the time-concentration curve (figs. 4 and 5) for each sampling site. The traveltime 

of the trailing edge of the dye cloud is defined in this report as the time between 

injection of the dye and the time the concentration decreases to a level of 10 

percent of the peak concentration observed at a sampling site.

The velocities of the leading edge, the peak concentration, and the trailing 

edge of the dye cloud between successive sampling sites were calculated by di­ 

viding the segment length by the traveltimes. These velocities for the two studies 

were plotted on log-log paper as a function of 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. For those sites on the main stem of the Shenandoah River, 

however, the velocities were plotted against the discharge at the composite index 

gage only. The relations described above were entered with discharges correspond­ 

ing to flow-duration values of 40, 50, 60, 65, 70, 75, 80, 85, 90, and 95 percent 

for each of the index gaging stations used. The resulting velocities for each incre­ 

ment of flow duration were averaged for the leading edge, the peak concentration, 

and the trailing edge where two index gaging stations were used. Figure 7 shows 

the computation for the 15.0-mi segment between sampling sites 7 and 8. Fifteen 

computations similar to that in figure 7 provided incremental velocities at 10 

flow levels for the entire reach between Waynesboro and the mouth at Harpers 

Ferry.

The distance between sampling sites was divided by its incremental velocity 

to provide an incremental traveltime at each of the 10 flow levels for the leading

20



Reach Grove Hill to U.S. 211 Length 15.0 mi

Index gages Lynnwood (L), Front Royal (F)

Peak
Vel. 83 = 0.326 mi/h
Vel. Q . = 0.698 mi/h 84

285 ft 3 /s 
679 ft 3 /s

Q2 = 424 ft 3 /s 
Q2 = 1,050 ft 3 /s

Q = Ssept. 7-9 
Q - QJune 5,6

Leading 
edge

Vel. = 0.417 mi/h. 83
= 0.769 mi/h

Qi - 287 ftVs 
689 ftVs

Q2 
Qo

426 ft 3 /s 
1,060 ft 3 /s

! B.Pt. 7,8
4June 5

Trailing 
edge

Vel. 83 = 0.238 mi/h 
Vel. Q . = 0.595 mi/h

OH

281 ftVs 
679 ft 3 /s

418 ft 3 /s 
1,050 ft 3 /s

§ I §Sept. 7-10 
^ ^June 5,6

Flow duration Velocity, mi/h

Per­ 
cent

Q, in ft 3 /s Peak Leading edge Trailing edge

Avg. Avg. Avg.

40 743 1,190 0.750 0.770 0.760 0.820 0.830 0.825 0.660 0.670 0.665

50 585 930 .600 .620 .610 .690 .700 .695 .510 .520 .515

60 463 728 .495 ,505 ,500 ,585 ,595 ,590 .395 .405 .400

65 413 647 ,445 ,460 ,452 540 .550 545 .350 .365 .358

70 369 579 .405 ,420 .412 500 510 ,505 310 ,330 320

75 328 521 360 385 372 ,455 ,470 ,462 .275 .295 ,285

80 291 468 325 350 338 ,410 .440 ,425 ,240 ,265 ,252

85 259 421 .295 ,315 ,305 ,385 ,410 ,398 .215 ,235 ,225

90 229 377 .265 ,295 .280 350 380 365 ,187 .213 .200

95 195 318 .230 ,255 ,242 ,315 335 325 160 ,178 169

1.0
0.9 

0.8 

0.7

5 0.3

z

I I I I I I I I I I

LYNNWOOD

i i i i i i i i i i

1.0
0.9 

0.8 

0.7 

0.6 

0.5

0.1

I 1 I I I 1 I I I I

FRONT ROYAL

i ill i i i i i i
200 300 400 600 800 1000 200 300 400 600 800 1000 1500 2000

INDEX DISCHARGE, IN CUBIC FEET PER SECOND

Figure 7.-- Example of typical computations of velocities for 10 
increments of flow duration.
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edge, peak concentration, and the trailing edge. These incremental times were 

accumulated from Waynesboro to Harpers Ferry. The traveltimes from Waynesboro 

to Harpers Ferry for the leading edge (T. p ), the peak concentration (T ), and
i-rC, P

trailing edge (T--.) are given in tables 6, 7, and 8, respectively. Figures 8, 9, and 

10 are graphical presentations of the data. The data in tables 6, 7, and 8, or fig­ 

ures 8, 9, and 10, can be used to estimate the time required for a soluble substance 

to move from any point in the study reach to any point downstream. The graphical 

presentations allow a straight-line interpolation between sampling sites and may 

be easier to use than the tabular data in situations where the points of interest 

are not at the sampling sites used in the study.

The time for the dye cloud to pass a point on the river commonly is referred 

to as the time of passage or duration (D) of the dye cloud. The duration of the 

dye cloud can be calculated by subtracting the leading-edge traveltimes (fig. 8 

or table 6) from the trailing-edge traveltimes (fig. 10 or table 8). This calcula­ 

tion was made for all the sampling sites at the 10 flow levels, and the dye-cloud 

duration data are given in table 9. Figure 11 is a graphical presentation of these 

data.

The information in figures 8-11 and tables 6-9 show that, for a hypothetical 

spill at Waynesboro (site 1), the traveltime for the leading edge to reach Harpers 

Ferry (site 16) ranges from 233 hours at a flow duration of 40 percent to 682 hours 

at a flow duration of 95 percent. At the same flow-duration levels, the traveltime 

for the peak concentration ranges from 263 to 794 hours and, for the trailing edge, 

from 302 to 972 hours. The duration of the dye cloud ranges from 69 hours at 

the 40-percent flow-duration level to 290 hours at the 95-percent flow-duration 

level. In other words, the first trace of a contaminant spilled at Waynesboro at 

a flow duration of 95 percent would arrive at Harpers Ferry 28 days after the 

spill, and the contaminant would persist for another 12 days.

The use of the traveltime and dye-cloud duration data requires that discharge 

be obtained for the index gaging stations. These discharge data can be used with 

figure 2 to determine the flow-duration level prevailing in the river at the time 

of interest. The user would then (1) locate the point of the spill and the point 

of interest relative to their distances upstream from the mouth of the river (fig. 1 

and table 1 may be helpful), (2) determine the traveltime from Waynesboro (site 1) 

to the location of the spill for the specific flow duration, (3) determine the travel-

22
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TRAVELTIME OF PEAK CONCENTRATION (TP), IN HOURS
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time from Waynesboro in the same manner to the point of interest downstream, 

and (^) subtract the first traveltime from the second to get the time required 

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 travel- 

times of the leading edge (fig. 8), peak concentration (fig. 9), trailing edge (fig. 10), 

or the dye-cloud duration (fig. 11).

In cases where the flow duration is determined to be between two selected 

values given in figures 8-11 or tables 6-9, an arithmetic interpolation between 

the given values will provide an adequate solution. However, it may be easier 

to solve the problem for the two- flow-duration values that bracket the existing 

flow duration and then interpolate between the two final solutions. For example, 

if the flow in the river is at the 55-percent flow-duration level, solve the problem 

for the 50-percent and 60-percent flow-duration levels and then interpolate be­ 

tween the two answers.

In many cases where the distance between the spill and the point of interest 

is great, the user may want to establish what is happening at each intervening 

sampling site rather than just at the point of interest. The tabulated data (tables 

6-9) facilitate this type of solution, and the insight into what is happening as the 

contaminant moves downstream is greatly enhanced.

DISPERSION

When a soluble dye is injected into a flowing river, the dye immediately 

starts dispersing in the vertical, lateral, and longitudinal directions. Vertical and 

lateral mixing occurs relatively quickly. Lateral mixing can be enhanced by in­ 
jecting the dye simultaneously at multiple points in the cross section. "Until the 

dye is mixed laterally, its movement does not represent that of the total flow" 

(Hubbard and others, 1982, p. 17). The longitudinal mixing process is a continuing 

one. The ever-increasing time required for the dye cloud to pass a sampling point 

(figs. 4 and 5) as the dye moves downstream is a measure of longitudinal mixing.

The ideal situation for studying longitudinal dispersion would be one in which 

(1) the total reach could be studied without subdividing into subreaches, and (2) 

complete lateral mixing could be assumed to persist after the initial mixing period. 

Unfortunately, the ideal situation does not exist when conducting dispersion studies
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on long rivers, particularly those with a large width-to-depth ratio. The threat 

of precipitation, sampling logistics, and control of maximum dye concentrations 

at wa-ter intakes require that the total reach be divided into subreaches, as was 

done in this study. Even if complete lateral mixing is achieved, tributary inflows 

work against maintaining this condition. The processes controlling the mixing 

of tributary inflow are similar to those controlling the mixing of a side injection 

of dye. In some cases, where the tributary inflow is relatively large compared 

to the flow of the main channel, the tributary flow may be described more accu­ 

rately as resembling a line injection on a side of the stream. A line injection on 

a side of the stream would require somewhat less mixing distance than a point 

injection on the side of the stream. According to Kilpatrick and Cobb (1985, p. 

7, 34, and 35), the mixing distance for a center or side injection can be approxi­ 

mated from the following equations:

R2 
L Q [center spill ] = 0.088 - /^ " i2

R2

L Q [side spill] = 0.35 ^ ° /f -
O ^

where

L = distance required for optimum mixing, in feet; 

v = mean stream velocity, in feet per second; 

B = average stream width, in feet; 

d = mean depth of the stream, in feet; and 

s = water-surface slope, in feet per foot.

As evidenced by the proportionality constants of these equations, a side injection 

of water from a tributary requires a mixing length four times greater than that 

for a single midstream injection of dye. Therefore, for most dye studies, particu­ 

larly those on large eastern rivers, complete lateral mixing seldom is fully main­ 

tained because of tributary inflows.

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 dis­ 

persive characteristics of a river. Figures 4 and 5 show how the peak concentra­ 

tion of the dye cloud is attenuated as it moves downstream and the dye mixes 

into an increasing volume of water. The correspondent effect is that the time 

required for the dye cloud to pass a sampling point is longer at each successive 

downstream location.
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Unit Concentration

"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 

undergone by the dye; (3) the discharge that serves to dilute the cloud in the reach; 

and (4) longitudinal dispersion." (Hubbard and others, 1982, p. 34). F. A. Kilpatrick 

developed the concept of unit concentration (C ) as a method to adjust for all 

of the effects listed above, except longitudinal dispersion (Hubbard and others, 

1982, p. 34). Unit concentration 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. In other words, unit concentration is the observed 

concentration normalized with respect to the discharge in the river and the amount 

of dye injected. A basic assumption in longitudinal-dispersion studies is that under 

similar flow conditions, the observed shape of the time-concentration curve is 

constant relative to time. The magnitude of the concentration, however, is di­ 

rectly proportional to the amount of solute injected, providing no loss of solute 

occurs. Kilpatrick's formulation of unit concentration for the general case (Hubbard 

and others, 1982, p. 35) is:

C . 0, 
u W . d

where

C = unit concentration;

C = conservative concentration (a concentration 
CO that would be produced if the total quantity 

of injected material is undiminished for any 
reason as it moves downstream and is uniformly 
mixed in the entire flow);

Q = discharge at the sampling point; and 

W . = weight of pure dye injected.

A more specific use of the unit-concentration concept is its applicability to 

peak concentrations only. Unit peak concentration (C ) can be used to describe 

the attenuation of the peak concentration as the dye cloud moves downstream. 

The formula for unit peak concentration is:

up
Cp(con)x Q
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where

C = unit peak concentration; and up r
C / v = conservative peak concentration.

The ultimate use of C will be to allow computation of the conservative 

peak concentration (C / 0 resulting from a spill of a specified amount of con­ 

taminant into a specified flow. Rearrangement of equation 2 gives the following 

equation useful for this purpose:

_ . Cup* W d (2A) 
p(con) ~ Q

where, in this instance

C / v = conservative peak concentration; picon; r '
W . = weight of spilled contaminant; and 

Q = discharge at the point of interest.

In using equation 2 to calculate unit peak concentration, a complicating 

factor is the determination of the conservative peak concentration. The formula­ 

tion of unit peak concentration can be simplified as follows:

The weight of dye recovered (W ) at the sampling site can be stated as 

the discharge times the area under the time-concentration curve denoted as:

f TTE 
W = Q J Cdt (3)

TLE

The dye-recovery ratio (RR) is the weight of dye recovered (Wr> divided 

by the weight of dye injected (W .) and can be denoted as:

FTE 

Cdt
Wr TTP

RR - r _ LE th\
~ W ~ W d d

The conservative peak concentration C0(con) tnen can be calculated as:

r p(obs) p(obs) x d f ^ 
p(con) = RR

Qx«/ Cdt 
TLE
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Then from equation 2

C p(con) x Q C p(obs) x Wd x Q C p(obs)
UD W ~ TT/» T ' 
Up W d / ] TE I ! TE

W,xQxJ Cdt J Cdt
T Tin T cLc Lc

The integral in the denominator of equation 6 is the area under the observed 

time-concentration curve CA. c(0us\)» which can be determined by planimetering 

or by summing trapezoidal increments of area. Therefore, unit peak concentration 

can be calculated as:

Cup At-c(obs)

The proportionality constant (4,450) in equation 7 gives unit peak concentration 

values in micrograms per liter per pound per cubic foot per second, if C , ,* 

is in micrograms per liter and A / , vis in micrograms per liter hours.

Equation 7 greatly simplifies the calculation of unit peak concentration. 

It has limited use, however, as it can only be used where a time-concentration 

curve has been developed. When a long reach of a river is divided into subreaches 

for study, as was done with the Shenandoah River, a unit peak concentration that 

corresponds to the long accumulated traveltimes (table 7 and fig. 9) cannot be 

calculated by equation 7.

Scalene- Triangle Analogy

The examination of the time-concentration curves in figures 4 and 5 reveals 

a striking similarity between the characteristics of a time-concentration curve 

and a scalene triangle (a triangle with three unequal sides). The time-concentration 

curve has the following characteristics: C varies from C=0 at TL-> t° C=C / us\ 

at Tp, to C 58 0 (0.1 Cp/ . 0 at T-.p. The only significant difference between the 

scalene triangle and the time-concentration curve is that the time-concentration 

curve varies curvilinearly from T,- to Tp and from Tp to TTE while the scalene 

triangle varies linearly. Figure 12 graphically portrays the analogy of the scalene 

triangle to the time concentration curve.
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The advantage of the scalene triangle is that the area of the time-concentration 

curve can be expressed as:

/ T 

- *dt * C p(obs) x ^S^ »> 
[ LE

Taylor and others (1985) have demonstrated the validity of the above approximation 

for instantaneous dye injections. If the scalene-triangle area is substituted for 

the integral in equation 6, unit peak concentration can be formulated as follows:

r C p(obs) _ K (9)
i ii-» T _ T *T* _ *T*

TB T n * T*n T n11, Lc 1 c Lc

where K is a constant previously determined to be 9,270.

The term (T. p - T, p ) was previously defined as the time of passage or 

duration (D) of the dye cloud. Unit peak concentration can then be formulated

as: .
C = 9,270 D" 1 (10)

The proportionality constant (9,270) used in equation 10 has been calcu­ 

lated to give unit peak-concentration (C ) values in units of micrograms per

liter per pound per cubic foot per second r-«l pr  - 1, when dye-cloud dura­ 

tion (D) is in hours. Values for dye-cloud duration (D) for the entire reach of river 

at 10 flow levels are given in table 9 and figure 11. Using equation 10 and dye- 

cloud duration (D) data from table 9, the unit peak concentrations (C ) were 
calculated for each sampling site for all 10 flow-duration levels for a hypothetical 

spill at Waynesboro. These C values were plotted as a function of the corre­ 

sponding traveltimes (T ) of the peak concentrations from table 7 and are shown 

in figure 13.

The data in figure 13 show that the unit peak-concentration approach is 

successful in adjusting for the dilution effects of different flow levels. The data 

for 10 flow levels plot essentially on one curve for peak-concentration traveltimes 

of less than 150 hours. The apparent scatter for peak-concentration traveltimes 

greater than 150 hours is the combination effect of (1) a change in slope of the 

curve due to the increased dispersive capabilities of two reaches with dams, and 

(2) a timing offset caused by the slower rate of movement of the peak concentra­ 

tion at lower flow levels.
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The changes in slope and timing offsets described above are clarified in fig­ 

ure 14, which shows only the data for the 60-, 80-, and 95-percent flow-duration 

levels. The slope of the line connecting two consecutive sampling sites is a meas­ 

ure of the longitudinal dispersive capability of the stream segment between the 

sampling sites. Note the similarity of slope for a specific stream segment for 

all three flow levels. The increased negative slopes of the lines between sampling 

sites 7 and 8 and between sites 8 and 9 reflect the increased longitudinal dispersive 

capabilities of these two stream segments due to dams located at mile 115.8 and 

mile

The calculation of a conservative peak concentration at any point along 

the river for this hypothetical spill at Waynesboro would involve the use of equa­ 

tion 2A as follows:

where

ĉp(con)

C / x = conservative peak concentration, in jJg/L;

C = unit peak concentration, in ^^ jr  -  ;

W . = weight of soluble contaminant, in pounds; and

Q = discharge in river, in ft /s.

The calculation of conservative peak concentrations for a spill at any other 

location would require the user to initialize the cloud duration (D) (fig. 11 or table 

9) to zero at the location of the spill. This can be done by the same subtractive 

process as demonstrated in the previous section with traveltime. The user can 

calculate a conservative peak concentration at the point of interest or at any in­ 

tervening point between the spill and the point of interest.

With the information provided thus far, the user can determine the following: 

(1) The traveltime of the leading edge (T,_) of the contaminant cloud (C/ \ = 

0 at TL£); (2) the traveltime of the trailing edge (T~E) of the contaminant cloud

(C/ v = 0 at T~c ); and (3) the traveltime of the peak concentration (T ) of the 
(con) TE C W ^

contaminant cloud (C / v = UP^   at T ). With these three pairs of datap(con) Q p r
points, the user can plot the triangular approximation of the conservative time- 

concentration curve.

39



oc
LU 
Q_

co

oc o
O LUo °°
oc oc
O LJJ

I £

? O
. o

< > LL 
CL
=> O
o 5
^ D

Z O

2 oc
I- UJ
< 0-

O oc 
O m

< 0=

2000

1000

500

200

100

50

20

I I I I I I

EXPLANATION

  60-percent flow duration.

  80-percent flow duration.

-A--  95-percent flow duration 

12 Sampling site

10 20 50 100 200 500 1000

TRAVELTIME OF PEAK CONCENTRATION CT P ), IN HOURS

Figure 14.-- Relation between unit peak concentrations and traveltimes 
of the peak concentrations at the 60-, 80-, and 95-percent 
flow durations for a hypothetical spill at Waynesboro, 
Virginia.

40



Superposition

The dispersion measurements in the two dye studies were for a slug or instan­ 

taneous injection of dye. The methods developed from these measurements, however, 

can be used with minor adjustments to calculate the conservative time-concen­ 

tration curve resulting from a constant-rate or variable-rate spill of contaminant. 

The process is known as superposition. In this process, selected time increments 

of the spill are routed downstream as triangular approximations of the conservative 

time-concentration curve. The resulting total conservative concentration at any 

time is the sum of the contributions of all the triangular approximations at that 

time.

The unusual time-concentration curves resulting from the most downstream 

dye injection during the September 1983 study (fig. 4) provide a good example 

for demonstrating the superposition method. As stated previously, the dye injection 

was made upstream from a dam that has a center-notch outlet. The nonuniform 

velocities through the pool caused the dye to be released from the pool over a 

period of about 4 days.

The observed time-concentration curve (fig. 4) at the site downstream from 

the dam (site 12) is used to simulate a variable rate injection. The weights of dye 

in 5-hour increments (fig. 15A) of the time-concentration curve were calculated 

and then routed as triangular approximations (fig. 15B) to site 15. The composite 

curve is then determined by summing the contributions from the 21 triangular 

approximations. This composite curve (fig. 15C) then is compared with the ob­ 

served curve (restored to 100-percent recovery) at site 15. The same procedure 

can be used to calculate the response from a constant-rate injection. If equal 

time increments of the injection are chosen, the routed triangular approximations 

will be identical in shape and offset by a constant time increment, assuming the 

flow in the river is constant.

APPLICATION OF TECHNIQUE

A principal objective of this report is to provide a generalized procedure 

that can be used to predict the traveltime and downstream concentrations resulting 

from a spill of water-soluble substance in the river during periods of relatively 

stable flow. The procedures are applicable under the following conditions:
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1. Flow conditions: 40- to 95-percent flow duration

2. Type of spill:

(a) Instantaneous slug

(b) Constant rate

(c) Variable rate

3. Amount of spill: No constraint

4. Location of spill - Any point along:

(a) South River (downstream from Waynesboro, Va.)

(b) South Fork Shenandoah River

(c) Shenandoah River

5. Response prediction - any point downstream from a spill on:

(a) South River

(b) South Fork Shenandoah River

(c) Shenandoah River

The following is a partial list of the types of problems 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 contaminant 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 less than a specified value.

(13) Location where peak concentration will be less than a specified value.
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Use of the procedure can be demonstrated best by solving an example problem. 

Suppose, for example, that a tanker truck overturned on State Highway 649 near 

Island Ford, Va. (sampling site 5, at river mile 142.6), and rapidly spilled its 5,000- 

pound contents into the river. The spill is assumed to have occurred at 9 a.m., 

on July 2, and the contents are assumed to be highly toxic and soluble in water. 

It is further assumed that, upon being notified of the situation, health authorities 

telephoned the telemarks at two or more of the index stream gages and received 

stage data for the gages. After referring to a previously developed stage-discharge 

relation, the authorities could determine the discharge at the gaging stations. 

With these discharges, they would determine the flow duration from figure 2. For 

this example, assume that the flow duration is at about the 80-percent level.

The health authorities are concerned about the impact of the spill on the 

water supply for Front Royal (sampling site 11, at river mile 57.7). Specifically, 

their concerns are:

(1) When will the first traces of the contaminant arrive at the intakes?

(2) When will the highest concentration arrive?

(3) What will the maximum concentration be?

(4) When will the contaminant be essentially past the water intakes?

The following procedure can be used to predict the traveltimes and concen­ 

trations. Although the user can go directly to a solution at the point of interest 

(Front Royal intakes), it may be helpful and enlightening to examine what is hap­ 

pening at intervening points between the spill and the point of interest. The loca­ 

tions used as sampling sites in the studies are convenient intervening points to 

examine. For example:
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1. When will the first trace of contaminant arrive?

Procedure:

Use figure 8 or table 6. For a flow duration of 80 percent, determine 

the leading-edge traveltime (T. p) from Waynesboro (site 1, mile 178.5) to 

the location of the spill (site 5, mile 142.6). T, p/i^o <) = *^7 hours. Then 

tabulate the leading-edge traveltime for site 5 and each intervening sampling 

site to site 11 (Front Royal). Subract 107 hours from the leading-edge 

traveltimes determined for each of the sampling sites. The subtraction pro­ 

cess initializes the traveltime to zero at the point of the spill. The book­ 

keeping procedure is shown in the following table.

Spill

Front 
Royal

Site 
no.

5

6

7

8

9

10

11

River 
mile

142.6

129.1

121.2

106.2

99.2

73.1

57.7

T - LE(mile x)

TLE(mile 142.6) TLE 
(hours) (hours)

107 -

144 -

161 -

196 -

228 -

294 -

341 -

107

107

107

107

107

107

107

0

37

54

89

121

187

234

Date

7/2

7/3

7/4

7/6

7/7

7/10

7/12

Time

9

10

3

2

10

4

3

a.m.

p.m.

p.m.

a.m.

a.m.

a.m.

a.m.

Therefore, the first trace of contaminant will arrive at Front Royal intakes 

approximately 234 hours after the spill or at 3 a.m., on July 12. Also avail­ 

able are the times that the first trace of contaminant will arrive at each 

intervening site. The tabular data (table 6) is most useful when working 

with the sampling sites. The graphical data may be easier to use if working 

with sites located between the sampling sites used in the study.
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2. When will the peak concentration arrive?

Procedure:
Use figure 9 or table 7 to determine traveltimes (T ) of the peak con­ 

centration. First, the data must be initialized to zero at the point of the 

spill. T /ifc? s\ = 120 hours for a flow duration of 80 percent.

Spill

Front 
Royal

Site 
no.

5

6

7

8

9

10

11

River 
mile

142.6

129.1

121.2

106.2

99.2

73.1

57.7

T - LE(mile x)

TLE(mile 142.6) TLE 
(hours) (hours)

120 -

160 -

181 -

225 -

272 -

394 -

400 -

120

120

120

120

120

120

120

0

40

61

105

152

229

280

Date

7/2

7/4

7/4

7/6

7/8

7/11

7/14

Time

9

1

10

6

5

10

1

a.m.

a.m.

p.m.

p.m.

p.m.

p.m.

a.m.

The peak concentration of contaminant will arrive at the Front Royal intakes 

280 hours after the spill or at about 1 a.m., on July 14.
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3. When will the contaminant be essentially past the Front Royal intakes?

Procedure:

Use figure 10 or table 8. Determine the traveltimes (TTp ) of the 

trailing edge of the contaminant cloud in the same manner as for the 

leading edge and peak concentration. Remember, however, that the trail­ 

ing edge was defined as the time when the concentration diminished to 

10 percent of the peak concentration.

Spill

Front 
Royal

Site 
no.

5

6

7

8

9

10

11

River 
mile

142.6

129.1

121.2

106.2

99.2

73.1

57.7

TLE(mile x)

TLE(mile 142.6) TLE 
(hours) (hours)

142 -

188 -

212 -

272 -

339 -

427 -

482 -

142

142

142

142

142

142

142

0

46

70

130

197

285

340

Date

7/2

7/4

7/5

7/7

7/10

7/14

7/16

Time

9

7

7

7

2

6

1

a.m.

a.m.

a.m.

p.m.

p.m.

a.m.

p.m.

The concentration of the contaminant at Front Royal would be down to 10 

percent of the peak concentration, and diminishing, 340 hours after the 

spill or at about 1 p.m., on July 16.
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What will the conservative peak concentration be at Front Royal?

A conservative concentration is the concentration that would exist if all 

the spilled substance is transported to Front Royal. For most substances, 

losses will occur during transport through physical, chemical, or biological 

processes. These losses will be variable depending on the characteristics 

of the spilled substance.

Procedure:

Use figure 11 or table 9. Determine the dye-cloud duration (D) in the 

same manner as the traveltimes were determined. Use 80-perent flow 

duration.

Spill

Front 
Royal

Site 
no.

5

6

7

8

9

10

11

River 
mile

142.6

129.1

121.2

106.2

99.2

73.1

57.7

(mile x)

D (mile 142.6) 
(hours)

35 -

44 -

51 -

76 -

111 -

133 -

141 -

35

35

35

35

35

35

35

D 

(hours)

0

9

16

41

76

98

106

Note that dye-cloud duration (D) also can be determined by D = T~p - 7,^. 

In working with concentrations, river-discharge information is required. The

discharges at 80-percent flow duration for the index gages at Lynnwood (L)
3 and Front Royal (F) on the South Fork Shenandoah are: QLgo = 290 ft /s

and Qpg0 = 465 ft /s (fig. 2). The discharges at the sampling sites can be 

estimated from the drainage-area ratios given in table 2. To obtain dis­ 

charges for sites other than sampling sites, the drainage-area ratios deter­ 

mined from figure 3 can be used to adjust the appropriate index-gage discharge.
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The unit peak concentration (C ) can be calculated at each sampling

point by equation 10: C = 9,270 D~ . The conservative peak concentration
UP C UD x W d 

(C / \) then can be calculated by equation 2A: C / * =  ^ ^ 

W , = 5,000 pounds (given)

QLgo = 290 f tj/s 

QFgQ = 065 ft3/s

Spill

Front 
Royal

Site 
no.

5

6

1

8

9

10

11

River 
mile

142.6

129.1

121.2

106.2

99.2

73.1

57.7

Dye- 
cloud 

duration 
(D) 

(hours)

0

9

16

41

76

98

106

Unit 
peak 
concen­ 
tration
(C *) up

-

1,030

579

226

122

94.6

87.5

Drainage- 
area 
ratio

1.06 L

1.18 L

1.19 L

1.27 L

1.29 L

.96 F

1.00 F

Discharge 
(Q)

(ft3/s)

307

342

345

368

374

446

465

Conserva­
tive peak 
concen­ 
tration
(Cp(con) }

(ng/L)

-

15,000

8,390

3,070

1,630

1,060

940

In pg/L x ft /s 
Ib

The peak conservative concentration (C / - 0, therefore, will be 940 jug/L 

at the Front Royal intakes. With the information available, the triangular approxi­ 

mations of the conservative time-concentration curves for Front Royal, as well 

as the intervening points, can be plotted (fig. 16). In addition, the data can be 

displayed in several other ways (fig. 17) which are related to time, distance, and 

concentration. The solution to any of the 13 types of problems posed at the begin­ 

ning of this section can be determined from the five graphical presentations shown 

in figure 17.
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Figure 17.-- Various ways to display data from example hypothetical 

spill at Island Ford.
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In order to illustrate the superposition technique for dealing with a variable- 

rate or constant-rate spill, let us assume that the same 5,000 pounds of soluble, 

toxic material was spilled in the river. All conditions except the method of spill 

are assumed to be the same as in the previous problem. Let us further assume 

that the spill occurred at the rate of 200 pounds per hour for the first 10 hours 

and then at the rate of 100 pounds per hour for 30 hours (fig. ISA). The problem 

is to determine the response at the Front Royal water intake. The following infor­ 

mation is available from the previous problem for the Front Royal site (site 11): 

TLE = 234 hours, Tp= 280 hours, TTE = 340 hours, D = 106 hours, QFgo = 465 ft3/s, 

and W, = 5,000 pounds.

As the contaminant cloud required over 100 hours to pass the Front Royal 

intakes from an instantaneous injection, it should provide an adequate solution 

if each 5-hour increment of spill is treated as an instantaneous injection. The 

injection time will be assumed to be the midpoint of the 5-hour increment. The 

following table shows the information necessary to plot the triangular approxima­ 

tion (fig. 18B) of the time-concentration curve for each injection increment.

Injection 
increment 

no.

1

2

3

4

5

6

7

8

Weight 
injected 

(lb)

1,000

1,000

500

500

500

500

500

500

Time 
since 

injection 
began 
(h)

2.5

7.5

12.5

17.5

22.5

27.5

32.5

37.5

T 
LE

(+234) 

(h)

236.5

241.5

246.5

251.5

256.5

261.5

266.5

271.5

TP 

(+280)

(h)

282.5

287.5

292.5

297.5

302.5

307.5

312.5

317.5

T 
TE

(+340) 

(h)

342.5

347.5

352.5

357.5

362.5

367.5

372.5

377.5

C = 
up

9,270
D 
(*)

87.5

87.5

87.5

87.5

87.5

87.5

87.5

87.5

P(con) ~
C W, up d

Q 
(ug/L)

188

188

94

94

94

94

94

94

* C , in micrograms per liter per pound per cubic foot per second.
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Figure 18.  Computation of time-concentration curve for variable-rate 
injection by superposition method. (A) Variable-rate 
injection of contaminant in 5-hour increments: (B) Triangular 
responses to injection increments: and (C) Composite 
response curve for variable-rate injection and triangular 
response curve for instantaneous injection.
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The composite time-concentration curve (fig. 18C) is the sum of the contri­ 

butions of the eight triangular approximations summed at 10-hour intervals. The 

triangular approximation of the time-concentration curve at Front Royal for the 

instantaneous injection is also shown in figure 18C. The effects of the variable- 

rate injection are that it delays the arrival of the peak concentration by 20 hours 

and reduces the peak concentration by about 20 percent. It should be noted that 

the concentrations are conservative and reflect the transport of the total amount 

of the spilled contaminant.

ASSUMPTIONS AND LIMITATIONS

The methods and procedures given in this report have been generalized to 

make them applicable to a wide range of circumstances. In developing the tech­ 

niques, a number of assumptions were made and are discussed below. In using 

the techniques, many subjective judgments 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 generally one of slowly decreasing 

flow. No precipitation occurred during the studies (which would have introduced 

a flood wave into the flow system). The effect of a hydraulic wave on the move­ 

ment of a discrete particle of water is indeterminate by dye-tracer studies, and 

procedures to handle such a situation are beyond the scope of this study. When 

using the described procedures, and a significant flood wave is present in the system, 

added uncertainty will be introduced in the results.

In the example computation, steady flow rates were assumed to exist for 

a long period of time. Actually, steady flow seldom exists in a natural flow system. 

If precipitation is occurring or has recently occurred, the discharge usually is in­ 

creasing. In the case of no precipitation, the discharge usually is decreasing. 

The data for this study generally were collected under conditions of no precipi­ 

tation. The procedures are most useful under similar conditions. Even under ideal 

flow conditions, the solution to a problem will be an iterative one. The index dis­ 

charge most likely will be changing during the time a contaminant is moving down­ 

stream. As the traveltimes and concentrations are related to discharge, the user 

will need to reassess these values at periodic intervals based on the most curent 

discharge information.
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Two velocities and associated river discharges were available for each river 

segment between sampling sites. In the interpolation and extrapolation to other 

discharges, a log-linear relationship was assumed to exist between the velocity 

of the peak concentration and the average discharge at the index gage during the 

period the peak concentration was moving between successive sampling points. 

A similar assumption was made for the velocity of the leading edge and the trailing 

edge of the dye cloud. Ideally, three measurements of velocities and associated 
discharges would be used to determine these relationships. Some studies have 

revealed a slightly curvilinear relation. However, the 50-percent increase in study 

cost for obtaining the third set of data did not seem warranted.

Complete lateral mixing was assumed to exist in the development of the 

concentration attenuation procedures. However, under the conditions prevailing 
during this study, complete lateral mixing was not continuously maintained because 

of large inflows of water from the two major tributaries.

All calculations and procedures relative to concentration assume conserva­ 

tion of mass. In other words, it is assumed that the dye or contaminant is conser­ 

vative and is not lost for any reason as it moves downstream. In an actual situa­ 

tion, there are processes other than dilution by mixing that may 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 average 

concentrations under most circumstances. When lateral mixing is not complete, 

a localized peak concentration in the stream section may be higher than the average 

peak concentration determined from the relation. These two factors are at least 

partially compensating and the relations should provide a reasonable answer. Adjust­ 

ments based on the user's knowledge of the characteristics of the spilled substance 

may be warranted 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.
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The studies measured the results of a direct slug injection of dye at several 

points across the river. The probability 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, the contaminant would tend to move more slowly at first than 

indicated by the traveltime relations. Under these circumtances, the contaminant 

also would be highly concentrated on one side of the stream. As indicated by the 

equations of mixing length on page 32, the distance for complete lateral mixing 

can be substantial, particularly in rivers that have a large width-to-depth ratio. 

The user should calculate the reach length required for total mixing. While the 

contaminant moves through this reach, the calculated average concentration would 

need to be adjusted for the uneven distribution in the cross section.

SUMMARY AND CONCLUSIONS

Dye-tracer studies on the Shenandoah River between Waynesboro, Va., and 

Harpers Ferry, W. Va., were made in September 1983 and June 1984 at discharges 

with flow durations of 85 and 45 percent, respectively. Data from the studies 

were used to develop a generalized method for predicting traveltimes and concen­ 

tration attenuation resulting from a spill of a soluble substance into the river. 

The method is most applicable to nearly steady or slowly decreasing rates of flow. 

The method allows the user to estimate the necessary data to construct the approxi­ 

mate 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. The method is applicable to spills in which the contami­ 

nant is injected instantaneously, at a constant rate, or at a variable rate.

An example computation using the graphs and tables shows that, with flow 

conditions at the 80-percent duration level, an instantaneous spill of 5,000 pounds 

of water-soluble contaminant at Island Ford, Va., would have the following effect 

on the river (85 mi downstream) at the Front Royal water intakes: (1) The leading 

edge of the contaminant cloud would reach Front Royal in 9.75 days; (2) the peak 

concentration of contaminant would arrive in 11.7 days; (3) the magnitude of the 

peak concentration would be about 940 ug/L if the contaminant were conservative; 

and (4) the concentration of contaminant would be about 94 jug/L, or 10 percent 

of the peak, 14.2 days after the spill.
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Under the same flow conditions, a variable-rate spill of 200 pounds per hour 

for 10 hours and 100 pounds per hour for 30 hours would delay the peak concen­ 

tration by 20 hours and reduce the magnitude of the peak concentration by about 

20 percent.

The methods presented in this report are intended to be used as a guide in 

monitoring the movement of a soluble substance in the Shenandoah River. Those 

responsible for managing and regulating water resources would generally monitor 

a situation such as that described in the sample problem. Extensive personnel 

resources to collect and analyze samples, to monitor and measure the discharge 

in the river, and to track the actual movement of the contaminant 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 will be to enhance the understanding 

(in advance of a serious problem) of how the river system works to transport, dis­ 

perse, and dilute a soluble material spilled in the river.

The conditions under which the field data were collected 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 substantially from 

those described. The user also is advised that some subjective decisions may be 

required to adjust the results to reflect the field situation existing at the time 

a problem occurs.
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