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Flume Simulation of Recirculating Flow and Sedimentation
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] Experiments were conducted in a 4-m-wide flume to simulate recirculating flow and sedimentation
in a lateral eddy within a channel expansion. The percentage of main stem sediment that was captured
by the eddy decreased from 37% (when the eddy was empty) to 24% (when sand filled approximately
32% of the eddy volume). The reattachment bar within the eddy grew in an upstream direction, and the
finest size sediment was deposited in the lee of the obstruction; both observations are consistent with
field observations. Measurements of reattachment length during sediment transport (0.5-1.0 kg/s) at
constant discharge (0.60 m>/s) show that reattachment length depends not only on characteristics of
the expanding jet, but also on the topography of the channel bed downstream; reattachment length
decreased when part of the channel expansion was filled by an aggrading midchanne] bar. Comparison
of these results with measurements in the Colorado River in Grand Canyon suggests that downstream
channel irregularities play a large role in controlling the length of eddies in natural rivers.

INTRODUCTION

Recirculating currents, or eddies, develop in rivers wher-
ever the orientation of downstream flow and the channel
banks are sufficiently divergent, such as at sharp meander
bends [Leeder and Bridges, 1975] and downstream from
channel confluences [Best, 1986]. These currents also de-
velop where constricted flow enters a wider reach, such as in
the lee of debris fans or bedrock that partly obstructs
downstream flow. Recirculating flows are weaker than adja-
cent downstream flow, which causes sediment to accumulate
in recirculation zones; sediment storage in recirculation
zones may comprise a high proportion of total sediment
storage in some bedrock canyons. Bars deposited at high
discharge in recirculating currents (and subsequently emer-
gent) may become substrate for riparian vegetation or be
used as campsites. In canyons affected by upstream dams,
recirculating current bars may be eroded [Schmidt and Graf,
1990], and future restoration management strategies may
include high-discharge, regulated releases intended to recon-
struct these bars.

Flow separation and associated recirculation are long-
studied phenomena in the laboratory [Eaton and Johnston,
1981; Simpson, 1989] and coastal settings [Signell and
Geyer, 1991; Wolanski et al., 1984], but have received less
attention in rivers. The general hydraulic and sedimentologic
characteristics of recirculation zones and associated bars
have been described in Grand Canyon [Rubin et al., 1990;
Schmidt, 1990; Schmidt and Graf, 1990], but few field
observations have been made of the rate and style of bar
development and hydraulic conditions in river eddies. There
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have also been few physical model experiments which
measured recirculating flow conditions during bar aggrada-
tion. This paper summarizes the results of experiments
intended to simulate flow and sedimentation in a bedrock
canyon; these experiments were undertaken in the 4-m-wide
flume at the Environmental Research Center, University of
Tsukuba. We describe (1) flow patterns, velocities, and
changes in reattachment length in a large recirculation zone,
(2) evolution of bar topography and bed forms, (3) areal
sorting of sediments, and (4) efficiency of this zone in
capturing sediment. The experimental results are related to
field studies.

LITERATURE REVIEW

We have observed large recirculation zones and associ-
ated sand bars along the Colorado River in Grand Canyon,
Arizona, and Cataract Canyon, Utah; along the Snake River
in Hells Canyon, Idaho and Oregon; along the River of No
Return reach of the Salmon River, Idaho; along the Green
River in Lodore and Desolation Canyons, Utah; and on
smaller streams in the western United States and New
England. Accounts of river runners indicate that such zones
occur in bedrock canyons throughout the world, and recir-
culating current sedimentation has been described in paleo-
flood studies throughout the western United States [Baker,
1984]. In the Colorado River in Grand Canyon, recirculation
zones are large and persistent, typically occupying one third
to one half of the channel width downstream from constrict-
ing debris fans. In the upstream 195 km of Grand Canyon,
about 400 large eddies exist at most discharges [Schmidt and
Graf, 1990].

Experiments show that wakes with simple recirculating
flow develop in the lee of cylinders at Reynolds numbers
greater than about 4 [Chang, 1966]. At Reynolds numbers
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Fig. 1. Plan view of flow features at a backward facing step

adapted from Driver et al. [1985]. H is step height.

greater than 40, flow within the wake becomes unsteady, and
vortices develop along the shear zone between the main flow
and the wake. Two flow zones develop: a near wake of
closed recirculation and a far wake within which shed
vortices move downstream. In open-channel flow, the near
wake is referred to as the separation bubble or recirculation
zone.

The simplest reattaching flow occurs at the backward
facing step at the boundary of an otherwise semi-infinite or
uniform flow field (Figure 1). The point of flow separation,
which Simpson [1989] has shown to be a zone of varying
detachment conditions, is generally considered fixed in
space where the step corner is sharp, although Eaton and
Johnston [1981] have documented unsteadiness of the sepa-
ration point even at this geometry. Near the separation
point, the detached boundary layer forms a free shear layer
which is initially thin and parallel to the orientation of the
constricted flow. Further downstream, the separated shear
layer curves sharply toward the wall. Simplified drawings of
experimental conditions typically show a time-averaged
mean streamline impinging the wall at the time-averaged
reattachment point, which is located within a zone through
which the instantaneous reattachment point fluctuates. Re-
attachment point fluctuation has been related to the migra-
tion of large turbulent structures along the shear layer, and
the length of the reattachment zone is of the order of 4 step
heights. Simpson [1989] also reported that the maximum
backflow velocity is typically greater than 20% of the free
stream velocity. Experiments and numerical modeling have
demonstrated that reattachment length is highly sensitive to
the longitudinal pressure gradient and to bottom friction
[Eaton and Johnston, 1981; Yeh et al., 1988].

Schmidt and Graf [1990] measured great variability in
reattachment length in Grand Canyon, and found that recir-
culation zones lengthen with increasing discharge until dis-
charge becomes so great that the constricting debris fan is
overtopped and the surface expression of the recirculation
zone appears to become washed out. Flow in recirculation
zones is organized into a simple one-cell primary eddy
rotating such that upstream flow occurs along the river bank.
At higher discharges, primary eddies lengthen downstream
and secondary eddies develop upstream from the primary
eddy on flooded parts of the constricting debris fan. Schmidt
[1990] showed that there is a maximum length to which each
recirculation zone can extend, controlled at the upstream
end by the constriction itself and at the downstream end by
irregularities in channel geometry. Schmid: [1990] found that
narrow and deep constrictions create longer recirculation
zones than do wider, shallower constrictions.

Baker [1984] distinguished and described four major bar
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types that occur in narrow, deep bedrock stream channels,
including the expansion bars and eddy bars that are the
subject of this paper. The category of eddy bars, formed
beneath recirculating currents, was subdivided by Schmid;
[1990], based on observations in Grand Canyon (Figure 2),
Reattachment bars form in the reattachment zone and be-
neath the primary eddy. Separation bars mantle the con-
stricting debris fan and are formed at higher discharges by
secondary eddies that submerge parts of these fang
[Schmidr, 1990]. Sorting occurs within recirculation zones
[Page and Nanson, 1982]. In Grand Canyon, those separa-
tion bars formed by high annual peak discharges in 1983-
1985 were composed of finer sediment than were reattach-
ment bars formed by the same flows, presumably because
sorting processes caused the coarser sediment to be depos-
ited in the area where sediment first entered recirculation
zones, the reattachment zone [Schmidr, 1990]. Bed load
transport directions beneath the primary eddy, inferred from

Fig. 2. Photograph, looking downstream, of the Colorado River
in Grand Canyon about 1 km upstream from Blacktail Canyon.
Three reattachment bars on river right exist at this discharge; one is
at the bottom, one in the middle, and one near the top of the
photograph. Each reattachment bar occurs in association with a flow
separation inducing debris fan. A small rapid in the center of the
photograph has been formed by a debris fan on river right; a small
patch of sand on top of this debris fan is a separation bar. Note that
reattachment bars are highest in elevation on their downstream and
shoreward side, and that each reattachment bar has a small remnant
channel separating the low-elevation part of the bar from the talus
bank. This channel is maintained by backflow at higher discharges.
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TABLE 1. Experimental Conditions
Experiment
Empty Flume Bed Aggradation

Flow rate, m3/s 0.15-0.61 0.60
Total run time, hours 22 30
Number of runs 13 4
Sediment feed rate, k/s 0 0.5-1
Sediment feed characteristics:

mean, mm 1.3

standard deviation, phi units 0.96

Number of runs indicates number of times flume was drained and
bed observations were made.

bed form orientations and sedimentary structures, mimic
surface flow patterns and indicate rotary motion [Rubin et
al., 1990]. The only large area of structures indicating
downstream transport is in the downstream part of the
reattachment zone. Typical sedimentary structures found
within reattachment and separation bars are foresets depos-
ited by the bar as it migrates onshore and foresets deposited
by ripples and dunes migrating in a rotary pattern. Symmet-
rical straight-crested ripples are common in the reattachment
zone [Rubin et al., 1990]. Separation bar development has
been described by Schmidt and Graf [1990, Figure 13], who
documented upstream migration of a separation bar within a
secondary eddy during a regulated flood in Grand Canyon.

Field studies of topographic changes and sedimentologic
characteristics of selected bars in Grand Canyon are the
basis of conceptual models of bar building within recirculat-
ing currents proposed by Rubin et al. [1990] and Schmidt
[1990]. These models predict that reattachment bars build in
an upstream direction from the reattachment zone and that
sediment deposited at high discharge is reworked during
upstream retreat of the reattachment zone during flood
recession. Separation bars are formed at high discharges and
are reworked during flood recession to a lesser extent than
are reattachment bars.

decelerating jet
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METHODS

These experiments were conducted in the 160-m-long,
4-m-wide, 2-m-deep flume at the University of Tsukuba;
details of the Tsukuba facility are provided by Tkeda [1983].
Water surface slope was controlled by a tailgate at the
downstream end of the flume. Bed topography and bed
forms were examined and measured during experiments by
raising the tailgate, ponding the flow, and then slowly
draining the flume. After measurements were made, flow
was reintroduced and experiments resumed. Flow velocities
were measured with a two-dimensional electromagnetic cur-
rent meter and from time-lapse photography of surface
floats. Electromagnetic current meter measurements at 16
sites were made 0.1 m beneath the water surface every 0.75
s for a duration of 5 min. Because flow depth increased in the
downstream direction, the position of the measuring point
relative to the bed differed longitudinally. Resultant horizon-
tal flow vectors and rose diagrams of the relative amount
(duration times velocity) of flow in different directions were
computed. The vertical component of the flow field was not
determined, although Nelson [1991] has shown that the
vertical component is an important part of the flow field near
the shear layer. Locations in the flume are referenced to
distance downstream from the headgate where water and
sediment were supplied; for example, station 120 is located
120 m downstream from the headgate. All references to left
or right side of the flume are made as if the viewer were
facing downstream.

We report the results of two experiments in this paper
(Table 1). In both, a semicircular obstruction (constructed
with sand bags and covered by large plastic sheets) con-
stricted flow width to about 1.5 m (Figure 3). This obstruc-
tion was located between stations 90 and 95. For purposes of
comparison with laboratory studies of backward facing step
flow, the step height during our experiments is taken as the
distance from the right wall to the obstruction apex, 2.5 m.
In order to simulate the increased elevation of the bed that
occurs at constrictions in Grand Canyon [Kieffer, 1988], a
0.1-m cinder block step was placed at the constriction during

shear layer

cross-over of main downstream flow

stagnant flow

reatachment zone

stong backfiow

Fig. 3. Path lines of surface floats during run 13 (discharge 0.30 m3/s). Length of individual paths are for 1 s
duration. Some path lines intersect one another because field of view for each photograph was ab(_)ut 5 m and fields of
view overlapped. Dashed line through path lines shows average location of (:h'viding str.eamlme for purposes of
measurement of A;. RP, is location of the instantaneous reattachment point determined from water surface
measurements, and RP,, is location of the instantaneous reattachment point determined from photographs. Dashed
curve near reattachment points is the full range of the reattachment zone during this run. Values along the left side of

the flume are station locations.
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Fig. 4. Longitudinal profile of water surface elevation and max-
imum bed elevation during bar-building experiment for different
durations. (a) Water surface elevation and total energy grade line
after 14 hours and bed conditions at start of experiment and after 11
hours. Total energy grade line calculated from v4, using (1) from
text. (b) Water surface elevation after 20 and 26 hours and bed
elevation after 22.5 and 30 hours.

the second experiment and for some of the runs of the first
experiment (Figure 4). Downstream from the obstruction, a
zone of recirculating current extended to within about 20 m
from the tailgate. Bed slope was 0.01 for the first experiment
and was variable due to bed aggradation during the second
experiment. Water surface slope was always less than the
bed slope, and water depth increased greatly downstream.

This physical model is an analogue of some of the condi-
tions in large rivers that flow within bedrock canyons. In
these canyons, the longitudinal profile consists of steps
(debris fans) and pools (channel expansions) [Leopold,
1964]. Debris fans function as natural tailgates, often acting
as local controls upstream to the base of the preceding step
[Kieffer, 1985]. Recirculation in bedrock gorges occurs
within the channel and is not restricted to overbank settings
investigated by Tamai et al. [1986].

The size of the experimental channel expansion was
greater than the mean size of expansions in Grand Canyon.
In the experiments, the flow width constriction ratio (down-
stream flow width divided by constricted flow width) of 0.38
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A was narrower than the mean flow width constriction ratio in

Grand Canyon which Kieffer [1985] found to be 0.5, but the
experimental range was within the range of all measured field
sites. The flow-width expansion ratio was 2.7 in all rung
because the flume walls were never altered; Scamidt [1990]
found that the mean flow-width expansion ratio in Grand
Canyon is 2.9. The flow area expansion ratio (downstream
flow area at station 130 divided by constricted flow area at
station 92) during the experiments varied between 3.4 and
14.2 and greatly exceeded the flow width expansion ratio
(Table 2). Because flow depth increased longitudinally, the
flow area expansion ratio was even greater at points down-
stream from station 130. Some expansions in Grand Canyon
are as large as those in the experiments because depths of
individual scour holes are as much as 9 times the depth of the
constricted channel. These experiments are therefore repre-
sentative of some of the field conditions observed in Grand
Canyon; however, these experiments may not be represen-
tative of sites where the downstream increase in flow area is
small. In the latter case, deceleration of streamwise flow due
to increasing flow area is smaller, and the relative impor-
tance to deceleration of lateral diffusion of momentum
across the shear zone is greater.

In the first experiment, changes in recirculating flow
characteristics were measured for different clear water dis-
charges and tailgate elevations. During this experiment,
sediment formed a linear bar with maximum relief of 0.18 m
in the center of the flume downstream from station 120. In
the second experiment, a heterogeneous sand mixture was
added to a 0.60 m>/s flow at a rate between 0.5 and 1.0 kg/s,
and the rate and style of bar aggradation was measured 35
times during 30 hours.

Water surface elevations were measured from a movable
platform above the flume. Mean downstream velocity was
computed using the following equation:

va= QA4 1)

where v, is the mean downstream velocity, Q is discharge,
and A ;4 is the cross-sectional area of downstream flow based
on estimates of the location of the time-averaged mean
separation surface that divides downstream and recirculating
flow. Estimates of v, are only a general approximation
because the straight line defining the mean dividing stream-
line can only be an approximate representation of a highly
unsteady three-dimensional surface (Figure 3). Froude num-
bers were calculated based on v; and depths measured 0.5 m
from the left wall. Hydraulic jumps occurred at the constric-
tion where the Froude number of constricted flow was as
small as 0.8 because v, is less than maximum velocity in the
constriction.

The location of the reattachment point during each run
was determined in three ways. First, 1-s-exposure photo-
graphs of surface floats were used to identify the instanta-
neous reattachment point at the time when the photograph
was taken. Second, digitized longitudinal traces of the water
surface 0.5 m from the right wall were used to identify the
reattachment point by determining the most downstream
extent of adverse (upstream) water surface slope at the time
of the water surface measurements., The time of these
measurements was generally within 15 min from the time of
the photography. Third, visual observations of the time-
averaged location of the reattachment point were made.

Bed topography was determined by repeatedly surveying
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Fig. 5. Rose diagrams showing resultant flow vectors and amount of flow (speed times duration) toward each
indicated direction during run 7.

cross sections located at 2-m intervals between stations 89
and 125 and at 4-m intervals elsewhere. Measurements at
each cross section were taken at 0.2-m intervals and are
accurate to within 0.1 cm. Volume calculations were made
using surface and volume modeling software, and mass
transport rates were calculated assuming that the specific
gravity of the sediment was 2.65 and the porosity of the
sediment deposits was 35%. Samples of bed sediment were
collected when the flume was drained and were later sieved.
Sediment transport rates past the recirculation zone could
not be determined from the sediment feed rate because the
deposition rate upstream from the constriction was variable.
We determined the transport rate through the constriction by
measuring the total volume of sediment aggraded in the
flume downstream from the constriction during each run.
The resulting transport rates are accurate because no sedi-
ment washed out of the flume; in fact, little aggradation
occurred in the most downstream 20 m of the flume. Aggra-
dation rates in different parts of the flume were used to
determine the efficiency of the eddy in capturing sediment
transported by the main downstream current. These rates
were calculated by determining the difference in sediment
volume between successive measurements for five areas,
each of constant dimension. This procedure eliminated bias
in estimating the dimensions of the recirculation zone during
each measurement period but may slightly overestimate the
proportion of sediment deposited in the eddy during the final
period because the recirculation zone decreased in size.

RESULTS

Flow Patterns and Velocity

The flow field downstream from the constriction can be
subdivided into (1) the decelerating jet, (2) the shear layer

where vortices increase in diameter in the downstream
direction, (3) nearly stagnant flow in the lee of the obstruc-
tion and extending 1-1.5 channel widths downstream, and
(4) strong backflow in an area immediately downstream from
the stagnant flow area (Figure 3). Vortices eventually in-
creased in diameter such that they extended across the entire
flume. The recirculation zone typically was truncated where
the high-velocity core of downstream current crossed to the
right side of the flume. The location of the reattachment
point fluctuated over distances as great as 5 times the step
height, similar to fluctuation ranges reported by Simpson
[1989] (Table 2).

Although the flow field can be described by average flow
conditions, instantaneous vectors were widely variable, es-
pecially in the shear layer. Figure 5 shows rose diagrams of
instantaneous velocity at selected locations using the two-
dimensional current meter. In the upstream part of the
expanding jet, downstream velocities were so much greater
than the rotary flow of the vortices that the instantaneous
flow directions of the combined flow remained within 45
degrees of directly downstream. In the center of the recir-
culation zone, mean velocities were weaker and flow direc-
tions were more variable. Farther downstream where the jet
slowed and combined with the vortices, instantaneous vec-
tors varied over 360 degrees. Instantaneous velocies in the
reattachment zone were bidirectional, and upstream-
downstream flow reversals occurred. Along the wall, flow
direction was restricted, but speeds varied greatly. Backflow
along the wall was typically about half of v,, but instanta-
neous speeds ranged from a minimum of nearly zero to a
maximum that approached the mean speed of the down-
stream current. Upstream velocity was between 0.00 and
0.10 m/s in the lee of the constriction. Backflow speeds
greatly exceeded values reported by Simpson [1989] and
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experiment.

exceeded the values (0.2-0.4 times v,;) measured by Schmidt
[1990] at three sites in Grand Canyon.

Reattachment Point Migration and Fluctuation
During Clear Water Experiment

Over the range of conditions of the runs of the first
experiment, reattachment lengths were bimodal: either very
short or were much longer; intermediate conditions did not
exist (Table 2). The very short reattachment lengths (less
than 2 step heights) were associated with shooting flow
through the constriction, a hydraulic jump located about 1

channel width downstream from the constriction, a Froude
number of constricted flow exceeding 2, and a flow area
expansion ratio less than 8 (Figure 6). Very slight changes in
these conditions resulted in narrow recirculation zones with
reattachment lengths 13 times the step height (Figure 7). At
Froude numbers less than 1.5, reattachment lengths were
between 9 and 16.6 times step height. At these conditions, a
recirculation zone similar to that shown in Figure 3 devel-
oped; this condition best represented field conditions ob-
served in Grand Canyon. At Froude numbers typically less
than 0.5, poorly developed recirculation existed and time-

Sc~—=

}.

Contraction Froude number > 2
area expansion ratio < 8

.

Contraction Froude number > 2.2
area expansion ratio > 5

Contraction Froude number 0.8 - 1.6

Va

~

|

Contraction Froude number < 0.5°

Fig. 7. Schematic diagram of flow patterns and recirculation zone length at different flow conditions. Hatchured line
is location of hydraulic jump and dashed line is average shear surface.
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Fig. 8. Bed topography and distribution of bed forms during
bar-building experiment. Contour interval is 10 mm. Dark patterned
areas were covered with dunes migrating in the directions indicated
by the arrows. Intermediate pattern areas are rippled areas, and
lightest patterned area are flat bed areas. Zone over which reattach-
ment point oscillated during experiments also shown. Cumulative
run time indicated at right.

averaged reattachment length was between 7 and 11 times
step height; vortices migrated slowly downstream, and re-
circulation was poorly developed. We never observed in-
stantaneous reattachment lengths between 2 and 6.2 times
step height, and only rarely were reattachment lengths less
than 8.2 times step height. Variation in the instantaneous
location of the reattachment point during runs where con-
stricted flow Froude numbers were less than 2 was nearly of
the same order as variation in time-averaged location among
all these runs. The large variation in instantaneous reattach-
ment length in the first experiment (Figure 6, open circles
and squares) masked any relation between reattachment
length and the flow area expansion ratio [Eaton and
Johnston, 1981].

Topography and Bed Forms During
Bar-Building Experiment

During the second experiment, sediment was deposited (1)
in the pool upstream from the constriction, (2) in and near
the recirculation zone, and (3) downstream from the recir-
culation zone. Downstream from the constriction, sediment
was first deposited beneath the shear zone as a linear ridge,
near the right wall near station 120, and as a midchannel
expansion bar near station 130 (Figure 8).

The highest vertical aggradation rates in the entire flume
occurred at the midchannel expansion bar downstream from
the recirculation zone (Figure 9). These rates were as high as
5 cm/h and occurred over a larger area than the area of
recirculation zone aggradation. With time, the midchannel
bar became attached to the left wall and may have steered
downstream flow from the left to the right wall. Vertical
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aggradation rates within the recirculation zone were always
less than 2 cm/h. The highest rates occurred in the down-
stream part of the recirculation zone, and these rates were
between 2 and 3 times as great as rates that occurred at the
linear ridge. Deposition within the recirculation zone did not
occur at the reattachment zone, but instead always occurred
well upstream.

Although the linear ridge was a persistent feature, its
volume increased at a slower rate than that of downstream
parts of the recirculation zone. The location of the ridge
changed with time as parts of the ridge were scoured while
other parts aggraded.

Bed forms that developed on the ridge and platform during
the bar-building experiment are also mapped on Figure 8.
Within the recirculation zone, upstream-migrating dunes
existed near the reattachment point, and upstream-migrating
ripples developed elsewhere. With time, dunes migrated into
areas previously covered by ripples, so that a vertical
sequence exposed in the bar would have passed upward
from ripples to dunes. Areas of highest recirculation zone
aggradation were areas covered by dunes. Symmetrical
ripples (Figure 10) oriented with crests transverse to the long
axis of the flume existed near the center of the eddy.
Evidently, lateral shifts in the location of the eddy center
subject this region to flow that reverses in direction.

Sediment Sorting and Capture Rates

Aggraded sediments within the eddy were finer than the
sediment feed. Within the eddy, the coarsest sediments were
deposited near the reattachment point and the finest sedi-
ments collected in the lee of the obstruction near the
separation point (Figure 11). Sorting within the recirculation
zone was similar to that reported for flood deposits in Grand
Canyon [Schmidt, 1990] and for other recirculation zone
deposits [Page and Nanson, 1982].

The rate of deposition within the recirculation zone was
roughly proportional to the transport rate through the con-
striction (Figure 12). The relation in Figure 12 (which is not
temporally ordered) could be expected to depend in part on
the extent to which the eddy was filled at the time of each
measurement. Based on stratigraphic evidence in bars in
Grand Canyon [Rubin et al., 1990], we suspected that the

Fig. 9. Aggradation rates during runs, determined by subtract-
ing previous bed topography from resultant bed topography. Con-
tour interval 10 mm/h, with supplemental 5 mm/h dashed contours.
(a) Zero to eleven hours; (b) 11-17.5 hours; (c) 17.5-22.5 hours; (d)
22.5-30 hours.
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Fig. 10. Photograph of symmetrical ripples that developed beneath the center of the eddy.

capture rates would be greatest when the eddy was empty
and would decrease as the eddy became filled. To evaluate
the effect of such filling on the capture rate, the data were
plotted in temporal order in Figure 13, which shows that the
cumulative percentage of sediment captured by the eddy
decreased through time. The percentage of main stem sedi-
ment that was captured by the eddy between observations
(Table 3, column 10) decreased from 37% (when the eddy
was empty) to 24% (when sand filled approximately 32% of
the eddy volume). We hypothesize that if the experiment had
continued long enough, the mean capture rate would have
approached zero as the eddy filled to such an extent that
circulating currents and sediment input were restricted or
eliminated.
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Fig. 11. Size distribution of composite samples of sediment col-

lected during different runs at indicated locations.

Changes in Reattachment Length and Downstream
Changes in Mean Velocity During
Bar-Building Experiment

During the bar-building experiment, reattachment length
decreased and velocity increased as deposition occurred.
During the initial part of this experiment, the reattachment
length was 13 to 16.6 times step height; after 17.5 hours the
reattachment length decreased to 10.2 to 13.8 times step
height, and at the end of the experiment the reattachment
length was 9 to 10.6 times step height (Figure 8). The
location of the reattachment zone was compared to the
longitudinal pattern of deceleration of streamwise flow.
Mean downstream velocity in the channel expansion was
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Fig. 12. Eddy deposition rate and main channel transport rate
for bar-building experiment. Measurement period, in cumulative run
time, is shown for each value.
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Fig. 13. Cumulative volume of recirculation zone filled with
sediment in relation to cumulative sediment transported through
constriction during bar-building experiment, both divided by the
volume of the empty original recirculation zone. The total volume of
the original recirculation zone was 25.2 m> (28 m length X 2 m width
X 0.45 m average water depth between stations 97 and 125).
Cumulative run time for each measurement is shown.

calculated from (1) by calculating A ; from measurements of
bed topography and water surface elevation and estimating
the location of the dividing streamline between streamwise
and recirculating flow. The longitudinal pattern of very high
velocity at the constriction and steady decrease downstream
shown in Figure 14 exists because conservation of mass
dictates that flow accelerate through the constriction and
decelerate as flow cross-sectional area increases down-
stream; after 4 hours cumulative run time, v, decreased
continuously downstream. Velocity increased with time
between stations 120 and 130 because bed aggradation
decreased A ;; following the initial measurement period, vg4
decreased to a minimum but increased further downstream
between stations 120 and 130. The magnitude and location of
the cross section of minimum streamwise velocity increased
and migrated upstream. Reattachment occurred where mean
downstream velocity was about 0.3 m/s (4 hours), 0.4 m/s (14
hours), 0.5 m/s (20 hours), and 0.55 m/s (26 hours), respec-
tively. The location of the reattachment zone was between
the cross section of minimum downstream velocity and the
cross section where accelerated flow reached its maximum
value at the two intermediate measurements periods (14 and
20 hours), and was located upstream from the location of the
minimum value in the last (26 hours) measurement period.

FIELD ESTIMATES OF AGGRADATION

Available estimates of deposition rates in recirculation
zones in Grand Canyon provide minimum values of the
percentage of sediment trapped in eddies that are at least one
order of magnitude less than those measured in these exper-
iments. Schmidt [1987] estimated an aggradation rate at a
reattachment bar along the Colorado River 1.5 km down-
stream from the Paria River (see Schmidt and Graf [1990] for
locations). At this site, topographic surveys and recovered
scour chains showed that 0.18 m of brown silty sand ag-
graded between October 1985 and January 1986. During this
period, only one discharge event occurred in the Paria River
(October 10, 1985, peak discharge 41 m’/s), the only up-
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stream tributary source of sediment. Schmidt [1987] con-
cluded, based on textural characteristics, that all deposition
had occurred during this one Paria flood event. He used a
locally developed stage-to-discharge relation at the reattach-
ment bar to estimate the duration of inundation of the bar
and estimated the mass of aggraded sediment from surveying
and trenching. Based on these measurements and assump-
tions, Schmidt [1987] estimated an aggradation rate of 4.2-
7.5 kg/s (vertical aggradation rate of 0.6-0.9 cm/h) during
4.5-8.5 hours of inundation.

Schmidt [1987] estimated a capture rate by the recirculat-
ing current by comparing his estimate of the mass of sedi-
ment delivered by the Paria with the estimate of the mass of
sediment deposited in the recirculation zone. The mass of
delivered sediment was estimated by using the average
sediment transport relation for the Paria River gage [Randle
and Pemberton, 1987], the 25% value suggested by Randle
and Pemberton [1987] for the proportion of transported
sediment within the sand size fraction (0.0625-2 mm), and
hourly water discharge values. Based on the estimated rate
of sediment delivery to the Colorado River, the maximum
suspended sediment concentration of the Colorado River
immediately downstream from the Paria was 55,000 mg/L,
and concentrations exceeded 10,000 mg/L for the entire
period of bar aggradation. The total delivered sand load to
the river was between 5.0 % 107 and 10.0 % 107 kg. The mass
of sediment aggraded at the reattachment bar, 1.2 X 10° kg,
was at least 0.1 and 0.2% of the total estimated sand load
delivered by the Paria River flood, and at least 0.03 to 0.06%
of the total suspended load. The average aggradation rate for
the entire bar of 4.2-7.5 kg/s was not less than two to three
orders of magnitude less than the estimated sediment dis-
charge rate of the Colorado River. These estimates are only
minimum values of eddy capture rate because (1) the pro-
portion of the delivered sediment deposited on the channel
bed upstream from the measurement site is unknown and (2)
the actual delivered sediment load and its size distribution is
unknown.

Schmidt and Graf [1990] estimated an aggradation rate of
0.3 kg/s (vertical aggradation rate of 0.04 cm/h) during a
33-day period of inundation of a separation bar at Eighteen
Mile Wash in Grand Canyon. Using the sand transport
relation for the Colorado River at Lees Ferry, located 30 km
upstream from this site [Randle and Pemberton, 1987], the
average water discharge during the period of inundation, and
the local aggradation rate, this site accumulated at least
0.04% of the total main stem transported sand.

DiSCUSSION

Bar Construction and Bed Forms

There is general similarity between the topographic form
of reattachment bars in Grand Canyon and the bar that
developed during the bar-building experiment. In both cases,
the highest part of the bar exists in the downstream part of
the recirculation zone, although in Grand Canyon, there is
great variability in the degree to which these bars fill the
upstream parts of recirculation zones. Field evidence is
consistent with the progression of bar construction during
the experiments. Sediment transport directions interpreted
from the orientation of bed forms and the progression of
topographic change in the flume shows that the bar built in
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an upstream direction. Upstream migration of the reattach-
°XI3 ment zone also caused scour of the farthest downstream
2323 areas deposited within the initially longer recirculation zone.
There is inconsistency between field and flume in aggra-
dation patterns in the reattachment zone, however. In the
field, we have observed the results of reattachment zone
aggradation in the form of thick sequences of climbing ripple
S=228 structures with migration directions consistent with reat-
SS3c tachment zone flow [Rubin et al., 1990]. In the flume,
deposition did not occur in the reattachment zone adjacent
to the wall; in fact, this zone was an area of local scour.
This discrepancy may be related to the experimental
g g=R channel geometry. First, in these experiments there were
ccog only small differences between the streamwise and upstream
velocity in the vicinity of the reattachment zone because of
the large magnitude of streamwise deceleration upstream
N from the reattachment zone (Figure 14). In Grand Canyon,
8888 these differences are much greater [Schmidr, 1990, Table 2
eese and Figure 11], such that more sediment-laden water is
delivered to reattachment zones in the field. Second, there
may be differences between flume and field in the relative
Cans position of main channel scour hole and the reattachment
ooas zone leading to differences in the location of shoaling of
streamwise flow. Third, the area of low velocity surrounding
the instantaneous reattachment point was much smaller in
the flume than is observed in the field. This is because the
29Tn rough sloping bank of the river slows the flow more than
“ead does the smooth vertical wall of the flume. In the field, the
cooC . . .
area of low velocity is larger and the average velocity of the
reattachment zone may be lower than in the flume. Scour in
downstream parts of the reattachment zone in the flume
could occur if high velocity downstream flow occasionally
o~ < exists in the reattachment zone when the instantaneous
NS = reattachment point is at the upstream end of the zone.
Characteristics of Recirculating Flow
& @a = The course of floating objects reflects the sum of all the
instantaneous flow directions over the object’s path. Obser-
. vations of these path lines are consistent with bed form
oY ﬁ migration directions interpreted from analysis of sedimen-
mamn 2 tary structures [Rubir et al., 1990]. However, both field and

& B8 experimental results indicate that there is great variation in

& s E the instantaneous velocity field, especially near the center of
N - N = E £ the recirculation zone and near the reattachment point.
egen S E‘b 2 These instantaneous variations are great enough to even

%8 é g cause symmetrical ripples to develop beneath areas where

E g 2 E there is net onshore flow.

g go% Some flow pattern characteristics of these experiments
aame | 288G were influenced by the strong streamwise deepening and are
oS- g ERE consistent with experiments concerning jets debouching into

o= g still water. A high rate of deceleration leads to relatively

g 'Eb'g' é’ rapid decrease in the velocity head (Figure 4), increase in
e 000 = ;;.’ :éj < water surface elevation downstream, and existence of an
—~oSd - f 22w adverse pressure gradient. First, current meter measure-

222 ments showed that instantaneous backflow velocities were

g %% % about 0.5 times v,, values much greater than typically
R 2 @ zg observed in the field. The high ratio of backflow to down-

23TI stream velocity may simply be due to fact that deceleration

iié‘é of v, was so great. Second, unusual crossover of streamwise

nn BEEEE flow from left to right wall occurred in some runs, such as is
N §_§ §§ depicted near station 119 in Figure 3. Vortices advected from
upstream developed where velocity and cross-stream shear
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Fig. 14. Mean section velocity during different runs of bar-building experiment. Range of location of reattachment
point also shown. Values of v, determined by estimating area of downstream flow.

was high, and these vortices may have been strong enough to
produce upstream flow along the left wall. Third, reattach-
ment lengths were very long for the experimental flow width
expansion geometry.

Controls on Reattachment Length

Our laboratory experiments and field observations have
documented both shorter and longer recirculation zones than
would be predicted using published relations between step
height and reattachment length. Relative to the relations of
Abbott and Kline [1960] for clear water flow at a single
backward step (Figure 15, line ¢), the reattachment lengths
in our empty flume experiments are too long. Reattachment
lengths in the bar-building experiments are shorter and tend
to be similar to those of published relations; field reattach-
ment lengths typically are too short (Figure 15). As will be
discussed below, these deviations result from topography
that influences the pressure gradient. In flows with obstacles
downstream (such as the bar that was deposited in our flume
experiments or cobble bars in Grand Canyon) the flow
accelerates, resulting in a diminished adverse pressure gra-
dient and a shorter reattachment length. In contrast, where
downstream flow is a deep pool (as in our empty flume
experiment and in very deep pools in rivers), flow deceler-
ates, resulting in an increased adverse pressure gradient and
longer reattachment length.

Seven runs were conducted at different discharges but at
the same tailgate elevation (Table 2, thirteenth column) and
therefore simulate changing flow conditions in an expansion
whose water surface elevation is set by a downstream
control. The experimental results of these runs (1, 6, 10,
14-17) are consistent with field data that show that time-
averaged reattachment length increases with discharge. Al-
though instantaneous fluctuations in the location of the
reattachment point varied greatly in these runs, the time-
averaged reattachment length was greatest at highest dis-
charge (Figure 16). Lengthening at higher discharge was
associated with higher Froude numbers of constricted flows

and more adverse pressure gradients. In these runs, Froude
number was higher at higher discharges (Table 2, ninth
column) because water depth through the constriction did
not change (Table 2, eleventh column). The magnitude of the
adverse pressure gradient was higher at higher discharges
because the elevation of the water surface downstream
(Table 2, twelfth column) increased with increasing dis-
charge.

At constant discharge and nearly constant flow conditions
in the constriction during the bar-building experiment (Table
2, ninth column), reattachment length decreased as the
magnitude of streamwise deceleration decreased (Figure 14).
The decrease in the rate of deceleration was due to the
decrease in flow area expansion ratio (Figure 6, solid
squares; Figure 16, solid squares); there was no change in
the magnitude of the adverse water slope (Table 2, runs
15-17, eleventh to twelfth columns).

Reattachment length shortening was also related to the
fact that streamwise velocity (v,) near the initially very long
reattachment zone nearly doubled due to midchannel bar
deposition. At the beginning of the bar-building experiment,
streamwise velocity was about 0.3 m/s opposite the reattach-
ment zone (Figure 14, station 130, 4 hours). At the time of
the last measurement, v, was more than 0.5 m/s at this same
site. As the channel filled with sediment and velocity neces-
sarily increased, areas that had formerly been of low stream-
wise velocity or stagnant became areas of higher streamwise
velocity. The midchannel bar essentially filled areas that had
been part of the reattachment zone.

These results suggest that there should be wide variation
in reattachment lengths in natural rivers, due in part to
presence or absence of downstream bars and narrowing of
downstream walls which would also accelerate flow. Figure
15 shows Grand Canyon reattachment length data, reattach-
ment lengths during the bar-building experiment, and other
experimental data ploted in relation to step height. Data from
specific field sites are shown as separate lines extending over
the range of different measured reattachment lengths and
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geometric conditions. Reattachment lengths were deter-
mined by mapping recirculation zone flow patterns at differ-
ent discharges onto 1:5000 scale air photos and then esti-
mating the unconstrained reattachment length [Schmidt,
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Fig. 16. Time-averaged reattachment length for the same down-
stream gate height (0.800 m above an arbitrary point, see Table 2,
thirteenth column). Error bars indicate total range in instantaneous
reattachment length, in step heights. Numbers adjacent to circles
are flow-area expansion ratio for each run. Open circles are for clear
water, empty flume experiment, and solid squares are for bar-
building experiment. Arrow indicates the progress of the second
experiment.

1990, Table 1]. The parameter unconstrained reattachment
length was proposed to permit comparison of reattachment
length in channel expansions of different curvature and
shape. These data show that unconstrained reattachment
length increases as step height increases. There is great
variability in the rate of lengthening at each field site, but all
reattachment lengths are shorter than those reported by
Abbott and Kline [1962] for double backward facing steps
(Figure 15, A and B) and are typically shorter than for single
backward facing steps (Figure 15, C).

What field conditions might explain the shorter reattach-
ment lengths in Grand Canyon? In Grand Canyon, midchan-
nel cobble and gravel bars are common downstream from
many constrictions, especially rapids with the steepest gra-
dients [Webb et al., 1988]. These bars are analogous to the
expansion bars described by Baker [1984] and analogous to
the midchannel bar that developed in the second experiment.
In other field cases, a downstream debris fan or talus cone
narrows the channel and shortens the length of the channel
expansion. Of the field sites plotted on Figure 15, the
channel expansions at sites 5, 10, and 11 are strongly
influenced by a midchannel bar (site 10, Granite Rapids) or a
debris fan (site 5, Eighteen Mile Wash, and site 11, One
Hundred Twentytwo Mile Creek). These three sites plot the
furthest from the experimental values of Abbott and Kline
[1962], suggesting that downstream channel irregularities do
constrain these reattachment lengths.

Midchannel bars not only shorten the length of recircula-
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tion zones at high discharges by necessitating acceleration
over them, but at low discharges reattachment length may be
shortened because bars are emergent. Schmidt [1990] im-
plied that recirculation zone length is controlled by the
chance intersection of the shear zone and irregularly ori-
ented downstream channel banks. These experiments show
that acceleration caused by narrowing of the channel, shoal-
ing over midchannel bars, and associated decrease in flow
area expansion ratio also influences the point where flow
reattaches. In rivers where midchannel bars are larger and
more numerous, reattachment lengths should be even
shorter than those measured in Grand Canyon. The results
also indicate that successful modeling of reattachment length
in rivers will depend on prediction of flow conditions in the
constriction, identification of the downstream channel con-
trol, prediction of the water surface elevation upstream from
that control into the expansion in question, and prediction of
main channel bed behavior during the modeled flows.

Implications for Restoration of Eddy Bars
in Regulated Rivers

These experiments show that deposition rates within
recirculation zones increase as main channel transport in-
creases due to increased sediment concentration at constant
discharge. Aggradation rates within the recirculation zone
were highly correlated with main current sediment transport
rates and indicate, within the range of these experimental
conditions, that about 20% of main channel transport was
deposited within the recirculation zone. We only conducted
our bar-building experiment at one constant flow, and we
have no data to suggest whether the percent of sediment
trapped in an eddy increases at higher main channel trans-
port rates caused by (1) further increases in sediment con-
centration at constant discharge or (2) increased water
discharge and increased sediment concentration, such as
indicated by the calculations of Andrews [1991].

Although we found a direct correlation between cumula-
tive transport through the constriction and degree of filling of
the recirculation zone, our experiment only continued until
the recirculation zone was filled to about 40% of its original
volume. These data suggest that this relation decreases in
slope; such a relation should exist because as the recircula-
tion zone fills it can be expected that circulation within the
eddy and delivery of sediment into the eddy would both
decrease. This idea is consistent with stratigraphic se-
quences observed in Grand Canyon reattachment bars. In
these sequences, grain size decreases as reattachment zones
fill and sedimentary structures change from those indicating
vigorous circulation (dunes and erosional flutes filled with
coarse sand deposited from turbulent suspension) to those
indicating weak circulation (ripples and mud drapes). An
important unresolved question concerns how the proportion
of captured sediment varies as a function of the strength of
recirculating flow, which is not only a function of the extent
to which the recirculation zone is filled but is also a function
of the spatial structure of the decelerating jet. Flume and
field measurements of eddy capture rates likely differ by at
least one order of magnitude; however, available field mea-
surements are subject to substantial error.

While these data show that the rate of eddy deposition
depends on the rate of main channel transport, the extent to
which a recirculation zone fills depends on the duration of
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the sediment-transporting event. In the planning of any
regulated flood intended to reconstruct eroded reattachment
and separation bars, one must be sure that there is sufficient
sediment supply available to maintain high main stem trans-
port rates for durations sufficient to result in net deposition.
Field evidence shows that some recirculating current bars
are scoured during rise of a regulated flood [Schmidt, 1990;
Schmidt and Graf, 1990]. These observations, if representa-
tive, imply that reattachment bars are either a primary
source of sediment for the main stem or a relatively quickly
mobilized source. The bars can not begin to rebuild until
sediment concentration in the main stem exceeds that in the
eddy. To achieve net aggradation, any flow designed to
reconstruct bars must first rebuild bars to the level that
existed prior to initial scour, then continue to add sediment.
The role of sediment availability in the design of bar
reconstruction floods places great importance on accurate
accounting of sediment sources prior to design of such
floods. If it turns out that most sediment in bedrock gorges is
stored in recirculation zones, rather than in main channel
pools, than it may be impossible to sustain necessary sedi-
ment transport rates for sufficient durations without aug-
menting naturally available supplies. Otherwise, net erosion
of recirculation zones in upstream sediment-deficient
reaches will result. Planning of bar reconstruction floods
must be based on predicting eddy deposition rates, predict-
ing the duration of high main channel sediment transport,
and accounting for the wide variation in channel and recir-
culation zone geometry that exists in natural rivers.

CONCLUSIONS

During a 30-hour experiment when a mixed size distribu-
tion of sediment was added to the flow at a rate of 0.5-1.0
kg/s, a bar formed within the zone of recirculating current
downstream from a channel constriction. The general topo-
graphic form of this bar was that of a linear ridge widening
downstream into a broad platform. Within the recirculation
zone, the highest deposition rates occurred near the down-
stream end, but these rates were always less than rates ona
midchannel bar that formed just downstream from the reat-
tachment zone. These results are consistent with field inves-
tigations of the sedimentology of reattachment bars in Grand
Canyon which show that deposition occurs in the vicinity of
the reattachment zone and fills the primary eddy in an
upstream direction.

Bed forms on the surface of the ridge and platform and
repetitive topographic surveys show that the entire bar
aggraded in an onshore and upstream direction during the
experiment. Sorting of sediment within the recirculation
zone is sufficient to form a deposit that is generally finer than
the size distribution in transport by the main channel; the
finest sizes are deposited in the lee of the debris fan. This
areal distribution is similar to that described in Grand
Canyon for separation and reattachment bars, and the pro-
gression of bar deposition is consistent with the model of
Grand Canyon bar deposition developed from interpretation
of sedimentary structures and sequential field topographic
surveys. The percentage of main stem sediment that was
captured by the eddy during the bar-building experiment
decreased from 37% (when the eddy was empty) to 24%
(when sand filled approximately 32% of the eddy volume).

The reattachment point occurs where expanding vortices
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impinge on the flume wall, and this point fluctuated over a
range of about 5 times the step height. Some parts of the
recirculation zone had instantaneous velocities that varied
over an entire 360-degree range. Resulting bed forms that
developed near the center of the eddy resembled oscillatory
ripples. Oscillatory ripples that in the field are formed by
reattachment point fluctuation did not develop during our
experiments. In fact, deposition did not occur near the wall
in the reattachment zone.

Recirculation lengths were similar within broad ranges of
hydraulic conditions. Where constricted flow was highly
supercritical, the length of the recirculation zone was about
two step heights, but where Froude numbers were less than
about 2, the zone of recirculating current was of similar size
over a range of area expansion ratios. To some extent,
reattachment lengths were longer, and recirculation flow
patterns better developed, at intermediate Froude numbers
between 0.8 and 1.6. As aggradation of a midchannel bar
proceeded and the bar migrated upstream, reattachment
length decreased and the recirculation zone shortened.
These processes were linked because flow accelerated over
the midchannel bar, which prevented stagnation along the
wall in areas previously of adverse water slope. As the
midchannel bar retreated upstream, acceleration occurred
where deceleration had previously been the case.

Sedimentation can occur in bedrock gorges where flow
separation and flow stagnation exist [Baker, 1984]. The areal
extent and magnitude of deposition depend on the areal
extent of the stagnated flow, the areal extent of the zone over
which reattachment point oscillation occurs, the flow struc-
ture of the remainder of the recirculation zone, the rate of
main channel sediment transport, and the duration of the
transporting event. In regulated rivers where degradation of
reattachment and separation bars has occurred, the task in
planning bar reconstruction floods is to predict the location
of stagnation points, the size of the zone over which these
stagnation points oscillate, the nature and stability of the
general recirculating flow field, the rate of sediment delivery
from main channel to recirculation zone, and the duration
during which that delivery from main channel to recircula-
tion zone will occur.
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