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CONVERSION FACTORS AND ABBREVIATIONS

For the convenience of readers who may prefer to use metric (International
System) units rather than the inch-pound units used in this report, values may
be converted by using the following factors:

Multiply inch-pound unit

foot (ft)

mile (mi)

square mile (miz)

foot per mile (ft/mi)

pound (Ib)

foot per second (ft/s)

cubic foot per second (£t2/s)
mile per hour (mi/h)

By
0.3048
1.609
2.590
0.1894

453.6
0.3048
0.02832
1.609

To obtain metric unit

meter (m)
kilometer (km)
square kilometer (kmz)
meter per kilometer (m/km)

gram (g)

meter per second (m/s)
cubic meter per second (m3 /s)
kilometer per hour (km/h)
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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.
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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
has a drainage area of 823 mi’ (square miles) at its confluence with the South River,
and the North Fork Shenandoah River, which has a drainage area of 1,033 mi2
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
Valley. The total drainage area for the Shenandoah River basin is 3,054 miz.
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 £t/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
7%-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 | 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 7%-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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[Drainage-area ratio:

Table 2. — Location, segment length, and drainage-area ratios for

sampling sites used in study

Approximate ratio of drainage area at sampling site to

drainage area at indicated index gage. Index gages:
F = Front Royal, C = Composite (Sum of drainage areas at South Fork Shenandoah
River at Front Royal and North Fork Shenandoah River near Strasburg)]

H = Harriston, L = Lynnwood,

Segment
Sampling River length Drainage—area ratio
site no.! mile (mi) Sampling site name and index gage
1 178.5 Waynesboro

5.3

2 173.2 Hopeman Parkway 0.70(H)
7.4

3 165.8 Crimora 0.87(H)
6.4

4 159.4 Harriston (Index Gage) 1.00(H)
16.8

5 142.6 Island Ford 1.06(L)
13.5

6 129.1 Shenandoah 1.18(L)
7.9

7 121.2 Grove Hill 1.19(L)
15.0

8 106.2 U.S. Highway 211 1.27(L)
7.0

9 99.2 Bixler Bridge 1.29(L)
26'1

10 73.1 Bentonville 0.96 (F)
15.4

11 57.7 Front Royal (Index Gage) 1.00(F)
10.2

12 47.5 Morgan Ford 1.15(C)
10.9

13 36.6 U.S. Bighway 17 and 50 1.16(C)
14.5

14 22.1 State Highway 7 1.22(C)
13.7

15 8.4 State Highway 9 1.25(C)
7.6

16 0.8 Harpers Ferry 1.27(C)

1

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.

Miles Average
Station Station name above slope in Drainage
no. mouth reach arei
(Ft/ft) (mi”)
(Operated by Virginia State Water Control Board)
01626000 South River near Waynesboro, Va. 178.5 127
0.0018
01626850 South River near Dooms, Va. 173.2 149
0.0016
01627500 South River at Harriston, Va. 159.4 212
0.0020
01628500 South Fork Shenandoah River 148.6 1,084
near Lynnwood, Va. 0.0013
01629500 South Fork Shenandoah River 106.2 1,377
near Luray, Va.
(Operated by U.S. Geological Survey)
0.0010
01631000 South Fork Shenandoah River 57.7 1,642
at Front Royal, Va.
01636500 Shenandoah River at Millville, 4.8 0.0006 3,040
W. Va.
01634000 North Fork Shenandoah River near 768

Strasburg, Va.

1 gtation 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 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 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 (DAx) upstream and downstream
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from the index gages to the drainage areas (DA g) at the index gages. Although
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 Qx= Qg(DAx/DAg). The term
(DAX/D Ag) is the ratio given in figure 3. This ratio at any river-mile location
multiplied by the discharge (Qg) 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 (Qg)
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 traveltime 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 poo!l of a small dam. The outlet structure for the dam (1.4 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 fluorometer 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

traveltime and dispersion data for the two studies.
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Figure 5.-- Observed time-concentration curves for the June 1984
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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
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Reach Grove Hill to U.S. 211 Length 15.0 mi

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

- - 3 _ 3 5
Peak Vel.83 : 0.326 mi/h Ql : 285 fta/S QZ : 424 ft.a/s Q : QSept. 7-9
Vel.84 = 0.698 mi/h Qp = 679 ft /s Q, = 1,050 ft°/s Q= QJune 5,6
Leading Vel.83 i 0.417 m?/h Qp = 287 ft;/s Q, j 426 ftz/s Q i §Sept. 7,8
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